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LETTER OF TRANSMITTAL

The Ilijiiurahlc Goodwin J. Kimiht

Governor of the State of Ctiliforniu

Dear Sir: I have the honor to transmit herewith nulletin 170, Geoloejy of

Southern California, prepared nnder the direction of Olaf P. Jenkins, Chief,

Division of Mines. Department of Natural Resoiirees. This report eonsists of ten

chapters, five <ri'ologic road ^'uides, and tliirt.v-four separate geologic maps upon
which are printed brief texts. Bulletin 170 has been prepared in cooperation with

an organizinjr committee of the Geological Society of America. The principal

editor is Dr. Richard II. Jahns, professor of geology at the California Institute

of Technology. Four other members of the committee consist of Dr. A. O. Wood-
ford, professor of geology, Pomona College ; Dr. John C. Crowell, profes.sor of

geolog.v. University of California at Los Angeles ; and tw'o members of the Divi-

sion of Mines. L. A. Norman. Jr., and Lauren A. Wright. This conunittee was
assisted by 103 contributing authors, representing mau.v different agenides.

As a result of the enterprise, a comprehensive treatise has thus been prepared
on every principal phase of the geolog.v and mineral resources of southern Cali-

fornia and is issued as one of the series of the Division of Mines' informative

and technical publications. It should provide basic information of great value

and broad scope in the general understanding and scientific study of all natural

resources in California, in engineering problems, as a background for the devel-

opment of mining, oil and gas, and various other industries wherever minerals

are utilized. The volume should serve as a guide and aid to the interested traveler

who seeks to know the why and the wherefore of the rocks and landscape he view.s.

Respectfull.v submitted,

DeWitt Nelson, Director

Department of Natural Resources

September 23, in,'54
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PREFACE

Duriiijr roeont years niaiiy pcrsdiis liavi' felt a ;_'rowini; iii'cd fcir

ail up-to-date summary of soutlicrii California ^polo<;y. and for dis-

cussion and interpretation of major probli-ms tliat have been recog-

nized. Little more tliaii two decades has elapsed since the TT, S.

Geological Survey published the southern California guidebook for

the Sixteenth International Geological Congress, but an enormous

amount of new infornuition has become available during this period

of time. Further, emphasis in this earlier volume was placed mainly

upon the geology of the younger rocks in the coastal parts of the

region, and a similar emphasis has characterized Ralph Reed's

Gcoltir/ii of California and other important summaries that have

appeared in later years. A balanced treatment for the entire region

lias not been attempted heretofore, in large part because of marked
ditVerences in the knowledge of different areas.

The present volume was conceived by a small group of geologists

who were responsible for organization of field trii)S in connection

with the 19.54 Annual Meeting of The Geological Society of America
in Los Angeles, and in a sense its preparation was an immediate
outgrowth of the need for field-trip descriptions. Fundamentally,
however, it was intended to All a much broader and more continuing

need. \ work of this scope could not have been the product of any
one man's efforts, because of the overwhelming mass of information

that had to be assembled, collated, understood, and interpreted

—

and perhaps in part because the profession lacks a present-day Ralph
Reed. Thus the simplicity of arrangement and continnity of thought
that distinguish the classic Geology of Cnlifoniia are largely absent

from tliis more comprehensive treatment.

Organization of this book was the work of a five-man committee

of The Geological Society of America, comprising John C. Crowell

of the University of California at Los Angeles. Richard H. .Tahns of

the California Institute of Technology, L. A. Xorman, Jr., and
Lauren A. Wright of the State Division of Mines, and A. O. Wood-
ford of Pomona College, The work of these men was facilitated by
advice and suggestions from numerous re|)resentativcs of industry.

State and Federal Surveys, and academic institutions. The voluine

is intended to provide a broad sampling of geological features ami
thought, as they relate to the southern California region, and its

contents reflect an approach that is partly geographic and partly

topical. Emphasis has been placed on a wide variety of contributions

by investigators qualified to make authoritative presentations and
interpretations of data. Of the lO:? contributors, 41 represent uni-

versities, colleges, and museums. '2i) rc|)rc>seiit oil companies. l(i are

on the staffs of the Division of Mines and other State agencies, 16

are members of the U. S. Geological Survey. 4 represent mining
companies and industrial organizations, and i> ari' iiidependent

geologists.

The 10 chapters of the book comprise (>2 pajicrs that deal with

physical geography, general geology of the natural provinces, his-

torical geology and stratigraphy, geologic striicture, geomorphology,

mineralogy and petrologj% hydrology, oil and gas, mineral deposits,

and engineering geology. Some of the individual contributions are

general in scope, others deal with specific areas or problems, and
most contain information hitherto nnpublished. Supplementing the

main part of the book is a group of ^14 map sheets of selected areas;

each sheet includes a geologic map, which in general is accompanied
by other illustrative material and a brief text. Five detailed geologic

guides are intended for u.se by persons who may be interested in

field excursions through typical parts of the coastal and interior

regions. The Organizing Committee and the Editor have been as

objective as po.ssible in developing a framework for this volume con-

sistent with the space and time available for pviblication. and they

assume full responsibility for not including, through wholly prac-

tical considerations, a number of additional contributions that were

suggested and that might well have improved the final product.

For the present purposes, southern California has been regarded
as the region occupied by Imperial, Inyo, Kern, Los Angeles. Orange,
Riverside, San Bernardino, San Diego, Santa Barbara, and Ventura
Counties, although a few of the contributions deal with parts of

adjacent counties. Standardized geographic and geologic terminolo-

gies have been followed wherever possible, but the preferences of

individual authors also have been respected. Thus the reader will

note minor inconsistencies in the use of terms such as thrust fault

and rever.sc fault, formation and group, and area and region. This

may disturb .some purists, even though few real ambiguities appear
to be present. Some features are discussed uiidi-r different proper

names by dilTerent authors, but the alternative names are indicated

in these instances. Finally, not all geologists interpret certain fea-

tures iu the same way, particularly in regard to age assignments,

and such dilTerences of view cannot be edited out merely in the

interests of consistency. In general, however, the contributors have
lieen larcful to indicate those matters on which serious disagreement

exists.

( i.v )
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Tliis book could uot have bci'ii coiiiiiloted without the assistanee

of iiuniy persons whose names do not appear as formal contributors.

Araonj: the most helpful of these were Bernieee Tomozak and Flor-

ence Wiltse of tlie California Institute of Technology and Geraldine

M. Fazzari and Beatrice Reynolds of the State Division of Mines,

who typed many hundreds of pages of manuscript ; Charlotte

Bjornsson of the California Institute of Technology, Richard A.

Crippen, Jr., Audrey Jennings, Carl J. Sharits, and Elsa B. Wood-

ward of the State Division of ]\Iines, and Esther T. McDerniott of

the U. S, (ieological Survey, who drafted many of the maps, sections,

and diagrams; and Elisabeth L. Egenhoff and Mary R. Hill of the

State Division of Mines, whose editorial work on the final manu-

scripts eliminated numerous errors, inconsistencies, and infelicities

of expression, including those derived from previous editing. Charles

J. Kundert cheeked most of the maps and sections, many of which

were considerably improved through his careful attention.

Many of the contributions were obtained through the active coop-

eration of oil and mining companies, the V. S. Geological Survey,

the State Division of Mines, the State Division of Water Resources,

and a number of colleges and universities. These and other organiza-

tions also supplied an abundance of additional data that have been

used in this volume. Numerous special photographs were obtained

through the courtesy of Herbert E. Haymaker of Pairchild Aerial

Surveys, Inc., Charles Jackline and Donald Lewis of Pacific Air
Industries, and William C. Miller of the Mt. AVilson and Palomar
( )l)s(>rvatories.

Those to whom this volume may become useful are indebted funda-
mentally to Olaf P. Jenkins, Chief of the State Division of Mines,

who not only arranged for its publication, but maintained an active

interest in the project and made it possible for many members of

his staff to assist in bringing it to successful completion. Without
his cooperation, this book could have been little more than a collec-

tion of annotated road logs.

The Editor wishes to express his personal thanks to all of the

authors, most of whom completed their contributions in good form,

in good time, and in the face of other and more pressing duties.

Also much appreciated were the efforts of Florence Wiltse, and of

Thomas E. Gaj-, Jr., L. A. Norman, Jr., Berdine H. Rogers, Rich-

ard i\I. Stewart, Benuie W. Troxel, and Lauren A. Wright of the

State Division of Mines, who willingly contributed numerous special

services in final preparation of the book. To Edgar H. Bailey and
Henry G. Ferguson of the U. S. Geological Survey go particular

thanks for their parts in the completion of several manuscripts.

Richard H. J.\iins

Pasadena. California

July :!(!, 1I1.)4

3350 8.51 r,\\
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Ediforial Note:

CHAPTER ONE is a brief summary of the geography and geology of southern California, a region that in-

cludes a remarkable variety of topographic forms and is characterized by numerous climatic contrasts. In large

part these features are related to a complex geologic pattern in which a varied assemblage of rock types and

structural elements is present. This pattern not only has been of great interest to geologists and other investi-

gators, but it has had a profound influence on human occupation of the region from earliest times.

The three papers in this chapter deal with general relations and problems of geologic application, and a sam-

pling of geologic features is provided by twenty-four individual map sheets that appear in a separate pocket.

These sheets include geologic maps, sections, and brief descriptive texts.
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1. INVESTIGATIONS AND PROBLEMS OF SOUTHERN
CALIFORNIA GEOLOGY*

By Richard H. Jahns 1

HISTORICAL SKETCH

Period of Early Settlement. Recognition of geologic features and
processes by the peoples of southern California dates back at least

several thousand years, when Indian tribes lived in some of the

coastal areas and on the shores of now-extinct lakes farther inland.

These early inhabitants were well aware of earthquakes, floods, land-

slides, and other natural phenomena, as well as unusual elements of

the terrain, and they attempted to explain these things by means of

various myths, many of which appear to have been founded upon
more careful observations than do some of the scientific explanations

of much more recent times

!

Later tribes became increasingly aware of rock and mineral mate-
rials, and showed considerable skill in correlating their physical

properties with specific uses. Thus granite and steatite were eon-

verted into utensils, slate and schist into quarrying tools, and ob-

sidian and silica minerals into weapons. Clay was used for making
ceramic ware, and asphaltum from numerous seeps was used for

waterproofing and as an adhesive. Natural pigments, .salt, and gem
materials also were in demand. The techniques of search for better

materials, and of mining and preparing these materials, were grad-
ually improved, and ultimately at least 131 mine or quarry localities

were known to the California Indians (Heizer and Treganza, 1944,

pp. 298, 303-340).

Spanish settlement of the region began with the Portola expedi-
tion in 1769, long after the explorations of eoa.stal areas by Cabrillo

(1542), Viscaino (1602), and others. From this time until shortly
after the end of Spanish rule in 1847, southern California was a
slowly developing agricultural province characterized by large
ranches. The newcomers commonly followed the example of the In-

dians in .selecting areas for settlement, and they u.sed much the same
sources of water, bathed in the same hot springs, and worked some
of the same mineral deposits that had been known to the Indians. A
few of them also indulged in a little mining for placer gold in Im-
perial County as early as 1775, and later on some mining was done
in Recent stream gravels north of Los Angeles and in conglomerates
of early Tertiary age in San Diego County.

•Contribution No. 694, Division of the Geological Sciences. California Institute of
TecnnoloBy.

t Professor of Geology, California Institute of Technology.

Period of Geologic Exploration and Early Description. The dis-

covery of gold in the Sierra Nevada in 1848 initiated a period of pro-

found changes in southern California life. The Americans who had
come to the coastal areas during earlier years were joined by thou-

sands upon thousands of others, Los Angeles and other towns became
important trading centers, and new settlements were founded as

most of the large ranches were divided into numerous smaller hold-

ings. Prospecting and mining flouri.shed in many parts of the region,

and new raining camps appeared in the country east and southeast of

the Sierra Nevada, as well as in the Coa.st Ranges to the west. Metal
mining was dominant, but important discoveries of petroleum, sa-

lines, and other nonmetallic substances also were made.
The earliest systematic work on southern California geology was

done in connection with several surveys of mineralized areas and
routes of transportation. The expeditions in 1853 and 1854 for rail-

road routes to the Pacific Ocean yielded descriptions of rocks, fos-

sils, and mineral depo.sits, and marked the real beginning of inte-

grated observations on the geologic history of the region. From these

surveys also came the first reasonably accurate geologic maps of

southern California areas (Blake, 1856; Antisell, 1857), and it is

interesting to compare them with the much more detailed map data
presented years later by Darton (1916, 1933) for the country along
some of the same routes. Additional s.vstematic investigations were
made in the fifties by the first State Geological Survey, under the

direction of J. B. Trask, and in the sixties by State Geologist J. D.
Whitney and his staff.

Southern California was linked by rail to San Francisco in 1876
and directly to the ea.st in 1881. and soon afterward tremendous in-

creases in population stimulated geological investigations on many
fronts. The U. S. Geological Survey, which had been organized in

1879, sent numerous workers into the region, and by the turn of the

century important contributions had been made by Waldemar Lind-
grcn and H. W. Turner in the Sierra Nevada and areas to the east

and southeast, G. F. Becker in the Sierra Nevada and the Coast
Ranges, and G. K. Gilbert and I. C. Rus.sell in parts of the Basin-
Range country. Paleontologic studies had been made by T. A. Con-
rad, C. D. Walcott, C. A. "WTiite, W. H. Dall, T. W. Stanton, and
others.

The State Mining Bureau, organized in 1880, was responsible for

widespread investigations by II. W. Fairbanks, W. A. Goodyear,

(5)
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FKiiUK 1. Tlic ;;r<iwtli of Los AiiKch's and iH'i(;tibnrinc oitios during n '20-yenr iioriod. as revealed by nighttime
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F. J. H. Merrill, C. R. Oreutt, W. L. Watts, and several others. Dur-

ing; the last quarter of the century, teachers and students from the

University of California and Stanford University also contributed

vigorously to the growing total of geological information. Joseph

Le Conte, J. C. Branner, A. C. Lave.son, J. C. Merriam, and J. P.

Smith were among the leaders in this early work, in which attention

was directed mainly toward geologic mapping and to stratigraphie,

structural, mineralogic, and paleontologic studies.

Period of Intensive Geologic Investigaiions. The first half of the

present century was a period of burgeoning population in southern

California, especially in the coastal areas. From a city of about

100,000 persons, Los Angeles grew to a sprawling metropolis with a

population of nearly 2,000,000 (figs. 1, 2), and the population of San
Diego multiplied nearly 120-fold. Accompanying this remarkable

growth were further expansion of agricultural activities and an im-

pressive development of many industries. In a very fundamental
way, these and other major trends affected the amount and the kinds

of geological work that was done in the region.

A long-term dwindling of interest and activities in metal mining
was overshadowed by rapidly increasing demands for petroleum and
many of the indu.strial minerals. By 1948, when the annual value of

mineral production in the State reached the billion-dollar level, non-

metallic commodities accounted for more than 95 percent of this

total. Discoveries of new reserves of oil and gas were refiected in

production rates that increased from a modest average of 12,000 bar-

rels per day in 1900 to averages of 850,000 barrels per day in 192.3

and 982,000 barrels per day in 1952. The value of petroleum and
petroleum products, obtained chiefly from fields in southern Cali-

fornia, was appro.ximately $975 million in 1952, but even this output

was not sufficient to meet all demands in the region. Similar produc-

tion trends characterized many of southern California's industrial

minerals, although in general the periods of maximum increa.se came
at later times.

Geologic knowledge was applied directly to the search for oil and
gas beginning about at the turn of the century, and within a few

years detailed studies of stratigraphy and structure led to discovery

and development of new fields, as well as to improved understanding

of fields that had been found earlier on the basis of surface seepages.

The general trend of investigations in petroleum geology is clearly

shown in the published record, as the earlier and largely descriptive

.summary reports (e.g., Goodyear, 1888; Bldridge, 190.3) were fol-

lowcil by a long series of detailed reports, mainly by members of the

U. S. Geological Survey, outlining the results of intensive studies in

specific areas and districts (e.g., Bldridge and Arnold, 1907; Arnold

and Anderson, 1910; Arnold and Johnson, 1910; Pack, 192(1; Eng-

lish, 1921, 1926; Kew, 1924; Hoots, 1931; Woodring, et al., 1932,

1940). The work of these men, and of numerous oil-company geol-

ogists, members of university staffs, and other investigators, provided

a sound basis for further interpretations, as well as for the pursuit

of many specific lines of investigation in large parts of the region.

The geologic study of several other nonmetallic materials, par-

ticularly the salines, evolved in a similar way, and intensive investi-

gations have continued to the present time, especially in the interior

parts of the region. The earlier work of many geologists (e.g.. Gale,

1914, 1915, 1926 ; He.ss. 1908, 1910 ; Noble and Mansfield, 1922 ; Noble,

1926, 1931 ; Schaller, 1930) not only outlined the major features of

numerous widely distributed deposits, but yielded more general data

that, combined with the results of .several broad reconnaissances (e.g..

Ball, 1907 ; Knopf, 1918 ; Ellis and Lee, 1919 ; Brown, 1923 ;
Thomp-

son, 1929), formed the necessary background for later detailed

studies. Of similar broad value were several other investigations that

dealt in large part with metalliferous deposits (e.g.. Harder, 1912;

Ilewett, 1931, 1954).

Beginning with those early days when the modest needs of the

pueblo of Los Angeles were met by the Zanja Madre, or "Mother

Ditch," and when streams and shallow wells supplied other settle-

ments, the development of southern California's water resources was

marked by a steadily expanding search for underground supplies. As

the country became more populous, manj' of these supplies were

found to be less than adequate, and the year 1913 marked the be-

ginning of large-scale importations of water into some areas. In the

meantime, geologic and hydrologie studies of both surface and un-

derground supplies were made by the U. S. Geological Survey (e.g.,

Schuyler, 1896-1897; Mendenhall, 1905, 1908, 1909; Lee, 1912; War-

ing, i919, 1921), and in later years by other organizations, as well.

During recent decades, problems of water budgeting, natural and

artificial recharge, and contamination have been added to those of

water occurrence, and some of the latest studies of these problems

have involved impressive syntheses of stratigraphie, structural, and

geochemical data (e.g., Eckis, 1934; Upson, 1951 ; Piper, et al., 19.53).

Residents of southern California have been painfully aware of

earthijuakes and related phenomena since the days of earliest settle-

ment, and for more than fifty years the relations between earth-

quakes and faults in the region have received geological attention.

From the times when features that were formed along the trace of

the San Andreas fault by the Fort Tejon .shock of 1857 were de-

.scribed by Schuyler (1896-1897, pp. 711-713) and Fairbanks (Law-

son, et al., 1908, pp. 43-45), attempts have been made to analyse

southern California earthcjuakes in terms of their geologic causes and

effects, and to solve the exceedingly difficult problem of earth<iuake

prediction. The distribution, timing, and nature of fault movements
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and the elastic waves generated by thoiii have been stndied by means

of inereasin<rly detailed field observations, geodetic invest ifrations,

and the recordin<r and analysis of seismic data obtained with a trrow-

ing variety of instrnments. The recent Arvin-Tehachapi (Kern

County) earth(|uake in the southern end of the San .loaciuin Valley

(Benioff, et al., 1952; Buwalda and St. Amand, 1952) involved a

series of shocks that probably has been more thoroufrhly and accu-

rately recorded than any other in history, and a summary report on

this earthcpiake is in press (1954) as Bulletin 171 of the State Divi-

sion of Mines.

The value of geologic knowledge as applied to the location, design,

and construction of engineering work.s has been increasingly recog-

nized in southern California during recent years. The collapse of the

St. Francis dam and its tragic consequences (Ransome, 1928), the

effects of numerous floods (e.g., McGlashan and Ebert, 1918; Troxell

and Peterson, 1937; Troxell, et al., 1942) and earthquakes (see

Richter, Contribution 1, Chapter X, this volume), and the more

commonly recurring damage from landslides, subsidence, and other

earth movements have prompted geologic investigations of many

kinds.

The research activities of members of university staffs and many

other investigators have spanned a host of problems, especially dur-

ing recent decades, and a few have led to the mapping of large areas

(e.g., Larsen, 1948; Dibblee, 1950). Some, in contrast, have involved

much time in the laboratory, and have included paleontological, geo-

physical, and geochemical work. As these and the numerous other

investigations in the region have become increasingly diversified in

their nature and aims, and as the investigators themselves have rep-

resented a growing variety of interests and affiliations, attempts have

been made to summarize the existing information and, in some in-

stances, to make tentative interpretations. One of these attempts pro-

duced a summary of geologic features and their relations to earth-

(piakes (Hill, 1928), and another yielded a useful guidebook that

was published under the auspices of the V. S. Geological Survey

(Gale, et al., 1932) for the Sixteenth International Geological Con-

gress. Others, devoted mainly to the geology of the stratified rocks,

resulted in publication of the classic volumes by Reed (1933), Reed

and Ilollister (1930), and Jenkins, et al. (1943). An excellent geo-

logic map of the entire State was j>repare(l by the State Division of

Mines in 1938 (Jenkins, 1938), and currently is undergoing funda-

mental revision on the basis of newly available information. Data on

minerals of the State have been assembled by Murdoch and Webb

(1948), on mineral depo.sits by the .staff of the State Division of

Mines (1950), and on geomorphic features by Hinds (1952).

THE NATURAL PROVINCES

Southern California is a region of great topographic and geologic

diversity. Included within its limits are high mountain ranges (figs.

8, 11) and valleys whose floors lie below sea level (fig. 5), precipitous

canyons and broad basins at many levels (figs. 6, 8), and an assem-

blage of other physiograi)hie features that reflect a complex geologic

history and a wide variety of rock types and structural elements.

The land of the region is readily divisible into eight natural provinces,

in large part on the basis of distinctive physiographic characteristics,

hut more fundamentally on the basis of geologic history since middle

Mesozoic time.

The physical divisions of southern California already have been

described by Hill (1928, pp. 74-101), Penneman (1931, pp. 373-379,

493-.")08). Reed (1933, pp. 1-26), Jenkins (1938), Hinds (19.52, pp.

63-108, 145-229), and several others, and hence only a brief sum-

mary of outstanding geologic features is presented in the following

paragraphs. The distribution, areal dimensions, and ma,ior topo-

graphic elements of the provinces are shown in figures 3 and 4.

Southern Coast Raitf/es. The southern part of the Coast Range

province is characterized by a topographic and structural grain that

trends northwest to north-northwest. A thick section of upper Meso-

zoic and Cenozoic sedimentary rocks, mainly marine and mainly

clastic, is exposed over most of the area. These strata rest upon, or

are in fault contact with, mildly metamorphosed but intricately de-

formed rocks of the Jurassic (?) Franciscan group, which include

sandstone, conglomerate, shale, chert, limestone, various schists, ba-

.salt, diabase, and associated basic intrusive rocks that have been

largely altered to serpentine.

The province is sliced almost longitudinally by two major fault

zones, the San Andreas on the northeast and the Nacimiento on the

southwest (fig. 12), as well as by many other subparallel breaks

with northwesterly trend. Partly exposed in the block between the

two main faults is a core of plutonic rocks, chiefly (|uartz diorite

and granodiorite of probably Mesozoic age. This bloi'k appears to

have been a highland mass during much of Tertiary time, while

'sediments were being deposited in the flanking areas. Tertiary

deformation, especially in middle Miocene, upper. Pliocene, and mid-

Pleistocene times, is ri'flected by niunerous folds, faults, and un-

conformities in the sedimentary sectimi.

San Joaquin Valley. The San Joai|uin Valley, or southern part

of the Great Valley of California, is an immense, iu>arly flat-floored

plain that is largely covered by alluvium. It was an important basin

of Cenozoic deposition, and beneath its floor is a remarkably thick
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FIOUBE 3. Miip shuwine the major topngrnphic features of southern California. Dashed lines are generalized houixlaries of the natural provinces.
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Figure 4. Map showing the natural provinces of southern Californiii, with names of the principal features shown in figure 3.
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KICIRE .-|. View cnstwnnl at tlip steep, tre.sh fnult srnrp ot the Ulaek M.mntiiins, willi llic llcor i.f Death Valley in foreRrmincl. The .^Irikinsly symmetrical allu-

vial fan lieails at the mouth iif Cumn Canyon, an extremely narrow anil iirecipitou.s corKC that cives way upstream into .somewhat more open country. Photo by

J. ti. Hhrltort and li, (\ Frainptrtn.
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and varied section of dominantly clastic sedimentary rocks. More

than 25,000 feet of I'pper Cretaceous marine strata is overlain by as

much as 40,000 feet of younger formations that include both marine

and nonmarine strata, as well as some volcanic rocks of basic and

intermediate composition.

The broad trough of sedimentary deposits is asymmetric, with a

relatively steep westerly flank and a gently inclined easterly flank

that lies upon the western part of the Sierra Nevada fault block.

During much of Tertiary time this basin was occupied by an inland

sea, and a variety of lithologic facies accumulated contemporane-

ously as its floor continued to subside (Hoots, et al.. Contribution 8,

Chapter II, this volume). Several episodes of uplift and depression

are attested by unconformities and by lithologic contrasts within

the sedimentary section, and many open folds, developed chiefly

in mid-Pleistocene time, are present in both the marginal and in-

terior parts of the basin. Several prominent lines of folding project

southeastward and east-southeastward into the valley from its west-

ern margin, and relatively severe deformation in the southern end

and along the western side of the valley is expressed by numerous

thrust faults and overturned sections of stratified rocks.

Sierra Nevada. The southern part of the Sierra Nevada proper

is fundamentally a huge, asymmetric, westward-tilted block that is

bounded on the east bj- a zone of high-angle faulting and disappears

to the west beneath the sedimentary rocks of the San Joaquin Val-

ley. This block consists mainly of plutonic rocks that represent the

composite Sierra Nevada batholith of Mesozoic age, together with

older metamorphic rocks that appear in most areas as inclusions,

roof pendants, and screens in the igneous terrane. Resting upon

these crystalline rocks are scattered patches of lower Tertiary fluvia-

tile sediments, as well as Tertiary and Quaternary volcanic rocks.

Pleistocene glaciation has left its stamp on the landscape within the

range, and glacial deposits are widespread.

The Tehachapi Mountains, at the south end of the province, differ

from the Sierra Nevada proper in several important respects. Al-

though they consist mainly of the same kinds of pre-Cenozoic rocks,

they trend northeast, are bounded on both sides by major fault

zones, and appear to have a much more complex internal struc-

ture. "Within the range are large masses of Tertiary nonmarine strata

and associated volcanic rocks, and along its margins are moderately

to steeply tilted sections of Tertiary rocks. Both the Tehachapi

Mountains and the Sierra Nevada appear to have been affected by

several episodes of uplift during Cenozoie time, and the most recent

and possibly greatest of the.se took place in Pleistocene time.

Basin-Range Province. The part of the Basin-Range province

that lies in southern California is characterized by north-trending

ranges, intervening valleys and basins, and an interior drainage. The
geologic section is very complex, and includes earlier pre-Cambrian

gnei.sses and plutonic rocks; several thousands of feet of younger

pre-Cambrian sedimentary rocks and diabase; as much as 17,000 feet

of clastic and carbonate strata of Cambrian age; assemblages of

younger Paleozoic strata, of even greater aggregate thickness, in

which carbonate rocks are abundant ; Me-sozoic .sedimentary and vol-

canic rocks; widespread plutonic rocks of Mesozoic age; fluviatile

and lacustrine sedimentary strata that appear to have been deposited

during various parts of the Cenozoie era, mainly in separate basins;

and widely scattered volcanic and intrusive rocks of Cenozoie age.

Not all of these rocks ordinarily are present in any single area.

Many of the ranges are essentially fault blocks, and some of the

valleys are fault-bounded troughs, but neither the structural pattern

nor the history of deformation in the region is at all simple. Indeed,

adjacent fault blocks commonly have had distinctly different geologic

histories, thanks mainlj' to the nature and timing of movements on

the faults that separate them. The province is in part bounded on the

south by the Garlock fault zone (fig. 7), along which there has been

much left-lateral movement, and it is bounded on the west by the

Sierra Nevada fault zone, along which dip-slip movement probably

has been dominant. Within the province are many other high-angle

faults, as well as flat to moderately-dipping thrust faults, and in

general faulting has been the dominant expression of tectonic

activity.

The effects of late Mesozoic and Cenozoie deformation arc exposed

in most parts of the region, and widespread Quaternary faulting and

warping is reflected by many elements of the present topography.

Impressively fresh fault scarps (fig. 5), scarplets and small grabens

in alluvial-fan deposits (fig. 6), aligned ridges and trenches on sev-

eral valley floors (fig. 7), and hogback ridges of tilted and folded

Plei.stocenc deposits are typical examples. Also preserved in several

of the basins are shoreline and outlet features of Pleistocene and

early Recent lakes (fig. 7) that at least once were i)arts of an inte-

grated system of drainage.

Mojave Desert. The Mojave Desert region, most extensive of the

natural provinces, is in large part a gigantic fault-bounded wedge

that points westward. It consists of pre-Cambrian gneisses, plutonic

rocks, and .severel.v deformed and metamorphosed sedimentarv rocks;

sections of Paleozoic stratified rocks that have been metamorphosed
to various degrees; scattered sedimentary, metasedimentary, and

metavolcanic rocks of Mesozoic age; a considerable abundance and
variety of Mesozoic intrusive rocks; and midillc and upper Cenozoie
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igneous rocks and sedimentary strata that were deposited mainly in

separate basins.

Younger pre-Cambrian sedimentary rocks like those in the Basin-

Range region to the north have been recognized only in the northern

corner of the Mojave Desert province. No lower Paleozoic strata have

been identified in the central and western parts of the province,

although they may be present as metamorphic rocks in some areas.

In general, fossiliferous sections of unmetamorphosed pre-Cenozoic

rocks are common in the northeastern part of the region only, and
with few exceptions the stratigraphic relations become progressively

more obscure to the west and south. The province was subjected to

widespread erosion from late Mesozoic to middle Tertiary time, and,

unlike the regions to the north, south, and we.st, it contains no Lower
Tertiary sedimentary rocks (Hewett, Contribution 1, Chapter II).

Younger "fluviatile and lacustrine sediments indicate a complex his-

tory of basin formation that began in middle Miocene time and
continued to the present.

Much of the province lies between the left-lateral Garlock fault

on the north and the right-lateral San Andreas fault on the south-

west (fig. 12). Within the province are north- to northeast-trending

folds, steeply dipping faults, and some major thrust faults of middle

Jurassic to late Cretaceous age, as well as more open folds, low-angle

thrust faults, and steeply dipping faults of late Cenozoic age. Many
of the high-angle faults trend northwest (fig. 12) and show evidence

of recent movement. Igneous activity in the region is represented

mainly by pre-Cambrian and Mesozoic plutonic rocks, pre-Cenozoic

volcanic and metavolcanic rocks, and Cenozoic volcanic and hyp-

abyssal intrusive rocks.

Transverse Range Province. Trending essentially east-west across

the regional grain of southern California is the Tran.sverse Range
province, which comprises elongate mountain ranges and valleys,

chains of hills, and broad basins that are geologically very complex.

Its eastern half, which includes much high and mountainous country

(figs. 8, 11), is compo.sed mainly of Mesozoic plutonic rocks, older

metamorphosed sedimentary and volcanic rocks that are at least in

part of Paleozoic age, and some igneous and metamorphic rocks of

pre-Cambrian age. Tertiary sedimentary rocks, both nonmarine and
marine, are preserved locally. The western half of the province is

featured by diverse sections of Tertiary sedimentary rocks, in places

enormously thick, that were depo.sited in several large basins (fig. 9).

These and associated volcanic rocks rest upon and again.st older sedi-

mentary rocks, as well as still older crystalline rocks that are in part

correlative with those exposed in areas farther east.

The province as a whole resembles the adjoining Coast Range and
Peninsular Range regions in several respects, but is distinguished

from them by prevailing east-west structural trends. Elongate, gen-

erally steep-sided folds, many of which have been ruptured along

their axes or on one or both flanks by gently to steeply dipping

compressional faults, are characteristic of the basinal areas and those

western ranges that consi-st mainly of sedimentary rocks (fig. 9). The

other ranges are best regarded as great upthrown blocks, bounded in

part by faults that dip very steeply and have had large strike-slip,

or lateral, components of movement, and in larger part by reverse

faults that appear to converge downward beneath the blocks. The

great San Andreas-San Jacinto fault zone slices across the eastern

part of the province at an acute angle, and the San Gabriel fault

zone is somewhat similarly disposed farther west (fig. 12).

Several episodes of intense deformation, including a late Meso-

zoic orogeny and accompanying widespread plutonic intrusion, are

recorded by the older rocks. The Cenozoic section contains uncon-

formities, some of them extensive, that reflect a variety of disturb-

ances in both basin and source areas. The great mid-Pleistocene

orogeny produced intense folding and uplift, and was responsible

for development of the major elements of the present topography,

including a number of impressive scarps (fig. 8). Marine terraces

of Pleistocene age are prominent features of the coastal landscape,

and lie at elevations of as much as 1,200 feet above sea level. Some

of them have been warped and broken by faults.

Colorado Desert. The Colorado Desert is an elongate, low-lying

depression whose alluviated floor is separated from the Gulf of Cali-

fornia by the delta of the Colorado River and is in part occupied by
the Salton Sea. It marks the site of a former basin of middle and

late Cenozoic sedimentation, and a thick section of fine- to very

coarse-grained, dominantly nonmarine strata, together with some
volcanic rocks, is exposed in its marginal parts. This section rests

upon igneous and metamorphic rocks of pre-Cenozoic age in some

areas, and is in fault contact with them in others. The northeast side

of the province is traversed longitudinally by several subparallel

breaks of the San Andreas fault zone, and its highly irregular west-

ern margin is in part outlined by the Elsinore, San Jacinto, and

other major fault zones that trend northwest (fig. 12). Many of the

faults cut and offset rocks that are as young as Quaternary.

Mo.st of the sedimentary rocks were laid down as alluvial-fan and

lacustrine deposits, but included in the sequence are marine bods

that accumulated in a shallow, northward-extending arm of the

Gulf of California during lower Pliocene time. The most recent his-

tory of the basin involves .subsidence, local volcanic activity, inter-

mittent movements along faults in both the marginal and interior

areas, and occupation by at least one large fre.sh-water lake, perhaps

as recently as a few hundred years ago.
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Peninsular Range Province. The Peninsular Range province is

characterized by a northwest-trending topographic and structural

grain that butts abruptly against the Transverse-Range grain on the

north. The inland parts of the province include several high moun-
tain ranges (figs. 10, 11), and are underlain chiefly by igneous, meta-

sedimentary, and metavolcanic rocks of Paleozoic and Mesozoic age.

The igneous rocks include widespread representatives of the great

composite southern California batholith. Patches of younger volcanic

rocks and nonmarine sediments of middle and late Cenozoic age are

present locally.

A coastal plain of irregular outline is marked by numerous marine
terraces. It is underlain by dominantly clastic marine and nonmarine
strata of Upper Cretaceous, Tertiary, and Quaternary age, as well

as by scattered volcanic rocks of Tertiary and Quaternary age. This

section thickens to as much as 40,000 feet in the Los Angeles basin

(fig. 10), at the north end of the province, where it evidently ac-

cumulated in a subsiding area under widely varying conditions of

sedimentation. In many respects this basin resembles other Tertiary

basins in the adjoining Transverse Range province, but its major
structural features have the characteristic Peninsular Range trend.

The offshore area, or continental borderland, commonly is included

in the Peninsular Range province. It is distinguished by prominent,
steep-sided ridges that appear to be horst-like in structure, and by
intervening depressions that in general have the form of closed

basins (Emery, Contribution 7, Chapter II). The ridges are com-
posed mainly of foliated rocks that resemble the Franciscan forma-
tion of the Coast Ranges to the northwest, and in places are covered
with .sedimentary and volcanic rocks of Tertiary age. Younger sedi-

ment also veneers the ridges, and forms considerable thicknesses of

fill in the basins.

The entire province can be regarded as an uplifted and westward
tilted plateau that has been broken into several large, elongate, sub-

parallel blocks by major faults that trend northwest (fig. 12). Most
of these faults have been intermittently active during large parts of

Cenozoic time, and adjacent fault blocks commonly have had dis-

tinctly different histories. The sedimentary sections have been folded

along axes that trend west-northwest to north-northwest. Most of

the large folds are open, with undulatory crests and troughs that

in some areas have affected the accumulation of oil (fig. 10), and
many are complicated by unconformities and small-.seale wrinkling.

Some of those in the Los Angeles basin were developed so recently

that their distribution and form are plainly reflected by the pre.sent

topography (figs. 2, 10).

CURRENT GEOLOGIC PROBLEMS

In the preface to his volume on the geology of California, Reed

(1933, p. VII) pointed out the need for increased consideration of

broad problems with the following apt remarks:

"The Inst thirt.v .years have thus contributed a suppl.v of accurate data of the
type needed for an adequate interpretation of the problems of resional geology

and geologic hi.story. During this period, however, relatively less attention than
formerly has been given to the broader aspects of these problems. California
geology has thus come to seem more complex, disconnected, and chaotic than
ever before. In recent years some geologists have even entertained the idea that

the State is really nothing but a great series of .separate structural blocks, each
with an independent history since some stage of the Mesozoic at least. The
adoption of any such hypothesis would apparently make hopeless an attempt
to write an account of regional geolog.v or general geologic histor.v. In order
to keep this disintegrative tendency within bounds, and also to see the problems
of special districts in their broader relations, there seems to be a need for
attemjited synthesis like that presented in this paper."

That many geologists are aware of a renewed need for summa-
tion and synthesis of available data is implicit in the preparation

and publication of the present volume. Even though the "disinte-

grative tendency" of 20 years ago may have been more apparent

than real, the theme of adjacent fault blocks with contrasting—albeit

neither independent nor unrelated—histories is founded upon such

widespread and compelling evidence that it cannot be ignored. It

poses some formidable problems of correlation and integration, to be

sure, but their solution will be fundamental to ultimate elucidation

of southern California's geologic history.

Many of the problems that are diseus.sed in the following contri-

butions to this volume are common to more than one fault block or to

more than one general province, and some of them are treated on a

regional basis in at least 21 of the contributions. The ratio of known
questions to wholly satisfactory answers still is provokingly high,

but the outlook for its net reduction seems to be far from discourag-

ing. A brief and incomplete sampling of current problems, not

including solutions thereto, is presented in the remainder of this

paper.

Pattern of Major Faults. As fault maps of southern California

are improved in the light of new data, and as the significant elements

of the pattern are more fully recognized, attempts to interpret these

elements in genetic terms are still confronted by the need for addi-

tional information on the nature and timing of fault displacements,

and on the directions and amounts of net slip. These factors are

difficult to determine under any but the most favorable conditions,

and the problem is compounded by evidence of reoriented move-
ments along numerous recurrent faults.

The compilation in figure 12 shows most of the known major faults

in a large part of southern California. Nearly all of these have been

active during parts of Cenozoic time, and some date back at least to
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mid-Mesozoic time. Especially proiiiiiicnt aiiiDii^- them are the Sail

Andreas, Garloek, Xaciiniento, Sail Gabriel, San Jaeinto, and El-

sinore faults, all steeply dipping;, deep-rooted, lonn;-aetive breaks on
which strike-slip, or lateral, movements araoniitinn; to miles or even
tens of miles have taken place. These major breaks pose several
problems that are di.scus.sed in Chapter IV and elsewhere in the
published record (e.<r., Crowell, 1952; Hill and Dibblee, 1953; Noble,
1951; Wallace, 1949), and it is interesting to note that, even for the

faults that have been studied in painstaking detail, tlie most reliable

estimates of net slip are based upon indirect evidence or upon a
summation of several compatible lines of suggestive, but not eon-
elusive, evidence. Only a few rock units or other features can yet be
correlated with confidence across any of tliese faults, and unfortu-
nately net slip rarely is measured by tlic separation indicated iiu a

geologic map or section.

Thrust faults and high-angle rever.se faults are comiiioii in tlie re-

gion southwest of the San Andreas fault, whereas ma.jor normal
faults are very rare. In the country to the northeast, however, both
normal and other types of dip-slip faults are present. Hill (Contribu-
tion 1, Chapter IV) has attempted to correlate the directions and
amounts of displacement along the major lateral, reverse, and thrust

faults with a primary pattern of deformation, and has thereby de-

duced a regional strain pattern of north-.south shortening. Although
admittedly over-simplified, especially with respect to timing of move-
ments, this is an imaginative and stimulating application of the data
now available. Hewett (Contribution 2, Chapter IV) has interpreted
the regional pattern of faulting in the Mojave Desert province, and
has performed a real service in correlating the fault movements with
numerous other events in the geologic record.

The relations between the San Andreas fault system and the faults
ill structurally high parts of the Transverse Range province invite
speculation on the history of movements. In the southern Coast
Ranges the San Andreas fault zone is a relatively narrow and well-
defined master break that trends southeast. It bends sharply east-

ward before reaching the area of junction with the Big Pine and
(iarlock faults, and thence cuts across the Transverse Ranges in an
east-southeastward direction (fig. 12). Along the northern edge of
the San Gabriel Mountains it .splits into two major fault zones, the
San Andreas and the San Jacinto. Farther eastward, along the
south side of the San Bernardino Mountains, the San Andreas zone
is involved in a complex way with east-trending faults of the
Transverse Range system, as shown by Allen (Map Sheet No. 20),
and it differs in several important respects from its more north-
westerly .segments. It seems probable that a substantial part of the
total displacement along these more northwesterly segments is rep-

resented to tlic southeast by dis|)]acements along the San Jacinto
fault zone.

The Elsiiiore fault zone, which lies on the southeastward projec-
tion of the Coast Range segment of the San Andreas fault zone,
may well be related in a similar way. Perhaps the ancestral San
Andreas fault was deflected eastward by the great mass of the
Traiisvi'i-.se Ranges, and some of its older segments were convex-ted
into jiarts of the reverse faults along which the Transverse Ranges
were uplifted. The interplay of movements probably was very
complex in both space and time, and the present San Andreas and
San Jacinto fault zones almost certainly displaced many of the
Transverse Range breaks. The many pieces of this puzzle are even
more difficult to assemble than those in the area where the San
Andreas and Garloek faults meet (Hill and Dibblee, 1953), and
solution of the general problem must await detailed mapping and
interpretation of the crystalline rocks in a very large area.

Deformation and Mctamorpliism of the Older Bocks. Most of the
pre-Cretaceous rocks exposed in southern California show the effects

of at lea.st one episode of deformation and mctamorpliism that ante-
dated the .sequence of severe deformation recorded by many of the
younger rocks. So complex are most of the end products, however,
that icv; investigators have attempted to decipher their earlier

structural history. Several of the principal difficulties of interpreta-
tion have been summarized for the Mojave De.sert region by Me-
CuUoh (Contribution 2, Chapter VII), and the problems are still

more troublesome in areas farther west and southwest, where the
older geologic record is even less well known.

Pre-Tertiary thrust faulting is recorded from several areas (e.g.,

Hewett, 1931, pp. 42-55; Noble, Contribution 5, Chapter IV), and
ancient folding and high-angle faulting have been noted from
numerous areas in which the older rocks liave been studied. Super-
imposed upon most of these features are the cfi^ecfs of younger
deformation, wliich commonly include pervasive crushing, shearing,
and even mylonitization. In some jilaccs massive crystalline rocks
plainly have participated in the folding of overlying sedimentary
strata (e.g.. Hill, 19.30, pp. 158-159; Dibblee, Contribution 2, Chapter
II). Additional descriptive information, supplemented by careful
.studies of rock fabric and structure in relation to tectonic environ-
ment (e.g., Weiss, 1954), must be at hand before the more general
aspects of deformation in the older rocks of the region can be
satisfactorily determined.

The problems of metamorphism also are comidcx, mainly because
of difficulties in establishing the nature and timing of individual

mctamorpliic effects. Some of the rocks may well have been meta-
iiiorpho.sed prior to widespread intrusion of the Me.sozoic plutonic
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rooks (e.g., Fraser, 1!)31, pp. 506-508; Larsen, 1948, pp. 32-30), and

some of them a.ssuredly have undergone subsequent contact meta-

morphism. Some of the pre-Cambrian rocks may well have been

metamorphosed three times or more. The present net effects of met-

amorphism in rocks of like age are known to vary considerably, and

commonly abruptly, from one area to another, but much more

information is needed to establish the regional trends in metamor-

phie intensity, as well as the nature and mechanism of material

transfer during the different episodes of metamorphism.

Paleozoic and Mesozoic Sedimentation. The general distribution

of sedimentary basins and facies during Paleozoic and Mesozoic

time is becoming well known for the Great Basin region of Nevada

and eastern California, and it seems increasingly likely that some

of the trends can be projected southward and southwestward in

southern California. Despite the spotty exposures of these older

rocks in much of southern California, as well as their varying de-

grees of metamorphism, near-lack of diagnostic fossils, and large-

scale displacements by faulting, the little work done thus far on

sedimentary facies already has yielded encouraging results. Indeed,

it may prove to be one of the best approaches to the dating of some

of the rocks, and even to the idtimate evaluation of major fault

movements in the region.

Aye and Correlation of the Mesozoic Plutonic Rocks. Plutonic

rocks of Mesozoic age can be traced almost continuously from the

Baja California peninsula northward to the central Sierra Nevada,

and in general they represent two huge composite batholiths. The

southern California batholith, which underlies most of the Penin-

sular Range province, is thought to be early Upper Cretaceous in

age, mainly on the basis of relations in northern Baja California

between fossiliferous sedimentary rocks and several plutonic masses

that are regarded as parts of the batholith ( Biise and Wittich, 1!)13

;

Woodford and Ilarriss, 1938). In contrast, the Sierra Nevada

batholith is thought to be of late Jurassic age on the basis of

stratigraphic evidence (Knopf, 1029, p. 14; Hinds, 1934). Some
plutonic rocks in the Mojave Desert region have been assigned a

Jurassic age, whereas others are regarded as post-Middle Cretaceous

(Hewett, Contribution 1, Chapter II). Age assignments for the

Mesozoic plutonic rocks in the areas between the Peninsular Ranges

and the Sierra Nevada appear to reflect the preferences of individual

geologists for correlations with one major batholith or the other.

Geochemical determinations of age have yielded estimates that

range from ]()() million years (Larsen, et al., 1952) and 110 million

years (Ahrens. 1949, p. 250) to as much as 147 million years (Davis

and Aldrich, 1953, p. 380 1 for the southern California batholith;

about 100 million years for the Sierra Nevada batholith (P. C.

Bateman, personal communication) ; 150 and 155 million years for

two pegmatite bodies associated with plutonic rocks in the Mojave
Desert region (Hewett and Glass, 1953) ; and an average of about

100 million years for several plutonic masses in the Transverse

Range province (G. J. Neuerburg, personal communication). These

represent a range from Middle Jurassic to Middle Cretaceous. Most
of the estimates are regarded as accurate to the nearest 10 percent,

but the discrepancies among the results obtained from different

methods suggest that further refinements are needed before deter-

minations of ab.solnte age can be u.sed for the more exact correlations

that are desired.

As Woodford (1939, p. 258) points out, "If the southern batho-

liths are really mid-Cretaceous, a puzzling problem arises . . . Where
does the Cretaceous pluton end and the Jurassic . . . one begin?

Is it possible that the Sierra Nevada pluton was also intruded in

mid-Cretaceous time?" Further, if the stratigraphic evidence in

Baja California can be accepted, the southern California batholith

must have been emplaced, cooled to solidification in at least its upper

portions (see Larsen, 1945), in part unroofed by erosion, and then

covered by marine sediments—all during Upper Cretaceous time!

Deposition and Life in the Tertiary Basins. The rocks and faunas

of the Tertiary basins of deposition, and especially those in the

coastal region, probably have received more detailed attention than

any other major element of southern California geology (see Chap-

ters II, III, and IX of this volume). Only a part of what is known
has been published, however, and only a few recent attempts have

been made to summarize the results of work done to date (e.g.,

Woodford, et al.. Contribution 5. Chapter II ; Durham. Contribution

4, Chapter III). Exciting possibilities remain for further integra-

tion of data on tectonic environment, mechanics and chemistry of

sedimentation and lithification, paleoeeology, and basin-sediment

deformation with the wealth of available surface and subsurface

information on thickness, lithology, and faunal relationships.

The western part of the Transverse Range province appears to be

a particularly inviting area for further study. Thick, well-exposed,

and carefully studied sections provide an almost uni<iue opportunity

for correlation of environmcTits and processes in three adjoining,

and at times interconnected, basins of dominantly marine, lacustrine,

and fluviatile deposition, respectively. Farther east and northeast,

in the Mojave Desert region, are nonmarine basins of Cenozoic

deposition in which the occtirrence of .salines and associated elastic

deposits still rai.se.s important questions of genesis. Happily, many
of these qviestions are being addressed at the present time as part

of a vigorous program of investigations by the U. S. Geological

Survev.
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Chaotic Breccias. Masses of breccia that are best described as

chaotic are present in nearly all parts of southern California, and
are especially abundant in the Basin-Range, Mojave Desert, Colo-

rado Desert, and Transverse Range provinces. They appear within

sections of Cenozoic nonmarine strata or rest directly upon older

rocks, and their spatial relations to the associated rocks are not

everywhere clear. Some of these breccias consist of rock fragments

that commonly are less than a foot in diameter, but others are much
coarser, and contain disordered masses of rock whose maximum
dimensions are measured in tens and even hundreds of feet (fig. 13).

Many of the breccias are essentially mouolithologic, and others are

lithologically heterogeneous.

A sedimentary origin is readily deduced for most of the breccia

masses that are interlayered or iutertongued with finer-grained

strata (fig. 14), and they appear to have accumulated as mud flows

and debris flows. The origin of others, including most of tho.se that

contain gigantic fragments of rock and have been termed "chaos,"

is much less clear. These giant breccias are most abundant in the

interior parts of the region, where they have been studied by Noble

(1941), Hewett (1954), and many others. They have been variously

interpreted as representing the disordered soles, tongues, or other

parts of low-angle thrust faults, as deposits of composite thrust

fault-sedimentary origin, or as deposits whose formation was asso-

ciated with major high-angle faulting.

Whether wholly tectonic, wholly sedimentary, or of composite

origin, mo.st of these giaut breccias seem to be related to large-scale

faulting. Low-angle thrust faulting of very great net slip has been

invoked to explain the occurrences of chaos in the southern Death

Valley region (Noble, 1941; Curry, Contribution 7, Chapter IV),

but recent work has shown that many of these breccia masses are

of sedimentary origin and probably are more closely related to

high-angle faulting (Noble and Wright, Contribution 10, Chap-

ter 11). Much further study is needed to define accurately the re-

spective roles of faulting and sedimentation, and of extensional and
compressional faulting, in the development of these remarkable rocks.

Surfaces of Erosion. Broad surfaces of erosion are present in

all of southern California's natural provinces, and appear at many
different levels. Most of them were formed during the Quaternary

period, and a few others seem to represent older surfaces that have

been exhumed from beneath a cover of sedimentary or volcanic rocks.

Although some of the surfaces are known to have been developed at

diiferent times, there has been considerable argument as to whether

those in certain regions are remnants of much more extensive sur-

faces that were segmented and displaced by block faulting. It .seems

clear that even the most careful measurements of areal and vertical

distribution of recognizable surfaces can serve as little more than a

start toward resolution of this question, which is a particularly

troublesome one in areas that are underlain by massive crystal-

line rocks.

Marine terraces, some of which have been deformed, are well pre-

served in the coastal areas. Their correlation, not only with one

another, but with fluviatile terraces and broader surfaces of erosion

farther inland, as well as with features of the offshore area, con-

stitutes a formidable problem (e.g., Putnam, 1942; Upson, 1951;

Sharp, Contribution 1, Chapter V). Solution of this problem will

figure vitally in the reconstruction of Pleistocene and Recent events

in the region, just as correlation of certain erosion surfaces already

has contributed to an understanding of the Quaternary and late

Tertiary history of the Mojave Desert region (Hewett, Contribu-

tion 1, Chapter II).
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2. CLIMATE, VEGETATION, AND LAND USE IN
SOUTHERN CALIFORNIA

By Hahry p. Bailey •

CLIMATE

In an area of bold relief, like southern California, the landscape

is dominated by craggy mountains, undulating hills, and sweeping
plains. Vegetation, mantling the bare earth, supplies an array of

textures and colors that adds to the scenic variety of the region.

Climate is a less vi.sible entity, and requires time for its full expres-

sion, but it is nonetheless a vital factor in the interpretation of

the natural domain.

Landforms, vegetation, and climate comjirisc the major elements

of the natural landscape. Of the three factors, climate is the best

indicator of the state of the landscape as a whole. While it is true

that climate is not a completely independent agent, and that the

surface of the earth and plants growing upon it do appreciably

modify the properties of the atmosphere, it also is true that these

modifying influences are not as significant as the direct effects of

climate on them. Thus, climate stands in many respects as a common
denominator in the natural realm.

The climatic factor is strongly felt by man, who necessarily lives

with, and contends with, his physical surroundings. Water supply,

flood control, and air pollution are examples of the important cli-

mate-based problems that are faced by man in southern California.

Air fliiw. Terrain, and Climate. In broadest generalization, the

atmosphere over southern California is mild in temperature and
placid in movement. In con.sc<|uence, the region is warm, sunny,

and rather dry as compared with most parts of the United States.

This general statement does reipiire three major qualifications.

Although the sunnners are notably fair and calm, the ^yinters have

more variable weather, including periods of windiness, cloudiness,

and precii)itation. During much of the year, air moves from the

nearby Pacific (Icean to the land. This change of environment modi-

fies the lowest layers of the atmosphere, jind results in differences

among the climates of areas along the path of travel of air moving
from the coastline toward the interior. B''urther, the pronounced

relief of southern California brings some of its surface into contact

with upper air whose i)ropcrties are quite different from those of the

atmosphere at sea level. Elevated terrain itself influences the move-

ments of air passing over it, and .so may either augment or diminish

the i)recipitatioii process. Thus, the surface configuration of the

region tends greatly to complicate the distribution of climates.

• A.'islstJiiit Professor of Geography, UnU'crsity of C'nllftjrnla. T^os Angole.s.

A fuller statement of the climate of southern California, then,

would include the following features:

(A.) Nearly all of the annual precipitation occurs during the

winter half-year.

(B.) Although temperatures generally are warin, they are modi-
fied according to the nearness of the sea and the effects of terrain.

The difference between sea-surface and land-surface temperatures is

greatest in summer, when interior valleys at low altitudes regularly

experience maxima of more than 100° F. In contrast, cool marine
air keeps afternoon temperatures between 70° and 90° along the

coast. At intermediate points the temperatures are intermediate,

depending in detail upon the freedom with which sea air can move
over the terrain.

In winter, if day and night temperatures are considered together,

coastal and interior areas of the same altitude show nearly the same
average value—about 50° at sea level. This is possible becau.se winter

circulation is dominated by air flowing from land to sea, and this

air has undergone most of its adjustment to the land surface by
the time it reaches southern California. Elsewhere, however, the

equalitj' in distribution of winter temperatures is altered by the fact

that most interior points are higher than those of the coastal zone,

and so are colder. Thus the winter temperatures of coastal cities

are similar to those only of low-lying interior areas, such as the

Coachella and Imperial Valleys.

Precipitation is also affected by the factor of distance from the

sea, probably in the sen.se of a slight decline inland, but this relation

is completely obscured b}' the much greater effects of terrain.

(C.) The influences of terrain underlie many major and minor
aspects of climatic distribution in southern California. They are best

summarized by considering separately the summer and winter half-

years.

Terrain affects the summer (April-September) climate of lowland

areas chiefly by regulating the inblowing movement of the .sea breeze.

Where that shallow layer of marine air can move with ease, tempera-

tures increase gradually inland ; but if the marine air is blocked by
hills or mountains, valleys only a few miles from the .sea become
20' to 30° warmer than the coastline, and thermal conditions typical

of points .")0 miles or more from the coast are found close to the .sea,

providing one of the strongest temperature gradients to be found.

Coastal slopes of hills and mountains near the ocean lead not

only to greater warmth iidand, but upward in the atmosphere as

(31 )
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well. Levels up to 5,000 feet are warmer in summer than the

underlying marine air brought in by the sea breeze. This temperature

inversion leads to confinement of smoke and dust clo.se to the ground,

and is a fundamental aspect of the smog problem in the Los Angeles

area. Stratus clouds often are present in the marine air, too, and the

coast thus is less sunny and is more subject to restrictions of visi-

bility than the interior. Above 5,000 feet, air temperatures decrease

in a more nearly normal manner, but, considering the altitude, all

mountain areas of southern California are warm in summer.
Summer precipitation is almost entirely lacking in the coastal

lowlands that are strongly affected by the indraft of the sea breeze,

and, although this precipitation is more frequent over the higher

mountains and interior plains, it is not reckoned as a significant

element in the climate of southern California. Lightning connected

with thunder .showers does start many forest fires, presenting a

serious problem because the rain .seldom follows in amounts suffi-

cient to serve as an extinguisher.

In winter (October-March), as in summer, terrain modifies climate

by blocking flows of air. However, the results in winter are much
more dramatic, for it is then that the atmosphere is in a state where

clouds and precipitation readily can form. This condition, related

to occasional storm systems passing over southern California, brings

unstable air from the sea toward the land. Slopes facing the sea are

rainiest, and those facing inland are driest. Coastal basins thus are

much better watered than those of the interior, and interior locali-

ties are sunnier and often more pleasant in winter than the damp
and cloudy coast.

A flow of air onshore, although it is tiie source of rain and hence

is of climatic significance, is not a prevailing condition in winter.

More frequent is a movement of air coastward and downward from

high ground in Nevada and Arizona. Such offshore flow brings dry

weather to the southern California coast, and is known locally as

"Santa Ana" weather. In tlie middle of winter this continental air

is cool, and some of the imported air masses are cold enough to

cause nighttime temperatures well below the freezing point. In spring

and fall the Santa Ana air is warmer, and sometimes brings truly

hot weather, a condition wliich, in combination with very low
humidities, creates high fire hazard in many areas. A few times

each winter the continental flow attains sufficient velocity to bring

destructive winds to the coast, a condition usually prevented by the

nearly continuous rampart of intervening mountains.

Altitude is an important control of temperature in winter, and
decrease in temperature with increase in altitude is typical. This

circumstance creates a much sharper contrast in the thermal condi-

tions of lowlands and uplands than in summer. The plains of the

Mojave Desert, standing at altitudes between 2,000 and li.OOO feet,

frequently are swept by chill winds during the cooler months of

the year, and the mountains of this region are cooler still, a mid-

winter snow cover being common at altitudes of 8,000 feet or more.

As a traverse across southern California necessarily crosses high

ground, a journey inland during the winter season involves decreas-

ing temperatures as the coast is left behind, which is an experience

opposite from that of summer travel. Hence, seasonal contrasts of

temperature increase markedly away from the coast.

Climatic Types of Sotithern California. A map of climates, shown
in figure 1, illu.strates the relations described in the preceding sec-

tion. Twelve climatic types appear on this map, and are grouped into

four phases. Designation of the climatic types is based on the

assumption that the range of climatic conditions in southern Cali-

fornia could be adequately shown at the scale of the map by assign-

ing four temperature classes and four moisture classes. Of the 16

possible combinations of temperature with moisture, 12 actually

occur in southern California.

The temperature classes are based on categories of average annual

temperature, as defined below.* Definitions of the moisture classes

cannot be expressed by simple categories of average annual rainfall,

as they embody the principle that the needs of plant life are met with

equal effectivene.ss by less rainfall in cool climates (as judged by
average annual temperature) and cool seasons (as judged by the

percentage of the year's rain that falls in the winter half-year)

than in hot climates and hot seasons. If it is understood that both

temperature and moisture classes reflect chiefly the average annual

conditions, the simple words used in the legend to the map, such

• The definitions of all terms appearing on the climatic map are as follows

;

Thermal cta^sses

:

Hot (T = 69 or more)
Warm (T - .SS to 68. incl.)

Cool (T = 44 to 57, incl.)

Cold (T=les.s than 44)

Where T is the average annual temperature in degrees Fahrenheit.

Moisture classes:

Humid (P = 0."6 (T— R/4).ormore)
Subhumid (P — 0.41 (T— R/4) to P r= 0.75 (T— R/4), Incl.)

Semiarid (P = 0.22 (T — R/4) to P = 0.40 (T— R/4), Incl.)

Arid (P is less than 0.22 (T

—

R/4))

Where T Is the same as in the thermal classes.
P is the average annual precipitation, in Inches, and

R is the percentage of the average annual precipitation that falls
during the winter half-year (October-March, Inclusive).

Ctivtatir phases:
Maritime fringe (average annual range is less than 18'F.) 1 Coastal
Intermediate hills and valleys (average annual range > t^r^.inr.^

is IS- to 29-, incl.] J

Pro^in'^e

Interior (average annual range Is 30' to 49°. inclusive) ) Interior
l)fath Valley (average annual ran^e is SO" or more) 1 province

Where the ai'craffc annitul rouf/r Is the difference In degrees Fahrenheit
between the average temperatures of the warmest and coldest months.
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Table 1. The number of stations in each climatic type agreeing vith stipulated climatic
characteristics of southern California.'

CLIMATIC TYPE
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FiGl'RE 2. Chaparral, as it appears in the San Dimas Experimental Forest, at

an altitnrle of about 2,r)00 feet on the south-facing slopes of the San Gabriel

Mountains.

as hot. arid, and humid, become just as meaniiifrfnl as the equations

to which they refer.

The dotted lines on the map cross through the climatic types,

and establish independent climatic phases. They are based on the

average annual range of temperature (the difference between the

average temperatures of the hottest and coldest months of the

year), and also are defined in the footnote, page 32.

An examination of the pattern of climatic types shown in figure

1 will indicate a high degree of correspondence with the explanations

given in the preceding section on air flow, climate, and terrain. The

characterization of southern California as predominantly warm is

shown by the large area covered by warm and hot thermal classes.

The dryness of the region is revealed by the large area affected by

arid or semiarid moisture classes. The effect of terrain in modifying

the climate is shown clearly by the complexity of the climatic pattern

in mountainous regions, and by the cooler and moister climatic types

associated with them.

The change of climate from coast to interior is indicated partly by

the greater aridity of the interior, and also by the increase in average

amuial range of temperature away from the sea. Particular atten-

tion should be given to the line of W average annual range,

because it marks the division betwecM the coastal and interior cli-

mates, as those terms are used in tliis study. It falls close to the

first major topographic crest of the coa.stal mountains, as this crest

would be apprtiached from the sea.

As an aid in understanding the climatic characteristics of the

regions, as illustrated in figure 1, table 1 shows selected categories of

certain climatic elements. The number of stations in each region that

agree with a stijiulated climatic condition is shown in the body of the

table. In the warm-semiarid climatic type, for example, in which

summaries are available for 24 stations, seven report average maxima
in July between 70" and 79° P., eight in the range 80° to 89% eight

in the range 90° to 99°, and one in the range 100° to 109°. This

information is amplified by the use of symbols identifying the cli-

matic phase to which each station belongs, and thus in the example

just given it also can be determined that all .seven stations in the 70°

to 79° category are in the maritime fringe, and that the station

reporting 100" to 109° is located in the interior.

A glance at table 1 shows why a detailed climatic map cannot be

made solely on the basis of data from climatic stations. The cold

thermal cla.ss fails to be represented by even a single station, as in

southern California the requisite temperatures are found only on

ground too high and rugged for habitation. In lieu of data from a

conventional instrument shelter, records from radiosondes were con-

sulted for those levels above habitation, and contours were freely

used to .supply details between stations, whether surface or free air.

One salient characteristic of southern California climate, the win-

ter concentration of rainfall, is missing from the map. This factor

has been deleted because all points in the region with moderate to

heavy rainfall (subhumid or humid in moisture classification) re-

ceive a high percentage of the year's total during the winter half-

year. Summer rain more nearly eiiuals winter rain in the interior

regions, but so little occurs there dtiring either season that the matter

of seasonal cDiicentration loses significance. An apju-oximafe notion

of the distribution of the degree of concentration of rainfall during

the winter half-year can be gained from an inspection of tabic 1.

The following li.st of characteristics can serve as guides to the

kinds of interpretation that are possible from the climatic map and

the statistical table:

The most nearly frost-free stations are located in the maritime

fringe.

The frequency of precipitation in southern California is sur-

prisingly low, and no station reports an average annual figure

of more than 59 days.

By ordinary standards, only the coastal stations can be said

to have a thermal regime in which temperatures are consistently

within the zone of comfort. Hence, the "southern California

climate" boasted of by many residents is a rather selective
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FlM KK .".. Sul>Ml]iin.' Il.ir:i .it altitudes of S.r.OO ti) n.fHlO feet on
the south face of San Antonio Peali, Sun (labriel Mountains.

term, and actually applies mainly to warm-semiariil and warm-
subhumid types within the coastal province.

Snow rarely falls in the hot and warm thermal areas. In

contrast, it frequently falls in the cool renrions, although it

seldom lies long on the ground. In the cold regions, which are

found only in the interior, most of the precipitation is in the

form of snow, which is stored for weeks or months on tlie

ground before melting.

Snow storage is only a slight factor in the stream regimes of

southern California, as only a few scattered peaks are higli

enough to experience a cold climate. However, the Sierra Nevada
does develop extensive snow fields, and large areas of cold

climate are found even toward the southern end of the range.

The isolated ranges inland from the Sierra Nevada and the

coastal ranges appear to be relatively arid, and the chief effect of

altitude is to modify temperature rather than rainfall. Never-

theless, points high enough to be ranked as cold seem never to

be arid, and thus in southern California, at lea.st, a cold-arid

combination is not found.

Most of the densely populated and intensively farmed areas of

southern California are located in semiarid or arid regions. Even
the subhumid margins of the coastal ranges are too dry to

sustain the level of development now characteristic of the upper

San (iabriel and Santa Ana Valleys, where deficiency of water

is made good only by inflow from nearby upland areas of

greater moisture, and by import from distant drainage basins.

The diversity of climate in southern California is truly re-

markable, especially when compared to the transitions that are

typical in areas of subdued relief. For example, on the basis of

average annual temperatures, southern California shows a

thermal range equivalent to that found between the Oulf of

Mexico and the Great Lakes. Similar comparisons could be

made to indicate the magnitude of the range in moisture condi-

tions, and in the average annual range of temperature.

PLANT COMMUNITIES

The vegetation of a region is the visible expression of the nature

of its physical environment. Many of the difperences in the plant

cover in southern California are related to climatic influences, and

the range of plant eommunities can be related to the distribution of

the climatic types shown in figure 1.

The plant communities recognized here have been adapted from

those outlined recently by Munz and Keek (1940), who carried out

their work on a scale of generalization comjiarable to that employed

here in defining climatic types. Of the 2S plant comminiities that are

described by these investigators for California as a whole. 17 occur

in southern California. Their description, climatic associations, and

characteristic sjiecies appear in table 2.

Altliough practical considerations have been kept in mind in

setting forth the plant communities, a good deal of inetiuity cannot

be avoided in the factors of complexity ami area covered. Coa.stal

strand vegetation, for example, is areally insignificant as compared

witii most of the other plant connnnnities. but it deserves recogni-

tion on the basis of a distinctive appearance and floral content.

Chaparral represents the oi)posite extreme, as it covers a large area,

is florist ically complex, and is adapted to such a wide range of

environments that it occurs in appreciable degree in areas of no

le.ss than seven climatic types. Nevertheless, for botli types of vegeta-



Chapt. I] CLIMATE, VEGETATION, AND LAND USE—BAILEY 37

tion the same rule has been folloved in identification of tlie unit:

each is a "regional element of the vegetation that is charaeterized

by the presence of certain dominant species."

Plant Communities of the Coast. The coastal province of southern

California, as defined climatieally, lacks true forest, and even wood-

land is a minor element in its vegetal cover. Southern oali woodland

(table 2) is found, to be sure, but it is restricted to shaded north-

facing slopes, moist foothill sites, and valleys of rolling uplands.

This community appears to be relictual, and it suffered noticeably

during the drought of the 40 's by the general decline of coast live-

oak, its dominant member. Stream bottoms also are common sites of

tree growth. Sycamores extend well away from the mountains along

many stream banks, whereas alders, maples, and bays are mostly

canyon dwellers. This stream-bottom woodland cuts across other

plant communities as numerous ribbons along well-watered hill and

mountain slopes, but it is not a sufficiently constant ecological type

to deserve recognition as a major plant community, and so is not

included in table 2.

Shrub vegetation, rather than trees, covers most of southern Cali-

fornia. Coastal lowlands are dominated by the coastal sage com-

munity, which, at the height of its growth in spring, forms a

grayish-green mantle through which little bare ground can be seen.

During the long, dry California summer the formation thins some-

what, darkens, and in a di.stant view gives a salt-and-pepper aspect

to the ground. Coastal sage forms a shrub cover, of medium density,

that does not greatly impede walking.

Scattered throughout the region dominated by coastal sage are

areas of grassland that are of obscure origin. Although native

perennials are present, they are outnumbered by weedy annuals,

imported from Europe, that are the product of past and present

pastures. Coastal sage also is terminated along the coast by sand

dunes, and by some tidal flats at stream mouths. The flats are

identified by coastal strand and coastal salt marsh communities.

Back of the coast, marslies are developed in some river beds of low

gradient, and show a freshwater marsh vegetation. However, the

best example of freshwater marsh vegetation in southern California

is the Tulare lake bed, a major feature of the interior region.

The inner limit of coastal sage is its contact with chaparral,

which generally lies on hill or mountain slopes well above the

termination of the alluvial slopes of the lowlands. The line of contact

is near the 1,000-foot contour in the Los Angeles region, but rises

to about 4,000 feet in San Diego County. This di.stribution leaves

most of the coastal sage community in the warm-semiarid climatic

type, and places the lower margin of chaparral mainly in a warm-

FiouRE 4. Pine-fir forest at an altitude of 8,000 feet in tin/ llluuk

Mountain section of the San Jacinto Mountains.

subhumid environment. Very little coastal sage crosses to areas

of interior climate, but chaparral is not so circumscribed.

Chaparral, in its lower reaches, forms a cover of considerable

density (fig. 2). Chamise {Adenostama fasciculatum) is clearly

dominant in this zone, and contributes as much as 90 percent of all

individuals. As its leaves are small, and the habit of the plant is

quite spindly, <'haparral dominated by chamise does not appear

greatly different from the coastal sage with which it merges. Domi-

nant at higlier altitudes are various species of eeanothus and man-

zanita, plants witli broad, thick leaves, mostly evergreen, and with

stems of great strength. It is this phase of chaparral that justifies

its characterization as an "elfin forest," and which gives the com-

munity a reputation for formidable resistance to penetration on
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foot. Best seen in areas with climates close to the boundry between

the warm-subhumid and cool-subhumid types, this dense stand of

chaparral thuroiighly mantles the slopes to which it is attached, and
imparts to them a velvety texture, a dark green color, and almost

complete protection from direct sunlight and unchecked rainfall.

AVithin areas whose climates are in the cool thermal class, tem-

peratures decrease to the point where coniferous forest supplants

chaparral, but it is not until the climate becomes classed as cold

that chaparral is excluded. Chaparral also extends beyond the limits

of the coastal climate, but its range does not include areas with the

strong continental characteristics of the Great Basin, and so chapar-

ral is absent in desert exposures.

Plant Communities of the Interior. The plant communities of the

interior of southern California, like those of the coast, are chiefly

shrub-form. In comparison with those of the coastal province, the

shrub communities of the interior lowlands are scrubby, sparse in

foliage, and widely spaced. Bare ground generally can be seen be-

tween the plants, and considerable tracts are essentially barren. It is

also true, however, that major mountains lie within the province of

the interior climates, so that the best forested regions of southern

California also are developed there. The transition between montane

forest and the shrubs of desert plains is made through desert wood-

land of considerable complexity.

The boundary between the interior climatic zone and the coastal

zone lies mainly along the undulating crest of the coastal ranges.

At altitudes below 3,000 to 4,000 feet, where the climate is classed

as warm, chaparral extends freely into the interior province, but

is gradually supplanted by desert woodland as rainfall lessens and
the thermal environment becomes more extreme. At higher altitudes,

where temperatures descend to the cool class, a transition also takes

place between the coastal and interior phases. For this reason, the

cool-subhumid and cool-humid climates of the coastal ranges lie

mainly within the interior province, and it is in areas with these

climatic types that coniferous forest appears. Above 10,000 feet

coniferous forest is excluded by the effects of cold and wind, which

allow only sparse, low-growing plants of the alpine fell-fields com-

munity (fig. 3). High-altitude vegetation is only locally developed

on a few peaks of the coastal ranges (San Antonio, San Gorgonio,

and San Jacinto), but is widespread along the crest of the Sierra

Nevada.

Coniferous forest in southern California consists of two major

plant communities, pine and fir (fig. 4). At 5,000 to 6,000 feet yellow

pine (Pinus ponderosa) or its variant, Jeffrey pine, generally dis-

places chajiarral. Bigcone spruce commonly descends to lower alti-

FlGURE Joshua tree woodland under winter snow, at an altitude of 4,^00 feet

on the northern flank of the San (labriel Mountains.

tudes, but rarely in groves of large size. Variety in the yellow pine

zone is added by incense cedar, black oak, and coulter pine. White
fir and sugar pine appear at higher altitudes, and at about 8,000

feet the fir community is established. Red fir {Abies magnifica) is

absent from the coastal mountains, but white fir appears in excel-

lent stand.s, along with lodgepole pine and aspen. Most of the fir

community is in areas of cold climate.

Somewhat similar transitions are seen in the Sierra Nevada, where

the west face of the range receives abundant precipitation at high

altitudes. The base of the ran^e is much drier in the Tulare Basin

than are the coastal lowlands, and so the foothills of the southern

Sierra carry but a scant gra.ss cover, in contrast to the relatively

lush coastal sage community of the coastal ranges. With increase of

altitude in the Sierra Nevada, liveoak appears in valleys, and digger

pine is present on surrounding slopes (the Foothill Woodland of

Munz and Keck), along with scattered shrubs. The whole is under-

lain by a grassy understory, but at 4,000 to .^,000 feet chaparral

becomes dominant. The higher zones are much like those described

for the coastal mountains, the chief differences appearing in the

subalpine and alpine zones.

Descent from the crest of the coastal ranges and Sierra Nevada
toward the Great Basin brings about a transition to plant comnnini-
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ties that are adapted to warmer and drier environments. The transi-

tion is most rapid along the bold eastern face of the Sierra Nevada,

where precipitation decreases sharply beyond the crest. The moun-
tains bordering the Great Basin farther south allow more gradual

changes in temperature and precipitation, and hence the plant com-

munities there take on different characteristics.

Along the Sierra Nevada the coniferous forest descends to about

8,000 feet, where a narrow zone of pinyon-juniper woodland com-

mences. That community, in turn, gives way to sagebrush at 5,000

to 6,000 feet, at the upper margin of the cool-arid climate. In the

Transverse Ranges, in contrast, the coniferous forest reaches some-

what lower altitudes, and the zone of pinyon-juniper woodland is

much broader, as semiarid conditions are maintained throughout

the range of cool climates. On the high floor of the western Mojave

Desert, a warm-semiarid climate extends for several miles beyond

the mountains, creating an apron in which the Joshua tree woodland

extends along a broad front at the northern flank of the Transverse

Ranges (fig. 5). Farther east and south, where the mountains descend

to the low floor of the C'oachella-Imperial Valley, aridity is once

again established at a zone well above the valley floor.

It is on the extensive desert plains of southeastern California that

the shrub communities of the interior are found. Where soils are

coarse and drainage is good, the creosote bush community dominates

in areas with warm-arid and hot-arid climates, which prevail

throughout the Mojave and Sonoran desert regions. The central

parts of basins commonly are filled with fine-grained detritus through

which water drains .slowly, and which is affected more or less by
saline accumulations. These factors bring into dominance the alkali

sink community.
Over vast areas of the interior, ereo.sote bush (Larrea divaricafa)

and burro-weed (Franscrm dnmosa) are almost the only conspicuous

plants in view. Stunted and widely spaced, they .somehow survive in

a region that commonly furnishes them no rain for a year at a time.

At the lowest and hottest sites, creosote bush attains a height of only

2 or 3 feet, but as altitude increases and the climate becomes more
nearly semiarid, as it does toward the boundary of the Mojave
Desert against the Transverse Ranges, this bush increases in luxuri-

ance and reaches heights of as much as 10 feet. Under these more
genial circumstances other plants are added to the cover, and the

density of the as.semblage is intimately related to the terrain, even

minor water courses showing a denser spacing than dry interfluves.

This enrichment of the desert flora can be seen along U. S. Highway
(i(i between Victorville and the crest of Cajon Pass, where the transi-

tion from creosote bu.sh to Joshua tree woodland occurs.

In the areas east of the coastal ranges and the Sierra Nevada,
increases in altitude result in only slight increases of rainfall. Thus,

the isolated mountains of the Basin-Range province are not as humid
in aspect as the coastal ranges or the western face of the Sierra

Nevada. Areas high enough to be classed as cool (above 4,000 feet)

are nonetheless mainly arid. Where the aridity is extreme, as in

Owens Valley, the shadscale community is found ; the presence of

the .sagebrush assemblage (dominated by Artemisia tridentata) is

indicative of greater moisture. The higher parts of the cool thermal

region become semiarid, which allows the pinyon-juniper woodland
to be established. Only a few de.sert mountains of southern Cali-

fornia are high enough to reach the cold-semiarid condition, and
the vegetational changes associated with it affect areas too small to

be noted here.

Conclusions. It is clear that shrub vegetation, in its several com-
munity forms, is the dominant type of vegetation in southern Cali-

fornia. Desert shrubs are found over an area greater than the

combined areas of all other communities, but it is not to be inferred

that desert plants contribute the greatest amount of woody material.

If southern California's mantle of vegetation could be weighed, its

center of gravity doubtless would lie well toward the coastal prov-

ince, where the assemblages are dense and the individuals accumulate

considerable wood.

In examining the areal relations between climatic types and plant

communities, it can be .seen that a perfect correspondence is lacking,

but that many approximations are apparent. For example, it is

noteworthy that the warm climates, regardless of moisture class,

fail to develop a forest cover. The forest communities lie exclusively

within areas of the cool and cold thermal classes. It is also true,

however, that trees are lacking, whether as woodland or forest, where
the climate is arid, and that they are scarce under semiarid condi-

tions. Most of the trees occur with subhumid and humid moisture,

and cool or cold thermal conditions.

Sea.sonal contrasts in temperature also are important. Southern

oak woodland appears in the coastal province mainly in warm-
subhumid sites, but the .same climatic type in the interior, as seen

in the foothills of the Sierra Nevada, gives rise to foothill woodland

that is silimar in character, but different floristically. Coastal sage,

too, appears to be limited in its distribution by the factor of extreme

temperature range.

That soil conditions also are important in controlling the areal

distribution of vegetation cannot be denied. Coastal strand, marsh-

land, and alkali sink communities are excellent examples, but even

in these places climate exercises a secondary effect, particularly in

the coastal strand assemblage where the vegetation changes progres-

sively as the coast is followed from south to north.
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By and large, the striking diversity of climate in southern Cali-

fornia is fully demonstrated by the flora of the region. One can see,

framed between the lofty trunks of a yellow pine forest, virtually

barren playas, and rocky hills nearly as bare, that are not more than

20 miles distant. And within the intermediate zone is a host of grada-

tions between plants and their environment.

LAND USE

The large movement of population to California during the past

half-eentury and the surging economic tempo of the Nation have

combined to create many dynamic forces leading to rapid change

in the appearance of the southern California region. Out of the

complex reaction between cultural and natural factors has arisen

the present landscape of the region, marked by considerable diversity

and many sudden transitions.

The major land uses in southern California are shown in figure 6.

Congregated in the coastal lowlands are the major urban areas and

much of the irrigated land. Irrigated land also appears in the Coa-

chella-Imperial Valley and in lesser areas adjacent to the Colorado

River. Farther to the north, and lying mainly beyond the .scope of

this study, is the Great Valley of California, which contains most

of the irrigated parts of the State.

The less intense land uses implied by areas of unirrigated crop-

land and various forms of grazing are widely distributed over the

hilly and de.sert sections of southern California. In their contacts

with irrigated lowlands, they supply a very .striking contrast between

closely tilled fields and verdant orchards, on one hand, and the

natural vegetation of grazing and brush lands, on the other. Exten-

sive forms of land use occupy mo.st of the area of the map, and

dominate the view of the region when it is approached by air from

the north or east.

Despite the large areas of unfavorable terrain and climate, the

agricultural productivity of southern California is very high. With

the single exception of Inyo County, all of the counties that are

wholly or mainly within the confines of the area of figure fi are

ranked among the 31 most proiluctive counties of the Nation.

According to the census of 1950, Los Angeles County ranked first, as

it had in the previous census, and Kern County ranked third. No
single crop, or allied group of crops, accounts for this high standing

of southern California counties. Los Angeles, San Bernardino, San

Diego, and Santa Barbara Counties derive their chief sources of

agricultural income from the sale of dairy products to local outlets.

Orange, Riverside, and Ventura Counties produce mainly fruits

and nuts. Imperial County receives the greatest return from vege-

tables, and Kern County from field crops s\ich as cotton and potatoes.

All of these commodities enter national markets as well as local ones.

Inyo County, in a cooler climate and without the advantage of

abundant water for irrigation, supports a relatively extensive form
of livestock production.

The variety in crop production is related in part to the topo-

graphic and climatic diversity of the region. To an important

degree, however, the po.ssibilit.v of irrigation determines the agri-

cultural practices. In the coastal section, where the climate is semi-

arid or subhumid (fig. 1), dry farming is possible; the.se "Mediter-

ranean" climates are traditionall.v connected with the cultivation of

wheat and other grains. Inland, where the moisture deficiency is

greater, the returns from dry farming are uncertain. Irrigation

supplements the natural water suppl.v of the coa.stal basins, and
allows dependable production of high-value crops, such a.s citrus.

In the interior, irrigation must supply nearly all of the water needed,

and both the acreage under irrigation and the amount of water

used are very large. Both Imperial and Kern Counties report more
than twice as many irrigated acres as any coastal county, Kern
having reached nearly half a million acres in 1950.

Farmland, even when irrigated, cannot compete in value with

city property, and thus in Los Angeles County, where urban

growth is greatest, the acreage of harvested cropland is steadily

decreasing. This also is shown bv downward trends in production

of tree and field crops in that county, but to date these losses have

been more than compensated by increases in the sales of dair.v and
poidtry products. Zoning restrictions connected with increasing

urbanization are forcing the retirement of dairy herds and poultry

flocks to outlying locations, .sometimes in adjacent counties. The
effect of urbanization on agriculture thus has been marked b.v a

shift from crops to livestock, a factor of intensification that has

more than made good the value of the land transgressed upon by

expanding cities.

The areas included in the towns and cities of southern California

are filled mainly b.v single-family dwelling units. This feature is

related to the relatively .small size of commercial cores in contrast to

the multiplicity of neighborhood shopping districts, the ubi(|uitous

automobile in contrast to the dearth of effective public transporta-

tion, and the generall.v wide scattering of public buildings such as

schools, churches, and the offices of City, County, and State. The
central area of Los Angeles is the closest counterpart to an eastern

city, with a high silhotiette (although eartlKpiake hazard.s limit most

buildings to 12 .stories), numerous apartment houses and hotels, and
a commercial core complete with shopping, industrial, and ware-

house districts.

Even in Los Angeles, however, a scattered aspect predominates.

The Los Angeles industrial district is now the third most productive
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Figure 7. Distribution of population in southern Ciiliforniii, 1950.

industrial center of the United States, but its 10,000 enterprises are

widely distributed over Los An<rples Count.v, Oranfre County, and

parts of San Bernardino County. The chief industries—aircraft,

motion pictures, food, fabricated metal products, machinery, cloth-

ing, and petroleum refining, in that order of magnitude—have unlike

requirements for space, site, raw materials, power, and labor. This

diversity is shown in the far-flung pattern of industrial develop-

ment.

Those enterprises with high freight bills, such as iron and steel,

food processing, and fabrication in heavy metals, are congregated

along axes provided by the rail lines of the region, chiefly in areas

south and ea.st of the center of Los Angeles. Motion picture and

aviation enterprises have not been tied to rail lines, but have been

located in areas that formerly were suburban and hence contained

large tracts of low-cost land, generally to the west of Los Angeles

proper. Significant aircraft production also appears in San Diego,

100 miles south of Los Angeles.

The clothing industry has neither the necessit.v for handling

materials in bulk nor a requirement for extensive groimds, and so

occupies manv small shops, most of whicli are within the metropolitan

region of Los Angeles. Petroleum refining has been established near

the major sources of oil, and the largest fields b,v far in southern

California are in the area between tlie north edge of Los Angeles

and the coast to the south. And finally, diversified light manufac-
tures of many kinds are scattered throughout the towns and cities

of southern California.

The annual dollar value added by manufacture in southern Cali-

fornia is about $2 billion, as compared with $G00 million from the

sales of all farm products. Each succeeding year tends to widen

the gap between manufacture and agriculture, as a result of the

disproportionate rate of growth of cities as compared to rural areas

in southern California.

The importance of this population factor in the economy of south-

ern California can be seen from the map of population distribution

(fig. 7). Des])ite the emphasis that has been placed upon the dis-

persed nature of land use, even in cities, the map indicates that

some coastal basin.s are very much more densely settled than others,

and that beyond the coastal mountains settlement nowhere attains

the density that it has reached in the Los Angeles area. Obviously,

climate, soil, water supply, and terrain have strongly affected the

manner in which the region has been developed. Further, the urban

factor is so .strong that in Los Angeles County 97.5 percent of the

population was classed as urban in the 1950 cen.sus. Specified in

terms of city population growth, Los Angeles city increased from

about 100,000 to nearly 2,000,000 in the period 1900-1949; in the

same period of time San Diego grew from 'about 2,500 to more than.

300,000. During this 50-3-ear period, the population of the State

as a whole increased, in round numbers, from 1,500,000 to 10,500,000,

which indicates a much smaller factor of growth. Clearly most

people have gone to the cities during the impressive wave of migra-

tion to California in the first half of the twentieth century.

Rapid city growth probably has brought about few major changes

in the basic distribution of people and in the land uses of rural

regions. This growth has taken place mainly in centers established

before 1900, and much of it has represented internal development.

Expansion of urbanized areas has taken place, to be .sure, and has

led to the pre-emption of land that formerly was farmed, but the

total area .so affected is small in comparison to the total acreage in

farms.

More important to agriculture have been the increasing demands

of California's own urban markets, as shown by the previously

mentioned change in the vicinity of Los Angeles, where dairy and
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poultry produpts, rather than the more widely publicized orchard

crops, have become chief items of production. Urban centers also

have controlled to a ma.jor degrree the orientation of routes of trans-

port, and the amount of traffic upon them. Thus, to the air traveller

the most conspicuous landmarks over large parts of the desert are

highways and railroads, rather than .settlements or .structures related

to extensive grazing or irrigated agriculture (fig. 6). Many desert

settlements receive important sources of income from transient

traffic originating from, or destined for, the heavily populated

coastal areas. Likewise conspicuous along the desert fringe close to

the coastal mountains are towns and subdivisions that serve chiefly

as winter resorts for coastal residents.

The land u.se of southern California's mountain areas also has been

determined mainly by the needs of the highly developed urban areas

nearby. Many large cities of the region are located ou sites that

might be termed natural debris basins for the detritus brought by

streams originating in ad.iacent uplands. To minimize the chances

for destructive flood runofl', protection of the natural cover of vege-

tation in mountain areas has been the chief objective of policies

enforced by the U. S. Forest Service. As a consequence, roads and

firebreaks are conspicuous in southern California's mountains. The

provision of picnic and camp grounds and the development of moun-

tain resorts, both on public and on private lands, are related largely

to the demand created by the urban population.

It is inescapable that cities and towns should play an important

part in the future of southern California. They serve as foci of eco-

nomic and cultural life, and there is every reason to think that

future expansions of population will take place mainly in the urban

centers that are now well established. The most likely outlook for

50 years ahead would preserve the essential features of the distribu-

tion of population in 19.50, even though expressed in greater num-

bers, and the same outlook also would preserve present major land

uses in rural regions, although they might well be more intense and

diverse than at present. The reasons for this relatively conservative

prospect involve the belief that present land uses are well suited to

the physical environment. Changes of the future probably will be

made largely in response to influences originating elsewhere, and

they may well be accomplished in a gradual and orderly fashion, as

suggested above.
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3. INDIAN OCCUPATION IN SOUTHERN CALIFORNIA

By Robert F. Heizer '

The prehistoric peoples of the southern California region are

notable, among California Indians, for many reasons. The most an-

cient cultures thus far found in the State once flourished in what is

now the arid interior desert, on the shores of late glacial and early

postglacial lakes that now are dry. The only maritime Indians of the

State, the Chumash tribe, lived on the Santa Barbara mainland and

otfshore islands, and the only natives with an agricultural economy

in California were those southerners whose homes lay along the

banks of the mighty Colorado River. The pottery-making art was

cliiefly practiced by southern California tribes. These broad dif-

ferences, together with a host of minor ones, have led anthropologists

to set the southern California region off from the central and

northern portions of the State as exhibiting a distinctive type,

stamp, or pattern of native civilization (Kroeber, 1925, Chap. 59).

The southern California Indians spoke dialects of several lan-

guages. Chumash speech was a member of the Ilokan family, to

wliich also belong the variants of Diegueno, Kamia, Mohave,

Ilalchidhoma. and Yuma. The Yokuts tribe spoke a language of the

Penutian family, which in California is restricted to the central

portion of the State. The remainder of southern California tribes

spoke languages of the stock called Shoshonean or Uto-Aztecan, a

far-flung family known from "Wyoming in the north to the Valley of

Mexico in the far south. It therefore seems that anciently, as now,

the poindation of California was of diverse origin.

In tlie most ancient past in terms of man's occupation of Cali-

fornia (and geologists hardly will be impressed by the time in-

volved), the peoples had a simple cultural equipment and subsisted

largely by hunting and gathering wild vegetal foods. They lived,

toward the waning of the last glacial period (about 9,()()0 years

ago), around such extensive freshwater pluvial lakes as Lake

Mojave, Silver Lake, and the lake in the Pinto Basin. No evidence of

permanent habitation has been found, and it is supposed that these

early Californians were wandering nomads. The subject of post-

glacial archaeological dating and ancient cultures is treated in detail

elsewhere (Antcvs, 1952; Ileizer, 1952). Another ancient find is that

(if "Los Angeles Man," a human skelton found deeply buried in

late Pleistocene deposits and not far from the remains of Imperial

elephant (Archidiskorlon). These human bones probably are the

oldest human remains from the western states ( Clements, 1938

;

Heizer and Cook, 1952).

From later times there are more varied and abundant archaeo-

logical remains from the coast and desert areas, and it is probable

that most of these are ascribable to the ancestors of the recent

Indians of southern California. These later peoples, whose antiquity

is not believed to exceed 2,000 years, lived on the ocean front, the

coastal plain, or in the intcrmontane valleys where fresh water was
available, and subsisted by fishing and hunting, and the eating of

NDliN TRIBES OF SOUTHERN CALIFORNIA
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Figure 2. Indian trails and trade routes in southern California.

acorns and grass seeds. Our earliest records of these tribes come

from the journals of the Spanish exploring expeditions of Cabrillo

(1542), Vizcaino (1602), and Portola (1769). The Indians are de-

scribed as happy, friendly, and numerous. Beginning in 1769, the

Franciscan padres established nine mi.ssions in which the Indians

were converted not only to a new religion, but also to a new way of

life. In 1834 the missions were secularized, and the handful of

survivors of once populous tribes were allowed to go once more

their own way.

Certain general culture traits were widespread among the tribes

living in southern California at the coming of the Spaniards in the

eighteenth century. Dress was scanty, women wearing a fringed

apron and men either going naked or donning a loincloth. In the

dry interior desert, where the white man would see little to sustain

him, the ingenious natives recognized more than 60 edible plants and

managed to extract a reasonably good living. Rabbits, which fur-

nished the bulk of meat food, were taken with a flat boomerang-like

throwing club. Excellent basketry, red pottery, and a variety of stone

utensils were employed in gathering and cooking activities. A rich

ceremonial system had been developed, and one feature of this was

the drinking of an infusion of a sacred narcotic root commonly

called Jimsonweed {Datura metaloides) during the initiation of

boys into adult status. The dead were cremated, and the ashes were

buried in pottery jars.

To geologists, the most interesting aspect of California Indian life

may well be the exploitation of rocks and minerals by these un-

civilized peoples. A survey of California Indian mines and quarries

already has been publislied (Heizer and Treganza, 1944), and the

following data are abstracted from this more detailed report. In

the southern California area two mineral deposits were scenes of

notably large-scale quarrying operations. One of these was the

steatite deposit on Santa Catalina Island, about 10 miles northwest

of the main island town of Avalon. The quarries were discovered

in 1876 by P. Schumacher (1878), an archaeologist employed by

the Smithsonian Institution, although Spanish explorers of the late

eighteenth century had mentioned the island as the source of the

globular stone bowls seen by them in the Gabrieleno and (^huma.sh

mainland villages. Cliisels of hard slate were used to work the soft

steatite so that a globular mass, attached by a small pedestal, was

gouged out, hollowed roughly, broken off, and then finished by

rubbing the surface with flat sandstone files. The finished vessels were

then transported in plank canoes across the i-hannel to mainland

towns at Redondo and San Pedro, which were the retail distributing

points for this commodity.

The other notable prehistoric quarry area was the source of

turquois in the Mojave Sink region of San Bernardino County, near

the main highway from Barstow to Las Vegas. The quarries were

first described in 1898 by Gustav Eisen, a prominent member of the

California Academy of Sciences. More recently M. J. Rogers of the

San Diego Museum has published the results of a careful archaeo-

logical survey of the quarry area (Rogers, 1929; Dunn, 1930). The

tur(|Uois mines were not worked by the simple local resident peoples,

the Chemehuevi tribe, but by more culturally advanced outlanders

known as the Pueblo peoples of Arizona and New Mexico, who

maile expeditions in force to the turquois localities to extract the

green stone considered by them to be of high value. This fact is
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FiGUBE 3. Village scene among prehistoric sauthern California Indians (after Underliill).
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FlOllRK 4. HccDnstnu-lioii of a Cluimnsli villacc i>f Ihc S.intn nnrtmra const.
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made clear by the presence at the quarries of painted pottery,

grooved stone axes, and mauls of types distinctive to the Pu.'bloan

peoples across the Colorado River to the south and east. The princi-

pal ancient quarry pit, at what is now known as the Himalaya mine

in T. 16 N., R. 11 E., was 30 feet long, 12 feet wide, and 12 feet deep.

Raw materials less intensively exploited, or which occur in scat-

tered localities, include various deposits of residual weathered

granite, which served as the clay for pottery ma!<in<r (San Diego

and Imperial Counties) ; obsidian, which was chipped into knives

and arrowpoints (Ventura County) ; hematite, limonite, and man-

ganese for body paint (San Diego and Imperial Counties) ; and

asphaltum, which was used as an adhesive and for waterproofing

baskets or caulking plank canoes (Santa Barbara, Ventura, and Los

Angeles Counties), as discussed by Heizer (1940).

The famous tourmaline mines near Mesa Grande, San Diego

County, were first worked by Indians as proved by the presence of

these gems in prehistoric graves and by the traditional use of

tourmaline crystals in some of the sacred Indian ceremonies.

Communication among the Indians was by foot, there being in

prehistoric times no domesticated pack or riding animals. Travel was

by well-defined trails along the coast and across the desert from one

waterhole to another. A lively exchange of Puebloan woven blankets

was carried out by the Colorado River Mohave Indians with the

coastal peoples for abalone and other marine .shells, which were

prized by the interior tribes for ornaments and beads. The courses

of some of these trails are known, and are shown on the accompany-

ing map.

In certain areas on cliff or boulder faces, elaborate designs were

painted or pecked (Steward, 1929). Painted designs (pictographs)

usually were done in red hematite on a light rock surface; pecked

designs (petroglyphs) commonly were made on darker rocks, where

the pecked lines penetrated to the contrasting lighter colored, un-

weathered stone. Along the Colorado River are the curious "boulder

pictographs," which consist of immense intaglio figures of animals,

man, spirals, etc., formed by removing the desert pavement to ex-

pose the light colored sandy soil beneath. These recently have been

described by F. Setzler (1952) and by M. Harner (1953).
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Figure 7. Steatite quarrying and bowl making on Santa Catalina Island.
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Figure 8. Steatite bowls. Above: bowl with incised decoration, i scale.

Below : broken bowl showing ancient method of mending by crack lacing,

i scale.
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FiulKE !). Prehistoric pottery vessels from Twent.vniiie rulms reRion.
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^/^
Figure Id. PetroRlyphs. Above: design on iKniIdfr, Orange County. Below:

pecked "maze" on IwuUJer, Riverside County.
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Editorial Nofe.-

CHAPTER TWO deals with the geologic features of ten natural provinces of southern California, and thus

constitutes a general summary for the region as a whole. Each of these provinces has characteristic assemblages

of structural and stratigraphic features, rock types and mineral deposits, and geomorphic relationships that

reflect a complex geologic history. Each, too, presents a wide variety of problems, many of which will stimulate,

provoke, and even frustrate geologists for y^ears to come. The composite section for the entire region is an

unusually complete one, however, and ultimately it will yield up much of the information that is needed for

a fuller presentation of southern California geology than the one made in this volume.

The ten contributions in this chapter are intended to provide the reader with a background of general data

and broad geological relationships, some of which are unusual or even appear to be unique to this region. Many
of them are discussed in greater detail in subsequent chapters. The provinces are described in a geographic

order, beginning with the vast Mojave Desert region and progressing in a general clockwise direction southward,

westward, and thenee northwestward through the coastal region before closing the traverse in an eastward

direction.
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1. GENERAL GEOLOGY OF THE MOJAVE DESERT REGION, CALIFORNIA*

IJV I). h\ liKWKTT 1

INTRODUCTION

The Mojave Desert region, cominoiil.y known by the briefer term,

Mojave region, occupies a large part of southern California. For the

purposes of this report, the limits of the region are essentially those

adopted by Thompson (1929). The northwestern boundary is the

Tehaehapi Mountains, or roughly the Garloek fault. The southwest-

ern boundary, a group of ranges that includes the Sierra Pelona, the

San (iabriel Mountains, and the San Bernardino Mountain.s, roughly

coincides with the San Andreas fault west of Cajon Pass. No distinct,

[(ersistent physiographic feature forms the northern boundary, al-

though the Garloek fault defines it as far eastward as the Death

Valley trough; the writer follows Thompson (1929) in using the

36th parallel eastward from the Sierra Nevada as far as the Colorado

River. For the eastern boundary, the Colorado River seems better

than the 11.5th meridian. These limits on the east and northeast de-

part from tho.se proposed by Baker (1911), which are the divides

from which the drainage is generally east and northeast to the

Colorado River.

The name "Mojave block" is applied to the part of the Mojave

region that lies north of the San Aridreas fault on the west and the

San Bernardino Mountains on the east, and south of the Garloek

fault. The ea.stern limits of the block cannot be defined until the

course of the Garloek fault southeast of the Soda Mountains is

known. As will appear later, the surface and .structural features of

the Mojave block differ greatly from those in the areas both north

and south of it.

The term "basin" is herein applied to a block of sediments,

especially those of Tertiary age, that are now preserved in down-

warps (synclines) or monoclines. The Barstow basin (Bar.stow syn-

cline) and Calico basin are excellent examples. The term "trough"

i.s applied to certain major valleys of the region, such as Death

Valley trough, Barstow-Bristol trough, and Leach trough.

The areas within the Mojave region for which geologic work has

yielded geologic maps are shown in figure 1. Geograjihic features of

this region that are mentioned in the following paragraphs are shown

in figure 2.

At present, the most comprehensive geologic map of the Mojave

region is that compiled by 0. P. Jenkins and published by the Cali-

• Publication authorized by the Director. U. S. Geological Survey. The stratlKraphic
nomenclature is not. In some cases, that offlclally adopted for use by the Geo-
logical Survey.

t Staff Scientist. I'. S. ileologlcal Survey, Pasadena.

fornia Division of Mines in 1938, at a scale of 1 : .Wt^OOO. An earlier

map accompanies the report of D. (f. Thompson (1929) on the water

resources of the region ; even though it was published 25 years ago,

this map has considerable merit. A present vigorous program of

geologic work by the V. S. Geological Survey should yield a new

geologic map of the region within a few years.
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SURFACE FEATURES

All of the region under consideration lies between longitude

119°00' on the west and the Colorado River, roughly longitude

115°00', on the east. It extends southward from latitude 3600' to

points as far as latitude 34°0()'. To facilitate description, four parts

of the Mojave region will be recognized herein: (1) the northeastern

part, which lies east of longitude 117°00' and north of latitude

35°00'; (2) the southeastern part, east of longitude 117°()0' and

south of latitude 3r)"00'; (3) the southwestern part, which extends

west from longitude 117°0()' and south from latitude 35°00'; and

(4) the northwestern part, which lies west of longitude 117°00' and

north of latitude 35° 00' (figs. 1. 2).

The surface features of the Mojave block differ greatly from those

of the areas that lie north and south of it. The western part of the

block, or the part that lies west of longitude 117-00', south of the

(5)
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FiGl'RE 1, Indfx of geologic maps in the Mojave Desert region.

Garlopk fault, and north of the San Andreas fault, is a plain that

slopes gently eastward from Mojave (elevation 2,750 feet) to Bar-
stow (elevation 2,105 feet). Rising above this plain are numerous
isolated hills, such as Castle Butte (elevation 3,145 feet) and Blaek
Butte (elevation 3,684 feet), in addition to rid-jes and loeal mountain
masses .siieh as Soledad Mountain (elevation 4,183 feet), Fremont
Peak (elevation 4,604 feet). Red Mountain (elevation 5,270 feet),

and Shadow Mountains (elevation 4,03!) feet).

Parts of this plain are smooth surfaces of roek with a sparse cover
of local debris

(
i)edimcnts), but larfre parts are underlain by allu-

vium, williiii broad areas of which there are several larfre playas. or

dry lakes. Amon<; these are Rosamond (2,271 feet), Rofiers (Miiroc)

(2,271 feet). Mirage (2,334 feet), and many .smaller playas. The
plain is limited by the Tehachapi and El Paso Mountains north of

the (iarlock faidt and by the Liebre, Pelona, and parts of the San
(iabrici MoiiMtains south of the San Andreas fault. Ea.st of Barstow,

and within the Miijave block, are hifrher and more numerous isolated

mountain masses and linear ridges, mostly dispo.sed without appar-

ent pattern. Among these are the Calieo Mountains (elevation 4,520

feet), Ord Mountains (elevation 6,250 feet), Bristol Mountains (ele-
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vation 3,600 feet), Old Woman Mountains (elevation 5,300 feet),

and Turtle Mountains (elevation 4,200 feet). A few mountains are

long, linear ridges that trend mostly northwest; the Bullion Moun-
tains (elevation 4,600 feet) and Sheep Hole Mountains (elevation

4,500 feet) are good examples.

North of Leach trough, the valley that persistently follows the

Garlock fault, is a vast area in which northward-trending ranges are

separated by persistent deep valleys. Among these ranges are the

Argus (elevation 6,562 feet), Slate (elevation 5,093 feet), Panamint
(elevation 11,045 feet). Black (elevation 6,384 feet), and Spring

(elevation 11,910 feet). East of the Death Valley trough and its

southern extension, the valley occupied by Silver Lake and Soda
Lake, most of the mountains are linear and trend north. These in-

clude the Old Dad Mountains (elevation 4,275 feet), New York
Moinitaiiis (elevation 7,445 feet), and Providence Mountains (eleva-

tion 6,000 feet). The San Bernardino and Little San Bernardino

Mountains (maximum elevations, 11,485 feet and 6,000 feet, respec-

tively) are regarded as the limits of the Mojave Desert region, even

though they lie north of the San Andreas fault.

East and west of Barstow are broad, linear valleys, most of which

contain playas whose elevations are successively lower eastward.

These dry lakes include, in eastward succession, Troy (elevation

1,800 feet). Soda (elevation 1,000 feet), Bristol (elevation 600 feet),

Cadiz (elevation 600 feet), Danby (elevation 600 feet), and Chucka-

walla (elevation 500 feet). An exception to this trend in levels is

Ivanpah Valley (elevation 2,500 feet), for which there is an excep-

tional explanation.

GEOLOGY
Pre-Cambrian Rocks

Lower Pre-Cambrian Crystalline Rocks. Upper pre-Cambrian or

basal Paleozoic sedimentary rocks can be seen to rest upon older

crystalline rocks in only a few places in the Mojave region. In many
other places an early pre-Cambrian age is inferred for the crystalline

rocks solely on the basis of their degree of metamorphism, and hence

this age assignment must be regarded as tentative. It also should be

pointed out that the absence of high degrees of metamorphism does

not necessarily indicate post-Cambrian age.

Proven upper pre-Cambrian and basal Paleozoic rocks can be ob-

served resting u|)on older metamorphic rocks only in the northeastern

part of the Mojave region. At the present time, in the entire Mojave

block, beds assuredly representing the base of the Paleozoic system

are not known anywhere. On the north slope of the Kingston Range,

in the northwest corner of the Ivanpah (|Uadranglc, are upper pre-

Cambrian sedimentary rocks, the Pahrump series, that attain a maxi-

mum thickness of about 7,000 feet and rest upon granite gneiss. At

several other places in the Ivanpah ijnadrangle, basal Paleozoic for-

mations, the Prospect Mountain (|Uartzite and the Tapeats sandstone,

rest upon granite gneiss in the low hills 3 miles northwest of Kelso,

at the northeast end of the Old Dad Mountains, and on the .so\ith

slope of Sheep Mountain, near Jean, Nevada (Hewett, 1954).

In the region east of Ludlow and south of the Providence Moun-

tains, the work of Miller (1946) and Hazzard and Do.sch (1937) indi-

cates that four successive rock units can be differentiated: (1) the

oldest, the Essex series of the Old Woman and Piute Mountains,

consisting of quartz-biotite gneiss, marble, quartzite, mica schist, and

hornblende schist, and regarded as meta.sediments; (2) intermediate

to basic intrusive rocks, ranging from quartz diorite to gabbro; (3)

the Fenner gneiss and related intrusive rocks; and (4) the Kilbeck

gneiss and the Palms granite near Twentj'nine Palms (Miller, 1938).

These four units or formations are grouped by Miller in the Needles

complex.

In the Newberry-Ord Mountains area, southeast of Barstow, Gard-

ner (1941) recognized a lower pre-Cambrian assemblage of metasedi-

mentary rocks, chiefly granite gneiss and marble, intruded by diorite

gneiss and granite porphyry.

On the basis of their advanced degree of metamorphism, rocks in

parts of the central and western Mojave region are interpreted by

the writer and others as lower pre-Cambrian. These include the in-

jection gneiss of Tiefort Mountain, east of Camp Irwin, and the

granite gneiss of the "turtlebacks" of the Black Mountains, east of

Death Valley (Curry, 1949; see also Contribution 7, Chapter IV).

In summary, where detailed studies have been made in appropriate

areas, at least three (and, in places, four) units of lower pre-Cam-

brian crystalline rocks can be recognized : (1) early metasedimentary

rocks; (2) diorite and ineta-diorite ; and (3) granite and meta-gran-

ite. Each of these units shows lit-par-lit injection and is highly foli-

ated over most of the region.

Upper Pre-Camhrian Pocks. At several localities in the western

Mojave region, rock units have been considered to be late pre-Cam-

brian in age on the basis of slight degree of metamorphism, but only

at a few localities in the north-central part of the region have such

rocks been observed to underlie known basal Paleozoic sedimentary

rocks. In the Kingston Range (Hewett, 1954), the Pahrump series is

iTuidc up of three formations. Crystal Spring, Reck Spring, and

Kingston Peak, aggregating about 7,000 feet. This series rests upon

granite gneiss and is unconformably overlain by the Noonday dolo-

mite, the basal formation of the Paleozoic system in this area. The

ba.sal formation of the Pahrump series, Crystal Spring, shows 500

feet or more of conglomerate at the base, overlain by alternating

green and red shale and dolomite. The Beck Spring dolomite is
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Figure 2. Index mnp shciwiiiK KcnKraphic features in the Mojave Desert region.
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List of geographic names on map, figure 2.

Alvord Mt -.., 9-1
AmarKosa Valley 10-E
Amboy - -I2-K
Arden, Nevada !4-E
Argus Ranee 6-E
Avawatz Mta -10-G

Badwater- - 8-D
Baker ...lO-H
Barstow 7-J
Banitow Svncline 7-1
Blttpr Si.rine 9-H
Black Butti- 5-K
Black Tanvon 6-1
Black Ml .:_ 7-1
Black Mis 8-D
Blackwatcr Spring 7-D
Blackwater Well 6-H
Bristol Lake 12-K
Bristol Mt8.__ U-J
Bullion Mts 10-K

Cadiz Lake 13-L
Cady Mts 9-J
Caion Pass 6-L
Calico Mts 8-1
Camp Irwin 8-H
Castle Butte - 4-1

Cinia 12-H
Clark Mt ...12-0
Colorado River 16-K
Copper Canyon 8-D
Cottonwood Spring 15-F
Cronise Valley lO-I

Daggett 8-.y

Dale Lake 12-M
Danbv Lake ._ 14-L
Deatli Valley 8-D
Dome Mt 6-G

El Paso Mts 4-G

Fremont Peak 6-H
Funeral Mts 8-C

Garlock Fault 2-J
Oolls... 14-J
Goldstone 8-H
Goodsprings Diatrict 13-F
Gorman 1-J
Granite Mts 8-G

Halloran Spring 11-H
Han>cr Valley 6-1
Hector 9-J
Helendale 6-J

Independence 3-B
Inyo Mt« 4-B
Ivanpah Valley 13-G

Jean. .13-F

Kelso 12-1
Kelso Wash 12-1
Kossler Peak 12-H
Kingston Range 11-F
Kokowcef Peak.. 12-H
Kramer 5-1

Laa VcKfls, Nevada.
Las Veuaa Wash
Lava Mts.
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Providence Mountains (Hazzard and Crickmay, 1933; Hazzard and
Mason, 1936), Bristol Mountains (Clark, 1921), and Marble Moun-
tains (Riccio, 1952). Sedimentary rocks that have the litholo^y and
general succession of known Cambrian rocks nearby, are also known
near Johnnie, Nevada (Nolan, 1929).

As a result of this work, several conclusions can be stated

:

(1) The section in the Nopah Ranpre that has yielded good col-

lections of Cambrian fossils is about 16,000 feet thick, and the thick-

ness of similar beds decreases steadily eastward, so that in the Sheep
Mountain area near Jean, Nevada, the section is not more than 2,000

feet thick.

(2) In the Nopah and nearby ranges, the basal member is the

Noonday dolomite (Hazzard, 1938), which attains a maximum thick-

ness of 2,000 feet on the north side of the Kingston Range (Hewett,

1954). It thins .steadil,v eastward and is absent in the ranges south

of Ivanpah Valley. It is present in the Panamint Range and proba-

bl.v farther northwestward, as well.

(3) The Noonday dolomite is succeeded by a thick section of

mainly clastic sediments, comprising the Johnnie formation, Stirling

quartzite. Wood Canyon formation, and Bright Angel shale. These

attain thicknesses of 11,800 feet near Johnnie (Nolan, 1929) and
8,500 feet in the Nopah Range (Hazzard, 1938). From good fossil

collections, it appears that the Wood Canyon formation is Lower
Cambrian, and therefore that the underlying Noonday dolomite,

Johnnie formation, and Stirling quartzite also are Lower Cambrian.

(4) In contrast, the thin section of clastic sediments near Sheep
Mountain appears to be Middle Cambrian, so that the thick sections

of the Johnnie area and Nopah Range clearly lie in a basin that did

not extend far southeast.

(5) In the Nopah Range, the overlying Cadiz formation. Bonanza
King formation, and the Cornfield Springs formation, which are

largely carbonate rocks with small amounts of clastic sediments, are

considered to be Middle Cambrian on the basis of meagre collections

of fossils, found largely in the uppermost formation (Hazzard,

1938). These units attain a thickness of 5,200 feet in the Nopah
Range, but the estimated thickness in the Providence Mountains is

only 3,200 feet (Hazzard and Mason, 1936). These formations were
not recognized at Sheep Mountain near Jean, Nevada, where the

entire section of Cambrian, Ordovician, and Silurian units (Tapeats

sandstone. Bright Angel shale, and Ooodsprings dolomite) is only

2,900 feet thick.

(6) The sections of pre-I)evonian sedimentary rocks tend to main-

tain uniform thicknesses, 2,500 to 3,000 feet, along northeast axes

in the eastern Mojave region (Hewett, 19.54).

Ordovician System. Only in the Nopah Range, and in nearby
ranges in the northeastern part of the ^Mojave region, have beds that

yield fossils assuredly of Ordovician age been found. In these ranges,

Hazzard (1938) reports the presence of the Pogonip dolomite, the

Eureka quartzite, and the Ely Springs dolomite, which aggregate

2,100 feet in thickness. The middle part of the Goodsprings dolomite

in the Goodsprings district (Hewett, 1931) yielded a single fossil

considered to be Ordovician.

Silurian System. Poorly preserved fossils in the section of the

Nopah Range indicate the presence of about 335 feet of dolomite

and chert of Silurian age (Hazzard, 1938). A new genus of sponge
taken from near the top of the Goodsprings dolomite in the Spring
Mountains (Hewett, 1931), also indicates that beds of Silurian age

are present. As a thick section of Paleozoic beds is present in the

northern part of the Providence Mountains, some beds of Silurian

age probably occur there.

Devonian System. The Sultan limestone, which is 315 to 640 feet

thick in the Goodsprings district, Nevada (Hewett, 1931), is separa-

ble into three members, the Ironside dolomite, Valentine limestone,

and Crystal Pass limestone, on the basis of lithology. It has yielded

numerous fossils which indicate the age as Devonian. Similar beds

in the Nopah Range are about 895 feet thick, and are correlated with

the Sultan limestone (Hazzard, 1938). Mapping in the hills south

of the Mescal Range shows that the Sultan limestone continues

southward as far as Kessler Peak, near Cima. It also is present in

the Providence Mountains.

Hazzard (1938) noted an unconformity at the base of the Sultan

limestone in the Xopali Range. An unconformit.v may be indicated

by the sandy shale that yielded Devonian fossils near the top of the

Goodsprings dolomite in the Goodsprings district.

Mississippian System. The Monte Cristo limestone, about 800 feet

thick, is separable into five members on the basis of litholog.v in the

Goodsprings district (Hewett, 1931). It also is present in the Nopah
Range, Spring Mountains, and Providence Mountains. Almost every-

where, it contains abundant fossils whicli indicate the age as lower

and middle Mississippian. On the north slope of the San Bernardino

Mountains, the Furnace limestone, possibly about 4,500 feet thick,

was first regarded by Vaughan (1922) as Upper Cambrian and
Ordovician, but was later shown by Woodford and Ilarriss (1928)

to be Mississippian, The age of the overlying Saragossa quartzite,

first considered to be Silurian or Devonian, is therefore later Paleo-

zoic.

Pennsylvanian System. In the Goodsprings District, Nevada, the

Bird Spring formation, about 2,.500 feet thick, was first considered
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to be wholly Pennsylvanian in age (Hewett, 1931), but later studies

of the fauna from the adjacent area to the north by Longwell and
Dunbar (1936) indicate that the upper 1,500 feet or more are proba-

bly Permian. In the Spring Mountains this formation is mainly

limestone and dolomite with some sandstone and shale, and the base

is an unconformity that can be recognized over a large area. Hazzard

(1938) reports 780 feet of the Bird Spring formation in the Nopah
Range, and a part of it probably is present in the Providence Moun-
tains. James Richmond, who is engaged in .stratigraphic studies in

the San Bernardino Mountains south of Lucerne, recently reported

(oral communication, 1953) the presence of fossils characteristic of

the Bird Spring formation.

At several places in the Barstow quadrangle, Miller (1946) re-

ports poorly preserved fossils from the Oro Grande series and from

somewhat similar beds in the Paradise Range, 25 miles north of

Barstow, that have been determined as Carboniferous, probably

Mississippian. Bowen (1954) has determined the thickness of the

Oro Grande series near Oro Grande to be about 9,670 feet, but this

may include formations other than Carboniferous.

Permian System. Along the east slopes of the Spring Mountains,

from Las Vegas on the north to Kokoweef Peak on the south, a

distance of 60 miles, there are sporadic outcrops of a formation

about 1,000 feet thick, composed of reddish sandstone with beds of

gypsum. This is correlated with the Supai formation of northern

Arizona (Ilewett, 1931, 1954). The formation is not known south of

Kokoweef Peak, nor west of the Spring Mountains.

The Kaibab limestone overlies the Supai formation and crops out

widely along the east slopes of the Spring Mountains as far south as

Clark Mountain. It is composed of two units of massive dolomite,

each about 200 feet thick, separated by a layer of sandstone that

generally is about 50 feet thick. This sandstone layer locally contains

a thick bed of gypsum, which is mined near Arden, Nevada. The

dolomite beds contain abundant fossils characteristic of the Kaibab

limestone in the type locality in northern Arizona.

West and south of the Garlock fault, exposures of fossil-bearing

Permian formations are sparse and widely separated. At the north-

west corner of the Soda Mountains, west of Silver Lake, a plate of

badly crushed limestone forms the west slope of a ridge for 3 miles.

From this plate, Fusulinids reported to be Permian were collected

by the writer in 1948. In mapping the 30-minute Barstow quadrangle

during 1948-49, Bowen (19.54) collected numerous fossils in the

limestone pebbles of a conglomerate, 1,350 feet thick, that is a part

of the Fairview Valley formation, about 6,000 feet thick. As deter-

mined by Merriara and Williams, most of the fossils indicate a

Permian age for the pebbles ; some of the other fossils are of other

Upper Paleozoic ages. Bowen also found a few fossils in the matrix

of the conglomerate, and their age also appears to be Permian.

Curiously, fossil-bearing beds that could be the source of the peb-

bles are not known within 50 miles, although they could have come
from Permian rocks now wholly eroded from the San Bernardino
Mountains.

In the Saltdale quadrangle, Dibblee (1952) found lower or middle

Permian Fusulinids in limestone that lies near the middle of the

Garlock series, 23,000 feet thick. Doubtless other older Paleozoic

and perhaps Mesozoic formations are present in the section, but no
other fossils have been found.

Mesozoic Rocks

Triassic System. In the Spring Mountains and eastward as far as

eastern Arizona, the basal Mesozoic unit is the Moenkopi formation.

At the type localit}-, in northeastern Arizona, the formation is a

continental a.ssemblage of red shale and sandstone. Marine lime-

stone appears in the formation in southwestern Utah and southern

Nevada. Near Cottonwood Spring, 20 miles southwest of Las Vegas,

the formation is a thin conglomerate overlain by 1,000 feet of fossil-

bearing marine dolomite, the age of which is Lower Triassic (Hewett,

1931). The formation is known as far south as Kokoweef Peak
(Hewett, 1954).

In recent geologic mapping in the northern part of the Soda
Mountains, west of Silver Lake, Grose (1953) has found Lower
Triassic gastropods that are characteristic of a zone in the Inyo
Mountains. In mapping the Lane Mountain quadrangle, about 25

miles north of Barstow, McCulloh (1952) has found casts of pelecy-

pods in highly altered sedimentary rocks; preliminary examination

by S. W. Muller indicates that they may indicate an upper Jurassic

or even Cretaceous age. If this is confirmed, some revisions of

Mesozoic chronology will be required.

Sedimentary rocks near Goldstone, north of Barstow, and ex-

trusive rocks in the Barstow quadrangle (Bowen, 1954) and the

Ord Mountains (Gardner, 1941) are regarded as Me.sozoic and
probably Tria.ssic on the basis of their lithology or their place in the

stratigraphic section. In the central part of the Barstow quadrangle,

the Sidewinder volcanic rocks, dacite flows and pyroclastics, are

considered by Bowen (1954) to be Triassic. The Ord Mountains, 25

miles southeast of Barstow, consist mainly of highly altered andesitc

flows, tuffs, and breccias that are interpreted as Triassic bv Gardner
(1941).

In the Spring Mountains, the basal conglomerate beds of the

Moenkopi formation are unconformable on the underlying Kaibab

limestone.
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Later Sysfems. The Sliinarump eon<;lomerate, Chiiile formation,

and Aztec sandstone are three sedimentary units that successively

overlie the Moenkopi formation. With a total thiekne.ss of about
3,000 feet, they crop out almost continuously for about 50 miles

along the east slope of the Spring Mountains (Ilewett, 1054), and
also appear in a small area near Kokovveef Peak. Nothing resembling
them is known west of the Spring Mountains. On the basis of their

stratigraphic position and lithology in northern Arizona and
southern Utah, a Triassic age is assigned to the Shinarump eon-

glomerate and C'hinle formation, and a Jurassic age is assigned

to the Aztec sandstone, which is considered to be the western equiv-

alent of the Navajo sandstone (Hewett, 1931, 1954).

Intrusive Rocks. Much more is known about the kind and distri-

bution of the intr\isive rocks in the northeastern quarter and western
half of the Mo.jave region than is known about those in the south-

western quarter. The data now available indicate that (1) late

Mesozoie intrusive rocks occur widel.v over large areas in the entire

Mojave region; (2) varieties of coarse-grained intrusive rocks that

range from quartz monzonite to granite prevail in the northeast

quarter; (3) a much wider range of varieties is found in the western
half, including gabbro, quartz diorite, quartz monzonite, and granite

;

(4) where relations are clearly shown, the granite and quartz mon-
zonite are definitely younger than the gabbro and quartz diorite

;

and (5) the age of the quartz monzonite at two localities, as deter-

mined from the lead-uranium ratios in minerals from contained
pegmatites, is about 150 million years, which indicates intrusion in

Middle Jurassic time.

In the Ivanpah quadrangle (Hewett, 1954) several varieties of

quartz monzonite form at least one large and several small bodies,

and granite forms several small bodies. The silica content of the

quartz monzonites ranges from 67.0 to 71.5 percent, the potash
from 4.31 to 5.91 percent, the soda from 3.10 to 4.17 percent, and
the lime from 1.00 to 3.64 percent. The largest body of quartz
monzonite intrudes a minor thrust fault that is a feature of the

Laramidc orogeny; the age appears to be post-Middle Cretaceous.

No bodies of less .silicic rock are known to have been intruded during
this epoch of orogeny in the Ivanpah quadrangle.

In the Cady Mountains, 70 miles .southwest of the largest body of

quartz monzonite in the Ivanpah quadrangle, a large mass of

similar quartz monzonite contains a pegmatite in which enough of

the uranium-bearing mineral betafite was recovered to permit the

determination of its age as about 155 million vears (Hewett and
Glass, 19.53).

About 50 miles southwest of the Cady Mountains pegmatite, near
Kock Corral in the eastern part of the San Bernardino Mountains,

enough euxenite was recovered from a pegmatite in the Cactus
granite (Woodford and Harriss, 1928) to permit the determination
of its age as about 150 million years (Hewett and Glass, 1953). The
age of two pegmatites in quartz monzonite in the central Mojave
region is therefore Middle Jurassic.

According to Gardner (1941), the Upper Jurassic intrusive rocks

of the Newberry, Ord, and northern Bristol Mountains include

several varieties of quartz monzonite and granite ; no more basic

intrusive rocks have been noted. Bowen (1954) reports one large

area of gabbro-diorite (Hodge complex) and several small bodies of

quartz diorite, but bodies of younger quartz monzonite are much
more widespread (Granite Mountains, north of Barstow).

In the Lane Mountain quadrangle, north of Barstow, McCulloh
(1952) has mapped large bodies of quartz diorite and gabbro, into

which quartz monzonite (Paradise Mountains) is intrusive. The
.voungest rocks intruded b.v the quartz diorite are Upper Triassic.

The Granite Mountains, which lie north of the Paradise Mountains
and are about 25 miles long, consist wholly of quartz monzonite of

the type studied by the w-riter in the Ivanpah q\iadrangle (Hewett,

1954).

Recent geologic work by Dibblee (19,54) in the western half of

the Mojave region shows that quartz monzonite forms large bodies

aiul locally intrudes smaller, less widespread bodies of hornblende

diorite and hornblende quartz diorite. In the Randsburg district, the

widespread Atolia quartz monzonite contains minor bodies of granite

and diorite (Hulin, 1925). In the Neenach quadrangle. Wiese (19.50)

records large bodies of gabbro and diorite north of the Garlock fault,

and large bodies of granite and quartz diorite south of that fault.

In the Lebec quadrangle, west of the Neenach quadrangle, Crowell

(1952) reports large bodies of quartz monzonite north of the Garlock

fault and a large bod.v of granite in the area between the Garlock and
San Andreas faults; more basic intrusive rocks are .sparse and form
small bodies.

Late Mesozoie Orogcnxi. The Paleozoic and Mesozoie sedimentary

rocks of the Mojave region are greatl.y deformed, and wherever they

are in contact with the coarse intrusive rocks, it appears that the

igneous rocks are related to the deformation. In a few places the age
of the deformation is fairly clear, but in most occurrences the age
must be inferred from what is known in nearby regions.

The area covered by the Ivanpah quadrangle (Hewett. 1954), as

well as that covered by the Las Vegas quadrangle to the north, re-

veals that the Paleozoic and Mesozoie sedimentary rocks, of which
the youngest are the Jurassic ( ?) Aztec sandstone and overlying flow

breccia, are thrown into great open folds and broken by imi)ressive

thrust faults. Prom evidence near Overton, Nevada, where sedi-
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iiH'iitiiry rocks fDiitaiiiiiin; Midillc Cretaceous fossil cycads are in-

volved in thrust faults, it appears that the principal deformation is

post-JIiddle Cretaceous, or within the period of Laraniide orogeny

(Longwell, 1949).

Faults and Folds in the Mojave Desert Region. The present state

of knowledge concerning the faults of the Mojave Desert region is

summarized elsewhere in this volume (Hewett, Contribution No. 2,

Chapter IV). Within the Ivanpah quadrangle, five major and numer-
ous minor thrust faults have been mapped (Hewett, 1954). Along
the major faults, lower to middle Paleozoic formations rest upon
lower to upper lle.sozoic formations. Several of these faults extend

from 15 to as much as 40 miles, and in general they trend north to

northeast and dip westward at angles of 10° to 30°. The belt of

thrusts has been traced from Las Vegas Wa.sh on the north along

the Spring Mountains as far south as Kelso Wash; none are known
in the Providence Mountains, or south of them.

Even though onlj' .small areas have been studied and mapped along

and north of the Garlock fault, it is known that, in the Nopah Range,

in the Black, Funeral, and Panamint Mountains which border Death

Valley, and in the Slate and Argus Ranges which border Searles

Lake, the pre-Paleozoie and Paleozoic sedimentary formations main-

tain a northerly trend. In the El Paso Mountains (Hulin, 1925), the

thick section (35,000 feet) of Paleozoic and Mesozoic(:) sedimen-

tary rocks strikes about N. 30° W. and dips steeply northeast. Thus
far, no major pre-Tertiar}- thrust faults are known from areas west

of the xVmargosa Valley.

Within the Mojave block, the .same general northward trend of

the beds seems to be maintained even though there are local depar-

tures, some of which seem to be caused by intrusive masses. Near

Goldstone. north of Barstow, a section of clastic sediments and lime-

stones, about 5,000 feet thick and probably of Mesozoic age, trends

N. 20° W. and dips 30° east. On the north side of the Calico Moun-

tains, a section of Paleozoic rocks, about 25,000 feet thick (McCulloh.

1952), strikes N. 10°-30° W. and dips uniformly east. An exception

to this trend is found in the northern part of the Shadow Mountains,

where Bennie W. Troxel (personal communication, 1953) recently

has mapped a recumbent fold in upper Paleozoic(?) .sedimentary

rocks that trends S. 70° W. and is overturned northward. In the

Barstow ((uadrangle (Bowen, 1954), the Hodge volcanic series, con-

sidered to he Paleozoic, trends east of north and dips steeply north-

west. Near Oro Grande, the upper Paleozoic Oro Grande series ap-

pears to show a northward-plunging anticline; the Permian Kairvicw

Valley formation trends west and dips steeply north.

Even though mapping is very incomplete, enough is known to

indicate that, in the sparse patches of Paleozoic and Mesozoic forma-

tions within the Mojave block, the axes of folds generally follow

those that are known in areas north and east of the (jarlock fault
;

it is coiu'luded that the deformation took place during the .same

period of orogeny, or from Middle Jurassic to Late Cretaceous time.

Until recently, the only basis for inferring the age of the Mesozoic

orogeny shown within the Mojave block has been the relations to

areas in and west of the Sierra Nevada. On this basis it has been
considered "Jurassic." Determination of the ages of two uranium
minerals from pegmatites in the Cady and San Bernardino Mo\in-

tains now indicates that these bodies were intruded in Middle Juras-

sic time (Hewett and Glass, 1953).

It is not yet clear whether there were two distinct and separable

Mesozoic orogenies in the Mojave region, one Middle Jura.ssic and
the other post-Middle Cretaceous, or whether a wave of orogeny
moved progressively eastward across the region^ beginning in Middle
Jura.ssic time in the west and culminating in Late Cretaceous time

in the east.

Snmnwrfi of Paleozoic and Mesozoic Sedinicntarfi Roclis, Deforma-
tion, and Intrusive Rocks. The present state of geologic work in

the pre-Tertiary rocks of the Mojave region permits some tentative

conclusions. The thick .sections of Paleozoic formations in the Nopah
and nearby ranges indicates the existence of a major geo.syndine or

basin which was filled with a thick section of clastic sediments during

Lower and Middle Cambrian time, but this basin did not extend east

of the Spring Mountains. From Middle Cambrian time onward to

the end of Paleozoic time, the basin received a thick section, largely

of marine carbonate sediments.

From the Spring Mountains eastward, there was almost uninter-

rupted sedimentation into and through ilesozoic time, at least \nitil

Late Jurassic; this Jlesozoie .section continues with minor changes in

lithology and thickness into and across the plateau region of northern

Arizona. The marine beds of the Moenkopi formation of the Spring
Mountains extend only into southwest Utah and northwestern Ari-

zona; eastward, the beds are continental. What little is known of

Mesozoic sediments in the region west of Death Valley indicates an

abrupt change to quite different conditions of formation. The few

patches of marine Triassic sedimentary rocks known in the Mojave
block .seem to belong to a different western province of deposition.

In reviewing the events of Cenozoic time in this region, it will be

important to recall that thick sections of Paleozoic sedimentary rocks

persisted southward into the Mojave block, even though only a few-

masses of such rocks remain and even though lower Paleozoic forma-

tions are not .vet known. That there are now only remnants of thick

Paleozoic and Mesozoic formations and no Tertiary formations older

than middle Miocene within the Mojave block iTidicatcs that vigorous
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DEPOSITION IGNEOUS DEFORMATION EROSION
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erosion took place from late Mesozoic into Middle Tertiary time.

Prom this, the conclusion is reached that the Mojave block rose at

least 15,000 feet, and perhaps 20,000 feet, durini; this interval, and

that the rocks were removed as the block rose.

Hill and Dibblee (1950) recently have concluded, from the distri-

bution and character of the Cretaceous sedimentary rocks, that move-

ment on the San Andreas fault may have begun soon after the.se

rocks were deposited. From what is stated above, it appears that the

Garlock fault did not exist during the folding that accompanied the

late Mesozoic orogeny, but that it had taken form by early Eocene

time, when the Goler formation was laid down. During Eocene, Oligo-

cene, and early IMiocene time, the Mo.iave block stood above the

surrounding regions to the north and south and underwent profound

erosion.

Cenozoic Rocks

Tertiary Period. The nature, distribution, and age of the Ter-

tiary sedimentary rocks in the Mojave block indicate that the history

of sedimentation, volcanic activity, deformation, and erosion within

this area differs in many ways from that of the region north of the

Garlock fault and from that of the region south of the San Andreas

fault. The absence of Eocene and Oligocene sedimentary rocks within

the block, and their presence in nearby areas both north and south

of it, indicate that the block stood above the surrounding areas and

that it was subjected to erosion during these epochs. It seems prob-

able, therefore, that movement on the Garlock fault began soon after

the close of the late Mesozoic orogeny. By contrast, the evidence is

growing that the San Andreas fault is older and may have taken

form in pre-Cretaceous time (Hill and Dibblee, 1953).

The present state of knowledge of sedimentation, volcanism, defor-

mation, and erosion in the Mojave region during Tertiarj' and Qua-

ternary time is shown in figure 3. The chart is based largely upon

information obtained by the writer during field work in the north-

eastern part of the region, especially in the Ivanpah quadrangle,

and it sho\dd be considered mo.st dependable for that area. An at-

tempt has been made, however, to consider and use both published

and much unpublished information for the other parts of the region.

The recent field work of T. W. Dibblee, T. H. McCulloh, G. I. Smith,

F. M. Byers, and D. H. Kupfer has been used by the writer, but the

writer is responsible for some of the interpretations. The recent fos-

sil collections of R. H. Tedford, R. L. Schultz, H. H. Winters, and
K. E. Lohman have been invaluable. The identification of the Ter-

tiary vertebrate collections is the work of G. E. Lewis of the U. S.

Geological Survey.

The oidy Eocene sediments thus far known in the region are the

ba.sal beds of the Goler formation on the north slope of the El Pa.so

Mountains (Hulin, 1925) ; the interpretation of age is based upon

the identification of plants by Axelrod (1949). Dibblee (1952) con-

siders that the Goler formation may include sediments of late Eocene,

Oligocene. and possibly late Miocene age. Just south of the San An-

dreas fault on Rock Creek, 17 miles southeast of Palmdale, Dickerson

(1914) made extensive collections of marine invertebrate fossils

whose age is considered to be early Eocene (Martinez). Eocene sedi-

ments once may have extended northward from this area into the

Mojave block, and since may have been eroded. The apparent absence

of Eocene and Oligocene sediments from the Mojave block indicates

that erosion was very active and that the products were removed

from the area, probably outward to the southwest and to the south-

east.

Miocene water-laid sediments are the most widespread of the Ter-

tiary formations in the Mojave block. Abundant vertebrate fossil

collections indicate that middle and upper Miocene sediments form

thick sections in the Black Canyon area (Dibblee, 19.54), the Barstow

syncline (Dibblee, 1954), the Calico Mountains (McCulloh, 1952),

and the Alvord Mountains (Byers, 1954). It is probable that parts

of these basins or other basins extend northeast into upper Cronise

Valley and southeast into Daggett basin, and possibly as far as

Twentynine Palms. In the Calico Mountains, McCulloh (1952) has

mapped two formations that underlie the Barstow formation uncon-

formably. The lower of these, the Jackhammer formation, contains

arkosic conglomerate and basalt flows, and the upper, the Pickhandle

formation, consists of andesite and dacite flows and agglomerates.

According to G. E. Lewis, the Barstow formation includes both mid-

dle and upper Miocene beds.

The only marine sediments of Miocene age thus far known within

the Mojave block are small patches of the Santa Margarita formation

mapped by Wiese (1950) several miles north of Quail Lake, east of

Gorman.

In the Barstow syncline, as well as in the Black Canyon basin to

the west and in the Calico basin to the east, the Barstow sediments

contain a wide variety of materials, including coarse and fine waste

from the bordering hills of pre-Tertiary rocks, as well as coarse and

fine volcanic debris, pumice, tuffs, and, in a few places, local basalt

flows. Gardner (1941) considered that the thick section of andesite

flows and tuffs that form the Newberry Mountains is the equivalent

of the Red Mountain andesite near Rand.sburg, but this seems im-

probable becau.se they have been folded and faulted. These flows and

tuffs, as well as those south of Troy, are probably middle or upper

Miocene.

All of the areas within which vertebrate fossils indicate middle and

late Miocene age show open folds, and locally even clo.sed folds as
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in the erest of the Calico Mountains (McCulloh, 1952). In the ab-
sence of fossils, it seems that either middle or late Miocene or early
or middle Pliocene age can be inferred if the beds show open or
closed folds.

On the ba.sis of abundant vertebrate fossils, Merriam (1014) ap-
plied the name "Rieardo" to a thick section of sediments on the
northwestern slope of the El Paso Mountains, and interpreted them
as early Pliocene in age. Recent work by Dibblee (1052) indicates

that the .section is about 7,000 feet thick, and is made up of coarse
and fine waste from the nearby pre-Tertiary "basement" rocks, as
well as volcanic debris and basalt flows. Similar sedimentary mate-
rial is found several miles south of Red Rock Canyon on the south
side of the Garlock fault, and may be of the same age.

In the vicinity of Castle Butte, east of Mo.iave, thin beds of lime-
stone have yielded diatoms considered by K. E. Lohman to be lower
Pliocene. Gale (1946), in studying the Kramer borate area farther
ea.st, interpreted several hundred feet of sediments that rest upon
pre-Tertiary "basement" rocks as belonging to the Ro.samond for-
mation (upper Miocene), and regarded the overlying borate-bearing
beds as the equivalent of the Rieardo formation. These interpreta-
tions were not based upon fossil material.

No sediments of Pliocene age have been recognized ea.st of the
Kramer area as far as the "Avawatz" beds, at the southea.stern end
of the Avawatz Mountains. These beds, made up largely of pumice
and similar volcanic debris, have yielded abundant vertebrate mate-
rial determined by Henshaw (1939) and G. E. Lewis as lower Pli-

ocene. In the exposed area, the beds strike N. 70° W. and dip .30°

northeast.

In the Shadow Mountains, 30 miles northeast of Baker (Hewett,
1954), there is a basin of Tertiary( ?) .sediments that consist largely
of local land waste but in places contain much pumice and tuff; these
beds have yielded fossil ostracods that are not diagnostic as to age.
Within an area of about 5 by 8 miles, the Shadow Mountains contain
24 plates (klippe) of pre-Cambrian granite gneiss, which are rem-
nants of an extensive thrust plate resting upon the inclined Tertiary
sediments. The age of the Tertiary beds thus is very important.

Recent collecting by R. H. Tedford and R. L. Schultz and geologic

mapping by G. I. Smith have .shown that the sedimentary rocks that
underlie the Red Mountain andesite (Ilulin, 1925) and nearby Lava
Mountains flows, and that were considered to be "Rosamond" by
ITulin, actually .should be regarded as lower middle Pliocene. The
5.000 feet of beds is largely land waste from the pre-Tertiary "base-
ment," but also contains volcanic debris and lava flows. In the area
are numerous folds with local dips as great as 70°, and there are
many normal faults and some tear faults. The scdimciilarv basin

seems to lie wholly south of the nearby Garlock fault. The sediments

of this basin seem to be the youngest Tertiary beds now known in

the entire Mojave Desert region.

With the possible exception of the El Paso Mountains, at no place

in the Mojave region have fossil-bearing Pliocene sediments been

shown to rest upon fossil-bearing Miocene sediments. Even in the

extensive area of the central Mojave region that is underlain by
Barstow sediments, no fossil-bearing Pliocene material has been

found. This situation indicates that the down-warps were filled with

middle and upper Miocene sediments and then became inactive,

whereupon new down-warps, now filled with sedifnents of early

Pliocene age, were formed. Subsequently, these .vounger down-warps

ceased to be active, and new basins nearby were filled with lower

middle Pliocene sediments.

Pliocene Orogeny. As noted above, the beds of Tertiary age,

including the Goler formation (Eocene(?). 01igocene( ?). Mio-

cene (?)), the Barstow formation (middle and upper Miocene), the

Rieardo formation and "Avawatz" beds (lower Pliocene), and the

beds in the Lava Mountains (lower middle Pliocene), commonly

show open folds with dips in the range of 20° to 40°. Dips of 60°

and 70° are found locall.v.

Flat thrust faults, generally indicated by plates of old rocks

(klippe) resting upon younger rocks, but in places by plates of

young rocks resting upon older rocks, are known in the following

areas

:

1. Curry (1949) has made a geologic map of an area of about 140

square miles, in the Black Mountains on the east side of Death Val-

ley, in the vicinity of Badwater, Copper Canyon, and Mormon Point.

Within a belt about 25 miles long, several large and many .small

plates largely made up of Tertiary formations rest in discordance

upon smooth surfaces of old roek.s, mainly pre-Cambrian granite

gneiss. Within tlie mapped area are three turtlebacks. which are

plunging ridges whose smooth surfaces seem to coincide with the

bases of the plates (see Curry, Contribution No. 7. Chapter IV).

Many observers agree with Curry that these plates have been pushed

over the older crystalline rocks, but there are differences of opinion

concerning the origin of the "turtlebacks."

2. In the Virgin Spring area, which adjoins on the south the area

mapjied by Curr.v, Noble (1941) has mapped the "Amargosa Chaos"

within an area of about 90 square miles. The "Amargosa Chaos" is

a plate made up largely of old rocks, upper pre-Cambrian sedimen-

tary rocks with some Tertiary rocks, that rests upon a smooth sur-

face cut on lower pre-Cambrian crystalline rocks, largely gneiss.

The "chaos" is separable into three phases or sheets on the basis



Chiipt. Ill MO.IAVE DESERT REGION—IIEWETT 17

of tlie most iibuiulant rock types present, and local evidenee iudi-

eates that it was thrust over the old rocks from the east.

.'<. Ill the Tecopa area, about 20 miles east of the Virfjiu Spring

area, Ma.son (1948) has mapped about 225 s(|uare miles, within

which he has concluded that an extensive jilate, composed of sections

of upper pre-C'ambrian and Lower Cambrian formations, has been

thrust westward over lower pre-Cambrian gneiss.

4. In the Silurian Hills, about 25 miles south of the Tecopa area,

Kupfer (1!)52) has mapped about 3.5 square miles within which a

plate composed largely of upper Paleozoic sedimentary rocks has

been thrust from the northeast over a base composed largely of

upper pre-Cambrian sedimentary formations.

:i. Within the Ivanpah quadrangle, which adjoins the eastern

border of the Silurian Hills, Hewett (1954) has mapped thrust

plates in four local areas. In the King.ston Range, the presence of

two fensters of early pre-Cambrian gneiss, upon which large masses

of upper pre-Cambrian and lower Paleozoic sedimentary formations

rest in discordance, indicates that the Kingston Range mass has

been thrust to its present position. Nearby on the south, in the

Shadow Mountains, 24 blocks of lower pre-Cambrian gneiss with

flat bases rest upon inclined beds of mid-Tertiary ( ?) sedimentary

rocks; these blocks seem to be parts of a plate at least 5 bv 8 miles

in extent. East of the Shadow Mountains, near Winters Pass, and

within an area about 5 miles in diameter, five klippeu of lower

Paleozoic sedimentary rocks rest in discordance upon a flat surface

of lower pre-Cambrian gneiss; there are missing at the bases of the

klippen about 5,000 feet of beds that are present 5 miles northeast.

6. In Old Dad Jlountain, 40 miles south of tlie Shadow Jloun-

tains, a plate of Paleozoic sedimentary formations about (i miles

long rests in discordance upon a "basement" of pre-Cambrian rocks.

The six areas described briefly above seem to be parts of a belt

that extends from Badwater in Death Valley southward to Old Dad

Mountain, or for a distance of about 125 miles. This belt is 10 to 20

miles wide, and within it plates of rock—"chaos" in three areas

and solid, nnbreeeiated masses in other areas—have been thrust to

the positions that they now occupy. Several of the observers conclude

that the plates have been thrust from the east, and (uie concludes

that the plates he has studied have been thrust fnuii the west. More

work is iu>eded before the direction of movement can be determined,

but all the investigators agree that the plates of rock are exotic.

Klippen have been recorded from two other places in the Mojave

region, but these are within the Mo.jave block. Noble (1984) reports

a plate of pre-Cambrian quartz-uuca schist with flat base that rests

upon feebly-indurated gyjjsifcrous shale, probably Tertiary in age,

near I'.ittcr Spi-ing. P.nweu (1954) records two small plates of

steepl.v dipping Paleozoic dolomite that rest upon volcanic clays and

gravel about 5 miles northwest of Barstow. The source of the isolated

blocks of dolomite is not known.

In any attempt to determine the age of the one or more major

deformations in the Mojave region, several consiilerations enter. In

the region southwest of the San Andreas fault in southern Cali-

fornia, the major Ventura and Los Angeles basins contain thick sec-

tions with a fairly complete record of each Tertiary epoch of

sedimentation from Eocene to Pliocene. It is surprising, therefore,

to find that, even though the Mojave block contains perhaps a dozen

basins with Tertiary sedimentary rocks, ( 1 ) none of Eocene or

Oligocene age are yet known; (2) some basins contain thick .sections

of middle and upper Miocene sediments, but none seem to contain

superimposed Pliocene sediments; (3) several basins containing

lower Pliocene sediments are known, but none show underlying

Miocene sediments or overlying middle Pliocene sediments; and (4)

the only middle (lower) Pliocene section is not underlain by older

Pliocene or Miocene sediments.

This situation .seems to indicate some shifting of areas of down-

warp, with accompanying shifts in basins of deposition. It seems

probabh" that the folds, and perhaps the local thrust faults now

known to involve Tertiary sedimentary rocks, developed in late

middle Pliocene time, after all of the sedimentary rocks were de-

posited.

Late Tcrliaru and Qualcrnnrii Faults. It has been .stated earlier

that the principal folds as well as the thrust faults of the late

Me.sozoic orogeny seem to trend north to northeast. The dominant

trend of the basins that contain middle and upper Miocene .sedi-

ments, however, is northwest. Within the Mojave block also, the

known faults seem to be divisible into two groups: (1) those that

strike northwest and have great linear extent, amounting to 20, 30,

40 or more miles ( Ilelendale, Harper Valley, Blackwater), and (2)

those that have diverse other strikes and do not seem to persist for

great distances. Members of the first group are roughly parallel to

the San Andreas fault, and are found largely in the southwest half

of the Mojave block, south and southwest of Barstow. The other

faults are found largely in the northeast half of the block, where

they seem to be characteristic.

For mo.st of the faults that trend northwest, it has not been pos-

sible thus far to determine the nature and amount of the displace-

ment, nor the time when they took form. Recent movement has

occurred along many of these faults, as indicated by displacements

in pla.vas, alluvial fans, recent lines of drainage, and by aligned

faceted spurs. In contrast with the San Andreas and Oarlock faults,

where horizontal movement is demonstrable at many plac'cs, it has
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not j'et been proved that such movement has taken place along more
than a few of the northwest-trending faults, and even along these

the movement is not great. The amount of dip-slip movement differs

from place to place, and scissors movement has been proved on sev-

eral of the faults.

None of the large northwest faults coincides with joint systems

in intrusive rocks, nor with the foliation of laminated rocks. The
features of this group of faults suggest that they were formed when
the Mojave block was under great compression, possibly during early

Tertiary time, when the block was rising. According to Bowen (195-1)

one of these faults north of Barstow shows reverse relations at one
place and normal relations a few miles away. The evidence of recent

normal movement on many of these faults indicates that relaxation

of compressive stress took place within Quaternary time.

By contrast, the faults in the northeast half of the Mojave block

have diverse strikes, are less extensive, and only a few show recent

movement.

Laie Pliocene and Earhj Plcixiocene Erosion. Following the late

middle Pliocene orogeny, the Mojave region was .subjected to great

erosion, sufficient to reduce the thru.st plates east of the Death Valley

trough to isolated blocks or klippen. It seems that during this period

of erosion, the detrital material and other products were largely

carried out of the region. The first record of sedimentation following

the orogeny is the thin section of sediments now preserved as the

Resting Springs formation, north of the Kingston Range (Hewett,

1954). Much of the eastern Mojave region seems to have been reduced

to an upland surface, to which the name " Ivanpah upland" has been

given east of the Silver Lake and Soda Lake troughs. Projecting

above this surface, however, were impressive mountains such as Clark

Mountain and the Jlescal Range, These mountains are made up of

carbonate rocks, whereas the upland surface was perfected on igneous

and mctamorphic rocks.

The next episode, well recorded iu the western part of the Mojave
region, .seems to have been the extrusion of the Red Mountain an-

desite in the Randsburg ((uadraugle (Hulin, 1925). The flat base of

the andesite rests upon a surface of erosion cut across folded sedi-

ments that are kuown to be lower middle Pliocene in age. Latite

flows in the Lane Mouutain (piadrangle (McCulloh, 1952) and dacite

flows east of Superior Valley and near Camp Irwin are here re-

garded as the local ecpiivaleuts of the Red Mountain andesite. Rem-
nants of similar flows are found near Yernio. The area within which
the.se remnants of flows occur also contains plugs of similar rocks.

Black Mountain Basalt Flows. The basalt flows that cap Black
Jlountaiu, 25 miles northwest of Barstow, rest ujioii a horizontal

surface eroded on folded Barstow beds ; no horizontal sediments have

been found under the basalt flows, but near Camp Irwin there is a

100-foot sheet of sediments under what seems to be the Black Moun-
tain basalt. West of Camp Irwin, this basalt flow locally rests upon
an eroded daeite flow (Red Mountain andesite). The extensive basalt

flows that lie upon the Ivanpah upland between Halloran Spring
(U. S. Highway 91) and Valley Wells probably covered more than

250 .square miles. At present the remnants of the flows reveal a broad
anticline with 1,500 feet of relief. This fold extends southeastward

to the area west of Cima Dome.

In the type area, the Black Mountain basalt flows are essentially

horizontal on the mountain, but dip abruptly southward at the south

face, where they are broken by the Harper Valley fault, one of the

extensive northwest-trending faults of this area. Similarly, the great

normal faults that limit Ivanpah Valley are younger than the Ivan-

pah upland, and probably are younger than the basalt flows that

rest upon it. Even though there is some hazard iu assuming con-

temporaneity of surface flows of similar rocks, this assumption is

made for the present ; at least several of the great normal faults of

the Mojave region seem to show movement that is younger than these

basalt flows.

Late Pleistocene Erosion. North of the Garlock fault are the long

southward-trending valleys that include Owens, Searles, Panamint,

and Death Valleys; all except Searles Valley show impressive normal

faults along their borders, but most geologists who have examined

them seem to agree that they are due in part to erosion. Noble (1941

)

considers that warping has played a part in the formation of Death

Valley.

What was the course of the streams that flowed iu these valleys.

and what became of the products of erosion ? Did they flow south

into and across the Mojave block, and thence .southeastward and

possibly southwestward to the sea? To the writer, it seems probable

that before the waters of Owens River entered and successively filled

Owens Lake, China Lake, Searles Lake, Panamint Lake, and finally

Death Valley, they entered the Leach trough, the major valley that

follows the Garlock fault, and theuce joined the Death Valley trough

north of the Avawatz Jlountains. From this point they probably

flowed southward through Silver Lake, Soda Lake, and Bristol Lake

to join the Colorado River e.stnary. Evidence is accumulating that

the valleys of Owens Lake, Searles Lake, and Panamint Lake did

not continue southeastward across the Mojave block.

Recent work in the Mojave block seems to indicate tliat during at

least a part of Pleistocene time, there were several integrated drain-

age systems that discharged southeastward into the Colorado River

estuary; their heads seem to have lain in the western half of the
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Mojave block. An ancestral Mojavp River probablj- rose in the San

Gabriel Mountains. Recent studies of ground-water and the depth of

alluvium in some of the basins of the central and western Mojave

block seem to confirm this concept. Work in several parts of the

rejrion also indicates that some of the present playas have been

formed by recent faults that interrupt the integrated drainages.

Examjiles include Mesquite Lake near Twentyuine Palms, and prob-

ably Dale Dry Lake.

The record of Tertiary sedimentation in the Mojave region,

especially in the Mojave block, shows that this block rose 15,000 feet

or more diiring Eocene and Oligocene time, and that erosion almost

kept pace with the uplift. It also seems likely that the Mojave block

developed integrated drainage sy.stems during Middle and Late

Tertiary time, largely internal during Miocene and early and middle

Pliocene time, and possibly external during a part of late Tertiary

and early Pleistocene time. Without much doubt, drainage in the

western two-thirds of the Mojave region has been internal during

late Pleistocene and Recent time.

The Manix lake beds, along the lower Jlojave River, are the best

record of Pleistocene sedimentation in the IMojave region (Buwalda,

1914). Studies of vertebrate fossils by Merriam have indicated that

the beds are early Pleistocene in age. Recent work and collecting

by Winters (1953) indicate that some of the vertebrates are early

Pleistocene but that others are definitely late Pleistocene in age.

According to Howard (1954), the eleven varieties of birds recently

found are late Pleistocene in age.

It appears to the writer that the part of the valley of the Mojave

River east of Troy Lake, within which the Manix lake beds were

deposited, is much younger than an older valley that drained south-

east from Troy Lake to Ludlow, Bristol Dry Lake, and the Colorado

River valley. Another similar old valley extended southeast from

the Ord Mountains to the Colorado River valley, but it is now
fragmented b.v several faults, the Mesquite fault in Mesquite Dry
Lake near Twentynine Palms and the fault that limits the Sheep

Hole Mountains, north of Dale Dry Lake. It seems likely that frag-

mentation of the principal drainages in the eastern part of the

Mojave region preceded the deposition of the Manix lake beds.

Ilubbs and Miller (1949) conclude from the study of isolated

(relict) living species of fish that the Death Valley trough drained

southeast to the Colorado River through part of Quaternary time.

Recent Basalt Flows. Cinder cones are found widely in the

Mojave region, and many flows of basalt have moved down Recent

valleys. In the southwestern quarter of the Ivanpah quadrangle,

surmounting the field of basalt flows described above, there are 2()

cinder cones and related flows that are confined to the present valleys

(Hewett, 1954). A single cone surmounts an extensive flow in the

Newberry Mountains (Gardner, 1941). Mt. Pisgah is a cinder cone

that rests upon an extensive flow between Hector and Lavic ; others

lie at Di.sh Hill, several miles east and southwest of Amboy.
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2. GEOLOGY OF THE IMPERIAL VALLEY REGION, CALIFORNIA
By t, \V. Dibblee. Jb*

This report is a geologic summary of detailed field work done by

the writer in 1943 and 1944 under the direction of Rollin W. Eckis

and Harold W. Hoots. Eckis had mapped an area in the southeastern

Santa Rosa Mountains and Clark Valley as a thesis problem in 1931.

The writer is indebted to Richfield Oil Corporation for permission to

publish this report, to Rollin W. Eckis and to Mason L. Hill for

criticism of the manuscript, and to Joseph Ernst of the Texas Com-
pany for information and discussion.

The Imperial-Coachella Valley is a broad, flat, alluviated area

that lies partly below sea level. It is cut off from the Gulf of Cali-

fornia to the south by the Colorado River delta. The lowest part of

the valley is flooded by the Salton Sea, an inland lake 240 feet below

sea level that serves as the sump for all drainage within the mapped
region.

For purposes of the following geologic discassions, the Imperial

Valley region can be divided into three general areas. These are

:

(1) northeastern Coachella Valle.v. including the Indio and Mecca

Hills, and Durmid Hill northeast of Salton Sea; (2) northwestern

Imperial Valley, including the Superstition Hills, San Felipe Hills

west of Salton Sea, rising northwestward to the Santa Rosa Moun-

tains, Borrego Mountain and Badlands, and Borrego and Clark

Valleys; and (3) southwestern Imperial Valley, including the Yuha
desert area, Coyote Wells Valley, Coyote Mountains, Carrizo-Valle-

cito Valley, and Fish Creek-Vallecito Granite Mountains.

STRATIGRAPHY
Pre-Tertiary Rocks

The Chuckwalla complex, named by Miller (1944) from the Little

San Bernardino and Cottonwood Mountains, is of supposed pre-

Cambrian age, and is composed of gneiss intricately intruded by

hornblende diorite and leuco-granitic rocks.

The Orocopia schist, named by Miller (1944), is a dark gray mica

schi.st of supposed pre-Cambrian age. Many thousands of feet of this

rock are exposed in the Orocopia Mountains, and the schist extends

westward under the Tertiary sediments of the Mecca Hills.

Unnamed metasediments of Paleozoic ( ?) age, composed of dark-

colored biotite schi.st and interbedded white limestone, crop out in

the Santa Ro.sa Mountains where a thickness of possibly 20, ()()() feet

is exposed. The series is metamorphosed to gneiss and marble where

it lies within or adjacent to granitic intrusive rocks.

» Geologist. U. S. Geological Survey. Claremont.

In the Carrizo Peak area of the Coyote Mountains is exposed

about 10,000 feet of gray mica .schist and gray to white limestone

of Paleozoic (?) or Triassic ( ?) age. Southward and westward from

Carrizo Peak this series is increasingly metamorphosed to gneissoid

granitic rocks at the southeast and west ends of the Coyote Moun-
tains. The schist appears to have been granitized in place, and the

limestone lentils have been recrystallized to marble.

In parts of the Fish Creek Mountains, and in the foothills of the

Peninsular Ranges southwest and south of Coyote Wells, is a series

of gneisses, gneissoid granites, and scattered lentils of marble. These

rocks probably are the same as the schist-limestone series of the

Coyote Mountains, but represent a more highly advanced stage of

metamorphism.
Hornblende-rich diorite, with facies of quartz diorite and gabbro,

are the dominant intrusive rocks of the low mountains within the

Imperial Valley region, such as Signal Mountain, Superstition Moun-
tain, Fish Creek-Vallecito Mountains, Borrego Mountain, and the

eastern foothills of the Santa Ro.sa Mountains.

Granodiorite and subordinate granite, (juartz mnnzonite, and

quartz diorite are the dominant rock types of the Peninsular Ranges,

where they form parts of the southern California batholith of prob-

able Cretaceous age (see Larsen, Contribution 3, Chapter VII).

These rock types extend northward through Granite Mountain, the

mountains west of Borrego Valley, and into the San Jacinto Moun-

tains. From the San Jacinto Mountains sill-like wedges of the granitic

rocks extend southeastward into the metasediments of the Santa Rosa

Mountains. The granitic rock types appear to intrude both the meta-

morphic and dioritic rocks to the east, and evidently crystallized from

great masses of acidic magmas.

Granite pegmatite occurs as numerous suliparalli^l dikes in the

igneous and mefamorphic rocks in the Peninsular Ranges and in

Granite Mountain, and extend as far east as the (^oyote and Fish

Creek Mountains. Pegmatites of intermediate to basic composition

are present, as well (.see Jahns, Contribution 5, Chapter VII).

Cenozoic Rocks

The irregular surface of erosion developed on the crystalline rocks

is overlain by a great thickness of Cenozoic clastic .sediments that

fill the Imperial depression and were derived from the ad.iacent

mountain areas and from the drainage area of the Colorado River.

The series represents essentially continuous deposition since !iIiocene

time, and attains a maximum exposed thickness of Ifi.oOO feet in

(21 )
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COLUMNAR SECTION SOUTHWESTERN IMPERIAL VALLEY
Vol lecito - Fish Creek Mtns, Cornzo Volley, Coyote Mtns, Yuho oreo, Signol MIn

ALLUVIUM AMD TERRACES (Qa, Qt) -300 feet gravel, sand
unconformity

CANEBRAKE CONGLOMERATE (Tc) 0-9,000 feet gray conglomer-
ate of granitic and metainorphlc debris, grading veat-
ward Into massive granitic fanglomerate.

PAM SPRING FORMATION (Tp) 0-6,500 feet Interbedded
light gray axkoslc sandstones and reddish clays; terres-
trial; grades westward into Canebrake conglomerate.

IMPERIAL FORMATION (Ti) 0-3,800 feet light gray
claystone and lesser interbedded arkosic sandstones;
calcareous oyster-shell reefs common; basal 0-50-
foot bed of fossiliferous calcareous sandstone;
marine.

FISH CREEK GYFSilM (Tf) 0-100 feet (Fish Cr. Mtns only)

ALVERSON ATOESITE (Ta) 0-700 feet
andesite lava, breccia, and tuff.

SPLIT MOUNTAIN FORMATION (Ts) 0-2,700 feet

gray conglomerate of granitic debris,
dlorltlc breccia, hard buff sandstone,
red arkoalc sandstone and conglomerate.

unconformity
SCHIST, LIMESTONE; GNEISS; GRANITIC INTRUSIVES PRE-TERTIARY

Figure 1. Columnar section for southwestern Imperial Valley.

southwestern Imperial Valley, 18,700 feet in northwestern Imperial

Valley, and 8,600 feet in northeastern Coaehella Valley. Seismic data
suggest that the sedimentary fill is more than 20,000 feet thick in

Imperial and Coaehella Valleys. The Cenozoic sediments accumulated
in a trough that connected with the Gulf of California, but not with
any of the California coastal basins.

Cenozoic SIratitjraphy of Southwrntern Imperwl Valley. The
Split Mountain formation, named by Tarbet (1944), is essentially

a coarse basal conglomerate of Miocene age that is present only

locally on an irregular surface cut on the older crystalline rocks.

It is conformably overlain by younger formations. At the type lo-

cality in Split Mountain Gorge, south of Ocotillo, the formation is

about 2.700 feet thick and is composed of basal red and gray granitic

fanglomerate, sandstone, and dioritic breccia at the top. The forma-
tion thins out southeastward, and is present in the Coyote Mountains
at only two localities. It is widespread south of Coyote Wells Valley,

where it appears as granitic fanglomerate.

The Alverson andesite lava is a dark brown basic andesite of prob-

able upper Miocene age that overlies the Split Mountain conglom-
erate and the older "basement" rocks in the western foothills of

Coyote Wells Valley, in the Coyote Mountains, and in the Fish Creek
Mountains. The lava is about 400 feet thick at Alverson Canyon, the

type locality, and about 700 feet thick at the east end of the Coyote
Mountains, where it is associated with tuff and breccia.

The Fish Creek gypsum is a playa deposit of white, bedded gypsum
and anhydrite that rests on the Split Mountain conglomerate and is

overlain by the Imperial formation in the western Fish Creek Moun-
tains. It ranges in thickness from a knife edge to about 100 feet.

A part of this extensive deposit is being quarried by the United
States Gypsum Company (Ver Planck. 1952). The most north-

westerly exposure contains celestite at the top (Durrell, 1953).

The Imperial formation, named by Woodring (1931), is a series

of marine clays and sandstones that lie with essential concordance
on the Alverson lava, the Split Mountain formation and the Fish

Creek gyp.sum, or in some areas, unconformably on the "basement"
rocks. They grade upward into the Palm Spring formation. The
Imperial beds are extensively expo.sed from the Fish Creek Moun-
tains southeastward to the northwest foothills of Signal Mountain,
across the Mexican border. The section is composed of gray, yellow-

weathering claj'stone ; interbedded buff sandstone and dark, calcar-

eous, oyster-shell reefs ; and a ba,sal calcareous or sandy bed that

contains numerous moUusks and some corals. The claystone contains

Foraminifera, ostracods, and diatoms. The fauna of the Imperial for-

mation is of the shallow marine gulf type, and indicates an upper
Miocene or possibly a lower Pliocene age (see Durham. Contribution

4, Chapter III).

At the type area on the south side of Carrixo Valley, the Imperial

formation is about 2,500 feet thick, and it thins out westward. On
the north side of the valley at Fish Creek Wash, it is about .3.700

feet thick. On the east and south sides of the Coyote Mountains, the

formation is about 2.700 feet thick, and it lenses out west of Coyote

Wells. At Yuha Buttes the uppermost 1,000 feet of the Imperial

formation is exposed, and west of Signal Mountain the formation is

500 feet to 1,500 feet thick.

The Palm Spring formation, named by Woodring (1931), is a

thick .series of land-laid arkosic sandstones and red clavs of Pliocene
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age. It grades downward into the marine Imperial formation, up-

ward and westward into the Canebrake conglomerate, and is exposed

extensively from Carrizo Valley southeastward to Signal Mountain.

The Palm Spring formation was deposited tliroughout the Imperial

depression after marine waters of the Gulf were barred from it,

probably by the damming action of the Colorado River delta. Frag-

ments of silicified wood, chiefly ironwood, are common throughout

the formation.

The Palm Spring formation is about 4,800 feet thick at the type

locality, on the south side of Carrizo Valley, and it thins westward.

On the north side of Carrizo Valley it thickens to about 6, .500 feet

at Fish Creek Wash, thence eventually grades westward into the

Canebrake conglomerate.

The Canebrake conglomerate, named after Canebrake Wash, is the

coarse marginal conglomerate facies of the Palm Spring and Im-

perial formations. The type section is at the southeastern base of

Valleeito Mountain, 3 miles west of Fish Creek Wash, where the con-

glomerate is about 7,000 feet thick. The most westerly exposures are

fanglomerate that laps onto and against the crystalline "basement"
rocks. Southeastward along the strike, the lower 4,000 feet of the

conglomerate grades into the Imperial and Palm Spring formations,

and the upper 3,700 feet persists basinward into Carrizo Valley as a

gray pebble and cobble conglomerate that rests on the Palm Spring

formation. This conglomerate thins to about 2. .500 feet on the south

side of Carrizo Valley, and to 2,000 feet on the south side of the

Coyote Mountains.

Cenozoie Stratigraphy of Northwestern Imperial Valley. Con-

glomerate and sandstone of the Split Mountain formation crop out

only at a very small exposure on the north flank of Superstition

Mountain, where they are about 200 feet thick. In the San Felipe

Hills this formation was encountered beneath the Imperial forma-

tion, in three deep wells. On the peak southeast of the Santa Rosa

Mountains, it may be represented by diorite-rich breccia.

The Imperial formation is partially exposed in the San Felipe

Hills, and was penetrated in that area by three deep wells in which

a total thickness of about 3,600 feet is indicated. In the isolated low

hills north of Ocotillo, the basal part of the Imperial formation is

exposed immediately above a biotite schist. Westward and north-

westward the Imperial formation laps out against "basement" rocks.

It is not present in Borrego Mountain nor in the Santa Rosa Moun-
tains, except for about .50 feet of fossiliferous .sandstone a mile .south-

west of Travertine Point near Salton Sea.

The Palm Spring formation is extensively exposed throughout the

San Felipe Hills and westward into Borrego Valley, where it grades

downward into the Imperial marine beds and upward into the

COLUMNAR SECTION NORTHWESTERN IMPERIAL VALLEY
SE Sonto Roso Mtns, Borrego-Clorh Volley, Borrego MIn-bodlonds, Son Felipe Hills, Superstition Hills

ALLUVIUM, TERRACES, AND LAKE COAHUILA BEDS
unconformity

BBAULEY P3RHATI0N (Sb) 0-2,000 feet
light gray lacustrine claye: buff eandetones,

OCOTILLO COnCLOMERATE (So) 0-2,000 feet

gray conglonerate of granitic debris

local unconformity

pebble cgla

BORRECO PORMATION (Tb) 0-6,000 feet
light gray clayetone, minor buff aandstonea;

lacustrine

PALM SPRI7IG FORMATION (Tp) 0-7,000 feet

interbedded light gray arkosic sandatonea

and reddish clays; terrestrial: grades

westward Into Canebrake conglomerate

TRUCKHAVEN RHYOLITE (Tt) 0-300 feet

CANEBRAKE CONGLOMERATE (Tc) 0-ll,000 feet
granitic fanglomerate and gray conglomerate

IMPERIAL FORMATION (Tl) 0-3.900 feet

light gray clayetone and leaser interbedded

arkosic sandstones, with calcareous oyster-

shell reefs: shallow-water marine deposits.

^^
:l SPLIT MOUNTAIN CONOLOMERATE ( Ts) 0-llOO feet?

-' ~ V ' \ ')SCHIST, LmESTONE; GNEISS: GRANITIC INTRUSIVES| PRE-T ERTI ARY"

Figure 2. Columnar section for northwestern Imperial Valley.

Borrego lacustrine beds. The formation attains its maximum thick-

ness of 7,100 feet in the Borrego Badlands. It thins eastward to

6,800 feet on the north flank of the San Felipe Hills antidinorium,

and to 3,600 feet or less on the east-plunging nose and the south

flank of this structural feature.

The (Canebrake conglomerate is the coar.se marginal facies of the

Palm Spring formation, as in the Carrizo Valley area. At the south-

east end of the Santa Rosa ^Mountains, the entire thickness of the

Palm Spring red beds that are exposed west of Salton Sea grades

laterally westward into granitic conglomerate of the Canebrake
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facies, which rests on crystalline rocks and extends far up the slopes

of the Santa Rosa Mountains as fanp:lomerate. In Borrejjo Mountain
the lower part of the Palm Spring formation is represented by the

Canebrake conglomerate facies.

The Truekhaven rh.volite crops out near Truckhaven, west of

Salton Sea. where the lava forms a lens of varicolored felsitic rock

that was extruded along an adjacent east-west fault. The lens is 100

feet in maximum thickness, and wedges out southward into the

Canebrake conglomerate.

The Borrego formation, named by Tarbet (1944), is of probable

upper Pliocene age. It has been mapped by the writer as the lacus-

trine facies of the terrestrial Palm Spring formation, and is com-

posed of light gray claystone and interbedded sandstone. The
claystone contains a lacustrine fauna of minute mollusks, ostracods,

and rare Foraminifera. Fragments of petrified wood are rare. In the

Borrego Badlands, the type section, the Borrego lake beds grade
downward into terrestrial beds of the Palm Spring facies, and are

overlain b.v the Ocotillo conglomerate.

The Borrego formation attains its maximum thickness of about

6,000 feet in the Borrego Badlands, and thins westward to only

2,000 feet at the west edge of this area. It thins eastward to 2,900

feet on the north flank of the San Felipe anticlinorium, to 2,000 feet

on the east plunge of that feature, and on the south flank of the

anticlinorium it is overlapped by the Ocotillo conglomerate.

The Ocotillo conglomerate overlies the Borrego lacustrine clays,

and, togetlier with the Brawle.v lake bed facies into which the con-

glomerate grades, forms the youngest unit of the Cenozoic series in

Imperial Valley. It is either upper Pliocene or lower Pleistocene in

age. The type section is in the northern part of the Borrego Bad-
lands northeast of Borrego, where the formation is composed of

about 800 feet of gra.v granitic-pebble conglomerate that lies con-

formably upon the Borrego clays. The Ocotillo conglomerate, as ex-

posed near Ocotillo and eastward on the south flank of the San
Felipe Hills anticlinorium, is about 1,000 feet thick and lies uncon-
formably upon the Borrego clays. Northeastward from Ocotillo, it

overlaps onto the Palm Spring and Imperial formations. Eastward
in the San Felipe Hills, the (onglomerate grades laterally and basin-

ward into the Brawley lacustrine beds.

The Brawley formation is the lacustrine and coMtinciitiil basin-

ward facies of (he Ocotillo conglomerate, and is litliologically very
similar to the underlying Borrego lake beds. The tyjie section of this

formation is just west of U. S. Highway 99 and west of the south
end of Salton Sea, where about 2,000 feet of light gray claystone

and thin interbeds of buff sandstone is exposed. The clays contain

a minute lacustrine fauna like tliat of the underlying Borrego clays.

In the Superstition Hills the Brawley formation is composed of

lacustrine and terrestrial clays, .sands, and pebble gravels, and the

base is not exposed. Around Superstition Mountain the Brawley
formation, the basal portion of which is the Ocotillo conglomerate

facies, unconformably overlaps the Imperial formation. Alverson

lava, and the Split Mountain formation onto diorite. Southea.stward

and adjacent to the Superstition Mountain fault, the Oeotillo-B raw-

ley series lies unconformably on the Borrego clays, and an angular

discordance of as much as 60° is exposed north of the fault.

Cenozoic Stratigraphy of Northeastern Coachella Valley. The
Dos Palmas rhyolite crops out in the Mecca Hills, 8 miles S. 30° E.

of Mecca, and is of probable Miocene age. It rests directl.v upon

much older crystalline rocks.

The Mecca formation is essentially a basal conglomerate of gra-

nitic and metamorphic debris that lies upon the "basement" rocks

and is overlain by the Palm Spring formation in the Mecca and

Indio Hills. It correlates with either the Split Mountain formation

or the basal Canebrake conglomerate. The type section of the Mecca
conglomerate is on the Mecca Hills anticline at Painted Canyon.

5 miles northea.st of Mecca, where the conglomerate is about 400

feet thick. Two miles northwest of Painted Canyon, the upper part

of the formation contains reddish sands and clays, and in another

exposure a mile farther north, the conglomerate contains cobbles of

sandstone with marine Eocene fossils. On the Mecca Hills anticline,

3 miles southeast of Painted Canyon, the Palm Spring formation is

unconformably underlain by about 600 feet of the Mecca formation,

which here consists of hard, pinkish gray sandstones and reddish

clays. The base is not exposed.

The Imperial formation crops out only in the northwestern Indio

Hills, where only the uppermo.st part of the fossiliferous. yellow-

weathering clays is expo.sed beneath the Palm Spring and Ocotillo

formations. On the south side of a low hill near Garnet, 12 miles

northwest of Edom, 50 feet of fossiliferous sandstone questionably

assigned to the Imperial formation lies imconformably beneath the

Ocotillo conglomerate.

The Palm Spring formation crops out in both the liulio and Mecca
Hills, where it consists of superbly exposed red to butT arkosic sand-

stones and thin interbeds of reddish to greenish clays. In the north-

western Indio Hills the formation is about 2,000 feet thick and over-

lies the Imperial marine clays, and in the southeastern Indio Hills

it is about .'i,3()0 feet thick and overlies the Jlecca conglomerate. In

the Mecca Hills east of the San Andreas fault, the Palm Sjiring

formation is about 4,800 feet thick, lies above the Mecca formation,

and grades eastward into the Canebrake conglomerate facies. West
of the fault only the uppermost 1,500 feet of the Palm Spring for-
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COLUMNAR SECTION NORTHEASTERN COACHELLA VALLEY

India Hills and Mecca Hills

q:<
Q-O

ALLtr/HjM, TERRACES ii LAKE COAHUILA BEDS 0-300 feet

unconformity

OCOTILLO CONGLOMERATE (fto) 0-2, UOO feet
gray conglomerate of granitic and orocopla
schist debris; grades eastward Into fanglomerate
2,l400 feet thick vest of San Andreas fault, and
0-900 feet thick east of San Andreas fault

unconformity east of San Andreas fault

PALM SPRING FORMATION (Tp) 0-U,800 feet

light gray, fine to coarse arkosic sandstones
and reddish ^-lays; terrestrial; grades
northeastward into Canebrake conglomerate;
'-inconformably overlies the Mecca formation
In southern Mecca Hills

CANEBRAKE CONGLOMERATE (Tc) 0-3,000 feet

gray conglomerate of granitic and metamorphlc
debris; basal portion in eastern Mecca Hills
composed of Orocopla schist debris;

marginal fades of Palm Spring formation

IMPERIAL FORMATION (T1) 0-300 feet
fosslliferous light gray clays; base not exposed

MECCA FORMATION (Ta) 0-1,000 feet
reddish clays, sandstone; gray conglomerate
of granitic and metamorphlc debris

DOS PAIMAS RHYOLITE (Td) 0-ll00 feet

GRANITIC AND DIORITIC INTRUSTVES (Jg)
OROCOPIA SCHIST (pCo)
CHUCKWALLA 0NEI33-0I0RITE COMPLEX (pCc)

Fioi'RK .3. Cnlumnar section for northeastern Coachella Valley.

mation is exposed. Here it consist.s of red clays and white arkosie

.sandstones. Near Durmid, east of the fault, the uppermcst 1,500 feet

of the Palm Sprin;; formation is exposed, and consists of hard,

pinkish gray sandstone.

The Canebrake conglomerate facies of the Palm Spring formation

is partly exposed in the southeastern ludio Hills, where the sand-

stones of the Palm Spring formation grade northward into it. The

conglomerate is difficult to distinguish from the overlying Ocotillo

conglomerate. In the eastern Mecca Hills, the Palm Spring sand-

stones grade eastward into the Canebrake conglomerate, which is

composed of granitic and metamorphlc debris. This conglomerate

laps onto the ()roco]iia schist. Southeast of Box Canyon llic basal

l)art of the Canebrake conglomerate rests upon the Dos Palmas

rhyolite, and is composed entirely of Orocopia schist dcbi-is.

The Ocotillo congli/nicrate crops out extensively in both the Mecca

and Indio Hills. It is of the same facies and probably is of the same

age as the Ocotillo conglomerate west of Saltou Sea. It is the young-

est formation of the Cenozoic series expo.sed in the hills northeast

of Coachella Valley, and probably is of upper Pliocene or lower

PleLstoeene age. The conglomerate is a piedmont alluvial fan deposit

of granitic and metamorphlc debris derived from the mountains to

the northeast. The top is a .surface of deposition, which is undis-

turbed at the foot of the mountains but which becomes increasingly

deformed and eroded as traced westward in the Mecca and Indio

Hills. In the Mecca Hills east of the San Andreas fatdt, the con-

glomerate ranges in thickness from a knife edge to 000 feet, and lies

unconformably on older formations. West of the fault it is about

2,.500 feet thick and overlies the Palm Spring red beds. On both

sides of the fault the conglomerate contains a large percentage of

Orocopia schist debris. In the Indio Hills the Ocotillo conglomerate

is about 2,100 feet thick. It lies unconformably on the Canebrake,

Palm Spring, and Iiii]ierial formations, and shows a nortliNvrstward

overlap.

In the Durmid area, northeast of Salton Sea, about 6,100 feet of

lacustrine beds of the Borrego-Brawley facies is upended and con-

torted on the southwest side of the San Andreas fault. Near Bertram

the lowest 1,200 feet of these beds is compo.sed of hard, buff sand-

stones and interbeds of gray claj'stone ; it may be ei|uivaleut to the

Palm Spring formation but appears to be of lacustrine origin. These

beds are overlain by about 2,700 feet of light-gray, thin-bedded clay-

stones that contain thin sandy beds and many la.vers, as much as

five feet thick, of white salines, chiefly .sodium sulfate (Sampson and

Tucker, 1942). This last-named .section probably correlates with the

type Borrego formation. The beds are overlain by about 2,200 feet

of light gray claystone with a small amount of .sandstone, which are

exposed along the shore of Salton Sea. They are similar to, and may
correlate with, the type Brawley lacustrine beds. No superjacent

formation is present in this area.

Stratigraphy of Imperial Viillrii Vrapir. In recent years several

deep wells were drilled for oil in the flat, alluviated portion of

Imperial Valley. The deepest of these was drilled to 12, .•113 feet near

Holtville, another to H,:!.")!) feet near Westmoreland, another to 7, .'12:!

feet near Ileber, and still another to 8,(547 feet in the Superstition

Hills. All encountered nonmarine sands and clays, from top to bot-

tom, with some lacustrine beds in the uppermost 3,000 feet. The

marine Imperial formation either was not reai-hed in any of these
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wells, or is represented in the section by deltaic sediments deposited

b_v the Colorado River.

GEOLOGIC STRUCTURE
Northeastern Coachella Valley

San Andreas Fault Zone. The San Andreas fault follows a uni-

formly straight course throuph the Lidio Hills southeastward to the

northeast shore of Saltou Sea. It probably is vertical or nearly so.

In the Indio Hills the fault comprises two branches that merge
southeastward. Both branches form low scarps that frenerally face

northeastward in the northwest part of the hills and southwestward

in the southeast jiart. which sugffcst that the liills have been sliced

by right lateral movement on the fault.

Throufrhout the course of the fault rifrht lateral movement, or

relative southeastward displacement of the northeast block, is in-

dicated bv several offset washes and by sharp east-trendin<r drag
folds in the ad.jacent Cenozoic sediments. The sediments near the

fault are invariably upended, contorted, or sheared. The total hori-

zontal displacement since Pliocene time probably amounts to

several miles, as the stratigraphicall.y equivalent rocks on either

side of the fault in the Mecca and Durmid Hills differ markedly.

In the Mecca Hills, northeast of the San Andreas fault, are

several steeply dipping faults that are nearly parallel to and related

to the San Andreas. Each shows upward and probable northwesterly

displacement of the block southwest of it.

Folding in the Cenozoic Sediments. The Indio Hills is a large

anticlinal upwelling of the •Coachella Valley sedimentary fill along

the San Andreas faidt zone. The northwestern and southeastern

parts of the hills are anticlinal, with axes that trend approximately

N. 70° W. In the Mecca Hills, the Palm Spring formation on the

west side of the fault is upended and wrinkled into tight folds that

trend N. 70° W, and the overlying Ocotillo conglomerate is tilted

steeply valleyward. East of the fault the Tertiary sediments are

compressed into the large Mecca Hills anticlinal uplift, and sheared

Oroeopia schist is expo.sed at the structurally highest point in

Painted Canyon. In the axial portion of this fold the sediments are

buckled into numerous tightly compressed minor folds that are

arranged en echelon and trend N. 75° W. as compared to the N. .')0°

W. trend of the major fold axis and an associated fault.

Along the northeast side of Saltou Sea, 6,000 feet of incompetent

lacustrine beds are upended on the southwest side of the San
Andreas fault. They are tilted steeply away from the fault, and are

buckled into numerous small, tight folds with axes that trend N.
7.5° W. as compared to the N. r)0° W. bearing of the fault. These
obviously are a result of right lateral drag movement on the fault.

Northwestern Imperial Valley

San Jacinto Fault Zone. The San -Jacinto fault is parallel to and
similar to the San Andreas fault, but is far more complex. It is

essentially a zone of discontinuous faults in a belt 4 to 6 miles wide.

The faults generally are vertical, and are marked by long, .straight

scarps that face mostly to the southwest. The main San Jacinto

fault is strongly developed at the northeast edge of Borrego Valley,

where it forms a high, southwest-facing scarp. Aligned with this

fault in areas to the southeast are the Superstition Mountain. Super-
stition Hills, and Imperial faults, the last-named of which extends

southeastward into Mexico.

The Clark, Buck Ridge, and Santa Rosa faults branch off east-

ward from the San Jacinto fault, and extend through the southwest

slope of the Santa Rosa Mountains into Clark Valley. Aligned with

these faults to the southeast is the San Felipe Hills fault along the

.southwest edge of the San Felipe Hills.

The Santa Rosa Mountains and San Felipe Hills were elevated

along this group of faults, which are a part of the general San
Jacinto fault zone. The major movements on most, if not all. of the

northwest-trending faults of the San Jacinto zone are right lateral,

and vertical movements are either apparent or local, and commonly
are reversed. Physiographic evidence of right lateral movement is

present along the San Jacinto. Clark, and Buck Ridge faults north

of Borrego Valle.v, chiefly in the form of offset canyons, and struc-

tural evidence is furnished southeastward from Clark Valley by
numerous tight, east-trending folds in the Cenozoic strata.

Evidence of recent movements along several faults of the San
Jacinto zone is not confined to the occurrence of straight scarps

anil offset gullies. On the Clark fault east of Clark Lake is a .'}00-f(iot,

northeast-facing scarp in the alluvium. Recent breaks along the

Superstition Hills fault were noti'd in February in.51 by Joseph
Ernst, who reports (oral communication, Augu.st 1953) : "Recently
formed surface fractures developed along 2 miles of the Super-

stition Hills fault, on which a mild earthquake reported in Imperial

Valley on January 2!), 1!)51, probably originated, were from 50 feet

to 100 feet long, generally vertical, gaping to V4 inch. The fractures

formed en echelon along the course of the fault, trending N. 20° W.
as compared to the N. 50° \V. trend of the fault." The severe earth-

(juake of May 18, 1940, in Imperial Valley was caused by a move-
ment on the Imperial fault. Roads, fences, and rows of citrus trees

were offset laterally on this fault, with the northea.st block displaced

relatively southeastward. There was no observable vertical displace-

ment. Horizontal disjilacement amounted to 3 feet near Imperial,

1} feet east of El Centro, and to as much as 13 feet near Calexico.

Minor vertical. iu)rtheast-trending cross faults are present within

or near the San Jacinto fault zone in the Borrego Badlands and in
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the Superstition Hills. Associated with these faults are many tiny,

east-trending, tightly squeezed drag folds, which indicate a left

lateral drag or relative southwestward displacement of the north-

west blocks.

Folding in the Cenozoic Sediments. The structure of the Cenozoio

sediments exposed from the Santa Rosa Mountains southeastward

through the Superstition Hills is extremely complex. Around the

southeastern Santa Rosa Mountains the sediments are arched into

the broad Santa Rosa anticline, which plunges southeast. This fold is

cancelled out southeastward by the Borrego synclinorium, which

plunges westward toward Clark Valley. South of this synclinal

structure is the San Felipe anticlinorium, the major axis of which

bears east-west through Borrego Mountain and the San Felipe Hills.

At Borrego Mountain this anticlinal uplift is cut by the San Jacinto

fault and its branches, and diorite is exposed west of the main fault;

from this area the fold plunges and veers northwestward toward

Borrego Valley. The recency of movement on this structure is in-

dicated by .several northeast-trending minor folds developed in the

older alluvium across San Felipe Wash west of Borrego Mountain.

East of Borrego Mountain the San Felipe anticlinorium plunges

eastward through the San Felipe Hills. The major axis is offset by

right lateral movement along the San Jacinto and San Felipe Hills

faults. Superimposed on the above-described major folds are in-

numerable minor, east-trending folds. These are especially abundant

along the San Jacinto and San Felipe faults, or in areas where

these faults die out southeastward, and obviously are a result of right

lateral drag along these major faults.

The Superstition Hills is an anticlinal uplift on the northeast side

of the Superstition Hills fault, and the northern part of this uplift

is 9 series of many small, east-trending folds in the Brawley forma-

tion. These are developed en echelon adjacent to the minor northeast-

trending faults. In the low, flat area between the Superstition Hills

and the San Felipe Hills are several additional northeast alignments

of tiny, east-trending folds, some of which probably are of relatively

recent development.

Southwestern Imperial Valley

Elsinore Fault Zone. The Elsinore fault zone is even more com-

plex than the San Jacinto fault zone. It covers a wider area, involv-

ing a strip of low mountains, 8 to 12 miles wide, that includes

Granite Mountain, Vallecito-Fish Creek Mountains, Carrizo Valley,

and the Coyote Mountains. The Elsinore fault forms the southwest

margin of this block, and is the largest individual fault. The Earth-

quake Valley and San p\>lipe faults branch off eastward from it, and
themselves feather out into many branches.

Granite Mountain and the Vallecito-Fish Creek Mountains are

composed of massive plutonic rocks that have been shattered and

broken into numerous fault blocks, probably by lateral shear or

torsion movement on and between the major faults. The western

parts of these mountains were elevated along the Elsinore and

Earthquake Valley faults, and the eastern parts along the San Felipe

fault system, to form a tectonic shear block. In the Vallecito and

Fish Creek Mountains are several northeast-trending, steeply dip-

ping normal faults, most of which show elevation on their northwest

sides. The largest of these forms the steep southeast front of the

Fish Creek Mountains. These faults probably are a result of north-

westward tilting of major blocks of dominantly granitic rocks.

The Coyote Mountain range was elevated along the Elsinore fault

and tilted northward. The upended metasediments of this range

strike southeast in the Carrizo Mountain portion, thence curve south-

ward and nearly westwai'd into the Elsinore fault. The anomalous

westerly trend may have been produced by right lateral drag on

the fault. In the western part of the range are many minor faults

that trend south of west, parallel to the bedding of the metasedi-

ments, and that probably have left lateral offsets.

Vertical displacements along the Elsinore fault are locally great,

but probably are more apparent than real, as the distribution of

rock types indicates that they are twice reversed. A great amovnit

of right lateral movement is indicated by tight, east-trending drag

folds in the Cenozoic sediments on the south .side of the Coyote

Mountains.

Folding in the Cenozoic Sedimenta. On the north side of Carrizo

Valley the sedimentar.v rocks dip homoclinally southwest to form

the onl}' completel.v exposed sequence of Cenozoic strata in Imperial

Valley. Southward from Carrizo Wash the structure is complex. In

the northwestern Coyote Mountains the sediments dip northwest. As
this range was elevated along the Elsinore fault on its .southwest

base, the Tertiary sediments on the south side of the fault are up-

ended and wrinkled into sharp folds that strike into it from the west,

indicating right lateral drag. The Imperial and Palm Spring forma-

tions, as exposed from the eastern Co.vote Mountains .southeastward

to Signal Mountain, are compressed into many open folds that gen-

erally trend and plunge nortlieastward. The folds arc more numerous

and complex adjacent to the Laguna Salada fault, where even the

older alluvium is locally deformed.

Regional Tectonics

The regional trend of the upturned metamorphie rocks is north-

west in the mountains bordering tlie Imperial Valley region, indi-

cating that prior to invasion of the plutonic rocks, the metamorphie



28 GEOLOGY OP THE NATURAL PROVINCES [Bull. 170

rocks were folded by a great re<;ional northeast-southwest com-

pressive stress.

The complex of basement rocks evidently reacted to late Cenozoic

stresses as a comparatively rifrid mass, except where it was rendered

semi-pliable by shearing along the major fault zones. The overlying

sedimentary fill, in contrast, reacted as a pliable cover. The strain

pattern in the Imperial Valley region is clearly defined. The primary

strain features are the northwest-trending high-angle faults de-

veloped along the San Andreas, San Jacinto, and Elsinore zones.

Movements along these faults are predominantly right lateral, with

relative southeastward displacements of the northeast blocks, and

vertical movements are local or only apparent. The secondary or

subsidiai-y strain features are: (1) the northeast-trending minor

faults with left lateral movements, probably formed by slight clock-

wise rotation of northeast-trending blocks that in turn was caused

by right lateral drag along the major northwest-trending faults

;

(2) northeast-trending normal faults; and (3) series of generally

east-trending folds developed en echelon in the sedimentary fill along

or near the major fault zones. This strain pattern in general is

similar to that of the Transverse Range belt of southern California,

except that thrust faults are not developed and the upended Ceno-

zoic strata are not overturned.

The primary overall .strain in the Imperial Valley region during

late Cenozoic time has been torsional in a clockwise direction. The
northeastern part of the region has moved southeastward relative

to the .southwestern part. This strain could result only from a gen-

eral northwest-southeast clockwise torsional stress.
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3. GEOLOGY OF THE PENINSULAR RANGE PROVINCE, SOUTHERN CALIFORNIA AND BAJA CALIFORNIA*

Bt Richard H. Jahns t

GENERAL FEATURES

The Ppiiinsular Raiitre province is a well-defined geolofric and phys-

iographi<' unit that occupies the southwestern corner of California

and extends southeastward to include the Baja California peninsula

(fig. 1). It is characterized by eloufrate ranges and valleys whose gen-

eral northwesterly trend is terminated abruptly on the north by the

east-west grain of the Transverse Ranges. The part of the province

that lies above sea level is approximately 900 miles long, 140 miles

in maximum width, and 55 miles in average width. An additional

large part is mainly submerged beneath the Pacific Ocean, and is rep-

resented by Santa Catalina, Santa Barbara, San Nicolas, and San

Cleraente Islands.

The higher parts of the province, which are underlain chiefly by

igneous and metamorphie rocks of pre-Cenozoic age, include the

Santa Ana, San Jacinto, Santa Rosa, Agua Tibia, and Laguna Moun-

tains in California, and the Sierra Juarez, Sierra San Pedro Martir,

and other ranges that form the "backbone" of Baja California (fig.

1). San Jacinto Peak, near the north end of the province, rises to an

altitude of 10,805 feet, and La Providencia Mountain, in northern

Baja California, reaches an altitude of 10,126 feet. These and other

high mountain masses occupy the northeastern and eastern parts of

the region, and are bounded from the adjoining Colorado Desert

region and the Gulf of California on the east by spectacidar scarps,

6,000 feet to more than 9,000 feet high, that bear a striking re.sem-

blance to the east face of the Sierra Nevada. Jlost of these scarps are

disposed en echelon, and mark the subparallel traces of major zones

of faulting.

The general topograph}- of the region becomes less rugged toward

the west and southwest, where it is characterized by remarkable com-

binations of subdued upland surfaces (figs. 4, 11), prominent ridges

and peaks (figs. 4, 8), longitudinal valleys that are in part fault-

controlled (fig. 11), numerous basins and broad, mature valleys (fig.

8), and some tortuous, very steep-walled canyons (fig. 6). Farther

west is an irregular coastal plain, a few hundred feet to as much as

30 miles wide, on which marine and flnviatile terraces are prom-

inently displayed (fig. 2). This plain is underlain chiefly by sedi-

mentary and volcanic rocks of late Mesozoic and Onozoic age, and
its surface is interrupted here and there by ridges and other pro-

jections of older, more resistant rocks.

• Contribution No. 663. Division of the Geological Science.^. California Institute of
Technology,

t Professor of Geology. California Institute of Technology.

The region as a whole presents an asymmetric transverse profile

whose relatively long and gentle westerly slope is considerably broken

in detail (fig. 3). Some of the major topographic irregularities are

ascribable to erosion along or adjacent to fault zones, and similar

fault-controlled irregularities evidently are present beneath the sea

floor on the continental borderland (Shepard and Emery, 1941 ). The

Los Angeles basin, at the northwestern end of the province, marks

a broad area of Cenozoic marine sedimentation. In many respects it

resembles basins that lie farther north, in the western part of the

Transverse Range province (see Bailey and Jahns, Contribution No.

6, this chapter), but its principal structural features have the char-

acteristic northwesterly trend of the Peninsular Ranges. The Desierto

de Santa Clara marks a somewhat similar basin in central Baja Cali-

fornia (fig. 1).

The province is one of great climatic contra.sts. Annual precipita-

tion ranges from only a few inches in the arid valleys and adjacent

slopes along its eastern margin to as much as 50 inches on some of

the highest mountain ranges. The .southern California coastal area

receives 11 to 18 inches of rainfall per year, but the amount decreases

southward to less than 5 inches along parts of the Baja California

coast. The climate ordinarily is mild in the northern coastal areas,

but elsewhere the ranges of temperature are greater, and locally are

extreme.

The pattern of vegetation in the region is highly varied, and repre-

.sentatives of nearly all the major life zones are present (see Bailey,

Contribution No. 2, Chapter I). Typical desert forms occur in the

lower interior areas, and are widespread in Baja California. In con-

trast, the highest mountain ranges are timbered, and park-like stands

of pine and cedar are present as far south as the crest of the Sierra

San Pedro Martir. Dense growths of brash cover many of the moun-

tain slopes (figs. 4, 7), and over large areas form such a serious ob-

stacle to travel on the ground that one frustrated investigator was

moved to write, "Where the steepness does not forbid the way, the

chaparral everywhere disputes it."

Except for the northern coastal areas, the region is siiarsi'ly popu-

lated, and large parts of Baja California are essentially uninhabited.

The geology of the pi'ovince as a whole has been investigated only in

reconnaissance, and detailed studies of modci-ately lai-ge areas have

been restricted to the portion that lies north of the international

boundary. The most general reports on large parts of the region are

those ofBeal (1948), Darton (1921), Ellis and Lee (1919), Fair-

(29)



30 GEOLOGY OF THE NATURAL PROVINCES [Bull. 170

Si

is



Chapt. II] PENINSULAR RANGE PROVINCE—JAHNS 31

banks (1893), Larsen (1948), Merrill (1914), Nelson (1922), Reed

(1933), Sauer (1929), Waring (1919), and Wisser (1954). The pub-

lished record includes numerous other contributions that deal with

specific areas, problems, or mineral deposits, and a sampling; of these

is provided in the list of references at the end of this paper.

Despite the present incompleteness of geologic data for the region

as a whole, it is possible to summarize the general nature and occur-

rence of rock types and major structural features within it, and to

outline the principal episodes of its geologic history. Many of the

features that bear critically upon this history are known only from

Baja California, and it is mainly for this reason that a brief treat-

ment of this large peninsula is included in the following pages.

THE GEOLOGIC SECTION

General Relations

The rocks of the Peninsular Range province, like those in many
other parts of southern California, can be readily grouped into two

major divisions that are everywhere separated by a profound uncon-

formity. Moderate to very great differences in lithology, structure,

and degree of metamorphism distinguish the rocks beneath this break

from those that lie above it, even though in .some areas the respective

rocks represent closely adjacent parts of the general geologic column.

The oldest rocks above the unconformity are marine strata of Upper
Cretaceous age. and the youngest rocks beneath it are plutojuc types

that are demonstrably intrusive into marine strata of Lower Creta-

ceous and earliest Upper Cretaceous age at .several localities in west-

ern Baja California.

The exposed rocks in the eastern and other mountainous parts of

the province are dominantly igneous, metasedimentary, and metavol-

canic types of Paleozoic and Mesozoic age (plate 3). Most abundant
among these members of the older sequence are gabbroie to granitic

plutonic rocks that constitute the great southern California batho-

lith. The metamorphic rocks and some other igneous rocks antedate

this batholith, and form a widespread but generally subordinate part

of the crystalline terrane.

The younger sequence comprises marine and nonmarine strata of

Upper Cretaceous, Tertiary, and Quaternary age, as well as volcanic

rocks of Tertiary and Quaternary age. Nearly all of the marine
strata are in the coastal parts of the province, where they are

dominantly elastic and form a fairly continuous apron, a few hun-
dred feet to a few thousand feet thick, that slopes gently in a sea-

ward direction. Despite its gross simplicity, however, the section

shows numerous complications of stratigraphy and structure. It

thickens enormously in the Los Angeles basin, where it amounts to

40,000 feet or more, as well as in at least two other large basins in

Baja California. These thick sequences are broken by major uncon-

formities, and paleontologic evidence suggests .some markedly con-

trasting environments of deposition. In several areas the strata have

been considerably warped and folded.

Marine incursion along the northeastern margin of the province

is represented mainly by remnants of Upper Tertiarv clastic strata

in the Imperial Valley area and adjacent parts of Baja California.

Other marine sections appear farther south, along the (lulf of Cali-

fornia.

Nonmarine strata, chiefly fluviatile in origin, are scattered

through the interior parts of the province, where they commonly are

preserved as the upper parts of structurally low fault blocks. Typi-

cal of these occurrences are interbedded clastic sediments, clay, and

lignite of Paleocene age in the Corona-Elsinore area and nearby

parts of the Santa Ana Mountains, and clastic sediments of late

Tertiary and Quaternary age in the Redlands-San Jacinto area

farther northeast (plate 3). A very thick section of dominantly

clastic nonmarine strata is widely exposed along the western margin

of the Coaehella and Imperial Valleys, where it apparently repre-

sents intermittent deposition since mid-Miocene time. Nonmarine
sedimentation in the coastal areas is recorded mainly by strata of

Paleocene to Miocene age. some of which are interbedded with

marine sediments.

Volcanic rocks of Miocene age are exposed in many parts of the

coastal area and along the western margin of the Imperial Valley,

and are widespread in central and southern Baja California. They
are mainly shallow intrusives, flows, and pyroclastic accumulations of

andesitie and basaltic composition. Younger basaltic rocks, of late

Tertiary and Quaternary age, form typical mesa cappings in the

Santa Ana and Santa Margarita Mountains, and are extensively

exposed in parts of Baja California.

Rocks Beneath the Great Unconformity

Older Sedimeyitary and Volcanic Hocks. The oldest exposed rocks

in the region are sedimentary strata and subordinate interlayered

volcanic rocks that have been mildly to severel.v metamorphosed. In

general they appear as small to very large inclusions, pendants, and

screens within or around masses of younger plutonic rocks, and
plainly are remnants of a very thick and once-extensive terrane that

was broken up and locally much deformed by widespread igneous

invasion.

This old terrane is exposed over large areas in the San Jacinto,

Santa Rosa, and Coyote Mountains, where quartzite, crystalline

limestone, phyllite, hornblende and mica schists, and quartz-feldspar

schists and gneisses may reach an aggregate thickness as great as
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Figure 3. Cross section of the Peninsular Range province from Del Mar to the north end of the Salton Sea.

22,000 feet. These rocks ma}- be in part correlative -with Paleozoic

strata of similar litholofry that are exposed in the northern part of

the San Bernardino Mountains, and possible fossil material that

further supifrests a Paleozoic age was obtaned by Jliller (1944, pp.
21-2.")) from localities a few miles southeast of Palm Springs. Similar

metamorphic rocks are widely distributed in areas to the west and
northwest (pi. 3), and "reasonably well-preserved" fossils of ap-

parent Mississippian age have been found in at least one locality a

short distance south of Winchester (Webb, 1939).

Farther west, in the Santa Ana, Elsinore, and Santa Margarita
Mountains, is a section of mildly metamorphosed strata, perhaps as

much as 20,000 feet thick, that is composed mainly of gray to brown-
ish argillite and slate, with subordinate feldspathic quartzite and a

few lenses of limestone and conglomerate. These rocks, termed the

Bedford Canyon formation by Larsen (1948, pp. 18-22), are sparsely

fo.ssiliferous and are generally regarded as Triassic in age. They are

overlain unconformabl.v by slightly metamorphosed agglomerates,

breccias, tuffs, and flows that range in composition from andesite to

latifc and quartz latite. These volcanic rocks, together with some
fine-grained argillaceous sedimentary rocks that are interlayered

with them, are known as the Santiago Peak volcanics (Larsen, 1948,

pp. 22-27), and also have been termed the Black Mountain volcanics

in areas to the south (M. A. Ilanna, 1926, pp. 19!l-204). They appear
to be many thousands of feet thick, and have been tentatively as-

signed to the Jurassic by most investigators. They are gray, greenish

gray, and reddish to purplish brown, and characteristically form
rough slopes with many ragged, irregular, dark-appearing cliffs.

The boundary between the Bedford Canyon formation and the

older rocks to the east has not been established precisely, as the

metamorphism of the younger rocks increases progressively in an
easterly direction from the type area in the Santa Ana Mountains,

and no pronounced lithologie break has been recognized. Larsen

(1948, pp. 17-18) postulates a fault between these major units in

the area south of Winchester (plate 3), but points out that rocks of

Paleozoic age probably are present in areas southwest of this contact.

Metasedimentary rocks also are widespread farther south in the

province, especially in the Agua Tibia and Laguna Mountains. Here
they are known mainly as the Julian schist (Merrill. 1914, pp. 638-

642; Hudson, 1922, pp. 182-190; Donnelly, 1935, pp. 337-340), and
consist of quartz-mica schist and feld.spathio to vitreous quartzite,

with minor amphibolite, quartz-mica-amphibole schist, metacon-

glomerate, and reerystallized limestone. The different rock types

commonly intergrade along and across the strike, and appear to

represent an original series of shallow-water sediments. Most of the

amphibole-bearing rocks evidently were derived from flows and tuffs

of intermediate to basic composition. It has been suggested by Pair-

banks (1893, pp. 82, 87), Hudson (1922, pp. 188-190), and others

that the Julian schist may correspond, at least in part, to the Triassic

section of the Sauta Ana Mountains, but this correlation should be

regarded as tentative. Some of the schist sequence nuiy well be of

Paleozoic age.

Similar metamorphic rocks are widespread in the northern half of

Baja California, where fine-grained schists are dominant. These

rocks, like the Julian schist, may well represent both Paleozoic and
lower Mesozoie sedimentation,

A distinctly different assemblage of mildly metamorphosed schists,

chert, limestone, and associated igneous rocks underlies much of the

western part of the province, where it is largely concealed beneath

the waters of the Pacific Ocean. These rocks are best exposed in the

Palos Verdes Hills, at the western margin of the Los Angeles basin,

and on several of the banks and islands offshore ; in Ba,ia California

(fig. 1) they have been noted from the Sierra Vizcaino (Beal, 1948,
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pp. .'!6-37'l, Cedros Island and several smaller islands to the north-

west (G. D. Hanna, 1925, 1927). and from the western niarp:in of

the Bay of Magdalena (Ilirsehi and De Quervain, 1933).

The most abnndant rock types are fine-grained chlorite-bearind

schists that eommonly contain epidote, aetinolite, mnsoovite, and

albite, and that are particularly distinguished by the pre.senee of

glaucophane and lawsonite. Bodies of metavolcanic rocks and altered

and metamorphosed intrusive rocks, chiefly serpentine and dioritie

to frabbroic types, are widespread. The rocks of this terrane may be

older than the metamorphic assemblage farther east, but it seems

more likely that the.v represent a southern extension of the Mesozoic

Franciscan group of California, as suggested by Beal (1948, pp.

107-108) and others.

Older Intruxive and Mir/matHic Rocks. Ilypabyssal intrusive

rocks that probably are related to the Santiago Peak volcanics

(Larsen, 1948, pp. 27-32) transect the Bedford Canyon formation

in the Santa Ana Mountains, in the area north of Elsinore Lake,

and in areas farther south. The.y are older than the more wide-

spread plntonic rocks of the southern California batholith, which

are described farther on. Together with the Santiago Peak volcanics,

these older intrusives oecup.v a north-northwestward trending belt

more than 80 miles long and 2 to 12 miles wide (plate 3). They arc

fine to medium grained, and include such rock types as gabbro,

gabbro porphyry, diabase, tonalite, granodiorite, and dacite, lafite,

and quartz latite porphyries. Most of them resemble the Santiago

Peak volcanics in general composition and degree of metamorphism.

In the eastern parts of the province are numerous irregular

plntonic masses, some of them very large, of tonalite and grano-

diorite that also antedate the rocks of the southern California

batholith. Most of these rocks have a well-defined gneissoid .struc-

ture, and many of them are extensively granulated and otherwise

deformed on a small scale. The Stonewall granodiorite (Hudson,

1922, pp. 191-193; Merriam, 1946, pp. 2-30-231; Everhart, 19.'51, pp.

61-64) is a widespread representative of this group in the Laguna
Mountains and adjacent areas, and the highly sheared and foliated

granodiorite that is prominentl.v exposed on the west side of Palm

Canyon, in the San Jacinto Mountains, is another characteristic type.

Similar rocks appear in many parts of the higher ranges in Baja

California.

The larger plutons commonl.v are in part bordered b.v broad zones

of injection gneiss, contact breccias, and other migraatitic rock

types. These mixed rocks plainly were derived from the older meta-

morphic rocks already described, and they underlie large areas in

the eastern ranges, both in California (Donnelly. 1934, pp. 337-340;

Merriam, 1946, pp. 231-232 ; Everhart, 1951, pp. 64-65) and northern

Baja California (Woodford and Harriss, 1938, pp. 1310-1313).

Tounyer Sedimentary and Volcanic Rocks. Fossiliferous strati-

fled rocks of Lower Cretaceous and early Upper Cretaceous age are

known from several areas in western and northwestern Baja Cali-

fornia, where they are separated from younger Upper Cretaceous

strata b.v a marked angular unconformity. They have been referred

to as the San Fernando formation (Beal, 1948, pp. 38-40) and the

Alistos formation (Santillan and Barrera, 1930), and consist of

shale, sandstone, conglomerate, and limestone with interlayered tuff

and other volcanic rocks of basic to intermediate composition. In

places they have been mildly metamorphosed, and the section has

been considerably folded.

These upper Mesozoic strata have been intruded by plntonic rocks

that may well be parts of the southern California batholith, and

hence they bear criticall.v upon the problem of dating this great

igneous mass. Farther east, in the Sierra San Pedro Martir, rocks

of the batholith are intrusive into the San Telmo formation, a thick

sequence of slate, phyllite, quartzite, metaconglomerate, and volcanic

rocks from which some fossils that "have a Mesozoic aspect" are

reported (Woodford and Harriss, 1938, pp. 1306-1310). This

sequence ma.v be in part a metamorphosed equivalent of the San

Fernando formation (Beal, 1948, p. 39), or it may be entirely older.

Rocks of the Southern California Batholith. A series of fine-

to coarse-grained intrusive rocks constitutes the very large and

complex batholith, termed the southern California batholith by

Larsen (1941), that underlies much of the Peninsular Range pro-

vince. It extends from the .lurupa :\Iountains, northwest of River-

side, to the southern tip of Baja California and points beyond, and

hence it probably is more than 1.000 miles long. It is in part con-

cealed by younger rocks, especially in Baja California, but appears

to be at least 50 miles in average breadth. It thus is even larger

than the Sierra Nevada batholith, and has the gross form of a

gigantic, steeply dipping dike. The northern part of this great mass

has become well known through the classic investigations of Larsen

(1948; see also the sinnmary in Contribution No. 3, Chapter VII,

this volume).

The batholith is internally complex, and comprises many separate

intrusive units, or plutons, that range in maximum outcrop dimen-

sion from a few hundred feet to several miles. Some of these are

separated by straight or curved septa and screens of older meta-

morphic rocks, whereas others are directly juxtaposed along contacts

that can be recognized only through detailed examination or can

be inferred from differences in composition or internal structure of

the plutons involved (fig. 5).
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The average composition of the entire batholith is in the tonalite

range, and tonalite is by far the most abundant single rock type.

Prom one pluton to another, however, the composition ranges from

gabbro to granite, and the succession of intrusions appears to have

been, with remarkably few exceptions, gabbro -^ basic tonalite —

>

tonalite -^ granodiorite —> quartz monzonite -^ granite. As pointed

out by Lar.sen (Contribution No. 3, Chapter VII), five major rock

types in the gabbro-to-granodiorite range constitute more than 90

percent of the exposed parts of the batholith in southern California,

and also form nearly all of the large intrusive units. Individual

rock types vary in composition and texture from place to place, but

in a broad way they are so uniform that they can be readily identi-

fied in widely separated areas. The gabbroic rocks are relatively

abundant in the western parts of the province, but are rare farther

east, where leucocratic tonalites and granodiorites are predominant.

Tabular inclusions are present in many of the tonalites and

granodiorites, and in places are so abundant that the rocks resemble

flow-layered breccias. Some of the plutons are bordered by hybrid

gneis.ses formed through inA-asion of the older metamorphie rocks by

igneous material. In general these gneisses are much less extensive

than the hybrid rocks that are related to the plutonic rocks of pre-

batholith age.

Dike rocks associated with the batholith are widespread, and

include leucogranite, pegmatite, aplite, diorite, microtonalite, and

porphyries of intermediate composition. Represented among the peg-

matitic intrusives are the famous gem-bearing dikes of Riverside

and San Diego Counties (Sehaller, 192.5; Jahns and Wright, 19.51;

Hanley, 1951 ; see also Contribution No. 5, Chapter VII).

The batholith probably is of early T'pper Cretaceous age. It is

believed by Larsen (1948, pp. 134-172; Contribution No. 3, Chapter

VII) to have been formed from a slowly differentiating parent

magma of gabbroic composition. Successive injections of this magma
and its differentiates probably accompanied episodes of local to re-

gional diastrophism. and yielded many large and relatively uniform

bodies of gabbroic to granodioritic rock, as well as smaller bodies of

rocks that represent a wider range of composition.

Mctamorphism. Most of the pre-batholith rocks in the western

I)art of the province have been only mildly metamorpho.sed, and they

represent the green.schist facies of Eskola. This mctamorphism is

uniform over very large areas, and does not appear to be related to

ma.sses of igneous rocks; it probably antedates the emplacement of

the .southern California batholith. To the west, the low-rank metamor-

phie rocks give way abruptly to wholly different Franciscan-like

schists and associated rocks that represent the glaucophane schist

fades. To the ca.st there is no such fundamental lithologic change,

and instead the degree of metamorphism gradually increases; the

slat.v and phyllitie rocks, for example, grade into muscovite- and

biotite-bearing schists.

The Paleozoic rocks in the eastern part of the province have been

moderately metamorphosed in a regional sen.se, and correspond to

the greenschist facies and the albite-epidote amphibolite facies.

Among the more widespread minerals are biotite, inuscovite, horn-

blende, garnet, and epidote. These rocks may have been metamor-

phosed prior to deposition of the Mesozoic rocks that later were

themselves metamorphosed, but no compelling evidence for this has

been recognized as yet.

Many of the rocks have been locally affected by contact metamor-

phism, especially where they occur as relatively thin inclusions and

screens in rocks of the southern California batholith. The commonest

products include feldspathic gneisses, hornfelses, tactite and other

varieties of reconstituted limestone, and foliated rocks that contain

garnet, amphibole, pyroxene, and sillimanite, either singly or in

some combination. Contact metamorphism of calcareous rocks is

especially well .shown around intrusive masses of gabbro and serpen-

tine in the Winchester area (Larsen, 1948, pp. 35-36), and around

masses of tonalite or other plutonic rocks at the famous mineral oc-

currences of the Crestmore area near Riverside (see Burnhani, Con-

tribution No. 7, Chapter VII) and at numerous other localities in

areas farther south (for example, Larsen, 1948, pp. 34-36; Fries and

Schmitter, 1945).

Rocks Above the Great Unconformity

I'pper Cretaceous Rocks. Clastic strata of ITpper Cretaceous age

rest unconformabl.v upon the Bedford Canyon formation and the

Santiago Peak volcanics in the Santa Ana Mountains. The section is

nearly 6,000 feet in maximum thickness, and at its base is 300 to

400 feet of coarse, prevailingly reddish nonmarine conglomerate, the

Trabuco formation of Packard (1916, p. 140). The remainder is

marine, consists of interbedded conglomerate, arkosic .sandstone, silt-

stone, and dark-colored shale, and in places is highly fossilifcrous

(Popenoe, 1941, 1942). In the Santa Monica Mountains to the west-

northwest. Upper Cretaceous strata of similar lithology are about

7,000 feet thick, and commonly have been referred to the Chieo

formation.

Strata that apparently corresiMind to the upper part of the Santa

Ana Mountains section are discontinuously exposed farther south

along the coast, where they are only a few hundred feet thick. They

are mainly sand.stone, sandy limestone, and .shale that is in part

carbonaceous, and locally are uiuierlain by redbeds that may be cor-

relative with the Trabuco formation (see Hertlein and Grant, Con-

tribution No. 4, this chapter). Still farther south, in coa.stal Raja



38 GEOLOGY OP THE NATURAL PROVINCES [Bull. 170

Z^i



Chapt. II] PENINSULAR RANGE PROVINCE—JAHNS 39

California. Upper Cretaceous conjrlomerates, sandstones, shales, and

coaly beds, known as the Rosario formation, rest with marked

anfrular unconformity upon older Cretaceous strata (Beal, 104fi, pp.

40-44). They are at least 2,r)00 feet in maximum thickness, and are

almost wholly marine. Paleontolofiic evidence sutrgests that the ex-

posed beds become youn^fer toward the south, but, aecordinfr to Beal

(1948, p. 44), no complete section has been observed at any one

locality.

Pah'occne and Eocene Rocks. Sedimentary rocks of Paleoeene and

Eocene age rest upon a widespread erosional surface of low relief

that was developed at the close of the Cretaceous period. Paleoeene

strata crop out in the Santa Ana Mountains, where they are about

1,400 feet in maximum thickness. They have been correlated by Eng-

lish (in2G, p. 19) with the JIartinez formation of areas far to the

northwest, and have been termed the Silverado formation by AVood-

ring and Popenoe (1945). They also appear in the Santa Monica

Mountains, and probably underlie a considerable area in the ea.stern

part of the Los Angeles basin (see Woodford, et al., Contribution

No. .5, this chapter).

The Silverado formation rests unconformably upon Upper Creta-

ceous strata, and consists of nonmarine basal conglomerate, an over-

lying section of arkosic sandstone, clay, and lignite, and an upper

section of marine .sandstone. To the east and northeast, in the struc-

turally complex area between Corona aiid Elsinore, Silverado strata

of similar lithology may be as much as 4,000 feet thick. Here they

rest mainly upon rocks of pre-Cretaceous age, and their base is

marked by a buff to reddish clay that in a few places appears to have

been derived in situ from the weathering of underlying igneous rocks.

Overlying the Silverado formation with apparent conformity are

Eocene strata that have been correlated with the Te.ion formation of

areas farther northwest (English. 1926, p. 21). Known as the San-

tiago formation (Woodring and Popenoe, 194.5), this seiiuence is

about 2,700 feet in maximum thickness and consists mainly of thin-

to massive-bedded sandstone with numerous lenses of siltstone and
conglomerate.

Marine beds of middle and late Eocene age extend southward in

the coastal part of the province as far as San Diego, where they are

known as the La Jolla formation (M. A. Hanna, 1926). They are

about 600 feet in maximum thickness, and are mostly sand.stone and

sandy shale whose lithology and contained fossils suggest deposition

in warm waters under lagoonal and near-shore conditions. Above this

formation is the Poway conglomerate (Ellis and Lee, 1919, pp. 67-

68), which is chiefly nonmarine pebble to boulder conglomerate with

irregularly interstratified marine sandstone. Vertebrate and inverte-

brate fossils obtained from this rather comjilex section indicate that it

is largely of early upper Eocene age (.see discussions in Hertlein and

Grant, Contribution No. 4, this chapter, and in Durham, et al.. Con-

tribution No. 7, Chapter III).

As much as 7,000 feet of Paleoeene and Eocene strata, termed the

Tepetate formation, appears in three general areas on the Pacific

slope of Ba.ia California (Beal. 1948. pp. 44-51). The section is

dominantly marine and almost wholly clastic. Sandstones, siltstones,

and .shales are most abinidant. and commonly are variegated. Much of

the formation appears to have been deposited under deltaic or other

near-shore conditions, and at least some of the remainder probably

is terrestrial. Scattered invertebrate fossils show relations to both

Pacific Coast and Caribbean faunas (Beal, 1948, pp. 49-51), and
indicate an age range from Paleoeene to late Eocene.

Oligocene (?) and Lower Miocene Rocks. The Oligocene appears

to have been an epoch of emergence in the Peninsvdar Range region,

and strata of this age are essentially restricted to the Santa Ana
Mountains and San Joaqtiin Hills. They are nonmarine. consist

mainly of variegated sandstone, siltstone, and conglomerate, and

appear to be correlative with the Sespe formation of the western

Transverse Range province. They have yielded no fossils, but proba-

bly range in age from late Eocene to earliest Miocene (Woodford,

et al., Contribution No. 5, this chapter).

These nonmarine beds lie upon the Santiago formation with ap-

parent conformity, and are in part overlain by. in part intertongued

with, gray to greenish gray and buff marine sandstone, conglomerate,

and siltstone of the Vaciueros formation. The Vaqueros strata have

yielded lower Miocene invertebrate fossils tliat suggest a shallow-

water environment (Loel and Corey. 1932. pp. 51-60). The maximum
combined thickness of the marine and underlying nonmarine units is

slightly more than 3,000 feet.

A redbed section about 300 feet thick has been reported from the

eastern, or gulf-coast, side of the Baja California peninsula by Beal

(1948, pp. 51-53), who regards the strata as probably Oligocene in

age. They lie beneath marine strata that may be equivalent to the

Vaqueros formation (Loel and Corey, 1932, p. 160).

Middle and Upper Miocene Rocks. Rocks of middle and upper

Miocene age are broadly distributed in the region, and represent

sequences of volcanism and widespread marine and terrestrial sedi-

mentation that are too complex to be detailed in this paper. In the

coastal part of southern California the section is dominantly marine,

and is best represented in the Los Angeles basin and adjacent areas

(see Woodford, et al.. Contribution No. 5, this chapter). It includes

the coarsely clastic, shallow-water deposits of the Topanga forma-

tion, which are 2.000 to 7.500 feet thick; the organic to cherty silt-
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stones and mudstones of the Monterey shale, which are about 4,200

feet in maximum thickness and represent deposition in both shallow

and deep waters; the sandstones and partly orfranie shales of the

Modelo formation, which are about 5.000 feet in maximum thickness;

and the dominantly clastic deposits of the Puente formation, about

11,000 feet in maximum thickness.

The Topanfja formation has been dated as middle Miocene, the

Monterey shale as mostly middle Miocene and partly upper Miocene,

and the Modelo and Puente formations as upper Miocene. Some of

these units are in part equivalent, and Modelo and Puente are names

applied to upper Miocene rocks of similar lithology in different areas.

LTnusual conditions of sedimentation south of the Los Angeles

basin are reflected by the San Onofre breccia (Woodford, 1925),

which consists mainly of fragments, many of them slabs 5 feet or

more long, of glaucophane schist and other rocks that are character-

istic of the metaraorphic terrane along the southwestern side of the

province. This unit is about 2,500 feet in maximum thickness, and is

thought to have been derived from a source that lay to the west,

beyond the present coastline.

Volcanic flows, tuifs, and breccias, mainly of andesitic composition,

are abundant in the middle Miocene section, and locally reach thick-

nesses of more than 3,000 feet. Most of these are described elsewhere

in this volume by Shelton (Contribution No. 4, Chapter Vll).

Widely scattered dikes and plugs of similar composition probably

are related to these rocks.

Miocene strata are absent from the coastal part of southern Cali-

fornia south of the Santa Ana Mountains, but they reappear farther

south in Baja California, where tliey have been divided into three

formations, the San Gregorio, Ysidro, and Commondu (Beal, 1948,

pp. 5;i-77). These units have an aggregate maximum thickness of

more than 6.500 feet. The San Gregorio and Ysidro formations are

marine, and consist mainly of diatomaceous, siliceous, and cla.v

shales, as well as sandstones, tuffs, and impure limestones. The Com-
mondu formation, which crops out over much of the southern half of

the peninsula, is a thick sequence of lavas, agglomerates, and tuffs

with intcrlayered clastic sediments of terrestrial origin.

Nonmarine strata of Miocene age are widely exposed along the

western margins of the Coachella and Imperial Valleys, where they

are about 2,800 feet in maximum thickness (see Dibblee, Contribu-

tion No. 2, this chapter). They comprise arkosic sand.stone, con-

glomerate, and breccia, and as much as 100 feet of bedded gypsum is

present at the top of the section in the northwestern part of the

Pish Creek Mountains. Volcanic breccias, tuffs, and flow rocks of

andesitic composition are exposed in several areas along the south-

western margin of the Imperial Valley.

FiGURF, 7. BouUler.v I'.xpuyurt'-s ul f;ruiioclioritt' near tlif wt-st end of the Aglia
Tiliia Mountains. The rock is t)ntken b.v two sets of steeply dipping joints, and
b.v a third set of joints that dip gentl.v from right to left.

Clastic nonmarine strata of probable Miocene age are exposed

locally in the area north of San Jacinto, and also appear beneath

andesitic volcanic rocks in the vicinity of Jacumba. near the inter-

national boundary.

Pliocene Rocks. Marine sedimentary rocks of Pliocene age are

largely confined to the coastal area. As exposed in the marginal parts

of the Los Angeles basin, they comprise siltstones. sandstones, and
conglomerates of the Repetto and Pico formations (Woodford, et al..

Contribution No. 5, this chapter), which are slightly more than (i.OOO

feet in maximum aggregate thickness. These rocks become somewhat

finer grained toward the central part of the basin, where they are

more than 10.000 feet thick; foraminiferal faunas indicate that much
of this section was deposited in deep water (see Natland and Roth-

well, Contribution No. 5, Chapter III).

Pliocene strata are widely exposed in the coa.stal areas to the south,

including both sides of the Baja California peninsula. They are 800

to about 3,500 feet thick, and consi.st chiefly of fine- to coarse-grained

elastic sediments that were deposited in shallow nnirine embayments.

In places they include bentonite, tutf, aiul agglomerate. This section

is known as the San Diego formation in southwestern California and

mainly as the Salada formation in Baja California.
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Nonmarine strata of Pliocene age are widely distributed in the

interior parts of the province. Fluviatile and lacustrine conglomer-

ate, arkosie sandstone, siltstone, and clay reach a maximum thickness

of at least 10,000 feet along and near the western margin of the

Coaehella and Imperial Valleys (fig. 8), and in parts of this area

they overlie a section of marine sandstones and siltstones as much
as 4,000 feet thick (Dibblee, Contribution No. 2, this chapter). The
marine strata, known as the Imperial formation, were deposited in

a shallow embayment that extended northward from the Gulf of

California during lower Pliocene time. They contain abundant ma-
rine fossils of tropical affinitifs (Durham, Contribution No. 4, Chap-
ter III).

Locally preserved in the area west of the San Jacinto Mountains

is as much as 7,000 feet of continental sandstones, siltstones, and
conglomerates, .some of which form typical redbed sequences. Known
as the Mount Eden and San Timoteo formations (Prick, 1921, 1933;

Eraser, 1931, pp. 511-514; Axelrod, 1937, 1950), these rocks have

been dated as middle Pliocene and upper Pliocene, respectively, on

the basis of plant and vertebrate fossils.

Quaternary Rocks. Marine sedimentation in many of the coastal

areas appears to have been es.sentially continuous from late Pliocene

into early Pleistocene time. The lower Pleistocene deposits, mainly

sands, .silts, and marls, generallj' grade inland into continental ac-

cumulations that correspond in age to fluviatile sediments laid down
in isolated basins still farther inland.

Submergence and intermittent emergence of the coastal areas dur-

ing later Pleistocene time led to development of extensive marine

terraces (fig. 2), mo.st of which are thinly veneered with marine

sediments that in turn are largely concealed by terrestrial deposits.

The well-known mid-Pleistocene orogeny of the southern California

region is attested by marked unconformities between the marine

eappings on some of the terraces and the underlying deformed strata

of earlier Pleistocene age. These and other relations within the Pleis-

tocene marine section have been studied with particular care in the

San Pedro area (Arnold, 1903; Woodring, Bramlette, and Kew,
1946).

Fluviatile and lacustrine .sedimentation during the Pleistocene

epoch is recorded in many interior parts of the province by masses

of coarse- to very fine-grained .sediments, some of which have yielded

vertebrate and plant fossils. These deposits include the Ocotillo con-

glomerate and Brawley formation of the Coaehella and Imperial

Valleys (Dibblee, Contribution No. 2, this chapter), the Bautista

beds of the San Jacinto River Valley and nearby areas (Prick, 1921,

pp. 283-288; Eraser, 1931, pp. 504-516, .536-537), the Temecula

arkose of the Elsinore-Teniecnla Vallc.v (Mann, 1951), and similar

.sediments in many parts of Ba.ia California. Gravels and sands that

are in part contemporaneous with these deposits, and also with some

of the coastal marine terrace deposits, form many of the largest

alluvial fans in the region (fig. 9). Some of these fossil fans have

been partly buried by younger alluvial material, whereas others have

been deeply trenched since Pleistocene time.

Widespread sediments of Recent age include marine and lagoonal

deposits in the coastal areas, alluvial-fan and flood-plain sands and
gravels in many of the valleys, lacustrine silts in the Imperial Valley

area, swamp and pond deposits in cienegas of the mountain areas,

and aeolian deposits that include prominent belts of dunes along the

coast and along the western margins of the Imperial and Coaehella

Valleys.

Volcanic rocks of probable Quaternary age appear as remnants of

flows in the Sa"nta Ana and Santa Margarita Mountains, and are

widespread in parts of Baja California (Beal, 1948, pp. 84-85;

Anderson, 1950, pp. 46-47). Mo.st are andesitic or basaltic in compo-

sition, and they occur typically as mesa eappings and as broad

aprons of lava in some valleys. Volcanic cones are present along

the east coast of Baja California, and some of them .show evidence

of Recent activity.

STRUCTURE
General Relations

In the broadest structural sen.se, the Peninsular Range province

can be regarded as an uplifted and westward tilted plateau that has

been broken into several large, subparallel blocks by ma.ior faults

(fig. 3). Some of these blocks consist of rocks that lie both above and
below the great Mesozoic unconformity, but most of them consist

almo.st wholly of rocks that represent the older sequence. The major

faults trend northwest, and many of the elongate blocks that they

define are segmented by cross faults. Some of the blocks have undu-

latory profiles that may be in part ascribable to transverse warping.

Most of the major faults appear to have been intermittently active

during large parts of Cenozoie time, and plainly have had a profound

influence on the distribution, thickness, and lithology of the younger

sedimentary rocks, as well as on the development of the various land-

forms. Adjacent fault blocks commonly have had distinctly different

histories, which has complicated the problems of stratigraphic cor-

relation and geomorphic interpretation in both onshore and off.shore

parts of the province.

Structural Features in the Older Rocks

The metamorphic rocks that antedate the southern California bath-

olith, although much deformed in detail, have a remarkably con-

sistent regional grain. In nearly all large areas of exposure they
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FlGlRF. 8. Aerial view norlh-northeastwarii across Borrego Valley toward the Santa Rosa Mountains, showinR sonrp of the San Jacinto fault at tar edge of valley fiat.

Beyond this, at successively higher levels, are scarps associated with the Clark and Santa Rosa faults. The badlands at the northern corner of Borrego Valley, immediately
beyond the shadow area, have been curved in terrestrial sedimentary rocks of Tertiary age. Pnrific Air Inditstrieg photo.
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trend iiortliwest to iiorth-iiorthwpst and dip steeply southwest or

moderately to steeply northeast. Other trends, however, are common

alon;,' or near many masses of plutonic reeks. The metamorphic ter-

rane has been so extensively interrupted by igneous intrusives and

so inueh divided into separate structural units by major faults that

lar<re-seale folds, if present, are diffieult to reeofjnize, and the section

in most areas is best regarded as homoelinal. Large folds in the older

rocks thus far have been traced only in parts of the Mesozoic section

in northwestern Baja California.

Bedding commonly is recognizable in the rocks of sedimentary

origin, and original flow structure is preserved in many of the meta-

voU-anic rocks. Foliation and sehistosity are broadly conformable

with these primary features, but transect them in the axial parts

of numerous .small folds. Ptygmatic folds are locally abundant in

the injection gneisses and other hybrid rocks.

Primary structural features of the plutonic rocks include miner-

alogic and textural layering, planar orientation of tabular minerals

and inclusions, linear alignment of elongate minerals and mineral

streaks or clots, and well-defined cets of joints. Most of these features

are related systematieall.v to the form—generally .steep-walled and

stock-like—of the individual intrusive masses in which they occur.

The patterns of inter.secting joints in some plutons of the southern

California batholith are very distinct, especially as viewed from the

air (fig. 6), and the exposed joint blocks commonly weather to

boulders of distintegration (Larsen, 1948, pp. 114-117) that are

prominent even on the more densely brush-covered slopes (fig. 7).

Younger joints, some more regional in their distribution and

others api)arcntly related to nearby major faults, also are present

in the batholith rocks. Pervasive shearing along fault zones has con-

verted both the igneous and metamorphic rocks into flaser gneisses

and large, tabular masses of mylonite in several areas.

Major Faults

The fundamental elements of Cenozoic structure in the pro\'ince

are the steeply dipping major faults that slice the older rocks into

northwest-trending blocks. Many of these breaks have remained

active to the present time, and hence transect the younger rocks as

well. The principal faults and fault zones in the northern part of

the province are shown iu plate 3. and include the Newport-Ingle-

wood, Norwalk, Whittier, Chino, Elsinore, Agua Tibia-Earthquake

Valley, Aguanga-Felipe, San Jacinto. Clark, and Santa Rosa. Sim-

ilar fault zones are present in the offshore area, and the province is

bounded on the north by the San Andreas fault and by east-trending

faults that form parts of the Transverse Range pattern. To the

south, in Baja California, the bold east faces of the Sierra Juarez

and Sierra San Pedro Martir arc the scarps of a major fault zone,

and other large faults lie beneath the waters of tlie Gulf of Cali-

fornia.

Some of the faults are well-defined single breaks, especially

where they cut rocks of Tertiary or Quaternary age. Most, however,

are zones of subparallel to broadly anastomosing breaks that separate

lenses and slices of profoimdly shattered to almost nndeformed rocks

(fig. 10). These fault-bounded masses range from slivers a few

feet thick to gigantic pinching-and-swelling slabs that are thousands

of feet in maximum thickness (fig. 11). Several of the major fault

zones show a ramifying pattern on a still larger scale, as in the

area southwest of the San Jacinto and Santa Rosa Mountains.

The individual breaks commonly are difficult to recognize where

they cut the younger sedimentary rocks, as on the floors of the Los

Angeles basin and the valley between Elsinore and Temecula.

Others, in contrast, are locally well exposed, and elsewhere are

plainly marked by scarplets, sag ponds, offset drainage lines, or

other features resulting from recent movement. Also observable along

man}' of the faults are unusual trends in the distribution of vegeta-

tion, numerous springs disposed in a linear pattern, sharp differences

in ground-water levels, and trenches, elongate ridges, anomalous

scarps and benches, and other features characteristic of fault-con-

trolled topography (figs. 4, 8, 9, 11).

Evidences of recent movement are especially well preserved along

parts of the San Jacinto, Clark, and Earthquake Valley faults, but

in general the most distinctive topographic evidences of faulting

appear to have resulted wholly from erosion along the fault zones.

Some segments of the major faults are concealed beneath very recent

accumulations of alluvium and other debris; much of the trace of

the Elsinore fault along the southwestern side of the Agua Tibia

Mountains, for example, has been buried by large masses of slope

wash and landslide material.

That displacements along several of the faults have been very

large is demonstrated by the juxtaposition of dissimilar masses of

older rocks and by measurable offsets in sections of the younger

rocks, and is further suggested by the occurrence of large scarps,

many of them parts of the present topography and others buried

beneath thick sections of Cenozoic rocks in some of the basins. The

Newport-Inglewood fault zone separates rocks that were wholly

unlike when they were formed, and that have undergone dissimilar

types of metamorphism (Woodford, et al.. Contribution No. 5, this

chapter). Although discontinuities of this fundamental type have not

been demonstrated along the Elsinore, San Jacinto, and other fault

zones to the east and southea.st, individual plutons and other mas.ses

of crystalline rocks cannot be correlated across these breaks within

specific small areas.
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FiGt'RE !). View northwestward over vnlley of the San Luis Rey River east of Pala, showing large alluvial fans of Pleistocene

age. These ronsist of material derived from the Agua Tibia Mountains, which are off the view at right. Hills at left and in distance

are underlain chieM.v Ii.v gatitiro ; note the rili-lilie projections of pegmatite diltes on several of these hills. The broad Iienc-h at the

upper rigbt-lnind corner of view nuirlts the position of the Elsinore fault zone. Pacific Air Itiduslries photo.
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The direction of net slip along most of the major faults probably

has been oblique, but not enough evidence is yet available precisely

to determine this direction, the amount of the slip, or the degree to

which reorientation of movement may have taken place during the

history of a given fault. Large dip-slip displacements are suggested

by vertical differences in the positions of corresponding rocks on

opposite sides of some faults, but many of these relations might be

as well explained in terms of dominantly strike-slip, or lateral,

movements. Scarps in alluvium and other Quaternary deposits testify

to a distinct vertical component of recent movements along the San

Jacinto fault zone, and the graben-like structure of the Elsinore-

Teraecula Valley (fig. 10) seems best explained in terms of a large

dip-slip comi)onent of movement along some faults in the Elsinore

system. A somewhat similar narrow graben appears to be present on

the floor of the Gulf of California between San Felipe and Santa

Rosalia (fig. 1).

Topographic evidence of recent strike-slip (right-lateral) move-

ment of the San Andreas type is widespread in the San Jacinto

fault system, and is present locally in the Elsinore system, as well.

Additional evidence appears in the form of offset fold axes, as well

as drag folding and wrinkling, in adjacent sedimentary rocks of

Cenozoic age, especially in areas along the western margin of the

Imperial Valley. As pointed out by Dibblee (Contribution No. 2,

this chapter), the series of east-trending drag folds and the numerous

northeast-trending faults that are present in some of the major

blocks between the Elsinore and San Jacinto fault zones may well

be subsidiary features in a strain pattern resulting from a general

northwest-southeast clockwise torsional .stress. Large-scale strike-

slip movements are suggested by the relative positions of several

apparently related masses of older rocks on opposite sides of the

major fault zones, but the evidence thus far obtained must be re-

garded as presumptive.

Some of the faults, like the Whittier, appear to have been active

mainly during late Cenozoic time, but most of them evidently are

parts of an extensive, deep-rooted sy.stem that probably was de-

veloped as long ago as late Mesozoic time. Where they cut strata

of Cenozoic age, as in the Los Angeles basin, they displace these

rocks less and less in progressively higher parts of the section, and

locally they die out upward into zones of folding.

Structural Features in the Younger Rocks

The thick sections of sedimentary rocks in the major basins have

been folded along axes that trend west-northwest to north-northwest.

Most of the large folds are open, but their flanks are complicated in

places by unconformities or by minor wrinkling. Their crests and

troughs are undulatorv. and several wcll-deflncd elongate domes

along two major lines of anticlinal folding in the Los Angeles basin

have been of particular significance in the accumulation of oil. Many
of the folds in this basin have cores of older crystalline rocks that

evidently were deformed along with the overlying sedimentary

strata ; some of these cores also may have been hills at the time when
deposition of the younger sediments began.

Most of the folding in the Los Angeles basin appears to be geneti-

cally related to nearby faults, and some of it plainly has resulted

from fault displacements at greater depths. As suggested by Fergu-

son and Willis (1024, pp. 579-581), the folds may be products of

right-lateral movements between buried blocks of "basement" rocks;

parts of these blocks, however, must also have been warped d\iring

the folding, as they are present as deformed cores in many anticlines.

The Tertiary rocks along the margins of the Imperial and Coachella

Valleys have been sharply folded where they lie adjacent to major

faults, and "basement" rocks also have participated in much of this

folding. Some of the largest folds in this area, however, are less

directly related to faults. A typical example is the southeastward

plunging anticline at the south end of the Santa Rosa Mountains,

where the sedimentary strata are wrapped around a broad nose of

much older crystalline rocks.

The Cenozoic rocks in the western part of Raja California occupy

a broad and very gentle syneline whose axis trends northwest and in

part lies offshore (Deal, 1948, pp. 91-92). A broad anticlinal uplift

is present along the Gulf of California in the .southeastern third of

the peninsula. Both of these folds are complicated by many open to

very tight folds of much smaller size, but no well-defined anticlines

and domes like those that are associated with faults in the Los An-

geles basin have been reported.

Episodes of deformation are recorded by numerous unconformities

in the Cenozoic section, particularly in and near the Los Angeles

basin. Paleocene deposits re.st upon a surface that truncates tilted

and locally folded strata of Upper Cretaceous age in the Santa Ana
Mountains, and in areas farther south Eocene deposits lie upon what

may be the same surface of low relief. Widespread erosion and local

deposition characterized much of Oligocene and early Miocene time,

and were interrupted in mid-Mioeene time by large-scale faidting

and uplift. Marked changes were made in the pattern of drainage

and in the sizes and shapes of sedimentary basins, and the dia.stro-

phism is reflected by nuijor unconformities that are especially

prominent along the margins of the sedimentary basins. Smaller

breaks in the section represent additional deformation in late Mio-

cene and Pliocene time.

The mid-Pleistocene orogeny is demonstrated by major uncon-

formities in the coa.stal areas, and in some of the nonmarine interior
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basins, as well. This episode of deformation evidently has continued

to the present time, as su<rgested in many areas by recent warpinfr

and b.v recent displacements alonir faults. Continuing development

of numerous anticlinal folds in the Los Angeles basin has led to

remarkably faithful surface expression of their structure, and very

young alluvium is involved in some of this folding.

GEOMORPHOLOGY

General Features of the Block Units

Many features of the present landscape in the Peninsular Range
region were initially defined during the widespread mid-Pleistocene

orogeny, and have been subsequently modified only in detail. Others,

in contrast, may have been exhumed from beneath a protective cover

of 3'ounger sedimentary rocks, and hence may be much older. Re-

gardless of the details of their respective histories, all of these

features are related in a fundamental way to the histories of fault-

bounded blocks.

The form of the uplifted blocks has been developed in its present

detail mainly by erosion, the effects of which have been controlled

in many places by the lithology and structure of the rocks involved.

In addition, transverse warping may have been responsible for broad

differences of present topography within some blocks, as in the San
Jacinto, Santa Rosa, and Agua Tibia Mountains. Deposition on the

uplifted blocks during Quaternary time has been essentially re-

stricted to local basins, some of which have been downwarped or

downfaulted ; to the larger canyons and valleys, where erosional

terraces have been veneered with coarse sediments; and to the

margins of the blocks, where aprons of alluvial material have ac-

cumulated.

The relatively depressed blocks are largely mantled by alluvial

fill and local lacustrine deposits. Some also contain sections of older

nonmarine deposits, and hence must have been lowland blocks in

pre-Quaternary time. Others, like those that form the Hoor of the

Los Angeles basin, were low enough to be covered by considerable

thicknesses of marine strata who.se lithology and structure reflect

numerous episodes of deformation. Similar complications in the his-

tories of blocks that now are high are suggested b.v local remnants

of pre-Q\iaternary sedimentary strata that have been preserved on

their surfaces.

Erosion Surfaces

Broad surfaces of low relief, interrupted here and there by hills

and ridges, are present in many of the highland areas (fig. 11). and
appear at altitudes ranging from 1,200 feet near the coast to 6,000

feet or more in the San Jacinto Mountains, Laguna Mountains, and
parts of northern Ba.ia California. They have been developed mainly

on the pre-Cenozoic terrane of crystalline rocks, and are character-

ized by discontinuous but locally thick mantles of soil and weathered

rock.

These surfaces have been interpreted as remnants of a single,

once-extensive peneplain, commonly known as the southern Cali-

fornia peneplain, by Fairbanks (1903), Dickerson (1914, pp. 259-

260), Ellis and Lee (1919, pp. .37, 48-49), English (1926, p. 64),

Miller (1935), Gale (1932, p. 2), and others. The positions of the

surfaces at various levels have been attributed to dislocation of the

peneplain by block faulting during Quaternary time. Sauer (1929),

in contrast, has concluded that the typical surfaces of low relief were

formed independently at different levels, and that each specifically

reflects the history of the block on which it appears.

Some of the surfaces may be exhumed features that were origi-

nally formed in pre-Quaternar}' time, as suggested by Dudley (1936)

and others, and hence they may be older than some nearby surfaces

that lie at higher altitudes. Larsen (1948, pp. 12-13), however, has

presented evidence against this argument in at least one large area.

If truly exhumed, at least some of these older surfaces might be

correlative with the surface exposed beneath Paleoeene and Eocene
rocks in areas nearer the coast.

Several of the surfaces may have been warped during Quaternary

time. That many of them have been offset along faidts seems proba-

•ble, particularl.v in areas where the implied vertical displacements

are compatible with displacements of nearby upper Tertiary and
Quaternary rocks. On the other hand, it seems unwise to postulate

faults solely on the basis of geomorphic evidence, in order to ac-

count for the discordance of presumedly correlative surfaces. Miller

(1935), for example, has inferred an impressive mosaic of such

faults for a large part of the province, but detailed mapping of the

bedrock in several areas has convinced the writer that most of these

faults do not exist. Everhart (1951, p. 97) has reached a similar

conclusion on the basis of mapping in the Cuyamaca Peak quad-

rangle. It seems clear that the origin of the erosion surfaces cannot

be established in advance of careful geologic mapping, structural

analysis, and consideration of all factors that affect the erosion of

the rock types involved. The work of Larsen (1948, pp. 5-15) consti-

tutes a realistic approach to the problem.

Terraces

Terraces are present along many of the streams, and their number,

extent, and elevations above present stream level vary from one block

to another. They are j'ounger than the erosion surfaces described

above, but appear to be in part contemporaneous with some of the

marine terraces along the coast.
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As many as 13 to 22 marine terraces, some of them warped or

otherwise deformed, are present along parts of the coast, and the

highest ones are about 1,300 feet above sea level in southern Cali-

fornia and nearly 2,000 feet above sea level in Baja California. They

have been described by Ellis and Lee (1919, pp. 25-30), M. A.

Hanna (1926, pp. 192-198), Woodring, Bramlette, and Kew (1946,

pp. 113-118), Beal (1948, pp. 28-33), and many other investigators.

They demonstrate considerable submergence of the coastal areas dur-

ing late Pleistocene time, but present many problems of origin and
correlation that remain to be solved.

Drainage Anomalies

Among the anomalous features of drainage in the region are con-

vex stream profiles and abrupt changes in gradient that are not

related to differences in the rocks traversed, unusual drainage pat-

terns that feature numerous right-angle bends (fig. 6), hillside

swamps and ponds, sag ponds and graben lakes, and offset streams

(fig. 11). These are related mainly to the distribution and history

of faulting, and have been discussed by Sauer (1929), Larsen (1948,

pp. 5-15), and others. Evidence of stream capture is widespread, and

capture of numerous other streams seems to be imminent.

Several streams that flow across the Los Angeles basin have cut

downward through structural blocks that have risen during Quater-

nary time (see Woodford, et al., Contribution No. 5, this chapter).

The Santa Ana River may well be similarly antecedent to the uplift

of the Santa Ana Mountains, and San Felipe Creek probably is

antecedent to two large uplifted ridges that are bounded by the

Earthquake Valley and Felipe faults south of Borrego Valley. Many
other streams whose courses lie athwart the trend of the major fault

zones may also have cut downward through rising blocks, but in

mo.st instances this cannot be proved. Some anticlines in the Los An-

geles basin evidently have risen so rapidly during late Quaternary

time that none of the preexisting streams could breach them. On a

much larger scale, rapid uplift of the Santa Ana Mountains along

the Elsinore fault system evidently blocked the San Jacinto River

from a former westerly course across the range, and diverted the

drainage to northwest and southeast lines.

NATURAL RESOURCES

Soil, water, and petroleum are by far the most important natural

resources in the California portion of the Peninsular Range prov-

ince. The soil-water combination of course sustains the extensive

agricultural development of the region, and irrigation in many areas

imposes heavy demands on both surface-water and ground-water

supplies. Domestic and indu.strial requirements also are very, large,

especially in the area centering about Los Angeles and in coastal

areas to the south. The occurrence of water reflects, both directly and

indirectly, the structural history of the region, particularly as it has

governed the formation of ground-water basins. Many of the faults

control the distribution of ground-water in detail, and numerous

springs are present along some of these breaks.

Solar evaporation of sea water yields commercial salt and calcium

chloride in the San Diego area, and iodine is recovered from oil-well

brines in the Los Angeles area.

The Los Angeles basin contains enormous quantities of petrole\nn,

chiefly in strata of Miocene and Pliocene age, and it is one of the

major oil-producing areas of the United States. The occurrences of

oil and gas in this basin are discussed in Chapter IX of this volume.

Despite considerable search, areas elsewhere in the province have

yielded no significant production of petroleum as v-et, but there may
well be hope for new discoveries in some areas (see, for example,

Beal, 1948, pp. 120-133).

Rocks of Cenozoic age are of considerable economic importance in

this region. Impressive quantities of sand and gravel, used mainly

for construction purposes, are obtained from Quaternary deposits in

the vicinity of Los Angeles, San Bernardino, San Diego, and other

centers of population. Beds of late Tertiary and Quaternary age

yield lesser amounts of brick clays, foundry sands, and non-.swelling

bentonite in several of these areas, and beach and dune deposits yield

various sands for specialty uses. Commercial quantities of grinding

pebbles, mainly metamorphosed volcanic rocks, have been obtained

from several beaches between Oceanside and San Diego.

In the Corona-Elsinore area, strata of Paleocene age are worked

for glass sand and high-grade fire clay (Sutherland, 1935), and once

were worked sporadically for lignite and sub-bituminous coal of low

grade. Similar strata yield china clay in the northern part of the

Santa Ana ilountains.

Diatomite is mined on a large scale from upper Miocene marine

beds in the Palos Verdes Hills (Woodring, Bramlette, and Kew,

1946, pp. 33-35, 119-120). The largest gypsum mine in the State has

been developed in a bedded deposit of probable late Miocene age in

the Pish Creek Mountains southeast of Borrego Valley (see Ver

Planck, Contribution No. 1. Chapter VIII), and small amounts of

gypsite have been mined near Corona. Cclestite also has been ob-

tained commercially from a deposit in the Fish Creek Mountains.

Deposits of sulfur are present along the eastern margin of the prov-

ince, especially in Baja California, where they commonly are associ-

ated with gypsum and appear to have been developed in part

through fumarolic and solfatarie action. Calcite of optical grade

occurs as pockets and fissure fillings in Tertiary sand.stone at several

localities near the south end of the Santa Rosa Mountains.
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Granitic and frabbroic rocks of the southern California batholith

have been quarried for dimension stone, agr^regate, or riprap in

many places (Larsen, 1948, p. 129; Hoppin and Norman, 1950; Mae-

Kevett, 1951). Numerous bodies of pegmatite have yielded com-

mercial quantities of feldspar, quartz, and gem minerals, and a few

have been worked for lithium minerals, mica, radio-grade quartz, or

other materials (see Jahns, Contribution No. 5, Chapter VII). Bodies

of altered ultrabasic rocks have yielded small quantities of amphibole

a.sbestos in the San Jacinto Mountains, and magnesite in an area

south of Winchester (Hess, 1908; Gale, 1914).

Recrystallized limestone of pre-batholith age is quarried on a large

scale in the Jurupa Mountains, northwest of Riverside, where it

serves a major part of the Portland cement industry of southern

California. Large reserves of limestone occur elsewhere in the region,

especially in the Santa Rosa Mountains and along the northern

margin of the San Jacinto Mountains. Metamorphosed volcanic and
intrusive rocks are quarried for roofing granules near Corona, and

altered volcanic rocks yield pyrophyllite in the costal area southwest

of Escondido (Jahns and Lance, 1950).

Among the metals, gold has been economically the most important

in the California portion of the province. A substantial aggregate

production has been obtained, chiefly prior to 1910, from many small

to moderately large vein deposits in the Julian district (Donnelly,

1935), the Perris area (Sampson, 19.35), the Santa Ana Mountains
(Fairbanks, 1893, pp. 114-117; Lar.sen, 1948, pp. 131-132), and other

areas where crystalline rocks of pre-Cenozoic age are exposed. Some
placer gold also has been won from Recent stream gravels and from
patches of reddish, coarse, well-cemented gravels of probable Eocene

age.

Associated with bodies of gabbroic rocks in the Julian district are

massive s\ilfides that are moderately nickeliferous (Creasey, 1946),

and smaller deposits of this type are present in the Santa Ana
Mountains. Much mining has been done in scattered vein deposits

of lead, zinc, and some copi)er that occur in the metamorphic rocks

of the Santa Ana Mountains, and one load-zinc deposit on Santa
Catalina Island also has been worked commercially. Several tungsten

deposits of contact-metamorphic origin have been worked in the

Laguna Mountains and other areas in San Diego County. Of periodic

interest but much less economic significance are the cassiterite-

bearing quartz-tourmaline veins in the Temeseal district southwest

of Riverside (Sampson, 1935, pp. 515-518), molybdenite-bearing

aplite dikes at several localities in Riverside and San Diego Counties,

and numerous bodies of pegmatite that contain traces of uranium-,

thorium-, and rare-earth-bearing minerals.

A summary description of ore deposits in Baja California recently

has been provided by Wisser (1954), and need not be repeated here.

The occurrences of principal interest are numerous gold-quartz veins

of late Mesozoic age, and some placer accumulations derived from
them ; base-metal vein deposits of probable Tertiary age in the Sierra

Victoria; manganese and copper deposits in sedimentary and vol-

canic rocks of Tertiary age along the Gulf of California (Touwaide,

1930; Wilson, 1948; Wilson and Ve.vtia, 1949; Noble, 1950); and
tungsten deposits of contaet-metamorphic origin in the Sierra Juarez
(Fries and Schmitter, 1945).
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4. GEOLOGY OF THE OCEANSIDE-SAN DIEGO COASTAL AREA, SOUTHERN CALIFORNIA

Bv Leo George Hehtlein • and u. S. Grant +

INTRODUCTION In the southern part of the area, the terraces increase in altitude

A brief summary of the stratigraphy, structure, and general as the Mexican boundary is approached. The lower terraces rise

geology of the Oceanside-San Diego coastal area, in the extreme slightly as the La Jolla-Soledad Mountain block is approached from

southwestern part of California, is presented in this paper. Funda- the south, and the Linda Vista terrace is poorly developed or is not

mentally, this area forms a segment of a narrow coastal plain, but recognizable on portions of Soledad Mountain (fig. 1).

many geologists have grouped it, for convenience, with the Penin- The Poway, or highest broad terrace, is now eroded away over

sular Ranges, which adjoin it on the east. The geologic map (fig. 1) much of its former extent, but it is typically developed and well

shows the southern part of the area discussed in the following preserved in the area between Cowles Mountain and Twin Peak.

paragraphs. It was cut on pre-Tertiary igneous and metamorphic rocks east of

Thl- visitor familiar with the geology and physiography of the the area discussed in the present report. This terrace may have been

Los Angeles region will at once notice four striking features that developed during Pliocene time. Traces of other terraces at points

distinguish the Oceanside-San Diego area. The.se are (1) the mesa- as high as 1,300 feet were recorded by Hanna (1026) from Cowles

land topography (fig. 2), (2) the thin sedimentary cover that lies Mountain. In the Peninsular Ranges farther east, the physiographic

upon older "basement" rocks, (3) the complete ab.sence of Oligoeene relations suggest that an old-age land surface with numerous monad-

and Miocene sediments, and (4) the comparatively slight structural nocks was rejuvenated in late Cenozoic time.

deformation of beds that are Upper Cretaceous or younger. The Linda Vista terrace, 300 to 500 feet in altitude (fig. 3), was

The writers have studied the southern part of the present area recognized by Ellis and Lee (1919). It was reported to extend from

in considerable detail and the results of these investigations were Poway Mesa to Soledad Mountain, and to represent a northern exten-

publi.shed in 1944. On the other hand, their investigations of the sion of the Otay terrace that is so well developed in the southern

Oceanside di.striet to the north have been of a reconnaissance nature, portion of this area. Likewise, the La Jolla terrace, which is 25 to

and the excellent papers of Hanna (1926, 1927) have provided most 200 feet in altitude and is well developed at and south of La Jolla

of the detailed data for this part of the area. (fi?- 4), perhaps may correspond to the Chula Vista terrace south

of San Diego. Remnants of ancient beach ridges and abundant small,
PHYSIOGRAPHY -

reddish-brown cemented sand concretions are interesting features on
The land surface of the Oceanside-San Diego area represents, in

jj^g Linda Vista terrace,
the main, a series of marine wave-cut terraces that have been carved Several flat-bottomed, alluvium-filled valleys in this region are
into gently dipping conglomerates, sandstones, siltstones, and shales important agricultural assets. Among the larger of these are Poway
of Cretaceous, Eocene, and Pliocene age. These terraces can be sum- Valley and El Cajon Valley, which lie at altitudes of 400 to 600 feet,

marized as follows: rpj^^ streams draining these valleys are entrenched as a result of

Chiefly north of the .S'an Diego River Uplift. According to Ilanna (1926), the.se valleys resulted from ero-

Tfrraee ^ 'spn lerel ^'"^ along the contact between old rocks and conglomerates that

Pow.iy terrncp 900-1.200 ft. underlie the Poway terrace.

Lind.T Vista terrace 300-.")00 ft. An interesting feature of the Otay terrace surface is the occur-
La Jolla terrace „i--00 ft.

rence there of prairie mounds. These mounds may have been formed
Chiefly south of the i^nrt Dirgo Ttirer as a result of an earlier plant cover, combined with effects of defla-

Eleration above ^ion and deposition bv the wind. Their origin was discussed by the
Terrace nea level . • i n < i

Ota.v terrace 4.30-r.2.'-. ft.
present authors in 1944.

Siili-Otay terrace 42."i ft. (npprox.) The Silver Strand along the southwest side of San Diego Bay,
Avon.lale terrace

r""'r5n II' and Mission Beach along the west side of Mission Bay (False Bay),
rtiuin \ i.sta terrace lOO-l.SO ft. 7 . , ,

Nestor terrace 2.')-100 ft. are shoreline accumulations of materials that have been brought to

Tijuana terrace 20-110 ft. 'Associate Curator. Department of Geology, rallfnrnla Academy of Sciences.
Modern coastal flats 0-20 ft. t Professor of Geology, University of California. l»s Angelea.

(53)
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the coast by streams and then were shifted along the shore by evir-

rents and waves. Bay Point (Crown Point) may have been built in

a maimer similar to that of the llission Beaeh sand spit, or perhaps

it represents the wave-built portion of the La Jolla terrace.

Rainfall in this region is light, averaging only about 10 inches

annually, and it occurs chiefly between October and April. The

drainage is all westward. The San Dieguito River and Soledad Creek.

in the northern portion of the area, reach the Ocean through partly

submerged valleys. The largest stream, the San Diego River, now
empties into Mission Bay, but during earlier times it occasionally

flowed into San Diego Bay. Its deltaic deposits form the lowland

between Point Loma and Old Town (fig. 1). Smaller, intermittent

streams flow in Sweetwater Valley, Otay Valley, Tijuana Valley, and

other minor valleys. All these streams are practically at grade in the

mesa lands area.

The presence of lagoons and low, marshy delta.s at the mouths of

streams such as the San Dieguito River is evidence of rather recent

subsidence in the northern part of the area under discussion. Con-

struction of dams and establishment of reservoirs on the ma.jor

streams have reduced flow in their lower courses to comparatively

small amounts except during years of exceptional precipitation, but

there is much historic evidence of former great floods.

PRE-TERTIARY IGNEOUS AND METAMORPHIC ROCKS

The oldest rocks in this area are the Black Mountain voleanics and
metamorphics (also known as the Santiago Peak series), which are

exposed in the foothills east of the Tertiary sedimentary belt. This

series consists mainly of dark-colored intrusive and effusive rocks of

basic and intermediate composition, and includes andesitic and

trachytic flows, agglomerates, tuffs, and metamorpho.sed conglomer-

ates, sandstones, and shales. Quartzite and fissile shales are present

in the eastern portion of the La Jolla quadrangle. The (cretaceous

and younger sediments were deposited upon a "basement" of these

older rocks.

The Black Mountain volcanic and metasedimentary rocks have

been intruded by plutonic rocks such as quartz diorite and biotite

granite. These may be parts of the southern California batholith,

and hence may be of Cretaceous age. They are plainly older than the

Cretaceous sedimentary rocks in the area, however. Roof pendants

of the older reeks occur within the intrusives at various localities.

Xo fossils have been found in the Black Mountain series, but simi-

lar rocks in the Santa Ana Mountains to the north are underlain by

fossiliferous rocks that are believed to be of Triassic age. These old

rocks are very resistant to erosion, and commonly stand out as peaks

and ridges in the eastern parts of the area. Hanna reports the thick-

ness of the Black Mountain series to be more than 2,000 feet. Esti-

mates of thickness must be approximate, as the attitude of layering

and foliation in these rocks varies considerably from place to place.

The structure is even less discernible to the south. Sweetwater Dam,
about 10 miles east of San Diego, and Hodges Dam, on the San

Dieguito River, are located on these rocks.

The quartz diorite is well exposed in the higher areas east of

Black Mountains, as well as east of La Mesa at Grossmont. This

rock contains about 40 percent quartz and 20 percent biotite, and

most of the remainder is sodic plagioclase. Pegmatite and aplite

dikes extend from the masses of quartz diorite into older i-ocks that

flank these masses.

Gabbro is exposed in three small areas within the La Jolla quad-

rangle. The largest of these is west of Black Mountain. A smaller

one, involving more basic gabbro, lies at the eastern end of the south

branch of Poway Valley, near the eastern margin of the La Jolla

quadrangle. The third area also is small, and lies near the head of

Shepherd Canvon, in the east-central part of the quadrangle. Hanna
(1926) identified the rock in this area as a gabbro or basic diorite.

Some specimens contain .50 to 60 percent of oligoclase-andesine

feldspar. Quartz is absent from parts of the rock, but in other parts,

it is present to the extent of as much as 10 percent. The contact be-

tween the gabbro and the quartz diorite has not been observed, but

Hanna (192(i) believed the gabbro to be younger than the diorite.

A basalt dike 2 feet to 30 feet wide cuts Eocene rocks along the

seashore about i mile north of Scripps Institution of (Oceanography.

A greenstone dike has been reported from an area along the south-

east side of Point Loma, where it apparently intrudes Cretaceous

rocks.

SEDIMENTARY ROCKS

L'nmetamorphosed Cretaceous, Eocene, Pliocene, and Pleistocene

sedimentary rocks form a section whose estimated maximum thick-

ness is less than 4,000 feet. All these rocks were deposited in com-

paratively shallow water, and for the most part have experienced

but slight deformation. They are chiefly sandstones, siltstones, and

shales; minor amounts of conglomerate also are present. A columnar

section of these rocks is presented in figure 5.

Cretaceous Rocks. Cretaceous sedimentary rocks are exposed only

in narrow zones along the west shore of Point Loma and along the

shore farther north, in the vicinity of La Jolla (figs. 1, 4) ; in the

core of an anticline on Soledad Mountain (fig. 6) ; and in an area,

perhaps 2 or 3 square miles in extent, that lies about 5 miles south-

east of Carlsbad. The maximum thickness of this section is unknown,

but it is believed to be about 500 feet at most localities. These rocks

apparently lie upon the eroded surface of the Black Mountain series.
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Fioi'BK 2. Air view cnstwnrd ovpr Snii DieB" Mesa from n point ahovc south side of Mission Vnlle.v. Note the steep-sided. V-shnped younR tributaries

of MisaioD Valley, the flat-topped mesa, and the IVninsuIar RanRes of crystalline rocks in the distance. The obscure Eocene-Pliocene contact is ovpnspd on

the canyon slopes. Air Photo by Spence, February ^I. JH.tl.
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However, at a locality about 6 miles south of San Diego, a drilled

well penetrated 269 feet of "red beds" that are above the Blaek

I\louiitain series and below the marine sedimentary rocks of Creta-

ceous age. These "red beds" have been referred to the Trabuco

formation of the Santa Ana Mountains where beds of similar lith-

olotry are believed to be of nonmarine origin.

The marine Cretaceous rocks are massive to well bedded, brown

to gray, well cemented sandstones and tine-bedded shales tliat are in

part carbonaceous and locally are concretionary (fijr. 4). In these

sediments are such fossil Foraminifera and mollusks as Guaclryina

oj-i/cona Reuss, Globofruncana obtiisa Cushman, Acila demcssa Fin-

lay, CoraUiocliama orcutti White, \eomodon i<ancouvere7isis Whit-

eaves, Oligoptycha obliqua Gabb, Baculites fairbanksi Anderson,

Ilamites vancoiiverensis Meek, and ParapachydiscMS catarinae

Hanna & Anderson, which indicate Campanian. upper Senonian,

Upper Cretaceous age. CoraUiocliama orcutfi White was collected

by Frank Stephens and others from Cretaceous sediments, about

100 feet thick, that are exposed southeast of Carlsbad. There shale

with some thin layers of sandy limestone are present over an area of

about 2 or 3 square miles, where they dip about 3° NW and lie un-

conformably upon crystalline "basement" rocks. Foraminifera from

tliose rocks have been described by Bandy (1951). A characteristic

Campanian, Upper Cretaceous foraminifer, Globotruncana area

Cushman, is reported to occur abundantly in the fauual assemblage.

Beds containing a Cretaceous fauna similar to that of the San

Diego region occur at Gualala, middle California, in the Coalinga

district, and at Todos Santos Bay, in Baja California, Mexico. On
Point Loma, the carbonaceous character of these beds once led to

tlie sinking of a shaft in .search for coal, and some deposits of coal

were reported many years ago from points near Del Mar.

Eocene Rocks. Eocene rocks are represented in this area by the

La Jolla formation and Poway conglomerate, whose combined thick-

ness is about 1,57.5 feet. These rocks are believed to be middle Eocene

or early upper Eocene in age.

The La Jolla formation is made up of three members. The lowest,

which lies unconformably upon Cretaceous beds, is the Delmar sand,

100 feet in thickness. It occurs only along the coast north of La

Jolla, and is well exposed in the sea cliffs and near the town of Del

Mar (fig. 3). It is composed of greenish, gray, purple, and reddish

sands and sandy shale. Some beds contain fossil mollusks such as

Ostrea idriaensis Gabb, Potamides carbonicola Cooper, and Uniof

torreyensis M. A. Ilanna, which suggests that they were deposited

in shallow brackish water. The Delmar sandstone may correspond to

some portion of the Capay formation.

The Torrey sand, 20 feet to 200 feet in thickness, conformably

overlies the Delmar sand in some places, and lies directly upon the

Blaek Mountain volcanics in others. This unit is well exposed in the

bluffs along the Torrey Pines grade (fig. 3), and it can be seen as

erosional remnants high on the hillsides in the general vicinity of

the mouth of Soledad Canyon south of Del Mar. The beds are com-

posed of coarse-grained sand that commonl.v is cross-bedded, and are

white or locally reddish in coloration. Marine fossils have been

found in them, almo.st all the species of which also occur in the

overlying Rose Canyon shale. It seems quite possible that the Torrey

sand reflects approximately the same type of geologic events as those

suggested by the Eocene lone formation in tlie foothills of the Sii-rra

Nevada, farther north in the State. It probably was deposited in a

lagoonal and near-shore environment during a period of humid,

semi-tropical climate.

The Rose Canyon shale, 300 feet thick, lies conformably upon the

Torrey sand over much of the La Jolla quadrangle. In places it rests

directly upon the Black Mountain volcanics, or upon Cretaceous

sedimentary rocks. It is composed mainl.v of gray to brownish shales

and silty mudstones, with minor amounts of conglomerate and a few

thin beds of poorly stratified limestone. It contains characteristic

marine Eocene fossils such as Dixcocycliiia clopfoni Vaughan, Flabel-

luni sandiegoensis M. A. Ilanna, Acila decisa Conrad, Crassatellites

scmidentaia Cooper, Pelccyora aequilateralis Gabb, Tiirrifella applini

M. A. Hanna, and Atiirin myrii M. A. Ilanna, These fossils indicate

upper Eocene, approximately Donicngine age.

The Rose Canyon beds are covered by Pliocene strata south of

San Diego, but they have been encountered in many wells in tlie

southern part of the area and hence may have a fairly extensive

distribution. An analysis of the mineral content of Rose Canyon

shale underlying the Pliocene beds on the south side of Mission

A'alley suggests, according to G. A. lilacDonald, that the climate at

the time of deposition favored pronounced chemical weathering.

This evidence of warm, humid conditions is substantiated by the

fossil mollusks, whicli represent forms whose living relatives are

warm-water forms.

Poway Con(jhimcral( . Tlic I'ciway conglomerate, about 1,000 feet

in thickness, overlies the La Jolla formation, in places conformably

and in others unconformably. It appears to be mostly of nonmarine

origin, and is composed largely of rounded pebbles and boidders

as much as 3 feet in diameter. Andesitic boidders are most abun-

dant. This conglomerate can be seen high on the sides of canyons east

of Soledad Mountain. Lenses of sandstone within the conglomerate

have yielded fossil marine Foraminifera and mollusks including

Brachidonics ornatiia Gabb, Cardiiim brcwcrii Gabb, Crassatellites
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FlOUKK 3. Air view .southi'iistwnrd from mouth of Sun DieKulto Valh'.v, showing thr Linda Vistn Mesa, a northern pxtcnsion of thi' San DieRO Mesa;
the type lociility of the white, (inartzose Eocene Torrey snnd near the top of the highway grade; and n partial exposure of the Kocene I>elniar siltstone

and sand-stone in the hiwer part of the near end of the beach cliff. Fairchild Aerial Surveys photo, J932.
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FlGtRK 4. Air view soiithojistwnrd toward La .Tolla. Most of the ItuildinnK are on La Jolln terrace. A lower terrace lies hetween the broadly curving

street and the shore, and a much hijrher. partially dissected and subdued terrace is present on the south flank of Soledad Mountain in the distance. The
rock.s aloiiK the shore are harti. concretionary sandstone of Cretaceous age. Fairchild Aerial f^urveps photo. 1932.
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mulates M. A. Hanna, Osirea idriaensis Gabb, Pitar uvasanus

Conrad, Pteria cf. P. pcllucida Gabb, Teltina tehachapi Anderson &
Hanna, Cotius remondii Gabb, Ficopsis remondii Gabb, PseudoUva

vohitaeformis Gabb, and Turritella applini M. A. Hanna. This as-

semblage of fossils is in jreneral comparable to that of the upper

Eoeene type Tojon beds in Kern County to the north. Some ver-

tebrate fossils also have been recovered from the Poway conglom-

erate; these, too, indicate on upper Eocene age.

Ahsetice of Oligocenc and Mwcenc Rocks. Oligocene sediments

are lacking in this region, so far as is known; indeed, no sediments

appear to represent the interval between Eocene and Pliocene.

Recently, however. Emery et al. (1952, p. 523) have recorded the

presence of Foraminifera in shaly beds that are interlayered with

volcanic rocks on South Island, one of the Coronados Islands group,

in Mexican waters just south of the international boundary. These

Foraminifera are thought to represent a middle Miocene age. The

associated volcanic rocks have been referred to the San Onofrc

breccia (see Woodford et al., Contribution 5, this chapter).

Pliocene Rocka. Pliocene fossils were identified by Dall in 1874

from beds in a water well dug in Cabrillo Canyon, Balboa Park,

San Diego. These beds are a part of the San Diego formation, which

is about 1.250 feet thick and is composed chiefly of yellowish and

gray sandstone and siltstone, with minor amounts of conglomerate.

This Pliocene formation lies with slight angular discordance upon

the Hose Canyon sbale, or, in places, on the Poway conglomerate or

Black Mountain volcanics. It is well exposed at Pacific Beach, where

it overlies Eocene beds and is overlain by Pleistocene sand, and is

widely exposed in canyon and valley slopes in the San Diego Mesa.

It is not known to occur north of the south slope of Soledad

Mountain.

The San Diego formation contains typical invertebrate fo.ssil

echinoids and mollusks of middle Pliocene or early upper Pliocene

age. Among these are Dendrasier ashlcyi Arnold, Dendrasfer ashleyi

ynezensis Kew, Lovenia hcmphilli Israelsky, Merriamaster pacificus

Kew, Area trilineata Conrad, Ostrea erici Hertlein, Osti'ea vespertina

Conrad, Pecien hcllus Conrad, Pectcn (Lyropecten) cerroscnsis

Gabb. Pecien (Patinopecten) healeyi Arnold, Pecien (Swiftopcc(en)

pormeleei Dall, Pectcn (Pecien) sfeamsii Dall, Pecien (Plagl-

ocieninm) snbdolus Hertlein, Opalia anomala Stearns, and Opalm
varicostata Stearns. Beds containing many of the same species occur

in the Santa Maria district, California, and at Cedros Island and

Turtle Bay, Baja California. The fanna suggests water warmer than

that now encountered in tlie San Diego region, and probably more

like the present water in the vicinity of Cedros Island, Baja Cali-

fornia.
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On the Sixth Avenue grade near Mercy Hospital, on the south

side of Mission Valley, the Plioeene beds lie upon the Eoeene Rose

Canyon shale (fig. 2). Casts of Trophosycon have been found in the

Plioeene beds at this place. Here the beds dip south about 10°
;
the

dip, however, varies greatly from place to place, and only a short

distance to the south the dip decreases and the beds are nearly

horizontal.

The Pliocene rocks are mostly light brown, buff, or bluish gray,

fine-grained sandstone, but local lenses of pebbles are present. A
conglomerate that is more than 100 feet thick is exposed west of

Tijuana. This and some other conglomerates apparently were de-

posited by rivers that drained the high mountainous areas to the

east. Marly beds occur here and there on top of San Diego Mesa,

chiefly near its eastern limits. Some cross-bedding, several lenses of

conglomerate, and the absence of shale all suggest shallow-water

deposition, possibly from low tide to a depth of 50 fathoms. The

mineral grains are much fresher and less weathered than those in

the Eocene rocks, possibly indicating a less warm and less humid

climate.

Thin beds of bentonite occur on the sides of the mesa in Otay and

Las Chollas Valleys, and in a sha!ft sunk near the Natural History

Museum in Balboa Park, San Diego. These represent the only evi-

dence of volcanic activity in this area during the Pliocene epoch,

but volcanic rocks of probable Pliocene age are widely distributed

in areas only a few miles south of the Mexican boundary.

Samples of sediments dredged from the sea floor off San Diego

are lithologically similar to the San Diego formation and to the

overlying Sweitzer beds. These have been described by Emery, et al.

(19.52, p. 525). Po.ssibly a Pliocene wedge of shallow-water sediments

extends for some distance west of the present shoreline.

Sweitzer Formation. The San Diego formation is unconformably

overlain by a stratum of reddish-brown conglomerate and pebbly

sandstone about 20 feet in maximum thickness. This is known as

the Sweitzer formation. It can be seen capping most of the mesas

south of Mission Valley, and a similar formation on the mesa north

of Mission Valley may be a correlative. At places it continues as a

blanket over the edges of the Otay terrace (mesa top) to lower ter-

races. No fossils have been found in these beds, which may be of

late Pliocene or early Pleistocene age. The general mineral content

is similar to that of the San Diego formation, and indicates that the

rate of erosion in the source area was rapid in comparison to the rate

of weathering of the mineral particles.

Pleistocene Deposits. Marine fossiliferous Pleistocene deposits

occur as terrace material at man.v localities along the coast, and are

especially well developed near San Diego, at Pacific Beach, and in

Mission Bay at the west side of Bay Point or Crown Point. Excellent

expo.sures once were available at the foot of Twenty Sixth Street in

San Diego, as well as on the west side of Spanish Bight, but most

of these are now covered.

The Pleistocene deposits are thin and have a maxinunn known
thickness of 30 feet. They contain marine fossils, some of which are

warm-water species not now living north of Scammon Lagoon, Ba.ia

California. The list of warm-water species includes Cnrdium pro-

cerum, Chione gnidia, Dosinia ponderosa, and Tiirrifella gnnostoma

hroderipiana. A terrace deposit on the west side of Point Loma con-

tains species now living in the same region. It apparently is younger

than the terrace beds at Pacific Beach and Mission Bay. Other simi-

lar terraces are present at low altitudes at numerous localities along

the coast.

Some of the non-fossiliferous terrace cover and deeper valley fill

may be Pleistocene in age. Recent alluvium occurs in most of the

valley bottoms, delta flats, and bay flats.

STRUCTURE

There has been but little folding in the rocks of post-Black Moun-

tain age. This may be due to the thin cover of sediments overlying

the Black Mountain voleanics and metamorphics, and the crystalline

rocks that intrude them. In this area the entire Cretaceous and Ter-

tiary section is le.ss than a mile thick, whereas more than 5 miles

of sedimentary cover is present in the Ventura basin and the San

Joaquin Valley.

The only major fold in the Oceanside-San Diego area is the

a.svTnmetrical anticline about a quarter of a mile northeast of the

summit of Soledad Mountain (fig. 6). It trends northwest, and has a

nearly vertical north limb and a gently dipping south limb. This fold

appears to grade into a fault along Rose Canyon, where the beds

near the Santa Fe Railroad trestle have a steep northerly dip. The

presence of a fault in Rose Canyon is evidenced by the difference

in altitude of beds on opposite sides of the canyon. Apparently the

southwest side moved northwestward, and beds on the west side of

Mission Bay dropped down with respect to the beds on the east.

The Pliocene beds on the south slope of Soledad Mountain dip

about 8° SE., an angle probably higher than their slope of initial

deposition, and terraces on Soledad Mountain are higher than those

that may be their correlatives in the mesa lands to the east. No
evidence of Pliocene beds has been found on the north slope of Point

Loma. and it apfiears that Jlission Ba.v represents a syncline, the

south limb of which has been dropped down along the north side of

Point Lnma bv a fault that trends along Mission Valley. The beds
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CRETACEOUS
ROCKS

yiGCRf: (I. OpoIoKic mnp ami cross-section of the Soledad Moiiiitnin nren. The thin veneer of terrace deposits is not shown on the map or
Hcctinn, hut the IMeistocene and Recent alluvium on Ln JoUa terrace have been combined, and are shown together as Quaternary.
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on Point Loraa dip eastward 10° to 12°, and it appears likely that

these beds have been tilted because of faulting along the western

side of this block. Whether or not the Rose Canyon fault continues

into San Diego Bay is not known.

The dip of mo.st of the San Diego Pliocene beds is low, ranging

from 6° to horizontal. Some of the conglomeratic beds in the Plio-

cene section along the international boundary near Tijuana dip

about 9° \V. These might represent foreset beds of an old delta that

may have been tilted after its development.

Several small normal faults with a few feet of throw are exposed

in bluffs and readouts in the mesa region south and east of San
Diego. These and other small faults in the sea cliffs north of La Jolla

are not shown on the accompanying map (fig. 1).

ECONOMIC GEOLOGY

More than fifty wells have been drilled in this area in an unsuc-

cessful search for petroleum. The deepest holes reached points more
than 5,000 feet beneath the surface, and penetrated the Black

Mountain volcanics and metamorphics.

Some of the crystalline rocks in the area have been used for build-

ing purposes and for road metal. Clay for bricks and pottery has

been obtained from the Eocene and Pliocene sediments. Bentonite

has been mined at times from Pliocene beds on Otay Mesa. Common
salt (XaCl), bromine, and magnesium salts have been obtained by
solar evaporation of sea water in San Diego Bay.
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5. GEOLOGY OP THE LOS ANGELES BASIN *

By a. O. WOODFORD.t J. E. ScHOELLHAMER.t J. O. VEDDER.t AND R. F. YERKES f

INTRODUCTION

The present-day Los Angeles topographic basin is a lowland close

to the sea, and has been called a coastal plain (Mendenhall, 1905,

p. 11). It has a northwest trend, and is 50 miles long and about 20
miles wide. Downtown Los Angeles is at the inner edge; Los Angeles
harbor and the city of Long Beach are at the outer edge. The low-

land is bounded on the northea.st by the Puente Hills, on the east

and southeast by the Santa Ana Mountains and San Joaquin Hills,

and on the southwest by the Palos Verdes Hills and the Pacific

Ocean (fig. 1).

The Los Angeles basin during Pliocene time was a marine embay-
ment somewhat larger than the present lowland area. Its southwest-

ern margin during most of this time probably was a shelf which,

though submerged, was thousands of feet higher than the central

part of the basin.

The basin during Miocene time was still larger, extending inland

as far as Pasadena and Pomona and merging into the Ventura basin

to the northwest. In this paper, the term "Los Angeles basin" refers

to the large Miocene basin unless specifically qualified. During mid-

dle Miocene time the basin was bounded on the southwest by a land

mass (C'atalinia) that apparently was composed exclusively of

glaucophane schist and related rocks.

Today the basin's central floor is buried beneath at least 20,000

feet of Miocene and later sedimentary rocks. A southwestern shelf

has a crystalline schist floor (the Western bedrock complex) that is

1,000 feet above sea level in the Palos Verdes Hills, mostly 4,000 to

10,000 feet below sea level north of those hills, and as much as 14,000

feet subsea beneath Long Beach. A similar shelf on the northern and
eastern sides of the basin is floored by pre-Upper Cretaceous cr.vstal-

line rocks (the Eastern bedrock complex) at depths that probably

range from about 15,000 feet subsea to approximately sea level.

Farther east this complex rises abruptly to form the core of the

Santa Ana Mountains and the high ranges to the east and north.

The Los Angeles basin is somewhat similar in its geologic history

to the Ventura basin, 25 to 50 miles northwest. Each was a deep

marine trough at the beginning of Pliocene time, and each was then

filled successively with sediments containing fossils characteristic

of shallower and shallower water, until the uppermost, largely con-

tinental. Pleistocene strata were deposited.

• Publication authorized by the Director. U. S. Geological Survey,
t Geologist, U. S. Geological Survey, Claremont.

As shown in figure 1, the basin is divided structurally into fairly

well marked blocks, mostly by major faults or fault zones. The Palos

Verdes Hills block lies southwest of the Palos Verdes fault zone, the

main West Side block lies between the Palos Verdes and the Newporf-
Inglewood fault zones, and the Central Deep block lies between the

Newport-Inglewood zone and the curved margin of the eastern shelf.

The eastern shelf is split by the Whittier fault into a northern or

Puente Hills block and a southern or Anaheim-Santa Ana block. The
Los Angeles basin as a whole is bounded on the north by the high-

standing blocks of the Santa Monica and San Gabriel Mountains, and
on the east by the Perris block and the Santa Ana Mountains block.

Within the individual fault blocks the most notable structural

features are anticlines in the sedimentary rock cover. These range in

length from 1 to 7 miles, and each probably is draped over a bulge

in the crystalline floor. On the west side of the basin each anticline

is an oil field, and the crystalline schist core of almost every anticline

has been reached by wells.

The great event in the geologic history of southern California was
the post-Triassie, pre-Upper Cretaceous diastrophism, plutonic intru-

sion, and metamorphism that produced the Eastern bedrock complex,

and perhaps the Western bedrock complex, as well. Subsequent dias-

trophism has been more or less continuous. Notable folding, with or

without faulting, occurred in the shelf areas during middle Miocene,

latest Pliocene, and middle Pleistocene times.

The unmetamorphosed I'pper Cretaceous and Cenozoic sedi-

mentary rocks above the great unconformity are mostly marine and
mostly clastic, isoninarine varicolored cla.stic sedimentary rocks are

known at the base of the Upper Cretaceous section, at the base of the

Paleocene section, and in Oligocene and Miocene formations. The
white-weathering Monterey .shale of middle and late Miocene age,

perhaps the most interesting formation in the area, is marine, mostly
nonclastic, siliceous, and thinly laminated. It is interbedded with

coarse clastic .strata, notably the San Onofre breccia of western
derivation.

STRATIGRAPHY

Eastern Bedrock Complex. The mountainous spine of southern

California and Ba,ja California consists chiefly of plutonic and meta-

morphic rocks, most of which are Mesozoic in age. Similar rocks

underlie the eastern shelf of the Los Angeles basin, and they also

form most of the bulk of the Tran.sverse Ranges north and northeast

of the basin.

(65)
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The few fossils found in the metamorphic rocks of the Eastern
bedrock complex are of Carboniferous ajre (Woodford and Ilarriss,

1928; Webb. 1939) or Triassie age (Larsen, 1948). Thousands of

feet of limestone and quartzite are present, especially in the San
Bernardino Mountains (eastern Transverse Ranges), and most of the

section probably is of late Paleozoic age. The Bedford Canyon for-

mation, of Triassie age (Larsen, 1948), includes many thousands of

feet of slightly metamorphosed slate, argillite, and feldspathic quartz-

ite, with a little limestone. It forms most of the core of the northern
Santa Ana Mountains, just east of the Los Angeles basin, and similar

rocks form most of the core of the Santa Monica Mountains north-

west of the basin. In the Santa Ana Mountains the Bedford Canyon
formation is overlain unconformably by the Santiago Peak volcanics,

which crop out as a strip of steeply dipping, slightly metamorphosed
flows, breccias, and tuffs, chiefly of andesitie or quartz latitio com-
position.

The great ma.sses of plutonic rocks that intrude the metasediments
and metavolcanics are mostly gabbro, quartz diorite, and granodio-
rite. The quartz-bearing rocks contain abundant biotite and horn-
blende. Plutonic rocks form the most common type of bedrock en-

countered in wells that penetrate the sedimentary cover of the basin's

eastern shelf.

The San Gabriel Mountains, northeast of the basin, consist chiefly

of gneissic and plutonic rocks, and the latter are somewhat similar to

tho.se just described. These rocks are shown on the geologic map (pi.

1) as "ba.sement" rocks, following the usage of Shelton (1946). Also
exposed in these mountains, especially along their northeastern
margin (beyond the limits of the map), is the chloritic and albitic

Pelona schist, a fine-grained rock with a distinctive crinkly structure.
This rock has been referred to the pre-Cambrian by Simpson (19.35,

pp. 377-378). Bedrock that resembles the Pelona schist has been
found in wells at Brea Canyon, in the Puente Hills just northeast of
the AVhittier fault.

The structural features in the bedrock east of the Los Angeles
basin commonly strike north-northwest, parallel to the elongation of
the ranges. In the Tran.sver.se Ranges the major elements of bedrock
.structure commonly .strike east, parallel to the elongation of those
ranges. Stratification and slaty cleavage in the Bedford Canyon for-

mation commonly are nearly perpendicular to the bedding in the
overlying younger strata.

Western Bedrock Complex (Catalina Schist). The fine-grained
schists that crop out in the Palos Verdes Hills and underlie the Los
Angeles basin southwest of the Newport-Inglewood fault zone are
characterized by abundant chlorite, (|uartz. moscovite, and albite. as
well as by the presence of glaucophanc and lawsonite. Mineralogi-

eally similar rocks make up a large part of Santa Catalina Island,

20 miles off.shore, although there the rocks are in part massive,

rather than schistose, and contain numerous relics of sedimentary
structures, such as shale flakes { Bailey, 1941 ; Woodford, 1924, p. 57).

The Catalina schi.st in the Los Angeles basin is composed chiefly of

fine-grained, gray-green, chlorite-bearing schists, including musco-
vite-chlorite schist, muscovite-chlorite-quartz schi.st, and albite-

chlorite-quartz schist. Most of these are metasediments and metatuffs.

Bodies of metamorphosed intrusive rocks, including serpentine rock

and "saussurite gabbro," are rarer. Glaucophane, lawsonite, actino-

lite, and members of the epidote group are widespread but rarely

abundant minerals in this terrane.

Planes of sehistosity in the Catalina schist are well marked, very
closely spaced, and crumpled. Many laminae are present in each
millimeter of rock. The crumpled foliation surfaces generally have
average dips of less than 45°, and commonly are nearly parallel to

the stratification planes in the overlying Miocene sedimentary rocks.

The Catalina schist may be Mesozoic (Franciscan, cf. Bailey,

1941). or it may be pre-Cambrian in age. In composition and texture,

it resembles the schist bodies in the typical Franciscan sedimentary
rocks of central California, but it differs from them by its vastly

greater bulk. In texture it somewhat resembles the pre-Cambrian
( 1)

Pelona schist.

Upper Crefaceo)is Eoclis. A thick and varied section of Tapper

Cretaceous .sedimentary rocks is exposed discontinuously from the

Simi Hills, north of the Santa Monica Mountains, southeastward
along the coast to Baja California.

Within the Los Angeles basin these Upper Cretaceous clastic rocks

are exposed in the Santa Monica Mountains on the northwestern edge
of the basin, and in the Santa Ana Mountains on the basin's eastern

margin. They probably are present beneath a thick Tertiary cover in

the deep central part of the basin, as well.

In the Santa Monica Mountains the undifferentiated Upper Cre-

taceous rocks, commonly called Chico formation, rest unconformably
on the Santa Monica slate of Triassic(?) age (Hoots, 1931, p. 90),

and on granite and granodiorite of Jurassic(7) age (Durrell, Map
sheet No. 8). The exposed section has a maximum thickness of about
7,000 feet, and consists of interbedded coarse conglomerate, feld-

spathic .sandstone, and minor amounts of dark gray to black shale.

From near the top of this .section. Popenoe (1942. p. 184) reports an
Upper Cretaceous fauna of anunonites. pelecypods. and gastropods.

In the Santa Ana Mountains the Upper Cretaceous rocks are about
5,500 feet in maximum thickness. They consist of interbedded coarse

conglomerate, feldspathic sandstone, and dark gray to black shale

and siltstone that rest unconformably on the Bedford Canvon for-



68 GEOLOGY OF THE NATURAL PROVINCES [Bull. 170

SANTA MONICA
MOUNTAINS

PALOS VERDES
HILLS

DOMINGUEZ HILL
SUBSURFACE

CENTRAL DEEP
SUBSURFACE

Pleisfocanef .

SANTA ANA MOUNTAINS
SAN JOAOUIN HILLS

OiiTI
] Pleistocene

VpIio

foil9ocene(?l

FlouRK 2. Columiinr section, Los AiiRolos bnsiu.



Chapt. II] LOS ANGELES BASIN—WOODFORD, SCHOELLHAMER, VEDDER, AND YERKES 69

mation of Triassie age and the Santiago Peak voleanics of Juras-

sic!?) age (Larsen, 1948, p. 22).

Packard (1916, p. 140) applied the name Trabuco formation to

the red and white nonmarine conglomerates at the base of the Upper
Cretaceous section. Popenoe (1942, pp. 170-175) subdivided the ma-

rine part of the section into two formations with two members in

each. These are the Ladd formation, comprising the Baker Canyon
conglomerate member and the Holz siltstone, sandstone, and con-

glomerate member, and the Williams formation, comprising the

Schulz Ranch sandstone member and the Pleasants fine-grained sand-

stone member.
Both the Ladd and Williams formations contain many pelecypods

and gastropods of Upper Cretaceous age. Ammonites found in the

Pleasants sandstone member of the Williams formation may be cor-

relative with those obtained from the Santa Monica Mountains

(Popenoe, 1942, p. 185).

Paleocene Bocks. Rocks of Paleocene age crop out in both the

Santa Monica Mountains and the Santa Ana Mountains, and prob-

ably underlie a considerable area in the eastern part of the Los

Angeles basin.

Hoots (1931, p. 91) called the Paleocene rocks in the western part

of the area covered by his map the Martinez formation. Durrell and

others at the University of California at Los Angeles have traced a

thin strip of Martinez sandstone and conglomerate eastward along

the north limb of the eastern Santa Monica Mountains anticline.

In the Santa Ana Mountains a maximum of about 1,400 feet of

Paleocene sedimentary rocks is exposed. These rocks rest uncon-

formably on the Upper Cretaceous strata, and, near the town of

Corona, directly on the Eastern bedrock complex. English (1926,

p. 19) called the Paleocene rocks the Martinez formation, and Wood-
ring and Popenoe (1945) later renamed them the Silverado for-

mation.

The basal part of the Silverado formation is nonmarine conglom-

erate with subangular cla.sts derived from the basement core of the

Santa Ana Mountains. Above this is a series of alternating white to

buff feldspathic sandstones, with altered biotite flakes that locally

are so abundant that the rock resembles biotite schist. An easily

recognized bed of brown to maroon pisolitic clay, 1 to 6 feet thick,

is commonly present in this part of the section, and is locally accom-

panied by beds of carbonaceous shale and very low grade lignite.

The upper part of the Silverado formation is a yellowish green to

buff sandstone that contains a moUuscan fauna of Paleocene age.

Eocene Roclis. Eocene rocks are known only in the Santa Ana
Mountains. They were correlated with the Tejon formation of cen-

tral California by English (1926, p. 21), and were renamed the

Santiago formation by Woodring and Popenoe (1945).

The Santiago formation has a maximum thickness of about 2,700

feet, and rests with apparent conformity on the Silverado formation.

Commonly the base is marked by a thin conglomerate. Above this

conglomerate is a series of fine- to medium-grained, buiT to greenish

gray sandstone beds that contain a middle Eocene molluscan fauna.

These beds grade upward into white, coarse, feldspathic sandstone

containing local lenses of conglomerate, thin lenses of silt that com-

monly is greenish in color, and scattered pieces of silicified wood.

Oligocene(f) and Lower Miocene Rocks. The nonmarine Sespe

formation and the marine Vaqueros formation of the San Joaquin

Hills and the Santa Ana Mountains commonly are mapped as a

single undifferentiated unit (English, 1926; this report, pi. 1). Their

combined maximum thickness is about 3,000 feet along the south-

west side of the Santa Ana Mountains, and at least 3,200 feet in

the San Joaquin Hills (Dolton, 1952). They rest with apparent con-

formity on the Santiago formation in the Santa Ana Mountains; the

base has not been mapped in the San Joaquin Hills.

The lower or Sespe part of this series is compo.sed of nonmarine

interbedded earthy sandstone, conglomerate, and silt.stone. These

rocks are varicolored, ranging from white, buff, and gray through

various shades of green to deep red and maroon. In general they are

poorly cemented and soft, and they erode easily into badlands. In the

Santa Ana Mountains it has not been possible to draw a line between

the Sespe formation and the overlying marine Vaqueros formation.

Locally mollusks of Vaqueros age are present in red and maroon

beds of the Sespe type. Although the nonmarine strata of the Sespe

formation in this area have yielded no fossils, they probably range

in age from late Eocene to earliest Miocene.

The Vaqueros formation of early Miocene age (Loel and Corey,

1932) overlies the Sespe formation and also intertongues with it.

The Vaqueros consists mainly of gray to buff sandstone, conglom-

erate, and local greenish gray sandy siltstone. Many of the sandstone

beds are carbonate-cemented, and stand out in bold relief above the

weak Sespe strata. Tvrritclla and oyster reefs can be traced for dis-

tances of a mile or more. I;Ower Miocene mollusks of shallow-water

types are abundant throughout the Vaijueros; these have been de-

scribed by Loel and Corey (1932, pp. 51-60).

Middle Miocene Rocks. Middle Miocene sedimentary rocks are

widely distrib\ited and highly varied. Thej- include sandstone, con-

glomerate, breccia, diatomite. and organic shale. The coarse clastic

rocks of the Topanga formation contain shallow-water marine fossils,

and are present at the northwest, northeast, and southeast margins
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of the basin. The northeastern exposures are much less fossiliferous

than those elsewhere, but the Buzzard Peak conglomerate member

of the Topanga formation in the northeastern San Jose Hills eon-

tains specimens of Aequipecten andersoni, and in the subsurface the

conglomerate grades southwestward into shale containing middle

Miocene Poraminifera. The Monterey shale, which is organic to

cherty and weathers white, crops out in the San Joaquin Hills and

Palos Verdes Hills bordering the ocean, and probably is present

throughout the entire deep central part of the basin. The foram-

iniferal assemblage suggests shallow bathyal deposition, perhaps be-

tween 600 and 2.000 feet, on the basis of the depth ranges of both

the genera and the Recent species that are included.

The San Onofre breccia of the San Joa(|uin Hills, included in the

Temblor formation by Woodford (1925, pp. 169, 182) and more re-

cently included in the Topanga formation by several geologists, is

here set off as an independent unit, chiefly because it is locally

separated from the underlying main part of the Topanga formation

by a notable unconformity. The San Onofre breccia is composed

almost exclusively of fragments of glaucophane .schist and related

rocks of the Western bedrock complex (Catalina schi.st), with

numerous blocks 3 to 10 feet in diameter. It is interbedded with

Monterey shale that contains middle or late Miocene fish scales (oral

communication from Richard Pierce; see fig. 5), and is overlain by

Monterey shale with middle Miocene Poraminifera. The schist brec-

cia lens "of figure 5 is 200 feet thick. The hundreds of 3- to 7-foot

slabs of schist exposed in the beach section are all blue glaucophane

schist or green epidote-bearing schist. The lens includes at least two

bouldery units, separated in part by well-sorted fine-grained sand-

stone and sillstone wholly derived from schist. Coarse breccia grades

into finer clastic rocks seaward, or westward, toward the presumed

source.

The sediments of the Topanga formation have a maximum thick-

ness of 7,500 feet in the Santa Monica Mountains at the northwest

corner of the basin (Hoots, 1931, p. 88), 2,000 feet in and near the

San Jo.se Hills at the north edge of the basin, and as mucli as 3,500

feet in the San Joaquin Hills at the southeast edge of the basin.

The middle Miocene portion of the Monterey shale is 400 to 3,000

feet thick (Woodring, et al., 1946, p. 13). The maximum thii'kness

of the main body of the San Onofre breccia, in the sea cliffs south-

east of Laguna Beach, is about 2,500 feet.

Most of the middle Miocene sedimentary rocks are marine, and

much of the Monterey shale may even be a deep-sea deposit. The

Buzzard Peak conglomerate member of the Topanga formation, on

the northeast margin of the basin, and the San Onofre breccia at

its southeast edge may be mostly continental.

Middle Miocene volcanic rocks, mo.stly calcic andesite flows, tuffs,

and breccias, are found in almost all parts of the basin. They range

from local thin beds of tuff to the 3,000 feet of lava, breccia, and

other rocks that underlie the eastern part of the present San Gabriel

basin (northeastern part of the Miocene Los Angeles basin). The

Miocene volcanic rocks of the Los Angeles basin area are described

elsewhere in this volume by Shelton (Contribution 4, Chapter VII)

and Durrell (Map sheet No. 8). Large dikes of diabase and andesite

in the San Joaquin Hills radiate from the vicinity of Laguna Beach.

These may be in part contemporaneous with the middle Miocene

volcanic rocks, although one member of this dike complex cuts late

Miocene Monterey shale.

Upper Miocene Rocks. Sedimentary rocks of late Miocene age

reach a maximum thickness of about 11,000 feet in the Los Angeles

basin. They crop out in all of the hills surrounding the basin, and

are present beneath most of the alluvium-mantled central plain.

In the Santa Monica Mountains west of Cahuenga Pass, the name

Modelo formation is applied to the rocks of late Miocene age (Hoots,

1931). Eastward through the Puente Hills and the Santa Ana
Mountains, rocks of similar lithology are called the Puente forma-

tion (Eldridge and Arnold, 1907, pp. 103, 143, 145).

Along the coast from the Palos Verdes Hills southeastward to

Dana Point, siltstone, diatomaceous shale, and radiolarian mudstone

of late Miocene age are included in the Monterey shale, which is in

part of middle Miocene age. At the southeastern end of the basin the

Monterey shale is overlain unconformably by the basal breccia and

sandstone of the Capistrano formation (Woodford, 1925, p. 216),

whose foraminiferal faunas indicate late Miocene to early Plio-

cene age.

On the geologic map (plate 1) the Modelo formation has been

divided into two members. The lower member has a maximum
thickness of about 2,7.50 feet, and consists of white porcellaneous

shale, brown shale, and coarse-grained sandstone. The upper member,

2,300 feet thick, is diatomaceous shale with interbedded sandstone

(Hoots, 1931, p. 102). The Modelo formation contains a late Miocene

foraminiferal fauna.

The Puente formation reaches a maximum thickness of about

11,000 feet in the Puente Hills, along the northern margin of the

Los Angeles basin. It has been divided into four members by Schoell-

hamer, et al. (1953). These are, in ascending order, the La Vida

member, consisting of gray to black laminated siltstone with inter-

bedded feldspathic sandstone; the Soquel member, consisting of

massive to moderately well-be<lile(l. coarse to gritty feldspathic sand-

stone; the Yorba member, consisting of thin-bedded gray siltstone,

diatomaceous siltstone, and local strata of sandstone and conglom-
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erate; and the Sycamore Canyon member, consisting of interbedded

confrlomerate, micaceous siltstone, and sandstone.

On the west side and in the deep central part of the Los Anpreles

basin, it is impossible to make these lithologic distinctions within the

upper Miocene strata, although the rocks can be divided on the basis

of foraminiferal faunas (AVissler, 1943, p. 210).

Pliocene Rochs. Marine sedimentary rocks of Pliocene age attain

a known thickness of at least 10,000 feet in the deep central part of

the Los Angeles basin, and they may be considerably thicker. In this

central deep these rocks consist of interbedded greenish gray

micaceous siltstone and fine- to coarse-grained, light gray feldspathic

sandstone. Pebble conglomerates and fine rubble breccias are present

locally, and become more numerous toward the top of the Pliocene

section. The foraminiferal faunas from the lower Pliocene rocks in

the central part of the basin indicate that these sediments were

deposited in water more than 4,000 feet deep (Natland, 1952, p. 50).

During late Pliocene time the sea shallowed gradually to about 900

feet (Natland, 1952, p. 50).

Conditions of continuous deposition in deep water make it im-

possible to subdivide the Pliocene rocks of most of the basin into

formations, although foraminiferal zones can be distinguished (Wiss-

ler, 1943, p. 210). Numerous exposures of Pliocene rocks are present

in the hills that surround the present-day Los Angeles basin. These

strata were deposited close to the margins of the Pliocene sea, and

conditions of deposition were varied enough so that lithologic dif-

ferences in the Pliocene rocks can be recognized.

The lower Pliocene rocks, commonly called Repetto formation,

were described from exposures along Atlantic Boulevard in the

eastern part of the Repetto Hills, east of Los Angeles (Reed, 1933,

p. 229). The formation is mostly siltstone, with a few thin layers of

sandstone and conglomerate that locally contain fragmental remains

of shallow-water mollusks. In the nearby Montebello oil field these

rocks are 4,500 feet thick. The name Repetto is now in general use

for rocks of early Pliocene age throughout the Los Angeles basin,

and determinations are made on the basis of foraminiferal assem-

blages.

On the geologic map of the Los Angeles basin (plate 1), Reed's

Repetto formation is shown in the Palos Verdes Hills, Los Angeles

City, Montebello Hills, northwestern Puente Hills, eastern Puente

Hills, and along the northwest tip of the Santa Ana Mountains near

the town of Olive.

In the northwestern Puente Hills, north of the town of Whittier,

a sequence of alternating siltstones and conglomerates about 1,700

feet thick rests conformably on the rocks called Repetto. The upper

member of this sequence contains a large moUuscan fauna of late

Pliocene age (Stark, 1949), with Anadara trilineaia and Patinopec-

ten healeyi. An even larger, perhaps equivalent moUuscan fauna is

present in the south-dipping strata of downtown Los Angeles, from

6th and Figueroa Streets to 4th and Hill Streets (Soper and Grant,

1932). Foraminifera are present in the finer-grained sediments, and

on the basis of the microfauna the entire sequence was assigned to

the Pico formation by Wissler (1943). The type locality of the Pico

is in the Ventura basin (see Bailey and Jahns, Contribution No. 6,

this chapter). This .sequence and some probable correlatives south

of the Whittier fault as far east as Brea are marked Tpu on the

geologic map (plate 1).

A slightly consolidated, largely marine sand and conglomerate

formation of late Pliocene(?) and/or Pleistocene age, which occurs

near the top of the section on the east side of the Los Angeles basin,

has been called the La Ilabra conglomerate by Eckis (1934). It is

overlain unconformably by Pleistocene continental red alluvium,

which perhaps sliould be included with the San Dimas formation of

Eckis (1934).

Elsewhere around the margin of the Los Angeles basin, it has been

necessary to group rocks ranging in age from early Pliocene to early

Pleistocene into a single map unit because of their similar lithology

or because of the lack of detailed geologic maps. Included in these

rocks is the San Mateo formation (Woodford, 1925, pp. 217-219),

which is exposed southeast of the San Joaquin Hills.

Pleistocene Rocks. The Pleistocene record is a complicated one,

involving marine and continental formations, warping, and middle

Pleistocene angular unconformities at the margins of the basin.

In general the Pleistocene sediments are marine along the ocean

and become continental 5 to 10 miles inland. At Stanton, 10 miles

east of Signal Hill and near the center of the modern basin, con-

tinental sand and silt prevail from the surface to a depth of 3,200

feet, although below 1.050 feet some layers contain lagoonal and

neritic Foraminifera. These beds are underlain by silt and sand that

contain uppermost Pliocene Foraminifera of moderately shallow-

water facies (determinations by M. L. Natland). Toward the ocean

the continental Pleistocene sediments thin rapidly and are replaced

by marine sand and silt, first with shallow-water Foraminifera and

then with abundant shallow-water mollusks. Nearly all of these can

be assigned to living species.

In determining the thickness of the Pleistocene section and the

areas of Pleistocene outcrop we have followed Poland and others

(1945, 1946). Other workers make the marine Pleistocene section

many hundreds of feet thicker and the areas of Pleistocene outcrop

sliglitly more extensive.
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The San Pedro (Los Angeles Harbor) Pleistocene section (fig. 7)

is unusually complex. The Lomita marl, at the base, lies with marked
unconformity on the organic shale, poreellanite. and chert of the

Monterey .shale. The Lomita is composed chiefly of the remains of

MoUusca, Bryozoa, Foraminifera, and other invertebrates, with a

few dark-brown phosphatic nodules and fairly numerous grains of

chert and poreellanite of the Monterey. The overlying Timras Point

silt and San Pedro sand, also highly fossiliferous, consist chiefly of

grains of quartz and feldspar and flakes of biotite, brought from a

northern or northeastern granitic source across the width of the Los
Angeles basin. The change from Lomita marl to Timms Point silt,

which is sharp in some places and gradational in others, marks a

notable change in Pleistocene paleogeography. The Lomita probably

is an offshore reef deposit that marks the position of an ancient

submarine ridge that antedated the present Palos Verdes Hills. The
reefs were separated from the mainland b.v moderately deep water

that may have covered a large part of the present Los Angeles basin.

The northeastern derivation of the Timms Point silt indicates that

the basin of Lomita time had been gradually filled, allowing granitic

debris to be carried across its full width.

A set of added complications should be noted. Marine sand and
silt of San Pedro and Timms Point types, and which contain similar

mollusks, are involved in folding and are exposed on the crests of

the Signal Hill and West Coyote anticlines, one on each side of the

continental section in the center of the basin at Stanton. One ex-

planation of this anomaly is that the section at Stanton represents

an alluvial lobe extending from the east into the shallow bay that

covered much of the Los Angeles basin during San Pedro and Timms
Point time.

One of the best-known features of the Pleistocene rocks in south-

ern California is the middle Pleistocene unconformity that was em-
phasized by Reed (1933), and that has been made the basis of the

Pasadenan orogeny b.v Stille (1936, p. 867). This is shown in figure

7 as the line between the horizontal Palos Verdes sand of the lowest

marine terrace in the Palos Verdes Hills and the series of deformed

older strata ranging from upper Miocene rocks to San Pedro sand.

The Palos Verdes sand is locally crowded with marine shells. For

example, Willett (1937, p. 381) collected and examined more than

a million shells from a single one-foot layer near Pla.va del Rev. The

greater part of the Palos Verdes and other terrace deposits is now
covered chiefly with nonmarine accumulations, mostly the products

of rill wash and weathering. The low marine terraces arc overlain b.v

great sand dunes in a broad belt extending north from the Palos

Verdes Hills.

The higher and earlier terraces of the Palos Verdes Hills and
other coastal highlands are mostly horizontal or nearly so. Thirteen

major terraces (fig. 8) are present in the Palos Verdes Hills, the

highest at an elevation of 1,300 feet. Similar terraces are present

in the San Joaquin Hills, and the highest is 1.100 feet above sea

level. The lower terraces on the San Joaquin Hills, as well as the

summits of the Costa Mesa, Huntington Beach, and other mesas to

the northwest, decrea.se in elevation inland until they disappear

beneath the alluvial plain (plate 1). Apparently the modern basin

has been deformed continuously up to very recent times, with its

center sinking and at least part of its margin rising.

The continental sediments are much less fossiliferous than the

marine beds, but they are far from barren. Bones of mammoth,
horse, sloth, and camel have been found in many places, almost in-

variably in weathered, reddish alluvium (Qpu in plate 1). The most

notable exception is the Rancho La Brea locality, at Wilshire and
La Brea Boulevards in Los Angeles, where hundreds of thousands

of late Pleistocene bones have been removed from asphalt pipes. The
principal Rancho La Brea collection is in the Los Angeles County
Museum, in Exposition Park. Many of the large land vertebrates

that are present in the asphalt are also known from the marine sedi-

ments of the Palos Verdes section at San Pedro. This and all other

known evidence indicate the approximate contemporaneity of the

upper part of the reddish continental alluvium and the lowest of the

nearly horizontal coastal marine terraces.

STRUCTURE

Major Faults. The primary elements in the structure of the Los

Angeles basin are basement blocks .separated by steep fault zones

(cf. Driver, 1948, p. 112). The two fault zones of principal interest

are the Whittier and the Newport-Inglewood. because they probably

mark the boiindaries between basement rocks of different composi-

tion and different facies. There also is considerable doubt, for each

of these zones, about the amount and direction of the net total

displacements.

The Newport-Inglewood fault zone is bounded on the southwest

by the Western bedrock complex, one of the world's largest masses

of rocks belonging to the glaucophane schist facies. There is nothing

like these rocks to the east, short of the island of Anglesey, North
Wales. The Catalina schists and associated rocks are highly variable,

and consistentl.v so. They do not show the slightest suggestion of

gradation into any of the roeks prevalent in the basin portion of

the Eastern bedrock complex.

Northeast of the Newport-Inglewood zone, in the broad belt that

includes both the Santa Ana aiul the Santa Monica Mountains, the

most distinctive bedrock types are slaty silt.stone. gra>'wacke, and
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Figure 5. Structure spctioii along lipach from Salt Creek to Dana Point.

fine-grained sandstone of more or less definite Triassic age. In gen-

eral, these rocks have undergone very mild mefamorphism and elastic

textures are well preserved. We may guess that similar rocks make
up part of the bedrock that lies buried beneath the basin's central

deep.

Possibly the Western bedrock complex is a pre-Cambrian or Paleo-

zoic mass that has been faulted up again.st Triassic metasediments.

One might even imagine that Triassic sediments had been deposited

on the Western bedrock complex and then were removed by erosion,

but there is no supporting evidence for this. Southwest of the New-
port- Inglewood zone no body of quartz plutonite has been found,

no remnant of downfaulted or downfolded Triassic rocks, and no

sign of any member of the Eastern bedrock complex.

Another possibility is that the Catalina schist is of Mesozoic age,

like the lithologically similar schists of the Franciscan formation

farther north. Some of the Catalina metasediments might even have

been deposited contemporaneou.sl}' with the Triassic slates now found

across the great fault zone. If contemporaneous, they cannot have

been such close neighbors as they now are. The two .series were unlike

when they were formed, and they have undergone dissimilar types

of metamorphism. They must have been brought into juxtaposition

by great fault displacements, involving either overthrusting or

strike-slip movements. The present relations do not encourage either

hypothesis. The apparently steeply dipping contact and the absence

of known klippen are unfavorable to a hypothesis of overthru.sting,

and the westward curve that would be needed in the Newport-
Inglewood zone to extend it around the west end of the Santa Monica
Mountains makes improbable a simple strike-slip displacement of the

San Andreas type.

The Whittier fault zone is better known than the Newport-
Inglewood zone, but it still is not well understood. It crops out at

the surface in a .slightly sinuous, locally branching line that trends

about X. 70^ W. for 25 miles, from Whittier almost to Corona, and

frays out at each end into two or three branches or continuations

(notably the Elsinore fault from Corona southeast), all of which

trend more nearly north than the Whittier fault itself. The dip is

65° to 75° NE. in the western and central Puente Hills, but becomes

nearly vertical or even is inclined toward the southwest near and

south of the Santa Ana River. If the displacement is mostly dip slip.

the fault must be of the reverse type in the western Puente Hills,

with the northeast side moving up. In the eastern Puente Hills, how-

ever, the apparent displacement is downward on the north. The ap-

parent reversal of the displacement is sudden, at a cross fault at

Horseshoe Bend of the Santa Ana River (near east edge of plate I).

If the displacement is in part strike slip, the cross fault at Horse-

shoe Bend may be correlative with the one at Scully Hill, but now
sejiarated from it by a right-lateral oiTset of about 15,000 feet. In

fact, the only known solution for the total movement on the fault

seems to include this strike slip, together with elevation of the Puente

Hills block, especially at the northwest end of the fault zone, and

an earlier elevation of the Santa Ana Mountains block at the south-

east end. The maximum relative ri.se of th^ western Puente Hills

on this fault may be about 10,000 feet.

The Whittier fault is nearly parallel to the major faults in the

San Gabriel Mountains and other Transverse Ranges north of the

liOs Angeles basin. Even the San Andreas fault in this part of its

course has almost the same trend. Perhaps the AVhittier fault is one

of the less typical members of the San Andreas system
;
po.ssibly it

is a secondary fracture related to the big bends in the San Andreas

itself.

The movement on the Whittier fault is, so far as is known, wholly

post-Topanga (middle Miocene) and mo.stly post-Pliocene in age.

Upper Pliocene strata are offset almost as much as the earlier rocks,

although even the lower Pliocene section south of the fault contains

breccias (of probable deep submarine origin) that include fragments

of shale from the Puente formation. South of the faidt the only

formation composed chiefly of locally derived fragments from the

Puente formation is late Pleistocene in age (included in Qpa on

plate 1) and is practically undeformed.

The Newport-Inglewood fault zone, on the other hand, is an old

one on which activity may have been decreasing, even though move-

ment here was responsible for the Long Beach earthquake of 193.S.

Wells in the Long Beach oil field, on and near Signal Hill, have

penetrated a horst of schist at about 10,000 feet subsea. This ba.se-

ment horst has risen about 4,000 feet on the Cherry Hill fault

(fig. 3), but identifiable horizons in the overlying sedimentary rocks

are displaced less and less at higher and higher levels. The displace-

ment on the ba.sement fault is taken up in part in the overlying
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Signal Hill anticline, bnt some fault movonient must also have pre-

ceded the deposition of the younger strata. At the surface, here and

elsewhere alongr the Ne\vport-Iu<;le\vood zone, folding; is more prom-

inent than faulting;. The late Tertiary and Quaternary faulting can-

not be ignored, however, and some right-lateral strilie slip is .said to

have been demonstrated by subsurface studies.

Folds. The folding of sedimentary rocks in and near the Los

Angeles basin is primarily incidental to the deformation of the

basement rocks. Some folds, such as the Signal Hill and Dominguez

anticlines, overlie known or probable basement horsts along the

Newport-Inglewood zone. Other folds on the west side of the basin,

such as the anticlines at Wilmington, Torrance, El Segundo, and

Playa del Rey, are draped over basement highs that may have been

initial buried hills, at least in some in.stauces, but seem also to have

risen through plastic deformation. On the east side of the basin,

bedrock cores have not yet been encountered in the anticlines, al-

though the existence of such cores can hardly be doubted, especially

in view of unpublished gravity data. Several east-side folds are com-

plicated by unconformities (structure sections GII and UK).
An attempt to explain the anticlines of the Los Angeles basin may

well take into account (a) the right-lateral movements that have been

demonstrated on the San Andreas and other ma,ior faults of the re-

gion, (b) Reid's elastic rebound theory of strain accumulation and

relief (IfllO), and (c) Louderback's suggestion (19-42, p. 312) that

the ela.stie rebound theory can become applicable only at depth,

beneath the gouge zone, where even the sheared rock (mylonite) be-

comes strong enough to permit the building up of strain. Ferguson

and Willis (1924) suggested that right-lateral movements between

basement blocks produced marginal rows of anticlines, arranged en

echelon where .shearing was incomplete in the overlying sediments,

but with axes parallel to the faults where .shearing was complete.

The discovery of deformed basement cores in the anticlines seems to

reiinire a somewhat different mechanism, but one whose actuation is

not immediately apparent.

I'liconformities. Unconformities are characteristic of both the

marginal .shelves of the basin and the adjacent mountain blocks. The
first large unconformity above the top of the bedrock complex marks
the division between Mesozoic and Cenozoic time. In the Santa Ana
Mountains gently folded Cretaceous rocks that may have had east-

trending axes are truncated by an unconformity, and are overlain

by continental deposits of early Paleocene age.

The most spectacular unconformity in the sedimentary series is

middle Miocene in age. although it apparently does not everywhere

appear at the same horizon. In the Santa Monica Mountains the

U|)i)er Miocene Modelo strata overlie middle Miocene Topanga sand-

Q. East

I

Terrace deposits
and

Polos Verdes sand

Lk
-0'

-150

Lomita mari Ttmms Pt send San Pedro sand

Figure 7. Structure section along Second Street, San Pedro.

stone with a 90° difference in attitude. In the San Joaquin Hills (fig.

4), the middle Miocene San Onofre breccia is bracketed by uncon-

formities. The breccia lies unconformably across planed-off fault

blocks, from one of which a probable thickness of 3,500 feet of earlier

middle Miocene Topanga sediments had been removed by erosion

before the San Onofre was deposited (structure section UK). The

Monterey shale in its turn lies unconformably on all the earlier Mio-

cene rocks. In the Palos Verdes Hills the late middle Miocene Monte-

rey shale and interbedded breccia of San Onofre type lie unconform-

ably on Catalina schist.

One of the great surprises from the subsurface exploration of the

east side of the Los Angeles basin was the discovery of the Anaheim

nose, an anticline in Topanga and older rocks that has west-northwe.st

trend and plunge. The upper Miocene and lower Pliocene sedimen-

tary strata pinch out against this anticline, and upper Pliocene and

Pleistocene .strata lie with great unconformity across it. Just south

of Anaheim these upper Pliocene and Pleistocene strata are 4,500 feet

thick. The southeast extension of the Anaheim nose, near the town

of Tustin, is marked by Pleistocene or Recent alluvium lying uncon-

formably upon Sespe-Vaqueros and Upper Cretaceous strata. Prob-

ably the Anaheim nose began to develop long before the middle

Miocene diastrophism, and then was aflFccted by it.

The last period of notable deformation apparently was made up of

two episodes, one during late Pliocene or at the end of Pliocene time

and the other during middle Pleistocene time. Perhaps the best evi-

dence is expo.sed at San Pedro (fig. 7). Here the greater hiatus is
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between Montoi-py shale (Miocene) and Lomita marl (Pleistocene), without more detailed knowledge of the gravity anomalies indicated

but elsewhere in the Palos Verdes Hills the lower Pliocene section is by the data given above. No detailed gravity map of the basin has

nearly conformable with the Monterey, and in other marginal parts been published.

of the basin the Miocene, Pliocene, and early Pleistocene sections are GEOMORPHOLOGY

all roughly conformable and all highly folded, with nearly horizontal Block Units. The primary land forms of the Los Angeles basin

upper Pleistocene continental formations deposited across their are the same mountain and basin blocks that are the principal ele-

beveled edges. This relation.ship is especially clear in the gorge of ments in the structure. The elevated blocks are scored by canyons,

San Jose Creek, at the northwest tip of the Puente Hills. the larger of which are bordered by erosional terrace benches, corn-

There is abundant evidence that this latest, essentially Quaternary monly alluvium-covered. The lowland blocks are mostly covered with

period of deformation is continuing at the present time. The Capis- continental sediments, many of which are present as compound allu-

trano earthquake of 1812 and the Long Beach earthquake of 1933 vial fans. Deformation, especially at and near the margins of the

provide evidence of this activity. Widespread subsidence is indicated major blocks, complicates the geomorphology and makes generaliza-

by the repeated leveling of th,e U. S. Coast and Geodetic Survey, tion difficult. Some of the larger elevated blocks are marked by wide-

which shows that Santa Ana sank 1.568 feet between 1920 and 1946, spread erosion surfaces that cut across the structure,

and that central Long Beach (Anaheim Street at Newport Street)

sank 0.768 foot between 1926 and 1946. Much the greatest subsidence, Terraces. The number and elevations of the stream terraces vary

with a maximum sinking of 18 feet between 1933 and 1953, has been f'-O'" block to bloek. In the Santa Ana Mountains four sets of terraces

limited to the Wilmington oil field and is no doubt related to the
^'"^ P'"''^'^"' ^•""^ ^^'^ '*"'S" streams. On upper Santiago Creek these

removal of oil and gas (GiUuly and Grant, 1949; see also Grant, a^-^ 20, 120, 220, and 320 feet above the stream.

Contribution 3, Chapter X), although the limitation of extreme sub- Coastal marine terraces in the Palos Verdes Hills number as

sidence to this one oil field is puzzling. Some, but probably not all, of Tamy as 13, and the highest of these is as much as 1,300 feet above

the lesser but more widespread subsidence may be caused by removal ^^^ level, as described in a previous section.

Antecedent Streams. The principal streams that cross the Los
The Los Angeles basin is an area of negative gravity anomalies. Angeles basin area have cut through rising structural blocks that

In general, the negative Bouguer anomalies become greater toward subdivide the Miocene basin into present-dav topographic basins,
the northeast, in conformity with the regional gradient. For example. Que clear example is the gorge of San Jose Creek, where it cuts
the following results are reported in U. S. Coast and Geodetic Survey through the northwest tip of the Puente Hills just before emptving
Special Publication 244 (1949), with the stations arranged in order into the San Gabriel River. This northwest tip of the Puente Hills
from southwest to northeast

:

is mantled with upper Pleistocene red alluvium, the San Dimas
Anomaiifs formation, which has been deformed into a fiat, northwest-plunging

Free-air Bou«uer .,.' f f^ t^

Oai» (Vncorreeted for anticlmc. Almost cquallv clear are the trenches cut bv Aliso Creek
Number Place Tear Elev. Observed Theoretical station elevation) , ^, o, ^ * c '

*-, i_ i it » , 't-.- • ,

24.1 Redondo 1916 23 2 m 979«i8 979 648 ^02.1 —025 &"<! <"P Santa Ana, Sau Gabriel, and Los Angeles Rivers in the

"ee ro'mptor" \l\l ill lllili g'lle" -Si', Zll] coastal hills and ridges between Capistrano and San Pedro. The Los

3*14 ?Sn'. -:::;:::::: i'92j 111:1 I^Hn Ill^U rS ZZ ^"'^<''''" ^'''" '^^-^ maintained two outlets, one into Los Angeles
31.1 Ml Wilson 1924 1.719.4 979 253 979.680 +.103 —060 Harbor south of the Palos Verdes Hills and the other through

1023 Pomon* 1939 253.4 979.548 979.6667 —.040 —.068 „ „ c.i i. j. r)i j i T3 i.- u • in -i ^i r ^.
243 Pomona 1916 258.2 979.549 979.666 —.037 —.066 Balloua hlough to 1 lava del Key, wDich IS 12 miles north of these
242 HWand ........... 1916 392.6^ 979.479 979.672 -072 -.113

hill.s. In vcry latc Pleistocciie time the Santa Alia, San Gabriel, and
When the regional gradient is removed, the residual negative Los Angeles Rivers cut trenches through the coa.stal ridge to depths

anomalies are greatest in the center of the basin. This is even sug- that are now 120 to 180 feet below sea level (Poland et al., 1945).
ge.sted by the data given above. Compare the —57 milligals at Comp- These trenches, which extended inland across the modern basin, have
ton, near the center of the basin, with the —21 milligals at Long been filled with alluvium but are not known to have been appreciably

Beach, near the southwest margin, and with the —49 milligals at deformed.

Pa.sadena, near the northeast margin. Probably the Santa Ana River, San Gabriel River, and other

Whether or not Pleistocene and Recent subsidence in the Los An- streams are antecedent to the formation of the Santa Ana Mountains
geles basin is in response to isostatie adjustments cannot be decided and the Puente Hills, and have maintained their courses as this
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highland area was uplifted. Coyote Pass in the Repetto Hills and
Brea-Tonner Canyon in the Puente Hills are examples of wind gaps.

Surfaces of Deposition and Erosion. Each major stream builds

an alluvial fan where it enters a basin. Each fanhead is marked by
a stream trench, 10 to 200 feet deep at the canyon mouth and fading

out below (Eckis, 1928). Not only do the major streams swing back
and forth across their fans, destroying the earlier fanhead surfaces

and cutting new ones at lower gradients, but they also bevel the

crests of rising anticlines. An example of this is the planing off of the

Santa Fe Springs anticline by the San Gabriel River.

Some anticlines, such as Dominguez and West Coyote, have risen

more rapidly than the pre-existent streams could erode them, but
the records of the truncations have been preserved in their smooth
domed surfaces, "Priniarrumpfe" in the expressive terminology of

Peiick (1920, p. 367; Davis, 1932, p. 419). The new radial ra^dnes

developed on such hills form consequent drainages and give evidence

for the doming, as was pointed out by Vickery (1928).

More widespread erosion .surfaces have been developed east of the

Los Angeles basin and the Santa Ana Mountains, both on resistant

crystalline blocks and on the upper Tertiary and Quaternary con-

tinental and marine sediments that were deposited on intervening
depressed blocks. The two most extensive inland surfaces are about
1,700 and 2,100 feet above sea level (Dudley, 1936). The lower of

the.se may extend into the area here considered, dropping to altitudes

of 1,200 or even 1,000 feet near the sea. Well-marked examples are
shown in figure 6, on the Puente Hills (foreground) and the foot-

hills of the San Gabriel Mountains (middle distance). The interven-

ing lower blocks may have dropped relatively, without much change
in the positions of the uplands. On the other hand, the accordance
of the Puente Hills and other summit levels may be a matter of

chance. The age of the.se old surfaces must be Quaternary and per-

haps late Pleistocene, but much has happened since their formation,
including the deposition and weathering of upper Pleistocene con-

tinental formations.

CONCLUSIONS

The sedimentary rocks above tlie great Mesozoic unconformity in

the I>os Angeles basin area can be compared with the flysch and
molasse of the Alps. Tens of thousands of feet of clastic sediments
are concentrated in a small area. Central conformity is the rule and
marginal unconformities are common.

The Upper Cretaceous to lower Miocene rocks are mostly shallow

marine or continental deposits, especially in the Santa Ana Moun-
tains. The mariiu- strata contain fairly numerous shallow-water

mollnsks, echinoids, and other invertebrates. Some Cretaceous strata.

and especially the Holz shale member of the Ladd formation, may
be deep-sea deposits, as they lack shallow-water fossils.

The late Miocene sediments may be bathyal. and the early Pliocene

sediments may be mostly deep-sea deposits. The absence of shallow-

water megafossils, the presence of a few Recent bathyal Forami-
nifera in the Miocene, many characteristic deep-water Poraminifera

in the Pliocene, and the frequency of depositional structures sug-

gesting turbidity currents all point to deposition in deep water.

Some doubt remains as to these general conclusions, and many
details are most uncertain. For example, the origin of the San
Onofre breccia is now problematical. Thirty years ago it could be

asserted with confidence that the earthy portion of the breccia, which
is made up exclusively of material of western origin, uncontaminated
even by grains of orthoclase or flakes of biotite, must have been de-

posited on the eastern slopes of Catalinia as material of continental

origin. We still consider this origin probable for the main portion

of the San Onofre. An example is the red and gray earthy breccia at

Dana Point, near Capistrano, where the few and fragmentary
marine fossils may merely indicate minor shore deposits. But west

of Dana Point, higher in the section, sandy San Onofre breccia and

conglomerate, with oysters and pectens, are slightly contaminated

with sand of eastern origin, and seem surely the products of marine

and probably of shallow-water deposition. The overlying Monterey

shale may be an upper bathyal deposit, in which case the great

enclosed lens of gray earthy schist breccia, exposed on the beach and

in the sea cliffs (fig. 5), may be a mass that slid into a moderately

deep sea. The schist-breccia portion of the coarse clastic lens is

nearly mono-lithologie. The easiest explanation of such a peculiar

sediment is the breaking away of the forward portion of an over-

thrust block, possibly even a flat sheet or nappe.
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6, GEOLOGY OF THE TRANSVERSE RANGE PROVINCE, SOUTHERN CALIFORNIA*

Bt Thomas L. Bailey t and Richard H. Jahns J

GENERAL FEATURES

The Transverse Ran^e province of southern California is an

elongate jreomorphic and structural unit that trends essentially east-

west across parts of Santa Barbara, Ventura, Los Angeles, San

Bernardino, and Riverside Counties (pi. 4). Its name reflects its

transverse orientation with respect to the adjacent provinces,

especially the Coast Ranges and Sierra Nevada to the north and the

Peninsular Ranges to the south. This distinctive province is geo-

logically very complex, and comprises chains of mountains and hills

that are flanked or separated by narrow to moderately broad valleys.

These features, as well as most of their structural elements, lie

athwart the general northwest-southeast grain of southern Cali-

fornia, and several of them are responsible for the anomalous east-

west alignment of the coast from Point Conception to the Santa

Barbara area, and along the north side of Santa Monica Bay.

The Transverse Ranges extend from the most westerly part of the

southern California coast, where the Santa Ynez Mountains plunge

under the Pacific Ocean at Point Arguello, to the eastern end of the

Little San Bernardino Mountains, in central Riverside County, and

even to points beyond. On the basis of major structural features,

the inland end of the province can be placed at the eastern edge of

the Eagle Mountains, or only about 50 miles from the Colorado

River. Thus the total length of the Transverse Ranges exposed above

sea level is about 300 miles. The province is about 50 miles wide at

its western end, as measured between the Santa Ynez River and the

Channel Islands southwest of Santa Barbara ; as much as 55 miles

farther east, as measured between Tejon Pass and Santa Monica

Bay; only 15 miles in the Cajon Pass area, where the San Andreas

fault zone separates the San Gabriel and San Bernardino Mountains;

as much as 30 miles in the middle part of the San Bernardino

Mountains; and 20 miles or less in the areas farther east (pi. 4).

The province is characterized by great topographic contrasts, and

includes much of the highest ground in southern California. It is

divisible into thirteen well-defined topographic and geologic units,

which can be described, in a general west-to-east direction, as

follows

:

1. The f^anta Ynez }fountaina extend eastward from Point ArRuello to the

Ventura River, a distance of 80 miles. Their crest height ranges from

1,500 feet to 4,800 feet. They consist mainly of sedimentary rocks that are

Cretaceous to Quaternary in age.

• C'lntrlbutlon No. 670, DivUion of the Geological Sciences, California Institute of
Teihnology.

t Consulting GeolOBlst, Ventura.
J Professor of Geology, California Institute of Technology.

2. The Topatopa Monniahat are an easterly and wider continuation of the

Santa Ynez Mountains, and extend to lower Sespe Creek, north of Pill-

more. Here they give way to the Piru Mountains, which terminate against

the San C.abriel fault north of Castaic (pi. 4). The combined length

of these two ranges is approximately .% miles, and much of their crest

line is 8.r»00 feet to 6,700 feet in altitude. They are underlain chiefly by

sedimentary rocks of early and middle Tertiary age.

3. The Channel Islands and i^anta Monica Mountainn form a range that is

at least 12.5 miles long and 3 to 12 miles wide. It terminates eastward at

the Los Angeles River. Much of the range has altitudes of 500 feet to

3.000 feet: a large part of the remainder, in contrast, lies beneath the

Pacific Ocean. It is composed mainly of Cretaceous to Miocene sedi-

mentary and volcanic rocks. Older crystalline rocks appear in the eastern

part of the Santa Monica Mountains and on Santa Cruz Island.

4. The Pine Mountatn-Frazier Mountain interior ranges form a 12- to 25-mile

wide complex group of short, high, and rugged subparallel ridges of sedi-

mentary rocks, as well as still higher and less elongate granitic mountain

masses. These lie between the San Rafael Mountains on the northwest

and the Santa Ynez and Topatopa Mountains on the south, and they

are terminated on the northeast by the San Andreas and associated faults.

The tops of the sedimentary ridges rise to elevations of 5.000 feet to

7,400 feet above sea level, and the tops of the granitic mountains have

elevations of 6.000 to 8.S00 feet.

5. The Ventura hasin lies between the Santa Ynez and Topatopa Mountains

on the north and the Santa Monica Mountains and Channel Islands on

the south. It contains several intra-basin chains of hills and mountains

that in general are anticlinal. They rise from 400 feet above sea level to

as much as 3.700 feet in the Santa Susana Mountains. Between these

intra-basin highlands are broad-liottomed synclinal lowlands, the Ojai,

Santa Clara, and Simi Valleys. Two of the ranges. Oak Ridge and
Camarillo Hills, die out at their west ends into the flat, alluviated

Oxnard Plain, which is the most extensive lowland in the Ventura basin.

The western half of the basin is occupied by an epicontinental sea. the

Santa Barbara Channel. The Ventura basin, including the submerged

portion, is about 120 miles long and 20 to 40 miles wide. Its axial portion

is marked by the valley of the Santa Clara River (fig. 4).

6. The Ventura basin is bounded on the east by the San Gabriel fault, beyond
which lies the Soledad hnsin. This ebmgate basin is flanked on the south

by the San (Jabriel Mountains, and terminates eastward against the San
Andreas fault zone. Both the Ventura and S«^iledad basins contain thick

sections of marine and nonmarine strata of Cenozoic age, but the history

and conditions of sedimentation appear to have l)een so different on

opposite sides of the San Gabriel fault that the two basins are best

regarded as separate units.

7. The Ridge basin lies north of the eastern end of the Ventura basin, and is

hounded on the southwest by the San Gabriel fault, on the north by the

San Andreas fault, and on the east by the I.iebre Mountains and Sierra

Pelona. It trends northwest, and is about 20 miles long and 2 to 8 miles

wide. It is distinguished by an enormously thick section of dominantly
nonmarine strata <if Pliocene and late Miocene age. and its history

evidently was quite different in many respects fn)m those of the nearby

Ventura and S<dedad basins.

8. The Liehre Mountains and Sierra Pelona are en-echelon ranges that lie

between the Mojave Desert on the north and the Soledad basin on the

south. They are separated from the Topatopa Mountains by the Uidge

(83)
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FIOX'RF, 1. View ciist-northcnst toward central imrt of Vpntiira luisin. from \'cnturii ( fon'j,'rouii(i L Ventura Rivor is in miiiiile and It-ft forcgrcmnd. and
Santa Clara River valley is at riflit and in distance. To|ialii|m Mountains form the sk.vline at left. Hills in center of view consist of marine I'lioceue and
lower rieistocene Htrata on the south flank of the \'entur]i anticline, the axial trace of which is .shown approximately hy the dasheil line. I'arifir Mr Industries
photo.
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basin, nnd terminate eastward against the San Andreas fault zone. In

most places they rise to altitudes of 3,(M)0 feet to ^^,Hi)() feet. Unlike most

of the ranpes farther west, they consist almost entirely of igneous and
metamorphic rocks that are pre-Cenozoic in age.

9. The .Son Gabriel Motmtain.t form a Indd, high mass that extends from the

east end of the Ventura basin near Newball to Cajon Canyon northeast

of San Bernardino (fig. Ji), a distance of about 60 miles. This range is

lens-shaped in plan, and rises to general altitudes of n.fXM) to 9.000 feet.

Its highest point, the summit of San Antonio Peak, is 10,080 feet above
sea level (fig. 2). The range is bounded on all sides by major faults, and
is composed of plutonic igneous ro<-ks of late Mesozoic age, together with
a very complex series of older plutonic, metasedimentary, and meta-
volcanic rocks.

The Verdugo Mountains and San Rafael Hills form a ridge, 15 miles

long and 3 miles wide, that apparently is an upfaulted sliver of crystalline

rocks along the south side of the western San Gabriel Mountains (fig. 4).

This ridge forms a part of the ea.st boundary of the San Fernando Valley,

northeast of Los Angeles.

10. The San Fernando Valley, a broad plain about 10 miles by 20 miles in its

elliptical plan, lies between the western San Gabriel Mountains and the

eastern Santa Monica Mountains {fig. 4). This plain or sub-basin is an
en-echelon offshoot from the south-eastern part of the Ventura basin, and
beneath the alluvium on its floor is a complex section of Cenozoic and
upper Mesozoic sedimentary rocks.

11. The northern third of the Los Angeles hasin, which adjoins much of the

San Gabriel Mountains on the south, includes the thickly alluviated San
Gabriel Valley and the intra-bnsin Repetto and San Jose Hills along the

southern margin of this valley. Most of this area is underlain by sedi-

mentary and volcanic rocks of middle and late Tertiary age. Although
other east-trending low ranges, such as the Coyote Hills, are present

farther south in the I^os Angeles I)asin. most of the structural elements

in the central and southern parts of this basin have a northwest align-

ment and hence represent the northern end of the Peninsular Range
province.

12. The San Bernardino }founiains extend eastward from Cajon Pass for a

distance of 55 miles, and in general rise to altitudes of 5,000 feet to

11.000 feet. They are distinguished by deep and steep-walled canyons, a

subdued upland surface that is markedly discontinuous, and several

prominent peaks and ridges that include San Gorgonic* Peak, whose sum-
mit {altitude 11,485 feet) is the highest point in southern Califi)rnia

(fig. 14). The east end of the.se mountains is marked by Morongo ^'aliey,

which separates them from the Little San Bernardino Mountains farther

east.

A zone of profound disturbance, defined mainly by the San Andreas
and San .Jacinto faults, separates the San Bernardino Mountains from
the San Gabriel Mountains to the west (fig. 3). The geology of the two
ranges is similar in many respects, but metamorphosed sedimentary rocks

of Paleozoic age are more abundant in the San Bernardino Mountains.
These strata rest upon a complex assemblage of older, more severely de-

formed rocks, and are cut by widespread plutonic rocks of Mesozoic age.

13. The Little San Bernardino Mountains, Pinto Mountains, and Eagle Moun-
tains are desert ranges in a belt that extends eastward from Morongo
Valley for a distance of about "( miles. They range in altitude frfun 3,(XK)

feet to 5,400 feet. They are composed mainly of Mesozoic plutonic rocks

that contain numerous septa and inclusions of older metamorphic rocks,

and some very large masses of these older rocks also are present.

The climate in much of the Transverse Range province is semiarid,

but it ranges widely from subhumid and humid in the higher parts

of the San Gabriel and San Bernardino Mountains to trulj' arid at

the eastern end of the province. The higher peaks in the San Bernar-

dino and San Gabriel Mountains usually are snow-capped during

much of the year (fig. 2), and snow frequently lasts through the

winter months in the I'ine Mountain-Frazier Mountain interior

ranges and in the higher parts of the Topatopa Mountains. In most

of the region the annual rainfall ranges from 12 to 20 inches, and

nearly all of it falls during the period from November to :\Iarch,

inclusive.

The topography in much of the region reiiresents late youthful to

early mature stages of the erosion cycle, and sharp, rugged ridges

and narrow, steep-sided, deeply incised valleys are characteristic.

Most of the streams are intermittent, and generally flow only during

the winter and spring seasons. An apron of large alluvial fans is a

prominent physiographic feature of the oversteepened south front

of the San Gabriel Mountains (fig. 2), and many well-developed

fans and pediments also are present on the north slopes of this range,

as well as on the flanks of the San Bernardino Mountains and the

desert ranges to the east.

The geology of large parts of the Transverse Range province has

been described by several investigators, notably Dibblee (1050). Ilill

(1928), Kew (1924), Miller (1934), Reed (19:j:j), Simpson (1934),

and Vaughan (1922). Many descriptions and discussions of smaller

areas and specific features or problems also have been published, and

a sampling of these is included in the list of references at the end of

this paper. The region contains numerous marine and nonmarine

terraces, upland surfaces of low relief, fault-controlled valleys and

canyons, and other physiographic features that raise interesting

problems, but most of these are noted elsewhere in this volume (see

especially Sharp, Contributions No. 1 and No. 3, and Putnam, Con-

tribution No. 7, Chapter V), and hence are not discussed in this

paper.

THE GEOLOGIC SECTION: OLDER ROCKS

General Relations. As indicated in the foregoing resume, the

Transverse Range proviiice varies tremendously in its exposed litho-

logic components, wOiich are shown in generalized form in plate 4.

As in other parts of southern California, the geologic section is

readily divisible into two main parts that are separated by a pro-

found unconformity. This break, and the marked contrasts between

the rocks that lie above and beneath it, reflect a major episode of

Mesozoic diastrophism, igneous intrusion, and metamorphism.

The oldest rocks above the unconformity are marine strata of

Upper Cretaceous age, and in some places the rocks beneath it are

mildly metamorphosed strata that may well be as young as Creta-

ceous. In the eastern part of the Transverse Range province, the
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FiGl'BE 2. View northeast toward scarp of San Gabriel Mountains, from Pomona (foreground). The three main peaks are, from left I<i rit:lit, San Antonio

Peak, Ontario Pealf, and Cucamonga Peali. San Kernardino Mountains form the skyline at right. The large alluvial fan in central part of view heads at the
mouth of San Antonio Canjon ; the course of this canyon marks the trace of a major zone of transverse faulting. Photo courtoy Fairchild Aerial Surveys. Ine.

exposed roeks are almost wholly igneous and nietamorphie tj'pes of

pre-Cambrian to Cretaceous age, and hence are members of the older

sequence. Similar rocks are present in the western part of the prov-

ince, but in most of the ranges and basins there they are concealed

beneath thick sections of Cretaceous, Tertiary, and Quaternary
clastic sedimentary rocks.

Most abundant and widespread in the sequence that lies beneath

the great unconformity arc plutonic rocks, mildly to severely meta-

morphosed sedimentary and volcanic rocks, and complex assemblages

of migmatitic gneisses. These rocks, referred to collectively as "base-

ment," "basement complex," or "crystalline basement" by many
geologists, bear testimony to a highly involved series of events that

probably began in pre-Cambrian time and culminated with develop-

ment of batholithic masses of plutonic rocks in late middle or even

late Mesozoic time.

The Western Ranges. In the Santa Ynez Mountains basement
rocks are exposed only in a few small areas near the northern margin
of the range. The.y consist of slightly metamorpho.sed but highly

folded and faulted arkosic sandstones, slaty shales, and radiolarian

cherts that have been intricately invaded by masses of serpentine

and other basic intrusives. These rocks are a part of the Franciscan

group, and probably are of Jurassic age.

Beneath the sedimentary strata of the Topatopa Mountains are

granodiorite and related plutonic rocks of Jurassic or Cretaceous

age, which enclose some roof pendants of older gneiss. These rocks

are extensively exposed in areas to the north, and Frazier Mountain
and Mount Pinos, for example, are underlain chiefly by quartz

diorite, granoiliorite, and a variety of migmatitic gneisses. The
Sierra Pelona and the high northern part of the Liebre Mountains

consist mainly of schists and gneisses that have been intruded by
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large bodies of granitic rocks. The oldest recognizable unit in this

basement terrane is the Pelona schist, a thick sequence of quartz-

mica schist, actinolite-mica schist, and chlorite-rich schists with

minor beds of interlayered quartzite, marble, and amphibolite. Most
of these rock types are fine grained, but in places they are closely

associated with coarse-grained, highly deformed gneisses and migma-
tites. They probabl.v are pre-Cambrian in age (Simpson, 1934, pp.

380-381). Sediments of presumably Paleozoic age are represented b.v

hornfels, schist, and marble that occur mainly as pendants and in-

clusions in younger plutonic rocks.

The core of the Santa Monica Mountains and Channel Islands

comprises several thousand feet of mildly metamorphosed argilla-

ceous rocks and numerous younger intrusive masses of granitic to

quartz dioritic composition. The dominant rock type in the metamor-
phic sequence has been variously termed argillite, phyllite, and slate,

and in places it grades into mica and chlorite schists. It is lithologi-

cally similar to rocks of known Triassic age in the Santa Ana
Mountains to the southeast, and is fundamentally different in com-

position and texture from mildly metamorphosed argillaceous rocks

that crop out in the Palos Verdes Hills and on Catalina Island to

the south (see Woodford, et al., Contribution No. 5, this chapter).

The Eastern Ranges. The San Gabriel Mountains are composed

of a wide variety of crystalline rocks whose origin and age relations

are not yet fully understood. An older sequence, of probable pre-

Cambrian age, is represented in the northeastern part of the range

by the Pelona schist (Noble, 1927), and elsewhere in the range by a

complex and highly deformed assemblage of gnei.ss, schist, quartzite,

marble, and numerous hybrid rocks, in part termed the San Gabriel

formation by Miller (1934, pp. 49-56). Recent investigations near

the western end of the range have demonstrated, by means of analy-

ses of clean zircon concentrates, that at least two kinds of plutonic

rocks there are pre-Cambrian in age (Neuerburg and Gottfried,

1954).

Of particular interest in the western third of the range is a gab-

broic complex that includes anorthosite, norite, various transitional

rocks, and apatite-ilmenite rocks (Miller, 1931; Higgs, Contribution

No. 8, Chapter VII, this volume). The anorthosite is composed al-

most entirely of andesine. It has been thoroughly shattered and
extensively sheared on a wide range of scales, and it contains numer-

ous dikes and inclusions of other rock types (fig. 5). It character-

istically weathers chalky and white, and commonly forms ridges and

slopes that are fairly smooth in detail (fig. 11).

A younger sequence of rocks in t+ie San Gabriel Mountains in-

cludes argillite, phyllite, quartzite, some marble, and several volcanic

types. Some of the strata probably are correlative with fossilifcrous

upper Paleozoic rocks in the San Bernardino Mountains to the east,

whereas others may well be Mesozoic in age. Still younger is a group
of widespread plutonic rocks that range in composition from diorite

to granite, and that probably are Jurassic or Cretaceous in age

(Miller, 1934, pp. 61-65; Simpson, 1934, p. 384; AVoodford, 1939,

p. 257). In most parts of the range both these and the older rocks

have been shattered and sheared to an impressive degree, and mnner-

ous zones of mylonite have been recognized (Alf, 1948). Many of

the rocks are interlayered or otherwise intimately mixed (fig. 6),

and the igneous rocks commonly contain abundant inclusions. Both
the igneous and the metamorphic rocks are transected by dikes of

aplite, pegmatite, lamprophyre, amphibolite, and fine-grained

basaltic to rhyolitic rocks.

The San Bernardino Mountains are composed mainly of gneisses,

schists, plutonic rocks, and several kinds of hybrid rocks, and also

contain a sequence of marble, in which fossils of Carboniferous age

can be recognized, and older quartzites and carbonate rocks of

Paleozoic age (Vaughan, 1922, pp. 352-361; Woodford and Harriss,

1928, pp. 268-271; Guillou, 1953, pp. 3-13). The Paleozoic section

appears mainly in the northeastern part of the range, and is about

10,000 feet thick. As in the San Gabriel Mountains, the rocks can

be divided into an older sequence, characterized mainly b.v gneisses

and schists of probable pre-Cambrian age, and a younger secjuence

of Paleozoic and Mesozoic rocks.

Exposed over large parts of the San Bernardino Mountains, Little

San Bernardino Mountains, and other mountains to the east are

plutonic rocks whose average composition appears to be in the quartz

monzonite range. The most widespread type, referred to as the

Cactus granite (Vaughan, 1922, pp. 363-374; Woodford and Ilarriss,

1928, pp. 271-274; Miller, 1946, p. 472), is mainly a light-colored

quartz monzonite of Mesozoic age. The lead-uranium ratio of euxen-

ite from a pegmatite body that cuts the Cactus granite about 11

miles southeast of Old Woman Spring, near the northern edge of

the San Bernardino Mountains, indicates a middle Jurassic age

(Hewett and Glass, 1953, pp. 1047-10,50). Both the Cactus granite

and other plutonic rocks in the eastern end of the Transverse Range

province contain numerous inclusions and septa of metamorphic

rocks, and some large areas are underlain by gneisses, schists, am-

phibolite, quartzite, conglomerate, cr.vstalline limestone and dolomite,

and other mildly to severely metamorphosed rocks (Harder, 1912,

pp. 19-21) whose sequence and age relations have not been firmly

established.

THE GEOLOGIC SECTION: YOUNGER ROCKS

Cretaceous Rocks. Lower Cretaceous (Knoxville) sediments are

exposed within the Transverse Range province only in the western
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FlcrKK 3. ^'iew northwest over San Bernardino, showing the San Gabriel Mountains (left) and San Bernardino Mountains i
[ .

' -m AnrMiuM juak is on skyline

at left, and Mojave Desert is in distance at right. Light-colored onterops in upper drainage of Cajou Creek be.voud the trace of the tSan Auilreas fault are terrestrial strata

of Miocene age (see fig. 7). Traces of major faults are shown h.v dashed lines. Pacific Air Industries photo.

Santa Yuez Jloiinlaiiis, near Lompoc and Buellton. These consist

mainly of considerably sheared marine silty shales that are as much
as 7,500 feet thick.

Upper Cretaceous sediments are much more widespread. They
crop out extensively in the Santa Ynez Mountains, especially toward

the west end of the ranp;e. To a lesser extent they appear in the

northwestern Topatopa Mountains, where they con.sist of hard, fjra.v,

marine shale with thin beds of sandstone and a few lenses of coarse

confrlomeratc. Similar Cretaceous rocks are widely exposed in the

San Rafael Mountains north of the western Transverse Ranfres. The
Sinii Hills and vicinity, in eastern Ventura County, are composed

mainly of thick-bedded, northward dipping, nuirinc Upper Creta-

ceous sandstones.

In the eastern Santa Monica Mountains the Cretaceous section

consists mostly of con^'lomerate beds that are about .'!,()()() feet thick.

Terrestrial redbeds form the lower several hundred feet of the sec-

tion, but the remainder is marine. No rocks of definitely Cretaceous

age have been found in the eastern half of the Transverse Range

province, but Upper Cretaceous elastics are widely exposed in the

Santa Ana Motnitaiiis, a part of the Peninsular Range province that

forms the eastern rim of the Los Angeles basin.
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Eocene Rocks. Paleooene and lower Eocene sandstone, shale, and

cono;lomerate crop out extensively on the north slopes of the Siiiii

Hills and at the east end of Simi Valley, where their aggregate thick-

ness is 3,500 feet. A thick section of clastic Paleocene strata is ex-

posed along the southern margin of the Liebre Mountains, north of

the Santa Clara River valley. In the eastern Santa Monica Moun-

tains about 1,000 feet of Paleocene rocks consists principally of shales

with thin lenses of limestone.

Thin, elongate fault slivers of sheared and fractured Paleocene

shale, sandstone, and pebbly to cobbly conglomerate are present in

the western Santa Ynez Mountains and western San Gabriel Moun-

tains. Larger fault-bounded masses of similar but less deformed rocks

occupy parts of the San Andreas fault zone along the northeastern

margin of the San Gabriel Mountains (Dickenson. 1914; Noble, Con-

tribution No. 5. Chapter IV, this volume), and further attest the

former wide distribution of Paleocene strata.

Sedimentary rocks of middle and late Eocene age form most of the

higher parts of the Santa Ynez and Topatopa Mountains, where their

thickness ranges from .3.000 feet near Point Conception to more than

13,000 feet north of Ventura. On San Miguel Island 9,000 feet of

these Eocene elastics has been reported, but part of them may be Cre-

taceous in age. The upper and middle Eocene section consists mainly

of alternating black shale and hard, gray sand.stone. A few beds of

conglomerate also are present. The only significant carbonate unit, an

orbitoidal limestone (Sierra Blanea) that ranges in thickness from

a few feet to a few hundred feet, occurs as lenses at the base of the

middle Eocene section in the northern Santa Ynez and southern San

Rafael Mountains, where it rests unconformably on Cretaceous rocks.

Zones of red shale alternate with oyster-bearing sandstone (Cold-

water .sandstone) in the upper 2,.')00 feet of the Eocene section be-

tween Santa Barbara and Fillmore.

An upper Eocene continental redbed series (lower part of Sespe

formation) crops out in the Simi Valley region, and has been pene-

trated in oil borings on South Mountain and Oak Ridge, south of

Fillmore (fig. 8). These strata contain a large fauna of laiul verte-

brates including early primates, rhinoceroses, titanotheres, and
numerous rodents (see Durham, et al.. Contribution No. 7, Chapter

III). They are lithologically indistinguishable from overlying Oligo-

cene (Sespe) redbeds with which they have been mapped, and they

record the first important marine regression in the Tertiary history

of this region.

The Eocene sands commonly are tight, but they produce oil com-

mercially in several parts of the Ventura basin.

Olirincene HoCks. The Oligocene section is characterized by a gen-

erally thick succession of redbed sandstones, silty shales, and con-

glomerates of the Sespe formation, which extends from an area a few

miles east of Point Conception eastward to the .southern Liebre Moun-

tains northeast of Saugus, and probably southeastward to Santa Ana
Canyon at the east end of the Los Angeles basin. Vertebrate faunas

indicate that this formation ranges in age from late Eocene through

Oligocene to early Miocene. On the .south flank of the Santa Ynez

Mountains west of Canada Refugio (Refugio Canyon), the basal beds

begin to interfinger with marine sandstones and shales. The upper

half of the redbed section is overlapped to the west by marine strata

of early Miocene age. This transition from continental to marine

Oligocene beds continues westward progressively, so that near Point

Conception and Lompoc all of the Oligocene section, here about 1,000

thick, contains numerous marine fossils.

Lower Miocene to Oligocene redbeds also occur on Santa Rosa

Island and in the Santa Monica Mountains. Angular unconformities

that mark local uplifts are present at the top of the Oligocene sec-

tion in the western Santa Ynez Mountains and in the Simi and Las

Posas Hills; elsewhere the Oligocene-Mioeene contact is apparently

conformable. The Oligocene (and some upper Eocene) redbeds in-

clude some of the most important oil reservoir sands in the Ventura

basin.

Coarse conglomerate, breccia, and arkosic sandstone, in large part

of typical redbed lithology, are widely exposed in the Soledad basin

north of the western San Gabriel Mountains (fig. 11), and also

appear as discontinuous erosional remnants along the San Andreas

fault zone farther east. The.se nonmarine strata, known as the Vas-

quez formation, locally reach thicknesses of about 14.000 feet. They

are overlain with marked unconformity by other nonmarine strata of

early Miocene age, and probably are correlative with at least a part

of the Sespe formation to the west. In some parts of the basin the

section contains as much as 4,000 feet of andesite and basalt, chiefly

in the form of flows.

Miocene Rocks. In the western Ventura basin and Santa Ynez

foothills the Miocene section comprises, in upward succession, a basal

unit of sandstone and conglomerate M feet to 400 feet thick (Va-

qiieros formation), 1,500 feet of mudstone, 1,000 feet to 2,.5O0 feet

of laminated, highly organic (foramini feral or diatomaeeous) shale,

.shaly chert, and diatomite, and 2,000 feet of silly brown organic

shale at the top. Most of this Miocene shale is highly bituminous, and

hence constitutes a rich source rock for petroleum. In the eastern part

of the Ventura basin, between Fillmore and Saugus. the middle and

upper Miocene section becomes progressively more sandy and thick-

ens to 10,000 feet or nuire east of Pirn, where there is a concentration

of oil fields producing from these sands.
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The northern Los Angeles basin contains about 3,000 feet of lower

and middle Miocene sandstone and conglomerate, the lower part of

which includes a few redbeds. These are overlain by a maximum of

9,000 feet of upper Miocene diatomaceous shale, eherty shale, silty

shale, sandstone, and conglomerate. This Miocene succession is similar

to that in the eastern Ventura basin, where coarse elastics are inter-

bedded with the organic shale.

During middle Miocene time a deep geosyneline was developed on
the site of the present Santa Monica Mountains and Channel Islands.

In this rapidly subsiding marine trough was deposited 3,000 to

15,000 feet of middle Miocene clay shale, sandstone, conglomerate,

and schist breccia. The thickest section i.s in the western Santa
Monica Mountains. Shortly after their deposition, these sediments

were invaded by sills, dikes, and chonoliths of diabase, basalt, and
some andesite. Two or three lenses of submarine volcanic flows

(trachyandesites, andesites, and basalts) as much as 5,000 feet thick

appear in the upper part of the middle Miocene .section. Minor extru-

sion of acid volcanic rocks also occurred during middle Miocene time

100 miles to the northwest, in an area a few miles northwe.st of Point

Conception.

The orogeny that raised up the Santa Monica Mountains and Chan-
nel Islands on the site of this geosyricline began in early upper Mio-

cene time, and the upper Miocene diatomaceous shales commonly rest

with an angular unconformity upon rocks that are middle Miocene
and older. In the Ventura basin, only a few miles to the north, almost

continuous deposition of organic shales was progressing during
middle Miocene time. A post-Miocene, possibly middle Pliocene, up-

lift of considerable magnitude supplemented the pre-Pleistocene

orogeny of the Santa Jlonica Mountains, and resulted in folding and
faulting of the upper Miocene strata that now occupy the flanks of

the mountains.

Along the northern margin of the central Transver.se Ranges,
from Cuyama Valley southeastward through Loekwood Valley to

the northwest side of the San Gabriel Mountains, is a large area
covered with continental Miocene conglomerates, .sandstones, and
siltstones, showing that a land area partly separated the Ventura
basin from the San Joaquin basin to the north during late Miocene
time. The marine and continental facies have been brought into

juxtaposition for several miles by large lateral movements on the

San Gabriel fault northwest of Castaie (see Crowell, Contribution
No. 6, Chapter IV). Patches of similar nonmarine Miocene strata are

present in the San Andreas fault zone along the north flank of the

San Gabriel Mountains, and in the Cajon Pass area at least 8,000

feet of upper Miocene conglomeratic sandstone and associated finer-

grained rocks is spectacularly exposed (figs. 3, 7). These strata lie

nnconformabl.v upon lower Miocene marine Vaqneros bods in at

least one place in tliis area. It is interesting to note that the presence

of Vaqueros strata in the Ca.ion Pass area poses a problem in paleo-

geography and tectonic history, as the nearest other Vacpieros rocks

north of the San Andreas fault lie in the San Joaquin Valley. 90

miles to the northwest, and the nearest Vaqueros rocks south of the

fault lie in the Santa Ana Mountains. 40 miles to the southwest

(Noble, Contribution No. 5, Chapter IV).

A few patches of terrestrial sandstone and conglomerate of doubt-

ful Miocene age occupy fault blocks and slices in the southern part

of the San Bernardino Mountains eastward from San Bernardino
to points be.vond San Gorgonio Pass. The widcs])read distribution of

these and other nonmarine strata to the west and northwest, to-

gether with the dominance of plutonic and gneissic rocks as clasts

within the strata, indicates that the eastern Transverse Ranges, as

well as the granitic Mount Piuos, Liebre Mountains, and Prazier

Mountain farther west, were being rapidly eroded during an ap-

preciable part of Miocene time.

Pliocene Rocks. The marine Pliocene section is confined to the

central part of the Ventura basin, and extends eastward from points

near Goleta to the northwest corner of the San Fernando Valley

near Sunland. Between Ventura and Fillmore the generally marine
Pliocene soft sandstones, silty clay shales, mudstones, and fine to

coarse conglomerates are 13.000 feet to 15,000 feet thick. On Oak
Ridge, toward the south rim of the Pliocene basin and a few miles

south of this tremendously thick section, 1,000 feet or less of upper
Pliocene beds rests unconformably upon organic Miocene shales (fig.

8). In places the marine Pliocene section is not represented at all.

In the Goleta-Santa Barbara area, toward the north rim of the

basin, from none to possibly 700 feet of largely marine upper

Pliocene strata (lower part of the Santa Barbara formation) is

preserved, mostly in synelines.

Marine Pliocene elastics of similar lithology attain a thickness of

4,000 feet to 6,500 feet in the deeper parts of the Los Angeles

basin beneath the Quaternary cover, but onl.v discontinuous rem-

nants a few thousand feet thick crop out along the northern and

eastern margins of the basin northwest of Santa Monica, in the

Repetto and Montebcllo Hills a few miles east of Los Angeles, and

at the west end of the Puente and San Jose Hills between Whittier

and Pomona.

In both the Ventura and Los Angeles basins tlic Idwcr half of the

Pliocene section contains the most prolific reservoir sands for oil

and gas in this region. In the Ventura oil field a maximum of about

7,500 feet of oil-bearing Pliocene strata, excluding repetition by
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thrust faultiiifr, has been penetrated by wells. This is the thickest

known eontinuously oil-bearing section.

Continental Pliocene sediments, 2,000 feet to nearly 6,000 feet

thick, are exposed in the eastern part of the Ventura basin on both
sides of the Santa Clara River Valley (i\g. 10), and similar beds are

preserved on relatively depressed fault blocks in the southwestern

part of the San Gabriel Mountains. These deposits are mostly buff

gravels and arkosie sands, with interbeds and lenses of reddish and
greenish silty clay.

The Ridge basin, north of the Santa Clara River Valley, contains

about 29,000 feet of upper Miocene and Pliocene strata, chiefly silt-

stone, sandstone, conglomerate, and coar.se breccia (Crowell, 1950,

1952a, b; Eaton, 1939). The lowermost 2,000 feet of the section is

mainly marine, and the remainder represents fluviatile and lacustrine

deposition. The enormous thickness of these beds actually is greater

than the width of the depositional basin, which was outlined in large

part by major faults. The Violin breccia, one formation in the

group, is 27,000 feet thick but extends along the strike for a maxi-
mum distance of only 4.000 feet. Evidently it accumulated as talus

or alluvial debris at the base of the San Gabriel fault scarp, and it

grades abruptly into finer-grained strata on the east (Crowell, Ridge
Basin Map Sheet, this volume).

The lower part of the Paso Robles formation north of the Santa
Ynez River in Santa Barbara County, and the upper part of the

continental sands and gravels of the Cuyama and Lockwood Valley
area, between the Topatopa Mountains and the San Andreas fault,

probably are Pliocene in age. Terrestrial Pliocene strata also are ex-

posed along the northern margin of the San Gabriel Mountains and
the southern margin of the San Bernardino and Little San Ber-
nardino Mountains, where in large part they are involved in the

San Andreas fault zone. Marine strata of probable Pliocene age
(Imperial formation) extend northwestward as a thin tongue into

the San Gorgonio Pass area from the Coachella-Imperial Valley.

They contain an invertebrate fauna that is markedl.v different from
the faunas in Pliocene .strata of the coastal areas (Durham, 1950,

pp. 23-33), and thus correlations between the western and eastern

parts of the Transverse Range province have been difficult to estab-

lish for the nuirine part of the section.

During middle Pliocene time the Santa Ynez and Topatopa
Mountains, as well as Oak Hidge, the Las Posas Hills, and several

other low ranges in the Ventura basin, were gently folded up and
eroded. Po.ssibly the main ujjlift of the Santa Monica Mountain.s

—

Channel Islands range took place at this time, as well. Marked uplift

of the eastern ranges during Pliocene time is attested by the se-

quence and lithology of the nonmarine sediments that were derived
from them.

,v *-

FiGtTRE 5. HJRhl.v .';hcarp(i jindrthosite with (iark-oolonMl inchisions of sfhisr

qunrtzitp. nnd aniphibolite. These rocks are transected l).v Keiitl.v dippinj: dikes of

sheared leuco-monzonite. ^olechid (_'an.von near Kavenna, north side of Snn
Gabriel Mountains.

Pleistocene Rocks. The most remarkable stratigraphic feature of

the Transverse Range province is the existence of 4,000 to 5,000 feet

of marine Pleistocene strata in the central Ventura basin. These

beds have been folded along with the conformably underlying

Pliocene section (fig. 1), so that they now show dips of 20 to 75

degrees. They contain both vertebrate and invertebrate fossils of

Pleistocene age, and more than 90 percent of the abundant mollusean

species among the marine fossils are living today. The basal Pleisto-

cene unit (upper part of Santa Barbara formation) consists mainly

of mudstone. It is overlain by an alternation of near-shore soft

sands, silts, and gravels. The upper third of the section is mostly

nonmarine, the marine basin having been filled by the time these

beds were laid down.

At least 2,000 feet of folded lower Pleistocene beds of similar

lithology is present in the Los Angeles basin. Resting with strong

angular unconformity on the lower Pleistocene San Pedro formation

are horizontal to slightly tilted sands, gravels, and silts that contain

upper Pleistocene land vertebrates (Rancho La Brea beds and ter-

race deposits). This great uncoTiformity. which shows angular dis-

cordances of 30 to GO degrees, commonly marks the ma.ior Coast

Range orogeny during which the Ventura anticline. 3 miles luirth

of Ventura (fig. 1), was folded up far above sea level. In the Los
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Angeles basin several important domal anticlines, on which some of

the most prolific oil fields in the State have been developed, were

formed or were emphasized at this time.

The effects of this mid-Plei.stoeene orogeny were widespread, and
included intense folding and uplift in all of the older Transverse

Ranges, such as the Santa Ynez, Topatopa, San Gabriel, San Ber-

nardino, and Santa Monica Mountains, and in the intra-basin ranges,

such as Red Mountain, South Mountain-Oak Ridge, Santa Susana

Mountains, San Jose Hills, and Puente Hills. Great thrusts and steep

reverse faults, with maximum displacements of 10,000 to more than

15,000 feet, were developed in the Ventura basin and along its

margins. These include the Santa Ynez, Big Pine, Simi, Holser, and
San Gabriel reverse faults, and the Red Mountain, San Cayetano,

Oak Ridge, and Santa Susana thrusts (pi. 4). Faults with steep dips,

northea.st and northwest strikes, and large components of lateral

(strike-slip) movement developed in the Santa Barbara region, and
much larger lateral movements occurred along the San Gabriel fault,

along the AVhittier and Inglewood faults in the Los Angeles basin,

and along the San Andreas and associated faults.

STRUCTURE

General Relations. Structurally the Transverse Range province

consists of (1) a series of predominantly east-trending, generally

steep-sided folds, many of which are broken along their axes or on

one or both flanks by compressional faults or thrusts, and (2) large

blocks and numerous smaller slices that are bounded mainly by

reverse faults or by faults that dip very .steeply aiul have large

strike-.slip components of movement. Folding either is dominant over

faulting or is of equal importance in the basinal areas and in the

western ranges that consist predominantly of sedimentary rocks.

In contrast, the eastern ranges, in which crystalline ba.sement rocks

prevail, are characterized by marginal faults that converge down-

ward beneath the upthrown mountain blocks. The great San Andreas

fault, which generally trends northwest along its 640-mile course in

California, bends to a more westerly trend in the 180-mile segment

that slices obliquely across the Transverse Range province.

Santa Ynez Mouniains. The relatively low and broad western

part of the Santa Ynez Moiintains is a considerably faulted anti-

clinorium that is bordered on the north by the broad syncline of

the lower Santa Ynez Valle}'. For most of its length farther east,

the range is a steeply southward dipping homocline of Cretaceous

to Miocene strata that have been tilted up along the Santa Ynez
fault zone. This fault generally dips steeply south, and the rocks

on its south side have been upthrown from 5,000 to 10,000 feet. It lies

near the base of the north side of the range and is bordered on the

north for many miles by the synelinorial graben of the upper Santa

Ynez Valley.

The Santa Ynez fault commonly occupies the position of the axial

plane of a sharp anticline, and hence the crest of the range is on the

.south limb of this ruptured fold. For a distance of a few miles, the

range is a rather open anticline whose north flank is cut by the Santa

Ynez fault, which locally dips gently to the .south. Between Santa

Barbara and Carpinteria, as well as in the vicinity of 0,iai, the

Eocene and Oligocene strata that form the mountain ma.ss are over-

turned and dip north at angles as low as 50 degrees. Where the

northwest-trending San Rafael Mountains butt against the east-

trending Santa Ynez Mountains, the net slip of the Santa Ynez fault

has been oblique, the north side apparently having moved downward
and westward. Po.ssible transverse arching in the Santa Ynez Moun-
tains may reflect a southward continuation of the San Rafael uplift.

Topatopa Mountains. The eastern Santa Ynez Mountains and
their eastern continuation, the Topatopa Mountains, broaden into a

complex faulted anticlinorium, and are separated from the higher

Pine Mountain-Frazier Moinitain ranges on the north by a narrow

synclinal graben along upper Sespe Creek. The southern margin of

the Topatopa Mountains is generally overturned between the San
Cayetano thrust and the axis of a recumbent anticline or group of

anticlines that is parallel to the thrust a short distance to the north.
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Fioi-'RE 7. CouKluiuerute, arkusie Kiind»tone, nnd interiK'ddfd (iner-KrjiiniMl rocks in thi* upper lirainnjjp of Cajon Creek, between the San (inhriel niul San Iternardino
Mountains. These nonmarine strata are of late Miocene age. Photo courtesy of Walter //. Thrall, Jr.
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The thrust extends eastward from the area northeast of Ojai to a

point a few miles beyond Piru, and lies along the base of the hills

that border the Santa Clara River valley on the north. It dips 15 to

50 de^n-ees northward, and possibly has a maximum dip-slip displace-

ment of 20,000 feet.

A.s the north side of the Topatopa Mountains is bounded by the

generally south-dipping Santa Ynez fault, this range is structurally

a flat-topped or gently folded horst with steeply dipping to over-

turned margins. The Piru Mountains, the eastern continuation of the

Topatopa Mountains between lower Sespe Creek and the San Gabriel

fault northwest of Castaic, are a gently folded, eastward plunging

anticlinorium in Miocene and Pliocene rocks that are closely folded

near Hopper Mountain and Piru Creek. The San Cayetano thrust

dies out a few miles east of Piru, and from Piru eastward the steeply

south-dipping Holser fault is the principal exponent of crustal short-

ening. This fault is upthrown on the south, with displacements of

2,000 to 5,000 feet, and its sen.se of movement is opposite to that of

the San Cayetano thrust.

The eastern boundary of the Topatopa Mountains is the essentially

vertical San Gabriel fault. The north or northeast .side of this break

is upthrown in the western San Gabriel Mountains, but farther

northwest, beyond Castaic, it i.s downthrown. Several lines of evi-

dence indicate a strike-slip (right lateral) movement of at least

several miles along this northwest part of the San Gabriel fault

(see Crowell, Contribution No. 6, Chapter IV).

Ventura Basin. The Ventura basin is a highly folded syneli-

norium that contains a maximum of about 50,000 feet of Tertiary

and Quaternary strata, and possibly as much as 8,000 feet of Cre-

taceous .strata. The synclinorium is broken by a number of large

thrusts or reverse faults, some of which dip .south and others north.

Except for its northern margin, the western half of the basin is

submerged beneath the Santa Barbara Channel. Most of the larger

interior valleys, such as Ojai Valley, Simi Valley, and the Santa

Clara River Valley above Saticoy. are .synclinal, and the intra-basin

ranges of hills or mountains, such as Red Mountain, South Mountain-

Oak Ridge, and the Camarillo-Las Posas Hills, are anticlinal. The

most extensive lowland area, the Oxnard Plain, is gently folded but

considerably faulted beneath its thick alluvial cover.

The central part of the Ventura basin has been subjected to direct

north-south compression, resulting in overturning of beds and the

development of thru.sts or reverse faults on one or both flanks of

many of the anticlinal ranges. The Santa Clara and Ojai Valleys

are deep fan synclines with both limbs overturned, and the limbs

are broken by thrusts that represent movements toward the valleys

from both sides (fig. 8). Although Oak Ridge and the Santa Susana

Mountains are parts of the same anticlinal uplift. Oak Ridge has

been thrust northward along the .south-dipping Oak Ridge fault,

whereas the Santa Susana Mountains farther east have been thrust

southward along the Santa Susana thrust, which dips northward at

low angles.

The Ventura Avenue oil field and several other good fields farther

west are located on the 16-mile long Ventura anticline, the axis of

which lies 3 miles north of Ventura (fig. 1). This anticline has fairly

regular limbs that dip at angles of 40 to 50 degrees, but it is severely

broken by thrusting, toward both the north and the south, in the

subsurface Pliocene beds. These thrusts die out surfaceward into

zones of steep dips.

The northwest margin of the Ventura basin includes the southern

foothills of the Santa Ynez Mountains and the narrow coastal plain

and hills around Santa Barbara, Goleta, and Carpinteria (fig. 9).

The foothill belt is a south-dipping homoeline that is interrupted by

a few anticlines and synclines and is cut by many nearly vertical

faults. These intersecting faults trend northeast and northwest, have

had oblique-slip movements, and commonly show displacements of

a few hundred to a few thousand feet. Santa Barbara and Goleta

lie in alluviated valleys that are synclinal grabens, and the Carpin-

teria alluvial plain is structurally a syncline in Oligocene to lower

Pleistocene .strata that is cut by faidts south of the axis.

The east end of the Ventura basin is a series of closely spaced

anticlines and synclines (fig. 10) whose moderately to steeply dip-

ping flanks are broken by the Holser reverse fault. They are cut off

diagonally by the San Gabriel fault. Oil fields, surprisingly numer-

ous for such a small area, are present in the vicinity of Piru, New-

hall, Castaic, and Saugus. Most of these are on domal anticlines or

faulted anticlines, but some represent stratigraphie traps on the

flanks or plunging noses of anticlines.

Channel Islands and Santa Monica Mountains. The two largest

Channel Islands, Santa Cruz and Santa Rosa, are essentially anti-

clines that are cut by large east-trending faults along or near their

axes. A few smaller faults and folds also are present. The principal

faults apparently are oblique-slip features, their north sides having

moved downward and westward. The sedimentary and volcanic rocks

on San Miguel and Anacapa Islands have generally northeast and

north dips. On San Miguel Island they are cut by several nearly

vertical faults that strike northwest. The entire Channel Island

chain is a faulted anticlinal uplift, and represents the westerly

continuation of the Santa Monica Mountains.

The Santa Monica Mountains are essentially a broad anticline

that has been extensively intruded by sills, chonoliths, and dikes

of diabase and ba.salt, and has been severely ruptured by steep
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FiGUBE 8. Structure section across a part of the Ventura basin, showins the remarl<able thickness of Pliocene strata and the pattern of
opposed reverse-fault movements on opposite sides of the Santa Clara River Valley.

oblique faults or cross faults, several of which appear to be tensional

in nature. One large strike fault, the Malibu fault, trends approxi-

mately parallel to the coast for many miles west from Santa Monica.

This is a steeply north-dipping reverse fault with a few thousand
feet of displacement. The general plunge of the main anticline of

the range is westerly, so that basement rocks are extensively exposed

at the east end.

San Fernando Valley. The San Fernando Valley is a faulted

synelinorium in Miocene and Pliocene sediments, and is structurally

deepest toward the north side of the valley. Its northern margin
is ruptured by the Santa Susana thrust zone, which dips northward
at low to moderate angles. The north, or hanging-wall block has

moved upward and southward 5,000 to 10,000 feet relative to the

lower block. On the northwest border of the vallcv are tlu' Simi

Hills, which probably are anticlinal. The inferred anticline is in

Cretaceous rocks, and its axial portion is overlapped by south-dip-

ping Miocene strata.

Pine Mounfain-Fruzicr Mountain Area. Pine Mountain is a large

anticlinal ridge of Eocene sandstone between the steeply north-

dipping Pine Mountain reverse fault on the south and the vertical

strike-slip (left lateral) Big Pine fault on the north. Lockwood Val-

le.v is a dish-shaped syncline, filled mostly with continental sedi-

ments, that lie.s between the high granitic mountains. Mount Pinos

and Frazier Mountain, on the north and east, and the Pine Mountain

anticline on the south. The south side of Frazier Mountain is nuirked

by a north-dipping low-angle thrust fault that is a ma.ior element

in the structurall.v com|)lex area of junction between the San An-
dreas and Oarlock fault zones. The tlirusting was largely Pleistocene
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FloiBE a. The Elwood oil field west of Sauta Barbara, showinR the narrow coastal plain that flanks the Santa Ynez Mountains, rreferenlinl attachment of

kelp to certain heds exposed on the sea floor shows evidence of offshore (westerly) closure of anticline. Goleta Point is at extreme right, and Santa Barbara lies in

Kraben valley in right distance. Photo hy Krifkson, 1929.
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in age, and the thrust plane has been sliarply folded (Crowell, 1050,

p. 1644).

Liebre Mountains and Sierra Pclona. The Liebre Moinitains and

Sierra Pelona constitute a strueturally high mass of crystalline

basement rocks into which a narrow wedge of lower Tertiary strata

has been dropped between the Clearwater-Bouquet Canyon fault

zone and the San Prancisquito Canyon fault (pi. 4). These and

several other breaks within the ranges are moderately to steeply

dipping reverse faults that appear to reflect north-south compression.

Some of them have been essentially inactive since early Miocene

time, whereas others cut strata as young as Pliocene in adjacent

basin areas.

The Sierra Pelona consists almost wholly of Pelona schist that

has been folded into a broad anticline whose axis plunges gently

west-southwest. The Tertiary strata in the fault -bounded wedge that

lies immediately north of the western Sierra Pelona have been much

more tightly compressed into numerous folds, several of which are

overturned toward the south. The older rocks of the western Liebre

Mountains have been thrust southwestward over upper Tertiary

strata of the Ridge basin along the Liebre fault zone. Both the

Liebre Mountains and the Sierra Pelona are cut off on the northeast

by the San Andreas fault zone.

Ridge Basin and Soledad Basin. The Ridge basin is a narrow and

very deep structural trough whose filling of upper Tertiary sedi-

ments has been compressed into numerous open folds. The axes of

most of these folds plunge gently northwest. The lower part of the

sedimentary section is cut by faults that die out upward into zones

of flexure. These same faults show much larger offsets in the older

rocks that appear along the margins of the basin.

Concomitant deposition and deformation in earlier Tertiary time

is attested by many of the rocks and structural features of the

Soledad basin, which is an open syncline with locally wrinkled flanks

and a prevailingly westerly plunge. Strata of probable Oligocene

age are faulted against basement rocks (fig. 11), both within the

basin and along its margins, but in some places they lie with deposi-

tional contact upon these older rocks. Locally the .strata have been

tightly folded, and in a few areas they form thick homoclines with

essentially vertical dip. The Soledad fault, which separates the older

part of the basin section from the crystalline rocks of the San

Gabriel Mountains to the .south (fig. 11), and the Pelona fault,

which bounds a part of the basin on the north, are unusual for this

region in that their displacement has been chiefly dip-slip and

normal, rather than reverse, in nature.

The lower Miocene and younger strata of the basin also have a

broadly synclinal structure, but they have been considerably less

deformed in detail. They cover many of the earlier faults, including

the Soledad and Pelona, but are displaced, generally 500 feet or

less, by other faults. They are truncated on the west and southwest

b}' the San Gabriel fault.

San Oahriel Mountains. The San Gabriel Mountains can be re-

garded as a gigantic horst, lens-like in plan, that is transected by

countless fault, shear, and shatter zones. Indeed, no other large mass

of crystalline rocks in southern California has been so thoroughly

fractured on such a wide variety of scales. Nearly all of the rocks

attest to one or more episodes of severe deformation, including

mylonitization in .several areas, and some of the igneous rocks, like

the gabbroic types in the western part of the range, were pervasively

deformed during late stages in their crystallization.

The oldest major fault that has been recognized within the range

is the Vincent thrust fault, which is marked by a southward and

southwestward dipping zone of shear planes and mylonitic rocks

whose sinuous trace is plainly exposed on the north side of San

Antonio Peak and the high ridges to the we.st (pi. 4). This break

appears to represent northward thrusting of plutonic rocks over the

Pelona schist. It cannot be younger than Mesozoic, as it is cut by the

youngest intrusive rocks of the late Mesozoic igneous complex (see

Noble, Contribution No. 5, Chapter IV).

The younger San Gabriel fault zone traverses the entire range in

an essentially east-west direction, and its trace lies .3 to 8 miles north

of the mountain front. The steeply dipping and closely spaced breaks

in this zone have strongly influenced the pattern of major drainage,

and are largely responsible for the linear pattern of the We.st Fork

and East Fork of the San Gabriel River (fig. 12). Movement on them

has been dominantly strike-slip in areas northwest of the range, but

little is known of the magnitude or direction of their aggregate net

slip within the range. The fault zone appears to be off.set along cross

faults in upper San Antonio Canyon, and its ea.stern segment butts

against the San Jacinto fault zone in the vicinity of Lytic Creek,

southeast of San Antonio Peak.

The range is bounded on the north by the Soledad fault, a normal

fault that appears to have been relatively inactive during late Ter-

tiary and Q\iaternary time, and by the San Andreas fault, an essen-

tially vertical strike-slip (right lateral) fault that has remained very

active to the present time. The San Jacinto fault, another major

break, traverses some of the high country in the northeastern part

of the range. It is roughly parallel to the San Andreas fault, and

the.se two master breaks, which are 2 to 4 miles apart in most places,
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FlGlKE 12. Trncc of main break of the San Oaliriol fault (ilashwl line I along West Kork of the Snn Gal)riel River; view west toward
Mount Wilson (.MW) anil the Red Box divide (RItl. This terrain is typieal of the western San (Jaliriel Mountains. I'holo courtesy Fairrhild

Aerial Surveys, Inc.
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across the foreground. The rid^e in foreRronnd at left is niainl.v I'elona schist, the niounlains iannedintel.v be.voml the San Andreas fault are mainly gneiss and
minuiatile. and the ridces farther on are Cactus granite. I'liolu coiirtc.-ii/ Fainhilil Atrial ^inrri/H, Inc.
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FiGlKK 14. The San Bernardino Mountains; view north across San Gorgonio Pass. The traces of the San Andreas and lianninc fanlt.s. where visihle in this

view, are shown h.v hlack lines. Man.v other faults are present, hut are not delineated. Rocks he.vond (he HanninR fault in center and at rii;hl are mainl.v

Kueissic t.vpe.s ; those between the fault and the floor of the jjass are mainl.v nonmarine strata of late Tertiary and Quateruar.v age. Photo anil dini/rtiniming

courtesy of Clarence R. Allen.

bound an elongate tectonic belt of extreme structural complexity

(Noble, Contribution No. 5, Chapter IV).

The south face of the ratige, which is one of the most impressive

scarps in .southern California (fig. 2), is defined by the Sierra Madre
fault zone, a complex group of branching and en-echelon faults

whose prevailing dip is northward beneath the mountains. Individual

dii)s range from steeply .south to moderately north, and the dip direc-

tidu of some of the faults, as traced along their strike, changes back

and fortli through the vertical. Movement on most of the breaks has

been primarily dip sli]) in nature. The fault zone involves blocks of

Miocene sedimentary and volcanic rocks north and east of Az\isa, and

larger blocks of Miocene and younger rocks farther west, in the area

between San Fernando and Big Tujunga Creek (pi. 4).

Transverse upwarping of the range during Quaternary time is sug-

gested by the longitudinal profiles of major elements within the San

Andreas-San Jacinto tectonic belt (Noble, 1927, p. 32). and locally

by the distribution and attitude of upper Tertiary and Quaternary

sedimentary .strata that locally veneer both margins of the range. A
north-trending axis of broad upwarping may well be marked by the

high country that includes Blue Ridge, San Antonio Peak, and

Ontario Peak. Similar, though more local and intense, warping of

crystalline rocks must have taken place in several other parts of the

range, where such rocks lie immediately beneath pronounced folds in

Tertiary and Quaternary .strata.

San Bernnrdinn Mniinfniii.i. The San Bernardino Mountains are

similar to the San Gabriel Mountains in many structural respects,
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although their rocks have been considerably less sheared and shat-

tered in detail. The range has been uplifted along the San Andreas
and Banning faults on the south (figs. 13, 14) and along several

steeply dipping reverse faults on the north. AVithin the northern part

of the range are several thrust faults that dip southward and south-

westward at low to moderate angles (Woodford and Harriss, 1928;

Guillou, 1953) ; some of these may be of the same general age as the

Vincent thrust fault in the San Gabriel Mountains.

The western part of the range is sliced by numerous subparallel

rever.se faults -that trend west-northwest and dip northward at mod-
erate to very steep angles. Many of them either butt against or merge
into the San Andreas fault zone. Patches of Tertiar}- sedimentar.y

rocks are preserved along several of these breaks. The Arrowhead
Springs and Mill Creek faults diverge northward from the San
Andreas fault near San Bernardino, and both breaks are marginal
to thin slices and much larger and broader blocks of Tertiary and
Quaternary strata. The Mill Creek fault traverses the highest part of

the range farther east, beyond which area its general trend is con-

tinued in the form of the Mission Creek fault, which extends south-

eastward into Coachella Valley. The two faults almost join in an area
that is complicated by the Pinto Mountain fault zone, which extends
eastward from the range into the desert region north of the Little

San Bernardino Mountains.

The southea.stern part of the San Bernardino Mountains is marked
by a complex network of faults, particularly in the San Gorgonio
Pass area (fig. 14). As pointed out by Allen (see San Gorgonio Pass
JFap Sheet, this volume), the San Andreas fault in this area is dis-

tinguished by several unusual features, among which are absence of
typical rift topography along much of its presumed trace, absence of

horizontal stream offsets, an abrupt major change in trend of the
fault, absence of intense historic earthquake activity a.ssociated with
the fault zone, and evidence of thrusting rather than strike-slip

movements during Quaternary time. The relationships among the
faults in the pass area are extremely complicated, particularly in

terms of their respective periods of movement, and reconciling the
unusual features of this zone with those of the San Andreas fault
zone farther northwest constitutes one of the most provocative struc-

tural problems in southern California.

ECONOMIC FEATURES
The major current economic assets of the Transverse Range prov-

ince arc assuredly li(|uid. Impressive accumulations of petroleum
have been found in many of the western ranges and basin areas, and
the long-continued search for additional reserves has contributed
much to the present understanding of stratigraphie and structural

complexities in these areas. Many of the occurrences of oil and gas

have been noted in previous paragraphs, and more detailed discus-

sions appear in Chapter IX of this volume.

Perhaps even more important to the economy of southern Cali-

fornia are the water resources of the province. In particular, the

concentrations of ground-water in certain strata (mainly Pleisto-

cene) of the Ventura basin and ba.sins that lie adjacent to the San
Gabriel and San Bernardino Mountains have played a vital part in

the development of the region. Doubtless these resources will continue

to be important in the future, even though they are far from ade-

quate in terms of demands in the more densely populated and indus-

trialized areas. Some of the specific problems and features of water
occurrence are discussed in Chapter VI of this volume, and the oc-

currence of mineral deposits is discussed in Chapter VIII.

Among the nonmetallic mineral resources of the Transverse Range
province, sand, gravel, diatomite, and g.vpsum have been most im-

portant commercially. Jlore than half of the sand and gravel pro-

duced in the State has been obtained in this province from alluvial

deposits of Quaternary age, especially along the .southern margin
of the San Gabriel Mountains. Placer gold has been recovered as a

b.vproduct from deposits near Azu.sa. At Ventura lower Pleistocene

mudstones are quarried, crushed, and fused in furnaces to form
glass-like pellets that are widely used as a light-weight aggregate.

Diatomite of moderate to high grade is widely distributed in Miocene
and Pliocene marine strata in the western half of the province, par-

ticularly in the Santa Ynez Mountains. Purisima Hills, and Santa
Rita Hills. It is most abundant in the lower part of the Sisquoc for-

mation (Dibblee, 1950, pp. 75-79). and the largest known com-
mercial deposit of diatomite in the world constitutes about 1.000

feet of this formation in the northern foothills of the Santa Ynez
Mountains near Lompoc.

Bedded gypsum has been mined from a nonmarine section of

Miocene age in the upper Cu.vama River basin of northwestern Ven-
tura County, and gypsite has been obtained from the outcrops of

these strata. Gypsite also has been mined from the outcrops of

Oligocene (?) gypsiferous siltstones in the eastern part of the Sole-

dad basin. Colemanife and other borate minerals were mined years

ago from Oligocene (?) lake beds in the Solcdad basin, and from
similar beds in the Lockwood Valley area of northeastern Ventura
Couut.v.

Concentrations of graphite occur in the nietamorphic rocks of the

Sierra Pelona. the Verdugo Hills, and the San Gabriel Mountains
(Beverly, 1934), and numerous small deposits have been mined or

prospected. Stone for flagging and other decorative uses has been

quarried from certain parts of the Pelona schist. Some of the other
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pre-Cretaceous terranes contain large reserves of limestone, espe-

cially in the San Bernardino Mountains, and both limestone and
gypsum are present in some of the desert ranges to the east. A little

feldspar and mica has been obtained from pegmatite deposits in the

San Gabriel Mountains, San Bernardino Mountains, and the Prazier

Mountain area.

Among the metals, large quantities of magnetite and hematite are

being mined from extensive contact-raetamorphie deposits in the

Eagle Mountains, whence they are shipped to blast furnaces at

Fontana, west of San Bernardino. The ore was formed by replace-

ment of calcareous strata of Paleozoic or earlier age (Harder, 1912;

Hadley, 1948). Large deposits of ilmenite and titaniferous magnetite

are present in the western San Gabriel Mountains, where they are

associated with anorthosite and other gabbroic rocks (Moorhouse,

1938; Oakeshott, 1948). These minerals also are concentrated in

numerous Recent stream deposits, and several small placer accumula-

tions have been worked commercially. Gold-bearing veins and placer

deposits have been mined, generally on a small scale, at many
localities in the San Gabriel, San Bernardino, and Little San Ber-

nardino Mountains, as well as in parts of the basins and western

ranges where basement rocks are exposed. The combined production

from these operations has been surprisingly large.
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7. GENERAL GEOLOGY OF THE OFFSHORE AREA, SOUTHERN CALIFORNIA*
Bt Kenneth O. Emert t

Introduction. The submarine area of about 31,000 square miles

that is bounded by the southern California shoreline, the continental

slope, and the 31° 30' parallel of latitude is among the best known
sea-floor areas of comparable size in the world. However, even here

the unknown geology far exceeds the known. Because of the relative

inaccessibility of the submarine area, each new fact gained is expen-

sive in terms of both time and effort, and thus it receives more atten-

tion and interpretation than an equivalent new fact of land geology.

Care constantly must be exerted to avoid over-exploitation of the

facts, and this can be done mainly by judging what is reasonable

in terms of knowledge borrowed from the geology of the adjacent

land. In turn, the field of submarine geology repays its debt by

furni.shing actual measurements of the environments in which sedi-

ments are being deposited, for use in estimating the environments

of formations of sedimentary rocks now on land.

Submarine geology can be divided conveniently into three basic

fields: physiography, lithology, and sedimentology, in each of which

special tools and techniques have been developed. Prom data of these

fields interpretations of structure and geological hi.story can be made.

Physwfjraphy. In general, the region consists of many blocks

of roughly equal size that bear a close resemblance to the fault blocks

of the Basin Range province in Nevada and eastern California (figs.

1, 3). The slopes that bound the blocks are fairly straight and steep

(5° to 10° average and more than 40° locally), and some terminate

downward in linear depressions similar to sag ponds. Earthquake

epicenters are more frequent on the basin side of these slopes, sug-

gesting that the slopes reflect the presence of normal faults that

separate horsts and grabens. For convenience the blocks will be

referred to as horsts and grabens though later work may show that

some of them are due to folding rather than to simple block faulting.

Manj' of the horsts rise to relatively shallow depths beneath the

ocean surface as banks or even rise above sea level as islands. Flat

shelves, a quarter of a mile to 15 miles wide, fringe the margins of

the islands and of the mainland. These are the island shelves and the

true continental shelves. Their seaward edges generally are l.oO feet

to 4.")() feet deep. The tops of shallower banks also are flat, or are

marked by small erosional remnants that rise above the general level.

Similar .shelves now above sea level on islands and maiidand are

recognized as elevated wave-cut terraces.

• Contribution No. 135, Allan Hancock Foundation. University of Southern Cali-
fornia.

t Professor of Geology. University of Soutliern California.

Transverse to the shelves are submarine valleys and canyons that

partially or entirely cross the shelves and continue down the adjoin-

ing slopes. These features are present along the mainland, off several

of the islands, and even at the side of at least one bank. Though much

has been written about them, little really is known of their origin.

Between the horsts are grabens that form 13 or 14 distinct closed

basins and one trough. The bottoms of several of the basins are as

much as 6,000 feet below the tops of the adjacent horsts. These verti-

cal differences may have been even greater before erosion lowered

the horsts and sediments partially filled the basins. At intermediate

depths are sills, or lowest points of the rims around the basins. The

sills of three basins lie more than 2.000 feet above their floors. Curi-

ously, each of four basins has two .sills whose depths are within 200

feet of each other, and another basin even has five sills within a

vertical range of about 120 feet. No specific mechanism is known to

be responsible for this similarity of sill depths, yet mere coincidence

seems implausible. A large body of water trapped below the sill level

in each basin exerts a .strong influence on the character of the sedi-

ment that is being deposited.

Lithology. The surface geologj' of the horsts is quite different

from that of the grabens. The horsts consist of rocks partially

covered by a thin layer of coarse-grained sediments, whereas the

grabens consist dominantly of finer-grained .sediments. Rocks of the

topographic highs range from Jurassic (or possibly pre-Jurassie) to

Plio-Pleistocene in age, as shown in figure 1. The most common base-

ment rock is Franciscan-like .schist that occurs on .several of the

islands and banks; granitic basement rocks are known only on Santa

Cruz Island. The distribution of basement rock tj-pes thus closely

corresponds to that of Reed and HoUister's (1936) metamorphie

Southern Franciscan and granitic Anacapia Provinces.

Cretaceous sandstone and shale have been found only in a small

area near the shore at San Diego. Eocene shales occur in the same

area, and also on and around .San Nicolas, Santa Cruz, Santa Rosa,

and San Miguel Islands. Oligoccne rocks have not been recognized

in the offshore area. Miocene rocks have by far the widest distribu-

tion in the region and have been reported from all the islands and

from most of the sea-floor rock .samples. The most common types

are shales and cherts with some limestones. Volcanic rocks, mostly

andesite, are exposed at the surface on nearly all islands, and, as

these are of Miocene age, it is presumed that similar rocks from the

sea floor are of the same age.

( 107 )
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Figure 1. GeoIoKic mnp of sea floor and adjacent land, southern Oalifornin.
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Among the more interesting rocks is phosphorite, which occurs as

nodules as much as 2 feet in diameter. Much of the phosphorite eon-

tains middle and late Miocene Foraminifera, and other phosphorite

contains Plio-Pleistoeene forms. It also encloses glauconite grains

and manganese-oxide films that generally characterize unconformi-

ties. The heavy-mineral content of the phosphorite is similar to that

of the residual component of the surrounding loose sediments. The

phosphorite thus is believed to have formed on the present bank-

tops in a non-clastic environment. Its presence indicates a middle

or late Miocene date for initiation of the block-type sea floor to-

pography.' This indication is strengthened by the general absence

of clastic Plio-Pleistoeene rocks on the bank tops. Locally, however,

Plio-Pleistocene mudstones have been found on the slopes, and in

one area, off San Diego, they form the top portion of a bank. This

suggests that deformation may have been recurrent, or possibly may
have taken place at different times in various parts of the region.

The truncation of Jurassic, Cretaceous. Eocene, and Miocene rocks

by the mainland and island shelves indicates that these shelves are

erosional, not depositional, features. Plio-Pleistocene mud.stone is

present locally on the .shelves, where no similar sediment accumu-

lates today, and hence shelves raUst have been cut in post-Pliocene

times, probably during one or more of the Pleistocene stages of

glacially lowered sea level.

Sedimentology. The shelves, banks, slopes, and basins are dis-

tinctly different environments of deposition, and they have character-

istically different types of sediments. The shelves are closest to the

.source of sediments, the land, but they do not have the greatest

thickness of sediments because of the recency of their formation and

because their shallowness results in by-passing of the finer grain-

sizes of material. The thin blanket of eoar.se sediment that partly

covers the rocks of the shelves consists of five components: residual

sands and gravels derived from underlying rocks; relict sands and

gravels that represent past times of lowered sea level (such as sub-

merged beaches) ; organic sands from shells and foraminiferal te.sts;

authigenie sands and gravels of glauconite and phosphorite ; and

clastic gravels, sands, and silts contributed by streams and also de-

rived from shore erosion. The clastic sediments probably are domi-

nant. Taken alone, they grade from coarse nearshore to fine offshore.

On the mainland shelf, the organic and authigenie sediments are

subordinate, but on island shelves they may be dominant.

Sediments of the bank tops consist of the same five components,

but the organic and authigenie components are dominant. Present-

day clastic sediments are absent or minor in quantity because .such

sediments, in moving from shore, are trapped in the basins before

they can reach the banks.
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Figure 2. H.vpsographic curves for basins. The slopes are gentler for the shal-

lower (nearer shore) basins, and the deeper basins generally lack flat floors.
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Figure 3, Profiles of sea-floor and lanil top<iKrapIiy from the continental slojie thronirh the Los Anfreles basin to Death Valley. The heav
Mack Hue indicates the topofiraph.v of the basement rocks, as compiled from various sources.

Like the shelves and bank tops, the slopes appear to have only a

thin layer of sediments, but for a diiferent reason. The slopes are

many times steeper than the depositional foreset beds of large deltas,

and, as a result, one might expect that slides periodically should

carry any accumulations of sediment down to the adjoining basin

floor. In any event, experience has shown that rock commonly forms,

or closely underlies, the surface of the slopes.

The basins and troughs, or grabens, are the sites of deposition of

the bulk of the present sediment. In general, the basins closest to

shore have the shallowest, broadest, and flattest bottoms (fig. 2) and
contain the coarsest detrital .sediment, stiggesting that the sediments

are thicker than in basins farther offshore. In addition, .several of the

ncarshore basins are almost filled to their sills, and one is completely

filled as a submarine trough; the similar Los Angeles and Ventura
basins have been filled to levels above that of the ocean. These latter

basins contain more than 10,000 feet of I'lio-Pleistocene and Recent
sediments, and the total thickness of all rocks above the basement
probably exceeds 2.').000 feet, although data are not very complete.

Incomplete data from wells and .seismic studies also indicate that

great thicknesses of sediment are present in other land basins farther

north. According to .seismic measurements .several of the offshore

basins contain 7,000 to 9,000 feet of sediments and rock above their

floors of cry.stalline rocks.

The organic components of the basin sediments are of especial in-

terest because each of the basin.s can be considered representative of

a stage in the filling of the Los Angeles basin, in which so much
organic matter has been converted to oil that this one basin has

yielded about ten jicrceut of the total past oil prodiU'tion of the

United States. In general, the percentage of calcium carbonate, con-

sisting chiefly of pelagic foraminiferal tests, increases with distaiU'C

from the mainland shore, whereas the content of organic matter com-

po.sed of various hydrocarbons is low both in the nearshore and the

far offshore basins, and is highest in basins at intermediate distance

from shore.

The rapid deposition of clastic sediment near the shore residts in

dilution or masking of both calcium carbonate and organic matter.

Far off.shore, where clastic materials are deposited only slowly, cal-

cium carbonate is less diluted and may compose the bulk of the

sediment, forming Globigerina ooze in the deep sea area. The same
slow rate of deposition of clastic sediments results in prolonged ex-

posure of organic matter to oxygen-bearing waters, thus causing it

to be oxidized and lost from the sediment. At some intermediate

di.stance from shore, clastic sediments are deposited slowly enough
to not mask the organic matter, and yet rapidly enough to bury much
of the organic matter before it is destroyed by oxidation. In this

region the optimum distance from shore is about 50 miles, at which
distance the basin sediments contain about 10 percent of organic

matter.

Oencral Inirrprctntions. Figure 1 shows that the islands are

concentrated in the northern half of the .submarine area, and that

most of the deep basins are located in the southern half. A more com-
plete analysis is presented in figure 4, in which the height above sea

level or the depth below sea level of the top of each ma.ior burst or

mountain is plotted against distance south of the northern border of

figure 1, latitude H4° ',W . The same procedure was followed for the
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; 4. Plot of the variations of the heiRht or depth of mountain tops

in floors (B), and basin sills (S) with distance south of latitude 34''30',

lern border of figure 1. Data are restricted to the area shown in figure 1.

bottoms of the basins and for their sills. It is evident that all three

features systematically decrease in altitude toward the south. The
steep part of the curve for the tops of mountains results from the

presence of the hi<;h Transverse Ranges at the north, and the steep

portion of the curve for the bottoms of basins is, at least in part, the

result of the rapid decrease in rate of deposition of basin sediments

in an offshore direction.

On land, the sills are lower than the basin floors because these

basins are filled to overflowing. Far to the south the sills are not as

high above the basin floors as at intermediate distances, possibly be-

cau.se the original basin-forming deformation was le.ss intense there.

Aside from the local steepening, all three curves show an average

southward decrease in altitvide of about 3,000 feet per hundred miles,

or a slope of about one-third degree. Three hundred miles southea.st

of the southern border of figure 1, the sea floor again rises to form

the spur of Ba.ja California. Evidentl.v the subinerged margin of the

continent between this spur and Point Conception has undergone a
broad downwarp. The deformation must have occurred in pre-

Pleistocene times, because the depth of the continental shelf varies

only a few hundred feet in this distance. Whether the downwarp oc-

curred before or after the smaller-scale block faulting is not yet

known.

A comparison of the surface topography and the basement topog-

raphy of the land and .sea floor is shown by the profiles of figure .3.

Though no claim to great accuracy in the basement topography ean
be made, it is evident that both regions are roughly similar, and that

the high areas contain outcrops of older rocks and the low areas

contain a thick fill of sediment above these older rocks.

It is perhaps not unreasonable to suggest that the topography was
largely developed in pre-Plioccne times in both the sea floor and the

western part of the Basin-Range province on land. These two areas

are separated by the Transverse Ranges ( San Gabriel Mountains and
others), which are high, have steep slope.s, and receive the greatest

rainfall of the region. Rapid erosion of the Tran.sverse Ranges shouhl
have resulted in rapid deposition of sediments in both the sea-floor

basins and the land basins that flank these ranges. This would have
led to filling of the Los Angeles and Ventura basins, which formerly
were of the sea-floor type. In the western part of the Mo,jave Desert,

former basins of the Basin-Range province also have been filled to

overflowing, but with continental sediments. A smaller quantity of

sediments has reached the sea-floor areas farther to the south, as well

as land areas to the northeast, so that present closed (unfilled) basins

occur at great distances both north and south of the Transverse
Ranges.
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8. GEOLOGICAL SUMMARY OF THE SAN JOAQUIN VALLEY, CALIFORNIA
Br Harold W. Hoots.* Ted L. Bear.* and William D. Kleinpbll t

INTRODUCTION

The San Joaquin Valley lies between the California Coast Ranfres

and the Sierra Nevada, and extends northwestward from the San
Emigdio and Tehachapi ilountains to the vicinity of Stockton, It is

250 miles long and 50 to 60 miles wide (fig. 1). Its almost featureless

alluvial floor, interrupted here and there by low hills that reflect

local anticlines, conceals the axis and much of the flanks of the San

Joaquin basin, one of the major structural features of California.

Outcrops of Tertiary formations along the borders of this exten-

sive valle}- contain seepages of oil that attracted the attention of

early prospectors and led to the discovery of three ma.ior oilfields,

McKittrick (1887), Coalinga (1887 and 1901), and Kern River

(1899). The San Joaquin Valley has since become, and will long

continue to be, one of the most important oil-producing districts of

California. Its geology has been studied and restudied by several

generations of geologists, and is perhaps as well known as that of

any major oil producing district ; it still holds a particular appeal

to petroleum geologists because of the certainty that there lies hidden

within the intricate structure and the remarkably varied stratig-

raphy of this basin a sizeable number of commercial oilfields that

some day will be found.

Many of the oilfields of the San Joaquin Valley, from the Coalinga

and Helm fields on the north to the Midway-Sunset, Kern River,

Edison, and Tejon Ranch fields on the south, produce from strati-

graphic traps that exist by reason of unconformities, or by reason

of lateral changes in the lithology of the petroliferous rock section.

These unconformities and/or lateral changes in lithology are dis-

tributed throughout a thick Tertiary section, and locally extend

downward to involve older rocks, either Cretaceous or basement
schist, that immediately underlie the Tertiary section. Because these

numerous .stratigraphic traps resulted in large part from tectonic

events that affected the distribution and character of Tertiary land

areas, seas, and sediments, the authors have devoted much of this

paper to brief discussions of paleogeography and the evolution of

structure.

STRATIGRAPHY

Upper Cretaceous and Cenozoic rocks of the San Joaquin Valley

form a stratigraphic section of unusual thickness and remarkably

varied litholog}-. The following table cla.ssifies these rocks broadly

as to age, and includes general information as to lithology, maximum

• ConsuUlng geologist. Los Angeles,
t Consulting geologist, Bakersfleld.

thicknesses, and known importance for oil and gas. Names and rela-

tions of stratigraphic units are shown in figure 2.

General description of rock section.

Age
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lithologic facies accumulated contemporaneously. This inland sea

occupied a basin that continued to subside in apparent response to

the aecumulatinjr load of marine and nonmarine sediments, so that

the only interruptions to deposition resulted from a series of tectonic

events that affected not only land areas but parts of the basin as

well. These tectonic events produced, within the already complex
litholon;ic section of the basin, numerous unconformities that com-

monly increase the uncertainties involved in stratigraphic correla-

tions.

The diagrammatic section (fig. 2) presents a simplified and
schematic representation of the stratigraphic section. It is designed

to emphasize 'the general relations of the major subdivisions of the

section, as well as the positions and relations of the more important
unconformities and sands, particularly those sands that serve as

important reservoirs for oil and gas.

STRUCTURE

The Ran Joaijuin basin of this report is the geosynclinal structure

lying between the Temblor-Diablo mountain range and the Sierra

Nevada. It extends northwestward from the San Emigdio-Tehachapi

Mountains to the vicinity of Stockton, where a broad east-trending

subsurface arch, herein called the Stockton arch, separates this basin

from its northern structural counterpart, the Sacramento basin.

The accompanying small-scale map (plate 5) of all but the north-

ern part of this basin is designed to emphasize only the more im-

portant structural features. Although the initial development of a

few of these features dates from Eocene time, all of them, with the

possible exception of the Stockton arch, attained their present struc-

tural form during and since the intense mid-Pleistocene orogeny.

The structure contours of plate 5 and the structure sections of

plate 6 reveal that the geo.syneline is highly asymmetrical, with its

western flank the steeper, and that its principal axis lies west of the

center of the basin. The comparatively gentle eastern flank is in

reality the down-dip western part of the Sierra Navada fault block

;

its broad structural character has resulted principally from westerly

tilt of this fault block throughout much of Cenozoic time. This east-

ern flank of the basin is further characterized by tension faults and
by several gently folded anticlines.

The western flank and southern end of the basin, in striking con-

trast to the eastern flank, are steeply tilted, overturned, and intri-

cately broken by thrust faults. These characteristics resulted from
compressional forces that were active principally during the mid-

Pleistocene orogeny, and there ajipcar to be good reasons for believ-

ing that these same forces, or similar ones, also were responsible for

appreciable lateral movement along tlie San Andreas fault during

Quaternary time.

An additional characteristic of the western flank of the San Joa-

quin basin has influenced to a marked degree the accumulation of

oil. Within the foothill areas of the Diablo and Temblor Ranges is

a series of anticlinal folds that trend in directions slightly divergent

to the regional strike, plunge southeastward into the basin, and pro-

vide numerous areas of local closure that have trapped oil. Several

of these lines of folding are of major proportions, and they extend

for miles as prominent structural features protruding into the Recent

alluvium of the valley. Most prominent are the Coalinga-Kettleman

Hills-Lost Hills anticline, Belridge anticline. Elk Hills-Coles Levee

anticline, Buena Vista anticline, and the Pioneer anticline southeast

of Maricopa. Most areas of closure along these folds are structural

:

others, such as East Coalinga and Guijarral Hills, are stratigraphic.

A major feature of the subsurface structure of the basin is the

Bakersfield arch, which plunges westward from the Bakersfield-

Fruitvale area to the Ten Section anticline. This broad arch is

aligned in a general way with the Elk Hills-North Coles Levee anti-

clinal trend, and combines with it to form a continuous structural

uplift which, in effect, divides the San Joarpiin basin into two dis-

tinct sub-basins. The southern of these is referred to as the Maricopa

basin, and the northern as the Tulare basin.

The Bakersfield arch is significant in another respect. It is a

boundary that separates two somewhat different trends of folding.

In tlie Tulare basin to the north, all major folds are aligned in a

northwesterly direction, which approaches parallelism with the

regional northwesterly strike of the basin ; in the JIaricopa basin,

and including the Elk Hills-North Coles Levee trend, all folds are

aligned in a more westerly direction and are more closely parallel

to the regional westerly strike of formations along the southern end

of the basin.

PALEOGEOGRAPHY

Geology Near the Beginning of the Tertiary Period

Development of the general structural form of the San Joaquin

basin, as we know it today, had its beginning with a series of crustal

movements during, and near the close of, the I'pper Cretaceous

period, and possibly continuing into the Paleocene epoch. These

movements elevated Coast Range areas that previously were sub-

merged by the Upper Cretaceous sea, and thus created the Diablo

uplift. The ancestral San Joaquin basin* was thereby brought into

existence as a restricted structural trough separating the Diablo

uplift on the southwest from the older Sierran land ma.ss lying to

the northeast. It was in this trough, principally, that subsequent

marine and nonmarine deposition througliont the Tertiary period

• For the pre-Tertlary history of central Callfdrnia, see Taliaferro (lli.il).
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was to expand and contract, in response to intermittent crnstal

adjustments, and to account for tlie development, alonsr the borders

of the trough, of numerous unconformities and sand pinch-outs that

were to trap oil and gas.

The accompanying paleogeologic map (fig. 3) is taken largely

from Reed and Hollister (1936, fig. 5, p. 12), and portrays the

approximate areal distribution of rock formations about the begin-

ning of the Tertiary period. It shows the Diablo uplift at the

beginning of Tertiary time as a land area composed of Franciscan

(Jurassic and older ?) and Cretaceous rocks fhat extended from

the San Francisco Bay district southea.stward to the vicinity of

Taft. This comparatively recent uplift was flanked on the south-

west by additional land composed of granitic rocks, that is com-

monly believed to be older than Franciscan, and to have existed as

a positive area throughout much of early Mesozoic and possibly also

Cretaceous time. This old positive area of granitic rocks was named
Salinia by Reed (1933, p. 12 and fig. 16).

The most striking geological feature shown in figure 3 is the

apparent fault contact between the granite of Salinia and the Fran-

ciscan-Cretaceous rocks of the Diablo uplift, and the coincidence of

this contact with the trace of the San Andreas fault as it exists

toda.v. Although Cretaceous rocks may not have been faulted, and

may have covered more of Salinia than shown, considerable evidence

permits the suggestion that the boundary between the granite of

Salinia and the Franciscan rocks of the Diablo uplift may have

been a fault of major displacement at the beginning of the Tertiary

period. The thesis developed by Reed and Holli.ster (1936, p. 84)

led them to po.stulate that "the northern part of the course of the

San Andreas fault was marked out, though not necessarily followed

by fracture, before the late Jurassic."

Cretaceous strata exposed along the northeastern border of the

Diablo uplift rested unconformably on Franciscan sedimentary and

igneous rocks. They consisted of marine sandstone, shale, and con-

glomerate, attained a maximum thickness exceeding 20,000 feet in

the Coalinga district, and dipped gently northeastward beneath the

ancestral San Joaquin basin, which at this time probablj- contained

a remnant of the old Cretaceous sea.

The indicated presence of Cretaceous rocks along the southern

extension of the Diablo uplift, in the area of the present Temblor

Range and the southern Carrizo Plain, is conjectural. The granitic

area of Salinia, with or without a Cretaceous cover, may have formed

a continuous land connection in this district with the Sierran land

mass • of granodiorite of late Jurassic age and older metamorphic

rocks.

• This name, as used In this paper, appHes to the western part of Reed's Mohavla.

GEOLOGY AT THE

BEGINNING OF THE TERTIARY
PERIOD

FIOURK 3. Geolog.v nt the heKiiinihi; uf the Tertinr.v periml.



118 GEOLOGY OP THE NATURAL PROVINCES [Bull. 170

Land areas at this time presumably were moderate in topoprraphie

relief, for they contributed to early Eocene seas clastic sediments

principally of fine to medium texture.

Paleogeography During the Tertiary Period

Lower Eocene. The distribution of the inland .seas of early

Eocene time, in which all Eocene (and Paleoeene) marine sedi-

ments of pre-Domengine age were deposited, is believed to have

been about as shown in tigure 4. The San Joaquin sea extended

north to Modesto and south to Wasco, and appears to have had a

westerly connection with the open sea through the Vallecitos-San

Benito Strait.

Northwest of Modesto and in the vicinity of Stockton, the absence

of lower Eocene deposits in wells indicates that a 40-mile strip of

lowland, the Stockton arch, separated the San Joaquin sea from
another early Eocene sea that occupied the Sacramento basin to

the north. Evidence, however, is not conclusive that lower Eocene
sediments were not deposited over, and later eroded from, the

Stockton arch.

The southern limit of the San Joaquin sea in early Eocene time

is in doubt becau.se of the ab.sence of lower Eocene strata from out-

crops in much of the Temblor Range, lack of subsurface data, and
uncertainty as to the age of the oldest Eocene beds that crop out in

the San Emigdio foothills between Santiago and San Emigdio
Creeks. Any connection, if it existed, between the San Joaquin sea

and the more .southern early Eocene sea that occupied Lockwood
Valley and the upper drainage of Sespe and Piru Creeks, probably
lay west of Mt. JPinos.

The early Eocene closed with a marked regression of the sea that

resulted from elevation of the Diablo uplift and from both elevation

and folding of some basin areas previously submerged. The Helm
anticline and folds of the Shale Hills area along the western border
of the basin were formed at this time, raised above sea level, and
deeply eroded.

Upper Eocene. Regional subsidence at the beginning of later

Eocene time brought about an extensive marine transgression that

rapidly covered areas not previously submerged since the post-

Cretaceous orogeny.

Comparison of figures 4 and 5 illustrates the more widespread
nature of the later Eocene sea for most parts of the San Joaquin
basin. In addition to the general expansion of this sea, the previously

indicated connection with the open sea through the San Benito
trough is more definitely traceable, and there are suggestions that

similar connections may have existed with the Sacramento sea to

the north and the Ventura .sea to the south. The southwestern
Figure 4. Paleoeene and lower Eocene paleogeography.
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UPPER EOCENE

^--

boundary of the San Joa(|uin sea, as well as the existence and posi-

tion of the San Benito tron<rh, appear to have been influenced by tlie

ancestral San Andreas fault.

During: the earliest brief stape of this transgression, a basal

pebble bed, grit, or sand (Domenfrine) was deposited over previously

elevated and eroded areas occupying much of the northern and
western parts of the San Joaquin basin. A subsequent decrease in

the coarseness of sediment supplied to the central and northern

parts of the basin led to the accunuilation of silt (Canoas) and an

overlying thick series of organic and siliceous muds (Kreyenhagen)
containing only local thin lenses of sand. Farther south, however,

either lower topography or greater subsidence of the land, both

along the western shore near Devil's Den and along the eastern

shore near Pamosa, permitted the sea to transgress extensive areas

covered with deeply weathered lower Eocene soil. Here marine lit-

toral deposits of Kreyenhagen time consisted principally of clean,

well-sorted sand (Point of Rocks, Upper Famo.sa). Xonmarine
green and red sediments (Walker) began to accumulate at this

time in lowland areas adjoining the eastern shore.

"Oligocene" *. Regional uplift of much of California near the

end of Eocene time affected land areas, such as Mohavia and the

Diablo uplift, and elevated .some basin areas (Ventura basin and

the eastern border of the San Joaquin basin) previously submerged

by Eocene seas. During "Oligocene" time, marine regression and
the accumulation of continental deposits in old basin areas were

more pronounced than at any other time in the Tertiary period

(fig. 6). In the central part of the San Joaquin basin, however,

marine conditions responsible for the deposition of the fine textured

Kreyenhagen shale in later Eocene time continued into the "Oligo-

cene" without appreciable interruption or change, and led to deposi-

tion of the lithologically similar Tumey .shale.

The Tumey formation appears to have derived its scanty and fine-

grained detrital material from the low-lying and deeply weathered

land areas of Mohavia and the Diablo uplift. In the western part

of the marine basin, sand was deposited as a thin interfingering lens

at the base of the Tumey (Oceanic sand). Along the eastern border,

Tumey muds graded shoreward into the upper part of the Upper
Famosa sand. Toward the southern end of this sea, the fine siliceous

Figure 5. Upper Eoceue paleogeotjr.iph.v.

• The Oligocene problem in California hus been, and is. a subject of much uncer-
tainly. The marine straLi (Tumey) commonly cla.s.-^ed as Oligocene in the cen-
tral .San Joaquin Itasin are conforniatile with, and similar in iltholosy to, the
underlying Eocene strata, and are characterized by a foraminiferal fauna
similar to that of the ,TacI<son group (upper Kocene) of the Culf Coast. It is

reasonable to conclude, therefore, that they are of upper Eocene ago. Marine
Oligocene deposits are either Ihin or absent in the .San Joaquin basin, or occur
principally in that part of the stratlgraphic section commonly, and herein,
considered to be lower .Miocene. To avoid confusion, however, this r,-port classi-
fies as "Oligocene" all those marine and nonmarlne deposits to which this term
is commonly applied by California geologists.
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Tumey muds graded into a thicker section of sandy and argillaceous

sediments that constitute the San Eraigdio and Pleito formations

("San Lorenzo" group) of the San Emigdio foothills.

Much qf the eastern border of the San Joaquin basin was above

sea level during "Oligoeene" time, and probably also during late

Eocene time. South of Fresno the coastal land received deposits of

variegated green and red beds ranging from a few feet, or tens of

feet, of shale and sand (Walker) in the Bakersfield area, to several

hundred feet of eoar.se conglomerate, sand, and shale in the Tejon

Ranch-Salt Creek area (lower Tecuya).

The contact between "Oligoeene" and overlying lower Miocene
beds is marked in many localities by evidence of erosional uncon-

formity with little or no angular discordance. It appears to repre-

sent a time of broad regional uplift, without important local folding,

when the contracting "Oligoeene" sea ultimately withdrew from
most, if not all, of the San Joaquin basin.

Lower Miocene. Miocene time began with renewed subsidence of

the San Joaquin basin, and with marine invasion of its southern

half by way of a broad connection with the open sea that developed

across southern Salinia and the Temblor Range (fig. 7). Subsidence

of this Coast Range area appears to have eliminated, for the first

time since the Cretaceous period, the influence of the San Andreas

fault line on the distribution of .seas. Elevation and rapid erosion

of major land areas, particularly Mohavia and its Tehachapi-San

Emigdio spur, contributed to the San Joacjuin basin appreciable

thicknesses of fine to coarse clastic sediments that were in sharp con-

trast to the siliceous muds of the preceding "Oligoeene" and upper
Eocene se(|uences. The general area of the Diablo uplift was land

from western Kings County northward, but the absence of Fran-

ciscan detritus from lower Miocene sediments suggests that it was
not deepl.v eroded.

Uplift of the Tchachapi-San Emigdio area near the beginning of

Miocene time was associated with volcanism and the development,

at the south end of the basin, of a series of ba.saltic and andesitic

agglomerates and flows that form a conspicuous part of the upper

Tecuya red beds (lower Miocene and "Oligoeene"). This local vol-

canism accom))anied the deposition of lower Miocene sediments in

this area, and thus was considerably earlier than the large-scale

volcanism that affected many parts of southern California during

and near the close of middle Miocene time (see Shelton, Contribution

No. 4, Chapter VII).

Marine deposits of the early lower Miocene (Zemorrian) consisted

principally of well-sorted sand and silt along the east side of the

basin near Bakersfield (Vedder sands) and in the Kettlenian Hills

area (" Vaqneros"). Rasinward from these areas, the entire sec-
FlQCBE 6. "Oligoeene" paleogeography.
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LOWER MIOCENE

FiorRE 7. I-ower Miocene paleogeoprophy.

tion became thicker and g:raded into a series of interbedded sands

(Phacoides and Agua) and argillaceous muds (Salt Creek and lower

Santos shales).

Marine deposits during the latter part of the earlj* lliocene con-

sisted principally of silty and argillaceous muds ( Freeman-Jewett,

upper Santos, Wheple.v, Media) throughout most of the basin, but

it included the Pj'ramid Hills sand along the eastern border, and,

in the central and western parts, sands (Carneros, lower "Temblor")
that apparently were derived, in part at least, from the Diablo

uplift.

The latter part of early Miocene time was marked by uplift of

Mohavia and by pronounced elevation and erosion of the southern

part of the Diablo uplift and of previously submerged areas along

its southeastern extension. This uplift of Mohavia, and the more
rapid erosion of the land, produced a marked change in marine
deposition from silt to sand (Olcese) in the eastern part of the San
Joaquin basin before the end of the early Miocene, and permitted

continued accumulation of nonmarine beds (upper Tecuya) in the

Tejon Ranch area in the southernmost part of the basin.

Middle Miocene. Deposition of the marine Olcese sand in the

eastern part of the basin continued without apparent interruption

into the early part of middle Miocene time. At about this time the

recently elevated and eroded southeastern extension of the Diablo

uplift (fig. 8) was submerging and was being transgressed by marine
sands (Button bed, upper "Temblor" "I and silts ( Nonionella). Fran-
ciscan rocks of the uplift contributed appreciable amounts of detritus

to these accumulating sediments, apparently for the first time during
the Tertiary period.

Sands derived from the Diablo uplift thicken basinward toward
Kettleman Hills and Belridge. where they and associated shales

have a combined thickness of 1.000 to 1,500 feet. These sands, the

Olcese .sand to the east, and the younger "Valv" sands of the Arvin-

Te,ion Ranch area to the southeast, lens out completely toward a

thick section of shale and silt that occupies the deeper parts of the

basin.

The general subsidence and westerly marine transgression common
to the southern Diablo uplift during the early part of the middle

Miocene involved also the San Bcnito-Vallecitos trough, which had
remained above sea level during early Miocene time. "Temblor"
sands were deposited here across synclinally folded and truncated

beds of "Oligoeene" and upper Eocene siliceous shale.

Land areas were worn low by the erosion that contributed coar.se

sediment to the Button Bed and Temblor saiuls. D\iring much of

the remainder of middle Miocene time, streams delivere<l principally
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fine mud and silt which, with much org:aiiic matter, were w-idely

distributed over the basin in thicknesses raufrin^ from a few hundred
to several thousand feet (Gould shale, Devilwater shale and silt,

lower Maricopa shale).

Sediments accumulating: in the northern part of the San Joaquin
basin, north of .southern Fresno County, were nonmarine and other-

wise similar to those of the lower Miocene section.

In the latter part of the middle Miocene, pronounced local uplift

of FrancLscan rocks in the area immediately north of Coalinfia con-

tributed coarse detritus to the "Big Blue" formation and the

equivalent "Upper variegated" zone of Kettleman Hills. Marine
deposition along the eastern border of the basin was interrupted

at the close of the middle Miocene by elevation and erosion of

western Mohavia and adjoining near-shore areas that previously had
been submerged.

Upper Miocene. Late Miocene time brought about renewed ma-
rine submergence of most areas previously covered b.v Miocene seas

and, in addition, some parts of the Diablo-Temblor uplift that

appear to have been land earlier during the Miocene (fig. 9). Old
gi-anitic land areas, such as Mohavia, its Tehachapi-San Emigdio
spur, and part.s of Salinia, were elevated and actively eroded to the

extent that they contributed to the upper Miocene sea a large amount
of coarse granitic sand. The disturbance at the close of middle
Miocene time obviously was sufficiently widespread to create major
changes in the identity and location of land areas.

This orogeny, affecting so materially the land areas, failed in some
remarkable manner to cause any great difference in tlie distribution

of the middle and upper Mioi'cne seas. It created, however, new and
unusual conditions of sedimentation within upper Miocene marine
areas, wliicli led to the deposition of a most heterogeneous group of

sediments. Sharply contrasting facies of organic argillaceous mud,
diatomaceons ooze, chert, sand, and conglomeral^e aceunudated con-

tempDraneously in different parts of the basin, and in some instances

even those sediments having the greatest contrast, such as diatoma-
ceons ooze and conglomerate, interfingered abruptly within local areas.

Coarse marine sand and conglomerate (Santa Margarita) and
overlyi)ig nonmarine coarse detritus (lower Chanac) compose the

entire upper Miocene section along the eastern border of the basin

as far north as I'Vesno County. This marine sand is a near-shore

facies deposited in a sea that, in much of this area, transgressed the

truncated edges of middle Miocene strata. These upper Miocene beils

tliieken basinward from a few hinidred feet to 0,000 feet, become
entirely marine, and consist principally of organic shale (Reef

Hidge, McLnre, Antelope, Upper Marieojia) ranging in character

froiri argillacedns to elicrty and diatonuiceous. Within the upper part

MIDDLE MIOCENE

Figure 8. Middle Miocene paIeo;:i'i>j;rapb.v.
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UPPER MIOCENE

Figure 9. Tppi-r Miocene paleogeoRraiihy.

of this section are the several Stevens sand lenses, and in its lower

part ("Pulv"* zone) are relatively thin lenses of "Pnlv" sand.

The detrital constituents of this westward thickening section, as far

west as the central part of Elk Hills, were ilerived principally from

Mohavia.

Other tcranitic sands and conglomerates fartlier west, notably the

lenses of conglomeratic sands in the Temblor Range and the Santa

Margarita conglomerate north of Coalinga and in the Cuyama Val-

ley, hardly could have been derived from Mohavia ; instead, it ap-

pears that they had their origin in the mncli closer granitic land

areas of San Emigdio and Salinia.

The eastern border of the basin, extending from the Rakersfield

arch south to the Tejon Ranch, was elevated and subjected to

erosion in the early part of late Miocene time (end of "Pulv" time).

Tlie later upper Miocene marine transgression was terminated by

an orogeny of pronounced regional and local effects, including eleva-

tion of the sea bottom and tlie development of land throughout the

Temblor Range and extending westward and southward to include

much previously submerged area of the southern Coast Range prov-

ince. The much restricted San Joaquin sea was flanked on the south-

west by upland connecting with the old granitic land mass of San

Emigdio and extending north to the Coalinga area. Ry means of this

uplift, the general structural outline of the San Joaquin basin as

we know it today was almo.st completed, and Miocene sediments

along the southern and southwestern borders of the basin were

elevated and tilted basinward as much as 30 or 40 degrees. Uplift

and accelerated erosion of Mohavia forced the Santa Margarita sea

to recede gradually from the eastern border of the basin, and

brought about the deposition of the coarse, ill-sorted nonmarine

lower Chanac beds.

Pliocene and Lower Pleistocene. The earliest Pliocene (Etche-

goin) sea of the San Joaquin basin occupied only the central and

deeper part of the basin south of southern Fresno County, and had

its connection with the open sea through the Priest Valley Strait

northwest of Coalinga (fig. 10). Alluvial and lacustrine conditions

(Chanac) continued to prevail along the eastern border of the basin,

northeast and north of a stran<l line cxtcTuling from points near

Bakersfield to points not far northeast of Coalinga.

Subsidence of the borders of the basin and of adjoining land

areas early in Pliocene time interrupted nonmarine Chanac condi

tions along the eastern border with the deposition of the Macoma

sliale (Etchegoin marine finger), and prodiiced a general marine

transgression along the southern and western borders. In these latter

• PulvinunriUi ntjrniliiwjormis, a forainlnlfenil marker.
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areas tilted and truncated Miocene shale, previously elevated and
eroded, was {jradually transgressed by Pliocene sediments. There was
thus created one of the major unconformities of the California

Tertiary, and the most pronounced and extensive stratifrraphic trap

for oil in the State. This regional unconformity, combined with

favorable lithology and with local structure that was developed

later, led to the accumulation of one and one-half billion barrels of

oil in the west-side fields of the San Joaquin basin.

The marine transgression of the early Pliocene was terminated at

the close of the Etehegoin (upper Mulinia) by regional uplift and
gradual but persistent withdrawal of the sea. Some local areas of the

San Joaquin basin, including the Buena Vista Hills, Elk Hills, Mc-
Kittrii'k. North and South Belridge, and Lost Hills, appear to have

experienced anticlinal folding at about this time. Thereafter, the

basin continued to subside in relation to upland areas, but sedimenta-

tion along its eastern and southern borders became nonmarine and
produced alluvial fans and t.vpical alluvial and lacustrine deposits

(Kern River, nonmarine San Joaquin clay). Contemporaneous dep-

osition of marine San Joaquin clay in the central and western

parts of the basin, including recently folded areas such as Lost

Hills, Belridge, and McKittrick, terminated during late Pliocene

time, and marine watei's withdrew completely and permanently
from the San Joaquin basin, except for a brief re-entrance of

marine or brackish waters into the area of Kettleman Hills near the

close of early Pleistocene (Tulare) time.

The marine .sediments of Pliocene age (Etehegoin and parts of

the San Joaquin formation) consist principally of silts, clays, and
fine sands in the central part of the basin, but include numerous
dean .sands of medium to coarse texture along the borders. The
lenticular nature of man.v of these sands, a result of their near-

shore environment, made them ideal reservoir traps for oil and gas.

Continued elevation of upland areas and subsidence of the basin,

from late Pliocene to middle Pleistocene time, brought about ac-

cumulation of thick and widespread lacustrine, alluvial-plain, and
alluvial-fan deposits (Tidare).

EVOLUTION OF STRUCTURE

It seems to be generally agreed that oil was generated in source
sediments contemporaneously with, or soon after, their deposition,

and that the geologic structure of these and associated re.scrvoir

strata, from the time of their deposition to the present, was the

dominant factor in determining the direction of oil migration and
the locale of accumulation. It is of interest, therefore, to trace the

evolution of the geologic structure now found in this thick section

of petroliferous rocks.

PLIOCENE AND LOWER
PLEISTOCENE

Figure 10. Pliocene niul lower Pleistocene paleoceograpby.



Chapt. II] SAN JOAQUIN VALLEY—HOOTS, BEAR, AND KLEINPELL 125

friz *913 ,

361 a "391 l'E?MS
I ON oDXiO.djoo ja^ U39

,
012 '"BIB,

ex 502 «3I3
3BI H 'Sil i'f 39S '

lOZ «9l3 r
{8 U0.I33S1 381 a 'Sil i 'I 33S °

eg ON »*oj)iniox-ajoc i3d U89

50C "913 r-
(9 UOH39S) 391 a "SSI i 'St 39S o

I ON IdS-oO I'O 'ouadns

1£

S s

E =

g



126 GEOLOGY OF THE NATURAL PROVINCES [Bull. 170

3«

€5

Sis

S'lr

<0



Chapt. II] SAN JOAQUIN VALLEY—HOOTS, BEAR. AND KLEINPELL 127

The prevalence, duriiip; all of tlie Tertiary period, of substantial

regional dips from the basin borders toward the deeper central

basin area must have controlled in major defrree the direction of

regional migration of the oil that probably formed during the dep-

osition and compaction of organic sediments. It appears to have led

to the movement of billions of barrels of oil into up-dip areas such

as Coalinga, Jlidway-Snnset. and Bakersfield. Available evidence

indicates that other structural traps were present locally in the

central basin area, where at least some anticlines began to grow
as early as in late Miocene time.

Land areas adjoining the San Joaquin basin experienced inter-

mittent uplift contemporaneously with subsidence of the basin deep.

Many stages of uplift were comparatively minor, and served merely

to produce slight changes in sedimentation, and/or local erosional

unconformities in the .stratigraphic section of the basin border.

Others were pronounced but local, and resulted in unconformities

with appreciable angular discordance. Still others were regionally

pronounced, and resulted in unconformities extending for many
miles into the basin of deposition.

Several of the unconformities that appear to mark important

events in the structural evolution of the San Joaquin basin are

discussed in the following paragraphs.

Middle Eocene UpHft. The Eocene unconformity at the base of

the Domengiue-Avenal sand is illu.strated by the accompanying
structure section (fig. 11) drawn northeastward across the Helm
anticline. Except for the apparently regional disconformity in mid-

dle Paleocene time (base of Martinez), this basal Domengine un-

conformity marks the first major diastrophic event of the Tertiary

period. Its effects appear to be more pronounced in the Helm area

than elsewhere, but it is represented throughout the Coalinga-

Panoche Creek area by a glaueonitic sand or pebble bed at the ba.se

of the Domengine section.

Post-" Oligocene" Uplift. Regional uplift of limited magnitude

near the dose of "Oligocene" time elevated borders of the basin and

produced an erosional unconformit.v with apparent local discordance

between basal Miocene beds and the underlying "Oligocene" and

Eocene sections, Disconformity without angular discordance along

this contact on the western border of the basin is illustrated in the

right-hand quarter of the structure section in figure 12.

Midelle Lower Miocene Uplift. Local uplift of the Devil's Den-

Pyramid Hills area, along the western border of the basin, occurred

near the close of the Zemorrian stage. Angular discordance along the

resulting unconformity is apparent in the right-hand half of the

structure section in figure 12.

TULARE (Pleistocene)

Product. on from - DEVILWATER -

GOULD SaNOS, BUTTON BED SAND,
AGUA SAND

Fic.rRE l.S. Structure section drawn east across Antelope Hills oil field,

showing Button Bed unconformity at base of middle Miocene section.

Post-Lower Miocene Uplift. An unconformity at the base of the

middle Miocene "Button Bed" extends throughout the Temblor

Range-Reef Ridge di.strict and areas basinward therefrom, and
marks the most important tectonic event of the middle Tertiary.

This unconformity, as it occurs in the .subsurface, is illustrated in

figures 12 and 13. Pronounced uplift and erosion near the close of

early Miocene time was followed by marine transgression and dep-

osition of the "Button Bed" sediments acro.ss the trinicated edges

of all older Tertiary formations.

Orogeny near the End of Miocene Time. As the result of a

pronounced and widespread orogeny near the close of the Miocene

epoch, extensive areas of the basin border that previously were

submerged were elevated to positions above sea-level, and were tilted

basinward. A new land area was thus formed along the southwestern

border, and the San Joaquin basin was given a structural outline

similar to that at the present time. Miocene beds along the southern

end and western border of the basin were tilted basinward as much
as .30 degrees, and- .subsequently were eroded to .sea-level and were

transgressed by Pliocene marine and nonmarine .sediments. The
importance of the resulting unconformity to oil accumulation in

both Miocene and Pliocene beds is illustrated by the accompanying

structure section across the Midway-Sunset oilfield (fig. 14).
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GENERALIZED EAST-WEST SECTION

MIDWAY - SUNSET OIL FIELD

Figure 14. Generalized .structure section across ^lidway-Sunset oil field.

Middle Pleistocene Orogeny. At the close of Tulare deposition,

in mid-Pleistoeene time, there oeeurred a pronounced orogeny, the

magnitude and intensity of which exceeded that of any disturbance

since the Xevadan revolution of the late Jurassic. It was this orogeny

that expelled remaining small seas from .several parts of California

and produced, through folding, faulting, and subsequent erosion,

most of the present .structure and topography.

Most, if not all, of the anticlinal folds in the central San Joaquin

basin, from the Coalinga nose to Paloma, were formed at this time,

or at least were given the greater part of their -present structural

relief at this time. Sedimentary rocks of foothill and mountain areas,

bordering the basin on the south and west, underwent pronounced

uplift and compression tliat produced a complex pattern of sharp

and overturned folds and thrust faults. In contra.st, those of the

eastern border experienced relatively gentle folding, tilting toward

the basin, and tensional faulting.

Although it is certain that anticlines of the San Joaquin basin

developed most of their present character and structural relief dur-

ing the mid-Pleistocene orogeny, there is considerable evidence that

some, and possibly most of them, began to develop as early as late

Miocene or early Pliocene time, and experienced additional growth

as broad, gentle folds during later Pliocene and early Pleistocene

time. In some anticlines the timing of at least some of this early

folding is indicated. In Lost Hills, for instance, an angular dis-

cordance of about 20 degrees occurs on the east flank between upper

Etcbegoin beds and the overlying basal San Joaquin formation. A
similar angular discordance occurs higher in the section, at the

base of what has been called Tulare lake beds in the axial part of
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the structure, but it is possible that these so-called Tulare beds actu-

ally are younger and were deposited after the mid-Pleistocene fold-

ing.

The structure-contour map (pi. 5) indicates the structural effects

of this orogeny in the central part of the San Joaquin basin. That

this orogeny may not have been completed in middle Pleistocene

time is suggested by the occurrence during the late Pleistocene of

several hundred feet of uplift in the San Emigdio foothills, and

by the available physiographic and seismic record that California

in general is still undergoing tectonic adjustment.
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9. GEOLOGY OF THE TEHACHAPI MOUNTAINS, CALIFORNIA*
By John P. BuwaldaI

INTRODUCTION

The San Joaquin-Sacramento Valley, also known as the Great

Valley of California, separates the Coast Ranges on the west from

the Sierra Nevada on the east. The southern part of this major

physiographic and structural province is about 50 miles in average

width, and is terminated abruptly at its southeastern end by the

Tehachapi Mountains, a range that trends roughly northeast. Up-
lifted principally by faulting, this mountain mass rises boldly (fig.

2) from the floor of the San Joaquin Valley—a floor so smooth and

so extensive that in early days it was referred to as the San Joaquin

Plains. The range also presents a rather straight and imposing,

though somewhat less formidable, front toward the Mojave Desert

to the southeast.

The alluviated surface of the San Joaquin Valley lies only a few

hundred feet above .sea level, whereas the surfaces of the extensive

coalescing alluvial fans built out into the Mojave Desert by the

intermittent streams that drain the southeast slopes of the Tehachapi

Mountains stand at elevations of 2,500 to 3,000 feet above sea level.

The general altitude of most of the mountain mass is 4,000 to 5,000

feet, but several ridges rise above 6,000 feet and the dominating

peak of the range, Double Mountain, reaches nearly 8,000 feet about

7 miles south of Tehachapi.

For many years the Tehachapi Mountains were regarded simply

as the southern end of the great rigid, westward tilted Sierra Nevada

block, but their structure, geological history, and origin are entirely

different from those of the Sierra Nevada. Topographically the

Tehachapi Mountains are continuous with the Sierra Nevada to the

northeast, and form a connecting link between that range and the

Transverse Range province to the southwest. They did not originate

as an unbroken fault block tilted toward the San Joaquin Valley,

but instead resemble a broad horst with complicated internal struc-

ture and with complex fault structure along its margins.

The northwest and southeast sides of the Tehachapi Mountains

are rather sharply set off from adjacent provinces, mainly by fault

scarps, but the end boundaries are topographically rather indefinite.

The San Andreas fault southeast of Tejon Pa.ss, and Grapevine

Canyon north of the pass, form an irregular but convenient south-

west limit of the range. The northeast limit on some maps is taken

at Tehachapi Valley and Tehachapi Creek, the general route of the

• Contribution No. 693, Division of the Geological Sciences, California Institute of
Technology.

t Professor of Geology, California Institute of Technoolgy.

Southern Pacific Railroad and the Bakersfield-Mojave highway, but

commonly included in the range is the mountainous country as far

north as the south ends of Breckenridge Mountain, Walker Basin,

and Kelso Valley. The northea.st-southwest dimension of the range

hence is roughly 50 miles, and its width increa.ses from about 11

miles at the southwest end to about 30 miles at the indefinite north-

east end.

Most of the range is in a semi-arid climatic belt that receives 10 to

20 inches of rainfall per year. The lower slopes and adjacent jiarts

of the San Joaquin Valley and Mojave Desert are arid, and receive

only a few inches of rainfall per year. The highest ridges and jieaks,

which constitute only a small fraction of the range, receive as much
as 30 inches.

AREAL GEOLOGY

General Features

Upturned Tertiarj' formations crop out along both the northwest

or San Joaquin Valley margin and the southeast or Mojave Desert

margin of the Tehachapi Mountains, but more than 90 percent of the

area of the range is underlain by pre-Cretaceous crystalline rocks

(fig. 1). Some of these older rocks are metamorphic, but most are

coarse-grained intrusive types. One area of Tertiary strata and a.sso-

ciated volcanic rocks, several tens of square miles in extent, lies

within the mountains northeast of Tehachapi Valley. These Tertiary

strata, together with tho.se exposed along the flanks of the range,

shed much light on the later geologic history of the region and on

the origin of the range. Unfortunately only a small fraction of the

area has been mapped in detail, and hence no discussion of the

geology can be made in more than general terms.

Pre-Cretaceous Sedimentary Roclcs

Numerous patches of pre-Cretaceous metasedimentary rocks are

scattered within the Tehachapi Mountains, but their aggregate out-

crop area is only a small fraction of the total area of the range. They

are well exposed on both the north and .south sides of Tehachapi

Valley, on the south side of the mountains about 9 miles west of

Mojave and in areas farther west, and east of Tejon Pass, between

Gorman and Lebec. They consist mainly of marbles, quartzites, slates,

phyllites, and schists derived from both sedimentary and igneous

rocks. The carbonate rocks have been burned for lime in the vicinity

of Tehachapi during past decades, and are now being quarried for

cement at Monolith.

(131)
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The foliation in these metasedimentar}- and included igneous rocks

ordinarily is parallel or nearly parallel to the bedding. The sedi-

mentary section presumably corresponds to the Bean Canyon series

of Simpson (1934) and to the Kernville series of Miller (1931) in

the country farther north. On the basis of litholofjic similarity, it

has been considered as probably e(|uivalent to the Calaveras forma-

tion of the middle Sierra Nevada, which usually is refrarded as Car-

boniferous in age. Direct evidence of age of these beds in the Tehach-

api Mountains consists only of supposed crinoid stems found by

Goodyear (1888) on the south side of Brite Valley; they would

indicate a Paleozoic or Mesozoic age.

The metamorphosed sediments occur in elongate patches as much
as several miles in length, and with widths that generally do not

exceed a mile or two. They commonly trend north to northwest. The

strata themselves ordinarily strike roughly parallel to the long di-

mensions of the patches and dip at steep angles, but they are strongly

deformed and commonly show .sm'all-.scale folding, crumpling, and

minor faulting. Thicknes,ses of several thousand feet can be meas-

ured, and the bodies clearly are remnants of a once-thick and impor-

tant series of sedimentary formations that underlay the whole re-

gion ; the remnants probably are mostly roof pendants.

Also present are scattered patches of still older metasedimentar.y

rocks, mainly schists commonly associated with quartzites. One of

the largest masses of these rocks is the strip of Pelona schist that

lies between two branches of the Oarlock fault and extends from a

point near Lebec northeastward for a distance of more than 20 miles

(Wiese, 1950). Its width is about 1 mile. These metasediraentary

rocks are presumably pre-Cambrian in age.

Pre-Cretaceous tntrusive Rocks

By far the most extensive rocks in the Tchachapi Mountains are

plutonic types of pre-Cretaceous age. They have not been studied

exhaustively in any one district, but some general .statements about

them have been published by Goodyear (1888), Lawson (1904),

Hoots (1930), Miller (1931, 1946), Simpson (1934), Miller and

Webb (1940), Dibblee (1952, 1953), and others. For many years

these intrusive rocks were thought to be a part of the great Sierra

Nevada batholith, and to connect the old rocks of the Sierras with

those of the Coast Ranges, but it now seems clear that, as in the

Sierra Nevada farther north, the hi.story of intrusion is far more

complex than the emplacement of a single great molten body. The

Tchachapi Mountains consist of numerous coarse-grained plutons

of somewhat diverse mineralogical composition, of very irregular

shapes and sizes, and of different ages.

Two general categories of older intrusive rocks can be recognized

in tlic range. The younger of these includes the great bulk of the

FiGT'RE 2. View f'jislward at Tuirtluvi-st fncp of Bear Mountain, with fliinr of

San .loaquin Valle.v in fiiri'Kroiind. The entire face eonsi.sts (if pre-Crelacenns

rr.v.-italline nicl<s. The violent eartlnniaiie of .lul.v 21, 10."i2. oriffinateil on a rever.se

fault alont: Iiase of this scarp; the fault <Iisplacement created numerous Kround

ruptures alonp the trace, irnohinu offsets of as much as a few feet.

intrusives—rocks that range in composition from granite through

monzonite, granodiorite, and ipiartz diorite to gabbro. The average

composition is in the granodiorite range. These rocks are probably

Jurassic in age. and correspoiul in general to the granodiorites of

the Sierra Nevada. They are foliated in only a few areas, and arc

intrusive into metascdimentary rocks believed to be late Paleozoic

in age.

An older group of scattered intrusive bodies is cut by the Juras-

sic (?) intrusives just described. In general they are more basic and

commonly are gabbroic or dioritic. They also are more foliated. These

rocks are intrusive into the late Paleozoic ( ?) strata, but their intru-

sion may have been in part contemporaneous with the deformation

of that terrane. They i)robably are late Paleozoic or early Mesozoic

in age. Some local mas.ses of coarse-grained, commonly highly foliated

intrusive rocks apparently are still older, and may be pre-Cambrian.

Tertiary Rocks within the Mountains

So far as is known, no Cretaceous formations of either sedimentary

or igneous origin are present within or along the flanks of the Te-

hachapi Moinitains.

Tertiary sedimentary strata, with associated lavas and pyroclastic

rocks, occur within the mountains northeast of Tchachapi and north
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FlGl'UK H. View uortfiwani up Cache Creek from a point about l.H miles east

of Monolith. Beds of upper Miocene Bopesta formation (B) rest upon volcanic

rocks of upper or middle Miocene Kinnick formation (K), which in turn rest

with strong anpular unconformity upon continental strata of lower Tertiar.v

Witnet formation (W). I're-Cretaceous crystalline rocks (J) have been thrust

over iivcrturned Witnet strata along a fault (f) of pre-Kinnick age. Sketched

from n photoyruph.

of Monolith, where they underlie an area of perhaps 50 s(iuare miles.

Three nonmarine formations, all at least moderately deformed, con-

.stitute this body of j'ounger rocks; in order of decreasing age, these

are the Witnet, Kinnick, and Bopesta formations.

M'itnet Formation. The oldest of the three Tertiar}' formations,

the Witnet, is the least widely exposed; it underlies an area of only

a few s()uare miles alono; Cache Creek and lower Oil Canyon about

5 miles northeast of Monolith. It consists mainly of beds, each gen-

erally a few feet thick, of coarse gray arkose alternating with thinner

beds of dark sandy shale or siltstone. The arkose contains both angu-

lar fragments of volcanic rocks and locally numerous well-rounded

I)ebbles and small boulders of quartz and quartzite. In general the

materials are rather poorly sorted and the bedding is rude. The
strata stand at steep angles, and are in part overturned. Tlieir ex-

posed thickness is not less than 4,000 feet, but neither the top nor the

base of the formation is exposed.

In spite of repeated search, no fossil material of any kind has

been found in the Witnet beds. Miocene strata lie with strong angu-

lar unconformity across their upturned edges (fig. 3), as is beauti-

fully shown at the conflueiu-e of Oil Canyon and Cache Creek, and
in turn they overlie the granitic rocks of the region. They ai)pear to

be mncli less lithified than the Cretaceous formations of the Califor-

nia Coast Ranges. Although they are distant from the nearest expo-

sures of Sespe strata, they resemble some parts of this Oligocene

Coast Range formation more closely than any other sedimentary unit.

The W^itnet formation is therefore of almost certain early Tertiary

age, and may be Oligocene. Its arkosic character, the poor sorting of

its materials, its rude bedding, the lack of fossils in it, and the angu-

lar form of its larger clasts indicate a continental, probably largely

terrestrial, mode of deposition inider arid or semi-arid climatic con-

ditions. The numerous well-rounded quartz pebbles and cobbles, in-

congruous among arkosic and angular materials, presumably were

derived in already-worn form from some older conglomeratic for-

mation.

Kmnick Formation. In contrast to the underlying Witnet for-

mation and the overlying Bopesta formation, the Kinnick formation

consi.sts largely of volcanic debris. It underlies an area of about 25

square miles north of Monolith, between Cache and Whiterock Creeks

and along Sand Canyon. The beds that appear rather conspicuously

in the hills immediately north of the cement plant at Monolith, and
that are utlized to .some extent in cement making, mark the southern

end of this outcrop area of the Kinnick formation. A small isolated

patch of sedimentary strata 1 mile to 3 miles northwest of Tehachapi

probably was originally continuous with the upper part of the Kin-

nick section. Presumably the Kinnick beds extend .southward and
uiulerlie the alluvium of at least part of Tehachapi Valley.

The formation consists mainly of green and other highly colored

basic volcanic tuffs and some coar.se agglomerates. Basic lavas con-

stitute only a small part of the section. The upper few hundred feet

of the formation consists of gray sandy clays that locally are inter-

bedded with white fresh-water diatomite and gray and yellow cherts.

The total thickness of the Kinnick is not less than 1,500 feet.

No fossils have been found in the pyroclastic lower and middle

parts of the formation, but the sandy clay beds in the upper part

have yielded the Phillips Ranch mammalian fauna. This fauna com-

prises several forms, including the genus Mrrxichippux (Buwalda,

lOlfil, and is presumably of middle or late Miocem> age.

The Kinnick fornuition lies with strong angular iniconformily

upon the Witnet formation. It appears to be conformable with the

overlying Bopesta formation, and is distinguished from it by a

marked upward coarsening of the strata.

Some parts of the Kinnick section contain fossil leaves of deciduous

trees, and also palm fronds. Much of the formation is well sorted and
sharply stratified, and the sedimentary upper part is fine grained

and water-laid. Some of these beds closely resemble playa deposits,

and fo.ssils representing .several species of bcrbivonins mammals are
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found in them. It appears that the formation was deposited in a

region of active voleanism and not very great relief, and under cli-

matic conditions that probably were semi-arid rather than arid.

Bopesta Formaiion. The youngest of the three Tertiary forma-

tions, the Bopesta, is widely exposed in spectacular badlands (fig. 4)

east of upper Cache Creek and 6 to 7 miles northea.st of Monolith.

It consists mainly of white to tan-colored, fine- to coarse-grained

quartzose sandstone containing some ash and larger fragments of

volcanic rock. Some beds are conglomeratic, and some gray sandy

shale also is present. The formation extends northward under Cache

Peak. It is moderately deformed (fig. 5), with dips up to about 30

degrees, and its thickness is not less than 3,500 feet.

Vertebrate fossil material has been found in some abundance in

the lower and middle thirds of the section. Known as the Cache Peak
fauna (Buwalda, 1916), it contains several mammalian species and
is clearly of late Miocene age. It was previously thought that the

Bopesta formation might be unconformable upon the Kinnick for-

mation, because the dominant species of Mcrychippus in the Phillips

Ranch fauna of the Kinnick formation is a small and apparently

primitive form formerly thought to be of early Miocene age. This

would mean that rocks of middle Miocene age are missing between

the Kinnick and the Bopesta sections. More recent study of the

Phillips Ranch fauna, however, seems to indicate that it is little older

than the Cache Peak fauna, a conclusion that is compatible with the

apparent structural conformity between the two formations.

Most of the constituent materials in the Bopesta beds are well

rounded, and sorting in much of the formation is fairly good. Dis-

tinctness of bedding ranges from vague to sharp, the coarser material

being in general the least definitely stratified. Cementation is highly

variable; most of the strata are rather incoherent, but others are

cliff-makers and aid in producing the very bold and picturesque bad-

lands. The nature of the lithologj' and the vertebrate remains suggest

deposition under semi-arid to humid conditions. Some of the mate-

rials apparently were lacustrine, whereas others probably were de-

posited by streams building up alluvial fans. The bouldery character

of .some of the coarse sandstone beds suggests considerable relief in

the area that supplied the debris, and the generally rounded char-

acter of the debris and the paucity of arkosic material suggest a

humid climate for those surrounding uplands.

Lavas and pyroclastic rocks, mainly of andesitie composition, over-

lie the Bopesta formation at Cache Peak and in some of the ad-

jacent areas. Still younger are thin flows of olivine basalt 1 mile to

3 miles northeast of Monolith. They lie across the edges of the Kin-

nick formation, and probably are of Quaternary age.

^-.3B^.;j^^(^
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Figure 4. View northeastward at gently tilted continental upper Miocene

strata of mammal-bearing Bopesta formation east of upper Caclie Creek, south

of Cache Pealv.

Tehaclwpi Formation. On the north side of the west end of

Tehacliapi Valley, 1 mile to 3 miles west of Tehachapi, several

hundred feet of a coarse fanglomeratic unit of probable late Pliocene

or early Quaternary age, termed by Lawson (1906) the Techachapi

formation, overlies gray tutTaceous shale, sandstone, and chert that

probably are the equivalent of the upper part of the Kinnick forma-

tion. The Tehachapi beds dip toward the valley at about 10°
; they

are probably unconformable on the Kinnick(?) beds, which here

dip somewhat more steeply. These fanglomeratic strata indicate that

at least part of the development of Tehachapi Valley took place in

later Pliocene or early Quaternary time.

Tertiary Geology along San Joaquin Valley Border

The Tehachapi Mountains present a bold northwest front toward

the San Joaquin Valley from Grapevine Canyon on the southwest to

Caliente Creek and the Southern Pacific Railway tracks on the

northeast. This front consists of three segments. The two end seg-

ments, each about a third of the total length, trend northeast, and

the somewhat shorter middle segment, east of the Tcjon Hills, trends

northwest. The entire front consists dominantly of pre-Cretaceous

crystalline rocks, but Tertiary strata arc exposed in strips a few

miles in maxinunn width along the base. These sedimentary forma-

tions, commonly several thousands of feet thick, dip away from the

mountains at moderate to steep angles, and the upper parts of the

sections are concealed in many places beneath overlapping valley

allnviinii.
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In the southwestern part of this bordering apron of stratified

rocks, near Grapevine Canyon and the Coast Ranges, the Tertiary

formations are mainly marine ; northeastward along the mountain

front, however, nonmarine beds and volcanic rocks become progres-

sively more abundant. Near Grapevine Canyon the Tertiary section

consists of several thousand feet of gray marine sandstone and silt-

stone (type section of the upper Eocene Tejon formation), above

which are some hundreds of feet of 01igocene(?) land-laid beds

(Tecuya formation). Resting upon these are several thousand feet

of lower Miocene Vaqueros marine beds and a similar thickness of

middle Miocene Maricopa marine diatomaceous shale. The Tecuya

formation is unconformable on the Tejon, but in general the

Tertiary section shows little angular discordance. The beds are

steeplj' tilted and partly overturned at Grapevine Canyon, but

farther northeast, toward Tejon Ranch, the northwesterly dips

gradually decrease to moderate angles (Hoots, 1930).

In the Tejon Hills, about 15 miles northeast of the mouth of

Grapevine Canyon, several hundred feet of middle Miocene marine

strata rests unconforniably on the pre-Cretaceous rocks at the base

of the scarp. The strata dip moderately toward the valley, and
thicken rapidly in that direction. Resting unconformably upon them
are some hundreds of feet of upper Miocene marine Santa Margarita

beds, which in turn are overlain without visible unconformity by
Pliocene nonmarine strata of the Chanac formation, all dipping

gently away from the mountains (fig. 6).

For about 8 miles north of the Tejon Hills no Tertiary forma-

tions crop out along the west base of the Tehachapi Mountains, but

at Caliente Creek a strip of Tertiary strata several miles wide ex-

tends back into the range for a distance of nearly 10 miles to points

beyond the town of Caliente (Dibblee, 1953). These strata, about

3,000 feet in thickness, have been dropped into the crystalline base-

ment terrane by movement on the Edison fault, which bounds them
on the south. The section consists of the Oligocene (?) Walker
formation, the lower Miocene Union basalt, the lower Miocene Free-

man-Jewett shale, the Miocene Bena gravels, and the Pliocene Kern
River gravels. Only the Freeman-.Iewett shale, about 500 feet thick,

is of marine origin. The bulk of the section is coarse grained, and
some of it is dominantly volcanic in origin. The Pliocene Kern River

gravels lie unconformably on the older Tertiary formations, and the

Miocene strata have moderate to steep dips. Clearly this foothill

belt experienced vigorous deformation in both Tertiary and post-

Tertiary time.

Tertiary Geology on Mojave Desert Margin

Tertiary formations are expo.sed along a part of the southeast

base of the Tehachapi Mountains. They are in part marine in the

^^1

Fnii'RF ."». View northward toward upper Miocene continental .';

pe.sta format inn south of Cache Peak, showing folding along uorthi

axes.
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southwestern portion of the outcrop area, and wholly nonmarine

farther northeast. In places they dip off the older rocks of the

range and under the alluvium of the Mojave Desert, and in places

thej' have been faulted down against the basement rocks.

Near Quail Lake, in the southwestern portion of the Mojave

Desert front of the range Crowell (1952) and Wiese (1950) have

mapped several thousands of feet of upper Miocene Santa Margarita

formation, consisting of marine sandstone, conglomerate, and shale,

and extending for about 4 miles northeastward from the San An-
dreas fault. Miocene continental deposits, presumably 5,000 to 8,000

feet thick, overlie the Santa Margarita and extend about 10 miles

northeastward from the fault. These beds may be in part little dif-

ferent in age from the Santa Margarita section. Pliocene fresh-water

lake beds, mainly siltstone, clay, and marl, also crop out along the

southeast foothills of the range for about 8 miles. They may be in

part equivalent to the upper part of the Miocene continental de-

posits, and have a maximum thickncs-s of approximately 5,000 feet.

Pleistocene terrace deposits and alluvium as much as several hundred

feet thick lie unconformably upon all the older formations. Dijiping

from a few degrees to as much as 25 degrees, they record Quaternary

tilting and faulting along the southeast flank of the range.

No Tertiary formations are known along the desert margin of

the Tehachapi Mountains for a distance of about 20 miles northeast

of the Tertiary exposures just mentioned, but a few miles northwest

of the town of Mojave a strip of land-laid sediments appears along

the south side of the east-west ridge that lies south of the railroad
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FloVRE 6. Typical badland exposure of continental lower Pliocene Chanac for-

mation in Tejon Hills. The beds dip gently toward the San Joaquin Valley.

and lower Cache Creek. These strata often have been referred to

as the Warren beds or Warren formation. They have been dropped

down against a ridge of crystalline rocks along an apparently normal

fault ; the Garlock fault lies north of the ridge. The beds consist

mainly of arkosic sandstone with one or more thin layers of volcanic

ash. The total thickness exposed is several hundred feet. Vertebrate

fossil remains indicate that the strata are approximately early Plio-

cene in age, and hence the equivalent of the Ricardo beds. They are

gently to moderately folded.

No Tertiary strata occur along the southeast base of the range

for 20 miles bej'ond the patch of Warren beds northwest of Mojave.

At Jawbone and Redroek Canyons, still farther northeast, are ex-

tensive exposures of the Ricardo formation, consisting of about 7,000

feet of lower Pliocene terrestrial sandstone, conglomerate, and silt-

stone, with volcanic rocks. This section has been faulted down along

the base of the eastern part of the Tehachapi Mountains and along

the El Paso Mountains, and has been tilted northwestward at angles

of about 30° by the uplift of the latter range (Dibblee, 1952).

STRUCTURE
Pre-Cretaceou9 Structural Features

The structure in the patches of pre-Cretaceous stratified rocks

that are scattered through the Tehachapi Mountains is diverse, but

is not yet well known. Elongate strips of Paleozoic (?) limestone

and tjuartzite north of Tehachapi Valley commonly trend north to

northwest, and the strata stand at steep angles; many exceptions are

known, however, especially in the smaller patches. In the El Paso

Mountains immediately to the east, Dibblee (1952) has described

Permian strata with an apparent thickness of 23,000 feet that like-

wise trend north to northwest. Farther north, in the Kern River

area, are inliers of old sediments with similar trend.

These formations, which have been intruded by the Mesozoic

granitic rocks, probably were folded during Nevadan or Jurassic

time, along with the pre-Cretaceous sedimentary formations of the

Sierra Nevada farther north. Thus the area of the Tehachapi Moun-
tains may well have been a part of the original Sierra Nevada. On
the other hand, along the Garlock fault north of Mojave and at cer-

tain other localities, elongate strips of old rocks trend east to north-

east, or roughly parallel to the Garlock fault. These features suggest

that the east-west structural trend exhibited in the Transverse Range
province to the south and southwest may have been initiated long

before Tertiary time.

Tertiary Structural Features

The present Tehachapi Mountains are a product of Cenozoic defor-

mation. The range is bounded on both sides by complex fault zones

and b.v strips of sharply upturned Cenozoic formations. It is not

merel.v an anticlinal arch, but is a complex horst, with both faulting

and warping at its margins.

Siructure along San Joaquin Valley Margin. As already noted,

the northwest margin of the Tehachapi Mountains comprises two

end segments that trend about N. 50° E., or roughly parallel to the

Garlock fault on the opposite side of the range, and a third or inter-

mediate .segment that trends at right angles to the other two. These

three divisions of the San Joaquin Vallej- front are determined by

separate structural features of somewhat different type.

The northeast .segment, extending for about 15 miles northeast-

ward from the Te.ion Hills to points beyond Caliente Creek and the

Southern Pacific Railroad, is determined by the active White Wolf
fault. It was on this break that the Arvin-Tehachapi earthquake of

July 21, 1952, occurred; this was one of the strongest shocks in

southern California since 1857, and the strongest in the entire State

since the San Francisco earthquake of 1906. The fault lies along

the base of the spectacular northwest-facing Bear Mountain scarp,

which is about 5,000 feet in height. Extensive geological, seismologi-

cal, and geodetic studies in connection with the 1952 earthquake

indicate that the fault is of rever.se character, dipping southeastward

under the mountains at a probable angle near the surface of 45° ±
15°. Northeast of the Tejon Hills the fault is bounded on both sides

by pre-Cretaceous crystalline rocks, except at Caliente Creek, where

small masses of Bealville conglomerate, considered by Dibblee (1953)
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to be of Oligocene age, have been dropped down against the older

rocks along the fault. At the Tejon Hills the folds in the Tertiary

formations, the youngest of which is the Pliocene Chanae, are ap-

parently cut off by the fault, which continues southwestward be-

neath the Quaternary alluvium of the San Joaquin Valley for about

15 miles to Wheeler Ridge or beyond.

The epicenter of the 1952 earthquake was on the south side of

Wheeler Ridge. Northeastward from this ridge, geophysical explora-

tion by the Richfield Oil Corporation demonstrates that the total

offset of the basement surface along the White Wolf fault is about

10,000 feet. Geodetic work by the U. S. Coast and Geodetic Survey

indicates that northeast of the Tejon Hills the upper side of the

fault moved northward 2 to 3 feet horizontally and rose about 2

feet, while the northwest side sank about the .same amount in con-

nection with the recent earthquake, but the points of both maximum
uplift and subsidence were several miles from the fault, with appar-

ently no sharp vertical offset at the fault. The recent fault movement
was therefore presumably oblique slip, but mainly dip slip. West of

the Tejon Hills the horizontal displacements of triangulation points

were comparable in magnitude but entirely different in direction, be-

ing mainly westward on both sides of the fault; unfortunately, only

one point was located on the lower block. The vertical change here

was also about 2 feet on each side, with the maximum subsidence

again occurring several miles northwest, and the maximum uplift

several miles southeast, of the fault.

The White Wolf fault developed no fresh traces of displacement

on the San Joaquin Valley alluvium during the recent earthquake.

Northeast of the Tejon Hills tremendous landsliding on the Bear
Mountain scarp during past centuries has produced a topography

and a macerated rock mass across the approximate trace of the fault

such that only numerous disconnected soil ruptures of very diverse

trends and amounts and directions of offset were formed. However,

several huge new cuts, developed during revisions of four Southern

Pacific Railroad tunnels that were damaged by the earthquake, re-

vealed at least three fractures in the bedrock. Taken to be branches

of the fault, these breaks dip 30° to 45° southeastward and under

Bear Mountain.

The middle segment of the San Joaquin Valley front of the

Tehachapi Mountains trends northwest. The great scarp rising from

the White Wolf fault turns a right angle at the Tejon Hills, and
continues southeastward, with a height of about 2,000 feet, along the

nortlieast side of Tejon Creek canyon practically to the summit of

the range. The presumed fault responsible for this scarp was termed

the Tejon Canyon fault by Hoots (1930). There is little structural

evidence for this fault except near its northwest end, where at one

locality Santa Margarita beds butt against older granitic rocks. The

Tertiary formations of the Tejon Hills in general lie with deposi-

tional contact on these granitic rocks, but dip away from the moun-
tains at angles of 10° to 50°. The boldness of the scarp, and the

sharp topographic boundaries between it and the Cummings Valley

upland above and the Tejon Valley below, indicate either a north-

west-trending fault or a very sharp warp, or a combination of the

two, developed in post-Chanac time.

The third or southwest segment, closing in the extreme southeast

end of the San Joaquin Valley, extends from Tejon Creek to Grape-

vine Canyon. At the mouth of this latter canyon, upper Eocene

Tejon strata stand at very steep angles or are overturned toward the

valley. Hoots (1930) showed probable fault relations here, and, con-

sidering the prevalence of reverse and overthrust faulting west of

Grapevine Canyon, the boldness of the scarp of old rocks that rises

above the Tertiary formations, and the overturned structure of the

Tertiary beds, it is almost certain that strong reverse or overthrust

faulting has occurred here and for some distance to the east.

East of Grapevine Canyon, the Miocene strata, finally lying in

depositional contact on the older rocks, dip less and less steeply as

they are traced toward the Tejon Ranch headquarters. But as far as

Tejon Creek the steep bedrock front, meeting the Tehachapi Moun-
tains upland with a rather definite angle, must indicate either fault-

ing near the base of the scarp (but topographically above the basal

contact line of the sediments) or a sharp warp in the bedrock. And
it is probably not a coincidence that a rather bold scarp in the older

rocks lies nearly in line with it on the opposite side of Tejon Creek,

along the southeast side of Cummings Valley, on the block uplifted

by movement along the Tejon Canyon fault. The Cummings Valley

scarp is more or less continuous with the impressive escarpment

along the south side of Tehachapi Valley, and the structural break

along its base may be continuous with the Cache Creek reverse fault

or overthrust, as will be mentioned farther on.

Structure along Mojave Desert Side of Range. It has often been

held that the Tehachapi Mountains were uplifted and differentiated

from the Mojave De.sert block by movement on the Garlock fault, but

this is true only for about the northeastern third of the range from

the San Andreas fault to Jawbone Canyon. From a point near War-
ren, northwest of Mojave, northeastward to Jawbone Canyon, the

range front is a straight, bold fault scarp 2,000 to 2,.'J00 feet high,

with the Garlock fault at its base. This break is mainly a strike-slip

fault, with left-lateral displacement that has been estimated to be

at least several miles.

Southwestward from Warren, the Garlock fault lies within the

mountains, at average distances from their southeastern base that
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increase irregularly from a mile or two near Warren to 6 or 7 miles

near the San Andreas fault. For nearly all of the distance from

Warren to Oak Creek, the apparently normal Warren fault, sub-

parallel to and probably a branch of the Oarlock fault, defines the

southeast base of the mountains, the slice between the two faults

having been elevated along with the mountain mass. Southwestward

from Oak Creek to the point where Tertiary strata appear along the

base of the range, the physiography suggests that the front of the

range is determined in part by local faults that make large angles

with the Oarlock fault, and in part by warping. The Oarlock fault,

which here lies well within the range, gives little indication of dip-

slip movement, and seems to have had little or no part in uplifting

the Tehachapi Mountains. In the most southwesterly 10 miles of the

range front, the Tertiary and older Quaternary sediments dip in

general toward the desert region, and a number of faults have been

mapped by Crowell (1952) and by Pine (1947). Most of them have

trends that differ considerably from that of the Oarlock, and are not

connected with this major break. The faults presumably had some

relation to the uplift of the range, but this section of the range front

apparently was determined mainly by warping.

Structure within the Range. In contrast to the rigid Sierra Ne-

vada block, which was little deformed during Tertiary time, the

Tehachapi Mountains were both strongly folded and faulted inter-

nally, and probably at several times during the Tertiary period. The

Witnet formation, early Miocene or pre-Miocene in age, dips very

steeply northward along Oil Canyon and gently southward along

Cache Creek half a mile north of its junction with Oil Canyon, and

hence apparently forms an acute syncline that trends northeast. The

overlying middle or upper Miocene Kinnick and Bopesta formations

likewise have been folded synclinally but less acutely so, and the

broad northeast-trending fold includes several lesser folds (fig. 5)

and is cut by numerous minor faults. Basic lavas, probably of Plio-

cene age, apparently lie unconformably on the Miocene strata. There

are evidences of still other Tertiary episodes of deformation, as in

the Coast Ranges to the west.

Along the southeast sides of Cache Creek and Oil Canyon, east

of Monolith, the pre-Cretaceous crystalline rocks have been thrust

northwestward over the pre-middle Miocene Witnet formation, which

has been acutely upturned and overturned (fig. 3). This thrust, the

Oil (lanyon fault, dips 30° to 4.5° southeast. It apparently is mainly

or entirely of prc-middle Miocene age, for Kinnick strata have not

been found to be cut by it and patches of Kinnick, but little de-

formed, rest on the older rocks .southeast of the fault. The surface

trace of the fault is terminated northeastward by a cross fault that

drops Kinnick .strata down on the east side, but its alignment sug-

gests that it may well continue in the older rocks and be responsible

for Lone Tree Canyon, in which ease it continues to, and is cut off

by, the Oarlock fault. Southwestward the Oil Canyon fault passes

beneath the alluvium of Tehachapi Valley. It may terminate against

an east-we.st fault that Lawson (1906) predicated along the south

margin of Tehachapi Valley, but it appears equally probable that

the Oil Canyon thrust turns somewhat westward, becomes the

Tehachapi Valley fault, and is responsible for both Tehachapi and
Cummings Valleys. Continuing southwestward, it would be offset

by the Tejon Canyon fault, but it may well be a continuation of

the zone of sharp deformation that bounds the northwest side of the

Tehachapi Mountains from Tejon Canyon to Grapevine Canyon.

A second set of faults within the Tehachapi Mountains trends

roughly northwest, and includes the Tejon Canyon fault, previously

referred to, and the two faults that bound Bear Mountain on the

northeast and southwest sides, and between which the mountain was

hoisted to its present height of nearly 7,000 feet. It is not known
whether these faults continue northwestward on the floor of the San

Joaquin Valley beyond the White Wolf fault, or whether they ter-

minate against it, but it is known that similar northwest-trending

faults extend discontinuou.sly northwestward beneath the valley

toward structures of similar trend that plunge southeastward be-

neath the valley alluvium from the eastern margin of the Coast

Ranges in the Coalinga area. Similar northwest-trending faults drop

Tertiary formations down against the basement rocks along the east-

ern margin of the San Joaquin Valley east and north of Bakersfield

;

the great fault-line scarp at the mouth of the Kern River Oorge,

12 miles northeast of Bakersfield, is one of these. These faults are

taken to be Central Coast Range .structures that traverse obliquely

the southern San Joaquin Valley floor and reach into the Tehachapi

Mountains.

ORIGIN OF THE TEHACHAPI MOUNTAINS

The Tehachapi Mountains bear little structural or genetic relation

to the Sierra Nevada, with which they merge on the northeast. They

do not trend north, they do not constitute a tilted block, and the

great north-trending fault zone that bounds the Sierra Nevada on

the east does not reach into the Tehachapi country and has no rela-

tion to the Oarlock fault, which lies along or within the south margin

of the Tehachapi Mountains. On the other hand, the range trends

more nearly parallel to the Transverse Ranges to the south and

southwest, and it lies east of and on the projection of the structural

lines of the Transverse Ranges. Instead of being a tilted block, it is

a plateau or complex horst elevated between faults or sharp flexures

along its San Joafpiin Valley and Mojave Desert margins. It has

internal structures that in nature and trend .seem to be extensions
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of both the east-trending structures of the Transverse Ranges to the

west and of the northwest-trending structures of the Central Coast

Ranges projected obliquely southeastward across the San Joaquin

Valley. Like the Coast Ranges, the Tehachapi Mountains experienced

several mountain-making disturbances during the Tertiary period.

It is not known whether the Tehachapi Mountains ever were

largely covered by Tertiary sedimentary formations similar to those

in the Coast Ranges, and it is clear that some interior parts, such as

that north of Monolith, were not. These parts are still underlain by

some Tertiary deposits that are different from deposits of similar

ages in the Coast Ranges. Typical Coast-Range Tertiary formations

thousands of feet thick now dip off the margins of the Tehachapi

Mountains, and plainly extended for considerable distances into the

interior of the present range. In general the range apparently stood

higher than the Coast Range country west of it during at least a

large part of the Tertiary period, so that it was covered only in part

by marine sediments and received land-laid deposits in other parts.

It apparently rose much higher in late Cenozoic time, .so that it is

now mainly old crystalline rocks at the surface, whereas the Coast

Ranges west of it still carry great thicknesses of Tertiary formations.

ORIGIN OF THE TEHACHAPI VALLEY SYSTEM

One of the remarkable features of the upland surface of the com-

plex horst that makes the Tehachapi Mountains is the existence on it

of several broad, flat-floored valleys. Lawson (1904) described the

general geologic nature of these striking depressions picturesquely

and accurately nearly 50 years ago. They lie at an altitude of about

4,000 feet, and hence are high above both the Mojave Desert and the

San Joaquin Valley. Streams are now heading back into them from

the San Joaquin Valley side, and will eventually destroy them.

The largest of these upland depressions is Tehachapi Valley, about

10 miles long and 3 miles wide, which trends east athwart the range

and affords the pass for the railroad line and one of the main high-

ways between southern and central California. To the west of it lie

Brite Valley, Cummings Valley, and Bear Valley, which are smaller

but otherwise similar depressions. All these valleys contain Quater-

nary alluvium as much as several hundred feet deep. Each of the

valleys is bounded on one or more sides by a bold scarp that rises

abruptly from its alluvial floor and that has been developed on old

crystalline rocks. Apparently in large part because of these striking

scarps, Lawson (1004) concluded that the Tehachapi valleys were

formed chiefly by Quaternary faulting. The gentle southerly tilt of

the ujiper Pliocene or Quaternary Tehachapi formation tends to sup-

port this view, although the tilt may be related to a .synclinal down-

warping of that formation and the underlying Cable, Tank, and

Atlas formations as a separate episode, as Lawson suggested. More-

over, it is clear that Tehachapi Valley was in part eroded out of the

Tehachapi formation and the Kinnick formation, as the considerable

thickness of the latter unit exposed at and north of Monolith orig-

inally must have extended southward into the area now occupied by

the valley and must have been removed by erosion before the thick

body of alluvium was deposited on the valley floor.

The writer knows of no Tertiary strata on the south side of Te-

hachapi Valley or in Brite, Cummings, or Bear Valleys, and hence

has no clue as to their original distribution in these valleys. The ap-

parently necessary inference that Tehachapi Valley was at least in

part formed by erosional removal of these less resistant beds, and the

physiographic similarity of these other three valleys to the larger

valley, leads to the supposition that they also are at least in part

excavational rather than entirely tectonic in origin. No evidence of

faulting so recent as to cut the alluvium has been found along any
of the scarps. The northwest-trending scarps on the two sides of Bear

Mountain appear to be bolder and younger than the east-trending

scarps along the south side of Tehachapi, Brite, and Cummings
Valleys, and it is entirely possible that the former are true fault

scarps and that the latter are in part fault-line scarps resulting from

the erosional excavation of Tertiary beds to form the three valleys.

The excavation presumably would have occurred during or after up-

lift of the horst.

GEOLOGIC HISTORY OF THE TEHACHAPI MOUNTAINS

The geologic history of the Tehachapi Mountains is at best a very

incomplete record of the episodes of uplift, erosion, deposition of

sediments, volcanism, folding, faulting, and metamorphism, and is

further limited by the small fraction of the range that has been

mapped or .studied in detail. Probably the earliest known event in the

evolution of the range is recorded in patches of metamorphosed sedi-

ments believed to be of pre-Cambrian age. These now are mainly

schist (the Pelona schist), and are present between Tehachapi and

Mojave, as well as in larger areas in the southwest part of the range,

where they have been described by Wiese (1950). These rocks are

believed to represent mainly the fine-grained sediments laid down in

one or more invasions of a pre-Cambrian sea.

Another epoch of pre-Cambrian marine deposition probably is rep-

resented by a body of rocks, termed by Wiese (1950) the "gneiss

complex," in the southwestern part of the range. Partly old sedi-

ments and partly intrusive rocks, this complex indicates another long

chapter of pre-(.'ambrian history, but whether this was earlier or

later than the deposition of the Pelona schist is not certain.

What occurred in this region during the early and middle parts

of the Paleozoic era is not known, but probably in Carboniferous
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time another marine transgression resulted in deposition of a thick

section of limestones, sandstones, and other sedimentary strata. Dias-

trophism followed in later Paleozoic or early Mesozoic time, and

during or after the deformation intrusive rocks invaded the sedi-

ments. These igneous bodies were more basic in composition than the

widespread granodioritic intrusives of later Mesozoic age, and com-

monly are now more gneissic.

There is no known record of Mesozoic sedimentation in the entire

Tehachapi Mountains, but presumably during the Jurassic period

widespread intrusion of batholithic rocks occurred, ranging in com-

position from gabbro to granite but dominantly of granodioritic type.

The exact date of this igneous activity has not been determined in

this region, but the similarity of the rock types to those in the Sierra

Nevada farther north has led to the a.ssumption that these intrusive

formations are "part of the granites of the Sierra Nevada."

Presumably just preceding and during the intrusion of the grano-

dioritic rocks in Jura.ssic time, vigorous mountain making affected

this region as it did the northern Sierra Nevada and large parts of

western Nevada and southeastern California. Although the history

of the Tehachapi Mountains in post-Mesozoie time seems to have been

rather independent of that of the Sierra Nevada, the tectonic affinity

of the.se regions in Jurassic time seems to be strongly indicated by the

similarity in trends of the remaining patches of Paleozoic sedimen-

tary strata, and by the structural trends in the magnificant section of

Permian strata so excellently mapped in great detail by Dibblee

(1952) in the El Paso Range, the mountain mass that is adjacent to

the Tehachapi Mountains on the east. Deep and presumably long-

continued erosion, embracing later Jurassic, Cretaceous, and perhaps

early Tertiary time, stripped away the roof rocks of these Jurassic

intrusive bodies in the Tehachapi Mountains and much of the sur-

rounding region, except for scattered patches of Paleozoic and pre-

Cambrian sediments and gneissic intrusives.

What episodes of mountain making, deposition, and erosion oc-

curred on the granitic platform of what is now the Tehachapi Moun-

tains during Cretaceous and early Tertiary time is not known. At

some date previous to middle Miocene time, and presumably during

the Oligocene epoch, deformation within the range was sufficiently

intense to result in deposition of angular arkosic sediments and

interstratified dark shales nearly a mile thick. Well-rounded and

polished cobbles among these angular, presumably land-laid sedi-

ments (Witnet formation) imply the erosional destruction of some

older coarse-grained sedimentary formation in the region, as well as

earlier mountain making leading to the deposition of that unknown

sedimentarv unit.

Presumably in later Oligocene or in early Miocene time vigorous

deformation again occurred. The Witnet formation was strongly

folded, and granitic rocks were thrust over it from the south along

the Oil Canyon fault. Then, as far as can be determined from the

limited remaining areas, erosion again reduced much of the relief

that resulted from the mountain making.

In middle and upper Miocene time volcanism led to accumulation

of many hundreds of feet of basic lavas and associated highly colored

tuffs (Kinnick formation). This activity must have been accom-

panied by further erustal deformation, for resting on the volcanic

rocks are some thousands of feet of land-laid, largely non-volcanic

sediments (Bopesta formation) clearly derived from highlands sur-

rounding the basin of deposition. They resulted from weathering,

transportation, and deposition under semi-arid conditions. Both the

Kinnick and Bopesta beds contain vertebrate fossils that demonstrate

their middle or late Miocene age.

On the San Joaquin Valley side of the Tehachapi Mountains is

recorded a Tertiary history of repeated uplift and depression of the

mountain mass relative to sealevel or to baselevel. Near Grapevine

Canyon the sea must have covered neighboring parts of the range

during upper Eocene time, when the Tejon formation was deposited

to a thickness of thousands of feet at its type section. Emergence
was followed by the deposition of the Oligocene ( ?) Tecuya forma-

tion, and at about this same time the thick section of the land-laid

Walker formation, with its Bealville conglomerate, was deposited

farther northeast, in the Caliente Creek region (Dibblee, 1953). It

is not known whether these formations were laid down earlier than,

contemporaneously with, or later than the Witnet formation within

the range.

Little is known about the Eocene and Oligocene history of the

southeast margin of the range, as no rocks of these ages have been

recognized there. However, the type section of the Rosamond forma-

tion, mainly volcanic rocks and continental beds of probable Miocene

age, accumulated in the neighboring part of what is now the Mojave

Desert. In upper Miocene time the sea invaded the western end of

the Mojave Desert and deposited Santa Margarita beds on the south-

east flanks of the western part of the Tehachapi Mountains, and this

was followed by accumulation of a considerable thickness of con-

tinental beds. This is the only known record of post-Paleozoic marine

deposition in the Tehachapi Mountains or adjacent parts of the

Mojave Desert.

In Pliocene time a fresh-water lake received some thousands of

feet of sediments along the Antelope Valley margin of the range,

presumably as the result of uplift of the range and relative depres-

sion of the adjoining margin of the Mojave Desert. Farther north-
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east, in an area northwest of Mojave and between that area and
Redrock Canyon still farther northeast, terrestrial strata (Ricardo

formation) accumulated to similar thicknesses, and entombed verte-

brate fossils that provide a good view of the nature of mammalian
life roaming the semi-arid plains and hill country of that time.

The deposition of the continental Ricardo formation on the south-

east margin of the range, and of the Chanac formation and the Kern
River gravels along the northwest base of the range, doubtless re-

sulted from further uplift and deformation within the Tehachapi

Mountains in post-Miocene time. No Pliocene strata were laid down
within the range, so far as is known, but the Bopesta formation was

moderately folded along east-west axes, and was cut by faults. Proba-

bly, but not certainly, both it and the older formations on which it

rests were bevelled off, and in later Pliocene time andesitic flows

and agglomerates, of which only patches now remain, probably

buried a large part of these Tertiary sediments. One remnant of the

flows now caps Cache Peak, north of Tehachapi Valley, at an alti-

tude of 6,700 feet.

In late Pliocene and Quaternary time deformation apparently

continued within the range, as the Pliocene or Quaternary Tehachapi

formation of the northwest corner of Tehachapi Valley was folded

and tilted so that it now extends beneath the valley alluvium. If the

Tehachapi valley system developed mainly by late faulting, it must

have been at this time, as the marginal scarps are in part still bold.

Certainly faulting within the range occurred during Quaternary

time, as shown by the northeast and southwest faces of Bear Moun-

tain. If the origin of the Tehachapi valleys was mainly erosional,

they must have been excavated during Quaternary time. But the

larger-scale deformation during Quaternary time was by faulting

and warping along both margins of the range, and by elevation of

the complex Tehachapi Mountains horst between the two fault sys-

tems. The momitain mass rose 2,000 to 3,000 feet with reference to

the Mojave Desert block southeast of it, which itself may well have

been elevated somewhat at this time, and the mass was lifted 5,000

feet or more with reference to the San Joaquin Valley. To judge

by the seismic activity, the locally offset alluvial surfaces, and the

freshness of the scarps, this marginal faulting, and presumably the

marginal warping and the uplift, are still contituiing. In addition,

the last episode in the recent history includes the vigorous dissec-

tion and degradation initiated by the last uplift of the range.

In summary, the Tertiary history of the Tehachapi Mountains,

like that of the Transverse Ranges west and southwest of them, is

one of repeated deformation, subsidence, and uplift, with resultant

deposition of marine or land-laid sediments and volcanic rocks in

constantly shifting areas and their equally irregular erosional re-

moval, giving rise to numerous unconformities and complex areal

distribution and .structural relationships. It appears that the range

was in existence during most of Tertiary time, as suggested by the

structural relations of the sediments along its flanks, but in general

it probably stood much lower than at present. The thick Tertiary

sediments, now truncated along its margins, must have covered much
larger parts of the range during a con.siderable part of the time, and
the continental sediments within the range clearly extended at times

over much larger areas. Late in the Cenozoic era—.so late that dis-

section has not yet reached into the interior of its wider parts—the

range was uplifted vigorously. This resulted in rapid stripping of

sediments both in the interior and along the margins, and produced

a complex horst in which old pre-Cretaceous intrusive rocks are

widely displayed at the surface.
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10. GEOLOGY OF THE CENTRAL AND SOUTHERN DEATH VALLEY REGION, CALIFORNLAf
By Levi F. Noble* and Lauren A. Wright ••

INTRODUCTION
That the geology of the desert region bordering and including

the central and southern parts of Death Valley is exceedingly com-
plex and reflects an unusual geologic history is immediately evident
from a glance at the accompanying geologic map (plate 7). Only
parts of the region have been studied in detail, so that the geology
is imperfectly known; but enough information is available to piece

together the broad outline of the salient geologic features set forth

below.

The region considered here (plate 7) is 90 miles long in a north-
erly direction and 57 miles wide. It is characterized by mountain
ranges and valleys that for the most part trend north to northwest.
The most prominent of these features are the central part of Death
Valley and the mountain ranges that bound it—the Panamint Range
on the west and the Funeral and Black Mountains on the east. In
easterly succession from the Black Mountains lie the Furnace Creek-
Greenwater Valley, the Greenwater Range, Amargosa Valley, the

Resting Spring Range, Chicago Valley, and the Nopah Range. South-
east of the southern end of the Panamint Range, and separated from
it by Wingate Wash, are the Owlshead Mountains which are roughly
circular in plan. The east- to southeast-trending Avawatz Mountains
lie at the southern end of Death Valley and are separated from the

Owlshead Mountains and their westerly extension, the Quail Moun-
tains, by Owl Spring Wash and the Leach trough. The southern part
of Death Valley lies between the Owlshead and Black Mountains
and is aligned more northwestward than the central part, which
trends nearly north. All the topographic features noted above are
rather well-defined structural elements, and will be described as

such in the discussion to follow.

Published geologic maps (fig. 1) within the area of the accom-
panying map (plate 7) cover parts of the eastern slope of the

Panamint Range (Murphy, 1932; Hopper, 1947) ; the central Black
Mountains (Curry, Contribution 7, Chapter IV) ; the Virgin Spring
area of the southern Black Mountains (Noble, 1941); the Leach
Trough-Quail Mountains area south of the Owlshead Mountains
(Muehlberger, Map Sheet No. 16, this volume)

; an area of saline-

bearing Tertiary rocks at the north ba.se of the Avawatz Mountains
(Johnson and Lewis, in Ver Planck, 1952; Durrell, 195.3); the

Tecopa area (Mason, 1948) ; a part of the Saratoga Hills (Wright,
1952a) ; the Silurian Hills (Kupfer, Map Sheet No. 19, this volume)

;

t Publication authorized by the Director. U. S. Geolo^cal Survey.
• Geologist. U. S. Geological Survey.

•• Senior Mining Geologist, California Division of Mines.

and the Alexander Hills area (Wright, Map Sheet No. 17, this

volume). Unpublished maps of the Greenwater Range and of the

valley of Furnace Creek from Ryan to Death Valley, together with

data on the geology of these areas, have been kindly supplied by

T. P. Thayer. The writers have utilized all of these sources of in-

formation, as well as an unpublished map of the central Black

Mountains by H. D. Curry, and Wright's unpublished geologic map
of the southern half of the Tecopa quadrangle. All of the area of

the aceorapanj'ing map (plate 7) has been studied in reconnaissance

by the writers, but Wright's work has been confined largely to the

southeastern and west-central parts.

ROCK FORMATIONStt

Undifferentiated Earlier Pre-Carnbrian Racks. A complex com-

posed mostly of gray granitic to dioritic gneiss, but containing sub-

ordinate quartzite, mica schist, migmatite, amphibolitc, carbonate

strata, and intrusive bodies of granitic rocks, is extensively exposed

in the Black Mountains (fig. 3) and Ibex Hills, and also underlies

smaller areas in the southeastern part of the Panamint Range,

Greenwater Range, southern Nopah Range, and Alexander Hills.

The earlier pre-Cambrian age of this complex is established by the

existence of an unconformably overlying section of later pre-Cam-
brian sedimentary rocks—the Pahrump series. Metamorphic and
plutonic igneous rocks, extensively exposed on the north and east

slopes of the Avawatz Mountains, on the crest and south slopes of

the Owlshead Mountains near Owl Hole Springs, and in the north-

western part of the Funeral Mountains, are probably al.so earlier pre-

Cambrian in age. In the Avawatz Mountains they consist mostly of

quartz diorite and quartz diorite gneiss that contains xenoliths of

marble ; in the Owlshead Mountains they include marble, quartzite,

and quartz diorite; and in the Funeral Mountains they include

phyllite, schist, marble, quartzite, and quartz diorite gneiss.

Later Pre-Camhrian Rocks. Ihimetamorphosed sedimentary rocks

and diaba.se that comprise the later pre-Cambrian Pahrump series

crop out at many places in a belt extending from Galena Canyon
in the southeastern part of the Panamint Range southeastward for

75 miles to and beyond the Kingston Range at the ea.st margin of

the map area (plate 7). Recent studies suggest that metamorphic
rocks probably correlative with the Pahrump series form most of the

crest and west slopes of the Panamint Range beyond the west border

It Not all formation names used In this paper have been recognized by the
Geological Survey.

{ 1« )
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Figure 1. Index map of the Death Valley region showing area of plate 7
enclosed in heavy line and areas covered by other maps, published (shaded) and
unpublished (dotted). As numbered, the published maps are by the following
workers: 1. Ball (1907), 2. Ransome, Emmons, and Garrev (1910), S. Stock
and Bode (lO.^T), 4. McAllister (19.')2), .5. Nolan (1929), 6. Hopper (19471,
7. Murphy (19H2), 8. Curry (19.04), 9. Noble (19411, 10. Mason (194S),
11. Wright (19541, 12. Wright ( 19."i2a 1 , 13. Muehlberger (1954), 14. Johnson
and Lewis in Ver I'lnnck (1952), 15. Durrell (195:i), and 16. Kupfer (1954).
As lettered, the unpublished maps are by the following workers (A) D. H. Sears,

(B) T. P. Thayer, (C) H. D. Curry, (D) L. A. Wright, (E) L. A, Wright, and
(F) D. F. Hewett.

of the map area (B. K. Johnson, personal communication, 1954;

D. H. Sears, personal communication, 19.54).

Throughout the 7.5-mile belt of unmetamorphosed Pahrump .strata,

the series is divisible into three formations described by Hewett

(1940) in the Kingston Range east of the border of the map (plate

7). The lowest and most extensively exposed is the Crystal Spring

formation, which is commonly about 4,000 feet thick and consists

mostly of various clastic sedimentary rocks and diabase (Wright,

1949; 1952a). A carbonate member, several hundred feet thick, gen-

erally occurs near the middle of the formation and locally has been

altered to deposits of commercial talc. This formation is successively

overlain by the Beck Spring dolomite, about 1,000 feet thick, and

the Kingston Peak formation, which consists mainly of quartzite and
conglomeratic quartzite and which probably is several thousand feet

in maximum thickness. The Kingston Peak formation contains abun-

dant detritus from both of the lower Pahrump formations, but the

unconformity thus indicated has not been detected by mapping.

Cambrian Rocks. In the southern and central Death Valley re-

gion, the strata that have been assigned a Cambrian age total about

17,000 feet in thickness and comprise more than three-quarters of

the exposures of Paleozoic rocks. The Cambrian section of the Nopah
and Resting Spring Ranges has been measured and mapped in great-

est detail (Hazzard, 1937; Mason, 1948; Wright, Map Sheet No. 17,

this volume). It comprises, from bottom to top, about 1,000 feet of

massive Lower Cambrian dolomite (Noonday dolomite), an addi-

tional 8,000 feet of Lower Cambrian strata that consist mostly of

quartzite and shale (Johnnie formation. Stirling (luartzite. and
Wood Canyon formation), 5,300 feet of Middle Cambrian dolomite

(Cadiz, Bonanza King, and Cornfield Springs formations), and 1.700

feet of Upper Cambrian dolomite (Nopah formation).

The lowest beds that contain diagnostic fossils are high in the

Wood Canyon formation, and the fossils are Lower Cambrian. The
underlying units, including the Noonday dolomite, apparently are

conformable with the Wood Canyon, but no fossils other than

algal ( ?) remains have been recognized in them. Becau.se the Noon-

day dolomite is separated from the Pahrump series by a widespread

angular unconformity, Hazzard (1937) placed the ba.se of the Cam-
brian at this contact. A marked lithologic change, however, occurs

at the base of the Stirling quartzite. The underlying Johnnie forma-

tion and Noonday dolomite are lithologically more similar to the

rocks of the Pahrump series than to rocks in the overlying Paleozoic

formations, show vertical variations in lithology and color that are

much more abrupt than variations in the Stirling (piartzite and
higher formations, and contain algal( ?) beds of a type different

from those in the higher formations.
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FiGi KK 2. View westward at east fure of Pnnaniint HariKe, fshowine Haiiaii)i:(li ('aii.v<ni and Telfsntpe IVak (left skyline). The nuiuiitain slopes are underlain
by Cnmhrinn strata that dip toward viewer. Note size and disBection of Hanaupah fan. flully dissection of upi)er part of fan has a relief of about 200 feet. Compare
with alluvial fans along Ulack Mountains on opposite side of valley (fig. 3). Spenre Air Photos.
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Mountain front consists cHHentially of narlicr iin'-Camlirinn inetaniorphic rofks capped by Tertiary volcanic rocks. Relatively dark spur at extreme left of view is

surface of uorth-pUinKiiiK Hadwater turtlel»ack. floor of Death Valley is rock salt. Note small size and lack of dissection of alluvial fans compared with Unnaupah
Canyon fan (fig. 2) on opposite side of valley. Spence Air Photon.
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The Cambrian rocks of the Panamint Range (Murphy, 1932;

Hopper, 1947) and Funeral Mountains, although less well known,

appear comparable in thickness with those of the Resting Spring

and Nopah Ranges, and consist of essentially the same formations.

Most of the rocks designated by Murphy (1932) as the Telescope

group are now correlated with the Noonday dolomite and Johnnie

formation (D. H. Sears, personal communication, 1954).

Post-Cambrian Paleozoic Rocks. Paleozoic sedimentary rocks of

post-Cambrian age occur in relatively intact sections on the north-

east flank of the Nopah Range, the southern part of the Funeral

Range, and the east flank of the Panamint Range north of Death
Valley Canyon. In addition, Permian strata form a wedge enclosed

by granite in the Warm Springs Canyon area, in the southeastern

Panamint Range.

In the Nopah Range the post-Cambrian Paleozoic section is nearly

7,000 feet thick (Hazzard, 1937; 1951), and all formations, except

the Middle Ordovician Eureka quartzite, consist mostly of carbonate

strata. The Lower and Upper Ordovician and Silurian rocks are

mostly dolomite; the Mississippian and Pennsylvanian rocks are pre-

dominantly limestone. The post-Cambrian Paleozoic sections in the

Panamint Range and Funeral Mountains are similar in lithology to

the one in the Xopah Range, but have not been described in detail.

The Panamint Range section probably is thicker than the other two,

because it contains the additional Permian unit in Warm Springs

Canyon that is at least 4,000 feet thick (C. T. Wrucke, per.sonal

communication, 1954).

Mesozoic Rocks. Although Mesozoic rocks have not been positively

identified in the mapped area, the granitic intrusive rocks described

below are probably for the most part Mesozoic in age. Volcanic and
fossiliferous sedimentary rocks of Tria.ssic age (B. K. Johnson, per-

sonal communication, 1954) are present in Butte Valley, which is in

the southern Panamint Range just west of Warm Springs Canyon
and just outside the area of the accompanying map. It is po.ssible

that Mesozoic volcanic rocks underlie other parts of the Death Valley

region and have been mapped with the older Tertiary rocks.

Granitic Intrusive Rocks. Granitic intrusive rocks, whose age and
variations in composition are not fully known, arc widespread in the

Death Valley region. Much the largest body of granite underlies

the Owlshead Mountains, and smaller bodies are exposed in the

Black, (jreenwater, Avawatz, Granite, and southern Panamint
Ranges. Most of the granite approximates quartz monzonite in com-

position. In some areas it is iniiformly coarse grained, but in others

it is porphyritic or shows a wide variation in texture.

Some granite that intrudes the earlier pre-Cambrian metamorphic
complex is pre-Cambrian, as it is truncated by basal beds of the

Pahrump series. This granite is not shown on the map. Most of the

granite that is shown on the map was intruded in Mesozoic time and
is genetically related to similar granite abundant in the desert re-

gion of eastern California, as well as in the southern California and
Sierra Nevada batholiths. A Mesozoic age is suggested for the granite

in Warm Springs Canyon, at the southern end of the Panamint
Range, as it does not intrude Tertiary volcanic rocks, but does cut

all older rocks including those of Triassic age in Butte Valley, just

west of the area mapped.

Some of the granite in the Death Valley region may be Tertiary.

Thayer (cited by Noble, 1941, p. 954) has noted that, in the Black

Mountains and Greenwater Range, porphyritic granitic rock cuts

volcanic rocks that appear to be part of the Artist Drive formation.

In an area near the Amargosa River, southwest of the Alexaiuler

Hills, porphyritic granite contains xenoliths of volcanic rock whose
age is unknown but ma.y be Triassic.

Tertiary Rocks. Volcanic and sedimentary rocks of Tertiary age

are widespread in the southern and central parts of the Death Valley

region. They underlie Death Valley and all the other large topo-

graphic depressions, and lie irregularly upon the slopes and crests

of the mountain ranges. In general, the sedimentary rocks (clay

shales, silt.stones, sandstones, and conglomerates) occupy the depres-

sions, which appear to have existed in Tertiary time as troughs and
basins of deposition. At many places the volcanic and .sedimentary

rocks interfinger.

Within the area of plate 7, Tertiary strata have been dated by
fossils at only two localities, and the dating is not precise. Leaves

found in the Furnace Creek formation in lower Furnace Creek Wash
are believed to be early Pliocene in age (Axelrod, 1940). In the

Copper Canyon area, on the west slope of the central part of the

Black Mountains, beds that are lithologically similar to the Furnace
Creek formation contain animal footprints that indicate an age some-

where between late Miocene and middle Pliocene (Curry. 1941).

In the bordering areas the evidence for dating Tertiary formations

likewise is scanty. The oldest Tertiary strata yet recognized in the

general region occur on the north side of the Grapevine Range near

the head of Titus Canyon, north of the area of plate 7. These have

yielded Oligocene Titanothere remains (Stock and Bode, 1935, pp.

573-579), and are part of the Titus Canyon formation (Stock and
Bode, 1935). Tertiary strata on the south slope of the Avawatz
Range, 10 miles south of the area of plate 7, have yielded a mam-
malian fauna identified by Henshaw (1939) as upper Miocene(f) or

lower Plioeene(?) in age.
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The most complete section of Tertiary rocks in the Death Valley

region is in the northern part of the Black Mountains (figs. 5 and

6). Thayer (cited in Noble, 1941, p. 955) has estimated that this

section is about 13,000 feet thick. Its lowest part probably is correla-

tive with the Oligocene Titus Can.von formation (Stock and Bode,

1935) ; its higher part, consisting of Miocene and Pliocene rocks, is

overlain unconformably by beds of the Pliocene-Pleistocene ( ?)

Funeral fanglomerate. On the accompanying map (pi. 7) most of

the Tertiary rocks have been grouped into the two subdivisions

described below.

Included in the older Tertiary rocks are the Titus Canyon forma-

tion (Stock and Bode, 1935) and the Artist Drive formation. The
Titus Canyon formation lies upon the north slopes of the Grapevine

and Funeral Mountains in a narrow belt that extends into the

mapped area to a point north of Chloride Cliff in the northern part

of the Funeral Mountains, where it is about 1,300 feet thick and

consists mostly of conglomerate, sandstone, and mudstone (Stock

and Bode, 1935, p. 574). Isolated patches of similar rocks lie in and

near Boundary C&nyon at the north end of the Funeral Mountains

and on the southern tip of the Funeral Mountains west of Death

Valley Junction. A small patch lies on the south tip of Eagle Moun-
tain, south of Death Valley Junction.

In the Black Mountains the Artist Drive formation, which is

probably Oligocene in the lower part and Miocene in the upper part,

has an estimated thickness of more than 5,000 feet (Thayer, cited by

Noble, 1941, p. 955), and consists mostly of alternating basaltic and
latitic flows, tuffs, and breccias interlayered with various sedimen-

tary rocks. Other older Tertiary volcanic and sedimentary rocks,

which appear to be at least partly correlative with the Artist Drive

formation, occur in the central Black Mountains and Greenwater

Range. They probably also are present as local unmapped masses

in the Virgin Spring area farther south, and in a belt along the

northeast base of the Avawatz Mountains.

Included in the younger Tertiary rocks are the Furnace Creek

formation and the Greenwater volcanics. In the northern part of the

Black Mountains the Artist Drive formation is unconformably over-

lain by the Furnace Creek formation (Thayer, cited by Noble, 1941,

p. 956), which contains fossil leaves of probable early Pliocene age.

Here the Furnace Creek formation is about 2,500 feet thick and

consists mostly of volcanic rocks interbedded with fanglomerate and

playa sediments that contain gypsum and borates. The lower or

middle Pliocene fossil footprints in the Copper Canyon area of the

central Black Mountains occur in a 3.000-foot section of folded

playa beds that are similar lithologically to those of the Furnace

Creek formation in the northern part of the Black Mountains and in

Furnace Creek Wash.

Intensely deformed Tertiary strata, several thousand feet thick,

are discontinuously exposed in .southern Death Valley from the north

margin of the Avawatz Mountains (fig. 8) northwestward to the

Confidence Hills (fig. 7). Although to date they have proved unfos-

siliferous, they resemble the playa deposits of the Furnace Creek

formation and are assigned tentatively to that formation. They con-

sist mostly of poorly consolidated mudstone and siltstone, and con-

tain deposits of rock salt, gypsum, and celestite.

Volcanic rocks that are mostly acidic to intermediate in composi-

tion, and that contain little or no interlayered sedimentary rocks,

are younger than the Furnace Creek formation and are 3,000 feet

or more thick. In the Greenwater Range, these volcanic rocks crop

out extensively. They are unconformable upon the Furnace Creek

formation, and have been named the Greenwater volcanics and as-

signed a Pliocene(?) age (Thayer, cited by Noble, 1941, p. 955).

Rocks of similar composition and stratigraphic position occur

throughout the Black Mountains, and also are abundant at the south

end of the Panamint Range north of Wingate Wash and on the

northwest flank of the Owlshead Mountains south of Wingate Wash.

Pliocene-Pleistocdief f) Rocks. The Funeral fanglomerate, which

probably is Pliocene in age, is widespread in the area mapped. At
most places it consists of fanglomerate commonly interbedded with

conspicuous black basalt flows and finer-grained sedimentary rocks.

It rests unconformably upon all the older formations and, in gen-

eral, is much less deformed (figs. 7 and 8; plate 8). At most places

the formation is more than 1,000 feet thick. In the Virgin Spring

area, the basal part of the formation contains layers of megabreccia.

South of Teeopa, the southern end of Amargosa Valley is marked

by a broad, west-trending belt of low hills, underlain by beds that

are tentatively correlated with the Funeral fanglomerate. These

beds, which were named the China Ranch beds by Mason (1948),

are moderately deformed (plate 8) and are flanked on the north

and unconformably overlain by conglomeratic lake beds of Pleisto-

cene age. The China Ranch beds are 5,000 or more feet thick and
consist mostly of fanglomerate and siltstone (Wright, Map Sheet No.

17). They contain lenses and layers of megabreccia composed mostly

of granitic and volcanic rocks and later pre-Cambrian and Cambrian

sedimentary rocks. These megabreccias formerly were interpreted as

thrust slices (Noble, 1941. p. 992), but most of them are now thought

to be breccias of debris-flow origin formed down -slope from large

faults and comparable to the megabreccias described by Longwell

(1951, pp. 343-355).
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Quaicrnary Rocks. Quaternary roeks, wliieh are uneonformable

upon the Funeral fanglomerate and all older rocks, include alluvial

fans, playa and lake deposits, sand dunes, and local occurrences of

basaltic cinders and cinder cones. Salt, interlayered with clay,

underlies at least 125 square miles of the floor of Death Valley (fig. 3

and plate 8) ; several holes, drilled to depths of 600 to 1,000 feet,

did not penetrate its base.

TOPOGRAPHIC AND STRUCTURAL ELEMENTS

Southern Panainint Ranije. Althougli the internal structure of the

southern Panamint Range is complex, the range is essentially an east-

tilted fault block, bounded on the west in Panamint Valley by a

ma,ior zone of normal and strike-slip faulting. Its eastern, or Death
Valley face (fig. 2), partly shown on the accompanying map, consists

mainly of east-dipping Paleozoic formations (see cross section, plate

8). Earlier pre-Cambrian and later pre-Cambrian (Pahrump ?)

metamorphic rocks compose much of the west face of the range,

beyond the margin of the map (Murphy, 1932; Hopper, 1947; B. K.

John.son, personal communication, 1954 ; D. H. Sears, personal com-

munication, 1954). Triassie rocks have been recognized only in the

southern part of the range, west of the mapped area. East-dipping

Tertiary rocks lie upon lower spurs of the range along the margin
of Death Valley, but they do not occur in the high central part of

the range. Bodies of granitic rocks intrude all except the Tertiary

rocks.

The structure of all the Death Valley slope of the Panamint Range
is imperfectly known. A mass of unmetamorphosed later pre-Cam-

brian (Pahrump) rocks is well exposed from Galena Canyon south-

ward to Anvil Spring Canyon. These strata rest unconformably on

older pre-Cambrian metamorphic rocks that are exposed in two
windows, one in Warm Spring Canyon and the other in Galena Can-

yon. Numerous masses of Noonday (Lower Cambrian) dolomite rest

on the Pahrump series, and post-Triassic granite cuts the Pahrump
series and Paleozoic roeks in Anvil Spring Canyon. Many northwest-

trending faults cut the strata of the Pahrump series. Some of them
are recurrent and offset Tertiary rocks to a les.ser degree. Some pre-

Tertiary faults trend northeast.

North of Galena Canyon, except for the occurrence of intrusive

granitic rocks near Telescope Peak just west of the map area and of

Tertiary rocks on the lower spurs, the Death Valley .slope is under-

lain entirely by Paleozoic rocks. These rocks are faulted and folded,

and at some places they stand vertical, but they nearly everywhere
dip eastward toward Death Valley (plate 8). Because they strike

more northwestward than the trend of the mountain front, succes-

sively younger Paleozoic formations crop out northward at the valley

border. For example, the rocks at the mouth of Six Spring Canyon
are the Johnnie formation; at Johnson Canyon they are the Stirling

quartzite and Wood Canyon formation ; north of Death Valley Can-
yon, Ordovician, Silurian, Devonian, and Carboniferous strata suc-

cessively extend to the valley border; and the spur at Poison Spring,

at the north end of the map area, is underlain by fossiliferous Per-

mian strata.

The younger Tertiary rocks and tho.se of the overlying Funeral
fanglomerate that occur low on the spurs dip less steeply than the

underlying Paleozoic rocks, and apparently they are overlain by
Quaternary salt and alluvium throughout Death Valley (plate 8).

They appear to be correlative with the younger Tertiary rocks and
the Pliocene-Pleistocene ( ?) Funeral fanglomerate that cap the Black

Mountains east of Death Valley. The easterly dip of the Funeral on
the spurs along the Panamint front indicates that much of the tilting

occurred in Pleistocene time.

Black Moiiniains and Greenwater Range. The Black Mountains
and the Greenwater Range, together with their southern extensions

—

the Ibex, Saratoga, Saddle Peak, Salt Springs, and Dublin Hills

—

appear to form a structural unit bounded by Death Valley on the

west and south and by Amargosa Valley and the lower part of Fur-

nace Creek Wash on the east and north. In plan this unit is lozenge-

shaped, and will be designated the Black Motnitain wedge. It con-

stitutes a huge fault block, about 80 miles in length and 25 miles in

maximum width, that has been squeezed between the Death Valley

and Furnace Creek fault zones in such a way as to produce folding

and thrusting of a peculiar type.

In its general geological features the Black Mountain wedge dif-

fers markedly from the ranges that border it. It is underlain mostly

by pre-Cambrian and Tertiary rocks, contains Paleozoic rocks in rela-

tively small volume and for the most part in great disorder, and
shows large folds of the pre-Cambrian basement rocks associated with

low-angle faults as the most prominent features of its internal struc-

ture. In contrast, most of the bordering (Panamint, Funeral, Resting

Spring, and Nopah) ranges consist largely to almost wholly of Paleo-

zoic rocks that are much less disordered than those in the Black

Mountain wedge, contain few Tertiary rocks, and are essentially east-

tilted fault blocks.

Because the Paleozoic sections that occur on both sides of the

Black Mountain wedge are similar in both thickness and lithology

and indicate deposition on an essentially flat sea bottom, a compa-

rable Paleozoic section, 25,000 to 30,000 feet thick, must once have

overlain the entire area of the wedge. An additional 10,000 to 15,000

feet of strata, as represented by the later pre-Cambrian rocks in the

southern part of the wedge and in the Panamint Range, and by the
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marine and metavoleaniu Triassic rocks of the Panamint Range, also

may once have overlain most or all of the wedge. The missing strata

indicate that a thickness of at least 25,000 feet and perhaps as much
as 45,000 feet was eroded from the northern part of the wedge in the

Mesozoic to early Tertiary interval as the wedge was raised along the

Death Valley and Furnace Creek fault zones.

North of a line drawn through Jubilee and Sheephead Passes, the

core of the Black Mountains consists of earlier pre-Cambrian gneiss

and intrusive rocks. This core is discontinuously flanked and locally

capped by structurally complex rock ma.sses composed of blocks that

range in age from earlier pre-Cambrian to late Tertiary. The surface

of the core, against which the masses lie, is relatively smooth and has

the form of large, broad folds that trend northwestward at acute

angles with the north-northwest trend of the range. This surface,

large parts of which have been exhumed by erosion, marks the floor

of a flat thrust fault that has caused a plate of disordered blocks to

override an autochthonous block that now forms the core of the

range. Subsequent arching of the autochthonous block and an exten-

sive erosional stripping of mcst of the plate are assumed to have

produced the present surface features. These features have been

studied in two adjacent areas, the Virgin Spring area (Noble, 1941)

and the central Black Mountains, farther north (Curry, 1938; 1941;

Contribution 7, Chapter IV).

In the Virgin Spring area the fault is a nearly continuous tectonic

break that is much greater than any other break observed in the rocks

above the autochthonous block. This fault, which has been named the

Amargosa thrust fault (Noble, 1941, p. 961), is conceivably a feature

that extends beyond the limits of the Black Mountain wedge (Noble,

1941, p. 995) ; but it now seems likely that it was produced by the

squeezing and arching of the Black Mountain wedge under intense

compression.

Most of the rocks that lie above the autochthonous block have such

a disordered appearance that the term "chaos" has been applied to

them (Noble, 1941, p. 964). Three phases of the chaos were recog-

nized by Noble. The Virgin Spring pha.se, which everywhere rests

directly on the autochthonous block, consi.sts almost entirely of blocks

whose stratigraphic range is later pre-Cambrian to Middle Cambrian,

inclusive. Most of the blocks are elongate and are 200 to 600 feet long,

but some are as much as half a mile long. Each block is bounded by

fault surfaces and is minutely brecciated, but the original layering

in most of the blocks, except those of later pre-Cambrian diabase, is

discernable. The blocks commonly lie as imbricate, east-dipping slabs,

crudely arranged in their normal .stratigraphic succession, to form
a sheet that averages about 600 feet thick. However, some adjacent

blocks are derived from widely different stratigraphic horizons.

Resting on the Virgin Spring phase of the chaos are the Calico and

Jubilee phases. The Calico phase is a mosaic of fault blocks composed

entirely of brilliantly colored Tertiary volcanic rocks. Many high-

angle faults that cut it do not cut the rocks of the autochthonous

block on which it and the Virgin Spring phase rest. At some places

the Virgin Spring and Calico pha.ses appear to be separated by an

unconformity of erosion, but at most places by a surface on which

there has been movement. It seems probable that the movement of

the Calico phase was independent of, and less than, the movement of

the Virgin Spring phase and that it was separate from, though re-

lated to, the movement on the Amargosa thrust. The date of the

thru.sting of the Calico phase is assumed to be post-Miocene, for the

rocks of this phase are those of the younger Tertiary group.

The Jubilee phase, which overlies both the Virgin Spring and
Calico phases, is in part a mosaic of huge irregular fault blocks of

brecciated granite and of volcanic and sedimentary rocks of Tertiary

age, and in part a series of sedimentary rocks (chiefly fanglomerate)

interlayered with megabreccia composed of nearly every type of

rock found in the Black Mountains. Many breccia layers are formed
of one type of rock. The megabreccia layers that are interbedded

with the sedimentary rocks were originally interpreted as thrust

slices by Noble (1941, p. 974), but he now believes that they may in

part represent debris-flow accumulations developed down-slope from
large faults, like the raegabreccias in southern Nevada described

by Longwell (1951). He believes, however, that the assemblage of

huge blocks of brecciated granite and Tertiary rocks at the base of

the Jubilee phase north of Ashford Mill (Noble. 1941, p. 975) rep-

resents material derived from an advancing thrust sheet. Apparently

the Jubilee phase of chaos locally constitutes a basal part of the

Pliocene-Pleistocene ( ?) Funeral fanglomerate and passes upward
into the Funeral through a series of interlayered megabreccia and
fanglomerate beds.

The Amargosa thrust extends northward into the central Black

Mountains, where highly disordered Tertiary sedimentary and vol-

canic rocks rest with fault contact against the smooth surface of

the autochthonous block (Curry. Contribution 7, Chapter IV).

Curry has noted that the anticlinal parts of this surface resemble

the carapaces of turtles and has named them "turtlebacks. " He has

named the three most prominent of these features, from north to

south, the Badwater (fig. 3), Copper Canyon, and Mormon Point

turtlebacks. The Badwater and Copper Canyon turtlebacks plunge

northwestward. The Mormon Point turtleback extends .southeast-

ward into the Virgin Spring area, where it is known as the Desert

Hound anticline of that area. This anticline, by far the largest of

the three, is about 13 miles long and plunges at both ends. Curry
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states that the entire surface of the autochthonous block of the cen-

tral Black Mountains marks the position of a sinjrle thrust fault, the

"turtleback fault," and he suprfrests that this fault is an extension

of the Amargosa thrust.

South of a line drawn through Jubilee and Sheephead Passes,

north-trendini; normal faults split the Black Moinitains into four

east-dippiufr, monoclinal fault blocks (fig. 4). The.se faults are cut

ofif beneath Quaternary alluvium by the Death Valley fault zone,

described below. Prom west to east successively younger rocks are

exposed in these fault blocks. The most westerly block (Talc Ridge)

is composed partly of earlier pre-C'ambrian gneiss and partly of the

Crystal Spring formation. The most easterly block (Salt Spring

Hills) is underlain by Lower Cambrian strata and intrusive granite.

In the southern part of Talc Ridge and the southern part of the

Ibex Hills the later pre-Cambrian Pahrump series rests with dep-

ositional contact upon earlier pre-Cambrian gneiss. Here both

Pahrump and earlier pre-Cambrian rocks are part of the autoch-

thonous block. In the northern part of Talc Ridge and the Ibex

Hills, however, the Amargosa thrust cuts across the autochthonous

Pahrump and earlier pre-Cambrian rocks.

The Greenwater Range is bounded on the east by the alluviated

Amargosa Valley, and is separated from the Black Mountains to

the west by the continuous Furnace Creek-Greenwater Valley. The
range is underlain mostly by volcanic rocks of Tertiary age. These

include both older and younger Tertiary volcanic rocks, as well as

basalt flows of the Funeral fanglomerate. At the south end of the

range the rocks rest with depositional contact upon earlier pre-

Cambrian gneiss.

The base of the Tertiary section is not exposed at the northern end

of the Greenwater Range. Here steeply upturned and faulted Ter-

tiary rocks, chiefly borate-bearing beds of the younger Tertiary

Furnace Creek formation, are overlain unconformably by flat-lying

basalt of the Funeral fanglomerate. At Ryan, the odd pink and
green colors of the Tertiary rocks beneath the contrasting black

of the basalt cap are striking scenic features. South of Ryan, the

younger Tertiary rocks beneath the Funeral fanglomerate consist

chiefly of the Greenwater volcanics, which at Greenwater Canyon
(Thayer, cited by Noble, 1941, p. 956) are unconformable upon the

Furnace Creek formation.

Basalt of the Funeral fanglomerate caps the older rocks at many
places in the range. Its attitudes show that the range has been folded

into a broad anticline since the Funeral was deposited, and that

smaller folds are superimposed on the anticline. The Greenwater
Range is traversed by a system of northeast-trending faults that

neither cut the Funeral fanglomerate nor extend across the bor-

dering Greenwater-Furnace Creek and Amargosa Valleys.

The Furnace Creek-Greenwater Valley is an alluvium-filled

trough that extends southwestward from the Furnace Creek Ranch
in Death Valley to the Amargosa Valley. The trough drains in op-

posite directions from an alluvial divide at 4,000 feet near Green-

water, Furnaee Creek Valley draining northwest to Death Valle.v,

and Greenwater Valley draining southeast to Amargosa Valley.

Patches of ba.salt of the Funeral fanglomerate, discontinuously dis-

tributed along both sides of Greenwater Valley, dip toward its center

and suggest that the trough coincides with a s.yncline that is

probably modified b.v faults concealed beneath the alluvium.

Furnace Creek Valley below Ryan is excavated for the most part

in complexly folded and faulted beds of the Furnace Creek forma-

tion which in general dip northeast off the Black Mountains toward
the axis of the valley. Along the north side of the valley (fig. 6),

the formation is in fault contact with Paleozoic rocks that underlie

the south end of the Funeral Mountains. This contact marks the

north edge of the northwest-trending Furnace Creek fault zone that

forms the northern and eastern boundaries of the Black Mountain
wedge.

The Furnace Creek fault zone is poorly exposed and the details

of structure are unknown, but it is believed to be a major line of

dislocation that has been recurrently active since late Mesozoie or

early Tertiary time, with reversals of apparent vertical movement.
Horizontal striae on vertical fault surfaces west of Echo Canyon
suggest that it may have had a large horizontal as well as vertical

component. The earliest movements raised the Black Mountain
wedge, from which most of the Paleozoic rocks were removed during

the Mesozoie-early Tertiary erosion interval. Later in the Tertiary,

a reversal of movement elevated the terrane of Paleozoic rocks north-

east of the wedge and determined a northwest-trending synclinal

trough that extended from North Death Valley through the site of

the present Furnace Creek Valle.v to Amargosa Valley. The Furnace
Creek formation was deposited in this trough. In Pliocene time, re-

newed compression folded the beds in the trough and caused reverse

faulting all along the northeast border of the fault zone in the

Furnace Creek Valle.v, where, at man.v places. Paleozoic rocks are

pushed over Furnace Creek beds. Probabl.v the Black Mountain

wedge was anticlinall.v arched aiul the Amargosa and turtlebaek

thrust faults formed during this time. Faulting accompanied by open

folding took place throughout the region after the Plio-Pleistocene( ?)

Funeral fanglomerate had been deposited upon the Pliocene struc-

ture, and was renewed in the fault zone where it has persisted inter-

mittently into Recent time, as is shown by reverse faults and anti-

clinal domes in Quaternary alluvium in the lower part of Furnace

Creek Valley.
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Funeral Mountains. The geological features of the Funeral

Mountains are imperfectly known, but the mountains are divisible

into two structural units. The north half of the range is apparently

a northwest-trending anticline whose exhumed core shows a surface

that resembles the turtleback surfaces of the Black Mountains. South

of Indian Pass the core of the anticline consists of weakly meta-

morphosed grits and thin beds of dolomite that resemble strata in

the lower part of the Johnnie formation as exposed in the Trail

Canyon area of the Panamint Range (Hopper, 1947). At the base of

Chloride Cliff northwe.st of Indian Pass the rocks in the core are

highly metamorphosed schist, marble, and quartz diorite gneiss that

are probably pre-Cambrian in age.

In Boundary Canyon, which separates the Funeral Mountains
from the Grapevine Range to the north, disordered masses of Lower
Cambrian quartzite and dolomite overlie the metamorphosed rocks,

and wedges of the Oligocene Titus Canyon formation (Stock and
Bode, 1935) are inset by normal faulting into the Lower Cambrian
rocks. Much of the northeastern flank of the range is underlain by
a northeast-dipping Tertiary section composed of the Titus Canyon
formation, and just beyond the north border of the map area by an
overlying Pliocene( ?) sequence consisting of tuffs, shales, and sand-

stones (Stock and Bode, 1935). The Keane Wonder fault, whose trace

lies along the southwest base of the Funeral Mountains, resembles

the fault along the base of the Badwater turtleback in the Black
Mountains (Curry, Contribution 7, Chapter IV).

The south half of the range is underlain by Paleozoic strata in

general and isolated patches of the Titus Canyon formation (Stock

and Bode, 1935), which here consists chiefly of conglomerate and
algal limestone. The Paleozoic strata (fig. 6) dip southea.stward and
have been broken by complex normal and reverse faulting. The strike

of the strata, which east of the divide between Furnace Creek and
Amargosa Valley are concealed beneath alluvium, is truncated by
the northwest-trending Furnace Creek fault zone. Although forma-

tions are repeated several times by faulting, they are in general suc-

cessively younger from northwest to southeast. For example, the

rocks are Lower Cambrian at Echo Canyon, Ordovieian in Pj'ramid

Peak, and Mi.ssissippian at the southeast tip of the range near Death

Valley Junction. The conspicuous white Ordovieian Eureka (piartz-

ite, repeated several times b.v the faulting, .serves as an excellent

marker of the structure.

Resting Spring and Nopah Ranges. The Resting Spring and
Nopah Ranges, in the eastern part of the area mapped, are separated

by the alluviated Chicago Valley. They are east-tilted fault blocks

composed chiefly of Cambrian .strata (Hazzard, 1937; Mason, 1948),

upon whose back slopes lie remnants of younger Tertiary volcanic

rocks. The ranges are essentially homoclinal but are locally cut by

cross-faults, most of which trend northwestward. They also are cut

by low-angle thrust faults. The frontal fault of each range lies hid-

den beneath alluvium. In general, the strata .strike slightly more
westward than the trend of the ranges, so that each range consists

of successively younger formations from south to north along the

frontal fault at its west base.

In the Alexander Hills, immediately south of the southern end of

the Nopah Range, a 7,000-foot section of the Pahrump series overlies

earlier pre-Cambrian rocks, at most places with a fault contact

(plate 8). The Noonday dolomite, which overlies the Pahrump series

apparently with an angular unconformity that has been modified by
thrust faulting, successively cuts off units of the Pahrump series as

it is traced northward through the Alexander Hills and rests upon
earlier pre-Cambrian gneiss at the southern end of the Nopah Range.

Owlshead Mountains. The Owlshead Mountains, which lie south-

east of the Panamint Range, are essentially a broad, flat-topped

granite dome. Their position between the Death Valley fault zone

on the northeast and the Garlock fault zone on the south suggests

that the bulging is the result of compression between the two zones

of rupture. Much of the granite is overlain by younger Tertiary vol-

canic rocks that probably are equivalent to the Greenwater volcanics,

and by Funeral basalt and fanglomerate.

On the north flank of the dome, opposite the Confidence Hills, the

granite cuts strata of the Crystal Spring formation of the later pre-

Cambrian Pahrump series, which in one .small exposure rests uncon-

formably on earlier pre-Cambrian gneiss. On the south flank of the

dome, north of Owl Hole Spring, the granite irregularly intrudes a

complex of marble, quartzite, and schist of unknown age mapped
tentatively as earlier pre-Cambrian.

The Owlshead Mountains, like the (ireenwater Range, are cut by
a system of northeast-trending normal faults that are post-Funeral

in age. Faulting and warping have produced, in the flat summit of

the dome, dry lake basins that have no exterior drainage. Faults

of the northeast-trending set are truncated abruptly beneath the

alluvium in South Death Valley by the Death Valley fault zone.

Death Valley Trough. The Death Valley trough consists of three

segments—a northern .segment, mostly outside the area mapped, that

trends northwest and lies north of Furnace Creek; a middle segment
that trends nearly north and extends from the mouth of Furnace
Creek, opposite the north end of the Panamint Range, .southward to

the mouth of Wingate Wash, opposite the south end of the Panamint
Range; and a southern .segment that trends northwest and extends

southeastward from Wingate Wash to Silurian Dry Lake, at the east
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base of the Avawatz Mountains. The northern segment commonl}' is

known as North Death Valley or the northern arm of Death Valley

;

the middle segment, which is the deepest part of the trough, con-

stitutes Death Valley proper ; and the southern segment commonly
is known as South Death Valley.

During probably each of the moist intervals of Pleistocene time a

lake occupied Death Valley. The largest of these lakes, named Lake
Manly, probably existed during the Tahoe glacial stage (Black-

welder, 1931). It was 116 miles long and at least 600 feet deep.

Shore terraces are preserved at several places in the valley, notably

at Shoreline Hill, Mormon Point, and a locality about 4 miles south

of Furnace Creek Inn (Blackwelder, 1933; Contribution .5, Chapter

V, this volume; Clements and Clements, 1953).

North Death Valley extends northwestward from Furnace Creek

for more than 50 miles, and the valley floor gradually rises to an
elevation of 5,000 feet or more above sea level. It apparently marks
a northwestward extension of the Furnace Creek fault zone, which
is largely concealed beneath the alluvium of the valley floor. Recent

movement along the zone is indicated by scarps in the alluvium at

several places northwest of the mouth of Furnace Creek Wa-sh.

Death Valley proper is a fault trough, formed largely in post-

Funeral time, between the tilted Panamint Range block and the

Black Mountains (plate 8). A steep fault scarp (Curry, Contri-

bution 7, Chapter IV) forms the west face of the Black Mountains
for the length of this segment of the Death Valley trough. Move-
ment along this fault has been recurrent, probably since pre-Funeral

time (Noble, 1941, pp. 989, 990). The recency of the latest faulting

is shown by small scarps that break the alluvial fans and by the

small volume of material in the alluvial fans at the base of the scarp,

in contrast with the large volume in the huge fans extending out-

ward from the Panamint Range (figs. 2 and 3). The fault truncates

the strike of all of the Tertiary strata in the west face of the Black

Mountains north of Badwater. South of Badwater, the fault follows

the base of the turtleback surfaces at most places. Striae on the fault

surface nearly everywhere dip 30° XW. and indicate that the move-

ment of the block east of the fault was relatively southward and
upward. This fault appears to be part of a major strike-slip zone, the

Death Valley fault zone, that is assumed to lie beneath the Quater-

nary deposits on the floor of Death Valley proper (plate 8).

South Death Valley lies between the Owlshead and Avawatz
Mountains on the southwest and the Black Mountains on the north.

The Death Valley fault zone, 2 to 4 miles wide, occupies the axis of

the valley but is concealed at most places beneath Quaternary allu-

vium. The Confidence Hills are a long, narrow belt of tightly folded

younger Tertiary rocks in the middle of the zone. Echelon folds of

similar rocks southeast of the Confidence Hills in the axis of the

valley also mark the zone.

The Death Valley fault zone is well exposed just north of the

Avawatz Mountains, where it contains two continuous narrow
wedges composed mostly of highly brecciated pre-Tertiary rocks

(fig. 8). The wedges are separated by steeply dipping faults from
long, narrow belts of inten.sely folded younger Tertiary rocks. These
structural features indicate great compression ; they are similar to

those that mark the San Andreas fault zone about 120 miles to the

southwest (Noble, 1953, 1954). The material in the northern wedge
resembles the Virgin Spring phase of chaos, and consists of blocks

of the Pahrump series and Noonday dolomite. The southern wedge
is chiefly a megabreccia of granite, but 2 miles northwest of Sheep
Creek it is a chaotic jumble of huge fault blocks of granite, red

conglomeratic sandstone, and Tertiary volcanic rocks, the whole
identical in lithology and structure with the part of the Jubilee

phase of the chaos north of Ashford Mill, already described. At
many places the faulted rocks in the zone are overlain by Funeral
fanglomerate, which is itself folded and faulted, but much more
gently than the pre-Puneral Tertiary rocks.

Several lines of evidence indicate that the Death Valley fault zone

is a great strike-slip fault like the San Andreas and Garlock faults

and that the horizontal component of movement is even greater than

the vertical, although the total amount of movement is unknown.
In the Confidence Hills (fig. 7) a fault in the zone has offset stream
courses in such a way as to indicate that the land east of the fault

zone has moved relativel}' southward with respect to the land on the

west.

The 30' northeasterly dip of striae on the fault along the ea.st

margin of Death Valley indicates that the Black Jlountain wedge
east of the fault has moved relatively southward and upward. And
a horizontal movement measureable in miles is suggested by the dis-

tribution of rocks of the Pahrump series on opposite sides of the

fault zone : rocks of the Pahrump at Galena Canyon west of the

fault zone lie at least 12 miles farther north than any exposures of

similar rocks east of the zone.

Leach Trough from Leach Lake to Cave f\pri)iij Wash. The seg-

ment of the Garlock fault zone that extends from Leach Lake ea.st-

ward to Cave Spring Wash marks the easternmost part of Leach
trough. Here the Garlock fault zone is structurally similar to the

Death Valley and San Andreas fault zones, and consists of long,

narrow wedges of brecciated pre-Tertiary rocks separated by faults

from belts of complexly folded Tertiary rocks, the whole overlain

unconfonuably by the Funeral fanglomerate, which is itself faulted

and gently folded and the folds arranged en echelon. The brecciated
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wedges, however, contain no rocks identifiable as belonging to the

Pahrump series, and in this respect they differ from the wedges in

the Death Valley fault zone.

That the land south of the Garloek fault zone has moved 8 to 12

miles eastward with respect to the land north of the fault is sug-

gested by the fact that the marble-bearing earlier pre-('ambrian( ?)

rocks near Owl Hole Spring in the Owlshead Mountains north of the

zone match similar rocks at Cave Spring Wash, within the zone. Pour
miles southea.st of Owl Hole Spring and lying just north of the Leach
Lake fault in the Oarlock fault zone, a %vedge of huge, chaotic fault

blocks is exposed for about 6 miles. The blocks, most of them hun-

dreds of feet in diameter, are granite, metavolcanic, and schistose

rocks like autochthonous rocks that crop out south of the Garloek

fault zone several miles southeast of the wedge. This apparent offset

of lithologically similar rocks also suggests horizontal movement on

the Garloek fault zone.

The Death Valley and Garloek fault zones meet in a .small, allu-

vium-covered area just west of Sheep Creek, so that their relations

one to the other are concealed. They meet at an angle so acute that

it is impossible to be certain whether one fault zone is cutting the

other or whether the.v are contemporaneous. Both are recurrent

faults. If the largest horizontal movement on the Death Valley fault

zone is more recent that that on the Garloek, the curvature of the

Garloek fault zone toward the Death Valley fault zone may be the

result of drag on the Death Valley fault zone.

Owl Hole Wnsh. Owl Hole Wash is an alluvial embayment
between the Garloek fault zone on the south, the Owlshead Moun-
tains on the north, and the Death Valley fault zone on the north-

east. Underlying the alluvium are poorly exposed folded and faulted

Tertiary rocks whose stnu'ture is exceedingly complex, apparently

because they form a wedge tightly pinched between the two fault

zones.

Witiynte Wash. Wingate Wash, lying between the Owlshead

Mountains on the southeast and the southern end of the Panamint
Range on the northwest, coincides with a syncline in younger Ter-

tiary volcanic rocks and the unconformabiy overlying Funeral fan-

glomerate. The volcanic rocks probably are equivalent in age to the

younger Tertiary Greenwater voleanics. South of the wash they dip

northwestward from the granitic dome of the Owlshead Mountains.

The overlying fanglomerate dips less steeply. North of the wash the

volcanic rock.s are complexly folded, but at most places they dip

toward the wash. At the mouth of the wash are exposures of algal

limestone of Tertiary age whose relation to the volcanic rocks is un-

determined but which probably represent a sedimentary part of the

younger Tertiary Furnace Creek formation. In late Pleistocene time.

Wingate Wash is believed to have carried to Death Valley the glacial

drainage that formed lakes in Owens, Searles, and Panamint Valleys.

Amargosa Valleij. The Amargosa Valley is a north-trcilding,

alluvium-filled trough between the Greenwater Range and the Dublin
Hills on the west, and the Resting Spring Range on the east. It is

assumed to coincide with the .southern extension of the Furnace Creek
fault zone, although for most of its length it is hidden beneath

Quaternary alluvium. Hot springs in the lower Furnace Creek Valley

and at Shoshone and Tecopa in Amargo.sa Valley are aligned along
the fault zone, and rocks of pre-Tertiary age that arc locally exposed

within the zone south of Tecopa are highly shattered.

Remnants of basalt of the Funeral fanglomerate lie on the ranges

bordering the Amargosa Valley on the west, and extend to the valley

floor at Shoshone. After the Funeral was deposited, the valley was
depressed by faults along the base of the Resting Spring Range, and
a Pleistocene lake occupied the southern end of the valley between

Shoshone and Tecopa, where its partly dissected, essentially hori-

zontal beds cover a wide area on the floor of the valley.
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Editorial Nofe:

CHAPTER THREE outlines the stratifrraphic reeortl in southern California, and correlates the major

features of sedimentation and life history in this region during Paleozoic, Mesozoic, and Cenozoic time. The

record is unusually complete for the Tertiary and Quaternary periods, thanks larfrely to the preservation of

thick sedimentary sections in several basins alonfr and near the present coast. It is distinctly less complete and

clear for the Mesozoic era, owing in part to le.ss extensive outcrops of representative .strata, and in part to

metamorphism of some of these rocks. A record of Paleozoic events can be established from .sections in the

ea.stern and southeastern parts of southern California, but eorrespondin;; rocks in areas farther west are diffi-

cult to identify and interpret.

The eiprht papers in this chajiter deal in various ways with the development of basins, the deposition of sedi-

ments in these basins, the evolution of marine and land life as deduced from faunas preserved in the sediments,

and numerous problems of stratif;raphic correlation. Implicit in all of the discussions is the basic theme of

diastrophism, the influences of which have been particularl.v widesjiread and significant in this region. Whether

the discussion relates to faunal succession, environments of sedimentation, paleogeographic maps, total depth

of a given basin of deposition, or to straightforward description of the rocks as they now appear, the pattern

and .seipu'uce of tectonic events assume fundamental importance. With the interpla.v of so many different fac-

tors and events in the history of the stratified rocks in soutliern California, it is hardly surprising that more

questions are presented in this chapter than satisfactorily can be answered.
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1. CORRELATION OF SEDIMENTARY FORMATIONS IN SOUTHERN CALIFORNIA
Hy l.'iOiiwiN B, Oakkshott.' Charles W. Jennings, t

AND MoKT D. Turner t

INTRODUCTION

Tlio correlatidii chart presented in this paper is intended to pro-

vide a simplified framework for understaudiiifr of stratifrrapliie rela-

tions that are discussed elsewhere in this volume. No attempt has

been made to include all of the stratigraphie tiames that are used

in southern California, or even to note all of the names referred to in

this volume; it is hoped, however, that the 192 named sedimentary

units that do appear in the chart will suffice to show the principal

stratifrraphic relationships in the region. More specifically, the chart

is intended to indicate the sequence of lithologic units in twenty

selected areas and to place those units as accurately as possible in the

accepted time framework. The general area covered by the chart is

that part of southern California between the Mexican boundary and
an irregular line that lies just iii>rth of Sanla Jljiria. ('uyai)ia Valley,

Ivettleniaii Hills. Bakersfield, southern Owens Valley, and southern

Death Valley.

In setting up tlie relatively sim|)le box-form correlation chart of

sedimentary formations covering most of .southern California (plate

1), the senior author chose six major eolunni headings that represent

major geomorphic provinces designated on the State geologic map
published by the Division of Mines in 1938. Twenty columns, in-

cluding two to five for each province, were selected to give represent-

ative samples of the stratigraphy of the entire region. Other im-

portant considerations in the selection of thes lumns were the

availability of published information and the completeness of the

stratigraphie section in each area.

Valuable suggestions and contributions to the chart were made by
Thomas L. Bailey, D. P. Ilewctt, Richard IT. Jahns, Thane II. Me-
Culloh, Bennie AV. Troxel, A. (). Woodford, and Lauren A. Wright.

Full advantage was taken of previously published data, and also of

much new information that appears elsewhere in this volume. Revi-

sion of the chart was made repeatedly over a period of .several

months. Considerable weight was given to recently published corre-

lation charts that represent the work of committees of geologists,

such as the chart of Easton. et al. (19.53') and those of the American
Association of Petroleum Oeologi.sts (1952). The authors recognize

that geologists are not in complete agreement with respect to many
stratigraphie correlations in southern California, and the chart here

presented represents an effort to reconcile as many differences in

• Supervising Mining (leoloEist. California Division of Mine.^t, San Francisco,
t Assistant Mining Geologist, Californi:i Division of Mines, San Francisco.

teriniiiology and |)oints of view as possible. The senior author ac-

cepts the primai'y rcs|)onsibility for the chart in its final form.

EXPLANATION OF CHART

Arrangement. The twenty columns, arranged under six major
geomorphic provinces, appear from left to right in a roughly geo-

graphical order, so that similar stratigraphie columns in nearby

areas are adjacent. Thus, the stratigraphie eolunms can be followed

in a broad, clockwise sweep eastward from the Santa Maria basin

across the State to Death Valley, thence southward to Imperial Val-

ley and westward to loastal San Diego County, and thence north-

westward to the Santa Ynez Mountains. Each cohimn refers to part

of a sedimentary basin and its margins. All the formations in a single

column are not necessarily observable in a single small area, as each

<'olnmn is a composite for an ari>a of moderate to large extent.

Geologic I'nils. The 192 names of geologic units included in the

chart are lithologic. rather than time or faunal divisions. Each is a

mappable unit, and actually has been shown on at least one geologic

map. Only units that appear in outcrop have been included.

The authors would have preferred to use oiil.v those unit names
that are acceptable to the (ieolopie Xames Committee of the I'nited

States Geological Survey, and consistently to follow the principles

set forth bv the American Commission on Sti-atigraphic Nomencla-
ture (Stratigraphie Commission, 1947, 1948, 1949), but this proved

to be impracticable in a chart of maximum possible u.sefulness. Re-

grettably, therefore, several parts of the chart violate the best prin-

ciples of stratigraphie nomenclature, and numerous terms are in-

cluded because of their common and well known local usage. In the

choice of names of geologic units, great weight has been given to:

(1) published geologic mapping: (2) wide usage and general under-

standing by professional geologists working in the field; and (3)

published rei'ommendations of geological committees or groups. How-
ever, it has seemed worth while to include a frir names that do not

represent aii.v of the.se categories.

Symbols. Conventional lines and .symbols are n.sed, and hence re-

quire little explanation. A dotted pattern indicates the nonmarine

units. An attempt has been made to show clearly recognized uncon-

formities by wavy lines, but a .straight line does not mean that a local

unconformity does not exist. A broken horizontal line indicates some

uncertainty as to the time range of the unit
:
greater uncertainties

are suggested by arrows and (luestion marks.

(T, )
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Sources of Information. The names that appear at the tops of

the columns do not indicate responsibility for the contents of the

columns, but do represent the principal references that were used

in settinjr up the stratijrraphic successions. These sources of informa-

tion, as well as nearly a hundred others, are listed alphabetically by

author at the end of this paper. The list of references is intended to

serve as a useful guide to the published record on the stratifjraphy

of southern California; it is not complete, however, and the omis-

sion of any paper is not intended to imply a judgment as to its

significance.
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2. ROCKS OF PALEOZOIC AGE IN SOUTHERN CALIFORNIA*

Bv Charles \V. Merriam t

INTRODUCTION

Rocks of Paleozoic age are known to occupy large areas in southern

California east of the crest-line of the Sierra Nevada. Thej' occur in

three principal subprovinces that differ with respect to initial full-

ness of stratigra])hie section and in the extent to which plutonie

intrusion and metamorphism have obscured or destroyed the record

of the Paleozoic era. The subprovinces in which rocks of Paleozoic

age occur are: (1) Inyo-Death Valley region, (2) Mojave Desert, and

(3) Transverse Ranges. In certain other regions, such as the southern

Sierra Nevada, the Tehachapi Mountains, the Peninsular Ranges,

and the Colorado Desert, rocks of Paleozoic age with little doubt lie

hidden among the metasedimentar\' rocks ; here satisfactory fossil

dating is yet to be achieved.

While these .southern California subprovinces of Paleozoic age

represent rather arbitrary divisions, it is quite probable that sig-

nificant features of each region stem from geographic diversity of

Paleozoic time and are not to be ascribed wholly to subsequent effects

of intrusion, metamorphism, and erosion of older strata. One is even

led to speculate that such an existing geologic boundary as the

Garloek fault zone, marginal to the Jlojave Desert, has, in a very

broad sense, inherited its trace from a Paleozoic geographic linea-

ment. For the Mojave, in seeming lack of Ordovieian and Silurian

strata and absence or great attenuation of Devonian rocks, recalls

the western Arizona-Colorado Plateau paleogeographie province ; that

it may be built upon a western salient of a large isostatically un-

stable ma.ss frequently emergent during Paleozoic time is conceivable.

By way of contrast the neighboring Inyo-Death Valley region, north

of the Garloek fault, received a remarkably continuous marine

column during Paleozoic time, embracing the central Great P>asin

geosyndinal sequence almost completely.

Much of the southern California section of Paleozoic age is a

matter for investigation by students of igneous intrusion and meta-

morphism, for in the metasedimentary rocks generally the likelihood

of finding specifically identifiable fossils is not encouraging. Certain

meta.sedimentary rocks, particularly marbles and ipiartzites of the

.southern Sierra, Tehacha])i Mounlain.s, Transverse Ranges, and Pen-

insular Ranges, have long been viewed as possessing the "Paleozoic

look." In the abscTice of fo.ssils such criteria as relative ages of

• Publication autliorized by the Director, U. S. Geological Survey. Although this
paper ha.s been edited for con.slstency in usage, the geologic nomenclature and
terminology employed d<i not agree with that accepted by the U. S. Geological
Survey.

t Geologist. T'. S. 'leologicai Survey, .Menio Park, California.

granitic intrusion and periods of metamorphism assume ma.jor his-

torical importance, surpassed only by specific age determinations on

the basis of radioactive elements. Certain of these marbles indicate

organic activity, usually in the form of supposed crinoidal debris

(Miller. 1946). Most valid fossil evidence applicable to metasedi-

mentary rocks from the western Mojave Desert .southward through

the Peninsular Ranges points to Mesozoic age (Triassic) rather than

Paleozoic. However, with established Triassic rocks as a datum, it is

probable that presence of pre-Triassic systems and therefore jiossibly

rocks of Paleozoic age can ultimately be established.

Considering areal distribution of known and inferred rocks of

Paleozoic age in the light of paleogeographie theory (Longwell,

19.50), it appears probable that nearly all of southern California was
from time to time covered by Paleozoic seas. ^Marine waters believed

to have occupied the central Great Basin seaways almost continuously

during Paleozoic time probably found entry to the interior across

portions of southern California, over the southern Sierra and Mojave
regions. Only occasionally in post-Cambrian time is marine ingress

to the Great Basin province believed to have taken place from the

east across the Arizona region.

The Cambrian system in southern California has been the subject

of great interest and active study. Through pioneering researches of

Walcott (189.5), the Cambrian section of Waucoba Canyon in the

northern In3'0 Mountains became widely known, in fact almost sym-

bolic for American Lower Cambrian rocks. In subsequent years

Cambrian sections east of Death Valley and in the eastern Mojave

Desert became the subject of special .study by Clark (1921), Resser

(1928), Ilazzard (1933, 1938). and Mason" (193.5, 1948). Ordovieian,

Silurian, and Devonian systems until recently received very little

attention, being in fact unknown at many localities where other

rocks of Paleozoic age are recognized. Carbonifcrotis and Permian
systems are together more widespread in southern California than

the older .systems of the Paleozoic era. In areas of Cambrian ex-

posure these younger rocks of Paleozoic age are likewise generally

representeil. Elsewhere, as in the southern Mojave region and in the

Transverse Ranges, Carboniferous and Permian are the only systems

of Paleozoic age known to have been dated with certainty by fossils.

Carboniferous and Permian systems are well developed in the

Inyo-Death Valley region as well as in the eastern Mojave (Thomp-
.son, et al., 194(i), and include a rather remarkable rcqirescntation of

fusulinid-bearing rocks, which have in recent years engaged attention

of .several investigators.

(0 )
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In this brief review two southern California regions of Paleozoic

age are worthy of fuller treatment : the Inyo-Death Valley region

and the Mojave Desert. Adjoining areas in which the record is

meager or lacking are mentioned incidentally.

THE INYO-DEATH VALLEY REGION

The Paleozoic section of the Inyo-Death Valley region is extraor-

dinary in both the stratigraphic and the paleontologic sense, having

a thickness in the Inyo Mountains of the order of 23.000 feet. Prom
Lower Cambrian to Upper Permian the column appears to show few
major gaps or unconformities. Prom the Inyo Mountains through

Death Valley to the Nopah Range and eastward to the eastern

margin of the central Great Basin geosyncline, strata overlap and
thicknesses decrease in mo.st parts of the post-Cambrian section.

North and northea.st of the Inyo Mountains direct marine connec-

tions with the central Nevada region during much of Paleozoic time

are indicated by their intimate faunal relationship and in some

instances by a striking lithologic similarity. Proximity of the Inyo

Mountains to the Sierra Nevada batholith virtually eliminates the

possibility of following relations of strata of Paleozoic age westward.

To the south, through the Argus Range and large parts of the Pana-

mint Range, only Carboniferous and Permian rocks are known with

assurance, though it is probable that strata of older Paleozoic age

will be found beneath.

Lower Cambrian rocks of the northern Inyo Mountains are in-

eluded in the Campito sand.stone and Silver Peak group, which have

a possible combined thickness of 9000 feet. To this may be added
certain overlying strata, possibly exceeding 2000 feet, which are of

Middle to Late Cambrian age. Beneath the Campito sandstone lie

several divisions of questionable assignment, including the Deep
Spring formation and the Reed dolomite. Older than the earliest

known Cambrian fossil occurrence of the Inyo Mountains area, these

units have been viewed as pre-Cambrian by some authorities. In

general it may be said that the complex Waucoba area, although the

site of classic Cambrian sections, needs a great deal of detailed

structural, straligrapliic, and paleontologic investigation to establish

clearly relationships with other western Cambrian rocks.

The Cambrian section in the Waucoba area of the Inyo Mountains
is supplemented by that in the TTbehebe district (McAllister, 1952)

east of the Inyo Mountains, where strata of possible Middle Cambrian
(Racetrack dolomite) and Upper Cambrian (Nopah formation) age

are represented ; these formations serve to relate the Cambrian on the

west side of Death Valley to that in the Nopah Range on the east.

The Cambrian section of the N'opah area, as described by Ilazzard

(191)8) and by Ma.son (1948), includes some eight formations ranging

from Lower to Upper Cambrian. The total thickness is reported in

excess of 16.000 feet; of this, some 8500 is below the earliest Cambrian
fossil zone (Olenellus) yet recognized, and has been interpreted by
some authorities as pre-Cambrian (Wheeler, 1947). While this view

idtimately may prove to have merit, it has as yet no general accept-

ance (Longwell, 1950), and further knowledge of western Cambrian
locks in relation to world distribution of the system is needed.

Predominance of siliceous elastics in the lower part of the Nopah
column recalls the Prospect Mountain quartzite and Pioche shale of

the central and .southern Great Basin, as well as the Campito sand-

stone of the Inyo Mountains. The Noonday dolomite, an important

lead- and zinc-bearing formation, has been compared with the Lower

Cambrian or I'pper pre-Cambrian Reed dolomite of the Waucoba
area. Increase of carbonates to predominance in the Middle and

Upper Cambrian of the Nopah Range is noteworthy, conforming to a

well-known conception of an ideal major systemic cycle. Correlation

with the Cambrian section of the Mojave region is discussed below.

The Ordovician, Silurian, and Devonian sy.stems (middle Paleo-

zoic) of the Inyo-Death Valley region have of late years become the

subject of detailed stratigraphic and paleontologic investigation and

for the greater part may be accurately correlated with formations

and faunal zones of the central Great Basin.

Ordovician strata of the In.vo Mountains and the northern Pana-

mint Mountains (LTbehebe district) are assigned to well-established

Great Basin divisions as follows: Pogonip group (Upper Cambrian

to Middle Ordovician 1, Eureka quartzite (Middle Ordovician). and

Ely Springs dolomite (Upper Ordovician).

The Pogonip lends it.self to subdivision into several formations with

distinctive faunas, the oldest carrying Eiirckia and Pscudagywstus

end being Upper Cambrian. Conformably above this is Lower Ordo-

vician with Kainrlla and Nanorlhis. Middle Pogonip is generally a

calcareous, locall,v chert.v, shale with KirkcUa vigilans f Whittington)

and Hesjirronomia, whereas the upper part is either fairly pure well-

bedded to heavy-bedded limestone or dolomite carrying the wide-

spread Rf'ceptnnilites fauna, with the large gastropods Macturites

and Palliseria.

The Eureka q\iartzite, an important geologic datum, is sharply set

off from underlying and overlying formations b.v its light gray color

and gleaming, vitreous appearance. At many localities it can be

jiartitioned into two or more members on the basis of color and tex-

ture differences, the lower part usually being the darker. Locally

there is a dark gray argillitc or shale at the base which contains

fossils of Black River or Trenton age. Uppermost Ordovician (Rich-

mond t faunas arc found in the Ely Springs dolomite, which rests

with possible disconformity on the Eureka. Usually iharaetcrized by
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its dark firay or almost blaok, i-otnmoiily cherty dolomites, the Ely

Springs produces a sharp color contrast against the light Eureka.

Silurian rocks of the Inyo-Death Valley region are in the main

dolomitie. and attain a thickness of some 1500 feet in the Inyo

Mountains and northern Panamint Range, decreasing in thickness

fast of Death Valley. \o satisfactory systemic break between Ordo-

vician (Ely Springs dolomite) and Silurian (Hidden Valley dolo-

mite) has been recognized. Silurian fossils occur in silieified form in

the dolomites and locally in limestones. Some of the diagnostic forms

at the Inyo and I'behebe Silurian sections are: Pentamerus and other

pentameroids. Airypa. Schizoranima, I'nrpitea, Halysites, Helmlitcs,

and unnamed cylindrical sponges. Several faunal zones are repre-

sented that range from probable Lower Silurian through Xiagaran.

Within the Inyo Mountains the Silurian includes local limestone

faeies and thick quartzites. The quartzites, usually interbedded with

dolomitie sandstones, reach a thickness of several hundred feet

;

where carbonate content is low they become quite vitreous, resembl-

ing Ordovician Eureka quartzite.

West of Death Valley in the n)ehebe area and Inyo Mountains,

Lower Devonian dolomites rest without recognized discordance upon
Silurian rocks. East of Death Valley, however, a strong pre-Devonian

disconformity is reported (Hazzard, lO.'Jrt, p. 327). whereas in the

Panamint Range near Pinto Peak there is likewise evidence of uncon-

formity at the base of supposedly Devonian sedimentary rocks

(Hopper. 1947. p. 408). Lowest Devonian of the Ubehebe area

(McAllister, 1952, p. 19) carries a fauna of Oriskany age now widely

recognized in the (ireat Basin. Middle Devonian is represented by

the SlrinfincrpJialiis fauna, and in the northern Panamint Range
(I'behebe) Upper Devonian of Devils Gate age, carrying f'rytospiri-

fer. is present. Varying Devonian faeies are well illustrated by the

change from prevailing dolomites of the Ubehebe area to marble and

limestone in the southern Inyos.

Carboniferous and Permian rocks are extensive west of Death
Valley, especially in the Argus Range and southern Inyo Moun-
tains, where they occupy perhaps half llic area of .sedimentary out-

crop.

The Carboniferous section of the Inyo Mountains comprises at

lea.st three major units as follows from base upward: Tin Mountain
limestone (Lower Mississippian) ; White Pine group (Mis-sissippian)

;

and an unnamed Pennsylvanian arenaceous limestone.

The Tin Mountain is a dark gray cherty limestone, resting with

apparent conformity on Lost Burro formation (Devonian) and carry-

ing a fauna of approximately Madison age. Above the Tin Mountain
is the White Pine group, comprising a heterogeneous basal sandy

division (Perdido), followed by black shales, siltstones, sandstones,

and a few limestone beds. The entire White Pine grouji in the Inyo

Mountains approaches a maximum thickness of 1000 feet, but the

thickness varies greatly to the east and southeast, where a great deal

more limestone is introduced; east of the Inyo Mountains toward the

Argus Range black shales seemingly disappear completely from the

White Pine section.

Black shales of the White Pine contain large amounts of plant

debris; Calamifps and fernlike types bespeak proximity of coal-

swamp environments. Most of the plant-bearing shales also carry

marine fossils in association with the land-plant material. Character-

istic are cephalopods of the Cravenoceriift type, which relate the

M^hite Pine to the Caney shale of Oklahoma (Girty, in Kirk, 1918).

Limestone beds in the lower White Pine contain the coral Triplophyl-

lifes and brachiopods of approximateh' Brazer age. Very widely

distributed in the Great Basin, the White Pine group is generally

viewed as Middle and Upper Missi.ssippian ; the possibility that its

upper portion may be Pennsylvanian has been suggested.

The Pennsylvanian system is reprsented in the Inyo area by dark
gray impure, muddy, sandy, and chert-pebbly limestones resting

conformably on the White Pine group. These rocks have a maximum
thickness of about 2200 feet. Intercalations of pinkish or maroon
punky-weathering shale are characteristic. Fusulinids are almost the

only identifiable fossils known in this division. Three major fusulinid

zones are recognizable: (1) A lower zone with FusuUnella, above

which is (2) the Triticites zone, comprising most of the division, and
at the top (3) a minor subzone with Schwagerina and Triticites. The
Schioagerinn-Tritiritcs subzone is introductory to the Permian
system.

Permian strata of the Inyo Mountains require wholly revised

nomenclature. The names Owenyo limestone and Reward conglom-

erate apply only to localized units high in the Permian column.

Permian strata of the Inyo Mountains thicken and thin rapidly

along the strike, ranging in thickness from a few feet to about 2000

feet, and embracing stages from lower Wolfcamp to approximately

Word or Phosphoria. Fusulinids are again the characteristic fossils,

with three major zones: (1) the lowermost with Triticites and
Schwagerina ; (2) a middle zone with Pseiuloschwagcrina : followed

by (3) the Parafusulina zone. The uppermost faunal zone, that of

the Owenyo limestone, carries a brachiopod assemblage with very

abundant Spirifer pseiiilocameratus (Girty), just beneath which are

beds with Parafusuiino. Lithologically the strata from the Pseudo-

schwageriiin zone to the top of the Permian are heterogeneous, com-

prising pebbly, .sandy, ami silty impure limestcnies. shales, sandstones,

and conglomerates. Locally there is a well-defined angular uncon-

formity between this entirely Permian division and the underlj'ing

unit, which is mainly Pennsylvanian but paleontologically transi-
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tional to Permian at the top. The conipressional deformation involved

appears thus to have taken place in early Wolfcampian time. In

fjeneral formations of Pennsylvanian and Permian ag;e in the Inyo

Mountains correlate with portions of the Bird Spring formation in

southwestern Nevada, which yields comparable Pennsylvanian and

Permian fusulinid assemblafjes (Lonprwell and Dunbar, li)3t)).

The Carboniferous and Permian rocks east of Death Valley are

less well understood. Strata a.ssiprned to Carboniferous consist mainly

of llississippian and Pennsylvanian limestones (Hazzard. 1938).

Though no fusulinids are reported, the Pennsylvanian system of the

Nopah area probably agrees on lithologic grounds with a portion of

the Bird Spring formation in the interval of Triticifcs. Black shales

of the White Pine group are unrecognized east of Death Valley

;

they are believed to be replaced in this direction by limestone facies

in accordance with the observed environmental changes between the

southern Inyo Mountains and the Argus Range (see also Hopper,

1947, p. 409').

MOJAVE DESERT REGION

Eastern Mojavc Desert. Important exposures of rocks of Paleo-

zoic age occur in the eastern Mojave Desert from the Providence

Mountains southward to Cadiz (Marble Mountains), and in the

southern Mojave east of Victorville. Several outcrops of unfossilifer-

ous marble and quartzite, including those at Oro Grande (Oro

Grande series), may possibly be Paleozoic in age. Of interest are

numerous scattered occurrences of crinoidal debris suggesting Paleo-

zoic age (Miller, 1946). Such evidence is believed sufficient to indi-

cate wide distribution of sediments during Paleozoic time throughout

the Mojave, in areas where intrusion and metamorjihism now prevail

(see also McCuUoh, Contribution 2. Chapter VII).

Systems represented by convincing fossil evidence are the Cam-
brian, Carboniferous, and Permian. No Ordoviciau or Silurian record

has j'et been found, and doubt exists as to presence of Devonian rocks

except toward the eastern margin of the Mojave region. In the Provi-

dence Jlountains. Middle Cambrian rocks are overlain by some 375

feet of dolomite possibly of Devonian age (Hazzard. written com-

munication). Absence or restriction of strata of Middle Paleozoic age

in the Mojave Desert would appear to link this region paleogeo-

graphically with the Colorado Plateau province, where this part of

the column also is absent or greatly attenuated.

Eastern Mojave rocks of Paleozoic age are best understood in the

area between {^adiz (Marble Mountains) and the Providence Moun-
tains (Hazzard, 1933; Hazzai'd and Mason, 1936), where the section

is largely of Cambrian and late Paleozoic age. Near Cadiz station on
the Santa Fe Railroad, Lower and Middle Cambrian strata rest upon
pre-Cambrian crystalline rocks and are overlain by limestones of

uncertain age followed bv Carboniferous rocks. The section is well

shown at the south end of the Marble Mountains 2 miles northeast

of Cadiz and at the north end of the Ship Mountains 7 miles east of

Cadiz. Lower Cambrian strata are represented by about 600 feet

of quartzite, shale, and limestone; partly cross-bedded quartzite at

the base rests with marked unconformity on a smooth pre-Cambrian

surface of granitic rocks, gneiss, schist, and marble. Mud cracks are

present in the topmost quartzite layer. A richly fossiliferous greenish

gray shale 40 feet thick rests upon the (juartzite ; faunas from this

zone have been investigated by Resser (1928) and by Crickmay

(1933). The following trilobites are reported: Olenellus fremnnti

(Walcott), 0. insiilens (Resser), 0. hristolensis (Resser), Paedumias
clarki (Resser), P. nevadensis (Walcott), and P. mohavcnsis (Crick-

may). The trilobite shales are overlain by limestone with concentri-

cally laminated ovoidal nodules (Girvanella) of presumed algal

origin. Quartzite, shale, and limestone (Cadiz formation) about .'300

feet thick rest upon the algal limestone member. Characteristic of

this interval is fine-grained, reddish brown to gray micaceous cpiartz-

ite with a platy parting; associated micaceous clay shales show worm
tracks and ripple marks. Tan-colored oolitic limestone interbeds are

cross-bedded. Lying upon the platy quartzite is a 100-foot limestone

member carrying Middle Cambrian Doliehomcfnpus and Bathi/uris-

cus. This limestone is platy and bluish gray, weathering yellowish.

As traced 30 miles north of Cadiz to the Providence Jlountains,

the platy quartzite and limestone (Cadiz formation) give evidence

of Middle Cambrian age with Za-cantlioidfs, Glossopteura. and

Alokistocare. Here occur two higher units of possible Middle Cam-
brian age : Bonanza King formation followed above by the Cornfield

S])rings. Tlie two formations consist mainly of dark and light gray

dolomite with subordinate beds of sandstone, quartzite, and shale.

Fossils have not been found in the Bonanza King, but the Cornfield

Springs has yielded some fossils.

The eastern Mojave Cambrian section exhibits lithologic facies

and faunas widely recognized in the Great Basin but not yet thor-

oughly understood
;
precise correlations will no doubt eventually be

made with the classic Nevada sections at Pioche and Eureka. Several

of the formations in the Providence Mountains including the Cadiz,

Bonanza King, and Cornfield Springs have likewise been idcntitied

at Nopah east of Death Valley (Hazzard, 1938). The Cornfield

Springs at Nopah is overlain by the Nopah formation, which contains

Klrinia and Pterocephalia and is thereby assignable to the I'liper

Cambrian.

Grand Canyon relation.shii)s are found in parts of the Middle
Cambrian referred to the Cadiz (Wheeler. 1947; Wheeler and Bees-

ley, 1948), which appear to fall in line with the Bright Angel shale.

The Tapeats sandstone in the Grand Canyon, while lithologically

comparable to the pre-Olcnelltis (piartzites of the Death Valley and
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Mojave rejrioiis, is believed to be actually much younj^'er, being

Middle rather than Lower Cambrian or older.

Carboniferous and Permian strata of the eastern Mojave region

are well developed in the Providence Mountains and are reported

above Cambrian rocks in the Cadiz area to the south. The Providence

Mississippian agrees in considerable part with Monte Cristo lime-

stone at Goodsprings. Nevada (Hewett, 1931), yielding spirifers of

the SSpirifer centronatus and .S. logani types (Hazzard, 1938). The

Pennsylvanian system is predominantly limestone, but it includes

sandy limestone, sandstone, and shale with Dictyoclostu.i a»ierica>tus

(Dunbar and Condra i, Jtircxaiiia nchrnsccnsis (Owen), and Sidrifer

cf. .S'. opintus (Hall). Locally basal Pennsylvanian contains small

black chert pebbles (Hazzard, written comnnniication), which recalls

the golfball chert and FusiilincUn zone of the In.yo Mountains and

Ubehebe district (McAllister. 19.^2). Fusulinids, so abundant in the

Pennsylvanian system of the Inyo Mountains, have not been reported

in this part of the eastern Mojave section.

Permian limestones of the Providence Mountains (Thomp.son, et

al., 1946) are about 2000 feet thick and apparentl.v vmconforniable

on subjacent Carboniferous rocks. A few thin sandstone interbeds

are present. Abundant fusulinids in the lower few hundred feet

indicate a Wolfcamp age ; among the genera recognized arc Psetido-

schwagerina. Triticitcs. Sclnvagerina. and Schubcrtella. A large

Omphatotrochiis is also present. Recognition of Parafusulina suggests

that rocks of Leonard age may possibly occur in the Providence

Mountains; however, it should be added that this genus occurs in

association with Pxeudoschiragerina in higher Wolfcampian of the

Inyo Mountains. Permian of the Providence area is believed to be

correlative with the Permian portion of the Nevada Bird Spring and
likewise of the lower or Wolfcampian part of the Inyo Mountains

Permian eohnnn. As the greater part of the Providence section above

the lower 400 feet has not yielded fusulinids, it is possible that

Middle and I'pper Permian may be represented.

The Permian section in the Providence Mountains differs litho-

logically from that of the Inyo Mountains in being on the whole less

arenaceous and in lacking the i'onglom<'ratcs that characterize the

upper part of the Inyo column. Maximum thickness of the order of

2000 feet is about the same for both Inyo and Providence Permian
sections.

Soutliprn Miijnve Dcxcrf. The age relationships of the limestone,

marble, and (juarlzite in the vicinity of Oro Grande and Victorville

have long been the subject of speculation. At Oro (irande the Oro
Grande series (Ilcrshey. 1902) comprises marbles underlain by
quartzite at one time considered Lower Cambrian and c()rrelative

with the Inyo Mountains section. In the absence of fossils there is,

however, no evi<lence for Cambrian age. East of Victorville a thick

limestone conglomerate has yielded determinable fossils of Pennsyl-

vanian or Permian age. The faunas include MeckcUa, Ilcritschia. and
large, poorly preserved gastropods [)robably assignable to Omphnln-
trochvs. Stratigraphic relation to the Oro (irande series is not known
(see also McCulloh, Contribution 2, Chapter VII).

Northern Mojave Desert. Of particular interest is the thick sec-

tion of Paleozoic age in the El Paso Range ( Dibblec, 19r)2), just

north of the Garlock fault, at the north edge of the Mojave region.

Including shales, cherts, conglomerates, and great thicknesses of

altered siliceous or hornfelsic deposits, a j)art of the section is known
to be of Permian age on the basis of fichwagerina, but the column
undoubtedly embraces much more (jf the Paie<izoic era. A great faeies

change between the El Paso Range and the Inyo Mountains Pernran
is worthy of note.

NORTHERN SAN BERNARDINO MOUNTAINS

Quartzites, schists, and limestones northi'ast of P.aldwin Lake,

northern San Bernardino Mountains, are partly Carboniferous.

Three formations have been described (Vaughan, 1922, p. 352 I ; these

in ascending order are : Arrastre quartzite, Furnace limestone, and
Saragossa quartzite. The Arrastre quartzite is reported conformably

overlain by Furnace limestone, with Saragossa quartzite conform-

able upon Furnace. Cross-bedding in the Saragossa according to

Vaughan (HI22, p. 352) establishes order of superposition as given.

It is pointed out, however, that deformation, intrusion, and meta-

morphism so complicate the geology that the present position of

strata is no reliable criterion of normal stratigraphic order. The
Saragossa is pure and saccharoidal, ranging from quartzite to coarse,

angular grits and iiebble conglomerate; its members are heavy bedded

and cross-bedded. The Arrastre (piartzite, on the contrary, is impure

and mostl.v thin bedded.

The Furnace limestone is estimated by Vaughan ( 1922. p. 357) to

be 4500 feet thick. It varies from white to nearly black in color, and

from fine and compact to very coarsely crystalline in texture. Near
granite contacts it is often completely recrystallized to coarse white

marble. Fossils collected near the top of the Furnace limestone

(Woodford and Ilarriss, 1928) were determined as more likely

Mississippian than Pennsylvanian in age. Collections recently ob-

tained * from the Furnace limestone include Dieti/oclostiis, Spirifer

cf. S. ceiitrdnatus (Winchell), and large solitary horn corals of the

Caninia type. These forms appear to cinifirm a Mi.ssissippian age

assignment. A limestone with possible small fusulinid "ghosts" was

also found, and may be either Pennsylvanian or Permian, though

• Fos.sil collection.^ made by Jame.s Filchmonrl of the St-inford Unlver.ilty r;rn(luate
School were referred to the writer for Identiticatlon.
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the prfvailiiifr small size of the fossils is more suggestive of a Peiin-

sylvanian type. Fossils of the Furnaee limestone suggest that tlie

formation is largely if not entirely older than the conglomeratic

limestones of the Victorville area.

Quartzite beneath the marble at Oro Grande is reported to be quite

pure, as is the Sarago.ssa. In the Inyo-Death Valley region, clean,

vitreous quartzite is largely confined to Devonian and older rocks,

and is exceptional in Carboniferous or Permian strata. If the Sara-

gossa were actually older, rather than younger than the Furnace
limestone, as concluded by Vaughan (1922), there would be agree-

ment here. In contrast, the impure, thin-bedded Arrastre sandstones

are compatible with Pensylvanian or Permian rocks of the Inyo-

Death Valley region.

THE PENINSULAR RANGES

Extending southward from the Riverside area into the Peninsular

Ranges are numerous metasedimentary bodies; some are almost cer-

tainly Triassic, others are possibly Paleozoic in age. Prior to altera-

tion the sedimentary rocks appear to have been mainly shales and
sandstones (Larsen, 1948, p. 15) with localized limestones such as

those represented by marble inclusions in granitoid rocks near River-

side. Tria.ssic dating of these metamorphic rocks is based on analogy

with the Triassic Bedford Canyon formation of the Santa Ana Moun-
tains. Schists with interbedded limestones at Domenigoni Valley,

near Winchester (Larsen, 1948, pp. 15-16), are possibly older and
of Carboniferous age. A fossil of reported Carboniferous age (Webb,

1939) was found at the old magnesite quarry southea.st of Win-
chester. Similar schists po.ssibly of Paleozoic age are reported from

the San Jacinto Mountains to the east.

In the Cuyamaca region (Hudson, 1922) the Julian schist has

been considered Triassic in age on the basis of petrologie analogy,

but it may include older rocks. As pointed out by Larsen (1948, p.

16), certain schists east of Oak Grove Valley give indirect evidence

of pre-Triassic age. In this area granite gneiss associated with these

schists is very different from rocks of the post-Triassic batholith,

and may be allied to the older Stonewall granodiorite (Hudson, 1922,

p. 191). According to Larsen (1948, p. 16), "It is believed that the

Paleozoic sediments were metamorphosed and intruded by granitic

rocks before deposition of the Tria.ssic rocks and that this older meta-

morphism was more intense than the later metamorphism of the

Triassic rocks."
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3. MESOZOIC FORMATIONS AND FAUNAS, SOUTHERN CALIFORNIA AND NORTHERN BAJA CALIFORNIA

Br W. P. PoPENOE •

This paper summarizes the known distribution and development

of the Mesozoie sedimentary formations of southern California, and

of Baja California, Mexico, in a coastal strip approximately 30

miles wide, extendinfj between the parallels 34° 30' and 29° 00'

north. A tentative regional correlation for these formations is sug-

gested, and their inferred position in the standard Mesozoie time

scale is indicated. Stratigraphic and paleontologic knowledge of

these formations is not as full as could be desired, and for some,

especially the Trias.sie of the Santa Ana Mountains and the Cre-

taceous of Baja California, it is especially meager. Later work thus

will doubtless amplify or alter the interpretations offered here.

In this general region, Mesozoie rocks commonly form the "base-

ment," which is widely concealed by the overlap of younger forma-

tions that also appear from place to place as disconnected and iso-

lated patches a few square miles in area. The principal Mesozoie

exposures and their relationships to familiar landmarks of southern

California and northern Baja California are shown on figure 1.

Local stratigraphy, gross lithology and representative thicknesses

of the formations, and stratigraphic positions of important faunal

assemblages are indicated on the columnar sections of figure 2 ; the

identity and stratigraphic occurrence of about thirty common or

diagnostic fossil species are shown on the check list (table 1) ; and
some characteristic Upper Cretaceous fossils are shown in figures

3 and 4.

DISTRIBUTION AND DEVELOPMENT OF THE
MESOZOIC ROCKS

Triassic Rocks. Triassic sedimentary rocks have been definitely

identified in southern California only from the Santa Ana Moun-

tains east of the city of Santa Ana. Near the crest of the range are

great thicknesses of mildly metamorphosed slate and argillite with

minor quartzite and thin lenses of limestone. The limestone lenses

from the upper part of the section have yielded a sparse fauna in-

cluding the brachiopod genus Halorella and probably the ammonite

genus Juvavites} Muller considers these to indicate a Norian, Upper

Triassic age for the containing beds. Larsen (14, p. 18) has de-

scribed these metasediments in .some detail, has named them the

Bedford Canyon formation, and has estimated their maximum thick-

ness to exceed 20,000 feet.

The Santa Monica slate, exposed over a large area in the eastern

Santa Monica mountains in western Los Angeles County, has been

considered to be of probable Triassic age, owing to its lithologic

and stratigraphic similarity to the Bedford Canyon formation. The

slate has yielded no fossils, and hence its age is not firmly estab-

lished.

Jurassic Rocks. Sedimentary rocks of unquestioned Jurassic age

are not known to occur in the area discussed in this paper. Dibblee

(6, pp. 21-23) notes a small area of Franciscan (?) rocks from a

locality just beyond the boundaries of this area, and describes the

Honda formation, which has yielded a small pelecypod "Aiicclla,"

RIASSIC METASEDIMENTS

OETACEOUS SEDIMENTS

• AB.suclate Pr<)fes.sor of Geology. University of California, Los Angeles.
* S. W. Muller, personal communication.

FIOUEB 1. Index ni.ip of a part of southern Cnlifornio and northern Raja

California, Mexico, nhowinj; the principal outcrop'nreas of Mesozoie sedimentary

rooks.

( IS )
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near "A." piochii ami which may be Jurassic in ago. The outcrop

area of the Honda is too small to show on the index map (tig. 1 ). Its

Jurassic age seems probable, but is ncjt yet proved.

Lower Cretaceous Rocks. From tlie general vicinity of Jalama

Creek in western Santa Barbara County, Dibblee {op. cit.) describes

outcrops of the Espada formation, which includes as much as 6,800

feet of brown carbonaceous shales with some thin seams of sand-

stone. The upper part of the formation has yielded specimens of

"Aucella" cra.isicottis. suggesting a horizon somewhere in the Neo-

comian. From a different localit.v, shales resembling the Espada

have yielded specimens of ^'Aucella" piochii, .suggesting a late

Tapper Jura.ssic age. It thus seems po.ssible that this formation may
range in age from T'pper Jurassic through the Xeocomian. With this

exi'cption, beds of Neocomian age are not definitely known to crop

out in the area treated in this report.

Middle Cretacc<>ii.<i Hocks. From place to place in northern Ba.ia

California, at least as far south as the 29th parallel, large exposures

of a very thick series of metasediments interlayered with volcanic

rocks have been described by several reconnaissance workers. This

series has been designated the San Fernando formation by Heal (5,

pp. 38-40). the Alisitos formation by Santillan and Barrera (23,

p. fl), and probably is at least in part included in the San Telmo

formation of Woodford and Harriss (27, p. 1306). The thickness

and areal extent of these metasediments are undetermined, but are

believed to be great.

Fossils from this series have been mentioned by earlier workers

(Beal, op. cit.), but with no precise age assignment beyond "Middle

Cretaceous." Allison (1), and Kirk and Mclntyre (13) have col-

lected large numbers of species of well-pre.served gastropods, pele-

cypods (including a variety of rudistids), and echinoids from beds

in coastal exposures between Ensenada and San Antonio del Mar.

The fauna is totally new, and is unlike an.vthing previously found

in the Pacific Coast Cretaceous faunas. The faunal relationships

appear to be closest to middle Albian assemblages of Texas, Central

and South America, .southern Europe, and other localities in the

Eastern Ilemispbcre.-

I'ppe.r Cretaceous Rocks. Upper Cretaceous marine sediments

are widely distributed in southern California and northern Baja

California, and constitute most of the outcrop areas shown on the

index map. Hock types inchidc a variet.v of coarse elastics, with

considerable thicknesses of silts. No true limestones and probably no

interbcddcd volcanics are associated with these elastics. The age-

range of the sediments is not yet precisely known, but probably lies

"AMison, E. C, personal communication.

Tahir J. t'hrrhlinf of Hoinr roninintt and rhnrnrU'rinlir fiinsit .Hpcrirn front the

Afesosoic formntioiis of soiitlirtn f'nlifofnin mid liiijit ('alifonna, Mej-u-o. Lornlili/

nuniber.t vorrexpond to the name itumbercd lofUtUk-n in rirrivs Iteitide the rolumnar

Hections, fiiiure 2.

SPECIES LOCALITIES
1 2 3 4 n C 7 8 fl in 11 12

1. .Tuvavitps sp.^ x

2. linlnrplla .'^p. -x

3. ".Xlirplhi" crassicollis KeyserlinR ' x

4. Xprinnn ( I*Ipsii>pt.vKniiltis) sp.^ x

.1. ()rliitnliti;i t!'.\ana Uoeincr x

G. Turritpila aff. t. scriatimpranulata
UcciniT X

7. Actponella fu.'iiformis Coq x

5. Cassiopp sjt. X

0. Acteonella oviformi.s Oahb x

1(K Anipulliiia pspudoalvpata I Packard) _ x

11. (Jl.vc.vnipris pacifipu.s (Andprson) x
12. Tri^onarca californica Packard x

13. Cupullapa cravida ((Jabb) x
14. Lima Ijpta Pn|)pnop x
15. TriKonia sp, cf. T. pvan.saua Mepk x
10. Tiirrifplla cbicopnsis Gahb x

17. Ampulliiia p.ackardi Popt'uop X
18. OlycviiipiiK vpatiliii var. (Cabb) X

19. C.vmbopbora |;aliliian.i (.\ndprson) x x X x

20. Crassatplla slip. ct. C. liimana Cooper x x x x

21. Trigonia ynezana Packard x x x x x

22. Tni-ritella cbicopnsis pprrini Mprriam x

23. G.vrodps expansa canadpiisis

Wbitpaves x x x x x i x

24. Perissitj-s brevirostri.s (Gabb) x x x x

25. Calva bowprsiana (Cnoppr) x x x

2G. Clisocolus cordatus Whiteaves x x x x

27. Cucullaea .voungi Waring . x x x x

28. Metaplacpnticeras spp. _ x x x

29. Pach.vdiscus spp. (coarse-ribbed

giants) X X
30. Pacbydiscus peninsularis (Anderson

an<lHanna) X

31. Pacbydiscus catarinae (Anderson and
Hanna) _^ x XX

32. Cophocara stantoni Stewart x x

33. Calva "steinpyi" Hertlpin MSS name, x I ?

' Determinations inc. 1. by S. W, Muller.

«T. W. nll)ljlee. .Ir (5. p. 23).
3 DetL-rminatlons Inc. 3 hy K. C, Allison,

AH other delerminutlons by VV V. Popenoc.

between some liorizon in the Turonian below, and late Campanian

or early Maestrichtcan above. Cenomanian rocks are not known to

occur in southern California, although both the inifossiliferous

Trabuco formation of the Santa Ana Mountains and a red con-

glomerate of similar stratigra))hic position in the Santa Monica

Mountains ma.v belong to this stage.

The Baker Canyon sandstone of the Santa Ana Mcnintains contains

a distinctive fauna of thick-shclleil mollusks, which also is found

in northern California associated with ammonites of the genera
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5/z"

'^'4
^iKS:=jEi"^'

KioTRK ;{. Crptnrcitiis ^pfiifs frotn soiitliprii fjiliforiiiji nml linJM rnlifi»riii;i. AH illustijitioiis Jir*' nntnrjil sizo pxropt where scalt* is .shown. 1. yfrtnplnrentireran

Kdtiitnrmonirae. '2. Aftrontlla oviformtn. ,'!. Piirhyilinrim riilaritmrf 4. Ci/nihophora fjahbinnn. 5. Ainjtullitni parkardi. (». Trifjonin rf. rrnnsnna. 7. Cra-t-ialrUa rf.

lomiina. H. Trigonin yntzHnn. !), PnchydiHru^ peuiiiHulnriH. 111. Calva hmrcrxiana.
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13.

KlGlKK 4. rrotari'ous sppcic.i fnun si.iilhiTii I'alirornja yinil liiiJM ("iilifuniiii. All illustriitiuns arc nnlunil sizf oxcppt wIhtc sciile is shown. 1. CUnomUit ronlalut.

2. Turrilella rhifortiitiii. .li. Ttifritella rhifofnui:* pcrrini. 4. Kunpirn nhunninlifiiirt. "i Perixxitytt hreviroHtriK. 6. (llt/ri/ineriit vcalrhii var. 7. ,1 »i;ii///iflfi itxftuloiiln-nta.

8. f'lj/id irgina. !). (Ii/roitlen rjpnn»u« couadensin. 10. />ii/ii( (jf(n. 11. Curullnra yoiingi. 12. t'a/l« "»(dllPyi." l:!. Trigonnrcii caHfornirii.
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fiiiiiKiiiicniis, Piirnpiizosin. aiiudriiccras .", ami Tragndi siiiurcras.''

Tliis su^ficsts a Tiirdiiiaii a^'e for the fauna.

Oiroctly ovcrlyiiip- tlio Baker Canyon sandstone of tlie Santa Ana
Moniitains is tlic IIolz silt nieinbor, in tlie upper part of which a

mollnscan fauna iiicludo.s rare specimens of the ammonite jrenus

(Unwdncerax. This probably indicates an upper Senonian ape for

this part of the Holz member. Correlatives of the Baker Canyon
sandstone and most of the lower part of the Holz silt member have

not been recofrnized with certainty elsewhere in southern California,

but they may be present in the lower, unfo.ssiliferous part of the

Cretaceous .section in the Santa Monica Mountains. As sugprested in

the columnar .sections (fifr. 2), the basal shale member of the Cre-

taceous .section in the Sinii Hills may be efiuivalent to the upper
Holz silt.

The Pleasants .sandstone of the Santa Ana Mountains has yielded

a prolific molluscan fauna, includin<r the ammonites Metaplacenti-

ccrati, heavy-ribbed Pochydiscus (?), and frafrments of Nostoceras-

like species. This asscmblafre also occurs near the top of the

Cretaceous .section of the Santa Monica Mountains (locality 8) and

near the base of the section in the Simi Hills (locality 7).

The youngest Cretaceous rocks thus far recofrnized in tlie area

are those of the so-called Rosario formation of Baja California, and
tlic hifrhest beds exposed in the Cretaceous section of the Simi Hills.

Tt is iii-obable that Dibblee's Jalama formation (6, p. 23) is of

ni'Mily the same a">:e as these beds also. The fauna of tliis horizon

includes specimens of a smooth friant Pacln/rlisciis, I*, catarinae

and close variants; Pflc/ii/rfi.srH.s jyeniiisularis and close variants;

.Vr/,s/oc( ra.s-likc uncoiled ammonites; and the gastropod Pf/pluicara

staiiloiii. to<rether with a considerable and well-preserved molluscan

fauna that consists larpely of new species. Durham 1 7. p. 15.'j7)

and Kirk have supr<rested a probable Macstrichtcan a^'e for this

fauiui; Bandy (4), on the basis of foraniinifcral studies, prefers

a late Campanian afre assignment. Indirect evidence su{jp;csts that

the Pifch I/discus cntnriiine beds arc vcr'v close in a-ic to the Cam-
panian-Macstrichtean .staftc boundary. In terms of the California

Cretaceous section, these beds pi'obably ar-c cdrrclalivc with the

Kajfsreil Valley shale, which lies near flic lop of the r.innclic jiroiip

of the Coalin^ia region. Hence it seems pi-oli,ililc lli;it none of llii>

Cretaceous I'ocks of Southern California is as younp as the Moreno

frronj) of the Diablo Ran^c, on the west side of the San Joaipiin

Valley.

Cretaceous strata crop out at La Jolla (10, p. 20.")') and at Point

Lonia, San Diejro (9, p. 36). in exposures too small In h.' show

'Tentative Kt'ncrlr (h-lerniiiKillDn and at'e aw.siKnnii-nt by K. W. Inilay.

the index map (See ilci-tlcin and (iraiit. Contrilintinn 4. Chapter ID.
The beds at La Jolla. mainly coarse sand.stones, have yielded Ihirii-

Ilfcs, which indicates an Cpjier Cretaceous apre but "rives little basis

for a more restricted determination. The beds at Point Loma have

yielded a larger number of species that have been listed by (irant

and Ilertlcin (D), and which indicate a rather late Upper Creta-

ceous ajre for the beds. Amonp; these are specimens of Piiclnidlsciis

catarinae. which, if found here in (ilace. would correlate the Point

Loma beds with the top of the Simi Hills sandstones and with the

Rosario formation of Baja California. It is not yet certain, how-

ever, that the lar<re ammonites are not reworked from a basal boulder

coiifrlomerate of the Eocene section that overlies the Cretaceous beds

at the Point.

Ill cniiiiiiliiijr data for this report, the writer has drawn freely

upon all |iiiblished or unpubli.shed sources available to him. and in

retrard to the T'pper Cretaceous rocks he has utilized the results

of much of his own unpublislied research. All published sources of

information that were used are included in the followintr list of

references. In addition, the writer wishes to express his apiircciation

to S. W. Muller foi- a tentative opinion on the ape of the Santa Ana
Triassic beds; to E. C. Allison for free use of unpublished data on

the Middle Cretaceous rocks of Baja California; and to R. W. Imlay

for an oitinion on the identity and ape-siL'iiificance of several spc.-ies

of U]iper Cretaceous ammonites.
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4. THE MARINE CENOZOIC OF SOUTHERN CALIFORNIA*
By J. WvATT Dl-rham t

The mai-iiie Ceiiozoie of the Pacific Coast, in contrast to that in

many other parts of the world, is notable for the great thicl<nesscs

of sediments accumulated locally, for rapid lateral changes in char-

acter of the sediments, and for greatly differing geological histories

within short distances. These characteristic features of the Pacific

Coast Cenozoic are exceptionall.v well developed in the part of Cali-

fornia that lies south of the San Emigdio-Tehachapi Ranges and
north of the Jle.xican border, wliich is the region considered in this

paper.

On the accompanying map (fig. 1), representative areas within

the region are indicated, and the southern San .loaiiuin Valley is

included for comparison. The specific areas were chosen because the

Cenozoic .sequences in them are relatively well known, and because

they illustrate the diversity so characteri.stic of the region. Forma-
tional sei|uences, in some in.stances composites, are given for these

areas in figure 2. In constructing this chart, the classification based

on "metazoans"—or, more familiarly, "megafossils"—used ir the

"Correlation of the marine Cenozoic formations of Western \ortli

America" (Weaver, et al., 1944) has been taken as a standard. This

da.ssification is based on the distribution of megafossil faunas within

formations and se(|uences of formations, and has evolved in a rather

haphazard and undisciplined manner. "Stages" based on the faunas

of well known and presumably characteristic formations of different

parts of the Tertiar.v have been recognized, but in most instances

they have imt been defined, nor have type sections been formally

designated. The boundaries of these megafaunal stages are largely

known only by inference, but nevertheless they generall.v have the

sanctions of priority, and are used by a significant proportion of

the geological profession on the Pacific Coast.

A second classification of the marine section, based on carefull.v

disciplined studies of the distribution of foraminifera in the Pacific

Coast Cenozoic, has been formulated during the last 2.5 years. This

latter da.ssification has been used largely by micropaleontologists,

and as a result the two differing schemes have become somewhat

familiarly known as the "micro" and the "mega" classifications.

A third classification embodies a scries of "provincial ages" and is

widely used by vertebrate paleontologists in connection with ter-

restrial vertebrate-bearing beds. The iiiic'ro and mega classifi-

cations are often applied to the same series of beds, so that their

mutual relationships are fairl.v well understood. Only iM-.;i^iciiially,

however, do terrestrial vertebrates occur in marine beds, (n- d(i non-

marine \iTtebrate-bcaring beds interfinger with llic iii;irine beds,

and lieiice the I'clatiouships between the marine and vertcbnite classi-

fications are not too clear.

The relationshii)s of the three ma.ior cla.ssifications, as now under-

stood, are shown in figure 3 (see also Durham, et al.. Contribution 7,

this chapter). As can be seen from this diagram, users of these classi-

fications do not agree very closely on the placement of the Cenozoic

epoch boundaries (based on the European ty])e sections i in the

California sections (nor do the.v agree in all instances as to where
the boundaries fall in the European sections). A eonsei|Ucnce of tliis

is the api)licati(ni of ditfcrciit epoch terms to the same inti'rval,

depending upon the classification used. For instance, lower Pliocene

of the mammalian classificaticni may include all of the upper Jliocene

of the megafaunal classification.

In the chart of figure 2. the relative vertical spaces alloi'ated to

the diffei'ent megafaunal stages in the Tertiary have been deter-

mined b.v correlating, through the standard European section, with

Simp.son's (11147) "Ccnitincntal Tertiary time chart," making due
allowance for different intcrin'etations of the European section in

the two classifications. A proportionately larger space has arbitrarily

been given the two parts of the Pleistocene. As here interpreted, but

based on the time allotted b.v Simpson, the Paleocene inclndc<l a sjian

of about n.OOO.OOO years, the Eocene about 2().(I00.()()() years, the

Oligocenc about lO.OOO.OOO years, the Miocene alxiut l!l,()0(),(IOl) years.

K£V TO Ali£A5.

I- San Diego area

2-los Angeles basin
3- Simi Valley area
\'Eastern Ventana Basin area. ISoledad basin) ^
5 Ventura area

b'Western Santa Ynei Mts. and adjacent south coast-

1' Southern San Joaguin Valley area.

8- Imperial Valley area.

Ventura V '^^ - - ^"^

San DiegoL

• Contribution frnm the Museum of Paleontolr>gy. University of California, Berkeley,

t Professor of I'aleontology, University of California. Berkeley. FlGlitK 1. Imlrx map of a part nf soiiilicrn (':ilifitrnia ?-lin\vhi:: areas discussed.

(23)
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coastal areas have boon vory clifiiciiit to inako. Tlio most fossilil'orovis

and best known marine I'orniatioii, the Imperial, has been variously

assijrned Cretaceous, lower Mioeone. middle Mioeone. ujipor Miocene,

and Pliocene ajres. On the basis of data di.seussod elsewhere

(Durham. 1950a. pp. 2.'i-25, 28-33), the Imperial formation and its

e(|uivalents are here considered to be of early Pliocene ajre.

Accordinp; to available information, there appears to be a mini-

muin of about 14.000 foot and a possible maximum of more than

20,000 feet of .sediments in the Imperial Valley area. Despite this

thick section, the oldest formation (Split Mountain) does not appear

to be older than about middle Miocene, and the major part of the

sediments are of Pliocene apre and are mostly nonmarine. Little

literature is available on the Cenozoie rocks of the area. Tarbet and

Holnian (1944) and Durham (19.50a) have considered the area

during recent years, and Durham's paper contains a bibliojrraphy of

earlier papers. Wilson's (1948) contribution on the Santa Rosalia

area. Ba,ja California, contains much valuable information bearing

on the history of the Culf of California. The freneral goolofry of the

Imperial Valley area is discussed by Dibblco in Contribution 2,

Chapter II, this volume.

!^an Diego Area. The San Diegro area is a part of the Pacific

coastal province in which only local limited marine embayments
have been present dnrinp the Eocene, Pliocene, and Pleistocene

epochs. Marine Miocene has been reported (Emery, et al., 1952)

from the Coronados Islands, a short distance offshore, but has not

been found on the mainlaiul. The Eocene sediments and fainias arc

discu.ssed by Ilanna (1927), and Hortlein and Grant (1944) have

described the Pliocene and Pleistocene preologty of the area (sec also

Contribution 4. Chapter II). In accordance with the position along

an open coast, without much drainage from adjacent iidand areas,

the Cenozoie sediments of the San Diego area are com])arativcly thin,

and comprise about l,fiOO feet of Eocene, 1,250 feet of I'liocene, and
perhaps 200 feet of Pleistocene beds. The Miocene rocks of the

Coronados Islands may be more than 700 feet thick. The.se sections

are considerably thinner than in most other areas to the north, but

appear to be sinular to those that occur farther south along the

coa.st of Baja California. It would appear that during Cenozoie time

the shoreline in the San Diego area oscillated back and forth from

a position essentially similar to the present one.

Lns Angeles Basin. The Los Angeles basin is a more or less rec-

tangular area of low relief, and is about 25 by 50 miles in nuijor

dimensions. It is mainly surrounded by hills and mountains in

which most of the subsurface formations crop out. Rccau.se of the

early discovery of petroleum in this area the basin has been in-

tensively stndii'd. pai-ticularly in the .subsurface, and consequently

a great deal is known about the Miocene and Pliocene sections,

which contain the jirincipal oil-producing horizons. Important

papers dealing with the area or with parts of it include those of

Dickerson (1914a); Driver (1948); Grant and Gale (1931); Hoots

(1931) ; Loci and Corey (19.32) ; \Vis.sler (1943) ; AVoodring (19.38) ;

Woodring and Popenoe (1945) ; and Woodring. Brandette. and

Kew (1946).

Driver (1948) and others have indicated that the Los Angeles

basin is composed of a number of .structural blocks that have acted

independently of oiu' another, with the con.sef|uence that the stra-

tigraphy of these different blocks may differ considerably. Strati-

grapliic sequences for both the eastern and western parts of the basin

(including the adjacent hills) are presented in figure 2, in order to

show this diversity of their Cenozoie hi.story. The total maximum
possible thickness of Cenozoie sediments in the Los Angeles basin

and adjacent bills appears to be of the order of 40,000 feet, but

within much of the basin proper the thickness appears to be of the

order of 20,000 feet. Nearly 15,000 feet of sediments have been

penetrated in a single well.

Within the basin most of the sediments are of middle and upper

Miocene and Pliocene ages, and the greatest thicknesses arc in the

synclines between the major structural trends, rnconforniities com-

monly are developed on the flanks of the stru<4ural highs. The
Paleocene, Eocene, Oligocene, and lower ;\Iiocene formations are

found only in local areas, mostly around the margins of the basin,

but the available evidence would seem to indicate that Paleocene and

lower Miocene seawa.vs covered mo.st of the region. During Oligocene

time it seems that only nonmarine sedimentation or nondeposition

occurred through most of southern California. The ba.sement

complex has been reached by wells in a number of fields on the west

side of the basin, where it lies beneath middle Miocene rocks. This

indicates that the older Tertiary rocks, if ever present here, had

been removed by erosion, at least over the structural highs, prior

to middle Miocene time.

In the scnitheastcrn corner of the basin is the San Onofre breccia

(Woodford. 1!)25). a locally very coarse deposit that is composed

of angular slabs and boulders of schistose rocks derived from an

offshore western source. This material is interbedded with marine

middle Jliocene sediments, and gives striking evidence of one of the

Tertiary paleogeographic changes that took place in the region.

According to data presented by Natland (1933, subsequently

modified by Crouch), Woodring (1938, pp. 12-18), Woodring. Bram-

lette, and Kew (1946, pp. 39-40, 42, 86-96), and Crouch (1952),

the uiiper Cenozoie of this area includes sediments that were laid
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down at depths miii-li ijreater than those commonly considered as

probable for deposition within the continental margins. The prob-
able depths of deposition of sediments in the southwestern part of

the basin, based on data presented by the above authors, are shown
in figure 5.

Woodrinjr, Bramlette, and Kew (1946) liave recorded 12 marine
terraces of upper Pleistocene age, extending up to an elevation of

1,215 feet above sea level, from the Palos Verdes hills in the south-
western part of the Los Angeles basin. One of the outstanding fea-

tures of the coastal Pleistocene is the occurrence of these marine
terraces from this area northwestward along the coast to Point
Conception (if not farther), and .vet not extending far inland.

Cajon Pass Area. Woodring (1942) has recorded lower Miocene
(Va(iueros) marine fossils from the Cajon Pass area, some 45 miles
northeast of Los Angeles. The containing sediments are involved in
the San Andreas fault zone, and are not known to be connected to
any of the more coastal outcrop areas of this formation. Unless there
has been many miles of lateral movement along the fault, the isolated
position of these marine sediments is difficult to explain (see Noble,
Contribution 5, Chapter IV).

Sinii Vdllcii Arm. The Simi Valley area is only .10 miles north-
west of the center of Los Angeles, and yet it is on the opposite side
of the Santa Monica Jlountains and represents a different deposi-
tional basin. It is situated on the south side of the major east-trending
Ventura basin, and contains the most complete lower Tertiary succes-
sion known within the basin. Pertinent literature on the Simi Valley
section includes contributions by Grant and Gale (1931), Hoots
(1931), Kew (1924, 1943), Laiming (1941), Nelson (1925), and
Stipp (1943).

The maximum jiossiblc thickness of Ccnozoic rocks in the Simi
Valley area appears to be of the order of 15,000 iVct, and some (1,200

feet of this comprises beds of Paleocene and lower to middle Eocene
ages. This is the best developed Paleocene-lower Eocene setpience in

the southern part of the State. The overlying nonmarine Scsjic for-

mation of upper Eocene to lower Miocene age may be as much as

5,000 feet thick. The marine Vaqueros and Tojianga formations may
overlie the Sespe in areas immediately adjacent to, but not within

the restricted area from wliich the present section is taken. Kew
(1924) and Hoots (1931) treat these formations in considerable

detail. The upper Miocene Modelo formation is strongly transgres-

sive on older formations, and the upper Pliocene section is marine
here instead of continental as it is a short distance to the northeast.

Ventura Basin. The eastern Ventura basin area includes the

Soledad basin,* in the easternmost part of the area, where marine
and nonmarine beds interfinger and where marginal orogenie move-
ments have created unconformities that are not present throughout

the region. The papers of Dehlinger (1952), Dickerson (1914b),

English (1914), Grant and Gale (1931), Hoots (1931). Jahns

(1940), and Kew (1924, 1943) contain man.v data and many descrip-

tions of fossils pertinent to the area. The area is critical also for

the light it sheds on the relationships of the later Tertiary marine
and continental (mammalian) time scales of the Pacific Coast (.sec

Durham, et al.. Contribution 7, this chapter).

The Paleocene "JIartinez" formation is widely but erratically

distributed throughout this area, as well as eastward to the San
Andreas fault zone along the western margin of the Mojave Desert

(Dickerson, 1914b). It also is .structurally involved in the San Ga-

briel Jlountains, and occurs in the hills along the northern margin

of the Ventura basin. Middle Eocene sediments are known from

wells only, and are at least 1,500 feet thick. In the northeastern part

of the area, the nonmarine Vasquez formation is approximately 9.000

feet thick, and is interlayered with an additional 4.000 feet of

an<lcsitic and basaltic flows and concordant iutrusives. The Vasquez

sediments apparently were deposited in local fault-block basins, and

presumably arc the local e(|uivalent of the Sespe formation. They are

overlain with marked unconformity by the nonmarine Tick Canyon

formation, which in turn is unconformably overlain by th' nun-

marine Jliut Canyon formation. A well-marked unconformity sepa-

rates the Mint Canyon beds from the overlying marine Moilclo i, .')

formation in the Soledad basin. Th<' post-Vas(|uez formations have

a total thickness of about 5,300 feet, of whic-li about 4,7011 feet is

nonmarine.

Till' iiiaiiiie .Modelo ( .' i i'oniiatioii routaius a fauna of \i]iper

Miocene (Cierbo and Neroly) age (Jahns. 1940, pp. l()ti-l()7; Dur-

ham, 1948) in terms of the marine .section, whereas the nndi'riying

Mint (.'a?iy(in formation c-mitains a vi'riebratc fauna of l.-itc ('lai-en-

donian age (late lower Pliocene) in terms of the lerrcsti-ial vcrtc-

bi-ate section. These di.screpancies have given lisi' to niin-h discussion

and speculatinn, Imi are part of a nnich larger problem discussed

elsewhere in this chapter (Durham, i-t al.. Contribution 7). Suffice it

to say here that the uiiper Mioeeni' of the nuirinc .sections is at least

in part the ecpiivalcnl of some of the lnwcr I'liocene of the terrestrial

mammalian se(|uenei'.

• Ti) aviiict confusion, ttio n.Tme Soledad l>.'»sm h,is hepn Kivt-n tt* Ilu' easlernmosl part
of ttie Vontiir.i liasin tliat lifs ea.'^t of t)ie i^an Cabi'tcl fault 1 Bailey and Jahns.
Contribution f,, fl»a|it(*f II. tliis volume).
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Tu the sdiitliwcst iiiid west of tho SoIihUuI Ikisiii tlicsc noiiiiiariiio

formations do not crop out, and instead a conformable sei|iicncc of

marine sediments, all referred to the Modelo formation, is apparently

the equivalent of the .combined Jlodelo ( ?) and Mint Canyon forma-

tions, toother with the intervening unconformity, of the Soledad

basin. One possible explanation of the discrepancies may be that the

San Gabriel fault (Kew. 1924, pi. 8). a ma.ior lateral break that

trends northw-est, may separate areas with differing <reologic his-

tories during the Jliucene (see Crowell, Contribution (!. Chapter IV),

but Kew's (19-13, p. 412) record of Mint Canyon strata underneath

marine Modelo beds in wells near Newhall south of the San Gabriel

fault argues against this hypothesis.

The nonmarine Saugus formation, which unconformably overlies

the lower and middle Pliocene Pico formation in this area, becomes

marine toward the west and forms part of a very thick, apparently

conformable Pliocene-lower Pleistocene setpience in the more western

areas.

The Ventura area is on the north flank and about midway between

the ends of the ea.st-trendiug Ventura basin, and is situated where

the western portion (except the north flank) of the basin extends

beneath the sea (Santa Barbara channel). The area also includes an

extremely thick (about 18,000 feet) Pliocene-lower Pleistocene sec-

tion that has yielded much oil. Reed and IloUister (19:i(i, p. 102,

fig. 39) have indicated that the Cenozoic section in this area is

nearly 50,000 feet thick, and that the total post-Jurassic sedimentary

blanket here is about G8,00() feet tliick. The literature on the area

includes imjiortant pa])ers by Bailey (1935); Bramlette (1946);

Cushman and Laiming (1931); Grant an<l Gale (1931); Loel and

Corey (1932); Xatland (1933); Xatland and Kuenen (1951);

Pressler (1929); Putnam (1942); Reed and Ilollistcr (1936); Stew-

art (1943); and Waterfall (1929).

In accordance with the great thickness of sediments and their

presumed position near the middle of the geosyncline, the section is

largely concordant (except possibly along the flanks of the embay-

ment). even though the Sespe formation is nonmarine. A few miles

to the cast the Sespe beds lie unconformably on Eocene beds. The

middle and upper Miocene Monterey formation, composed of pre-

dominantly siliceous rocks locally known as the Modelo formation,

is characterized bv striking local changes in thickness in an east-

west direction in the Ventura basin. Ecpiivalcnt beils in tin' area

east of Ventura range in thickness from about 1.000 feci to 7.000

feet in a distance of 10 miles (Bramlette. 1946, pp. 708. p\. 2|.

Great interest is attached to the Pliocene-Pleistocene units of Ibis

area because of their tliickness and because of the ilcplli of depo-

sition indicatiMl by their faunas. Larger fossils are scarce except

in ()bviousl.\- shallow-water intervals near llic to|i of llic M'ipience,

but Foraminifera are abundant, particularly in the lower part. Xat-

land (Xatland and Kuenen. 1951, jip. 79-,S5. Hg. 2 I has conclMdcil. <ni

the basis of the Foraminifera i)resent. that in lower Pliocene time

the center of the basin was 4.000 to 5,000 feet deep, and that ihr basin

gradually became shallower uj) to the middle Plcisloeene .\atland

and Kuenen describe many sedimentary features that they consider

characteristic of deeper water deposition. Within the l'lei-.tocene

beds, marked lateral changes in fauna have been noleil i P.ailey,

1935). The up]ier Pleistocene is represented here, as in the western

Los Angeles basin, by at least nine terraces along tin- coasi i Put-

nam. 1942). Tlie higliest of these lies at altilucb'S of as much as

1,300 feet.

Western Saiila Ynez Mnniitahis ami Adjiicint ('<nisliil .\i(ii. The

w-estern Santa Ynez Mountains and the ad.jaeent south coast area

also are situated along the iiorth flank of the N'eiiluia basin, but

are some 50 miles west of the Ventura area. The sei'tion is verv

similar to that of the \'i-nlnra area, except that it is mneli thinner

and all of the formations become marine in the western pai-l of tlie

area. An extensive rejiort on this part of the basin has reeeutly

been published (Dihblee, 1950), and I'pson (1951) has diseu.ssed

the numerous upper Pleistocene marine shorelines developi'il along

the south flank of the mountains. According to Dibblee. the maxi-

mum probable thickness of Cenozoic sediments in the area is about

20.000 feet, or less than half that found arcnunl \'entnra. In the

northwestern part of the area there is a well developed uncoid'ormit.v

at the base of the Vatpieros formation, a feature iu)t found in the

more eastern areas. The Ale.u-ria and (iaviota formations, the west-

ernmost e(|uivalents of the nonmarine Sespe of the \'cnlura region,

are marine and i-ontain fatmas not found el.sewhei-e in the southern

part of the State.

Seventeen uppei' Pleistocene marine slioi-elines. the highest ot

which extends to a in.ixinnuu elevation of about l.litiO feet above sea

level, are recoi-ded by I'pson. indieatin'j that the upper Pleistocene

history of this area was similar lo ihal of llie \'entnra area anil the

western Los Angeles basin area. One of the nolahle Ph'istocene

jn-oblems of southern California is an explanation of these terraces

and why they do not extend far inhnul from the coastline.

Soiilhnii San .Innqiiiii Valli jl. .\ i-ohnun for the southern San

Joacinii Valley area is inclndeil in tigurc 2 for comparison, as it is

characteristic of the areas thai lie north of a presinned Cenozoic

barrier along the north flank of llie \entura basin. The data in the

eolunm were derived in large part from tin' work of Hoots ( 19.30 ).
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Further discussion of this area appears in Contribution No. 8,

Chapter II.

Other Areas. In the preceding discussion and in the correlation

chart, no mention or indication is made of the Santa Monica Moun-
tains, the north side of the Ventura basin east of Santa Paula, the

offshore Channel Islands area, and other locally significant areas,

because of the space limitations in the present volume. Interested

readers may refer to Reed's (1933) excellent summary volume, or

to Hoots (1931) for coverajje of the Santa Monica Mountains. A
very interesting problem, discussed by Bramlette (1946), is the

origin of the marine sedimentary siliceous rocks (diatomites. poree-

lanites, chert, siliceous shales, etc.) of the widespread Monterey

formation, of Miocene age. Numerous other interesting and signifi-

cant features and problems also are present, but space limitations do

not permit mention or discussion of them.
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5. FOSSIL FORAMINIFERA OF THE LOS ANGELES AND VENTURA REGIONS, CALIFORNIA
By M. L. Xatlan-d * and W. T. Rothwell. jR.t

Foraminifera are very abinulaiit throufrh the Couozoic and T'pper

Cretaceous strata of the Los Aiif;eU'S and Ventura basins. An index

map to eollectinn: localities is presented in iigure 1, and character-

istic species are illustrated in fin:ure 2. "Poranis" are the principal

tool by which petroleum geoloffists in southern California correlate

strata. After well sections or outcrops have been classified in terms

of ajre, the foraminiferal yardstick is applied to surface mapping,

electric-lopr correlations, and geophysical data. Figures 6 and 7 show

thickness, principal rock types (1),^ and guide fossils (3) in tlie

Cenozoic. which overlies—generally with profound unconformity (2)

—Upper Cretaceous sediments or pre-T'pper Cretaceous metamorphic

and igneous rocks.

Cretaceous. Figure 3E shows collecting localities in rocks of

Upper Cretaceous age (7) in Silverado Canyon, Santa Ana Moun-
tains. The Holz member of the Ladd (6) formation contains Foram-

inifera that correlate with the Taylor in Texas. The microfauna of

the Upper Cretaceous in southern California (8, 10) is not well

known, in comparison with those of other strata, owing to tlic lack

of petroleum development. Qlohntruncana area and Anoiniilhia

hetihcsti are characteristic forms in the Ventura basin, in the Santa

Ana Mountains, and in San Diego County (10). They correlate with

the Panoche group of the San .Joa(|uin Valley (9), with the Cam-

panian, and possibly, in jiart, with the JIaestriehtian of Europe.

Paleocene. In figure 4B. in the Santa Susana formation (11), in

Simi Valley localities 1001 and 1098 of Cushman and McMasters

(21), and at R.S. 53 and R.M. 51 are found excellent specimens of

such Paleocene foraniinifers (13) as BoUvina applini and Globorofalia

velascoensis, age equivalents of Mountain and Danian European

stages, the Velasco shale (12) of the Tampico embaymenf, and Mid-

way of Texas.

Eocene. Figure 4A shows location of well-exposed upper Eocene

Coldwater, Cozy Dell, JIatili.ja, and "Juncal" formations along U.

S. Highway 399 north and northwest of 0.jai. The Cozy Dell shale

yields an abundant microfauna, "A" zone of Laiining (13). charac-

terized by Plcctofrotulicularia jenkiji.ii. Cihiciflc.<< cuslimdiii. and

Axlcriyerina crassiformix. These formations span the P.artoriian and

Auversian stages (3). Localities 1095 and 1096 (fig. 415) of Cushman

and McMasters (21) expose a sequence of the early upper, middle,

and lower Eocene Llajas fcu'mation containing DLtcocjicliiia cloptoiii

I IS), D. cf. psila. D. Clarki. and Amphistcgina .^emicnsis. The Lla.jas

formation (22) is equivalent in age to the Sierra Blanca limestone

(19), Anita formation (24). and "Juncal" formation of the Santa

Ynez Mountains, and to the Domengine, Capay. and upper part of

the Meganos in the central California Coast Ranges (3). The Lla.ias

formation is approximately the age of the Auversian (in part),

Lutetian, Cuisian, and Yprcsian European stages (3).

Oligocene. Lower and middle Oligocene time in .southern Cali-

fornia is represented by the Sespe formation of terrigenous faeies.

The marine representatives of the Refugian (28) and lower Zemor-

rian stages of central California are missing. These equal the Ludian,

Tongrian, and early Rupelian European stages (3). The marine

I /sonLu..
\ / Obi.po
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Vaqueros (25) sand and shale conformably overlying the Sespe "red-

beds" has been assigned to the upper Zeraorrian stage, Vriijcrinella

sparckostata zone, by R. M. Kleinpell (34). He correlates the Zeraor-

rian stage with the Rupelian stage, middle or upper Oligocene of

Europe. Important members of the upper Zemorrian stage, Vacpieros

formation fauna, of the Ventura basin are Valvulincria casifaspnsis

and Siplwgenerinn nodifera. Glae.ssner (46) states that most authors

place the Rupelian of Europe in the upper Oligocene. R. M. Klein-

pell's upper Zemorrian-stage Vaqueros formation (restricted) in

California would approximate the Rupelian of Europe. "Oligo-

Miocene" Chattian and Aquitanian stages of Europe are equivalent

to the Saucesian (34) stage of the Ventura and Santa Barbara

coastal regions. Such forms (32) as Siphogenerina transversa,

Plecfofrondictdaria miocenica, Cihicides americamis, and C. flnri-

danns are abundant in the Saueesian-stage Rincon formation, lo-

cated on tigure 4C. where it underlies the t)bispo tuff and crops out

in the sea cliff east of Capitan Point, Santa Barbara County.

Miocene. Figure 4C shows the location of a complete Miocene

section in the sea cliff westward from the "Oligo-Miocene" Rincon

formation near Capitan Point. Collecting localities are almost con-

tinuous, stratigraphically upward, in diatomaeeous shales through

the Relizian, Luisian, and Mohnian stages, and into Delmontian

stages of the Monterey formation. These stages of Kleinpell repre-

sent, in the same order, time equivalents of the Burdigalian, Helve-

tian. Tortonian. and Sarmatian stages of Europe.

The Relizian stage at Capitan Beach (fig. 4C) contains Siphn-

generina branneri and Baggina robusta. This stage is repre.si'uted in

the Los Angeles basin by the littoral-facies strata of'the lower part

of the type Topanga formation (fig. 4D) containing Pccten

nevadanus and Turritella temblorcnsis, along with shnllow ncritic

nonions and ostracodes.

The Luisian-age strata at Capitan Beach consist of soft foranii-

nifcral shales and hard, white limestones containing Sijiliogencrina

collomi and Valvulineria californica. This stage also is represented

150 miles to the southeast, at Newport lagoon in Orange County

(fig. 3C), by a white, diatomaeeous, laminated shale with the same

guide fossils. The Newport locality is easilj- accessible from lligliway

101 (Alternate), 30 miles south of Los Angeles.

Collecting localities for the Mohnian stage of the upper Miocene

can be easily reached at Capitan Beach (fig. 4C), at Newport (fig.

3C), at the locality of the type Mohnian stage of R. M. Kleinpell,

mapped by II. W. Hoots (5) (fig. 4E). and in the City of Los Angeles

(fig. 5). Similar faunas are encountered at all four localities. Ty|)e

Mohnian strata overlie the sandstone and volcanic rocks of the lower

Topanga formation (Relizian),

Along Topanga Canyon Avenue (fig. 4E), jiroceediiig northward

from the contact with the subjacent Topanga locality, the beds at

locality R 38 contain the lower Mohnian species Epistominella

(" Pulviiiulinclla") giiroiilinafonnis. Bulimina iii-igrri)iaf(irniis. and
Baggina californica. Near the summit of the Santa Monica Moun-
tains, upper Mohnian Bulivina hnglicsi and Discorliinrlla rnhiiun-

lecnsis can be collected at locality H 130. At locality II 144,

CassidulincUa rcniiiiiiafdrniis (36) can be seen on bedding planes.

Locality II 174, near Venttira Boulevard (Ilwy. 101). has a meager

upper Miocene Delmontian-stage fauna with Cassidiilina dclirata in

soft, laminated diatomite. The contact with the overlying Pliocene

is not exposed. The same upjier Miocene se(|uence is intermittently

exposed in the Citj' of Los Angeles, north of the Statler Hotel

(fig. 5).

The Delmontian stage (Sarmatian-early Pontian of Europe) is

represented by deep-water facies in the Los Angeles basin (34, 38),

in contrast to other areas in California. It is characterized by mas-

sive, silty lithology and an abuuilance of Radiolaria, and is a ma.jor

oil producer in southern California. The fauna is similar to the

lower Pliocene, but with the addition of its guide fossil Potalia

garveijensis. Figure 5 shows outcrops in Los Angeles.

Pliocene. Graphic representations of Pliocene history in tlic Los

Angeles and Ventura basins are shown on figures 6 and 7. The most

complete early Pliocene section exposed in the Los Angeles region

is in the Repetto Hills of eastern Los Angeles (fig. 3D), which

M. L. Natland (54) has designated the type representative of the

Repettian stage of the lower Pliocene. Repettian foramiiiifers may
be collected also in the Palos Verdes Hills (43), along Narhonne

Avenue (fig. 3A), and in eenti-al Los Angeles City, near the Statler

Hotel (fig. 51. In most surface exposures surrounding the Los An-

geles basin, beds of the Repettian are overlain by beds that represent

Xatland's (54) Wheclerian .stage (upper Pliocene). Thus, a Veii-

turian-stage fauna (middle Pliocene) generally is missing on the

margin of the basin, although it is well rei>rc.sented by .such forms

as Bulimina subaevminatn in the oil-well sections of the central

basin (38).

Figure 7 shows biostratigraphic and lithologic divisions of the

Ventura basin, with the Pliocene stage names proposed by M. L.

Natland (53, 54). Type localities for tlw Venturian and Wheelerian

stages are located on a ridge paralleling the east side of AVheeler

Canyon. Ventura County, aiiproximately 4 miles west of the City

of Santa Paula. Easily aci'essihle beds that are representative of

these stages, as well as strata correlative with the type Repettian

section in Los Angeles, are exposed along Santa Paula Creek, north

of the city. C uidc fossils are listed on figure 7.
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6. CENOZOIC LAND LIFE OF SOUTHERN CALIFORNIA

By Donald E. Savaqk • and Theodore Downs, t
WITH illustrations BY OWEN J. POE t

Introduction. Today the streets and hijihways of southern Cali-

fornia teem with Man and his automobile, and form a part of the

swarminj; meehaiiieal panorama that centers about Greater Los An-

geles. This is a scene of impressive contrast compared to the quiet

thoufrh active drama of prehistoric life that once existed in this

same region. And the land life of the past was only a part of the

prehistoric scene, as southern California is well known for its frreat

thicknesses of rock strata packed with invertebrate remains and for

its astonishini; records of marine fish, birds, and mammals. We can

present but a limited view of one se<rmcnt of tliis fascinatinpr story,

the Cenozoic land life.

(»ur vistas of the life of ancient times direct us not only toward

the mountain-encircled Los Angeles basin, but northward, past the

Tehacbapis and the Panamints; eastward, over the San Gabriels,

San Bernardinos, and Santa Anas into the Mo.iave Desert and the

Imperial Valley; southward, past Palomar Mountain and on toward

Baja California. We look backward in time to the California veldts,

aboiiiidin;;' in mastodons, rhinos, and camels: backward to the Cali-

fornia tropical savannas, replete with tree ferns and broad-leafed

evergreens. This story of the Cenozoic history begins with the Paleo-

cene, the earliest period of that era.

Earliest. Near Elsinore, in Riverside County, certain outcrops

of rock have been mapped as "Martinez" formation. Prom these

beds have been collected leaf impressions of plants that do not grow

wild in California today: tree ferns, palms, large-leafed evergreens.

The same type of vegetation now grows oidy far to the south in

tropical savanna country. This is a characteristic early Cenozoic

(Paleocene) flora, very similar to floras from Paleocene rocks in

New Mexico and Colorado. If the temperature and moisture require-

ments of the fossil plants were anything at all like those of similar

living plants—and paleontologists believe they were—then parts

of the land area of southern California back in Paleocene time must

have been tropical .savanna, drenched by heavy rains that probably

fell during the warm season of the year. The flora near Elsinore is

the earliest record of Cenozoic land life now known from southern

California.

• A.s.sistant Profes.'^or of raleontoIoff>-. Unlver.sity of California. Berkeley.
t Curator of Vertebrate PaleontoloKv. Los Angeles County Museum.
t Staff Artist. Museuin of Paleontology. University of California, Berkeley.

On the flanks of the El Paso Mountains, in the northwest corner

of the Mo.jave Desert in Kern County, lies the Goler formation.

Fragments of turtle and crocodile have been found here, but the

main record of land life consists of impressions of leaves that rep-

resent tree ferns, magnolia, sapotii and other broad-leafed ever-

greens of tropical to sub-tropical types. Paleobotanists date this flora

tentatively as Paleocene to early Eocene. The Mojave countryside

at that time must have resembled the Elsinore district of sliglitly

earlier (?) days . . . uniquely ditfercnt from the Mo.jave today,

wasn 't it ?

Early. Just north of San Diego, fossil bones have been discov-

ered in the uppermost Rose Canyon shale and in the overlying

Poway conglomerate. The animals here have been called the Poway

fauna and constitute, at present, the earliest record of land mam-
mals in California. Strange forms are represented (see their tech-

nical names in the pictorial maps that follow) : lemur-monkeys and

monkey-like insectivores, several primitive rodents that are distantly

related to squirrels and mountain "beavers," and a short-faced

brontothere and his cousin Amiinodnn (a rhinoceros not closely re-

lated to living types). This fauna has been dated UINTAN (late

Eocene). Leaf and seed eaters are abundant: some were ground-

running forms, and others probably lived in trees. The larger animals

were herbivorous and browsers. We conclude from the mammals

that woodlands were prevalent, but admit willingly the po.ssible

existence of grassland meadows among these forests. Fossil plants

would give us a better picture of the I'intan Poway countryside,

but they are not yet known from the area.

Seven thousand feet or more of nonmarine sediments arc exposed

around Santa Susana. Fillmore, and Santa Paula in Ventura County.

These beds, called the Sespe formation, contain assemblages of

mammals ranging in age from I'INTAN (late Eocene) to ARIKA-
REEAN (early Miocene) but have yielded no fossil plants. The

oldest fauna, Tapo Ranch, is in the Simi Valley; it is I'intan in

age but perhaps is slightly younger than the Poway fauna. Lemur-

monkeys, Tapocynn and Miacis (primitive dog-like carnivores i, opos-

sums, multitudes of rodents, small decr-]ike animals, and early

"tapirs" make up the bulk of this fauna.

Higher in the section, and in the same area, is found the Pearson

Ranch fauna (the famous Cal Tech locality 150 in particular). A

(43)
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Figure 1. A iicMlrDpiiNil siiviinnn. The recions iii"\iii(l Klsinnri' mucI Cnlir may liiivc li>iiki'(l liki' this in Piiliwone to ciiily Kiii'fiio linios.
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larjrP assi'inbla^e of early hyaena-like eai'iiivores, leimir-mmikeys,

inseetivores, rodents, broutothere.s, rhinos, and Simimeri/j' ("deer-

let.s") come from here and are dated DUCHESNIAN (latest Boeene).

Tdcodus. a brontothere like the one found in the Pearson Ranch

fauna, was discovered in the tiipc Sespe formation on Sespe Creek ;

hence we say that at least part of the type Sespe formation is |)rob-

ably Dncliesnian in ap:e. These late and latest Eocene occurrences

abound in plant-eaters of the browsin<r type; therefore it may be

concluded tliat the 'Sesi)e" co\nitry had plenty of forests, perhaps

best developed in well-watered stream v;iMeys.

A {rroup of nuimmals of CHADHOXIAX a^'e (early Olitrocene)

was collected from the Titus Canyon formation, in the Grapevine

Mountains at the north end of Death Valley. Rodents, dogs, bronto-

theres, rhiiuw, Mcsuhippus (small browsinp; horses), tapirs, creo-

doiits. camelids, and Lcptomcri/x ("deerlets") from this location all

.su-rfrest a wooded and watered savanna country of those times that

would be difficult to conceive from a look at the present-day terrain!

AVe have not been lucky enou^'h to find nuimmals in California

eomparahle lo the remarkable ORELLAX (mid-( )li!iocene ) faunas

of the (ireat Plains region, and the mid-Eocene through early Mio-

cene floral record in southern California lias yet to be discovered.

Back in the Si'siie formation a^rain, at the A'fM' quurry in the Las

Posas Hills and in part of the section at South Mountain, mammals
have been found that appear to be AVIIITXEYAN (late Oligocene)

in a-re . . . i)erhaps latest Whitneyan. The particular kinds of

rabbits, scpiirrels. field mice, small and medium-sized dofrs, sabre-

toothed cats, suudi hor.ses, rhinoceroses, //i/;;cr/ra(/H/H.'S ("deerlets"),

and oreodonts p:ive this fauna a m\U'h more modern appearance

than the Titus Canyon ari-ay. There is little evidence to indicate,

however, that the habitat of the Kew cjuarry mamuuds was yjreatly

different from that c.xistin^' at Titus Canyon several million years

previously.

Miililli -.{(iiil. I''iiur Til six hundred feet below the top of the

Sespe formation at South Jlountain have been found an oreodout,

fMisiiri iiihiii hisiitrus (Stock), aiul a -ropher-like rodent. These

have been tentatively dated ARIKAREEAX (early Miocene) on

the basis of tin- better-known .se(|uence of these i^roups in the

Oli^ciceuc and Mioi-eiu' rocks of the (ireat Plains rejiion.

At Tei-uya Creek in Kern County, .just a short distance off I'. S.

Ili^rhway fill, are nonnmriiu' red beds that iniderlie and K'rade into

the famous Va(|neros marine sandstone. Hone hunters have found

tree scpiirrel. a small rnuninfr rhinoceros, "deerlets," Dfiplinciius

(an early bear-do;;), aiul a lary^e oreodont in these Tecuya beds.

The TiTuya faurui is dated the same as ilir up|ii'i-iiiost South Moiui-

tain Sespe beds; ARIKAREEAX. hi early :\Iioeene time this

locality apparently was a flood plain bordering the coast of a sea-

way. Again, if plants were known from here, they could supply a

much better idea of the climate at that time.

Not far from Newhall and Saugus, in the eastern part of the

Ventura basin in Los Angeles County, lies the Tick Canyon forma-

tion. The bone.s discovered in these deposits were tantalizingly few,

but pocket mice, rabbits, rnrnhippiia (a moderate-sized brow'sing-

grazing horse), Mcrxfchyus (slender-liud)ed oreodonts), and camelids

were there. One species of bird from tlie Tick Canyon formation

in Vasquez Canyon is Miohicrox sliicki Howard, a hawk. This is

the earliest well-preserved specimen of bird thus far known in the

State, although an unidentifiable bird bone is known from the mid-

Eocene of the Mt. Diablo district in northern California. Tbe.se

vertebrates are dati'd as late ARIKAREEAX (early Miocene) or

early IIEMIXGFORDIAN (early mid-Miocene). The horse and the

slender-limbed oreodont had teeth better adapted for grazing than

their earlier relatives; this suggests that more grasslands existed,

perhaps as broad di\'idcs between wooded streams.

Xot far from i\lonolitli in Krvu County, high u|i in the mountains

where the Tehachapis .ioin the Kiavahs and the Sierras, lies the

Phillips Ranch—Cache Peak district. Here the fossil nuimmalian

faunas range in age from IIEMIXfiFORDTAX (mid-Miocene) to

BARSTOVIAN (late Miocene). Preliminary investigations by Dr.

J. P. Buwalda have revealed very primitive forms of Mtriichippus

(grazing-browsing hor.ses), snudi and large camelids, chalicotheres

(related to horses and rhinos but with claws on their toes), and

small carnivores in the Phillips liaiich fauna (Hemiugfordian). In

the j-ounger Cache Peak fauna (Barstovian) he found two types of

Ucrychippus. llypohippiis (a hor.se not clo.scly related to living

forms), camels, oreodonts, paleomerycids ("deer"), prongbucks,

and a cat.

A large collection of plants froiu the same section ami from about

the same stratigraphic level as the Philli])s Ranch fauna, the Tcha-

ihapi flora, includes (i!t trees and shrubs that have been dated as

early middle Miocene. The a.ssemblage most closely resembles the

modern flora of northern Mexico, although some of the Tehachapi

l)lants are now found only in southern California. It has been con-

(duded that the Tehaidiapi flora lived on the inland slopes of a

mountainous area in a rather dry, continental climate. Savanna-

woodland, riparian (stream border), chaparral, and arid subtropical

scrub associations were there. Living eipiivalents of the Tehai-hapi

plants are found in regions of 15 to 20 inches rainfall and mild,

"•enerallv frostlcss winters.
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l''i(;ritK '2. Is.irly niiininls. 1. Kniriffoninni'i) mortivallin Stork, astrnRalus (ankle bone) of a rliinoccros, x2/'A. Titus Canynn fiHiiiii, rinuironiaii age {Stork. l!Hit, tiR, H).
'2. Aniynoilontttpsis bodcx Slock, htti'ral iiiid palatal views of un ainyiioilont rhijiocpros skull, xl/U, Prnrwui Ranch fauna, Uuclicsniaii a^e (Stock. Nat. Acad. Sci. I'roc, vol.

11*. pp. 7(l'J-7<i7, \\r. 1. llKi.'i). !!. ]Jyncnndnn rrlua Stock, latt-ral view of Ihc skull of an early creiiddnl carnivore, xl/It. rearsun Itiincli fauna. Uucbesnian age (Stock. Nat.
.\cail. Sii. I'ytu-., vol. lit. |jp, 4.'14-440. li^. 1. lil^vM. 4. Miliirhin iist ?i jnitir Stock, lateral and palatal views of a broiitotliere upper chcek-to»ttli series, xl/3, I\>\vjiy fauna.

Cinlaii ;i;;r (Slnck, Nat. Acad. Sci. Pntc, vol. 2'A, pp. 4S-.'Vi. pi. 1. I'.KIT).
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WHITNEYAN
Kew Quarry FaunaiCSespeFin.]

A//mravus-\a.ro,t cat.

fiop/ophoneus-ea.r\y sabre-tooth cat.

Mesocyon- dogs.

Temnocyon- "

Pseudocynod/ct/s-imaW dog.

Sespe/7?ys- squirrel-like rodent.

SciuridP- squirrel.

Cricet/d-'^\e\A mice.

Pa/eo/agus- rabbits.

Desmato/agus- ••

Bothnodon^-li^rqe Old World

[artiodactyl

Hypertragu/us-'imsM Beerlet.

I
Tapo Ranch Fduna[SespeFm]UINTAN-

UINTAN
Poway Fauna.

Amynodon- rhinoceros-hke.

Me tarhmus- short-fa ce d bro ntot heres
Yumanius- extinct tarsier
Pf/ crosyops-mo(\Ve-y-l\V.e i n sectivore

/schyrotornus- primitive rodents.

Leptotomus-
Paramyids-
Pareamys-
Sc/urai/us-

'/'///''/////'»':..

6H\TEKTiLtr-rir?

»'St***\ '

>.

Tiorir.MOFf

A>n .

CHADRONIAN
Titus Canyon Fauna

Protitanops- brontothere
Pfeso/j/ppus-^m&ll browsing horses.

Ap/odonf/ds- primitive rodents

Paramy/nes-
Canids- dogs.
Co/odon- tapir
£otr/gon/as-ed.rly rhinoceroses

Agriochoerus- oreodonts.
Proabromylus- came I ids.

Leptomeryx-'deerletb.

DUCHESNIAN
jfPe arson Ranch. FaunaLSespeFmj

Lepi/ctids-ea.r\y insectivores.

Presbyrnys- primitive rodents
Pareumys-
Gr/phomys-
Paramys-
Simimys-
early r\\\x\oceros.

Te/eodus- brontothere
Simimeryx- deerlets.

Amynodontops/s- rhinoceros- li Ve.

P/eurocyon- primitive carnivores.

Pterodon-
Hyaenodon-
Sespedectes- primitive insectivore.

Proterixo/des- primitive hedgehog.
Chumashius- early lemur-monkey.

CHl'MASHIlig

l;;irl,v and curliest faunas.
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I-'lcrRK 4. A r»'f:itni of savanaa-w^xxlliuul. st rub, and jirasslaml. Tlio niiil-Mi"«-ene

Tehachapi district bad this appearance.

Near Barstow. in San Bernardino County, there oeeurs a fossil

mamnial fauna that is especially important to the people who study

{jcohi^ic dating problems in the nonmarine Cenozoie of North

Ameri<'a. This is the Barstow fauna from the Barstow formation,

type fauna of the BARSTOVIAX provincial agc' (late Miocene).

Fresh-water shells are abundant locally and are beinp; studied; but

as for |)lants, oidy sabal palm is known. A great number of fossil

bones have been collected here by different institutions in the United

States. Miriicliippus (
grazing-browsing horses) and camelids seem

to have been most abundant; but Hiipoliijipits (browsing horses),

I[( Diiciiuii (dog-bears I, pronghorns, peccaries, chiiununks. field mice,

rabbits, dogs, sabre cats, true eats, nuistodons, lirarhjicnts (large

iprcod(ints), anil even shrews have been described. liirds have been

fijuud here also; two hawks, several ducks, a gull, Mr</apalocl(idiis

(a (lamiugo-like bird), and Ciirtiiiiiix (a i|Uail-like bird). The sedi-

ments were deposited in streams and lakes in a basin subjected to

periodic falls of volcanic ash and dust ; nevertheless, the mamnuds
suggest that grassland was available. The |i;diii indicates a type of

vegetation similar to that living in warmer parts of northern Me.\ico

today.

Kxtensive work by personnel of the I'niled States Geological Sur-

vey, undi'r the geiu'ral supervision of Dr. I). V. llewett, promises

to increase our knowledge concerning numy previously unknown or

])(iorly known Miocene aiul Pliocene vertebrate jiiinias of the Mo,jave

Desei't.

I.iil,r. hi the CLAUK.NIXt.MA.X age i.arly riioeene), stream

and lake deposits w<'re being fcM-med at many different places in

snnllieni Califdrnia. Some conmniuities were close to seaways, and

the fossil plants in them thrived under the moderating influence of

coastal weather; other connnunities were far inland, and their floras

are continental in character. In southeastern Los Angeles Comity,

a fossil flora has been collected from beds closely a.s.sociated with

Foraminifera- and mollusk-beariug deposits. This Pueiitc flora ap-

parently occupied the outermost coastal region and extended as far

northward as Carnud (Monterey County), where the same plants

occur in beds of the same age. Some of this flora—including lance-

wood, avocado, tig, palm, \ectandra, Anona, and Coccohiha—repre-

sents a relict subtropical forest that lived in sheltered eoastward-

facing valleys next to the sea. On adjacent exposed slopes was a

woodland of evergreen oaks, Catalina ironwood. sycamore, and pine.

There also is evidence of chaparral (sci-ub oak and mountain ma-
hogany) on drier sites.

At Kicardo, in Kern County, beautifully colored nonmarine de-

|)osits contain both petrified wood and mannnal bones. The Ricardii

flora is found in beds lower than most of those containing the

liicordii fatuia. but both are believed to be CL.\KK\noXI AX in

age. The flora is known mostly from studies of the fossil wood, al-

though a few leaves are present. Live oak. pinyon pine, locust,

cyiiress, buckbi'ush, acacia, desert thorn, and palm have been found.

They suggest a woodland-.savauna association, with chaparral and
some arid subtropical scrub nearby. Precipitation was about l.T

inches yearly as summer showers and winter rain. Summers were

hot, but winters were mild and probably frostless.

The large Ricardo fauna, with Plioliippiis and Hippariaii (early

grazing horses), dogs, hyaenoid dogs, bear-dogs, cats, rabbits, long-

jawed mastodons, rhinoceroses, camels, pronghorns, weasels, oreo-

donts. Palaeomerycidae ("deer"), and Branin luiinirdar Miller (a

goose), must have thrived in a grassland-woodland I'omminiity.

The Avawatz fauna, from near the south end of Death Valley,

has mammals that are the .same or very similar to the Kicanln types,

and it is believed to be about the same age as the Ricardo.

( 'lari'iidonian verti'brate faunas of two different snbages are

fiiiiriil in the Tejou Hills, southeast of Bakersflehl in Kern County.
One is slightly older than the Ricardo; tbi' other is abtuit the

same age.

A large flora and a few mammal specimens have been obtained

from the Mint Canyon beds in the eastern Ventura basin (the same

general area as the Tick Canyon fcn'matioul. The beds are of Clareii-

donian age, as indicated by Plioliiiipiis. Ilipparioti. and \niiiiippits

((Nirly grazing hin-.ses). Mastodons, dogs, rhinos, peccaries. r;d)bits,

camels, and ]U'onghorns were there, too. The flora, together with the

mammals, indicates a characteristic live-oak woodland, chaparral,

and arid subtropical scrub with grassland interspersed. This is an
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BARSTOVIAN
Barstow Fauna

''
'. /

fiemicyon/cfs-6oq-be5i.rs.

Hypo/?/ppus-\s.rqe browsing horses.

Merych/ppusfProto/7/ppus) <£

Merych/ppusWerych/ppus)- i nterm ed i ate

[grazing-browsing horses.

Archeoh/ppus-smaW browsing 'horses.

Merycodus- prong horns.

Dyseohyus- ^ecca.r\ts.

7a/^/as- chipmanks-
Perognatho/des- pocket mice.

Peromyscus- deer mice.

^ypo/agus- rabbits.

Brac/iycrus - o re o d o nt

.

^mervx- deer

To/varctus- -i^

Ae/urodonP-f .J.. .' .*.

Macha/rodor,: • -.."-:>.
Pseudae/aru - i'".:.

Mastodonts.
Ustatoc/)oeru^ orcscC'X:
/^esperocami ''as- i ai-ir i

-

L/mnoecus- .^-Ivt.-.-.

Per/d/omys- f 1. 1-

1
'

i " i >.
-

birds, tortoise " . --f •. .r i

F.i.r.^Hir'ns

VALLfY

S.BERNARDINO

^

%^^

HEMINGFORDIAN
- LATE ARIKAREEAN
Tick Canyon Fauna

'^eteromy/d- pocket mice.

'rcheo/agus- rab b i ts.

^'^eryc/)yus- slender oreodont.
H/'a/a^/s- browsing camelid.

.
- 'arah/ppus- brow/sing here

J^'oh/era i i h a kv l<

ARIKAREEAN
Tecuya Fauna

Hyps/ops- large oreodont.
D/cerat/?er/um- pB.\reA-\\oru rhin

^ypertragu/us- small cieerlet"

Oap/joe/yusfPJ- ea.r\y bear-dog

i--^

Kli.l RK 7i. .Mi<l<ll<'-a};ed fuuiias
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Kl(;iKK 7. Ljiirr aninials. 1. Isrhi/iosmihis oshonii Merriani, loft lower jaw of sabic-tooth rat. x'2/'.i, Kicanlo f;niiia, ('Inifiuliuiiaii a^c ( Mcrriani, IIHO, tiK- l-''"!).

2. Hipiinriou moharenne MorriaTn, upper prciiiolnr iif early three-toed grazinp horse, xli/'^, Rirardo f.-.una, Clnrendoiiian :!;;»' (Morriani, liM!). fics. l(J.'i, in part, and KH) ;

a, view of KrindiiiK surfaee ; b, view of outside of tooth. 3. PHohippus iantahi.s Merriam, upper premolar of early siiiKle-toed prnzins horse. x2/3, Ricsirdo fauna ( Merriam,

IDlil. fiK- 1-*^. /*- "fnirhanksi" Merriam). 4. llj/pohit/iifi r(Irnsi:i Frick. lateral and ^iiidiuK .surface views of some upper cheek teeth of a rabbit, x-i/'i. Mt. Kden fauna.

Hemphillian afte (Krick, litjl, Hk. ri2). ">. l*roHllnini»ps nlrnsis Frjck, lateral and urindin;; surface views of upper cln'i-k teeth of a peccary, x'2/'*. Ml. Kdeii fauna ( Krick,

lOlil. fi^. nst. t'l. Gomphnlhrriuin. views of lower jaw anil cross section of lower tusks of a louR-jawed mastodon from late < 'larendonian beds in northern California; this

type is also found in tin- Itie.inlo fauna ; ^^/U I Stirlon. lit.'iO. I'niv. ralifortiia Dept. (J.-.. I. Sci. Hull., vrd. 24. no. Ki, li;;. 27).
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M /

Kern River Fauna HEMPHILLIAN

BLANCAN
CosoMts. Fauna

Borophagus-\\\^dLeno'\6 dogs,
Equus fP/es/ppus)-wr\i\a.vqt grazing

P/atygonus-\;)ecca.r\es^ [horses,

T'anupo/Qma-s\enAer camel ids,

Ph'omastodon-s^or\.-]a.me6ma.%\j:>iiOr\i.

'^'imomys-me&Ao'Nnwce.
''\

'i po/agus-\'s.hb\\s.

SanTim'jteoFdiuid BL.*^

^ HEMPHILLIAN
Mt. Eden Fauna,

Rhi/ncotherium-\)resy-]&.'Nt6 mastodons
'''^^'

Can/ds- AoOi^

Fe//ds-ca.is

Agr/other/um-be3.rs
P/i'onarcios-

Prosihennops-pecc&r\es.
Mega/onych/ds- qroMuA sloths.

Came/ids- camels,

Pa/aeomeryc/'ds- cJeen

Ant/7ocapr/ds -pronghorns,
Procyon/ds- raccoons.
Musie//ds- wolveri nes?
P//'o/7/ppus-qrs.z'\r\q horses,

Te/eoceras-5.mph\b'\o\xi, rhinocer

i.i.

///'ppar/'on'ea.r\\j grazing horses,

^P/ioh/ppus- •

\psteodoras-\MjZ.eno\d dogs.

\/iadrocyon 'he&r dogs,

Tomarcius- dogs.

CLARENDONIAN
Ricardo Fauna

Hypo/agus- rabbits.

Ustatochoerus- 1 arg e oreodonts.

Gomphot/iGrium-\o'(\q-]&.'MeA mastodons
/4/7/^^/s'/75- rhinoceroses.

/Vk/7(9/'//7/76'5- large, browsing horses.

I

/5c/^_>'/'(5>s/77//^s- sabre-tooth cats Paracame/usP- aiant camelids.

ZHYNCOTHEJHIM

Xvdwatz. Fauna

Tejon Hills Faunas (CLARENDONLAN'

Mint CanyoiiFaunaj

Procome/usP- cameib
P//auchen/a?-
Merycodus- proTiq'norns

Sphenopha/os -

\Muste/a?- we asel s

Pa/aeomerycfds-deer

FuiultK S. Later favtniLs,
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iiiti'i'inr lloi-a. anil Axi'IimkI bclicNis that hills lay lii'twci'ii the Mint

Canyon basin and tlic sea at the time tlicsc plants lived. Rainfall

occiirrpd tliriniplidut the ypnv and totaled \'i to 20 inches; I'l-osts

were rare nr alisrut,

I.ive-oali woodland, walnnt wocjdland, ditr^ei'-])ine woodland, bifr-

eone liirest. chaparral, coastal sa^e. frrassland, desert-border and
arid subtropical scrtib vegetation are all represented in rocks of

IIEMl'II ILIil AX a^e (niid-PIiocene) in sonthern California. Near
Palnidale in Los An'_'eles Coiint.v ( Aiinrcrilc flora), at Pirn (!orf;e

in Los Angeles Connty {I'ini G(ir(jc flora), and near Beaumont in

Riverside Count.v (.1//. Eden flora) many fossil jilants show the

existence of these eomnnniities. In general the Ilemphillian low-

lands of sonthern California were somewhat as at present in terms

of veiretation and cliniati'. They were semiarid (12 to 20 inches of

rainfall), but in those da.vs there were refrular summer showers and
mild winters. Ac<'ordin<r to Axclrod, who has described all these

floras, the mid-1'liocenc was the driest stafre of the Tertiary in the

Par West.

The Kirit h'irir lanna. froiii beds of the same name, conies from

points northi'ast of UaUersfield where the (ir<'at Valley bcfjins to

grade eastward into the foothills of the mighty Sieri'a Nevada. Only
a few of the specimens that were collected by parties from the Cali-

fornia Institute of Technology have been described; th<'y in<dude

Ef/iiicllirnin (an e.\tinct honey badger verv similai- to a sjiecics in

the Pliocene of China), liassiiri.iriis (a cacomistle or " ling-lailed

cat"), Rrnchiipsalis (an e.xtinct carnivore in the weasel family),

Sarcfiriimphux (a vtdture), an<l I'arnhiitro (a hawU). PliuliippKs

(this particular .species is an early single-toed grazing horse),

rhinos, ground squirrels, field mice, rabbits, jironghorns, peccaries,

and camels have been found there, also. W'c believe that the Kern
River fauna represents the earlier part of the IIE.MIMI ILLIAN age

( mid riiocene).

Fossil mammals are known from the Mt. Eden beds. Tlie fauna.

dati'd as later Ilemphillian. includes IiIiiiiicIkjIIii liiiiii la strange

mastodon with <lownturned tusks aiul lower .jaw), dogs, cats, Astro-

liippus (a group of advanced gi-a/.ing horsesi, dog-bears, peccaries,

rliinos, ground sloths (new arrivals fi-om South Anu'rica. their

earlier homeland), camels, jironghorns, and other forms.

Overlying the .Ml. Kili'n beds arc olliei' maiinnal-bearing deposits,

the beds of the San Timotco formation. The few bones that have

been found here show that giant land tortoises, camels, ground
.sloths, and true deer dwelt in the area. A large Krjuiis. sonu'times

called Plrsipjiiia, probably is the most important animal in the San
Timoteo fauna. This liorsc, (piite similar t(] the modern horse, is a

good guide fossil, ti'lling u^ thai the beils are I?Ii.\NT'AN' (late

Pliocene) in age.

P>etween Death Valley and the Sierra .Vevada in Inyo County are

(he Coso Mountains. The Coso Mountains foruuttiou bears the finest

Dlancan mamuuil fauna in southern California. Bdrophdijux (largest

and last of the hyaenoid dogs), Equim (I'lesippus). short-.jawed

mastodons, Mhnntiuix (meadow mice), Tdnupiihima (slender-limbed

camelid), and Plati/tpiiiiis (large peecar.v) make this fauna easily

ilistinguishable from ju-eceding ones. These animals must have lived

in a region of abundant grassland, for I he animals with high-

crowned, graziug-type teeth ai'e abundant.

Latest. I'leistocene time is not cas.v to subdivide on the basis of

change and evolution of faunas or floras. It was too short. In Cali-

fornia we are able to recognize only a twofold division: IRVINO-
TONIAN (earlier Pleistocene), named after the Irvington fauna in

beds at the south end of San Francisco Pay. and HAN'CIIOLA-
BREAN (later Pleistoeene l, named lifter ihi' fauna of Kanrho La
P.rea.

In the Pautista beds of liiversich' County we (ind Eijintx (a large

true horse), Udoeiiileu.i (true deeri, jack rabbits, ground sloths,

eamels, tapirs, and lu-onghorns that may he the same as a strange

four-horned species at Irvington.

The Manix beds, near ISarstow in San P.crnardimi County, have
yielded an unusual assortment of fossil nuimmal si)eciniens; prac-

ticall.v all are fraguuuits of lind) bones. These beds nuiy be I5LAX-
CAN to RANCIIOLAP.KEAX in age. but tlu' evidence for exact

dating is poor at present.

One of tlie most interesting rei-ords of past bind life in southern

California is the oeiMirreucc of mammoths on Santa Rosa. San
Mi.cnel, Santa < 'ruz. and .San Nicolas Islands. .Mannnoths migrated
into North Amei-iea from Eurasia during Pleistocene time (post-

ISIanean i. .\ll known speci<'s on the mainland were the size of circus

eleiihaiits. or largi-r ... 1(1 to 14 feet in shoulder height. The island

foi'ms differ considi'rably from |ilaee to jilace. but nuist had a height

of only () to !) feet, particularly on Santa Rosa Island. Dr. Chester

Stock believed that these island f(U'ms represent a population that

got there sometime during the Pleistocene when the Santa Monica
niountain area exteiuled mtu-h farther out to sea than at present,

and was a continuous land projection. Later, as this peninsula was
cut up into islands, the mammoth population evolved into dwarfed
forms Dwarfed races of mammals are well kiunvii on islands; ap-

parently this ph 'Uonienon results from inbreeding and an accelera-

tion of evolution, which favors the survival of smaller and smaller

individuals. Faetiu's such as reduced area of range and rediii'ed food
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supply may bo iiii]i(irtant in the development of sneh pytrmios from

normally lnif;e beasts. Curiously enough, the only other fossil mam-
mal known from the Channel Islands is a speeies of Peromyscus

(deer mouse) from Santa Rosa. It was larjrer than its relatives in

the area today.

The elimate and topographie eonditions of the Channel Islands

are indicated by the Willow Creek fossil tlora from Santa Cruz, and

by the living flora of the island and adjacent mainland. All the

species of plants in the fossil assemblage now live in coastal Cali-

fornia : Douglas fir, closed-eone pine, Gowen cypress, pine mistletoe,

wax myrtle, blue blossom, silk tassel bush, manzanita, and creek dog-

wood. A modern forest of this type is seen at Fort Bragg, 440 miles

northward. The rainfall may have been about 'Sn inches over an

8-month period, with the mean temperature about .'52°
; fogs probably

occurred almost daily through the rainless months. This seems to

have been a southward extension of a northern flora, maybe at the

time of maximum glacial development on the inland mountains and

on the northern interior of the continent. Certain types of living

plants are found only on these Channel Islands and on the ad.iaeent

mainland, a fact that also suggests a former land connection to the

islands.

Animal and plant remains have been quarried from asphaltic

deposits at Carpinteria, Santa Barbara County. This locality is

unrivaled from the standpoint of showing a balanced sample of

mammals, birds, marine mollusks. and land plants of the same

geologic age . . . all are well represented. The Cdrpinleria flora is

somewhat like thi- Willow Creek flora in that it is vegetation of a

type now found on coastal California. Most of the Carpinteria i)Uiuts

are now living in the Monterey pine forest, 21)0 miles northward;

thus the Cariiinteria area evidently was cooler and more humid at

the time of the plant accunndatious. Conifers and manzanita arc

the plants most abundantly re]n-csentcd in the flora, which also in-

cludes Bishop. Monterey, and digger pines, (iowen cypress. California

juniper, coast redwood, wax njyrtle. coast live oak, California bay

laurel, great -berried manzanita, and blue elderberry.

Among the Carjiinleria mannnals, the dire \V(.lf. giaiil imI. camel,

horse, and bison are extinct, and the deci' mice, kangarud rals.

gophers, and meadow mice are most common. In contiast to llie

climatic coiulitions mentioned above, R. W. Wilson noted that scmic

of the mammals must have lived in semiarid. open terrain ami

grassland.

All told, more than (10 species of birds have been found in the

Carpinteria asphalt, and )i6 percent of these ai-c extinct. Strangely,

few shore or wading birds were foinid. Most of the siiccics indicate

principally a woodland area in the region.

Quantities of fossil remains are known from another late Pleisto-

cene asphalt deposit at McKittrick, in Kern County. Of the 4.') species

of mammals found there, 20 are extinct; and of 88 species of birds,

9 are no longer living. The regioiuil environment was much the same

as it is there today.

In what is now Hancock Park, along Wilshire Boulevard in Los

Angeles, lie 23 acres of ground that have yielded one of the most

famous concentrations of past bird and mammal life in the world.

This is Ratichn Ln Breti. asphalt death trap for thousands of early

native Californians. The fauna from these tar springs is more than

worthy of being the type for the later Pleistocene provincial age

in North America: RANCIIOLABREAN.
The .story of Rancho La Brea is .so well portrayed by the exhibits

at Hancock Park and at the Los Angeles County Museum, and it

has been so thoroughlj- documented by research workers frf)m the

Los Angeles Mnsetnn, the California Institute of Technology, and

the Tniversity of California, that a brief resume does no justice to

the fascinating and absorbing .story. In Stock's own words (1929,

p. 289) :

"The .scene at Ham-lio La Brea, as visualized from a sttidy of the

Pleistocene mannnalian life of this time and place, possessed on

occasion apparently a sombreness deepened by dramatic .significance.

These tar traps during their active periods appear verily to have

been ulcerous .spots on the face of Nature, where death mocked the

comparative serenity of life in the open.

"Within the borders of the pools where the petroliferous ooze

exerted a peculiarly tenacious grip on the victims, there doubtless

coidd be seen at times a curious array of mired hosts pitted against

a eymmon adversity. Innuediately without the confines of the trap

till- unwelcome tlcsh-eater lent his presence as a dominant partici-

|iaiit in the drama, truculently watchful of the prey so near at hand,

yet wholly unmindful of the end destined to overtake both fellow

anil foe alike. The cries and struggles of the wounded, the not infre-

(|iieut stench of olTal, and the fierce combats of those not yet mired

may well have made of the individtial trap a quagmire who.se horrors

,\]\i\ ini(|uities are n^w veiled with the inevitable passing of geologic

t inie.

Til appreciate fully the iLiagnitude of this amazing a.s.semblage of

animals, cme should read the papers of J. C. Merriam, Chester Stock,

I. live Miller. Allien Miller. Ilildegarde Howard, and others. The Los

Angeles County iluseum's handbook, "Rancho La Brea." presents

a sinumary treatment by Stock, and contains a bibliography. Almost
.')(! species of mammals : more than 110 species of birds ; a few siuikes,

turtles, and toads; and a score or more of mollusks, nullipeds, beetles,

ami bugs arc presently recognized. The plant record is relatively
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LIVING FORMS-
qrebes, egrets, herons,

ibis.spoonbills, swans,

bitterns, geese, ducks,

vultures, kites, hawks,
eagles,falcons, quail,

cranes, coot&,kilc)eer,

plovers, snipes, curlews,

d w i t c he rs, god w I ts, avocet s,

gulls, pigeons, doves, owls,

flickers.woodpeckersjhorn-

ed larks,ja.ys,rDagpies,

Rancho La
BIRDS

ravens, crows, thrashers,

cedar waxwings, shrikes,

meadowlarks, pine siskins,

goldfinches, sparrows,king

birds, chickadees, bluebirds,

blackbirds, orioles.

EXTINCT FORMS-
/lnaAer/7/a//a- duck- qoose.

Teratorn/s-c^\s.r\\. condorvulture

Breagyps-cor\Aor-\i\i\\.wt.

l^etmoregyps -\ ong-legged eag le

Parapai^o -iurVey, at al.

Brea Fauna.

LIVING FORMS-
shrews,co_yotes, wolves,

foxes, bears, skunks,

weasels, badgers, l^/nxes,

gophers,pocket mice,

kangaroo rats, white-footed

mice,meadowmice,ground
squirrels, grasshopper mke,

harvest mice.cottontails,

brush rabbits, pronghornsf?]

mountain lions(?l

MAMMALS
EXTINCT FORMS
Bison- bison
CanisfAenocyor))-A\rt wolf
Tremarctot/jer/'um short-faced

S/77//a2b/7-sabre-tooth tiger [bea

Fe//s a&vx-qianiirue cat.

Mammuthus-mammoths.
Mammut- mastodon.
Equus'V.'i Brea horse

Came/ops- wts\.err\ camelid.

Breameryx- smzW pronghorn.

Paramy/odon,/Voihroiher/umd.

i

RECENT

PLEI
sioCt^^

?llOcen£

£0CBI^^

3

NORTH AMERICAN
PROVINCIAL AGES,

RANCHOLABREAN
IRVINGTONIAN

BLANCAN
HEMPHILLIAN
CLARENDONIAN
BARSTOVIAN
HEMINGFORDIAN
ARIKAREEAN
WHITNEYAN
ORELLAN
CHADRONIAN
DUCHESNIAN
UINTAN

/
/

Manix Fauiia '^iRVINGT. .. .
,

itena FauiiaiRANCHOLABREAN

IRVlNGfoNIAN
Baulista Fauna

tcfuus-Xru.? horses

Ze/7(^5- jack rabbits

Came/ids -camels.
Odoco/'/eus -\r\xt deer
//7//,'(7r (5'/7/"/f7fe - pro n q h rn 5

l''l(;l'KK 10. I.alost fiiunas.
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[Kjor, witli Hilly piiir, rypri'ss. jiuiiprT-. live ii;ik. niiinzailita. coekli'-

bur, blui' i'l(lcrhiTi-y. iiiiil luK-kbt'rry thus far rt'c-orded, but it indi-

cates iiioiv inti'i'lor and arid conditions than those at Carpinteria.

There also is evidence in these deposits for the transition of life from

late I'leistoci-nc to Keeent, and liuman remains were found in one pit.

RAXCIIOLARREAN-afre faunas can be identified by predomi-

nance of livinj: species of small mammals and birds, coupled with a

few extinct (usually lartre) forms. Wr believe that liixon is a pood

guide fossil for the ajre.

Pleistocene marine or near-shore deposits at Newport Bay in

Oranfre County, and at San Pedro, Santa Monica, and Playa del

Key in Los Angeles County, have yielded land mammals (ground

,sloth, horse, tapir, small and large camel, bison, mammoth, and sabre-

tooth cat) and birds (eagle, vulture, (piail, and meadow lark), along

with forms that frequent the sea. In all marine deposits of this

type from which birds have been recovered, the e.\tinct diving goose,

Clicndytcs, is the dominant form. This bird apparently was flightless.

C{nirhis-i()n. And so we terminate our discussion—a faint glimpse

into till' fantastic labyrinth that is the complete record of changing

life communities, climates, and topographies of southern California

in past days.

No siunmary statement on this sub.iect can fail to pay homage to

the pioneer work of Dr. .John C. Merriam of the University of Cali-

fornia. IJescarch writings and guiding activities of the late Dr.

Chester Stock, Chairman of the Division of Geological Sciences at

the California Institute of Technology, together with the studies he

inspired his students and colleagues to accomplish, were responsible

for most of the descriptions in these pages. Dr. Loye II. Miller,

Professor Emeritus of Biology of the University of California and
"Padre" to his many admirers, is no less inspirational to the suc-

ceeding generations. He is similarly responsible for the compre-

hensive treatment of the fossil birds of California, though this was

but a small facet of his many productive interests.

Present workers who have added significantly to our knowledge

of the history of land life in southern California include Dr. Robert

W. Wilson of the Museum of Natural History at the I'nivcrsity of

Kansas; Dr. Ilildegardc Howard, Chairnum of tli<' Divisinu of

Sciences, Los Angeles County Museum; and Dr. Daniel I. A.\<'lrod,

Professor of (ieology in the University of California, Los Angeles.

Axelrod has published the greatest amount of iicrtiuent information

about the Moras and land paleoecology of this area, and has gra-

ciously allowed the writers to paraphrase his published .statements

and to cite information from his uiipid)lishcd inanuscrijits. To him

we are especially grateful.
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7. MARINENONMARINE RELATIONSHIPS IN THE CENOZOIC SECTION OF CALIFORNIA*

By J. Wyatt Durham. t Richard H. Jahns.J
AND Donald E. Savage §

INTRODUCTION

Highly fossiliferous marine sediments of Cenozoic age are widely

distributed in the coastal parts of central and southern California,

as well as in the Sacramento-San Joaquin Valley region farther in-

land. Even more widespread are nonmarine, chiefly terrestrial,

sequences of Cenozoic strata, many of which contain vertebrate

fauna.s characterized by a dominance of mammalian forms. These

strata are most abundant in the Mo.iave Desert region and in the

interior parts of areas that lie nearer the coast.

Marine and nonmarine strata are in .juxtaposition or interfinger

with one another at many i)laces, especially in the southern Coast

Ranges and the San Joaquin basin to the east, in the Transverse

Ranges and adjacent basins, and in several parts of the Peninsular

Range region and the Coachella-Imperial Valley to the east. These

occurrences of closely related marine and nonmarine deposits permit

critical comparisons between the Pacific Coast mammalian (ter-

restrial) and invertebrate (marine) chronologies, and it is with

these comparisons—examined in the light of known stratigraphie

relations—that this paper is primarily concerned.

The writers have drawn freely upon the published record for

geologic and paleontologic data. In addition, Durham has reviewed

many of the invertebrate faunas and has checked the field relations

of marine strata in parts of the Ventura and Soledad basins, the

Tejon Hills, and the Cammatta Ranch; Jahns has studied new verte-

brate material from the Soledad basin and has mapped this area and

critical areas in the vicinity of San Diego, in the Ventura basin,

and in the Caliente Range ; and Savage has made a detailed ap-

praisal of the vertebrate as.semblages, and has mapped critical areas

in the Tejon Hills. The areas and localities that have been most care-

fully scrutinized are shown in figure 1.

The manuscript was reviewed in detail by G. Edward Lewis of

the V. S. Geological Survey, who made numerous comments and

suggestions that resulted in considerable improvement. It should

be noted that his views are not wholly compatible with some of

those expressed in this paper, and tliat his critical appraisal thus

was particularly heli>ful.

Figure 1. Index maii of a part of .southern California, showing locations of

niarine-nonmarine ti«'-ins (li.s('us.»;e(l in tlie te.xt.

• A contribution frnm the Mu.Heuni of Paleontology of the TJniver.sit.v of California,
Berkele.v : CVmtriljution No. 664. Division of the fleiiloKieai Sciences. California
Institute of TechnolriKy.

t Pr«>fess(,r nf Paleonlolojiy. I'niver.vity of California. Berkeley.
I I'rofessor iit f leolnpy. California Institute of Technolfigy. Pasadena.
S Assistant Professor of I'aler.ntoloRy. University of (.'aiifornia. Berkeley.
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Kern County
San Luis Obispo

County

West side of

Son Joaquin Valley

San Francisco

Bay orea

Norrh
AmeriCon
provinciol

ages

(tefrestfiol

verlebrores)

Eu'opeon
reference

secrion

(srages)

Rancholabreon

ICrianac <m X
KETTLEMAN |

HILLS

JocoliUs

^l!
Moocopo
male

Imoxne}

TEJON
HILLS

Sanfg
Morgariio

fin. (morine)!

4

CROCKER
SPRINGS

non-rnorine
\

CAMMATTfl
RANCH

(COMMHTTI)

TECUYA

EXPLANATION

/\^^-^.\. S«ci

. Poti'iont of letreslrrol verieDra'es widm section

~ UncontO'rm'if •iilfun teci'On

- Formodon Mundory aolFtin lecdon

- unconformity representing mojor time <<

Saclion broken ' Foimalion boundory

formations ore nonmanne unless oiriernKse designoleO

vtrticoi ipoonq of Te'iiory cnrpnologic units >s Dated c

csiimoted duioiions in yeo's The Pleistocene epocl^ is

SOUTH
COALINGA
DISTRICT \! C la render) ion

Tamblor Im ~j
|

I

lmo(.fi>l
I

NORTH
COALINGA
DISTRICT

Ypresion

(SpOfnoCion)

If) n-n-fstriul v.-ii.-l»nit4- ni-rurr«-ines with Uh- KnniiM'jiii refcreiu-c j^prtitm. liMsctl in puit ii|'*'" 'ij'tii frf>ni Weaver, ft nl. (1044), Simpson (11>47).

hiTs linteil ill lf\t.



62 HISTORICAL GEOLOGY [BuU. 170

SoUdus fm~
Approximate present

•y~ir
Castojc ("jyjodelo") fm." (marine) -I-. "^—r-^ "tH^-^—

-~"

Mint Canyon tm

X '^ X

Upper gray member

X

M C
o o
> o

Lower variegated member

\\'-" \°^ Tick Canyon tm

' ^ " -
. .. ..D " '.V ...•(/'-..casement" ;;f-

1 , . \. ,
\o • \> i.,'J,''_ rocks v-^-'r;

>;• \v

-6000

-5000 "J

-4000 ^ f
• c

-3000 c S

V a.

-2000 o t

o

-1000 o ^
^ •

Horizontal scale in miles

Prepored by

R H Johns
1952-1954

Positions of

terrestrial verte-

brates witt^in

section

Upper Mint Canyon founa (or founas)

Lower ft^int Conyon fauna

Tick Conyon fauna

Fku'KK .'i. IHjiKrnmmatic section showinc rplations of stratiRraphic units, vcrtebrati' t'auiuis, anil <K-ciirreiirf.s of sprciticall.v ideiilifiable fossils in iht' Tii

•Mint Canyon, and assoeiatfii formatiitns of tht" Soledad liasiii.



Chapt. Ill] CENOZOIC MARINE—NONMARINE RELATIONSHIPS—DURHAM, JAIINS, AND SAVAGE 63

GENERAL FEATURES OF CORRELATION

Two chronologies are now in eoramon use in the Oenozoie marine

sections of California. One chronology is based on "metazoans," or

more familiarly "raegafossils," and has been used as a standard

in the correlation chart of Weaver, et al. (1944). This chronology is

based on the distribution of megafossil faunas within formations

and sequences of formations, and has evolved in a rather haphazard

and undisciplined manner. The units within the chronology have

been called stages and are based on the faunas of well known and

presumably characteristic formations. Bach stage is named after the

presumed typical formation; thus, for example, the "Vaqueros

stage" has been conceived from the "Vaqueros fauna" of the

Vaqueros formation.

The other marine chronology is based on distribution of Forami-

nifera in continuous sections (see, for example, Kleinpell, 1938).

The units of this microfaunal chronology also are termed stages, but

their names are not based on formational units. The studies leading

to the proposal of the various microfaunal stages have all been

made within the last 25 years, and have resulted in a carefully

disciplined chronology applicable to beds that contain Foraminifera.

The widely used mammalian chronology that has been applied to

terrestrial strata in North America comprises basic units that have

been termed "provincial ages." These provincial ages have been

assigned epochal positions in the Lyellian chronology (i.e., reference

to epochs such as Eocene or Oligocene) ; these positions do not agree

in all instances with the epochal positions assigned to correlative

intervals on the basis of invertebrate fossil assemblages, and verte-

brate paleontologists differ as to the extent of the disagreement.

Some lack of correspondence certainly exists, however, and for this

reason discrepant age assignments commonly are given to the same
formations by the invertebrate and the vertebrate paleontologists,

as noted for several California occurrences in the following sections

of this paper. When these discrepant epochal assignments are ana-

lyzed, however, they may be found to refer to the same "absolute"

age. It is to be hoped that, in the future, vertebrate and invertebrate

paleontologists can agree on identical boundaries for the Lyellian

epochs.

Lyellian dating of Pacific Coast Cenozoic strata involves repeated

reference to, and comparison with, the tj'pe European sections of

the Tertiary as defined by Lyell and Deshayes. This immediately

raises certain complications, in part because the types of the various

series do not occ\ir in superposition and thus their boundaries are

not adequately controlled, and in part because there is disagreement

among geologists and paleontologists with respect to the positions

and relative ages of vertebrate and invertebrate fossils in certain

parts of the European section.

Many investigators believe that the mammalian geochronology,

based on the common occurrence of mammalian genera in different

continental areas, offers the greatest possibilities for refinement in

Cenozoic intercontinental correlations. This view is founded mainly

upon the following premises:

1. Mammalian ^'enera that at present are considered siKnifirant to intercon-

tinental correlation are characterized by limited chronologic raiiKes in comparison

to similarly widespread cenera of other groups of animals in the Cenozoic.

2. Genera of restricted chronologic range are found in both Europe and Cali-

fornia.

3. These genera were able to disperse and migrate in a manner relatively

independent of environmental control as compared to most other organisms.

4. The critical mammalian genera moved rapidly enough so that the lag of

time in their <lispersal and the time differential of their appearance on different

continents fhomotfixis) are insignificant in time-stratigraphic terms of stage-age

magnitude.

Others argue that inter-continental migrations of mammalian
genera can be effectively blocked by narrow marine barriers for

epochs of geologic time, and hence that a complete and accurate

record of land connections might be critical in evaluating certain

differences in mammalian forms on different continents. Knowledge

of the geography and chronology of such connections is still far

from complete, but points 1 and 2 above would suggest that this

difficulty need not be a serious one. It also is argued that the

epochal boundaries in the marine section commonly correspond to

major epi.sodes of tectonic activity, and hence constitute logical

breaks in the sequence, but the available data suggest that this

concept is considerably over-simplified.

It cannot be denied that marine invertebrate fossils ordinarily

are much more abundant and widespread than terrestrial vertebrate

fossils, but this oft-repeated point has little real bearing on the basic

problem in a region where fossiliferous marine and nonmarine strata

appear in various parts of the same section. In California, for ex-

ample, there is no lack of marine-nonmarine tie-ins within the

upper Miocene-lower Pliocene part of the section, where the most

vexing discrepancies between vertebrate and invertebrate dating

occur. Thus it should be quite feasible to bring the Lyellian epochs

of the marine invertebrate chronology into ad.iustment with those of

the mammalian chronology, especially if jialcontologists can reach

agreement as to the positions of the ejiochal botindarics in the type

areas of Europe.

It is not the purpose of this paper to recommend specific ad.just-

ments between the vertebrate and invertebrate chronologies, but it

does seem desirable to indicate the position and magnitude of some

of the discrepancies that are known to exist. These are summarized

graphically in figure 2. which indicates the stratigraphic and paleon-

tologic relationships in 20 areas of Cenozoic rocks in California.
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The vprtii'iil positions of the rock units in cjich area are plotted in

aeeordanee with the invertebrate me^afannal seciuenire, which is

shown on the left-hand side of the chart. The occurrences of terres-

trial vertebrate fossils within each section are shown as accurately

as possible, and the adjacent vertical bars indicate the positions of

these assemblap;es in terms of a vertebrate chronoloji.v that is em-
ployed by many, though not all, vertebrate paleontolofrists. This

chronolo<ry is shown on the rifrht-hand side of the chart. Thus any
discrci)ancy between the invertebrate and vertebrate scales is re-

flected by a difference between the vertical position of that part of

the rock tuiit in which the vertebrates are found and the position

of the bar correspond in<r to the vertebrate assembla^'e in question.

Boundaries between Lyellian epochs are indicated by horizontal

lines across the chart except in the instance of the Miocene-Pliocene

boundary, which is at different levels in the vertebrate and inverte-

brate sequences that are shown. This conflictin<r boundary assis:n-

ment arises because the vertebrate-bearinpr rocks assifrned to the

Pontian and Sarmatian of Europe, which coniraonly are regarded

as equivalents of the Ilemphillian, Clarendonian, Neroly, Cierbo.

and Dclniontian (fi;;-. 2), do not occur in the type areas of the

Miocene aiul Pliocene section in Europe and were not inclnded in

the type <icscription. Assignment of the Pontian and Sanuati_an

(or their subdivisions or correlatives) to an epochal position has

varied chiefly accordin;.' to the paleontolofric discipline involved.

In the mammalian chronology, Pontian and Sarmatian correlatives

often have been placed in the Pliocene, whereas in the marine
chroiuilogies they generally have been placed in the Miocene by
mollnscan paleontologists (e.g., Clark, et al., in Weaver, et al., 1944

chart), or have been termed "Mio-Pliocene" or "Miocene-Pliocene"

(e.g., Beck, et al.. in Weaver, et al., 1944 chart; Kleiupell. 1938)
by some microiialeontologists. They also have been regarded as

Miocene in continental correlations b.v some mammalian paleon-

tologists. This purely terminological discrepancy has led to the

peculiar situation, noted long ago by Heed and Ilollister (19.!fi,

pp. ir)8(i-ir)88), in which "the Lower Pliocene of most vertebrate

paleontologists is at least in part the equivalent of the Tpjier .Mio-

cene of the invertebrate paleontologists."

CORRELATIONS IN CALIFORNIA

Poway CiinijUimtratc. The earliest record of laud mammals pres-

ently known in California is found in the Poway conglomerate and
at the top of the underlying Rose Canyon shale of the La Jolla

formation (Stock, 19:17, 19:i8a, 1939; Wil.son, 1940b), near San
Diego (fig. 1 I. The I'ow-ay fauna inchulcs an iiiscctivorc, an anapto-

morph primate, at least six species of early scinrniii(ir|ili rodents, a

brontothere ("titanothere"), and an amynodont rhinoceros. The
total aspect of the assemblage indicates that it is in about the same
.stage of evolution as the Wagonhound fauna of the Rocky Mountain
region, Uintan provincial age (late Eocene), although there are no
species in common (except possibly one) between the two areas.

Pour genera of carnivores are common to Europe and North America
in late Eocene time, but none of the.se has yet been found in the

Poway beds; hence, no direct comparison with Europe is possible.

The Poway fauna must be compared with the early faunas of the

Sespe formation or with the T'inta faunas, which in turn are sug-

gested to be contemporaneous with the European mammals reported

to represent the Bartonian or Ludian stages. The position of the

Poway mammals with respect to the invertebrates recorded from
the formation by Ilanna (1927b). Dusenbury (1932'), and Cushinan
and Dusenbury (1934) is not clear, but examination of Hanna's
map (1927a) would suggest that the brontothere was obtained from
about the same stratigraphic position as Du.senbury's faunule. On
the ba.sis of the meager data now available, the relative stratigraphic

positions of the other mammal occurrences are uncertain.

According to the chart in Weaver, et al. (1944), as well as the

investigators li.sted above, the marine fossiliferous part of the Poway
conglomerate is to be correlated with the Te.ion stage. This is about

early upper Eocene in local terminology, and is considered equiva-

lent to the Bartonian stage of Europe as shown in the Weaver
chart. Cnshman and Dusenbury (19.34) also correlate their foram-
inifcral faunule with the upper Claiborne faunas of the Gulf
Coast. According to the correlation chart of the Gulf Coast region

(Cooke, et al.. 1943), the upper Claiborne is about equivalent to

the .\\iveisian stage (next older stage than Bartonian) of Europe,
(tn the other hand, the middle Claiborne has yielded a titanothere

of late T'intan to D\ichesnean type (Gazin and Sullivan, 1942). which
raises some complications (fig. 21. It would appear that there is

general but not preci.se agreement that the age of at least a part

of the Poway conglomerate is about early upper Eocene.

^cspc Formation. The Sespe formation, which is widely dis-

tribiitcil ill parts of the Transverse Range and Peninsular Range
I)rovinccs of .southern California, has yielded vertebrate faunas of

several different ages. The Tape Ranch faunas of Stock (1934a, b. c)

and Wilson (l!t4()a, c; 1949a, c) are contained in the lower half of

the 7,4(111 feet of sediments referred to the Sespe in the Simi Valley

area (fig. 2), ami nuiinmals of this fauna occur between 1,830 feet

and 3,270 feet above the base of the formation (Stock, 1932a). Here
the iiiniinariiie Sespe section is rep(U-ted to be separated from the

underlying marine Llajas formation by an erosion interval (Stock,
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lfl;!2iil. Imt ill pliu-os the two t'oniiatioiis appear to bo coiiformablp

(Stipp. 1!U.'!). Ai'cordin<r to Ijaimin<r (1941). the youn^ri'st marine

beds of the Llajas are to be referred to his H-IA zone, whieli is either

late Domeiifrine or "Transition" age in the mefrafaunal seqnenee.

The Tapo Raneli fossil vertebrates constitute the earliest luani-

malian a.sseniblage known from the Sespe formation, and are con-

sidered to be of about the same age or a little younger than the

Powa.v fauna. Two faunal stages are recognized (Stock. 1934a. p.

1.50; l!).'54b. p. 349) from the fossiliferous part of the Tapo Ranch
section. A part of the assemblage is Uintan (late Eocene), and is

thought to be contemporaneous with the Myton fauna (Uinta C)

of Utah. Species of Viverranis and Miacis( ?), two carnivores, offer

a means of comparison with species of these genera reported from
deposits of the Ludian stage, from the type area of the Eocene in

France, although the Uiidian may be younger than Uintan. A dis-

tinctly younger part of the assemblage seems to correspond to the

fauna from deposits that overlie the Upper Uinta (Uinta (') strata

of the Uinta Basin (Stock. 1932a. p. 523; in34e, p. 625), and hence

is probabl.v Duchesnean (latest Eocene).

Although the position of this uppermost Eocene fa\nia is com-

patible with that of the invertebrate fauna of the underlying marine

strata, complications with respect to the Duchesnean are recognized

in other regions. As pointed out by G. E. Lewis (personal communi-
cation), Xdtidtitaiwps, a titanothere found in situ in the Lisbon

formation of the middle Claiborne group in Mississippi, is clo.ser to

Telrodus of the Chadron and Duchesne River assemblages than to

any otlier genus, although there are resemblances to Diplncodini.

Protitanotlicrium, and Entitniiothcrinm of the Uinta (Gazin and

Sullivan. 1942). The marine I^isbon formation, however, is gener-

all.v regarded as a correlative of the Lutetian stage, or distinctly

older in terms of tlie Eurojican reference section (fig. 2).

The ujjper part of the Sespe section on the north side of Simi
Valley has yielded a sparse vertebrate fainia that includes Arch(iri)-

lai;iis{ :) and a le])tauchenid (Wilson. 1949b). These forms, which
are regarded as Arikarcean (early Miocene) in age. occur strati-

graphically below an intcrfingering contact between the Sespe strata

and overlying marine Vaqucros strata (fig. 2), and hence are in

reasonabl.v good agreement with the mcga-invertebrate chronology.

Stock (1938b) described 'I'llaidiiM, a brontothere, fnmi the type
Sespe formation of Sespe Creek, north of Ventura (fig. 1 ). This

specimen is dated as Duchesnean (latest Eocene), and it was found
400 feet to 700 feet above the Coldwater sandstone (fig. 2). The
paleontological collections of the University of California contain

specimens of Turritrlhi iiraxnua snrijranti from the Coldwater strata

on Santa I'aida Creek, indicating a Ti'.jon age. but Clements (1943)

and others have stated that the Sespe formation rests unconformably
on the Coldwater sandstone. Thus evaluation of the age relationships

is somewhat uncertain, except that the Sespe of the type area is

younger than the Coldwater sandstone.

In the South Mountain area, about 20 miles southeast of the type

Sespe area, a few mammals have been found in the Sespe formation
between 400 and 2,000 feet beneath its contact with the conformably
overlying marine Vaqueros formation. These mammals include oreo-

donts and rodents (Stock, 1934d), and are considered to be of prob-
able Arikareean age (early Miocene). The overlying Vaqueros for-

mation in this area is considered to represent the "lower" Vaqueros
by Loel and Corey (1932, correlation table).

Fossil vertebrates also have been obtained from the upper part

of the Sespe formation in the Las Posas Hills, appro.ximatel.v (i nules

south-southeast of the South Mountain area (fig. 1). An erosional

break separates the terrestrial beds from overlying marine strata

of Miocene age (fig. 2). The fanna, whic-h is large and includes much
relatively complete material, is wholly different from the other Sespe
faunas (Stock. 1933a. b. 1935c; Wilson, 1949b). The rhinoceroses,

hor.ses, camels, carnivores, rodents, and other forms are represented,

but oreodonts are absent. Although the fauna can be correlated in

a general way with that from the lowest fossiliferous bed.s of the

Sespe formation at South Mountain (Stock, 1934d, p. 523), it ap-

pears to be Wbitne.van (late Oligocene). rather than Arikareean
(early Miocene), in age (Stock, 1933a, pp. 26-27; 1933b, p. 31;
Wilson, 1949b, p. 63).

Teciiya Furmatiun. At Tecuya Creek, about 40 miles north of the

South Mountain area (fig. 1), a fauna of Arikareean age occurs in

red beds of the Tecuya formation on the north side of the Tehaehapi
Mountains (Stock, 1920, 1932c). The fauna includes squirrel, rhi-

noceros, oreodont, dog, and a small deer-like animal. According to

the available evidence, the Tecuya beds both underlie and inter-

finger w'ith strata of the Vaqueros formation (fig. 2). Loel and Corey

(1932, correlation table) regard the Va<|ueros formation of this area

as considerably younger than the basal Va(iueros at South Mountain,

and consider it to represent their "upper" Va<|Ueros.

Thus in two places. South Mountain and Tecuya Creek, terrestrial

beds that lie beneath the Vaqueros formation are dated as lower

Miocene in the vertebrate chronology, although it is well to note that

the Aipiitanian stage of Europe, with which the lower Arikareean

is correlated (Simp.son. 1947), is not contained in Lyell's t.ype Mio-

cene, and that it has been considered as part of the upper Oligocene

by some investigators. If the vertebrate evidence is significant, it

would appear that the Vaipieros "stage" must be at least in part a
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((irrelative of the upper A({uitaiiian or perhaps even tlie lower Bur-

difraliaii of Europe. This eontrast.s with the correlation indicated for

the "micro" classification in the chart of Weaver, et al. (1944),

where the Va(iiieros is indicated as beini; at least in part as old as

the Kui)elian stage of Europe.

Xniimariuc Beds of the Cnli(nle Range. Prom the Caliente

Ranfre, near the southeast corner of San Luis Obisjio County (fig.

1), Dougherty (1940) has described land mammals that occur in a

thick section of nonmarine beds. After detailed study of the inter-

grading relationships between marine and nonmarine sediments in

this area, he concluded that the fossiliferous beds are at the same or

at a slightly lower stratigraphic level than rocks corresponding to the

upper part of the Relizian stage, and that the.v are to be correlated

with the uppermo.st type Temblor formation and with a part of

the overlying Gould shale (fig. 2). Much of the mammalian assem-

blage described by Dougherty is characteristic of Hemingfordian

(mid-Mioceiu') faunas, but other parts of the assemblage may be Bar-

stovian (late Miocene) or younger. Indeed, the antilocaprid found

highest in the section at Padroncs Spring (Calif. Inst. Tech. Loe.

170 and I'niv. (California Mus. Paleo. Loe. V2704) is a type that

might be dated as not older than Clarendonian (early Pliocene).

The nonnuirine sediments of the Caliente Mountains area appear to

represent a large span of later Cenozoic time (fig. 2), and the verte-

brate assemblages ma.v represent two or more distinct faunas, each

of which can be correlated with a different part of the marine sec-

tion (Eaton, (irant, and Allen, 1941, )). 230). It is clear that this

area of mariiu^ and terrestrial sediments otters interesting strati-

graphic problems for future study.

Mini Cantjon and Tick Cannon Fornidlions. The Mint Can.voii

formation of the Soledad basin, in northwestern Los Angeles County

(fig. 1), has been the major focal i)oint in southern California about

which controversy over the Miocene-Pliocene boundary has swirled.

The difficulties have stemmed in part from a discrejjancy between

the invertebrate and some of the vertebrate chronologies, a.s noted

in a foregoing section of this paper, aiul in part from interpretations

ba.scd upon vertebrate faunas whose stratigraphic positions were

imperfectly known. A detailed study of some of the noiiiuarine strata

in the Soledad basin (Jahns, 1940) demonstrated that a well-defined

fauna, comprising forms distinctly older than all the others known

from the section, represents the lowermost beds of the Mint Canyon

formation as originall.v defined by Kew (1924, pp. .'12-54). This fauna

comprises rodent, hor.se, camel, and oreodoni rcniaius of ,\rikareean

and po.ssibly earliest Hemingfordian age (fig. 2), and the linls in

which it occurs are now included in the Tick Canyon formation,

which is separated by a slight ercjsional break from the overlying

Mint Canyon formation as redefined (Jahns, 1940, pp. 163-166).

Further study has shown that at least two distinct vertebrate

faunas are present in the Mint Canyon formation as now restricted.

The older of these is in large part undescribed, .so far as the pub-

lished record is concerned. It occurs in the lower one-fourth to one-

half of the formation, which is characterized by relativel.v fine-

grained and variegated strata (fig. 3). Fossil material from the

Bouquet Can.von and San Franci.squito Canyon areas includes rep-

resentatives of the horses, rhinoceroses, camels, antelopes, and carni-

vores, and corresjjonds very closely to the assemblage from the Bar-

stow formation of the Mo.jave Desert region. Thus the lower part

of the Mint Canyon formation is Barstovian. or late Miocene, in

age (fig. 2).

The younger mannualian material in the Mint Canyon formation,

which occurs in an upper sequence of coarse-grained, prevailingly

light-colored strata (fig. 3), ma.v comprise two faunas of ditfering

ages. It includes a Hipparion verv similar to a well-known species

from the Ricardo fauna of the Mojave Desert region. This is a horse

with higher-crowned teeth as compared to Mcriicliippiis of the Bar-

stow formation. Largely on the basis of this horse, the upper part

of the Mint Canyon formation is dated by many vertebrate (lalcon-

tologists as later Clarendonian (earl.v, but not earliest Pliocene oi'

the mammalian chronology). Other vertebrate paleontologists, in

contrast, regard this occurrence as representing the first appearance
of Ilip/iarioH in North America during Barstovian (late Miocene)
tinic. whence the genus migrated to Europe. In Europe the genus
first apjiears in strata of the Sarmatian stage, which is regarded by
these same investigators as latest Miocene in age.

The Mint Can.von .strata are overlain with distinct angular un-

conformity bv the marine Castaic formation (Winterer and Durham,
Eastern X'entura basin Map Sheet, this volume), the Jloddol?) or

"JModelo" formation of earlier investigators. These nuirine beds con-

tain molluscan, echinoid, and foraminiferal faunas that have been
dated as of ])robable "Cicrbo" age iu part and as of '".Neroly '" age in

the mcgafa\inal seijuence, and in part as of Mohnian age in the

microfaunal se(|uence (Durham, 194S; White and liutlington, l!t48;

Wright, l!(4Si. In both marine classifications the assigned ages are

referred to the upper Miocene.

These relations point np a scrimis disercpancv between the in-

vertebrate ehrouologv ami the vertebrate chronologv that is favored

by many paleontologists (fig. 2), a discrepancy that can be resolved

luily by .igrci'irirnt among paleontologists as to the fornuiticuial aiul
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faunal succ-essions, wliich is fmulameiital to cdrrclation of these

chronoloixies with the Lyellian epochs. The problem is summarized

in figrure 4, in which the positions of the Mint Canyon formation

and overlyin'if marine strata are plotted, aecordinp: to each of the

chronologies, with respect to a horizontal line denoting the Miocene-

Pliocene boundary.

Pnente Formation. Somewhat similar problems of dating are

posed by occurrences of fossil mammals in the marine Puente forma-

tion of the Puente Hills, in southeastern Los Angeles County (fig.

1). These scattered remains include Hipparion, and may occur in

strata that contain a lower Mohnian microfauna. There appears to

be some doubt, however, as to the true stratigraphic relationshijis

of the only definitive vertebrate material, a horse tooth.

Maricopa Shale. A thick section of Maricopa shale, in which

fossiliferous nonmarine strata are present, is well exposed in Quatal

and Apache Canyons, in the upper part of the Cuyama River drain-

age near the northwest corner of Ventura County (fig. 1). The
vertebrate as.semblage includes horses, oreodonts, a camel, a masto-

dont, a carnivore, rodents, and birds, and in part appears to be of

Barstovian age. It is distinctly younger than the fauna of the

Tecnya formation, and perhaps is in part of the same age as the

Barstovian fauna from the Mint Canyon formation (Gazin, 1030. p.

63). On the other hand, some of the forms appear to be of Claren-

donian age, and it seems best to divide the known vertebrate as.sem-

blagp into two distinct faunas (C. L. Gazin, personal communica-

tion). Further stratigraphic study of the fossil occurrences might

well disclose relations similar to those of the Mint Canyon formation.

The Maricopa shale is underlain by the marine Vaqueros forma-

tion (fig. 2), and is overlain uneonformably by marine "Santa
Margarita" strata of late Miocene age. Marine beds within the

Maricopa section permit dating of the vertebrate-bearing strata as

Temblor (Gazin, 1930, p. 61) or slightly younger. Thus a Barsto-

vian age for the vertebrate-bearing strata is reasonably compatible

with the age indicated by the megafaunal invertebrate seinuMicc.

but a younger age assignment for some of the veterbrate remains

once again would raise the Miocene-Pliocene boundary problem that

already has been discu.ssed.

Satita Margarita and Chanac Formations. Vertebrate fossils oc-

cur beneath the marine part of the "Santa Margarita" formation in

the Comanche Point area of the Tejon Hills, south-southeast of

Bakersfield (fig. I). Four miles south-southeastward, a slightly older

a.ssemblage (the lower fauna of Tejon Hills) is present in beds

that also are regarded as iinniiiMriiie parts of the "Santa Margarita"

section. This older fauna has been interpreted as latest Miocene in

age by .some investigators (e.g., Drescher, 1941, p. 8), and as

Clarendonian in age by others (e.g., Stirton, 1939a). Marine fossils

from the "Santa Margarita" strata (Nomland, 1917, p. 302) indi-

cate a Neroly age in the megafaunal sequence, and thus the rela-

tions of the vertebrate and invertebrate chronologies correspond, in

general, to those in the Mint Canyon area.

The younger fauna, from strata beneath marine beds of the "Santa
Margarita" formation, appears to be Clarendonian in age (Durham
and Savage, 1904). A third, still younger, fauna has been obtained

from the conformably overlying beds of the Chanac formation, and
is of later Clari'ndonian age (fig. 2).

At Cammatta (Commatti) Ranch, on the Highland monocline

about 20 miles southeast of Paso Robles (fig. 1), a vertebrate fauna

has been obtained from what appears to be an interval ,iust below

the base of the marine Santa Margarita formation. This fauna is

Clarendonian in age (Durham and Savage, 1954), whereas the age

of the associated marine strata would approximately correspond to

the boundary between the Mohnian and Delmontian stages of the

microfaunal sequence (Kleinpell, 1938, fig. 6).

The occurrence of the fossil dog Osteoborus in the marine Santa
Margarita formation at Crocker Springs (Vanderlloof, 1931; Bar-

bat and Weymouth, 1931), on the west side of the San Joaquin

Valley (fig. 1), is thought by many vertebrate paleontologists to

suggest an early Clarendonian age. These strata would be regarded

as upper Miocene in terms of the invertebrate chronology.

Neroly Formation. The marine Neroly formation, on the west

side of Mount Diablo in the San Francisco Bay region, yields fossil

remains of the horse Nannippns tfhonensis (Merriam). This indi-

cates an early Clarendonian age (Stirton, 1939b, p. 350). A few

miles southeast along the strike from the Neroly occurrence and
about 2,000 feet higher stratigraiiliieally, the well-preserved Black

Hawk Ranch mammalian fauna (Maedonald, 1948; Kiehey, 1948)

from the (Mjntinental Gi^-een Valley formation indicates a later

Clarendonian age. and may be in general correlative with the upper
fauna of the Mint Canyon formation (fig. 2). It will be recalled that

this upper Mint Canyon fauna is from beds that lie uneonformably

hcneafli the marine correlative of the Neroly and Cierbo formations.

This discrepancy in marine and nolnnarine correlations between

central and southern California is one of the outstanding |)roblenis

of current stratigrajihic interpretations in the State.

Strata of the Conlineja-Ki ttlemnn Hillx Area. In the North Coa-

linga district (fig. 1). northwest of Tulare Lake and about half-way

up the west side of the San .Ioai|iiin Valley, abundant vertebrate
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reiiiaiiis liave been taken from a locality known as the Merychippus
quarry (or Merj/chippiis "zone"). The fauna contains four canine

genera, one species of rodent, two species of Merychippus (a srrazing-

browsing horse), three other species of horses, a rhinoceros, a masto-
dont, a peccary, a cervid, and three species of camels (Merriam,
1915; Bode, 1934, 1935). The genera relative to which this a.ssera-

blage could be compared directly with mammals from the Miocene
series of Europe are the mastodont, Amphicyon, Hcmicyon ?, and
Monosatilax (G. E. Lewis, personal communication), but thus far the

dating of this fauna has been based exclusively on the evolutionary

advancement of the exclusively North American merychippine
horses relative to the horses in other, more complete, North America
faunas. On this basis the North Coalinga site is believed to be
Barstovian (late Miocene) in age, possibly early Barstovian. The
quarry is a sliort distance stratigraphically above the "Button Bed"
of the marine Temblor formation, and thus corresponds either to

the upper Kelizian stage or about to the boundary between the
Relizian and Luisan .stages (mid-Miocene of the mircofauiial classi-

fication). It is at the top of the Temblor formation and "stage"
(mid-Miocene of the megafaunal classification). Here, therefore,

there is little discrepancy of dating between the terrestrial and
marine classifications.

Terrestrial vertebrates are known from both marine and non-
marine strata elsewhere in the North Coalinga district (fig. 2).
The horse PUnhippus coalingensis (Merriam) was found about mid-
way in the type section of the marine Jacalitos formation by W. P.

Popenoe (unpublished data), and iu the so-called "nonmarine Jaca-
litos" beds as well as in the overlying marine Etchegoin strata
northeast of Coalinga (Nondand, 1916). The horse Ncnhipparion
nwlle (Merriam) also was found in the "nonmarine Jacalitos." The
Jacalitos formation is conventionally considered to be lower Pliocene
in the marine chronology based on mollusca and echinoids, whereas
the horses would indicate a later llemphillian age (late raid-Plio-

cene) in the terrestrial maranialiaii chronology of many paleontolo-
gists.

Woodring, Stewart, and Richards (1941, p. 98) cite the occur-

rence of horse teeth in the Siphonalia and Patinopecten "zones"

of the Etchegoin formal inn of the Kettleman Hills district. These

teeth were identified by Stock as belonging to the genus Piiohijipus,

and were thought by him and others to indicate a Clarcndouian age

in terms of the inamnialian chronology. It seems possible, however,

that the teeth coidd as well represent a hor.se of llemphillian age

(middle Pliocene). The Etchegoin formation is considered to be

middle Pliocene in the marine sc(|uencc, also (Weaver, ct al, 1944).

Is
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The San Joaquin formation is the uppermost of the more purely-

marine units in the San Joaquin Valley. Customarily it has been

referred to the upper Pliocene (Woodring, 1952) in both the marine

and nonmarine chronologies of the Pacific Coast. It is to be noted,

however, that if the vote of the last International Geological Con-

gress (1948) to place the beginning of the Pleistocene epoch at the

beginning of the Calabrian (marine) = Villafranchian (nonmarine)

stage (Moore, 1949) is followed, the San Joaquin formation prob-

ably can be regarded as basal Pleistocene, because it can be referred

to the Blancan provincial age of the North American mammalian
chronology, at least part of which in turn can be correlated in a

general way with the Villafranchian stage of Europe. Mammals
found in the San Joaquin strata (Woodring, Stewart, and Richards,

1941, pp. 97-98) include camels, peccaries, Equus (Plesippus),

Castor (beaver), Odocoileus (deer), and Plioma.stodon. The horse is

very similar to European species from deposits termed Villafran-

chian or Astian by different authors. These deposits include strata in

the type area of the Pliocene series.

Strata of Quaternary Age. The name "Equus cf. occidentalis"

has been applied to numerous isolated bones and tooth fragments

obtained from beds called San Pedro or Las Posas (Bailey, 1943;

Pressler, 1929; Woodring, 1952), and this name even has been cited

as characteristic for the equid material in formations of post-Pleisto-

oene age in the .succession of the Los Angeles area (Natland, 1953).

The name Equus occidentalis has come to mean a large horse com-

parable to that found in the Rancho La Brea tar pits, but most of

the specimens concerned could be referred to any of the larger

species of Equus. The frequent applioation of this name to speci-

mens that actually are indeterminable has given to it a halo of pre-

ciseness and chronological specificity that is wholly synthetic. As
pointed out by Savage (1951), one of the two type teeth of this

species was obtained from deposits of Blancan (late Pliocene) age

in Kern County, and the other was obtained from gravels in the

Sierra Nevada at an unspecified locality in Tuolumne County. Topo-

type material from the Kern County locality indicates a Blancan

age. According to Woodring (1952), the, Santa Barbara formation,

the San Pedro formation of Bailey, the Las Posas formation, and
the type San Pedro formation are all of a Pleistocene age younger

than the San Joaquin formation.

Insofar as known mammalian remains are eoncerried, the com-

plex of intergrading formations that have been termed Saugus,

Santa Barbara, San Pedro, and Las Posas in the Ventura basin, the

Los Angeles basin, and in border areas probably range in age from
Blancan (late Pliocene) through Irvingtonian (earlier Pleistocene),

and perhaps through Rancholabrcan (later Pleistocene), The evi-

dence thus far marshalled, however, is purely suggestive.

One of the youngest raarine-nonmarine "tie-ins" in southern

California occurs in the Palos Verdes sand in San Pedro, at the

Lumber Yard locality of various writers (Woodring, Bramlctte, and
Kew, 1946, p. 86). Here a Rancholabrcan (later Pleistocene) age

is indicated by the presence of Brson and species of smaller mam-
mals that still survive in the area. The Palos Verdes sand is con-

sidered to be no older than late Pleistocene by practically all

paleontologists (Woodring, 1952, pp. 405-406. fig. 1), no matter

what criteria are used. The terrace on which this deposit occurs is

the lowest of 13 upper Pleistocene marine terraces that are present

in the Palos Verdes Hills.

Summary. As indicated in figure 2 and in the foregoing para-

graphs, discrepancies between invertebrate and some vertebrate

correlations are present at many localities in California where
both marine and nonmarine strata are juxtaposed or show inter-

fingering relations. This is scarcely surprising when it is recalled

that the terrestrial vertebrate chronology and the marine mega-
faunal and microfaunal chronologies have been established more or

less independently on the basis of relations in widely scattered areas,

very few of which include localities discussed in this paper. The
most serious of the discrepancies involves the interval upper Mio-

cene—lower Pliocene, and involves problems of faunal and strati-

graphic correlation, as well as some purely terminologic difficulties.

At the present time, the available evidence is not adequate to

resolve many of the difficulties in correlation and dating, but the

following possibilities should be considered

:

1. The indicated correl.Ttions of an.v or all of the three chronolonie.s with the
European reference section may be incorrect.

2. The time .spans of some units in an.v of the clironolo^'ies may lie Kreater
than is ordinarily estimated.

3. Many fossils now considered to be time-stratiRraphic indices are not such,

but instead are only faoies indicators.

4. The time .span involved in dispersal of faunas, or certain critical miMubers
of faunas, may be preater than is currently recognized.

.^. Some of the European reference stiiRes may be facies of other stages rather
than seciuenlial to them (ef. Cigncui.v. liH,'?. and Movius, l!)4n).

6. The stratigraphic relations lietween terrestrial vertebrate-benring strata
and nuirine iu\ert<*hrate-bearing strata may be incorrectly reported or im-
perfectly understood in some areas.
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8. TERTIARY BASINS OF SOUTHERN CALIFORNIA
By William II. CoiiEV •

Prespiitprl in this paper are seven paleofreofrraphie maps, a paleo-

striK-tural outline map. and a eorrelation-trans^n-ession eliart for a

part of the southern California refrion. These have been prepared to

improve understandin<r of the extremely eomplex Tertiary structure

and stratisrraphy of the rejrion, and represent an attempt to outline

patterns of topography and sedimentation during several critical

sta<ies in its varied history. They are the results of accumulation and

coordination of data during 27 years of field, laboratory, and office

studies of stratigraphic formations and facies in southern California.

Xo .single individual could study and correlate all the sections on

which these maps and chart are based, and the writer gratefully

acknowledges the generous help of many other investigators. These

include members of oil-company staffs, and especially the staff of the

Continental Oil Company, as well as authorities from academic insti-

tutions and State and Federal surveys.

In the construction of the paleogeographic maps, precise correla-

tions were regarded as the most important factor and were given ex-

haustive study. Stratigraphic colunnis were prepared for each major

seaway area, and were correlated in greatest possible detail on regional

charts. All possible means of correlation were used, and were coordi-

nated on these charts with tlie lu-lp of all available known authorities.

Thus each correlation used is best considered as a consensus of

opinions. Known occurrences of strata of Paleocene and Eocene,

Oligocene, earliest Miocene, later early Miocene, middle Miocene, late

Miocene, and Pliocene age were plotted on majis, and symbols were

used to distinguish marine and nonmarine conglomerates, sandstones,

and shales. Based on the types, relationships, and distrib\ition of these

facies, probable general areas of erosion and deposition at corre-

sponding times were plotted on the maps.

A map showing the general distribution of older rocks and the

ma.ior structural framework of the region was prepared to furnish

the necessary background for interpretation of the principal episodes

of Tertiary history. Both this map and the paleogeographic maps

(figs. 1-8) reflect three basic concepts:

1. Ams "f prist-lMiionc crosiim iilid (li'pdsilioii liiivc licon n|iliffi-(l unit dpiircssi'd

iiiilinl.v tiy hUu-k f.TuItint: "f IIh* liasin ;n»l niiiKi- t.vpo. whirh in •.'(mhthI

tii'^im (liiriii;; Olifiocene tiriii- niid <-<iiiliimcd iiitiTinittciitl.v tlirounii the

T<Tti;ir.v period.

2. Miii).v liliicks liiivc revorsfd llicir rcliilivi' viTlinil posilimis .lUnig tlii'si- fnull

zones, and some Idocks have moved mnn.v miles lalenill.v alone tlnin.

:i. Kpisodes of (leforniation. erosion, and deposilion in all parts of a Kiven liloek

have been similar or elosel.v related.

• Uesearch Geologist, Western ReElon, Continental Oil Company.

The probable borders between high areas, in which erosion was
dominant, and low areas, in which deposition was dominant, were

outlined on the maps for the seven parts of the Tertiary period noted

above, and the probable maximum extent of the sea was indicated

on each of the maps. In general, it was assumed that at an.v given

time the pattern of erosion and deposition was determined by the

relative vertical and horizontal positions of the moving blocks, and
that most of the borders or shore lines of depositional basins were
controlled, at least in a broad wa.v, by the faulted margins of the

blocks. Also significant was the stage of regional uplift or subsidence

at a given time. It was found verv helpful, both as a check and as a

source of additional clues, to work back and forth between the gen-

eral map (fig. 1) and the paleogeographic maps, and to work for-

ward and backward in time between successive paleogeographic

maps. Absence of depo.sits of a given stage from a considerable part

of a block ordinarily was taken to indicate that none were laid down
there. The outlines of Tertiarv topography and sedimentation in

the area that is now submerged are of course more conjectural than
those in the area that is now onshore.

It should be pointed out that tlic effects of thrust fatilting in the

northwestern part of the area shown in figures 1-8 have been min-
imized or eliminated by restoration of the rocks to their presumed
respective positions prior to the faulting. This has not been done,

however, in the case of other faults with strike-slip, or lateral, inove-

ments, as definitive information concerning the direction and mag-
nitude of slip is not available for most of these faults. It should be

kept in mind, therefore, that lateral adjustments of considerable

magnitude might well be retpiired for accurate restoration of geog-

raphy during the Tertiary period (see Hill, Contribution \o. 1,

Cliapter IV). Finally, it .should be noted that the fatdts in figures

2-8 are .shown as they now exist, and therefore they must be re-

garded, in the strictest sense, as elements of the modern base map
on which the paleogeographic data have been plotted.

This study shows that tlie pattern of topogra])hy and sctliiucuta-

tion in the southern California region changed considerably from

time to time during the Tertiarv i>eriod. Broad land and sea features

of Eocene time were broken up by regional emergence with block

faulting during Oligocene time, but the general |)lan la.sted into early

Miocene time, when regional submergence began. IMarine transgres-

sion continued with few interruptions through Miocene time, and

( 7:i I
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f'li.l itK 1. .Miiji i.f :i purt of soiiIhiTri ('nlifnriiiii, showiii;; Iho rc;;ii>ti]il franiewdrk of |iost-l*;ociMH' pri'-l'liorfiie tjitilt triMuls iiiii) Tt-rtijiry Iii};liIaiHl areas of ohirr
rocks. Till' fault tri'iicl.s an* in'ci'ssaril.v jji'ueralized, cspeclall.v in tin* prcsi-iit offsliore an-a.



Chapt. Ill] TERTIARY BASINS—COREY 75

LEGEND
KNOWN 1. PROBABLV
ANCIENT FAULTS

_^ OBEATE3T SEA EXTENT

'////, HNOWN MIGM AREAS

•O . PHOBA8LE EXTENT
*^'0 COARSER CLASTICS

FiGVBE 2. Mnp of pnrt of MniriuTii Ciilifnrnin, showing genernl KPORrnphy :in(l pattorn nf srdimpnfntion in Pnlrncpiip find Korenr time.



76 HISTORICAL GEOLOGY [Bull. 170

LEGEND ^X^lKNOWN 1 PROBABLr \ 7^ ^—

v

ancicnt faults \ \^-^^
OBtATCST 3CA E¥TENT

///A •""OWN HIOH ARtA

FldUKE W. Mjii> of Ji part «>f sciithi-rii < 'alifornin, slmwiiiK gctu'nil K4'oj,'riiiili.v ini.l iniltcni nf sctlinipiitntion in ( Hit,'.»rriic tiiiif



Chapt. Ill] TERTIARY BASINS—COREY 77

LEGEND
KNOWN U PROBABLV
ANCieMT FAULTS

GREATEST SEA EXTENT

MOWN HIOH AREAS

Kir.iKE 4. Aliip (»f :i part of simthcni ('iilifnrtii;i. showiiii; jiencral Rpopraphy and pntti'ni of sodinii'iiijiiioti in parly Mio'-cno time.



78 HISTORICAL GEOLOGY [Bull. 170

SOUTHERN CALIFORNIA & OFFSHORE AREA

LOWER MIOCENE GEOGRAPHY
RELIZIAN AND

UPPER SAUCESIAN
W H COREY

n , PROBABLE CKTENT
'^'O COARSER CL*$riC5

KKjI RK ."». Map of a part of -soutbern ralif<trnia, showing general geoginpliy and jmltern of Kedimentation in Inter early Miocene time.



Chapt. Ill] TERTIARY BASINS—COREY 79

SOUTHERN CALIFORNIA 8. OFFSHORE AREA

MIDDLE MIOCENE GEOGRAPHY

W H COREY

PnOBABLE EXTENT It J
COARSER CLASTICS V\ f

OEUAINCC MIOM U 3
INTO EAWL* MOMNIAN \\ r

Figure 6. Map of a part of southern Cnliforniii showing general geography and pattern of se<Iimentution in middle Miocene time.



80 HISTORICAL GEOLOGY [Bull. 170

FlorW': 7. Mnji of a pnrt nf sinitlu'rii Califcu-iiia. slmwinu Kt'iii-ral ;.'i'Hi,'r;iiiliy .'itnl ii:ill*'ni nf s.'<Iiini'iitii(i"'ii in i;tti> Minirii.' (iinr



Chapt. Ill] TERTIARY BASINS—COREY 81

HERN CALIFORNIA iOFFSHORE AREA

PLIOCENE GEOGRAPHY

WH.COflEy

KNOWN MIGM ARC

PROBABLE eiTTfN
COARSER CLAS-

Figure S. Mjip of ;i jmrt of souIIhth Ciilifoniin. sIiowiiiK Kt'iH-niJ Krugraphy nnd jiiiltrrn of se<liinpnt)iti<m in riioccne time.



82 HISTORICAL GEOLOGY [Bull. 170

d V 1^



Chapt. Ill] TERTIARY BASINS—COREY 83

moved over a terrain made increasinfrly irrepfular by development

of a complex fault-block pattern of basins and ranges. Reversals of

vertical relations between blocks, as well as p;reat lateral offsets

along some faults, occurred over the region through Miocene and

Pliocene time. Many islands or highland masses, as well as deep

embayments and basins, were formed at different times, only to

founder or be broken up. The depositional areas and types of de-

posits in them varied considerably from place to place and from time

to time. A new shifting of the blocks ended the Miocene epoch, and
in Pliocene time some old basins were deepened, while elsewhere

new basins and highland areas were formed.

Marine sediments of the entire region, as a result of this changing

geography of post-Eocene time, were almost wholly clastic in nature,

and were derived from land areas of varied rock types. The sedi-

ments in many areas comprised facies that became increasingly

varied and restricted, although thick deposits of organic nature were

laid down over large areas during episodes of greatest submergence

in middle and late Miocene time. Much nonmarine deposition went

on in coastal areas, as well as in many interior valleys, through all

of Tertiary time except in the lower Pliocene.

IPOIINIA STATt WTINC OPPICt

99332 6-54 5M









TN24-C3-A3 wrakM *-.e«ci« uWuXy

STATE OF CALIFORNIA

DEPARTMENT OF NATURAL RESOURCES

GEOLOGY OF SOUTHERN CALIFORNIA
BULLETIN 170

CHAPTER IV

STRUCTURAL FEATURES

1954

DIVISION OF MINES
FERRY BUILDING, SAN FRANCISCO

L imuiiv
UMVERSHY Of CAUFORNIA

OAVIS



CONTENTS OF BULLETIN 170-GEOLOGY OF SOUTHERN CALIFORNIA
Chapter I—General Features

Contribution No.

1. Investigations and problems of southern California

geology ^ ,

2. Climute, vegetation, and land use in southern Cali-

fornia
3. Indian occupation in southern California

Chapter II—Geology of the Natural Provinces

1. Gt-ncial geology of the Mojave Desert r^ion, Cali-

fornia
2. GcoluKy of the Imperial Valley region, California
3. Geuluny of the Peninsular Range province, southern

Culifoinia and Uaja California
4. Geology of the Oceanside-San Diego coastal area,

Koutbern California
.". Geology of the Los Angeles basin
6. Geology of the Transverse Range province, southern

California
7. General geology of the offshore area, eouthern Cali-

fornia
5. i^ic-ological summary of the San Joaquin Valley, Cali-

fornia
J). GiM.logy of the Tehnchapi Mountains, California

10. Gfulugy of the central and southern Death Valley
region, California

Chapter III—Historical Geology

1. Correlation of sedimentary formations in southern
California

2. Kucks of Paleozoic age in southern California

3. AleHozoic formations and faunas, southern California
and uortliero Bajn California

4. The marine Cenozoic of southern California

5. FuKsil foraminifera of the I>os Angeles and Ventura
regions, California

6. Ceuozoic land life of southern California

7. Marine-nuuuiariue relationshipM in the Cenozolc sec-

tion of California
8. Tertiary basins of southern California

Map Sheet No.

1. Gfulugy of Cuyama Valley and adjacent ranges, San
Luis Obispo, Santa Barbara, Kern and Ventura
Counties

2. Geology of the Tunis-Pastoria Creek area, Kern
County

3. Geology of the Sespe Creek-Pine Mountain area, Ven-
tura County

4. tJcuIogy of the western Ventura basin, Santa Bar-
bara, Ventura, and Los Angeles Counties

5. Geology of a part of the eastern Ventura basin, Ix>s

Angeles County
6. Oi'ology of the Soledad basin, Los Angeles County
T. Geology of the Ridge basin area, I^os Angeles and

Ventura Counties
8. Groiogy of tbe Santa Monica Mountains, Ivos An-

gt-les and Ventura Counties
9. Geology of tbe weBtcrn San Gabriel Mountains, Los

Angeles County
10. Geology of the Little Tujunga area, Los Angeles

County
11. Geology of the Owens Valley reeion, Inyo County

Chapter IV—Structural Features

Contribution No.
1. Tectonics of faulting in southern California
2. A fault map of the Mojave Desert region
3. Seismicity of southern California
4. Rocks and structure of the northern Providence

Mountains, San Bernardino County, California
5. Tbe San Andreas fault zone from Soledad Pass to

Cajon Pass, California
6. Strike-slip displacement of the San Gabriel fault,

southern California
7. Turtlebacks in the central Black Monntains, Death

Valley, California

Chapter V—Geomorphology
1. Some physiographic aspects of southern California
2. Gcomorpbic processes in the desert
3. Physiographic features of faulting in sonthern Cali-

fornia
4. Beach and nearshore processes along the southern

California coast
5. Pleistocene lakes and drainage in the Mojave region,

southern California
6. Pleistocene glaciation in the upper San Joaquin basin,

Sierra Nevada
7. Marine terraces of the Ventura region and the Santa

Moaica Mountains, California
8. The nature of Cima Dome
9. History of the lower Colorado River and Imperial

depression

Chapter VI—Hydrology

1. Hydrology of tbe Los Angeles region
2. Hydrology of tbe Mojave Desert
B. Geology and hydrology of Ventura County

Chapter VII—Mineralogy and Petrology

1. Minerals ia southern California
2. Problems of the metamorphic and igneous rocks of

the Mojave Desert

MAP SHEETS

Map Sheet No.

12. Geology of the Talc City area, Inyo County
13. Geology of the Redrock Canyon-Last Chance Canyon

area, Kern County
14. Geology of the Rosamond Hills, Kera County
15. Geology of a part of the Shadow Mountains, western

San Bernanlino County
IG. Geology of tbe Quail Mountains, San Bernardino

County
17. Geology of the Alexander Hills area, Inyo and San

Bernardino Counties
18. Geology of tbe Barstow area, San Bernardino County
19. Geology of the Silurian Hills, San Bernardino

County
20. Geology of tbe north side of San Gorgonio Pass, Riv-

erside County
21. Geology of the Corona-Elsinore-Murrieta area. River-

side C<»unly
22. A typical portion of tbe southern California batho-

lith, San Diego County
23. Geology of the Jacumba area, San Diego and Im-

perial Counties

Contribution No.
3. The batholith of sonthern California

4. Miocene volcanism in coastal southern California

5. Pegmatites of southern California

6. Contact metamorphism in southern California

7. Contact metamorphism at Crestmore, California

8. Anorthosite complex of the western San Gabriel
Mountains, southern California

Chapter VIII—Mineral Deposits and Mineral
Industry

1. Salines in southern California

2. Saline deposits of southern California

3. The Mountain Pass rare-earth deposits

4. Tungsten in southeastern California

5. Base metal and iron deposits of southern California

6. Gold and silver mining districts in the Mojave Desert
region of southern California

7. Occurrence and use of nonmetallic commodities in
southern California

Chapter IX—Oil and Gas
1. History of oil exploration and discovery in California

2. Origin, migration, and trapping of oil in southern
California

3. Oil and gas production in California

4. Stratigraphic traps for oil and gas in the San Joa-
quin Valley

Chapter X—Engineering Aspects of Geology

1. Earthquakes and earthquake damage in southern
California

2. Residential and building-site problems in Los Angeles,
California

3. Subsidence of the Wilmington oil field, California

Map Sheet No.

24. Geology of a portion of Joshua Tree National Monn-
mf ut, Riverside County

25. Geology of the Carpinteria district, Santa Barbara
County

26. Geology of the Rincon oil field, Ventura County
27. Geology of the San Miguelito oil field, Ventura

County
28. Geology and occurrences of oil in the Ojai-Santa

Paula area, Ventura County
29. Geology of the South Mountain oil field, Ventura

County
30. Geology of the Honor Rancho oil field, Los Angeles

County
31. Geology of the Placerita oil field, Los Angeles County
32. Geobigy of the Dominguez oil field, Los Angeles

County

33. Geology of the Wilmington oil field, Los Angeles
County

34. Geology of the Long Beach oil field, Los Angeles
County

Guide No.

1. Geologic guide for the western Mojave Desert and
I>fiitb Valb'y region, southern California

2. Geologic guide through the Ventura basin, southern
California

GEOLOGIC GUIDES
Guide No.

3. Geologic guide for the Los Angoles basin, southern
California

4. Geologic guide for the southwestern part of the Los
Angeles basin, southern California

Guide No.

5. Geologic guide for the northern part of the Penin-

sular Range province, southern California



DEPARTMENT OF NATURAL RESOURCES

DeWin NELSON, Director

STATE OF CALIFORNIA

GOODWIN J. KNIGHT, Governor

DIVISION OF MINES
Ferry Building, Son Francisco 11

OLAF P. JENKINS, Chief

San Francisco Bulletin 170 September 1954

GEOLOGY OF SOUTHERN CALIFORNIA
Edited by RICHARD H. JAHNS

CHAPTER IV

STRUCTURAL FEATURES

CONTRIBUTING AUTHORS
JOHN C. CROWELL D. F. HEWEH
H. DONALD CURRY MASON L. HILL

BENO GUTENBERG LEVI F. NOBLE

JOHN C. HAZZARD CHARLES F. RICHTER

Prepared in Cooperafi'on WUh art Organizing Committee of

The Geological Society of America

JOHN C. CROWELL

RICHARD H. JAHNS
LAUREN A. WRIGHT

L. A. NORMAN, JR.

A. O. WOODFORD

UBRARY
UNIVERSITY Of CALlFORAiU

DAVIS





Editorial Note:

CHAPTER FOUR presents description and discussion of some of the major structural features in southern

California, including several that appear to be highly unusual. The older elements of structure in this region

are preserved in igneous and metamorphic rocks of pre-Cambrian, Paleozoic, and Mesozoie age, and reflect a

complicated sequence of geologic events that is yet to be deciphered in most areas. Among the problems that

have been attacked through a study of the older structural features in these rocks are the patterns of ancient

highlands and basins of deposition, the nature and timing of metamorphism, and the sequence and mode of

emplacement of the plutonic intrusives.

The younger elements of structure have received much more detailed attention, not only because the Cenozoic

history of the region is relatively well recorded in the geologic section, but also because they constitute such an

important part of this record. Dominant among these elements are master faults and fault zones that divide

much of the region into gigantic blocks ranging from tens to thousands of square miles in exposed area. Many
of these blocks are complicated internally by folds and additional faults. Some have had histories quite unlike

those of adjacent blocks, and movements within and between blocks have taken place at different times in

different areas. Deformation in many areas plainly is going on at the present time.

Numerous contributions in other chapters of this volume demonstrate the fundamental influence of

diastrophism on the geologic history of southern California, and the dominance of faulting in the pattern

and sequence of the tectonic events is emphasized by the contributions in this chapter. The major faults

include low-angle thrusts, some of which appear to have been folded, and nearly vertical faults along which

there has been considerable strike-slip movement. A remarkable feature is the absence of major normal faults

from large parts of the region.
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1. TECTONICS OF FAULTING IN SOUTHERN CALIFORNIA*
By Mason L. Hill t

INTRODUCTION

Our knowledgje of southern California 's structural plan is far from

complete. However, the results of much good mapping at a scale of

approximately half a mile to the inch are available for study on a

regional basis. This work, stimulated principally by the search for

oil, has been concentrated in terranes of Tertiary marine strata.

Other mapping, in areas of metaraorphie, plutonic, and volcanic

rocks, areas of pre-Tertiary strata, and areas of Tertiary and Quat-

ernary continental beds, has been accomplished mainly by State

and Federal agencies and by members of academic institutions.

Much of the mapping, although done for various purposes, por-

trays significant surface structural data. Numerous holes drilled in

the search for oil, perhaps with a density of spacing greater than else-

where in the world, add much subsurface .structural information

down to depths of 2 miles, again in the areas of marine Tertiary

strata. Reflection seismograph coverage, obtained primarily in the

search for oil within the Tertiary marine basins, has furnished some
important structural data, also to depths of approximately 2 miles.

Recent oceanographic studies by various agencies, institutions, and
oil companies have brought to light data of structural significance

off the coast of southern California. And finally, seismic studies in

this region of frequent earthquakes, principally by seismologieal in-

stitutions and Federal agencies, have revealed important structural

information, particularly because such studies give data from depths

of tens to hundreds of miles beneath both land and .sea.

The sum of information from these and other sources is truly

impressive, and although more and better data undoubtedly will

come to hand from future investigations, it becomes periodically

feasible, and scientifically advisable, to make tentative interpreta-

tions. The purpose of this paper is to utilize the currently available

data in attempting answers to the following questions: What are the

significant elements of structure in the southern California region?

What are the apparent dynamics of these features? What can be

deduced about their geologic historj- and origins?

In this day of ever-increasing production and .specialization, one

geologist obviously cannot .see all, read all, and understand all the

tectonic aspects of southern California. The present restricted ap-

proach is one of describing structural samples of the region, chosen
for their apparent bearing on the questions stated above. t The
• Published by permlsalon of the Richfield Ol! Corporation.
t Chief GeoIoKlst. Richfield Oil Corporation. Los Anpeles. The author Is Indebted to

many co-workers for data and Ideas relative to California tectonics, and to
Marie Clark, Rollln Eckis, and A. O. Woodford for criticism of the manuscript.

t The reader Is referred to other papers and maps In this volume and to the Geo-
logic Map of California (Jenkins. 1938) for systematic resional geology.

samples are faults because many long and deep ones are well dis-

tributed over the entire region, and because the dynamics of fault-

ing probably is better understood than any other type of crustal de-

formation (.see Anderson, 1942). The prime information relative to

the dynamics of faulting is the determination of sense of movements
on the faults. The true net slip or shift on a fault usually is difficult

to determine, as special conditions and criteria are required. Too
often separation (offset) is taken to represent actual relative move-

ment.

The next information essential to the understanding of the dy-

namics of faulting is the relationship of the faults to one another.

Involved here are pattern (both strike and dip relation.ships), rela-

tive size, relative age, and history. In other words, a fault dynamical
system comprises integrated movements on faults in response to a

single deformational environment (the strain effect from the causal

stress). It is of course essential to know that the faults are related

in space and time as manifestations of a single strain system. Diffi-

culties are introduced by uncertain age determinations of the faults,

as dynamical analyses of the movements must be based on the as-

sumption that a single strain system is involved rather than two
or more (lesser or greater; older or younger) separate deformation.s.

The reasoning employed here is founded on the premise that an
understanding of the dynamics of faulting will be an index to the

primary pattern of deformation in southern California. It is believed

that the .senses of the movements on many of the ma.jor faults in this

region are now well enough known so that an approach to the prob-

lem can be made at this time. It also is believed that with this knowl-

edge it should be possible to incorporate other structural features,

such as folds and minor faults, into the primary pattern of deforma-

tion. Furthermore, it is believed that from these analyses it will be

possible to make some sound inferences regarding the orientation of

stresses that are responsible for the regional strain pattern ; these

in turn should provide some understanding of the origin of crustal

deformations.

GEOLOGIC SETTING

Southern California is a region of sharp geomorphic and geologic

contrasts resulting from the juxtaposition of blocks, commonly sep-

arated by faults, that are made up of dissimilar rock types, sedi-

mentary sections, and structures, and that have unlike geologic

histories. The correlation of geomorphology and geology permits

subdivision of the region into several provinces. This has been don<

in various ways, and in more or less detail, but most of the divisions

( 5)
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cannot be regarded as wholly fundamental in a geologic sense. Thus,

when individual ranges and valleys are separated, the basic geologic

attributes of larger units are likely to be violated, and when large

regions are defined according to the distribution of major rock types

(e.g., "ba.sement" rocks. Reed and Hollister, 1936), certain signifi-

cant geomorphic attributes are consequently ignored.

A useful geomorphic-geologic subdivision of southern California

has been made as follows (see Geomorphic Map of California, Jen-

kins, 1938) : (1) Southern Coast Ranges, including the Salinas and

Cuyama marine Tertiary basins; (2) Southern San Joaquin Val-

ley marine Tertiary basin; (3) Southern Sierra Nevada-Tehachapi

Mountains and the southwestern part of the Basin-Ranges province,

including OweiLS. Panamint, and Death Valleys; (4) Mojave Desert

block, the westward pointing wedge that lies south of the Basin-

Ranges province; (5) Transverse Ranges, trending anomalously

eastward and marking the southern ends of the provinces noted

above. The western part of this unit includes the Santa Maria and

Ventura marine basins; (6) The Channel Islands (San Miguel,

Santa Rosa, Santa Cruz, and Anacapa ) and ad.iaccnt submerged
area, between the east-trending coast line and the continental slope.

This province is geologically qualified as a part of the Transverse

Ranges; (7) Los Angeles marine Tertiary basin; (8) Offshore area

west and southwest of the Los Angeles basin, including Catalina

and San Clemente Islands; (9) Peninsular Ranges, extending from
the Transverse Ranges south-.southeastward into Baja California,

and forming the east border of the Los Angeles basin; (10) Colorado

Desert block of southeastern California, which lies south of the

Transverse Ranges and east of the Peninsular Ranges, and which

includes the continental Tertiary basin of the Coachella-Imperial

Valley.

The principal rock units in southern California, viewed in terms

of tectonic behavior, are: (1) Unmetamorphosed marine Paleozoic

sediments of the Cordillcran geosyneline in the southwestern Basin-

Ranges province; (2) Pre-Cretaceous metamorphosed sedimentary

rocks and as.sociated granitic rocks of the northeastern Salinas basin,

the Sierra Nevada and Tchachapi Mountains, the eastern Transver.se

Ranges, the Mo,iave and Colorado Desert blocks, and the Peninsular

Ranges; (3) The Franciscaji group and other Mesozoic marine sedi-

ments and basic intrusives of the southern Coast Ranges, the western

part of the Transverse Ranges, the southwestern corner of the Los
Angeles basin, and Catalina Island; (4) Thick .sections of Creta-

ceous strata, mainly marine shales and sandstones of the southern

Coast Ranges, the western part of the Transverse Ranges, and the

east margin of the Los Angeles basin; (5) Very thick sections of

largely marine Tertiary strata in the southern Coast Ranges, the

San Joaf|uin basin, the western Transverse Ranges, the Channel

Islands, and in the Ventura and Los Angeles ba.sins. Thinner con-

tinental Tertiary deposits are present in the Basin-Ranges, Mojave

Desert, and Colorado Desert provinces.

Strain response to cau.sal stress is significantly influenced by the

characteristics of the rocks involved. Thick sedimentary sections

commonly deform by folding, with relatively close folds and reverse

or thru.st faults common in the regional uplifts, and broad and

gentle folding common in the relatively depressed areas. Granitic

terranes, and thin sedimentary sections overlying such rocks, gen-

erally deform by faulting. Franciscan rocks vary in their tectonic

responses because .some of the sandstones, metamorphosed or highly

lithified sediments, and igneous rocks are relatively competent,

whereas some of the shales, cherts, and serpentines are incompetents

Rock competency thus influences the relative importance of fault-

ing and folding within southern California, as one might expect

from dynamical theory and world-wide experience. Further, such

control of structural type is particularly impressive in this region

of thick and .semi-isolated basins of Tertiary marine strata. However,

an important exception to this rule of deformation also is particu-

larly impressive in California. It is evidenced by the common occur-

rence of lateral faults (Hill, 1947), many of which extend through

more than one geomorphic-geologic province without regard to rock

type, stratigraphic thickness, or competency. These lateral faults

seem to occur just as commonly in areas with thick sections of in-

competent sediments as in areas of granitic rocks. It is reasoned,

therefore, that these faults have been propagated upward through

rocks of all types from more homogeneous material at depth (near

the usual 10-mile depth of earthquake foci ) , whereas many of the

outcropping thrust faults probably originate within the relatively

incompetent material of their .surface occurrence.

The principal structural features of southern California occur in

the geomorphic-geologic provinces as follows: (1) Many northwest-

trending folds and faults are present in the southern Coast Ranges.

The larger faults characteristically trend more northerly than the

folds and associated smaller faults. (2) The southern San Joaquin

Valley is an a.symmetric basin in which the contained .strata mostly

dip and thicken southwestward. It is characterized by gentle and
variously oriented folds, and locally takes on the structural aspects

of the Coast Ranges to the west, the Transverse Ranges to the south,

and the Sierra Nevada-Tehachapi Mountains to the east. (3) The
southwestern Basin-Ranges province, including the Sierra Nevada,

is structurally characterized by northward-trending horst and graben

blocks. The mountain blocks show complicated older structural fea-

tures. (4) The Mojave Desert block is characterized by northwest-
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trending faults, and by northwest-trending folds where the continen-

tal Tertiary strata are thickest. (5) The Transverse Ranges, includ-

ing the Channel Islands, are typified by eastward-trending folds and
fault blocks. (6) The Los Angeles basin is characterized by west-

northwestward-trending folds and northwestward-trending faults,

and similar features occur in the adjacent oflfshore region. (7) The
Peninsular Ranges are typified by northwestward-trending fault

blocks. (8) The Colorado Desert is characterized by fault blocks of

diverse trends, and by sharp, west-northwestward-trending folds and
northwest-trending faults in areas of thick continental Tertiary beds.

TECTONIC PATTERN

The primary structural elements of southern California are two

sets of ma.ior faults (fig. 1). These faults range in length from tens

to hundreds of miles, and some of them are known, from seismic

evidence, to extend to depths of at least 10 miles. They are character-

ized by lateral slips. The most prominent set trends northwest and

shows right lateral movement (San Andreas, and others), whereas

the other set trends east-northeast and shows left lateral movement
(Garlock, and others). Such faults are considered to be primary

structural features of the region because they are longer and prob-

ably deeper than the other prominent features (reverse faults, thrust

faults, and folds), which are restricted to separate geomorphic-

geologic provinces. Thus an understanding of the dynamics of this

primary fault pattern should provide the correct approach to the

understanding of the development of more local, and perhaps even

more regional, structure.

The movements on these two sets of faults establish a regional

strain pattern of relatively outward moving wedges in an east-west

direction and a relative shortening in a north-south direction. Thiij

systematic strain pattern appears to extend over an area of more
than 100,000 square miles, as determined by the products of the

lengths of the conjugate San Andreas and Big Pine-Garlock faults,

and appears to have been in existence for more than 100 million

years, as evidenced by the probable age of the San Andreas fault.

This strain pattern is considered to be geotectonically important be-

cause it represents both a significant size, with respect to the earth's

surface, and a significant period of time, with respect to the earth's

history. Furthermore, the amount of deformation, as indicated by
possible cumulative off.sets on some of the lateral-slip faults amount-
ing to tens or even hundreds of miles, appears to be of major sig-

nificance.

This primary strain pattern is offered as a working hypothesis that

obviou.sly requires further checking. Of paramount importance is

the orientation of the principal component of displacement on each

of the major faults. It is believed that reliable data are available for

enough of the major faults to firmly establish relative east-west

extension and north-south shortening as the primary .strain pattern.

The next important check of the hypothesis is an analysis of local

strain patterns, which should be reconcilable with the primary pat-

tern. It is believed that the east-west trending folds and thrust faults

of the Transverse Ranges do fit the pattern as indicating a secondary,

upward relief to the regional north-south shortening (fig. 2). It also

is reasonable to expect that in the southern Coast Ranges the north-

west trending folds and thrust faults should develop as secondary

northeast-southwest shortening and upward relief in this region of

numerous major right lateral-slip faults that trend more northerly.

The final check, and of utmost importance relative to theories of

geotectonies, is the harmonizing of the primary strain pattern in

southern California with those of adjacent large regions, as the east-

ern Pacific border and the Rocky Mountains. The orientation and
origin of the stresses responsible for the primarj' strain pattern of

this region are as yet unknown, although possible answers to these

problems are discussed farther on.

MAJOR RIGHT LATERAL FAULTS

A few examples of important northwest-trending, right lateral-

slip faults are described below. According to the present thesis, these

faults eon.stitute one set of a conjugate fault system that forms the

primary strain pattern of southern California. Of these right lateral-

slip faults the San Andreas is di.scu.ssed first, because it is the great-

est as indicated by length (600-)- miles), displacement (perhaps

measured in hundreds of miles), and age (perhaps active since

Jurassic time), and because as the major structural feature of Cali-

fornia, it is tectonically the most significant.

San Andreas Fault. The San Andreas fault (Hill and Dibblee,

1953) extends from at least as far .south as the Gulf of California

northwestward through the Colorado Desert, Transverse Ranges,

and Coast Ranges (type locality is at Lake San Andreas on the San
Francisco Pjnin.sula), and thence offshore an unknown distance

northwestward from Point Arena. Prominent along its Recent trace

are sag ponds, ridges, truncated spurs, offset drainage lines, and
scarps (see Noble, Contribution No. 5, this chapter). The fault zone

comprises many local, sub-parallel, st-eep faults, not all recently

active, and is as much as .several miles wide in some areas. Dissim-

ilar rock types and sequences are characteristically in contact along

this zone. The throw is reversed many times along the trace of the

San Andreas fault zone, and these reversals of apparent vertical

movement are considered to be due in part to the juxtaposing of

unlike topographic elevations and rock sequences by lateral move-

ment.
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SECTION

Figure 2. Map and section showing strain pnttern in a part of southern

California. The pattern includes primary east-west relative extension on lateral

faults, and secondary upward relief on thrust faults.

The San Andrea.s fault i.s characterized by right lateral movement.

Except in some ma.s.se.s of Recent alluvium, these movements have

occurred almost everywhere along its course. Right lateral displace-

ments of 21 feet and 10 feet occurred on the fault during the 1906

San Francisco earth(|uake and the 1940 Imperial Valley earthquake,

respectively. Present drainage lines are clearly offset in many places

along the fault, and indicate right lateral displacements of as much
as one mile. Some older stream channels and terrace deposits of

Recent and Pleistocene age on the north side of the San Gabriel

Mountains appear to be offset several miles (Wallace, 19-19; Xoble,

Ciintribution No. .5, this chapter). Pleistocene .strata are offset ap-

I)ri)xiniately 14 miles in a right lateral sense by the fault in the

southern Temblor Range, and an upper Miocene facies contact ap-

pears to be off.set about ()•'> miles in the .same region. Miocene and
Eocene strata appear to be displaced at least 20 miles, and perhaps

much farther, in the San Gabriel and San Bernardino Mountains.

The petrologic similarity of the northwest end of the body of

Pelona schist in the San Gabriel Mountains and the northwest end

of the body of Orocopia schist near the Salton Sea, on the other side

of the San Andreas fault, suggests the possibility of an accumulative

right lateral-slip of approximately 160 miles in this southern area.

Similar interpretations of regional geology indicate or suggest that

movements of the same sort in the Coast Ranges have amounted to

175 miles since early Miocene time, 225 miles since Eocene time,

320 miles since Cretaceous time, and perhaps to more than 3.50 miles

since Jurassic time. Figure 3 shows these accumulative, and pos-

sibly progressive, off.sets on the San Andreas fault since Jurassic

time, and the insert palinspastic maps (Kay, 1945) suggest possible

space relationships at two stages in the history of this fault zone.

San Gahriel Fault. The San Gabriel fault (Crowell, 1952) ex-

tends from the San Andreas fault in the San Emigdio Mountains

southeastward and eastward into the San Gabriel Mountains. It is

steep and straight, and marks a contact between di.ssimilar rock

types. Its throw reverses along the trace. It separates the Ventura

basin from the Soledad and Ridge basins, as indicated by their un-

like sedimentary types, .sequences, and faunal facies (Bailey and

Jahn.s, Contribution No. 6, Chapter II). Upper Miocene conglom-

erate, composed largely of anorthosite clasts, occurs immediately

southwest of the fault in the eastern Ventura basin, and evidently

was derived from a uniijue in situ occurrence of anorthosite in the

western San Gabriel Mountains (Crowell, Contribution No. 6, this

chapter). The space relationship between source and depositional

sites thus indicates approximately 20 miles of right lateral-slip on

the San Gabriel fault since upper Miocene time.

Other Right Lateral-Slip Faults. In the southern Coast Ranges
are several northwest-trending faults on which cumulative right

lateral-slips probably amount to as much as several miles. In se-

quence southwest of the San Andreas fatdt they include the San
Juan, Cuyama, Nacimiento, and Suey faults (fig. 1). These faults

have apparent reversals of throw along their trend, and they sepa-

rate tinlike rocks and rock .sequences. They are long, steep, and
probably deep faults that trend approximately parallel to the San
Andreas, and hence are at least .suspect of having important right

lateral displacements. The San Juan fault, for example, appears to

displace a depositional contact of lower Miocene strata on granitic

rocks near La Panza, T. 30 S., R. 17 E., MD., at least 12 miles in a

right lateral sen.se (.see Geologic Map of California, Jenkins, 1938).

The Nacimiento fault zone separates granitic and Franciscan base-

ment rocks for a distance of nearly 200 miles to indicate the possi-

bility of great strike-slip disphicement. The Russell Ranch fault,

possibly the buried southeastern extension of the San Juan fault, is

known by stratigraphic relationships and electric-log correlations to

show a 5-mile right lateral offset of lower Miocene strata.
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In the Basin-Ranges region of southern California are several

important north-northvvest-trending faults that may have substan-

tial right lateral components of displacement, although normal-slip

faulting generally has been implied. These include the Sierra Nevada

fault, on which, at the time of the Owens Valley earthquake of 1872,

the maximum surface displacement comprised 2.3 feet of dip-slip and

20 feet of right lateral-slip (California Division of Mines, 1952),

and faults in the Panamiut Valley and Death Valley areas.

In the Mojave Desert province at least some of the northwestward-

trending faults appear to have right lateral-slip components of dis-

placements (T. W. Dibblee, Jr., and D. F. Hewett, personal com-

munications). Several of these faults extend southeastward into the

Transverse Ranges, and probably are tectonically analogous to the

above described northwest-trending segment of the San Gabriel fault.

In the Los Angeles basin the important northwestward-trending

Inglewood-Newport fault zone possibly separates unlike Miocene

strata and unlike basement facies (Schoellhamer and Woodford,

1951; Woodford, et al.. Contribution No. 5, Chapter II). It is over-

lain by ea.st-southeastward-trending en-echelon folds, and electric-

log correlations demonstrate a few miles of right lateral-slip. The
Whittier fault also has a component of right lateral-slip, as shown
by ofT.set drainage linos (e.g., Brea Canyon) and perhaps by a 3-mile

offset of a lower Miocene formation (A. 0. Woodford, personal com-

munication).

In the eastern San Gabriel Mountains the northwest-trending San
Jacinto fault appears to be characterized by right lateral movement
(Arnett, 1949). In the Peninsular Ranges the parallel San Jacinto

and Elsinore faults may have right lateral displacements (Dibblee,

Contribution No. 2, and Jahns, Contribution No. 3, Chapter II).

Both of these faults are characterized by long, straight, steep, wide,

and probably deep (10-mile earthquake foci) zones that have topo-

graphic and apparent geologic reversals of throw along their traces.

MAJOR LEFT LATERAL FAULTS

(InrUick Fault. The Garlock fault (Hulin, 1925; Hill and Dib-

blee, 1953; Dibblee, 1953) extends east-northeastward from the San

Andreas fault for a distance of 150 miles. It sharply separates the

Basin-Ranges and Mo.iave Desert provinces, and thus is an impor-

tant contact between unlike geomorphic units, rock units and se-

quences, and structural features. The trace of this fault, which is

clearly revealed, is straight and steep, and the fault probably ex-

tends to depths of at least 10 miles. Reversals of topographic and

geologic throw are common along the zone. Rr ent displacements

are left lateral, as indicated by drainage offsets of half a mile and.

near the type locality at Garlock Station, by tension trenches. A

contact between Paleozoic strata and granitic rocks appears to have

been offset by the Garlock fault a distance of about 6 miles.

Bio Pine Fault. The Big Pine fault (Hill and Dibblee, 1953),

located in the Tran.sverse Ranges, extends 50 miles west-southwest-

ward from the San Andreas faillt. It is relatively .straight and steep,

and probably is deep. Apparent reversals of throw occur along it.

Drainage offsets are left lateral, and the distribution of rock units,

rock sequences, and structural features indicates a left lateral dis-

placement of as much as 14 miles. This fault zone is of particular

interest because of the possibility that it is an offset part of the

Garlock fault west of the San Andreas, and because it strengthens

the concept of conjugate strike-slip faults in southern California.

Other Left Lateral-Slip Faults. Ea.st-northeastward-trending

faults that may have left lateral-slip components of displacement

include the White Wolf, the Santa Ynez (Dibblee. 1952), several

faults in the western San Gabriel Mount-'ins (Jahns, 1940), the

Malibu Beach-Raymond fault zone, the Pi Mountain fault, and

the Santa Cruz Island and Santa Rosa Island faults (fig. 1). The
Santa Rosa Island fault shows especially con\'incing left-lateral

offsets of drainage lines, as well as a possible 4-mile offset of lower

Miocene beds (Anderson, Redwine, and McGovney, 1949; J. R.

Pemberton, personal communication).

REVERSE AND THRUST FAULTS

In the Transverse Ranges are .several prominent reverse and thrust

faults, including the Pleito and Frazier, which are of special tectonic

interest in association with the Big Pine-Garlock and San Andreas

zones (fig. 2), and the Pine Mountain, San Cayetano, Oakridge,

Santa Susana, and Sierra Madre faults. Such faults are less common
in the other provinces, and even in the Transverse Ranges they are

considered to be secondary to the lateral-slip faults described above.

Noteworthy is the absence of major normal-slip faults from most

parts of southern California, although several of those in the Basin-

Ranges province may be important exceptions.

PROBLEMS OF FAULTING

General Features. AVherc are the important faults in southern

California? This fundamental <|Ucstion has not yet been satisfactorily

answered. Actually the most recently published fault maps, the Tec-

tonic Map of the United States (Longwell. et al., 1944') and the

Geomorphic Map of California (Jenkins, 1938). are astonishingly

like the earliest fault map of the State (Lawson, 1908).

Wh.it is the sense of relative mo^-ement on each major fault T These

determinations are of utnu)st importance to the understanding of the

mechanics of regional deformation, but they have been a.ssumed
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(usually from cross-section offsets) more often than determined.

The approximate orientation of relative movement on faults pener-

ally fan be determined from eolleetion and three-dimensional analy-

sis of pertinent fault-zone and fault-bloek data.

What are the duration and cumulative amount of movements on

each major fault? These determinations are essential to the under-

standino; of rep:ional tectonic history. Approximate answers to such

problems also are possible with collection and analyses of pertinent

stratijrraphic and petrologic data. Evidence of lateral displacements

can be obtained by matchinjr basement rock facies, sedimentary

facies, stratifrraphie thicknesses and sequences, unconformities,

faunal facies, deposits from specific source areas, and structures on
opposite sides of the faults. The matching of basement rock facies

will require much additional mappinn^ and petrographic.work, and
will be the most significant approach to the determination of total

cumulative movements on the faults.

Althoufjh the major strain .system of north-south shortening in-

volves rijrht lateral movements on the northwest-trending faults,

there appear to be a few contradictions that need explanation. These
include a fault in the southern Coast Ranges (L. E. Redwine and
R. G. MajTiard, personal communication), a fault in the Mojave
Desert (T. H. McCulloh, personal communication ), and a fault in

the Sierra Nevada (Durrell, 1950).

San Andreas Fault. What is the San Andreas fault? Is it only

manifest by its nearly continuous 600-4- ™ile Recent trace, or is it a

zone in which segments include .several important mapped fault

strands? Where and how far does it extend beneath the sea, both

to the northwest and to the southea.st? At w-hat dip(s) and to what
depths does the San Andreas extend? When was its inception? Does

it date from the Pleistocene, or from at least as far back in time

as the Jurassic ? What has been the nature of movements on this

fault ? Have right lateral-slips been the principal movements, or were
dip-slip displacements important at earlier stages in its history?

Has the net cumulative amount of lateral displacement been several

thousand feet, or as much as several hundred miles?

Inasmuch as the San Andreas is the major fault in California,

and one of the larger ma|)ped faults of the world, it is surely desir-

able to solve the problems concerning it. But few, or perhaps none,

of the above questions are satisfactorily answered, although it is pos-

sible, and even likely, that most of these problems will be attacked

and ultimately settled because the history of this fault is .so obviously

an important key to geotectonic history.

The alternative questions in the list above perhaps adequately
express the current principal differences of opinion regarding the

San Andreas fault, and it is only fair to state that the present writer
differs from many other investigators in his interpretation of these
particular problems. The writer is inclined to believe that the San
Andreas is a zone along which some segments are several miles wide
and contain several separate fault sfrands, that the fault zone was
first developed in pre-Cretaceous time, that right lateral-slips have
characterized the movements on it from its inception to the present
time, and that the total right lateral displacement amounts to at lea.st

65 miles and perhaps to more than :J50 miles.

Earthquakes. Southern California lies in the circum-Pacific
seismic belt, where concentrations of seismologists and seismological
apparatus are strategically situated for the application of the prin-
ciple of uniformitariani.sm to fundamental fault tectonic problems.
Many data that bear on these problems have been obtained by seismic
methods. Perhaps nio.st important are the numerous locations of

earthquake epicenters and calculations of focal depths. More recently
determinations of the orientation of fault-slip by first motions, dila-

tional or compressional, at seismograph stations and analyses of
after-shock sequences are adding to knowledge of regional strain-
stres.s relationships. Each study of a large earthquake is likely to
bring out new data and principles of great tectonic significance.
For example, the San Francisco earthquake of 1!)06 was responsible
for the ela.stic rebound theory (Reid, IflOS) and for systematic
triangulation-net surveys (Whitten, 11)48). The 1952 Arvin-
Tehachapi earthquake is .still furnishing data of seismic and tectonic
significance.

One of the geologic problems associated with earthquakes is the

assignment of responsibility to a known fault (Louderback, 1942).
This has been done occasionally in California, where the sense of

fault displacement has been shown by the sudden development of

surface dislocations along a particular fault trace. Surface disloca-

tions are .seldom developed, however, and obviously are unlikely in

view of the fact :hat the normal focal depth of both large and small

earthquakes in this region is approximately 10 miles. In some in-

stances, a surface dislocation is developed along a fault without an
accompanying appreciable seismic disturbance (Koch, 1933). For
example, late in 1949 a movement of a few inches occurred along the

.surface trace of a fault on the east side of the San Joaquin Valley
8 miles north of Bakersfield, and was observed by the writer with
L. B. McMichael. This disturbed zone was followed over ridges and
across small, westward-draining valleys for a distance of 2 miles.

The seismological stations in Pasadena and Berkeley were advised

of the approximate date of the movement, but no seismic activity was
recorded for that area during that time (Beno Gutenberg and Perry
Byerly, personal communications).
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SCALE IN MILES

LEGEND
l-r SIERRAN-COAST RANGE BASEMENT CONTACT C?)

(350 Miles Since Jurassic)

2-2" SOUTHEAST ENDS OF CRETACEOUS STRATA C?)

( 320 Miles since Cretoceous

3-3' MATCH OF EOCENE FACIES C'i')

( 225 Miles smce Eocene )

4-4' MATCH OF OLIGOCENE — LOWER MIOCENE FACIES
(175 Miles since eorly Miocene)

5-5' UPPER MIOCENE MARINE— CONTINENTAL LINE
( 65 Miles since lote Miocene

6-6' MATCH OF PLEISTOCENE GRAVEL FACIES
( 14 Miles since eorly Pleistocene

7-7' OFFSET OF BIG PINE — GARLOCK FAULT TRACE
( 5 Miles since late Pleistocene )

FIOUBC 3. Progressive offsets on the San Andrens fault, shown by 1-1' to 7-7'.
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A most worthwhile avenue of geologic-geophysical research is the

continuing attempt to solve the problem of earthquake prediction,

although the human time scale is so disproportionate to the geologic

scale that the solution of this problem for human application will be

exceedingly difficult. Most faults in southern California must be con-

sidered active because they are planes of weakness in a region under-
going strain. New zones of faulting also may be affected by this

strain. However, there are so many evenly distributed mapped faults

in the region that it is anybody's guess as to which one (or ])ossibly

some unmapped or subsurface one) will be responsible for the next

earthquake. It may be tenable, however, to su.spect strong seismic

activity on the lateral-slip faults because of their generalh' greater

length and probable greater depth, rather than on the numerous, but

in general less extensive, thrust and reverse dip-slip faults.

Geiitcctunics. The ultimate goal of tectonic researches in southern

California's natural laboratory is a contribution to understanding of

the mechanisms and causes of earth deformation. It is believed that

determinations of slip orientation and cumulative movements on

faults will lead to definition of strain pattern, which in turn will

lead to definition of stress pattern and eventually to some knowl-

edge of the real causes of crustal mobility.

Tentative answers to these problems, based on facts and interpre-

tations discussed or alluded to in this paper, are: (1) northwest-

trending right lateral-slip faults and east-northeast-trending left

lateral-slip faults have been active since Jurassic time; (2) these cur-

rentl.v active faults probably are geneticall.v related as conjugate

shears to establish a primary regional strain pattern of north-south

.shortening, or relative shortening, of perhaps hundreds of miles;

(3) this pattern was caused by forces of as yet unascertained orien-

tation which have been rather consistently operative under this large

region for perhaps 100 million years; and (4) sub-crustal convection

currents, possibly niaintaiiied b.v heat exchange between sub-Pacific

and sub-Xorth American geo-provinces, may be the primary cau.se

of all tectonic deformation in southern California.
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A FAULT MAP OF THE MOJAVE DESERT REGION '

By D. F. Hewett t

INTR0DUC1 I.

Several attempts have been nuide to cDiiipile a map of the known
faults in southern California, including the vast Mojave Desert

region. The Seismologioal Society of America prepared such a map
in 1!123, and in the followin'r year Robert T. Hill presented another

fault map of southern California. The geologic map of the State,

published bj- the California Division of Mines in 1938, shows most

of the faults that were known at that time. The maps compiled by
Harry O. Wood in 1946, mainly to show the epicenters of recent

earthquakes, include most of the faults that appear on the geologic

map of California.

The map presented herewith (plate 11 was prepared to aid in a

program of '.-oologic mapping in the Mo.jave Desert region that was
begun by the lieological Survey in 1947. The first compilation was
made in 1951 by Clarence R. Allen, graduate student at the Cali-

fornia Institute of Technologj', under the supervision of the writer,

and it included most of the faults that appear on published geologic

maps of the region. Beginning about 1947, air photographs of a

large part of the region became available, and since then this type

of coverage has become almost complete. It was soon apparent from
studies of these photographs that many faults are present in the

unmapped areas, and that more faults are present in the mapped
areas than have been recorded. Although it is in every sense a pre-

liminary product of field work and office compilation, and hence in-

cludes features that need further checking, the new fault map is

here offered as a potentially useful summary of existing data.

The principal criteria used for recognition of faults on the air

photographs included: (1) Alignment of faceted spurs and small

scarps in alluvial fans and playas; (2) Concentration and alignment

of desert shrubs and trees in playas and alluvial fans; (3) Aligfi-

ment of faceted spurs in hard rocks again.st alluvial fans and playas;

(4) Alignment of range fronts discordant with structural features in

the hard rooks.

To the assemblage of faults thus recognized have been added the

faults discovered on the ground in the areas mapped since the en-

larged program of geologic work in the region by the Geological

Survey took form in 19.52. This paper is the outgrowth of studies

involved in the preparation of a general paper on the Mojave Desert

region (Hewett, Contribution No. 1, Chapter II), and the reader 's

referred to this more extensive paper for detailed descriptions, sum-

• Publication authorized by the Director, f. S. Geological Survey.
t Staff Scientist, U. S. Geological Survey, Pasadena, California.

mary illustrations, and a list of references on the geology of the

region.

MAJOR OROGENIES OF THE MOJAVE DESERT REGION

(icologic work in the Mo.jave Desert region that has yielded a

published record during the period tlirough 19.53 shows that there

have been five episodes of major orogenic activity, and that these

include the development of thru.st faults, rever.se faults, strike-slip

(tear, lateral) faults, and normal faults that show a wide variety of

displacements.

Late Pre-Camhrian Orogeny. The base of the upper pre-Cara-

brian Pahrump series, as mapped in the northeastern part of the

region, rests unconformably upon a wide variety of ancient crystal-

line rocks. Mapping thus far completed does not reveal any large

faults that are assuredly older than the Pahrump series.

Post-Pahrump and Pre-Paleozoic Orogeny. In the Kingston

Range and nearby mountains in the northeastern Mojave region,

the basal Paleozoic formation (Noonday dolomite) rests unconform-

ably upon the sedimentary rocks of the Pahrump series and upon

older crystalline rocks. Mapping has not 3-et revealed faults older

than the basal Paleozoic rocks, although doubtless some are .present.

Late Mesozoic (Jurassic and Cretaceous) Orogenies. As stated

elsewhere in this volume (Hewett, Contribution No. 1, Chapter II),

the pre-Tertiary rocks in the central and western Mojave region

were profoundly folded, faulted, and intruded ty large bodies of

igneous rocks during middle Jurassic time, and in the ea.stern Mojave

region during late Cretaceous time. Thrust faults of large displace-

ment and great areal extent are present in the eastern Mojave region

(plate 1), but thus far only one thrust fault, exposed in the Lane
Mountain quadrangle, is assuredly known to be associated with this

orogeny in the central and western Mojave region.

In the Goodsprings district and Ivanpah (|uadrangle, a few tear

faults are related to the thrust faults, and these are followed by

early (premineral) normal faults. ITnless they separate rocks of

diverse types, such as carbonate rocks and coarsely crystalline rocks,

none of the faults of the late Mesozoic orogenies have strong topo-

graphic expression; they can only be recognized during the course

of areal mapping.

Middle Pliocene Orogeny. Geologic mapping since 1947 within

the Mojave block, between the San Andreas and Garlock faults, has

.shown the existence of basins that contain thick sections of sedi-

mentary rocks of middle and late Miocene age, of early Pliocene age.

( 15)
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and of early middle Pliocene age. E.stimates of the ages of these

rocks are based upon determinations made by G. Edward Lewis of

the U. S. Geolog:ical Survey, of good collections on vertebrate fossils.

The nature of the middle Pliocene orogeny is indicated by the
folding of the sedimentary rocks, in which dips of 30°, 40°, and 50°

are common and isoclinal folds also are known, and by the presence
of many faults. Most of the faults are normal, but several are reverse.

Some thrusts are indicated by klippen of much older rocks that rest

upon the Tertiary rocks. In the mountains that lie along the east side

of the Death Valley-Soda Lake trough for a distance of about 100
miles from the mouth of Furnace Creek on the north to Old Dad
Mountain, east of Soda Lake, on the south, mapping has .shown the

existence of large thrust plates, or klippen. The.se have been studied
and mapped in the Black Mountains by H. D. Curry, in the Virgin
Spring area by L. F. Noble, in the Tecopa area by J. F. Mason, in

the Silurian Hills by D. H. Kupfer, and in the Shadow Mountains
and Kingston Mountains bj- the writer. Most of the klippen consist

of old rocks, mainly pre-Cambrian crystalline types and Paleozoic

sedimentary rocks, that rest upon much younger rocks. In some
places Tertiary sedimentary rocks lie beneath the thrusts, but in

others the overridden rocks are sedimentary beds of the upper pre-

Cambrian Pahrump .series. Even though the Tertiary rocks that

underlie the klippen have not yielded diagnostic fossils, their lith-

ology clearly indicates that they are of Tertiary age, and at present

it i.s assumed that the klippen are features of the middle Pliocene

orogeny.

Early Pleistocene Oruije>u/. In several areas in the eastern and
central Mojave region that have been studied and mapped, some
large basins are limited by normal faults (Ivanpah Valley, Harper
Valley) and numerous linear ranges are bounded by normal faults.

The dip displacements along many of these faults are measured in

thousand.s of feet. There has been Recent movement on .some of these

faults, but it appears that the greatest movement took place in mid-
dle Pleistocene time (before deposition of the Manix lake beds).

Extensive .sheets of fanglomerate of Pleistocene age have been
warped in some places, but thus far there is no known evidence of

thrust faulting during this epoch.

AREAL GROUPS OF FAULTS

iSan Andreas Fault. Much is known about tlie location and na-

ture of movement along the San Andreas fault from San Francisco

Bay on the north to the Imperial Valley area on the southeast, or

for a distance of about GOO miles. In this paper, the chief concern is

for that part of the fault that extends from Tejon Pass, west of

Gorman, to Imperial Valley, a distance of about 150 miles. Through

the work of M. L. Hill and T. W. Dibblee, Jr.. J. C. Crowell, J. H.
Wiese, R. E. Wallace, and L. F. Noble, much is known about the
local features, nature, and duration of movement along this part of
the fault (.see Hill, Contribution No. 1, this chapter). The fault is

in part a .single fracture and in part a group of clo.sely spaced sub-
parallel fractures that define a zone several hundred feet to several
miles wide. All observers agree that the fault has had considerable
right lateral movement, and hence that the southwest side has moved
northwest with respect to the northeast side, which is a part of the
Mojave block. Tentative estimates of the horizontal (lateral) move-
ment along the fault range from about 30 miles (L. F, Noble) to a
possible 75 miles (R. E. Wallace) since middle Tertiary time, and
to as much as 350 miles since Franciscan time (M. L. Hill and T. W.
Dibblee, Jr.),

Oarlock Fault. The existence of the Garlock fault has been
known for at least 50 years, and geologists who have mapped parts
of it include J. C. Crowell (Lebec quadrangle), J. H. Wiese (Nee-
nach quadrangle), T. W. Dibblee (Saltdale quadrangle), C. D.
Hulin (Randsburg quadrangle), and W. R. Muehlberger (Quail
Mountain quadrangle). In places, such as south of Searles Lake,
the fault is a single, relatively simple fracture, but for most of its

course it is a zone several miles wide. Many small faults and several
large ones branch from it.

All geologists who have studied the fault recognize that the domi-
nant Recent movement has been horizontal (lateral, strike-slipl. This
is revealed by offset stream courses and alluvial fans. In addition,
all agree that, during Recent time, the block south of the fault

(Mo.iave block) has moved eastward with respect to the block north
of the fault, and hence that left lateral movement has been charac-
teristic. Work done to date also indicates that from the Slate Range
southwestward to points near Gorman, the block north of the fault

has risen .several thousand feet with respect to the block south of it.

Thus, the Tehachapi and El Paso Mountains present an abrupt
escarpment toward the broad plain of the western Mojave Desert.
The north slope of the San Gabriel Mountains, .south of the San
Andreas fault, forms a similar escarpment toward this plain. Ea.st-

ward from the Slate Range, however, the situation is reversed along
the Garlock fault, as the Avawatz Mountains, south of the fault,

present a rugged escarpment that faces northward toward the Death
Valley trough and eastward toward the southern extension of this

trough. Soda Lake Valley.

Mojave Hlock. The term Mojave block has been applied to that

part of the Mojave Desert region that lies between the San Andreas
fault on the southwest and the Garlock fault on the north. The
eastern limit of the block will remain uncertain until the southeast-
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ern extension of the Garloek fault, beyond Soda Lake, is known. The
Mojave block contains many unusual and interesting structural fea-

tures that differ from, and seem to have little relation to, the features
of the areas that lie both to the north and to the south of it.

The geologic features of the Mojave block are di.scus.sed elsewhere
in this volume (Hewett, Contribution No. 1, Chapter II). A com-
parison of the distribution, lithology, thickness, and structural fea-

tures of the Paleozoic and Mesozoic formations within the Mojave
block, on the one hand, with these features in corresponding forma-
tions in the areas north and south of the block, on the other, indicates
that the block was involved in the Jurassic and Cretaceous orogenies
but that the Oarlock fault did not take form until late in, or after
the close of, those orogenies. Soon thereafter the Mojave block began
to rise, and by middle Miocene time, when the earliest Tertiary
formations were deposited within the block, it had risen at least

15,000 and possibly 20,000 feet with respect to the areas north and
south of it. The material eroded from the block during Eocene and
Oligoeene time seems to have been removed to areas outside the block.

Many faults are known within the Mojave block. If a line is drawn
N. 45° W. through a point north of the town of Barstow, roughly
at the intersection of 35° north latitude and 117° west longitude, it

will divide the block into two parts. The area southwest of this line

contains many closely spaced faults, most. of which trend northwest
or roughly parallel to the San Andreas fault. Most of these faults
can be traced for at least 3 miles, several extend 15 to 20 miles, and
a few seem to continue for distances as great as 40 miles. The faults
in some groups are nearly parallel and in others they have a braided
pattern. In the few places where the dips of these faults are observ-
able, they are steep; from the general linear pattern of the faults,

the dips of most appear to be greater than 60 degrees.

The approximate dip displacement of many of the faults is known
to be several thousand feet ; in only a few places is the existence of
lateral movement inferred, and it is small compared with the amount
of dip movement. Along some of the faults that have been traced
for distances of 10 miles or more, the blocks southwest of these faults
seem to have dropped with respect to those on the northeast; a
few miles away, however, the displacements commonly are reversed.
These relations indicate a scissors pattern. At one place, north of
Barstow, the relations indicate a reverse fault. In the places where
these faults have been studied, they seem to disregard foliation, joint
patterns, and bedding planes in the adjacent rocks. The results of
Recent movement are noticeable here and there along many of the
faults in this part of the block. Geologic mapping does not .show
that any of the known northwest-trending faults extend to the Gar-
lock fault.

Within the area that lies northeast of the assumed N. 45° W. line,

there are only a few proven faults as far north as the Garloek fault.

The trend of these faults is diverse, and evidences of Recent move-
ment are rarely observed. Several breaks seem to be traceable for

distances of 10 to 20 miles, but most seem to be much shorter.

Flat thru.st faults are known on both sides of, but close to, the
San Andreas fault and the Garloek fault wherever there has been
detailed study, but the thrust displacements .seem to be small. In a
few places, pre-Tertiary rocks are thrust over Tertiary sedimentary
rocks. At two places far from these master breaks and well within
the Mojave block, klippen of old rocks rest upon Tertiary .sedimen-

tary rocks. Five miles northwest of Barstow, two plates of lower
Paleozoic dolomite rest with flat bases upon sedimentary rocks con-

sidered to be Tertiary, and a mile southeast of Bitter Spring (east

of Camp Irwin), a plate of plicated quartz-mica schi.st rests with a
flat base upon steeply inclined clay and shale that probably are
Tertiary in age.

Faults North of the Mojave Block. Much less is known about the
geology of the region that lies north of the Garloek fault as far east

as the Death Valley trough than is known about areas south of the
fault. The region east of Death Valley, in contrast, has been more
extensively studied, and much of the geology in the Black Moun-
tains, the Virgin Spring area, the Tecopa quadrangle, and the large
area east of the Silver Lake-Soda Lake valley (Ivanpah quadrangle)
is a matter of published record.

Existing information indicates that an impressive fault zone is

essentially coextensive with the eastern front of the Sierra Nevada,
and there has been Recent movement at several places in Owens
Valley. Farther east, recent work west and northwest of Searles
Lake has .shown the presence of .several small faults of northwest
trend in the Argus Range, and seismic work east of the lake indicates
that there may be a fault parallel to the west border of the Slate
Range. Searles Lake basin has been clo.sed in Recent time by move-
ment on the Garloek fault.

Impressive faults mark the west slope of the Panamint Range, and
Panamint Valley has been closed in Recent time by movement along
the Garloek fault. At the south end of the Panamint Range, a group
of faults curves southeastward around Brown Mountain and joins
the Oarlock fault zone near Leach Spring.

Small faults that show Recent movement are present on both the
west and east sides of Death Valley, and the valley itself must
coincide with a fault zone of great displacement, as the east .slope

of the Panamint Range .shows a section of Paleozoic sedimentary
rocks at least 25,000 feet thick that dips eastward into the valley.

No similar sedimentary rocks are known to the east between the
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valley ami the Funeral Mountains, and the intervening Black Moun-
tain Range is made up of lower pre-C'ambrian crystalline rocks upon
which have been thrust great plates that, consist largely of Tertiar.v

sedimentary rocks (see Curry, Contribution No. 7, this chapter).

Faults East nf the Death Valley-Silver Lake-Soda Lake Troughs.

In the Ivanpah quadrangle, the late Mesozoie orogeny produced

great thrust faults, five of which have been traced many miles. In

the intervening areas, the Paleozoic and Mesozoie sedimentary rocks

have been compressed into open folds and locally into close folds

with some overturned beds. Several of the thru.st faults have been

traced northward beyond 36°00' north latitude, but none are known
south of Kelso Wash.

Normal faults exposed in the Ivanpah (piadrangle seem to be con-

centrated around Ivanpah Valley, the floor of which almost coincides

with a block that has been dropped about 20,000 feet. Most, if not

all, of this depression seems to have taken place in early Pleistocene

time, after development of the Ivanpah Upland (Ilewett, Contribu-

tion No. 1, Chapter II). Mapping in the Providence Mountains by
J. C. Hazzard (Contribution Xo. 4, this chapter) indicates many
small faults but no thrust faults; one steep reverse fault lies along
the east margin of the range. South and east of the Providence
Mountains there has been little geologic mapping, but the form of

some of the ranges suggests that they are bounded by normal faults.

The linear .southwest fronts of the Granite and Marble Mountains
suggest that they coincide with persi.stent northwest-trending

normal faults; if this proves to be the case, these faults are the

mo.st ea.stern of the group in the region.

Close examination of air photographs of the region east of 116°00'

west longitude, supplemented by brief field reconnaissance, does not

reveal faulted fans and playas that would indicate that the faults in

this region are active.

INTERPRETATION OF THE FAULTS OF THE REGION

Although little is known about many of the faults that are shown

in plate 1, the existence and nature of others are well under.stood.

In the areas that have been studied and mapped geologically, much
information is available concerning direction and amount of move-

ment on numerous faults during Pleistocene and Recent time. It

seems doubtful that further studies of these faults would greatly

change present interpretations. Several conclusions seem dependable

at this time:

1. The San Andreas fault seems to be rclati\ 'ly old, and there

seems to have been movement along it prior to the orogenies of late

Mesozoie ( Jurassic and Cretaceous) time.

2. From the distribution, lithology, thicknesses, and deformation
of the Paleozoic and Mesozoie formations, even though much remains

to be learned about them, it appears that throughout the entire

Mojave region these formations were folded along generally north-

south axes, and that in the ea.stern part of the region at least five

great thrust faults were formed. As about the same kind and degree

of deformation characterizes the rocks both north and .south of the

Garlock fault, this fault was probably not formed until late in the

Mesozoie orogeny or shortly after it closed.

3. Before any Tertiary sedimentary rocks were deposited within

the Mojave block, it had risen 15,000 or 20,000 feet, and had been

eroded as it rose; undoubtedly it stood above the nearby areas until

Miocene time.

4. The oldest Tertiary .sedimentarj- rocks in the Mojave block are

of middle Miocene age, and the several basins contain sections, 3,000

to 10,000 feet thick, of middle and late Miocene age, of early Pliocene

age, and of early middle Pliocene age.

5. Following the deposition of the youngest Tertiary sedimentary

rocks, which are early middle Pliocene in age, the entire region was
involved in an orogeny that produced fold.s, mostly open but in a

few places isoclinal, and sporadic thrust faults within the block, as

well as great thrust faults along the northeastern and ea.stern mar-
gins of the block. These are now represented by the plates on the

turtlebacks in the Black Mountains, by the chaos of the Virgin

Spring area, and by the great plates of the Kingston Range. Shadow
Mountains, Silurian Hills, and Old Dad Mountain.

6. The distribution, direction, and local pattern of the north-

western group of northwest-trending faults in the Mojave block, as

well as their disregard for the lithology. stratification, foliation, and

jointing of the rocks they cut. all indicate that these faults were

formed during a period of great lateral pres.sure. probably during

Eocene and Oligocene time, when the block was rising and before

deposition of the earliest Tertiary sedimentary rocks. There may
have been additional movement along these northwest-trending faults

during the middle Pliocene orogeny.

7. Renewed local movement on the imrthwest group of faults,

largely during early Pleistocene time but continuing to the present,

has determined the princi|)al mountains and valleys of the south-

western half of the Mojave block. Probably most of the mountains

that lie east of the block took form at this time, but little evidence

to support this conclusion is yet at hand.



3. SEISMICITY OF SOUTHERN CALIFORKIA*
Bt Charles F. Richter t and Beno Gutenberg J

Evidence for regional seismieity is of four kinds : ( 1 ) geological

field observation of fault phenomena, (2) historical documents, (3)

instrumental recording, and (4) field investigation immediately after

earthquakes.

Historical and instrumental data cover a very small part of ge-

ological time, and thus constitute only a snapshot of the record, so

to speak. They may furnish positive evidence of seismieity, but

failure of earthquakes to occur on a given fault during a period of

less than two centuries is no proof of quiescence. On the other hand,

identifying faults as active on the basis of field evidence alone im-

plies an assumption that there have been no significant permanent
changes in seismieity in a few tens of thousands of years. This

assumption is reasonable, but it does not necessarily apply without

exception.

Faults are commonly identified as active on the basis of such field

evidence as small scarps, especially if these cut young alluvial fans;

slickensides in modern deposits ; offsets in minor drainage channels

;

and sag ponds. There are differences, however, in the apparent age

of these features. Many small features along the San Andreas fault

are very fresh in appearance, and are known or believed to have

originated during the earthquakes of 1857 and 1906. The rift topog-

raphy along the Garlock fault includes many sag ponds, low scarps,

and other geologically young features, but relatively few of the.se

.seem to be truly fresh. This suggests that no major earthquake has

broken the surface along the Garlock fault within the last few

centuries.

Known occurrences of fault-trace phenomena associated with re-

corded earthf|uakes in southern California are: (1) January 9, 1857.

San Andreas fault, from Carrizo Plain to San Bernardino, and pos-

sibly farther in both directions; (2) March 36, 1872. Owens Valley;

faulting, chiefly vertical with some strike-slip movement, along the

line of the east front of the Alabama Hills (not along the major

Sierra Nevada scarp several miles west)
; (3) March 10, 1:»32. San

Andreas fault in the region of Cholame; large cracks, possibly not

primary fault-trace effects; (4) May 18, 1940. Imperial Valley; fault

tra<'p at least 40 miles long, extending from the vicinity of Imperial

and Brawley southeastward into Mexico; right-hand strike-slip move-

ment, reaching a maximum displacement of 10 feet near the inter-

national boundary; scarps as much as 4 feet high; (.5) April 10,

1947. Southeast of Manix, Mojave Desert; left-hand strike-slip move-

• Contribution No. 627, Division of tiie OeoloBlcal Sciences. California Institute of
TechnoloKy.

t Professor of Seismology. California Institute of Technology.
J Professor of Geopllysics. California Institute of Technology.

ment of only a few inches along the line of the Manix fault; instru-

mental locations of epicenters of aftershocks aligned nearly at right

angles to this fault, suggesting that the observed displacement is a

secondary result of a larger displacement on a fault with different

strike in the basement rocks; (6) July 21, 1952. Arvin-Tehachapi

earthquake, Kern County
;
probably thrust faulting, with surface

expression obscured and complicated by large-scale slumping and

sliding; White Wolf fault.

The historical record begins with a strong earthquake felt by the

Portola expedition on July 28, 1769, when the explorers were in

camp along the Santa Ana River near the present townsite of Olive.

Subsequent information for all of California is extremely scanty

until 1850, and in southern California the record is imperfect for

an even longer period of time. Especially in the desert areas, even

a major earthquake could have escaped notice until about 1887, when

the .seismological station at Lick Observatory was established. In this

same year the first catalogue of California earthquakes was pub-

lished.

The greater earthquakes known to have occurred in the region of

California and Nevada are: (1) January 9, 1857, San Andreas fault

(see above)
; (2) March 26, 1872, Owens Valley (.see above)

; (3)

April 18, 1906, San Andreas fault : epicenter north of San Pran-

ci.sco; instrumental magnitude 8J ; (4) October 1, 1915, Pleasant

Valley, south of Winnemucca, Nevada; instrumental magnitude 7J;

(5) Jtdy 21, 1952, Kern County; instrumental magnitude between

Ti and 7 J (investigation in progress).

Several less well known shocks, as those in 1812, 1836, 1838, 1852,

and 1868, may have been comparable with these.

California forms a small part of the circum-Pacific belt of seismic

activity (figs. 1, 2), which accounts for roughly 80 percent of the

seismieity of the earth. Of this, southern California contributes be-

tween ^ and 1 percent. Most of the circum-Pacific belt is composed

of arcuate structures that are associated with deep as well as shallow

earthquakes, very active volcanism, folding, and thrust faulting.

California is the largest of several sectors in which the structures

are not evidently arcuate, where only shallow earthquakes occur,

and where the tectonics are primarily those of block faulting, includ-

ing long, narrow rift zones associated chiefly with strike-slip faults.

In evaluating both historical and instrumental data, due attention

should be paid to magnitude of the earthquakes. Frequently a com-

paratively moderate earthquake, such as the Long Beach earthquake

of 1933, chances to originate in a thickly populated area and hence

(If))
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MAGNITUDE 7 'A OR OVER . 1904 - 1952

Figure 1. Large shallow earthquakes of the world, 10O-4-.'32.
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Epicenter location, origin time, and maijnitude of some of the shocks

shoicn in figure 2.

1934. June 8
1952. Nov. 22 _.

1922. March 10.

1946. March 15.

1952. July 21...

1947. April 10.-
1916. Oct. 23...
1927. Nov. 4---
1946. July 18...

1941, July 1

1925. June 29...

1930. Jon. 16...
1935, Oct. 24...
1940. May 18...

1923. July 23...

1947. July 24...

1949. May 2....

1930. August 31

1948. Dec. 4
1941. Nov. 14..
1933. Oct. 2
1918. April 21-.
1933. March 1 1

.

1937. March 25.

1942. Oct. 22...
1950. July 28...
1950. July 29...
1942, Oct. 21...

1951. Dec. 26...

1940. May 19...

1948. Feb. 24...

1927. Jan. I

1927. Jan. 1

1935, Feb, 24...

04:47:45
07:46:38

11:21:20

13:49:36

11:52:14

15:58:06

02:44

13:50:43

14:27:58

07:50 55
14:42:16

00:24:34

14:48:08

05 :03 :59

07:30:26

22:10:47

11:25:47

00:40:36
23:43:17

08:41.36

09:10:18
22:32:25

01:54:08

16:49:03

01:50:38

17:50:48

14:36:32

16:22:14

00:46:54
04:36:41

08:15:10

08:16:45

09:13:30
01:45:10

36 N
.35.8 N
35K N
35.7 N
35.0 N
35.0 N
34.9 N
34H N
34.5 N
34.4 N
34.3 N
34.2 N
34.1 N
34.1 N
34 N
34.0 N
34.0 N
33.9 N
33.9 N
33.8 N
33.8 N
33Ji N
33.6 N
33.5 N
33.3 N
33.1 N
33.1 N
33.0 N
32.8 N
32.7 N
32,5 N
32H N
32^ N
32)^ N

Longitude

120H W
121.2 W
I20,i< W
118.1 W
119.0 W
116.6 W
118.9 W
121)^ W
116.0 W
119.6 W
119.8 W
116.9 W
116.8 W
116.3 W
117lj W
116.5 W
115. 7 W
118.6 W
116.4 W
118.2 W
118.1 W
117 \V

118.0 W
116.5 W
115.7 W
115.6 W
115.6 W
116.0 W
118.3 W
115.5 W
118.5 W
115H W
U5Vi W
115 W

Magnitude

6.0
6±
6H
6K
7,7
6.4

5H=t
7.3

5K
5.9

6K
SK
5K
5.4

6K
5.5
5.9

5K
6.5±
5.4
5.4
6.8

6K
6.0

5K
5.4
5.4

6H
5.9
6.7
5.3

5K
5H
5>i

doo.s much more (iama<je and attracts more general attention than

major earthquakes, like those in Nevada in 1915 and llt.'!2, which

center in remote and sparsely populated areas. The instrumental

mafrnitude .scale, set up in 1932, defines the mafrnitude of a given

earth(|uake as the logarithm of the trace amplitude, in units of

0.001 mm, as measured on the .seismogram written by a specified

.standard instrument at a distance of 100 kilometers from the epi-

center. For other distances, or for instruments of other types, reduc-

tion to the standard is accomplished by means of appropriate tables

and computations. With due allowance for known local effects at the

individual stations, magnitudes determined for the same earthtpiake

at different stations are in good agreement, so that magnitudes com-

monly are assigned to the nearest tenth or quarter of a unit. The
smallest instrumentally observed earthquakes are near the zero of

the scale and the largest known are of magnitude 8,(), These numbers

are not tho.se of the commonly used local intensity .scales, which rate

the field eflects (damage to structures, effects on terrain, etc.) in

terms of an arbitrary .scale ranging from I to XII. High intensity

may result because an earth(|uake of moderate magnitude originates

nearby or because an earthtiuake of large magnitude originates at a

distance.

Some results of experience with the magnitude .scale can be tabu-

lated as follows

:

Magnitude Effect.s

1 Onl.v observed in.stnimentnlly.

2 Can be barel.v felt (intensit.v II) near epicenter,

4^ Felt to di.stances of some 20 miles from the epicenter; may
ciuise slight dnmage (intensity VII ) in a small area.

6 4- Moderately destructive (example: Long Reach, IDIili ; Santa
Rarbara, 1!12.">).

7 -1- Major earthtjiiake.

7J + Great earthquake (1872, 1(106).

Becau.se of the late development of instrumental seismology, great

earthquakes of magnitude 8 and over can be catalogued completely

only for the period beginning in 1904 (fig. 1). Such earth(|uakes are

related to the major active structures. Minor earthquakes, on the

other hand, are more commonly related to minor faults and struc-

tures, and the epicenters of the small, instrumentally recorded shocks

are peppered over the region.

Since 1932, epicenters for sufficiently well recorded shocks have

been assigned from the data of the seismological network in southern

California. This record includes most earthquakes of magnitude 3

and over, but with notable imperfections in the data for some shocks,

particularly those about the margin of the area, A map showing

such small shocks for the whole region is nearly certain to give a

false impression; for e.xample, these results have sometimes been

misinterpreted as indicating relatively low seismicity in the offshore

and island area to the southwest, an area that is comparatively re-

mote from most of the established stations, and that is in a bad

position for accurate locations. Figure 3 shows located shocks of

magnitude 4i and over, for the period 1934-51,

Figure 2, showing California and other western states, includes

no shocks of magnitude under 5| ; those shown are con.se(|Uently large

enough to be recorded at distant stations. It is clear that a con-

tinuous belt of .seismicity, continuous but irregular in detail, extends

from the region of the north coa.st, the most active part of the entire

region, southeastward and through the Gulf of California. The chief

seismic zone widens south of the Transver.se Ranges, owing to the

branching of the San Andreas fault, and to the occurrence of other

parallel active faults.

The earth(|uakcs of the Great Basin and the Rocky Mountain

regions, though occasionally large, are comparatively sporadic in

occurrence and in geographical distribution.
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Figure 3. Earthquakes of magnitude 4.5 and over, southern California, 1934-r>l.



24 GEOLOGY OP SOUTHERN CALIFORNIA [Bull. 170

KiGt'RK 4. Kern County eartlKiunke series, 1W52. (See text for explanation of symlHjls.
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The accompanying table gives epicenter and orifrin time for those

shocks shown in figure 2 between latitudes 32''30'N and Se^OO'N.

For shocks such as those of 1906, 1940, and 1952, where there is

notable linear extent of faulting, the instrumental epicenter is above

the point of initial rupture, because this is the point of origin of the

first seismic waves to be recorded at a given station. Not uncom-

monly, as in 1933 and 1952, the epicenter lies at one end of the

active fault segment, and consequently is eccentric with respect to

the heavily shaken area, and to the geographical distribution of

aftershocks (fig. 4).

The location of almost every epicenter shown in figures 3 and 4

may be in error by 5 miles or even more. Great care should be exer-

cised in using seismological data to discriminate between activity

of closely spaced faults. A comparatively small difference in dip will

have con.siderable effect on the relation of epicenter to surface trace,

as the average depth of the hypocenter (the actual point of initial

rupture, directly beneath the point mapped as ei)icenterl, is about

10 miles.

In routine epicenter-location work at Pasadena, which involves

determinations for about 250 local earthquakes each year, it has been

cu.stomary to assign a fixed depth of origin of about 10 miles for

southern California shocks, unless the available data clearly conflict

with that assumption. This sometimes has been taken to mean that

all southern California carth<|uakes originate at nearly the .same

depth. This is certainly not so; some probably originate at points as

deep as 15 miles, and others at points within 5 miles of the surface.

At the present writing, no conclusions safely can be drawn if they

depend very delicately on seismological assignments of hypoccntral

depths. Observations during the last few years have led to significant

revision of interpretation for recorded seismic waves at short cpi-

central distances. This revision affects epicenters and depths to sonic

extent, within the ranges mentioned above. Investigation is still in

progress, and the course it takes will be materially affected by the

unusually accurate and copious data obtained for the Kern County

earth(|uakes of 1952.

Figure 4 shows epicenters determined for the larger shocks of the

Kern County series. Those of magnitude 5 and over are indicated

by shaded circles; there are 22 of these, and the listing is complete.

Those of magnitude 4-5 are indicated by smaller solid sjiots, wliicli

include all epicenters whose locations had been worked out liy I lie

end of 1952. Some repetitions in location are not indicated se])-

arately. In addition, many more .shocks were recorded. Abo\it 50 of

them, for example, are estimated to have taken i)lace within the

first 3 hours on July 21. and locations for these are difficult, if not

impossible to work out because of overlapping rccordiugs. The much

more numerous .shocks of smaller magnitude are largely uninves-

tigated.

The location of the aftershock epicenters .shows a significant pro-

gression in time. Aftershocks are known to have occurred along the

entire active segment of the White Wolf fault, from the principal

epicenter to a point near Caliente, for the first 36 hours; but all

these aftershock epicenters lie southeast of the surface trace of this

fault, and thus are consistent and compatible with a dip in that

direction. After 36 hours, shocks began to occur northwest of the

surface trace. On July 29, a series of shocks began with epicenters

distributed along a line extending roughly northeastward from Ba-

kersfield, and approximately parallel to the trace of the AVhite Wolf
• fault. This series included a shock on August 22, which, though of

magnitude no greater than about 5.6, was so close to Bakersfield that

it caused more damage there than the principal earth(|uake of July

21. The alignment of these epicenters crosses folds and other struc-

tures expo.sed at the surface, which in that area trend more nearly

northwest. This result recalls the relation of the Manix fault to the

epicenters of the Manix series of shocks, and suggests a deep, active

structure that possibly may be related to the canyon of the Kern
River in that vicinity.

These results probably do not represent an\- unusual complexity.

Our information on this occasion is exceptionally full, and is ad-

equate to establish phenomena that probably are charaetcri.stic of

most ma.ior events of the kind.
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4. ROCKS AND STRUCTURE OF THE NORTHERN PROVIDENCE MOUNTAINS,
SAN BERNARDINO COUNTY, CALIFORNIA

INTRODUCTION
General Statement. The area herein described covers about 50

square miles in the northern Providence Mountains of San Bernar-

dino County, California. The major part of the area shown on the

geologic map (plate 2) lies west of west longitude 115° 'SO', within

the Ivanpah and Amboy quadrangles. The Providence Range is bor-

dered on the west by Kelso Valley, throngh which the I'nion Pacific

Railroad passes, and the eastern front of the mountains faces on a

lobe of Fenner Valley, through which a good graded gravel road

connects Mitchell's Caverns at the mountain base with Essex on

U. S. Highway 66. Fo.shay Pass, which lies between the northern

and southern portions of the Providence Range, offers the shortest

route from one side of the mountains to the other, but the road is

not maintained.

Published references to the geology of the Providence Range are

few. The best summary up to 192!) is that given by Thompson
(1929), who also presents an historical .sketch of the Mojave Desert

region and an excellent review of its water supply, flora, and fauna.

Most of the mines in the region are mentioned in various reports

of the California State Mineralogist. A list of selected references to

the northern Providence Mountains and geologically related areas

is presented at the end of this pajier.

During progress of the mapping in the northern Providence

Mountains and during the preliminary preparation of this paper,

certain of the results were published as abstracts or short papers

(Hazzard, 1933, 1937a, 1937b, 1938a, 1941; Ilazzard and Mason,

1936; Thompson, Wheeler, and Hazzard, 1946). For this reason, and
because of space limitations necessarily placed upon this paper, an

attempt has been made to present the salient stratigraphic and

paleontologic features of the range as a tabular summary (table 1 )

which obviotisly does not allow detailed lithologic description or full

discussion of correlation problems. The positions of several measured
stratigraphic sections are shown on the geologic map (plate 2).

These sections furnished many of the stratigraphic data presented

in the tabular summary and in some of the earlier publications on

the area. The reported fossil localities are not the only places where
fossils were found, but are believed to be representative of the best

collecting localities.

Field Work and Acknoielrdr/meiils. The field work upmi which

this paper is based was started in 1932, and was continued iluiing

•Assistant to Manager of Exploration. Eastern Area. I'nion Oil Comp.'iny of Cali-
fornia.

])arts of each summer field season thrciiigli 1936. Since then the
writer has visited the area at various times in ipiest of additional
Iialcontological and stratigraphic data.

The only base maps of the northern Providence Mountains that
were available in 1932 were the V. S. (Jeological Survey map of the
Ivanpah quadrangle, on a scale of 1/250,000. and a map surveyed by
the Metropolitan Water District of southern California prior to con-
struction of the Colorado River aqueduct. The latter map was pub-
lished in 1942, on a scale of 1/2.50,000, by the Army Map Service
as the Amboy quadrangle. Inasmuch as neither of these maps is on
a scale large enough to allow the delineation of much geologic detail,

the writer mapped the area of interest by plane-table methods on
a scale of 1 inch to 2,000 feet. This program was carried on through
three field seasons, during which approximately 3,200 rod stations
were occupied. Elevations shown in plate 2 are those established dur-
ing the survey, and are based on bench marks along the Union Pacific
Railroad.

To Miguel de Laveaga, William T. Roeseler, and F. Maclin Car-
lisle the writer is indebted for a.ssi.stance as instrument men. Dion
L. Ganlner, John F. Mason, and William T. Rothwell assisted in the
field at various times. Thanks are due G. Arthur Cooper, Colin
Crickmay, William H. Easton, J. Brooks Knight, John F. Mason,
Charles W. Merriam, Siemon W. Muller, A. R. Palmer, Charles E.
Resser, and M. L. Thompson for examination of fossil collections,

and Cordell Durrell for his study of several thin sections of the
igneous rocks. Many residents of the Providence Mountains region
assisted the writer in various way.s. Special thanks are extended to

Mr. and Mrs. Clifton Barnes, formerly of Pine Tree Ranch, and
to Mr. and Mrs. Jack Mitchell of Mitchell's Caverns. For two field

sea.sons financial assistance was provided by the California State
Division of Mines. Between 1950 and 1952, three visits were made to

the Providence Range in connection with stratigraphic studies in

the Great Basin region for the Union Oil Company of California.

PHYSIOGRAPHY

The northern Providence Mountains have a north-south dimension
of about 8.! miles between Foshay Pass and Summit Springs, and
a maximum width of about 7 miles. Foshay Pass, about !) miles south-
east of Kelso, is both a marked physiographic feature and an impor-
laiit geologic boundary. Paleozoic sedimentary rocks and Tertiary
iiilrusive rocks compose the ma.jor part of the mountain area north
of the pass

;
pre-Cambrian and younger crystalline rocks underlie

(27)
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Table I. Summary of rock units exposed

FORMATION MEMBER LITHOLOGIC CHARACTER THICKNESS (Feet)

CONTAINED FOSSILS

TYPICAL FORMS

a
<

I

Alluvium and landslide deposits
Unconformity

Terrace gravels

Unconformity

Limestone breccia

Unconformity

Unconsolidated sand, gravel, and boulders of local origin.

Moderately consolidated fanglomerate. Character dependent on lithology
of source.

No fossils found

Rudely bedded, well-cemented limestone breccia Fragments subangular;
maximiiiii size observed about 5 feet: average aize of coarser material
between 6 inches and 1 foot. Material under 6 inches in diameter com-
poses about 50 percent of mass. Possibly of landslide origin.

No fossils found

Principally andesitic or dacitic tuffs including crystal-vitric. crystal-Uthic,
and vitri-hthic types Colors range from dark gray to white and dark to

linht reddish brown. Some units are massive, others well bedded Andes-
itic and basaltic flow rocks are estimated to compose one-quarter of the
section Water-laid tuffaceous sands occur, and locally at the ba-se of

the section there are limestone cobble conglomerates and tuffaceous
lacustrine limestone.

UOO-1200
(max.)

Seguoia Utngadorfi

Unconformity -

Moenkopi formation

(4) Light and dark gray nodular limestone; some shale.

(3) Olive-drab, platy to paper-thin clay ahaie and dark gray fossiliferoua

limestone.

(2) Light gray to tan, commonly buff-weathering fossiliferous Umestone,
in part sandy and shaly.

Unconformity

(1) Maroon and reddish-buff to brown sandstone, with reddish and
maroon clay shale and hmestone pebble conglomerate.

Monutis thaynesiana
Pxrudomonotis cf. P. hintiitidea

Myophoria cf. M curvirostia

SUphanitrs sp,

SubrolumbiUn sp.

(Ref. 6)

Bird Spring
formation
(Ref. 13. 18)
(Note 5)

At the base is a 20-foot zone of locally cross-bedded sandy limestone and
limy sandstone with black chert pebbles. About 75 feet above is a mas-
sive 70-foot liclit (jray hmestone. As a unit the lower 750 feet of beds
consists of dark and light gray hmestone in beds up to 10 feet thick.

Platy to shaly, in part sandy, fossiliferous. chert-rich zones separate
some of the massive beds. The upper 1380± feet of the section is medium
to light gray, sparingly fossiliferous limestone in beds up to 5 feet thick.
Minor chert and sandstone occur.

- Unconformity -

Monte Crinto
limestone

(Ref, 13)

Unconformity -

Very dark to light creamy gray limestone, locally dolomitized. Lower half
of unit comprises massive-weatherinK beds up to 30 feet in thickness
separated by platy, commonly cherty and fossiliferous layers. Minor
amounts of sandstone, sandy limestone, and shale occur, Outcrop sur-
face commonly develops a cliff-bench slope.

MEGAFAUNA includes:
ThysanophyUum n. sp., Syringopora sp..

Striatopora Pp.. Echinocrinu9»;>., Fenestrd-
l\na sp.. Derbya sp., Dictyoclostus amrri-
canus. Nfospirifrr aff. N. condor, Com-
posita sp., Letorhynehoiden cf L lanit.
Spiriferrllina cf. S. hftli. Omphai^trochtia
sp,, Achatna T sp , Dunaldina sp,

MICROF.\UNA includes sporics of (he
following: Parafumtlina. SehubrrtfUa,
Schwaorrtna. Psrudoschwagmna, Trjttet-

tes, and />unbartnW/a

Dtctyoclostun portlocktanus. T EnUleUa hemi~
pltcatus. Juresani t nrbrascenstM. Margini-
ffra muncaftna, Spiri/er cf. S. ojptmtu,
Gastrioceraa cf. G. canctUatum. Griffith'

ides sp.

Yellowpine
hmestone

Very dark gray limestone; generally massive but locally thinly bedded.

Bullion
limestone

Light gray to cream-colored crinoidal limestone with very obscure bedding.
Commonly cliff-forming.

250-
350

Anchor
limestone

Light gray, plBty-weathering crinoidal limestone with much brown chert
in irregular nodules and slieets along bedding planes.

Dawn
limestone

Light and dark gray limestone in ma»sive beds up to 20 feet thick separated
by platy beds. Upper part characterized by much chert in irregular,
discontinuous beds up to 3 inches in thickness.

Basal
sandstone

White to brownish-weathering vitreous quartzite and sandstone with
local croRS-hedding

CaninophyUum sp.

Fenestellid and other Brj-oioa, Crinoid
stems. Triplophylhtfs sp., Ilomalophyl-
litfi sp.. Dxflaama sp ,

Drrhya sp , Pr^-
ductus sp.. Sptri/er c^ntronolua. Spxrxfer

cf. S. Loganx

KeferenceB on pp. 34-35.
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Table J. Bummar^ of rock unitg exposed

AGE
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(Table 1—Contiiiueil)

Note 1; In 1938 (Ref. 7) the names Tuugh Nut quartzlte, Keiso shale, and Chambless limestone were pro-

posed for the three lower formallonal unlt^ of Lower Cajnbrian age. The names "Toughnut" and "Kelso"
are preocrupied, so that other formatlonnl terms are used herein.

Note 2; The Latham shale ajid Chambless limestone are both distinct and mappable llthologlc units which
the writer believes have widespread distribution In the southern Great Basin. Tile faunas are unquestion-
ably Lower Cambrian, and the units appear to occupy an approximately constant stratigraphic Interval.

These units are correlated with members 4-N and 4-M of the -Nopah Kange section (Ref. 81. and with the
"Combined .Metals" bed and (he green sh.ile that separates It from the underlying Prospect Mountain quartz-
He as exposed on (he west side of the Highland Range. Pioche Itlstrlct, Nevada (Ref. 2. p. 1156; and Ref.

25). Tliere both units are distinct and mappable. and have the lilbology, fauna, and stratlgraphlc position of

their apparent counterparts In the Marble and Providence Mountains. The type locality of the Latham shale
Is designated as along measured section Cn-Cs' (See plale '^) . about a mile southwest of Latliiim's cabin in

the northern Providence Mountains. Tlie Chambless limestone is niuned after Chambless Station on I'. S.

Highway 66 approximately 12 miles cast of Ajnboy, California. The type locality is about 2 miles northea.st

of Chambless (Ref. 4 and .5) at an old (luarry which is on the north side of a large wash and near its mouth.
A trail Is dimly visible from the wash to the quarry opening.

Note 3: As originally defined In the Marble Mountains (Ref. 11). the term "Cadiz formation" was applied to
the Middle Cambrian portion of a quartzlte. shale, and limestone sequence, the lower 100± feet of which
was known to contain Lower Cambrian fossils (Ref. 3). The term was used in the Providence Range (Ref.
Ill, and was extended to the Nopah Mountains (Ref. 8) with the same faunal limitations for the trase of the
unit. ThLs deflnldon was criticized (Ref. 27) with some justice as establishing the base of the formation on
a faunal basis. The writer here re-detlnes the Cadiz formation to include all beds between the top of the
Lower Cambrian Chambless limestone and the base of the .Middle Cambrian Bonanza King formation. TTie
Cadiz Is 90 delimited on Ihe geologic map (plate 2). In bo(h Ihe Providence and Marble Mountains the for-
mation a-s re-dehned Is a mappable lithologlc unit. Compared wilh the Pioche section (Ref. 25). It occupies
the combined stratlgraphlc position of the portion of the Pioebe shale above the "Combined Metals" bed, the
Lyndon Umeslone, and the Chlsholm shale. Questions have been raised concerning the correlation of both the
Lower and Middle Cambrian beds of the Nopah section with the Pioche section and the Providence-Marble
Mountain section. Publications pertaining thereto are listed In the bibliography (Refs. 16. 27, 28, and 29)

Note 4: This 75(l±-fool unit was defined bi 1936 (Ref. 11) as the Cornlleld Springs formation. The upper
lOOit feet is now believed to belong with the overlying Devonian beds above a major unconformity. The basal
5n-foDt member of the formation Is fosslllferous, and originally was assigned with little question to the
Middle Cambrian on (he basis of r<)ssll Identillcatlons now known to be erroneous. The overlying dolomite sec-
tion was tentatively Included In the formation. In 1938 the name was extended to the Nopah Range (Ref. 8)
on the basis of llthology and apparent fauna, although it was pointed out that, as there dellned, the forma-
tion probably Includes beds of Upper Cambrian age. Recent review of the faunas from the Providence Range
and from (he Cornfleid Springs and Nopah formations of the Nopah Range by A. R. Palmer of the It S.
Cieologlcal Survey suggests that the Cornfleid Springs at its type locality Is of Upper Cambrian age. Addi-
tional faunal collections made recently bv the writer and William H. Easton, and studied by Mr, Palmer,
have confirmed this new age assignment. Tliese findings raise several questions concerning formallonal termi-
nology and correlation, both Willi the Noiiah section and others. For this reason ihe name "Cornlleld Springs
formation" Is not used here, and the two mappable members formerly assigned to It are designated simply as
"Upper Cambrian" until work now In progress can clarify the relations in question.

Note 5; In the measured sections of the Bird Sprbigs formation reiiorted In 1946 (Ref. 23). the approximate
position of the Pennsylvanlan-Permlan boundary was established on the basis of lllbology and faunas. It is
protjable thai this boundary can be mapped, but Inasmuch as If was not. there is no basis for separation on
the map of the Pennsylvanian and Permian portions of the unit here designated as the Bird Springs forma-
tion. In mapping, the base of (he Bird Springs formation was drawn at the top of the distinctive Yellowplne
member of the underlying Mlssisslpplan Monte Crlsto formation. Tills follows Hewetfs definition of the
boundary in the (Joodsprings quajlrangle, Nevada (Ref. 13). In the Providence Mountains no definite basal
sandstone or conglomerate was recognized, although beds low In the Bird Springs section contain sporadic
rounded pebbles and grit of black chert. An unconformity Is presumed to be present on the basis of regional
considerations (Ref. 10, 18) and faunas.

the portion of the mountains south of the pass. The latitude of Sum-
mit Springs has been chosen somewhat arbitrarily as the northern
limit of the range. This boundary is not well defined physiographi-
cally, for the mountains merge gradually into the Mid Hills, a region

of lower average altitude and relatively subdued relief. Summit
Springs is immediately north of the northern limit of Paleozoic

rocks; the Mid Hills are underlain by pre-Cambrian orystalliiic rocks

and intrusive masses of younger granitic rocks.

The main divide of the range trends N. 20° E. For a distance of

about fi miles north of Foshay Pass the average altitude of the crest

line is between' 6,000 and (i.SOO feet ; farther northward the crest is

about 1,000 feet lower. The highest point is Mt. Edgar, which is

about 7,000 feet above sea level. The summit of Foshay Pass stands

at approximately 4,375 feet, and Summit Springs is about 4,100 feet

above sea level.

The longer, and in part steeper, slope is on the western side of the

mountains facing Kelso Valley. Near Cornfield Spring.s, about 5

miles southeast of Kelso, the mountain front rises within a hori-

zontal distance of about 2| miles from an average altitude of 3,000

feet to the maximum of nearly 7,000 feet at Mt. Edgar. The eastern

base of the range along Fenner Valley averages 4,500 feet above sea

level, and the summit ridge lies from half a mile to li miles to the

west. In a general way, the eastern side of the range is a very large-

scale dip .slope.

The most striking physiographic feature of the mountains is the

.series of great west-facing, nearly vertical clitfs that lie immediately
west of the main divide. The.se cliffs, supported by massive Mississip-

pian limestone, are most imposing when viewed from points near

Kelso. The western base of the mountains is lobate in outline, and
wide, alluvium-floored washes head into the range from Kelso Valley.

The.se are separated by sharp ridges that rise eastward in a bnttress-

like manner to meet the base of the great cliffs. The most prominent
of these ridges borders Cornfield Springs Canyon on the south. It

is If miles in average width, and its summit reaches an altitude of

about 4,000 feet.

In marked contrast with the western side, the eastern face of the

range is very straight, and in part has the character of an obse(|uent

fault-line .scarp. The canyons draining into Fenner Valley are deeply
cut, and some have near-vertical walls. To only a minor degree are

the}' floored with alluvial deposits. Opposite the northern part of

the range Fenner Valley rapidly narrows toward the north. In the

vicinity of Summit Springs, Wild Horse Mesa, a high-standing area

developed on a thick series of flat-lying Tertiary volcanic rocks, ex-

tends westward almost to the eastern border of the range.

THE GEOLOGIC SECTION

SHratuimphij. The stratigraphic section in the northern Provi-

dence Mountains includes 13 format ional units that lie above the

pre-Canibrian rocks. These range in age frtmi Lower Cambrian to

Quaternary, and have a maximum aggregate thickness of 12,215±
feet. Nine formations are of Paleozoic age, one is Me.sozoic, one is

Tertiary, and two are Quaternary. Lithologic, paleontologic, and
stratigraphic data pertaining to these units are summarized in

table 1.

Igneous Rocks. No attempt was made in the field to subdivide the

pre-Cambrian igneous and metamorphic complex. Three intrusive

rocks of post-lower Triassic age are recognized. These cannot be

dated exactly, but they are discussed below in what is believed to be

their order of decreasing age.
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Biotite-hornblende-augite syenite crops out northeast of the Bo-

nanza King mine, but it is best exposed along Foshay Pass, where

it is both intrusive into, and in fault contact with, various units of

the Paleozoic sequence (plate 2). Lamey (l!t48) described the rock

as a coarsely granitoid to slightly porphyritic monzonite, mottled

with [link and lilac orthoclase, white plagiodase, and black biotite.

In thin section, secondary alteration is seen to be extensive, with

the development of epidote, zoisite, sericite, and chlorite; some of

the ipiartz also may be of secondarj- development. The iron ore at

the Vulcan mine is a contact-metamorphic deposit believed to be

related in origin to the syenite.

On the northern slope of the ridge that boi-ders Cornfield Springs

Canyon on the north, dark olive green sills of hornblende-bearing

lamprophyre intrude Lower and Middle Cambrian rocks, and in turn

have been cut by rhyolite dikes that follow post-lamprophyre faults.

The age relation of the lamprophyre to the rhyolite is clearly estab-

lished, but its relation to the syenite is uncertain because nowhere

are these two rocks in exposed contact.

Biotite rhyolite, designated on the geologic map (plate 2) as the

Fountain Peak rhyolite, forms the main intrusive mass centering

around Fountain Peak, as well as the dike system that extends there-

from. The Fountain Peak igneous mass is composite in character.

As mapped, it includes at lea.st two intrusive facies differing slightly

in color and texture, as well as an unknown amount of pyrodastic

material having the general composition of a rhyolite vitric tuff. As

alteration of both the intrusive and pyrodastic rocks has been con-

siderable, exact compositions are uncertain.

As a whole the Fountain Peak rhyolite weathers to a dark reddish

brown. It forms prominent craggy slopes which in color and form

contrast sharply with the adjoining areas underlain by limestone.

At the few places where they are visible, the contacts of the intru-

sive rocks are sharp. On the west slope of the range, above the Vul-

can mine, the rhyolite-limestone contact dips beneath the intrusive

ma.ss. The prominent dike system that extends northward from Foun-

tain Peak into the limestone suggests that in this area a large body

of intrusive rhyolite may be present at relatively shallow depth. This

dike system is not shown in the structure sections (plate 3). Altera-

tion of the limestone by the rhyolite has been slight. At some places

the limestone has been bleached, at others some dolomitization has

occurred, and at still others the limstone is rusty-brown in color,

possibly owing to the addition of iron.

The age relation between the Fountain Peak rhyolite and the vol-

canic rocks present in Fenner Valley and on Wild Horse Mesa has

not been firmly established. On the northwest side of Fountain Peak

the rhyolite is intrusive into a series of bedded tuffs, agglomerates,

and water-laid volcanic sediments that contain some rounded cob-

bles of limestone. The.se rocks rest unconformably on Lower Triassic

limestone. Superficially, at least, these bedded tuffs and agglomerates

resemble units in the volcanic series of Wild Horse Mesa. It is pos-

sible that the Fountain Peak rhyolite mass is the filling of a volcanic

conduit whence came the tuffs, agglomerates, and flows that form

the Wild Horse Mesa section, as well as those on the northwest slope

of Fountain Peak. In the latter area, it is presumed that material

ejected early in the volcanic cycle was later intruded by other igne-

ous material.

The rhyolite dike system, which is dearly related to the Fountain

Peak intrusive, was emplaced after the major episode of faulting.

Dikes do not cross the East Providence fault, nor do any of them
appear to have been intrusive along it. As far as could be determined,

there is no evidence that the rhyolite dike system was faulted after

its emplacement, although some minor faulting postdates the vol-

canic series in Fenner Valley and on WMld Horse Mesa. As noted

above, the rhyolite cuts the lamprophyre dikes, and it also is intru-

sive into the syenite along Foshay Pass.

STRUCTURE

The northern Providence Mountains constitute an easterly tilted

block within which faulting is the dominant structural feature.

Folding is very minor, and in all occurrences appears to be related

in origin to the faulting. The fault pattern, the direction and amount
of dip, and the direction and amount of displacement of individual

faults are shown in plate 4. The writer found no evidence of major

low-angle overthrusts such as have been reported by Hewett (Ifl.'il)

in the Goodsprings region. Faulting occurred during at least three

and possibly five periods. In order of decreasing age, these are:

(1) Hifjh-anole reverse faults. The East Providence fault and re-

verse faults within the range and along parts of its western border

belong in this group. In general the.se are faults of rather large dis-

placement. (2) High-angle normal faults. Most of the relatively

minor faults within the range belong in this category. (3) Low-

(iiigh ucirmnl faults. Faults of large displacement that cross the ridge

south of Cornfield Springs Canyon, and some faults of miiu)r dis-

placement south of Latham's are the most prominent of this group.

(4) High-angle reverse and normal faults localh/ present along the

western front of the range. It is uncertain whether these belong in

one of the groups listed above or are younger (plate 3, .sections

B-B' and C-C). (')) High-angle normal faults that cut the Miocene

(?) volcanic rocks in Fenner Valley and on Wild Horse Mesa. The

age relation of these to the faults of group (4) is not known.

The East Providence fault forms the eastern structural border of

the range, and has contri)lle<l the eastern topographic border. The
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easterly dip of the fault plane can be seen not only in outcrop but

also in the mine workings of the Bonanza King and Silver King
mines. Thoup;h structurally high, the area east of the fault is now
topographically low. This same topographic relation existed in pre-

Miocene ( ?) time, as is indicated by the relation of the volcanic

section on Wild Horse Me.sa to the eastern front of the present

mountains. Thus the Providence Mountain block is at least pre-Mio-

cene ( ?) in age, and is not a feature produced by relatively recent

faulting (Emery and Ea.ston. 1051). The major part of the faulting

within the range is of about the same age, although minor post-vol-

canic faulting occurred in Feiiner Valley. The obvious correspond-

ence between the fault pattern of the range and the rhyolite dike

system (plate 4) indicates that the major part of the fault pattern

was developed prior to intru.sion of the Fountain Peak rhyolite.

There is no evidence of recent fault movement along the margins of

the range.

The low-angle normal faults are the outstanding structural fea-

tures in the range. Those .south of Cornfield Springs Canyon are best

exposed and also have the maximum known displacement, which
locally is as much as 4,500 feet stratigraphically. The origin of this

type of fault is puzzling, and the writer offers no solution to the

problem. Similar faults have been reported by Longwell (1945) in

the area north of Las Vegas, Nevada, where presumably they are

related to very large-scale anticlinal folds. Two other possible ex-

planations can be mentioned; (a) The low-angle faults were orig-

inally high-angle, west-dipping normal faults that have been rotated

to a gently inclined position by later ea.stward tilting of the range.

This explanation is not tenable, in view of the other fault features

of the mountains, (b) The low-angle faults were caused by landslid-

ing on a large s<'ale. This seemingly would necessitate marked over-

steepening of the western range front and luovement of the landslide

bloi'ks under essentially surface conditions. This is not an impossible

explanation, but the rock masses above and between the low-angle

faults do not show the brecciatinn and rotation that might be reason-

ably ex|)cclcd uiiilcr such i-onditioiis.

MINERALIZATION

At Icasl two periods of iniiicrali/.at ion are rccogiiizd within the

northern Providence Mountains. The earlier of these is related to

the syenite, and the Vulcan iron deiiosits are believed to be its major
representatives. The muss of intrusive rock locall.\' altered llir l';dco-

zoic limestone to niarhle, and both rocks were later cut by major
faults such as tlu' Kast Providriicc I'aiilt and tlu- I'aidl along Foshay
Pass.

Underground studies in the P.onanza King mine suggest that ore

deposition there was controlled in part hy faults (dosely related to

the East Providence fault, and that mineralization followed the

major part of the faulting. It is believed that this period of mineral-

ization reasonably can be related to the Miocene (?) volcanism.
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5. THE SAN ANDREAS FAULT ZONE FROM SOLEDAD PASS
TO CAJON PASS, CALIFORNIA'

By Levi F. Noble t

INTRODUCTION

The San Aiulroas fault, one of the dominant geologic features of

southern California, defines a zone of rupture that extends more

than 600 miles across the State from the coastal area north of San

Francisco to the area south of the Salton Sea (fig. 1). This zone, the

San Andreas fault zone or "San Andreas rift," is half a mile to a

mile wide in most places. It has a curiously direct course across

mountains and plains, with little regard for gross topographic fea-

tures, and yet it influences profoundly the local topographic and

geologic features within it.

The San Andreas fault is a part, perhaps a dominant part, of the

great fault system of California, which has broken the rocks of the

State into a mosaic of blocks. Some faults of the system branch from

• Publication authorized by the Director, U. S. Geological Survey,
t Geologist. U. S. Geological Survey. Valyermo, California.

Li
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I'"i(.i III-: '2. Sail Amln-ns fault zone ; view northwest toward Palrnilale ( niidillr (listniioc) . 'I'rttiih of San Aiulrras fault is at Irft. and scarp of

Littli' Hock fault is al rJKht. K.xposfrl in the block iM'twor-n tht-sc parallid faults arc sedimentary rocks of I'liorcue and Pleistocene ns*' ; the blocks that

Mank the fault zone are mainly ^riinitic rocks, with some in-faulted slices of Tertiary sedimentary rocks. Note the concentration of vegetation in

Little Hock Wash where it is crossed by the San Andreas fault, i'hoto by J. ti. tihrlton and R. C. Frampton.
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Cajon Pass, and in a general way separates the San Gabriel Moun-
tains on the southwest from the western part of the Mojave Desert

region on the northeast. Throughout this segment, the fault is

marked by a straight and almost continuously traceable chain of

scarps, ridges, and troughlike depressions, most of which involve

Quaternary alluvial deposits and hence afford clear testimony to

many earth movements earlier than those of historic record, yet

gcolngically recent. In the western part of the area the San Andreas

fault forms a trench and ridge that cut across the spurs and lines

of northward drainage from the San Gabriel Mountains (fig. 2), and
farther east its course is marked by Swartout Valley and Lone Pine

Canyon (fig. 3).

A .second major fault, the San Jacinto, is e.ssentially parallel to

the San Andreas from Cajon Creek to a point near Little Rock Creek

where it curves northward and merges into the San Andreas fault

zone. These two master breaks are 2 to 4 miles apart in most places,

and together they define an elongate tectonic belt of extreme struc-

tural complexity (plate 5). Flanking this belt are major blocks that

consist mainly of ery.stalline basement rocks in which the structure

is less complex.

As shown in plate 5, many other faults lie on each side of the San
Andreas fault. Some of these are secondary only in magnitude to

the San Andreas and like it show evidence of recent movements in

the Quaternary deposits and large displacements in the older rocks.

T'nlike the San Andreas, however, they do not constitute major lines

of discontinuity between markedly dissimilar formations. Most are

not continuously .straight but instead are arranged en echelon or

are characterized by numerous subparallel branches. Many of the

individual breaks are .separated by zones of intense crushing in the

pre-Quaternary rocks.

Although most of these faults are parallel to the San Andreas and
San Jacinto faults, or diverge from them at low angles, a few major

breaks diverge abruptly and have an almost due westerly trend

;

some of these faidts may well be cut off or offset by the San Andreas
and San Jacinto faults. Typical examples are the Soledad fault, which

extends westward into the Soledad basin (see Bailey and Jahns, Con-

tribution No. 6, Chapter II) from a point near Little Rock Creek;

the Feinier fault, which trends westward across Pinyon Ridge; the

Clcghorn fault, which extends eastward into the San Bernardino

Mountains from Cajon Creek; and the San Gabriel fault zone, which

extends westward into the San Gabriel Mountains from Lytle Creek

(plate 5).

The rocks of the San Andreas fault zone and the adjacent major

blocks can be grouped into four types: (1) the Pelona schist and

associated rocks, a metamorphosed sedimentary and volcanic se-

quence of probable pre-Cambrian age; (2) widespread plutonic

rocks, for the most part of Mesozoic age, that generally range in

composition from (|uartz diorite to granite; (3) several Tertiary

formations, including volcanic rocks and both marine and nonmarine
sedimentary rocks, mostly confined in their extent to the fault zone;

and (4) Quaternary alluvial-fan, stream, and playa deposits. In the

eastern half of the area mapped, all Tertiary rocks lie north of the

San Andreas fault ; in the western half of the area, they lie south

of the fault or within the fault zone. The pre-Tertiary rocks are

different on opposite sides of the San Andreas fault. All these rocks

are noted in the following, discussions of the fault zone, but for an
integrated presentation of their distribution, nature, and .sequence

the reader is referred to the legend in plate 5.

Area North of San Andreas Fault. The structural block north of

the San Andreas fault is underlain by a batholith of granitic rocks

and the injected rocks of its contact zone. The injected rocks contain

a large amount of limestone, metamorphosed to marble. The batholith

is of wide extent in the western Mojave Desert region. In Holcomb
Ridge it encloses elongate, steeply dipping roof pendants of marble

oriented parallel with the San Andreas fault. In the Table Mountain
ridge the injected rocks include marble, dioritic gneisses, mica schist,

and migmatite, all intricately intruded by the granitic rocks.

The granitic rocks are Mesozoic, perhaps Cretaceous, in age

(Woodford, 1939, p. 257), and the included limestone probably is

late Paleozoic in age (Noble, 1932, p. 356). Farther east, in the

San Bernardino Mountains, the ery.stalline rocks were not studied,

but they include large bodies of granitic plutonic rocks, schist,

gneiss, crystalline limestone, and several kinds of hybrid rocks.

In the drainage area of upper Cajon Creek are many spectacular

exposures of upper Miocene conglomeratic sandstone forming bold

upturned ledges. Interbedded with the sand.stone are siltstone,

gypsiferous shale, and a few limestone beds. These strata, which
have long been known locally as the

'

' Cajon beds,
'

' are at least in

part correlative with the Punchbowl formation farther west and on

the opposite side of the San Andreas fault. The section is more than

8,000 feet thick and has been dated by means of vertebrate fossils

(C. L. Gazin and Chester Stock, personal communications). It lies

upon the granitic basement rocks at a few places; elsewhere it is

faulted against them (plate 5). At one place it lies ui)on the

Vaqueros formation and at another upon the Martinez formation;

these unconformable contacts are too small to show upon the map.

Four small patches of fossiliferous basal beds of the marine

Vaqueros formation of early Miocene age lie upon a high hill of
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FlGUBE 4. Hogbacks (Infnce Bluffs) of CJuateniarv Kravcl. sand, and silt

(Shoemaker gravel) derived from the San Gabriel Mountains; view east toward
San Bernardino Mountains. Beds of the Pleistocene Harold formation underlie
the low area between the hogbacks and the north slopes of the Table Mountain
ridge at right. Mescal Wash in middle distance. Photo by J. S. Shelton and

R. C Frampton.

granodiorite that rises north of the San Andreas fault at Lone Pine
Canyon; the hill is a wedge of basement rock pushed up through
strata of the Punchbowl formation (plate 5). The fossils have been
described by Woodring (1042, pp. 78-83). The relation of these beds
to other outcrops of the Vaqueros formation in California has re-

mained a puzzle since their discovery in 1929, for the nearest rocks
of the Vaqueros north of the San Andreas fault lie in the San
Joaquin Valley, 90 miles northwest of Cajon Creek, and the nearest
strata of the Vaqueros formation south of the fault lie in the Santa
Ana Mountains, 40 miles to the southwest. However, a small block
of unfossiliferous beds that are lithologically like the Vaqueros in

the Ca.jon area is faulted into granodiorite south of the San Andreas
fault 2 miles west of the Valyermo quadrangle. These beds are cor-

related tentatively with the Vaqueros formation by the writer
(plate 5).

Two disconnected outcrops of basal beds correlated with the
marine Martitiez formation of Paleocene age lie near Cajon Creek

just north of the San Andreas fault (plate 5) ; the steeply dipping
beds in one of these outcrops are well exposed in cross-section in a
road cut on U. S. Highway 66. The beds in both outcrops lie uncon-
formably upon granodiorite, are folded and intricately faulted, and
are overlapped at one place by the Punchbowl formation. A thin

wedge of crushed ba.sement rock and sandstone of the Punchbowl
(concealed beneath alluvium) separates the blocks of Martinez from
the San Andreas fault. No other Martinez strata crop out north
of the San Andreas fault nearer than the San Joaquin Valley.

In an earlier paper of the writer (Noble, 1933, pp. 12, 17) the

outcrops of the Martinez formation just described were incorrectly

.stated to be Vaqueros and were incorrectly labeled Miocene in the

legend of the accompanying map (Noble, 1933, plate 3) ; however,
they are correctly labeled on an airplane view (Noble, 1933, plate

4B) accompanying the paper.

A.s traced northward down a gently sloping pediment toward the

floor of Antelope Valley, the granitic rocks of Holcomb Ridge are

overlain by gravel, sand, and silt of the Harold formation of Pleis-

tocene age. The pediment is an exhumed feature that represents a
surface of erosion formed at the beginning of the time of depo.sition

of the Harold formation. This erosion surface is widespread in the

area mapped but has been dislocated at many places by faulting

and warping. The north slope and the crest of the San Bernardino
Mountains at Cajon Pass are parts of it, as are the even crests of

the ridges (fig. 3) in the San Andreas-San Jacinto tectonic belt. It is

spectacularly exposed in the Punchbowl trough at the Devil 's Punch-
bowl (fig. 7). The surface represents an angular unconformity at

the ba.se of the Harold formation that bevels all Tertiary and pre-

Tertiary rock formations and all the complex structure in the San
Andreas fault zone.

The Harold formation is 1,200 feet thick at Cajon Pass but thins

westward and is only 200 feet thick in the west half of the area
mapped. Everywhere the lower part of the formation is finer grained
than the upper part, suggesting that the San Gabriel Mountain arch
did not begin to rise until after the lower part of tlie Ilanild had
been laid down.

The Pleistocene age of the formation is established by fossils

found by C. L. Gaziu in the Pearland quadrangle ( Xoble. 1953).

In the Cajon Creek area, several beds in the basal part of the

Harold section contain scattered vertebrate remains that, according
to Gazin (1932, personal communication), are upper Miocene of the

.stage indicated by fossils in the underjying Punchbowl formation
nearby. On the basis of this evidence, the writer erroneously a.ssigned

the Harold formation of the Cajon Creek area to the upper Miocene
in two former papers (Noble, 1932, p. 356; 1933, p. 13). Subsequent
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FAULT RIDGE

FiGT'RE 5. San Andreas fault zone: view west across Valyermo Ranch. At ri^ht are Holcomb Ridge (IIR) and exhumed pediment (P), with Antelope Valley (A),
Tehachapi Mountains (THPl. and Sierra Xevada (SXl beyond. The Holcomb thrust fault {HT) and Hidden Springs fault (HS» bound the San Andreas fault zone

on the north. Beyond and to the left of the fault ridge (FR) in foregrou/id is the San Andreas fault (SA). which defines Shoemaker Canyon (SO. crosses Big Rock
Creek (BRC). an{l extends west-northwestward toward Tejon Pass (TEJ). In the distance at left are Pinyon Ridge (PR), the Punchbowl trough (PT), the San
Jacinto fault zone fSJZl, and Pleasant View Ridge in the San Uabriel Mountains (PVR).

Ma.ior rock types, from left to right, include Pleasant View complex f.TPV) of the San Gabriel Mountains. Martinez formation (TM) with its unconformable contact

(BTM) on the Pinyon Ridge granodiorite (.7PR). Harold formation (QH). and Holcomb quartz monzonite (KH).
Valyermo Post Office (V) and Pearblossom Highway (PBH) lie in trough of San .\ndreas fault zone. Sketch hi/ Philip U. King.

examination of the locality has led to the conclusion that the remains

are detrital material eroded from the underlying Punchbowl beds,

and the Harold formation has since been assigned to the Pleistocene.

The Harold formation at Cajon Pa.ss is overlain by 200 feet to as

much as !)00 feet of gravel, sand, and silt derived from the San
Gabriel Mountains to the south. These younger deposits are now
exposed in a series of hogbacks that extend eastward for many miles

along the base of the Table Moinitain ridge (fig. 4) to Cajon Pass,

where they form infacing bluffs and have been known as the "inface

gravels." They are now termed the Shoemaker gravel (Noble, 1954).

They are everywhere overlain by alluvial-fan and .stream deposits

washed from the San Gabriel Mountains (Noble, 1933, pp. 17, 19)

before the valley of Cajon Creek was excavated.

Area South of San Andreas Fault. South of the San Andreas
fault pre-Tertiary basement rocks form the San Gabriel Mountains,

which stand at altitudes of 4,000 to 10,000 feet in the area under

discu.ssion. In the western part of the area, the block between the

San Andreas and San Jacinto faults comprises many .smaller fault-

bounded blocks, some of which consist in part of Tertiary sedimen-

tary rocks. P'arthcr cast, in contrast, the block between the two main
faidts <'onsi.sts wholly of basement rocks, and forms part of the high

ground of the San Gabriel Mountains (plate ."3).

The oldest of the crystalline rocks is the Pelona schist, a thick

sequence of quartz-mica schist, feldspafhic quartz-mica schist, chlo-

rite-rich schist, actinolite-mica schi.st, and minor amounts of quartz-

ite, crystalline limestone, and amphibolite. It probably is pre-

Cambrian in age. Younger members of the ba.sement complex
include anorthosite and as.sociated gabbroic rock.s. hornblende-rich

diorite, plutonic rocks of quartz dioritic to granitic composition,

numerous hybrid schists and gneisses, and dike rocks among which
amphibolite, pegmatite, and aplite are wiilely represented. Some of

these rocks, including the anorthosite, may well be as old as prc-

Cambrian, but most of the plutonic types probably are Jurassic or

Cretaceous in age (Miller, 1934, pp. 61-6.5; Simpson, 1935, p. 384;

Woodford, 1939).

The Pelona schist borders the San Andreas fault throughout the

eastern half of the area mapped, where- it underlies Blue Ridge,

Pine Mountain, and the ridge between Lone Pine Canyon and Lytle

Creek. It does not crop out in the western half of the area. Younger
plutonic rocks are in fault contact with the schist in many places,

especially in the San Andreas-San Jacinto tectonic belt, and in

some places they are intrusive into the schist. They are separated

from the .schist in the highest jiart of the .San Gabriel Mountains
by the widespread Vincent thrust fault, which is spectacularly ex-
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FloVRE 6. Pinyon Ridge (PR) and San Gabriel Mountains; view south up
Sandrock Canyon (SRCl from Valyermo Ranch. Beds of the Harold formation

(QHl form the ridpe (Earthqualte Hill I on the near side of the San Andreas
fault fSAl, immediately beyond which is a higher ridge of granodiorite (JPR).
The Martinez formation (TM) underlies the part of Pinyon Uidge here shown,
and visible through the gap in this ridge are the gently dipping beds of the

Punchbowl formation (TPl on the north limb of the Punchbowl syncline.

Quaternary older alluvium (QA) overlies the Punchbowl formation, which in

turn rests unconformably upon the Martinez formation. A red megabreccia (M)
of Martinez blocks lies immediately above this unconformity (T'l. Beyond the

Punchbowl trough are the San Jacinto fault zone (SJZ) and the crystalline

rocks (JPV) of Pleasant View Ridge (PVR). Sketch hy Philip B. King.

posed on the bold faces of Mount Baden-Powell and San Antonio

Peak (plate 5 and fig. 8). This fault commonly dips southwestward

at angles less than 45°, but locally it is folded or warped. It is

marked at many places by considerable thicknesses of mylonite. It

cannot be younger than Mesozoic in age, as it is cut by the youngest

intrusive rocks of the late Mesozoic igneous complex.

At the western edge of the mapped area are scattered exposures

of the Vas(iuez formation, a thick sequence of coarse-grained con-

tinental strata with associated andesite and basalt. The sedimentary

rocks probably are Oligocene in age, but may extend into the earliest

Miocene. They are unconformably overlain by fossiliferous lower

Miocene beds in areas farther west (Jahns, 1940, p. 170). The
Vasquez formation in this area is preserved as erosional remnants

in downfaulted blocks and in general is separated from the cry.stal-

line rocks of the San Gabriel Mountains by the Soledad fault.

San Andreas Fault Zone. In the western half of the area mapped,
the San Andreas fault zone is a wide depression whose floor consists

for the most part of broad alluvial surfaces diversified by low ridges

that parallel the depression (figs. 2, 5). In the eastern half of the

area nearly all alluvium occupies a narrow trough that encloses the

San Andreas fault, and most of the surface of the zone is bedrock

(fig. 3). The fault zone, which is structurally a depressed area, con-

tains numerous fault-bounded masses of Tertiary and pre-Tertiary

rocks. These masses, as well as others that flank the zone, represent

slices and lenses that have been raised or depressed with respect to

adjacent blocks by movements within the zone. Some of the ridges

are sharp anticlines in Quaternary deposits.

Perhaps the most striking features in the fault zone are numerous

large wedges of granitic basement rock that have been pushed up
through the Punchbowl formation of upper Miocene age near Little

Rock Creek south of the San Andreas fault and near Cajon Creek

north of the fault. Some of the faults that border the wedges dip

steeply beneath them, suggesting that the wedges taper downward
as well as laterally and have been dragged along or squeezed up.

A wedge of cru.shed granitic basement rock, commonly concealed

beneath Quaternary deposits and at many places so intricately frac-

tured that it resembles fault gouge, borders the San Andreas fault

throughout the area mapped. Thin slivers of extremely disordered

upper Miocene strata of the Punchbowl formation border the wedge
and at places are intricately involved in it by faulting. This belt of

cru.shed rocks is believed to mark the break along which large strike-

slip movements took place in pre-Quaternary time.

A particularly interesting feature of the ma,ior block between the

San Andreas and San Jacinto faults is the Punchbowl trough south

and southwest of Valyermo. In this structurally depressed area is

more than 6,000 feet of marine shale, arkosic sandstone, and con-

glomerate of the Martinez formation, of Paleocene age (Dickerson,

1914). This formation comprises two members that are everywhere

in fault contact. The lower member and underlying granodiorite

have been thrust over the upper member along the Pinyon fault.

Both the Martinez formation and the Pinyon thrust fault were

folded and eroded prior to deposition of the overlying Punchbowl

formation of late Miocene age, which consists of nonmarine conglom-

erate, sandstone, siltstone, and gypsiferous shale. This section con-

tains scanty vertebrate remains that appear to be related to the

Barstow fauna of the Mo,iave Desert region (Chester Stock, personal

communication; .see also Savage and Downs, Contribution No. 6,

Chapter III) and probably is in part correlative with the Mint

Canyon formation of the Ventura basin to the west (Jahns, 1940,

pp. 171-172). The Punchbowl strata have been folded into a broad

syncline and are well exposed in a spectacular basinlike area known

as the Devil's Punchbowl (fig. 6). The Punchbowl and San Jacinto

faults bound this area on the .south, and on its north side is the easily

recognized unconformity between the Martinez and Punchbowl for-
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FiGlTRE 7. The Devil's Punchbowl: view northwest alons axis of Punchbowl syncline from Devil's Punchbowl trail. From left to ripht. siietch shows Pleasant View
RidRe (PVR I, the San Jacinto fault (S.JF), the crush zone ( S.IZ ) between the San Jacinto fault and the Punchbowl reverse fault (PFl. beds of the Punchbowl
formation (TP). the can.von of Punchbowl Creek (PC) through Pin.von Ridge (PR), the San Andreas fault zone (SAZ), and Ilolcomb Ridge (HRI. Antelope Valley
is in the far distance. The cr.vstalline rocks of the San Gabriel Mountains (JPV) are separated from the Punchbowl strata by a crush zone in which white aplite and
dark metadiorite are prominent. Quaternary older alluvium (QA) lies on an erosion surface that bevels the Punchbowl formation, and a Quaternary fault (QF) cuts
this alluvium on line of the Punchbowl fault. The unconformity (U) between the Punchbowl formation and the underlying Martinez formation (TM) is clearly shown
along the base of Pinyon Ridge. Sketch hy Philip B. King.

Illations (fig. 7). The Punchbowl beds were laid down in a northwe.st-

trending structural trough coinciding with and at places overlapping
the San Andreas-San Jacinto tectonic belt. The trough has been

intermittently under intense compression since before the deposition

of the Punchbowl strata, with attendant episodes of faulting and
synclinal folding.

LATERAL DISPLACEMENT ALONG THE SAN ANDREAS FAULT

In the following description the writer offers quantitative evidence

for pre-upper Pleistocene right-lateral movement of at least 30 miles

on the segment of the San Andreas fault extending from the western

border of the Pearlaiui (|uadrangle (long. 118°06') to Cajon Creek
(long. 117"26'), a distance of 42 miles. Discu.ssion is confined to the

San Andreas fault, and possible additional lateral movement on sub-

parallel faults is not taken into account.

Because the record of movements on the San Andreas fault is

fairly plain in the youngest formations and becomes progressively

more obscure in older formations, this account begins with the latest

events and proceeds to the earliest, the reverse of the usual historical

order.

Several lines of evidence, none in itself conclusive but all pointing

in the same direction, indicate that the total horizontal displacement

on the San Andreas fault was of great magnitude. No accurate ana-

lysis is possible, and the estimated displacement of 30 miles since

late Miocene time is considerably less than the estimate given by Hill

and Dibblee (1953, pp. 447-448) for movement on a more northerly

part of the fault during this same period. It should be noted, how-

ever, that the figure given here applies only to the San Andreas
fault itself. If the speculation offered by Hill and Dibblee (1953,

p. 453), that the San Gabriel and San Jacinto faults may be ances-

tral portions of the San Andreas fault can be i)roved correct, it is

possible that the aggregate movement on these faults, could it ever

be determined, would bring the estimates more nearly into accord.

Movement on the Fenner fault, a third possible ancestor, ceased

before the Punchbowl formation was deposited.

Recent Disphcemetils. Almost everywhere along the San An-
dreas fault the younger alluvium, is deformed into low ridges, small

sinks, and discontinuous scarps. At many places in the fault zone it

is warped into low anticlinal domes and undrained shallow depres-

sions. Elsewhere, however, it is undisturbed.
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Just east of the Pear Blossom Highway bridge over Big Rock
Creek, a recent uplift of the creek gravel has produced a scarp that

faces upstream ; this scarp probably was formed during the Fort

Tejon earthquake of 1857. Before the earthquake, Big Rock Creek

crossed the San Andreas fault 600 feet east of its present channel

and flowed north through Mountain Brook Ranch ; the old channel

is still traceable. It had been shifted to that position by right-lateral

movements on the San Andreas fault amounting to 600 feet, prior

to the Fort Tejon earthquake. The 1857 uplift across the channel

diverted the stream back to a course in line with its original channel

on the southwest side of the fault.

Where the San Andreas fault crosses Pallett Creek a recent uplift

of the younger alluvium has produced a scarp that faces downstream.

This scarp also was probably formed during the 1857 earthquake.

As a result of the uplift, Pallett Creek is rapidly deepening its

channel and dissecting a peat deposit that accumulated in Recent

time in a depression south of the San Andreas fault ridge.

Although the San Andreas fault dislocates the younger alluvium

in the fault trench, the trench itself is an older feature, for the

alluvium was deposited in the trench after it was formed. The San
Andreas fault ridge also is an older feature, for parts of it are buried

under younger alluvium. Yet the ridge is younger than the older

alluvium, because at places this older alluvium is involved in the

faulting that formed the ridge. Clearly the trench and the ridge are

the result of recurrent movements.

The older alluviinn is cut by manj- faults in the San Andreas fault

zone. All the.se breaks are expressed topographically and are readily

traceable on air photographs ; their scarps are degraded, however,

and most of the fault trenches are floored with younger alluvium.

On many faults the displacement of the surface is reversed abruptly

from place to place along the fault trace, indicating a dominant
horizontal component.

Three gaps in Holcomb Ridge represent stream valleys whose

upper courses have been offset by the San Andreas fault. The east-

ernmost, Bob's Gap, is the offset valley of Big Rock Creek; the

middle gap, now occupied by the combined stream courses of Big

Rock Creek and Pallett Creek, is the offset valley of Pallett Creek;

and the westernmost gap, unnamed, is the offset valley of an un-

named large stream course northwest of Valyermo. Each of these

offsets indicates a horizontal or strike-slip movement of more than

a mile on the San Andreas fault, the land on the .southwest side of

the fault having moved relatively northwest. The offsets are of the

same order of magnitude as those of Little Rock Creek and other

large stream courses in the Pearland quadrangle (Noble, 1953) and
of Cajon Creek in the Hesperia ([uadrangle (Noble, 1932, p. 357;

1933, p. 17).

The fact that Big Rock Creek now flows northwest in the San
Andreas fault zone and passes through the middle' gap in Holcomb
Ridge is seemingly anomalous. Actually the stream could not long

have maintained its course through Bob's Gap against the rising

FIOURE 8. The Vincent thrust (VT) ; view down the canyon of the San Gabriel River (SG) in the San Gabriel Mountains from Blue Ridee (RR). A complei
of heterogeneous plutonic roclcs (JPV), which underlies Iron Mountain (IM). Mt. Baden-Powell (North Bald.v) (BIM, and Pleasant View Ridjie (PVR), rests with
thrust contact upon Pelona schist (PCPS). The thrust is truncated in Vincent Gulch (V) by the San Jacinto fault zone (SJZ) uear Vincent Cabin (VC). Wedges of

the Punchbowl formation (TP) occupy parts of the fault zone eastward from Vincent Gap (VG). Sketch bu Philip B. King.
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scarps of the Recent Hidden Springs and Holcomb faults and against

the strong northwesterly tilt of the San Andreas fault trough on

the flank of the rising San Gabriel Mountain arch.

An area of older alluvium north of the San Andreas fault between

Pallett Creek and the Valyermo Ranch has no counterpart directly

opposite on the south side of the fault, but the material is litho-

logically identical with the older alluvium south of the fault near

the west border of the Valyermo quadrangle. In both areas the gravel

consists chiefly of cobbles derived from the San Gabriel Mountains,

without admixture of granodiorite from Pinyon Ridge nearby. The

existing relation indicates a horizontal offset of the older alluvium

of 1 to 2 miles.

Late Pleistocene Displacement. Toward the end of Harold deposi-

tion in late Pleistocene time, upwarp of the basement rocks of the

northern San Gabriel Mountains into a broad arch caused them to

shed debris northward in coarse alluvial-fan deposits all along the

steepening northern flank of the mountains from the Palmdale-Little

Rock area eastward to Cajon Pass, where the Shoemaker gravel

forms the infacing bluffs at the summit of the pass (Noble, 1926,

p. 419; 1933, pp. 18, 20). A check of precise levels run northward

acro.ss Cajon- Pass from the San Andreas fault in 1906, 1924, and

1944 shows that at least a segment of the arch is still rising, appar-

ently at the rate of 20 inches per century (Gilluly, 1949, pp. 562-

565). Some erosion may have intervened prior to deposition of the

Shoemaker gravel, but no unconformity can be detected in most

places, where the boundary between the Harold formation and the

overlying gravel is essentially a change from finer to coarser

material.

Movements after Harold time and before the older alluvium was

deposited are indicated by the fact that the Harold formation and

the Shoemaker gravel are more deformed than the older alluvium.

Both lie flat in some places and dip gently in others, but locally they

are considerably warped and folded, and in the San Andreas fault

ridge they are violently disturbed. Both formations are cut by many
faults that are parallel to the San Andreas or branch from it at low-

angles.

During this period the Harold formation may have been displaced

as much as 5 miles by horizontal movements. Rocks of the Harold

formation exposed north of the San Andreas fault west of Valyermo

are lithologically similar to Harold strata exposed south of the fault

2 to 5 miles farther west, indicating a displacement similar to that

of the same formation in the Pearland (|uadrangle (Noble, 1953).

Displacement Indicated by Anavcrde Formation. Within and

northwest of the area shown in plate 5, all exposures of the Anaverde

formation of early to middle Pliocene age lie north of the San

Andreas fault. In the Pearland quadrangle, at a point 3 miles west

of Little Rock Creek, the formation lies unconformably upon quartz

monzonite. The constituent materials of the formation are almost

entirely quartz monzonite without admixture of material from

sources on the south side of the San Andreas fault, whereas those

of the juxtapo.sed Punchbowl formation on the south side of the San

Andreas fault are derived exclusively from rocks that crop out on

that side of the fault. The Anaverde formation, which is younger

than the Punchbowl, should contain material from the Punchbowl

formation or from the rocks south of the San Andreas fault zone

if it had been deposited in the position that it now occupies, for

cobbles weather out easily from the Punchbowl formation and are

incorporated in great abundance in the Pleistocene Harold forma-

tion wherever it overlies the Punchbowl.

The evidence suggests that at the time the Anaverde formation

was deposited, rocks other than those now adjacent were present on

the south .side of the fault. Thirty-five miles northwest of Palmdale,

the Liebre quartz monzonite described by Crowell (1952a, p. 11),

probably the equivalent of the quartz monzonite from which the

Anaverde was derived, crops out south of the San Andreas fault.

Displacement of Punchbowl Formation. In the Valyermo area

the strata of the Punchbowl formation north of the San Andreas

fault do not match lithologically those of the same formation exposed

in the Punchbowl trough directly opposite them to the south ; but

some of them match beds in the facies of the Punchbowl formation

exposed south of the fault from a point 5 miles west of Valyermo to

the Pearland quadrangle, several miles beyond. As interpreted by

the writer, these relations indicate that the two facies of Punchbowl
rocks have reached their present juxtaposition by horizontal move-

ments along the fault.

A combination of geologic features north of the San Andreas fault

within an area several miles square bordering Cajon Creek corre-

sponds remarkably with a combination of geologic features south of

the fault within and west of the Valyermo area (Noble. 1926, p.

420). On both sides of Cajon Cfeek. just north of the San Andreas

fault, marine beds of littoral origin are lithologically similar to and

correlated with the Paleocene Martinez formation of the Valyermo

area and overlie basement rock similar to the granodiorite of Pinyon

Ridge, in the Valyermo area. The Martinez beds at Cajon Creek are

comi)Iexly folded and faulted, and, as in the Valyermo area, are

overlain unconformably by less complexly folded and faulted upper

Miocene strata similar in lithology to the lower member of the

Punchbowl formation of late Miocene age in the Valyermo area. Both

at Cajon Creek and in the Valyermo area these overlying beds con-

tain vert<'brate remains that, according to Chester Stock (written
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communication, 1950), indicate an age of late Miocene near that of

the Barstow formation, with a possibility that the fauna of the Val-

yermo quadrangle may be slightly younger than the fauna of the beds

at Cajon Creek. The beds in both areas contain cobbles of volcanic

rocks of the Vasquez formation, the only apparent source of which
lies 4 to 10 miles west of the Valyermo area and south of the San
Andreas fault. This offset of cobble-bearing beds from the source

area of the cobbles is similar to that described by Crowell (1952b)

as indicating large lateral displacement on the San Gabriel fault.

Although the basal part of the Punchbowl formation is in juxta-

position with Pelona schist for several miles along the San Andreas
fault in Lone Pine Canyon, the Punchbowl contains very little ma-
terial of the Pelona. If these formations had been deposited in or

near their present position, they should be crowded with material of

the Pelona schist ; where they lie with depositional contact upon
Pelona schist just southeast of the Valyermo quadrangle, they are

rich in schist debris. The evidence suggests that, at the time the

Punchbowl formation was deposited, rocks other than the Pelona

schist now adjacent were present on the south side of the San An-
dreas fault.

Beds of limestone are rare in the Punchbowl formation. Three

miles southwest of Cajon Pass a bed of algal limestone crops out on

the north side of the San Andreas fault. A similar bed crops out

south of the fault about 4 miles west of the Valyermo area.

Two miles southwest of Cajon Pa.ss, and north of the San Andreas
fault, a thin .seam of lignitic material that has been prospected for

coal is interbedded with yellowish and buff sandstone and dark .shale

in the upper part of the Punchbowl formation. A similar seam, also

interbedded with yellowish and buff sandstone and dark shale, crops

out in the upper part of the Punchbowl formation south of the San
Andreas fault, just west of the Valyermo area ; it also has been pros-

pected for coal.

The relations just described suggest that the upper Miocene rocks

north of the San Andreas fault near Cajon Creek have been dis-

placed at least 30 miles relative to those on the south .side of the

fault (Noble, 1926, p. 420).

Displacement of Punchbowl Fault. It seems possible that the

Punchbowl fault also has been offset 30 miles or more by the San
Andreas fault. At a point 4 miles west of Cajon Creek the Cajon
Valley fault (Noble, 1933, pi. 3) diverges northwestward from the

San Andreas fault for .several miles (plate 5). The Cajon Valley

fault closely resembles the Punchbowl fault, in that it is a rever.se

fault with .southwest dip and northwest trend, and, as along the

Punchbowl fault, shattered basement rocks injected by quartz mon-

zonite are faulted against the folded Punchbowl formation.

Pre-Vpper Miocene Displacement. The faults and folds in the

Martinez formation record a major disturbance that took place

before the Punchbowl formation was laid down. Although the rela-

tion of these movements to the San Andreas fault is a matter of

conjecture, the alignment of the faults and folds of the Martinez and
of the structural trough in which the Punchbowl formation was
deposited indicate that these structures are closely related to move-
ments on the San Andreas. It seems probable that the ancient sea-

way in which the Martinez and Vaqucros formations are assumed
to have been deposited also coincides with this trough, implying
that it too was structural in origin and was related to movements
on the fault. If this interpretation is correct, the San Andreas fault

or its ancestral equivalent was in existence as a major structural

feature at least as early as the beginning of Tertiary time.

The difference in the pre-Tertiary basement rocks on opposite sides

of the San Andreas fault in the Valyermo area and throughout the

50-mile segment studied by the writer (Noble, 1926, p. 420) sug-

gests that horizontal movements greater than those alread.v described

ma.v have taken place on the fault in early Tertiary or even in pre-

Tertiary time. It is even conceivable (Noble. 1932, pp. 356, 357)

that horizontal movements on the San Andreas fault totaling more
than 50 miles have pulled the .similar rock mas.ses of the San Gabriel

and San Bernardino Mountains apart (fig. 1), but if evidence of this

movement is to be forthcoming it must await a detailed study of the

basement rocks that border the San Andreas fault.
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6. STRIKE-SLIP DISPLACEMENT OP THE SAN GABRIEL FAULT,
SOUTHERN CALIFORNIA

By John C. Crowell •

INTRODUCTION

The San Gabriel fault, which trends northwestward subparallel to

the San Andreas fault for a distance of about 90 miles, apparently

has a right strike-slip displacement of approximately 20 miles. The
evidence in support of this conclusion comes from a consideration

of the. present distribution of coarse clastic sediments with reference

to their source areas, and is described briefly in this paper. Two
independent masses of conglomerate and breccia were laid down
next to the San Gabriel fault scarp during late Miocene and Plio-

cene time. These masses have been displaced laterally by almost

continuous strike-slip movement on the fault, beginning at some
time in the early late Miocene and continuing until about the end

of the Pliocene. A more complete description of the argument has

been published elsewhere (Crowell, 1952).

The San Gabriel fault zone extends through a large part of the

Transverse Ranges, and belongs to the system of faults that includes

the San Andreas and San Jacinto. On the northwest it presumably

meets the San Andreas fault beneath the Prazier Mountain thrust,

near the juncture of the San Andreas with the Garlock and Big

Pine faults (Crowell, 1950, p. 1641; Hill and Dibblee, 1953, pi. 4).

For the next 25 miles of its course from this region toward the

southeast, the fault bounds the Ridge basin on the southwest. Be-

tween Castaic and the San Gabriel Mountains the fault crosses low

hills with little topographic expression, and in this region it limits

three oil fields on the northeast : Castaic Hills, Honor Rancho, and
Placerita. Through the San Gabriel Mountains the fault is marked
by a wide crush-zone, and separates basement rocks of very different

types. In the west-central part of the range the fault zone branches;

the south branch merges with faults along the south front of the

San Gabriel Mountains, and the north branch leads eastward into

a structurally complex area, as yet unmapped in detail, north of San
Bernardino.

The topographic trace of the fault zone is quite straight and is

marked by aligned canyons and notches eroded in the sheared and
broken rock. The zone generally consists of .several faults that sepa-

rate attenuated slivers, some of which are three-quarters of a mile

wide. As a whole it dips very steeply, but major faults within the

zone dip at angles as low as 65 degrees, either northeastward or

southwestward.

• Aaslstant Professor of Geology. University of California. Los Angeles.

In addition to the strike-slip movement on the fault, with which
this paper is primarily concerned, there appears to have been a large

dip-slip component of as much as 14,000 feet in the area 10 or 12

miles northwest of Castaic (Eaton, 1939, p. 521; Crowell, 1950, p.

1643). Here a great thickness of Ridge basin strata is preserved on

the northeast side of the fault, which dips toward these strata and
hence is apparently a normal fault. Its principal movement, how-

ever, is probably strike-slip. At some other places, as at Castaic, the

apparent dip-slip component is the opposite, the southwest side hav-

ing moved downward.

GEOLOGY ALONG THE SAN GABRIEL FAULT

The 50-mile segment of the San Gabriel fault under consideration

here extends from the vicinity of Frazier Mountain on the northwest

to the west-central San Gabriel Mountains on the southeast. Al-

though the geology along the fault is simplified on the map (fig. 1),

it is shown in greater detail on the map sheets of the Ridge basin,

the Eastern Ventura basin, and the Soledad basin, which appear
elsewhere in this volume. On the southwest side of the fault and at

its northwest end, near Frazier Mountain, the basement rocks consist

of gneiss. Quartz diorite predominates farther^ south in areas that

are not yet completely mapped. About 7 miles northwest of Castaic

the basement rocks are overlapped by the Tertiary marine sequence

of the nearby Ventura basin. South and southea.st from this area of

overlap, all ba.sement rock southwest of the fault for many miles is

covered by marine strata belonging to the Mohnian (upper Miocene)

or older stages. Basement rock (gneiss) again reaches the surface

in the western San Gabriel Mountains, about 18 miles along the

fault from the area of overlap.

On the northeast side of the fault, Ridge basin beds (Pliocene)

are exposed at the north and extend to within 5 miles of Castaic

(fig. 1). These strata lie upon Paleocene and Miocene sedimentary

rocks as far north as the Clearwater fault, and on gneiss and granitic

rocks farther north. Southeast of Castaic, Miocene and Pliocene sedi-

mentary formations are exposed at the surface, and outcrops of base-

ment rock are unknown until the San Gabriel Mountains are reached.

Throughout this distance all basement rock is covered by sediments

at least as old as late Miocene (Mohnian). The nearest exposures

of basement rock northeast of the San Gabriel fault in this region

are found about 4 miles northeast of Ca.staic, and consist of schist

(4»)
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and local patches of quartz diorite and gneiss that appear from

beneath the Mint Canyon formation (upper Miocene).

The geology of the westernmost San Gabriel Mountains has been

mapped recently by Donald V. Higgs (see Contribution No. 8, Chap-

ter VII). His map, simplified here, shows a band of gneiss between

the San Gabriel fault and a complex of anorthosite and norite. The

anorthosite, consisting almost entirely of white plagioclase (An
39-46), and the norite, a dark altered hypersthene gabbro, are dis-

tinctive rocks and in southern California are known to crop out only

in this area.

EVIDENCE FOR LARGE STRIKE-SLIP DISPLACEMENT

The present positions of two different masses of upper Miocene

coarse conglomerate and sedimentary breccia, which crop out next

to the San Gabriel fault, apparently require a strike-slip displace-

ment on the fault of many miles. Each mass contains coarse clasts

of basement rock types that were washed into place from sources

acro.ss the fault. At present, however, the areas across the fault from

each deposit are mantled by sedimentary rocks that are older than

the conglomerates, which of course means that the basement rocks

of these areas were not available as sources of clasts for the con-

glomerates. But with a lateral displacement of about 20 miles, ex-

posed source areas of appropriate composition are lined up properly

with respect to the derived sediments.

Anorthosite-Bearing Conglomerates. Southwest of the San Ga-

briel fault zone, and 4 to 6 miles northwest of Castaic, coarse con-

glomerates are interbedded in sandstone and siltstone of the Modelo

formation, as .shown on the large-scale inset map in figure 1. The

conglomerates, which represent the Mohnian stage (upper Miocene),

are compo.sed predominantly of cla.sts of anorthosite, norite, and

related rocks with some gneiss and granitic types, but lack clasts

of .schist and older sedimentary rocks. The thickest beds, with large

clasts as much as .several feet in diameter, lie next to the fault, and

thin toward the southwest. In fact, they are not known on the

surface beyond the map area. This facies change, supported by a

few observations of current bedding and slump .structures, indicates

that the debris was washed in from areas across the fault to the

northeast, and probably came from a .source nearby.

The composition of the clasts clearly shows that exposures of base-

ment rock must have lain in this general direction during the accu-

mulation of the conglomerates. Rut this region is now covered by

sedimentary rocks older than the conglomerates for distances of

several miles northeastward beyond the fault. Surface mapping and

well data in this region to date have revealed no basement rock that

is not mantled by older sediments. Schist, gneiss, and granitic rocks

are exposed 5 miles northeast of Castaic, but clasts of schist and

granitic rocks are very rare in the conglomerates. A reconnaissance

search for distances of about 20 miles to the northeast has revealed

no basement terrane of anorthosite and norite, nor have such rocks

been reported from this area by other geologists.

About 12 miles to the east, some coarse sedimentary breccias con-

taining anorthositic debris crop out locally in the Va.squez formation

(Oligocene or lower Miocene), but these breccias lie beneath the

Mint Canyon formation (upper Miocene) and probably were not

exposed to erosion during late Miocene time. In addition, the lack

of clasts of other rock types in the vicinity of the Vasquez exposures

makes it still more unlikely that the erosion of these deposits pro-

vided the anorthositic debris in the Modelo conglomerates.

But do some of the Pliocene sediments in the area conceal anor-

thosites and norites that might have contributed debris during Mio-

cene time to the conglomerates? Pliocene rocks are present .southeast

of Castaic, but well data show that sedimentary rocks older than the

conglomerates are present at depth. In the Ridge basin, Miocene and

older .sedimentary rocks probably underlie the Pliocene section as

far north as the Clearwater fault, but the sub-Pliocene geology is

unknown in the extreme northwestern part of the basin. Inasmuch

as granitic rocks and gneiss are exposed around this small area, how-

ever, it seems unlikely that any bodies of anorthosite and norite are

concealed.

A basement terrane with appropriate compo.sition to serve as a

source for the anorthosite-bearing conglomerates is present in the

western San Gabriel Mountains, and study to date shows that most

of the rock types are lithologically identical with the cla.sts. It is

suggested, therefore, that the western San Gabriel Mountains was

the source area for the conglomerates. It .seems very uidikely that

the boulders and cobbles of anorthosite were washed directly from

the present position of the source area. First, the available evidence

indicates that the conglomerates came from a nearby source to the

northeast, instead of fnmi a relatively distant source to the south-

east. Second, .sandstones and .shales of about the same age as the

conglomerates lie in the area between the conglomerates and the

San Gabriel Mountains. It would be most unusual for the con-

glomerates to be separated from their source by contemporaneous

finer-grained deposits.

The evidence at hand therefore indicates that the anorthosite-

bearing conglomerates accumulated .iust southwest of and acro.ss the

San Gabriel fault from the San Gabriel Mountains. Their present

position, some 15 to 25 miles relatively toward the northwest, ap-

parently recpiires this amount of displacement on the fault. It is of
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course impossible to determine just how much displacement has

occurred, as it is not possible to work out details of the drainage

pattern durinir late Miocene time and thus locate the conglomerate

mass precisely with respect to its source area prior to displacement.

It appears reasonable, however, to place the area of conglomerate

accumulation somewhere within a 10-mile span that lay 15 to 2.5

miles relatively southeast of its present position.

The Gneiss-Bearing Sedimentary Breccia. Beginning about a

mile northwest of Castaic, a narrow band of sedimentary breccia lies

along the northeast side of the San Gabriel fault for a distance of

21 miles (fig. 1). Throughout its extent it consists pi^edominantly

of blocks of gneiss with minor amounts of granitic rocks, jumbled

in an unsorted matrix, and it grades rapidly eastward into fine-

grained sediments of the Ridge basin. The breccia, named the Violin

breccia (see Crowell, Ridge basin map sheet, this volume), accumu-

lated as a local deposit at the base of a fault scarp, and ranges in

age from late Miocene at its base to late Pliocene at its top.

The southeastern 6 miles of this strip of Violin breccia, near

Castaic, is separated from the sedimentary rocks of the Ventura

basin by the San Gabriel fault. Here, too, it is composed predomi-

nantly of gneissic blocks that were derived from sources across the

fault to the southwest. The area now opposite this breccia, however,

is covered by sedimentary rocks that are older than the breccia.

Although a narrow fault sliver of gneiss is now exposed in the fault

zone, it must not have been available to ero.sion during latest Miocene

time, as it i.s overlain unconformably by upper Miocene (Mohnian)

.strata. About 6 miles northwestward from the tip of the breccia belt,

and on the opposite (southwest) side of the fault, (piartz diorite with

only minor amounts of gneiss and schist is exposed; judging from

the predominance of gneissic clasts in the breccia, this terrane prob-

ably was not the source for the breccia. About 15 miles to the north-

west the (|uartz diorite gives way to gneiss, and it seems more likely

that the gneiss-bearing breccia accumulated opposite this part of the

basement terrane. If so, the Violin breccia has since been offset about

15 miles by movement on the fault.

AGE OF MOVEMENT

Coar.se sedimentary breccias containing anorthositic debris similar

to that described above are present in the Sespe (Vastjuez ?) forma-

tion (upper Oligocene to lower Miocene) in Canton Canyon, and
they lie unconformably beneath the Modelo formation (see inset map,
fig. 1 ) . These rocks, which contain blocks of anorthosite several feet

in diameter, show that a rugged source area lay nearby, presumably

uplifted along the San Gabriel fault zone. Movement on the fault

therefore maj' have been initiated during late Oligocene or early

Miocene time, and certainly the fault was in existence by late Mio-

cene time, when the anorthosife-bearing conglomerates of the Modelo

formation (upper Miocene) were laid down. The relation of the

gneiss-bearing breccia to the San Gabriel fault is even more clear,

but the oldest part of the breccia probably was dejHjsited somewhat

later than the conglomerate.

Inasmuch as the Violin breccia ranges in age from late Miocene

to late Pliocene, and appears to have required an adjacent steep fault

scarp to account for its development, the San Gabriel fault must

have been intermittently active during this complete span of time

(Eaton, lOIW, p. 522; Crowell, Ridge basin map sheet). Movement

cea.sed toward the end of Pliocene time, as shown by the overlap of

the fault trace by late Pliocene beds in the Hungry Valley area

(Crowell, 1!)50, p. 1643). The fault must have been reactivated dur-

ing the Pleistocene epoch, however, as it cuts Plio-Pleistocene beds

in the region southeast of Castaic. Evidence of renewed movement

also is present in the Hungry Valley area (Crowell, 1050, p. 1644).

Information at hand, therefore, suggests that during the period of

widespread mid-Pleistocene deformation in southern California, the

San Gabriel fault was reactivated locally because it provided an

already developed zone of weakness.

CONCLUSION

Two independent arguments for right strike-slip displacement of

about 20 miles on the San Gabriel fault have been reviewed. Data

now available seem to warrant this conclusion, but additional work

in the area is required before the hypothesis can be proved. Base-

ment terranes should be mapped in detail, and better sampling and

comparison are needed to establish firm correlations between rock

types in the conglomerates and breccia and those in the basement

terranes.
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7. TURTLEBACKS IN THE CENTRAL BLACK MOUNTAINS,
DEATH VALLEY, CALIFORNIA

By H. Donald Curry *

Introduction. The term "turtleback'' has been applied by the

writer to certain peculiar structural and topo"rraphic features in the

central Black Mountains on the east side of Death Valley (Curry,

li)38l. The present paper is concerned mostly with a description of

the three turtlebacks within this area. A few fjeneralized conclusions

also are presented, but much of the tield evidence on which they are

based must await fuller treatment in a more detailed account, still

in pre|iaratiou, of the complex geologry of the central Black

Mountains.

The area herein discussed extends from a point about 6 miles

north of Badwater southward to the southern ediie of the old Fur-

nace Creek quadraii<rle (lat. 36° 00'), and embraces approximately

175 sijuare miles of extremely rufrsed terrain. Altitudes ranpe from
—282 feet near Badwater to 6,384 feet at Funeral Peak. The moun-
tains rise preciiiitously from the salt flats and alluvial fans of the

valley floor and are dissected by deep, narrow, youthful canyons,

the lower parts of which ordinarily are made impassable by drv

waterfalls. The entire area contains only two or three perennial

springs. Vefretation is limited to scattered desert shrubs, and

bedrock is contiiuiously exposed except where buried by talus or

alluvium.

This ^'eneral area, a portion of which is shown on fifrure 1, was

mapped in detail by the writer during parts of 1038-41 and 1!)49.

As no accurate base map was then available, two smaller areas that

include the Badwater and Copper Canyon turtlebacks were sur-

veyed bv means of a plane table and telescopic alidade. The re-

mainder was mapped on air pbotofrraphs. Immediately to the south

is the Virjiin Spriu;;' area, whose remarkable {geologic features have

been mapped and described b.v Xoble (1941).

Grnrnil Rrlntioiis. The turtlebacks are relativel.v smooth, curved

fopofiraphic surfaces (bat have been developed on a complex of

Archean nietamorjihic rocks and various intrusive rocks. These sur-

faces have been exhumed bv the erosional strippinjr of material from

an uiHisnal overthrust surface, and consequently are structural as

well as topographic features. The.v have ])lnnging anticlinal and
synclinal forms that apparently were developed bv the folding and

warping of a nearly i)l!inar surface. Their exposed dimensions are

nieas\ired in miles, and their structural relief amounts to thousands

of feet, Viewe<l from a distance the anticlinal surfaces resemble

carapaces of turtles I fig. 2). and this appearance prompted their

designation as turtlebacks.

' Research Geologist, Shell Oil Company. Bountiful. l*t;ih.

Although they are thought to be present in parts of the Panamint
Mountains and in the Funeral Range, the turtlebacks are best ex-

emplified in the central Black Mountains. The three turtlebacks

discussed herein are, from north to south, the Badwater, Copper

Canyon, and Mormon Point turtlebacks (fig. 1). The Copper Can-

yon turtleback is the best developed and preserved, and can be

considered as the t.vpe (fig. 2).

Any visitor to Death Valley who drives southward from Furnace

Creek is likel.v to be impressed by the abrupt, precipitous, relatively

straight western front of the Black Mountains, and by its border of

young, symmetrical alluvial fans. Except for the Artist Drive Hills

a few miles south of P^irnace Creek, there are no foothills whatever.

It is evident that the range front is a composite fault or fanltline

scarp along which movements of thousands of feet have taken place.

Certain segments of the mountain front differ markedly from inter-

vening segments, so that it is readil.v divisible into five units (fig. 1) :

(1) From Furnace Creek southeastward to Natural Bridge Can-

.von the mountains consi.st of highly colored Tertiary sedimentary

and volcanic rocks that are structurally complex but in general dip

northeastward. The west face is bordered by the fresh, slightly

curved scarp or scarps of the Artist Drive fault, which tran.sects the

strike of the Tertiary rocks.

(2) From Natural Bridge Can.von to Badwater the west face of

the range is the Badwater turtleback, a remarkably smooth, curved,

and only slightly dissected surface that is underlain by Archean

gneiss.

(3) From Badwater to a point just south of the mouth of Copper

Canyon, the front is bounded by a sharp, somewhat arcuate fault,

and the rough, precipitous face of the range is an eroded fault scarp

of brecciated pre-Cambrian ( ?) igneous and metamori)hic rocks, and

brecciated Tertiary granitic, volcanic, and sedimentary rocks, all in

great di.sorder.

(4) South of Copper Can.von is another smooth, warped surface

that forms a broad-nosed, northwest-plunging ridge and is underlain

by Archean mctamorphic rocks. This is the Copper Canyon turtle-

back. The trace of the turtleback fault swings abruptly into the

mountains around the plunging nose, and bounds the Copper Can-

yon embayment on the south and east (fig. 2). This turtleback sur-

face also forms the range front as far to the southeast as the mcnith

of Sheep Creek.

(')) From Sheep Creek the front trends successively southward,

westward, and southeastward arouiul the .iutting promontory of

(53)
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Flol'Hf; 1. Map of central Black Mountain area, showinn ffencral pattern of

faults and the relationships of the Artist I>rive, Ilailes, anil Frontal faults to the

turtlehack fault traces. The map is somewhat distorteil, as it was made from an
uncontroiled mosaic of air photographs.

Mormon Point (fi^. 2). From Sheep Creek to Mormon Point and
thence sonthea.stward to the edfre of the Furnace Creek quadranjrle,

the lower slopes of the mountains constitute a partly buried or dis-

sected, partly well preserved surface. This is the Mormon Point

turtlehack.

Charncteristic Features. Certain features are common to all three

turtlebacks in the central Black Mountains, as well as to most of the

others in the Death Vallt\v rejjion. The turtlebacks are not only dis-

tinctive topofiraphic surfaces, but also are structural surfaces along

which movement has taken place; that is, they are fault surfaces

that can be referred to as the turtlehack faults. Most of the over-

lying material, which consists of rocks that are softer or more brec-

ciated than the underlying crystalline rocks, has been stripped away
by erosion. In some places this material may have literally slid away
as a result of recurrent movements of the hanging-wall block, but in

most places it clearly has been progressively eroded away, leaving

relatively untouched the more resistant crystalline rocks that lie

beneath the turtlehack surfaces. Relict masses of the hanging-wall

rocks are preserved upon the turtlebacks. either low on the flanks

of the anticlinal parts of the surfaces, in the synclinal part.s, or' as

isolated islands on or near the crests.

The hanging-wall rocks range in age from Archean to late Ter-

tiary, but are mostly Tertiary. They include older pre-Cambrian

crystalline rocks, younger pre-Cambrian sedimentary rocks ( Pah-

rump seriesl. lower Paleozoic dolomites and qtutrtzites, and various

Tertiary sedimentary, volcanic, and granitic rocks. Some of the

Tertiary sedimentary rocks in Copper Canyon can be dated provi-

sionally as middle Pliocene by means of fossil mammal tracks

(Curry, 1941).

At some places the rocks are as highly .iumbled and chaotic as

those of the chaos in the Virgin Spring area (Xoble, 1041), and at

other places they are relatively simple in structure. Most of the beds

in the Copper Canyon embayment are structually simple. Close to

the turtlehack fault, however, there exists no semblance of bedding

or other scdimentar.v structures for distances ranging from a few-

feet to 200 feet or even more. In this zone the rock is crushed, brec-

ciated, and locally powdered. All pre-Tertiary rocks of the banging

wall, siu'h as those of the typical chaos north of the mouth of Copper

(Janyon and those in places above the Badwater turtlehack faidt, are

brecciated and disordered. Where pre-Cambrian crystalline rocks

rest upon the turtlehack surface, as near the mouth of Sheep Creek,

they commonly are mylonitic. The surfaces of nia.ior movement

—

the turtlehack faults or turtlehack surfaces—everywhere truncate

the bedding of the rocks in the hanging-wall block. Commonly the

bedding dijis into the ad.jacenl turtlehack fault at high aiisiles.
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FlGl-RK. 2. Mosaic „f vertical air pbotoKraphs, showiaK (V.,.,M.r Cany.,,, .,,,1 M„n,H,n Point t»rll..I.ael<s. Copp.-r Canvon embaymont. and
traces of tvirtlcbaclt and frontal faults.



56 GEOLOGY OF SOUTHERN CALIFORNIA [Bull. 170



Chapt. IV] TURTLEBACKS IN DEATH VALLEY—CURRY 57

The rocks that underlie the turtleback surfaces everywhere con-

sist of older pre-Cambriaii (Archean) rocks, tosether with irrefrular

masses of intrusive rocks. The best-developed parts of the surfaces

are underlain by well-foliated metamorphic rocks. Where they are

not foliated, the Archean rocks commonly are breeeiated, and the

adjacent turtleback surface has been partly destroyed by erosion of

this less resistant material.

In most places the turtleback faults are knife-sharp, and gouge

is present either above or below the surfaces of movement. It ranges

in thickness from a few inches to a hundred feet or more, but ordi-

narily is relatively thin. It consists of pulverized material that from

place to place has been derived from rocks on the hanging-wall, the

footwall, or both sides of the fault. Some include identifiable mate-

rial that is not present in the nearby wall-rocks, and hence evidently

was dragged from sources farther away. Most of the gouge is clay-

like and contains scattered angiUar or worn fragments of rock. It

characteristically is vari-colored in pastel shades. It is cemented by

ealeite or gypsum, and veins of these minerals locally transect it.

Very small reverse or normal faults, with displacements of a few

inches, extend into the gouge from the hanging-wall rocks, and its

upper margin is thereby made very irregular. Associated with these

faults are tightly folded pockets of gouge, which commonly are

jammed into the hanging-wall rocks and lie above the main plane of

movement. The fault surfaces locally show striations that trend at

various angles to the strike of the turtleback surfaces, but that in

general are oriented down their dip.

The turtleback faults appear to be parts of a single great break

that once formed the sole of an overthrust plate, and the turtleback

surfaces thus are essentially giant feusters in this plate. This con-

clusion seems inescapable, despite the fact that most of the various

stratigraphie units in the hanging-wall block are younger than the

pre-Cambrian rocks beneath the fault. That the turtleback surfaces

are not attributable to normal faulting or landsliding is shown by

their widespread occurrence and areal extent, b.v the chaotic struc-

ture, profound and apparently haphazard disorder, and intense

crushing of the rocks that lie upon the surfaces, and by the low

dips of large areas of the surfaces.

All three turtlebacks plunge to the northwest at angles of 20° to

25°. The axis of the main Badwater turtleback strikes about N. 20°

W., although the axis of the subsidiary nose north of Badwater
strikes N. 55° W. The crests of the Copper Canyon and Mormon
Point turtlebacks also strike N. 55° W.

The dips of the turtleback surfaces range from less than 1° to 60°,

but at most places they do not exceed 35°. Over large areas the dips

are so low that they would seem to preclude movement by normal

faulting along the .surfaces, at least as they are now inclined. Neither

could the typically convex turtleback shape have been produced by
the intersection of two fault planes with opposing dips.

Shear jilanes or fractures in the rocks beneath the turtleback

faults ordinarily are parallel or nearly parallel to the faults. Over
wide areas this also is true of the foliation, although exposures in

some canyons indicate that at depth the pre-Cambrian rocks com-
monly are contorted or broadlj' folded. Parallelism with the turtle-

back surfaces is most strikinglj' exhibited by the foliation of the

metasedimentary rocks beneath parts of the Badwater and Mormon
Point turtlebacks, where tabular masses of marble or lime-silicate

rocks are exposed over large parts of the turtleback surfaces. Sill-

like intrusive bodies of prc-Cambrian (?) diabase are similarly

oriented at man}' places, and tabular masses of Tertiary ( ? ) granitic

and volcanic rocks tend toward such an orientation.

Numerous dikes of quartz monzonite porphyry, other granitic

rocks, and various types of volcanic rocks intrude the pre-Cambrian
metamorphic rocks and the ancient intrusive rocks that are asso-

ciated with them. Most of the dike rocks probably are Tertiary in

age. None of the observed dikes cuts a turtleback surface and pene-

trates the overlying rocks, even though many of them apparently are

sheared-off feeders to bodies of volcanic rocks that once lay at higher
levels. These dike rocks are lithologically similar to rocks that exist

in various parts of the hanging-wall plate.

The best developed parts of the Badwater and Copper Canyon
turtlebacks contain only a few widely spaced Tertiary dikes. High
on the Badwater turtleback, however, is a remarkable dike swarm
of granitic and volcanic rocks (fig. 3). In many places the volume
of these parallel dikes is greater than that of the pre-Cambrian host

rocks. Similar dike complexes occur elsewhere in the central Black
Mountains. The Tertiary dikes of both the Copper Canyon and Bad-
water turtlebacks are nearly vertical and strike about N. 30° E.

Those of the Mormon Point turtleback have not been sufficiently

studied to permit generalizations concerning their structure and
lithology.

The hanging-wall plates are cut by many faults that branch tan-

gentially upward from the curved turtleback faults, arid ordinarily

steepen upward away from them. Few large faults and no small

ones cut through the turtleback surfaces into the footwall rocks

beneath. Although many faults do transect the footwall rocks, the

only one observed by the writer to extend into the hanging-wall

plate is the Hades faidt, which apparently cuts transversely across

the southeastern extension of the Badwater turtleback (fig. 3). The
surface of this turtleback cannot be identified with certainty on the

downthrown southeastern side of this major fault. Noble (1941)
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reports that several faults cut the Amarfrosa thrust in areas to the

south.

The turtlebai'k surfaces appear to be warped planes. They are

inferred to have been originally flat or inclined at low anfrles, and
to have been subse(iuently folded into plunfjin;; anticlines and sj-n-

clines. Such folding; is indicated by the broader attitudes of the

material in the overlying plate. Althouj^h this chaotic material has

a complex internal structure and is discordant and breceiated near
its contact with the turtleback faults, it appears to be preserved as a

discontinuous blanket above the turtlebacks, and to have been folded

as a unit in rough accordance with the underlying faults. This is

best shown in the Virgin Spring area, where less stripping of the

fault surface has occurred, but it also can be seen in the Copper
Canyon embayment and elsewhere in the area under discussion.

The Bailwater and Copper Canyon turtlebacks have the form of

northwest-i)lunging noses. If they once plunged in the opposite di-

rection, evidence of this has been destroyed by movements on major
faults or by erosion. The Mormon Point turtleback, however, is

thought to be a complete anticline whose extension to the southeast

has been mapped by Noble (1941) in the Virgin Spring area as the

De.sert Hound anticline. The resemblance of turtlebacks to ordinary-

folds is further shown by the presence of subsidiary noses, such as

the one about 2 miles north of Badwater (fig. 3), and by the broad,

terrace-like flattening on the flanks of the turtlebacks. Examples of

such flattening occur in an area just south of the eastern angle of

the Copper Canyon embayment, and in a large area on the southwest

flank of the Mormon Point turtleback at Scotty Canyon, south of the

area di.scusscd here.

Badwater Turtleback. The Badwater turtleback, although not the

most representative of all the turtlebacks studied by the writer, is

herein described individuallj- because its geology can be conven-

iently shown on a generalized map (fig. 3), and because many of

its significant features can be readily observed from the main road
on the floor of Death Valley. The geologic interpretations of the

writer doubtless will not be generally accepted without reservations,

but a foot traverse along the trace of the turtleback fault as mapped
would answer many of the questions that naturally will arise in the

mind of the reader. This is definitely not reconnnended as a casual

hike, however, as the terrain is extremely rugged and locally haz-

ardous.

The turtlel)a<'k fault has been mapped from its intersection with

the Hades normal fault, IJ miles east of the mouth of Bad Canyon,
to the point where it is again cut by that fault on the topographic

divide 2j miles north of Dantes View (fig. 3). Thus it nearly cir-

cumscribes the area of the turtleback surface, a great part of which

has been little altered by erosion.

Several islands of chaotic rocks are in well-exposed and undoubted

fault contact with the underlying pre-Cambrian rocks, and thus

further demonstrate that the turtleback surface is a stripped fault

surface throughout. The chaos consists mainly of numerous types

of highly breceiated or intensely crushed volcanic rocks, particularly

along the western ba.se of the range, but pre-Cambrian metamorphic

rocks and Paleozoic (or possibly upper pre-Cambrian) ijuartzites

and carbonate rocks also are involved. The contact between these

mas.ses and the less chaotic and disturbed rocks that lie above them
commonly is gradational, and its position has been necessarily gen-

eralized on the map (fig. 3).

Scattered dikes of Tertiary volcanic and granitic rocks are exposed

on the turtleback, and they become progressively more numerous to

the east, where they form the remarkable dike swarm noted in an

earlier paragraph. The turtleback surface, if it ever exi.sted above

the dike complex, is now entirely obliterated as a topographic fea-

ture. A similar comple'x of dikes occurs on the downthrown side of

the Hades fault, except that here no pre-Cambrian metamorphic
rocks have been observed; the relationships between the two areas

conse(|uentJy are obscure.

On the .south side of lower Hades Canyon is an indistinct contact

of breceiated pre-Cambrian metamorphic rocks and as.sociated intru-

sives with unbrecciated pre-Cambrian meta-igneous rocks. This con-

tact may represent a continuation of the Badwater. turtleback fault.

Normal Faults. The Artist Drive fault meets the Badwater tur-

tleback at nearly a right angle where the strike of the turtleback

surface swings eastward at Natural Bridge Canyon (fig. 3). The
valley side of this active major fault is downthrown, and many
features also suggest a strong strike-.slip component in which the

west side has moved relatively north.

The range front between the Badwater and Copper Canyon turtle-

backs is the eroded scarp of a major normal fault, here provisionally

named the Frontal faidt. Its throw amounts to at lea.st several thou-

.sands of feet, and scarps in the alluvium along its trace attest to its

recent activity. At Badwater it joins the turtleback fault at an angle

of 70°, and south of Copper Canyon it joins the turtleback fault

tangentially ; however, it does not cut either of the turtlebacks. This

suggests that the plane of the Frontal fault may coincide with the

turtleback fault at depth, and that there may have been recurrent

normal movement on the west flanks of both turtlebacks.

Small Recent faults cut off the bases of the triangular interstream

flatirons of hanging-wall material that are perched low on the south-

west flanks of both the Copper Canyon and Badwater turtlebacks.



Chapt. IV] TURTLEBACKS IN DEATH VALLEY—CTTKRY 59

These breaks may be related to the Frontal fault. Similarly, a Recent

normal fault is tangent to the steep west flank of the Mormoi' Point

turtlebaek. It continues northward and ends abruptly at Mormon
Point, a mile or more beyond the point where the turtlebaek surface

curves sharply eastward to form a plunging nose (fig. 2). Between

Mormon Point and the southwest flank of the Copper Canyon turtle-

baek is a group of small, active, en echelon faults, some of which

separate the upper Tertiary rocks lying on the turtlebaek surface

from the alluvium of the valley floor. These faults trend eastward

from Mormon Point, thence northeastward, and finally northward

to intersect the southwest face of the Copper Canyon turtlebaek at

a low angle (fig. 2). Like the Frontal fault, the.se smaller features

may indicate a late dip-slip movement on the buried surface of the

turtlebaek fault, although some are more probably attributable to

differential compaction of the valley alluvium.

Conclusions. The similarity of the turtlebaek surfaces to the

folded Amargosa thrust, as mapped by Noble (1941) in the Virgin

Spring area, would be obvious even if the Mormon Point turtlebaek

were not continuous with the Desert Hound anticline. In the central

Black Mountains the hanging-w-all plate ordinarily i.s less chaotic

than in the Virgin Spring area, and in some places sedimentary and
volcanic rocks that overlie the chaos of older rocks ( Virgin Spring

phase) are much less disturbed. The two areas are very similar, how-

ever, in their general structural features.

The turtlebaek surfaces are thought to be parts of an overthrust,

similar to the Amargosa, that has been folded and subsecpiently

exposed over large areas by erosional stripping of the hanging-wall

plate.

REFERENCES
Curr.v, il. I>., lO.'iS, "Turtlebaek" fault .surfaces in r>eath Valley, California

(abstract) : Geol. Soe. America Bull., vol. 49, p. 1875.

Curry. H. D., 1941, Mammalian and avian iehnites in Death Valley (abstract) :

Geol. Soc. America Bull., vol. .^2, p. 1979.

Noble, L. F., 1941. Structural features of the VirKJn Spring area, Death Valley,

California : Geol. Soe. America Bull., vol. 52, pp. 941-1000.

4368 9-54 S.IOO
. *TATI pmNTINC OFFICE

















TN24-C3-A3 PHTVCAl kClCMCK UStAAT

UNJVKfcTT 0» t*UFO«MlX
DAVIS, CAUFOMMA 9M1«

STATE OF CALIFORNIA

DEPARTMENT OF NATURAL RESOURCES

GEOLOGY OF SOUTHERN CALIFORNIA
BULLETIN 170

CHAPTER V

GEOMORPHOLOGY

1954

DIVISION OF MINES
FERRY BUILDING, SAN FRANCISCO

LIBKAKY
UNIVERSITY Of CAUFORNIA

DAVIS





DEPARTMENT OF NATURAL RESOURCES

DeWin NELSON, Directof

STATE OF CALIFORNIA

GOODWIN J. KNIGHT, Governor

DIVISION OF MINES
Ferry Building, Son FranciiCo 11

OLAF P. JENKINS, Chial

San Francisco Bulletin 170 September 1954

GEOLOGY OF SOUTHERN CALIFORNIA
Edited by RICHARD H. JAHNS

CHAPTER V

GEOMORPHOLOGY

CONTRIBUTING AUTHORS

JOSEPH H. BIRMAN

ELIOT BLACKWELDER

DOUGLAS L. INMAN

CHESTER R. LONGWELL
WILLIAM C. PUTNAM
ROBERT P. SHARP

Prepared in cooperation with on organizing committee of

The Geological Society of America

JOHN C. CROWELl

RICHARD H. JAHNS

L. A. NORMAN, JR.

A. O. WOODFORD
LAUREN A, WRIGHT

JBRARY
UNIVERSITY OF CALIFORNU

DAVIS





Ediforial Note:

CHAPTER FIVE deals with the nature and origin of t)ie present landseape in southern California. This re^'ion

is one of great topographic and climatic contrasts, and the results of current geoniorphic processes would be

complex even if the rocks of the region were relatively uniform and their structure were relatively simple. But the

rocks of southern California show remarkably great ranges of composition, physical characteristics, and geologic

history, so that the problems of geomorphic interpretation are many times compounded. A straightfor'ward de-

scription of the major features of the landscape would be difficult enough to prepare, even if it were to involve

no disciission of the processes that led to their development, and a satisfactory treatment of both fcu'in and geni'sis

of the landscape for the entire region could not be made on the basis of data now available.

The nine contributions in this cha])ter deal with both general and specific topics, and are concerned as much
with process as with description. They point up the need, in the full treatment of a given geomorphic prol)lem,

for detailed knowledge of the materials involved and for understanding of the processes that affected these mate-

rials. The distribution of the various rock types and the history of their deformation plainly are vital factors,

as well.
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SOME PHYSIOGRAPHIC ASPECTS OF SOUTHERN CALIFORNIA
jlv K(iru-;nT P. SHAitr t

S(iiitlipni Califoi'iiia is a liiiul of physiographic abumlances, con-

trasts, and poculiaritirs. The wide range of geokigical materials and

sirnctnres, tlie considerable differences in climatic enviromnents, the

liost of geological processes at work, and the recency of diastrophic

events are the priiu'ipal factors responsible.

Se'

PHYSIOGRAPHIC DIVISIONS

I'ral gcHid physiiigraphic descriptions of southern California

are available (Hill, 1028, pp. 74-101; Fenneman. 10,31, pp. 37:J-:?7!I,

4!t:!-.")()8
; Gale, 1!)32, i)p. 1-2, «-10; Reed, 1933, pp. 1-23, 267-2(i8

;

Hinds, 1952, jip. ()3-108, 18.5-215), and it seems pointless to add an-

other by regnrgitation of the same material. Readers interested in

the location, size, trend, and inter-relation of landscape features can

determine this from a few minutes' .study of figure 1 skilirull.\- pre-

pared by Charlotte B.jornsson.

Southern California comprises several well defined natural pmv-
iiices, which are discussed in Cliajiter II, but the region can be even

iiKire simply di\ided into three ma.jor parts: (1) the coastal area

between the sea and the environs of the San Andreas fault, (2) the

triangular .Mojave Desert block between the San Andreas and the

• iarlock faults, and (3^ the Basin Range country north of the Gar-

liiek fault. Following brief statements on these ma.ior divisions, three

selected physiographic topics are given more detailed consideratiim.

The Coastal Area. The principal subdivisions of the coastal area

are the Transver.se Ranges, Los Angeles Basin, Peninsular Ranges,

and the Colorado Desert. The Transverse Ranges locally give a strong

east-west grain to the landscape, which is confusing to visitors. The
Los Angeles Basin, separating the Transverse and Peninsular Ranges,

is a broad downwarp filled with Cenozoic marine and continental

deposits. The Peninsular Ranges eomiu-ise an irregular and complex

highland sloping westward toward the sea, and the Colorado Desert

features a great elongated depression containing Imjierial Valley and
the Salton Sea. The continental borderland off southern California

is composed of deep basins and submarine ridges aiul banks, which in

size. ari'angenu'Ut, ami treiul strongly resemble the topograi)hic fea-

tures of the ad.jaccut land (Shcpard and Emery, 1941. p. 9).

'I'he coastal area displays a host of interesting physiographic liga-

tures and relations, jiromineut among which is a marked topographic

unconformity (Willis, 1925, p. ()77 i between a late mature erosion

surface and the youthful slojics ini'ising it. Remnauts of this feature

* Contribution Xo. 643. Division of the Ceoloffical Soienoos, CjUifornia Institute of
Teohnolocy.

T I'rofessor of Oeomorpholoi^'. California Institute of TechnoIoRy.

are wides|H-eail. ami it seems likely that thi'.v represent the same
I'pisodcs of geological history, although this has not been definitely

established. The late mature toiiography is termed the Sulphur
-Mountain surface in the A'entura region (Putnam, 1942, p. 751 ) and,

less suitably, the Tindier Canyon surface in Santa Clara Valley

(Grant and (!alc, 1931, p. 38). It developed rapidly on areas of rela-

tivcl.y soft Cenozoic rocks after the middle Pleistocene oi-ogeny and
prior to late Pleistocene uplifts.

The Suliihur Jloiintain surface is piMhabl,\' younger than remnants
of an erosion surfaei> ur surfaces of even more gentle relief on areas

of older cry.stallinc rocks (W. J. Miller, 1928, p. 190). Many of these

remnants were fornierl.v attributed to the so-called Perris or southern

California peneplain (Dickerson, 1914, pp. 2.59-260; English. 1920. p.

64). but later work makes one wonder if there ever was a southern

California peneplain. Dudle.v (1036) presents data suggesting that

the Perris surface, a remnant of the southern California pene|dain.

is actually an e.xhumed feature and therefore older than a higher

erosion surface preserved on the tops of nearb.v mountains. These

relations are hardl.v compatible with the concept of a sinirle wide-

spread peni'plain (Gale. 1032, p. 2).

Features in the Peninsular Ranges formerl.v attributed to an ex-

tensive peneplain (Ellis and Lee. 1910, pp. 37. 40) have since been
the sub.iect of opposing interjiretations involving differences in the

basic concepts of W. M. Davis (Bryan and Wickson. 1031 ; \V. .1.

Miller, 1035, p. 1,5.53) and Walther Pcnck (Saner, 1020). P.rictly

stated, this involves tlie question of whether erosion surfaces of low

relief at various levels are the dislocated parts of a single surface or

local features actually formed at the different h'vels. Something of

the same |iroblcm enters in the instance of the subdued upland of the

San Bernardino Mountains ( Mendcnhall, 191)7; Vaughan. 1922. p]).

323-324). Is this an up-faulti'd part of an extensive erosion surface

covering much of the western Jlo.jave Desert (Her.she.v, 1902, pp. 4-5;

Baker. 1911, p. 365) or is it a feature of local di'velopment ?

The suggestion is offered that not enough attention is given to the

possibilities of local pedimentation on areas of granitic • rocks. Sur-

faces of low relief bounded b.v steep slopes can be developed rapidl.v

with respect to local base levels ui)on such rocks in the climatic en-

vironment of southern California. The coincidence between litholog.v

favorable to pedimentation and sniiic. if not most, of the erosion-

surface remnants fcu'iiicrly altriliutcd tn a single peneplain is uotc-

worthv.

Igneous rocks of acid to Intermediate composition with relatively coarse granular
texture are Included under this term.

(.'))
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KiGUiiE 1. riiysioKraphic tlinKram of southern C'nlif^imi:!
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Within the coastal division tlie piMidurts of soil creep, earth flows,

and landslides are widely seen on hill slopes underlain by Cenozoie

sedinientarj- roclis, and this would be a good area in which to study

the genesis and evolution of slopes on a wide variety of rocks and
structures. A bare beginning has been made in this direction on
slopes underlain by crystalline rocks (Strahler, 1950). The conti-

nental borderland off California provides excellent opportunity for

investigation of submarine geomorphological features such as canyons

(Shepard and Emery, 1941 ; Crowell, 19r)2'l. gullies, levees (Buffing-

ton, 1952), the continental terrace (Dietz, 1952), and many other

features (Emery et al., 1952).

Mojave Dc.int. The north-south reach of the Jlojave River sepa-

rates the Mojave Desert into its two principal jiarts. The western

Mojave is an area of predominantly low relief surmounted by a few
isolated hillocks and low ridges. Davis (19.33b, p. 245; 1938, p. 1359)

considers it part of the Powell erosion surface, but this is one of

those generalizations and oversimplifications that is difficult to estab-

lish or disprove by direct evidence. The area has unquestionable-

experienced much ero.sion, and it displays extensive surfaces of low

relief on granitic rocks, but in the westernmost part it also includes

wide flats underlain by alluvium. The eastern Mojave consists of

mountains and basins which differ from tlie typical basin range

toi)ogra])hy by a lack of regularity in size, shape, and arrangement.

The Mojave country provides excellent opportunity for work on

playas, alluvial fans. i)ediments, desert domes, relic and fossil soils,

sand dunes, clay dunes, climbing dunes, falling dunes, yardangs,

ventifacts, and the problem of eolian deflation. Desert varnish is

widespread and deserves more extended study (Laudermilk. 1931).

for its origin is not yet firmly established, and it may prove to have

chronological value (Blackwelder. 1948). Casual observation also

suggests that desert varnish may be a useful climatic indicator, for

it appears to be deteriorating under present conditions in parts of

the desert, possibly because of somewhat cooler and moister condi-

tions following the post-Wisconsin xerothermic period.

Observers of desert forms do well to keep two principles in mind;

(1) coarse granitic rocks are relatively non-resistant owing to their

rapid disintegration, and (2) running water is remarkably efficient

in. the <lesert and <-ontributcs as much, perhaps more, to development

of the landscape than it does in humid regimis. This comes about

because of the large supply of disintegrated debris available for

transport, because of the concentrated nature of the riiuoft'. and be-

cause the restraining influence of vegetation is small.

lifisiii Rnnfje Cnuiiliii. Tin' n-gion norfli of the (larlock fault.

with its long narrow mountain blocks and corresponding basins, all

trending in a noi'thcrly direction in classical basin-range fashion,

differs markedly from the Mojave Desert to the south, and the bound-

ary is sharply drawn by the fault (Noble, 1927, p. 35).

The Basin Range area provides good examples of tipland erosion

surfaces (Hopper, 1947, pp. 390-401; Maxson, 1950, pp. 101-103),

geomorphic forms related to periodic uplifts of mountain blocks,

fault scarps, fault searplets in fans, some of the finest alluvial fans

and cones in existence, extinct Pleistocene lakes (Dale, 1914; Black-

welder, 1933), and abandoned Pleistocene drainage courses (Hnbbs
and Miller, 1948, pp. 77-94; R. R. Miller, 194G). This area is also the

home of the notorious wind-blown playa scrapers (McAllister and
Agnew, 1948; Kirk. 1952; Clements, 1952; Stanley, 1953), and in

Ubehebe Craters it possesses some of the finest dry maars on this

continent.

THE ROLE OF DIASTROPHISM
A basic theme running through most of the major and many of the

minor physiographic relations in scmthern California is Pleistocene

deformation. This has been recognized in nearly all earlier physio-

graphic treatments (Hershey, 1902, pp. 4-7; Mendenhall, 1908, pp.
14-15), but it deserves continued reempbasis. Faulting, folding, and
warping have had a major hand in determining the size, .shape, and
arrangement of mountains and basins and even in some instances of

ridges and valleys. With some exceptions, the principal functions

of erosion and deposition have been to fashion details upon this

diastrophically determined landscape.

Within the coastal area the middle Pleistocene orogeny is recog-

nized as one of the most intense since the Jurassic (Reed, lf)33, p.

273), and most of the principal landscape units were outlined or

extensively modified at that time. ITpfaulted, upfolded, and U])-

warped areas stand in relief not so much because they consist of

resistant roeks, but because they have not yet been reduced by ero-

sion. The belt of small en echelon domes and anticlines along the

Newport-Inglewood uplift in the Los Angeles Basin affords good

examples of folds so recently created that their present topographic

form clo.sely resembles the structure of the underlying materials

(Hoots, 1932, pp. 27-29). In some instances alluvium is involved in

this folding (VicUery. 1927, p. 423).

Diastrojihisni did not cease with the luidille I'leistoeeiu- orogeny

l)iit continues t<i the present with the result that an impressive se-

i|ucnce of geomorpliologii-al developments is compre.s.sed into a re-

markably short interval. For example, in the Ventura region the

•Sulphur Mountain surface was developed over a considerable area

after the middle I'leistoeene orogeny and then dissected in phase

with repeated late Pleistocene uplifts se)iarated by pauses during

which terraces were cut along the sea and along rivers (Putnam.
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1942. ]>. 7')! 1. Tlic liifihi'sl iiiiirilic Irrraci' wow stiuids :it an clcvaticjii

of 1300 feet. A similar siicccssioii of evi'iits is known in llic Palos

Verdes Hills ( AVooili-iri^-, Rramlettp. and Kew, 194(i, ])p. ll:)-]!"!

and in sonthwestern Santa Barbara Connly (Dibblee, lOfjO, jj. W).

The desert region also displays considerable evidenee of I'leisto-

eene deformation. In the basin range ii.uiitry. reeent fault searplets

break the alluvial fans at the foot of the mountain ranges (Noble,

1927, ]). :!9; Hopper, 1947, p. 398), and it is not diffieult to imagine

that Pleistocene faulting has played an important part in creating

these ranges. In the Mojave Desert recent fault .scarjilets in alluvium

are also common, but many of them are not closel.v ]-elated to the

mountain blocks. This, plus the lack of consistent form and li-i-nd of

the mountains, gives the impression that much of the ]iresent topog-

raphy in the eastern Mo.jave is primarily the product of erosion act-

ing upon a terrane of diverse rocks and complex sti'ucturc. This

focuses attention on the following problem.

Fully (iO percent of tlie ea.stern Mojave De.sert consists of alln-

vium-filled basins about which almost nothing is known. Are these

basins the iinului-l solely of erosion, solely of deformation, or a

combination of both? Extensive studies of playa dejKisits in this area

by the r. S, (icological Sui've.\' slioiild eventually contribute to a

solution of this problem. It is known that the alluvial filling in some,

and perhaps most, of the basins is so thick that their rock floors are

below sea level, and of course the .same can be said for the surface

of the alluvial fill in Death Valley. Thus, it is unlikely that these

basins in their present forjn are solely the product of fluvial erosion.

It is also <lifficult to imagine, in view of the alluvial filling, that

eolian deflation has liad much to do with creating the basins, al-

though this has been advocated (Blackwelder, I92H"). At some stage

in geological history deposition has clearl.v exceeded erosion. This

does not eliminate fluvial erosion as a jiossible and perhaps pi-incipal

cause for the basins, but it requires a notable shift to deposition, to

which climatic change ma.v have been a eontrihnting but not sole

cause. Deformation nnist have played a part.

The evidences of recent faulting are so appai-cnt in this area that

the tendency is to tliiid< of faulting as the principal if not the only

type of deformation. Warping is extremely difficult to d<'te<-f in a

i-cgion of rugged 1op<>gra])li.v devoid of rclVrcncc pbun's. However,

in the r'cgion innnediately east of Death \'allc.v it is clcai'l.\' recorded

by Pleistocene lavas and fanglomerates and is one reason wiiv Noble

(1941. pp. 989-990) attributes a considerable part of the southern

Death Valle.v depression In downwarping. I'MrNui'cs arc also rci'i>rded

in late C'euozoic volcanics in the Ivanpah i|uadrangle mapped by

Ilewett (personal coinmunication). and doming of an alluvial apron

nia.v be reeo'jnizablc in thi' western .Mojave (AViese. ]f).")0. ]). 44).

Other signs of warping were early recognized in the Mojave by

Baker (1911. p. 367). Consideration should be given to the po.ssi-

bilit.v that large erosional valleys in the Mojave region formerl.v

draining to the sea liave been dee|)ened, dismembered, and subjected

to alluvial filling bv and because of warping jnst as much and ]ier-

haps more than by faulting.

A further word ma.v be said about the role of warping in deter-

mining other topographic relations in southern California. It seems

entirely likely that some of the highest and lowest parts of .southern

Califoi-nia mountain ranges mark the po.sitions of broad transverse

warps. In addition to features mentioned bv Noble (1927, p. 32;

1932, p. 360) the San Oorgonio Peak-San Gorgonio Pas.s-San Jacinto

Peak axis is directl.v aligned with the backbone of the Peninsular

Ranges and may well represent a broad upwarp bearing slightly

west of north. Reed aiul Hollister (1936. p. 96) remark on a some-

what similar relation extending into the Santa Ynez ilonntains

from the San Rafael Range, and Willis (192,'), pp. 648-650) has

called attention to arching in the California Coast Ranges.

PLEISTOCENE MARINE TERRACES

California marine terraces present a fascinating but diffic-ult sub-

ject for study. They are well developed along the southern ])art of

the coast from San Diego to Corona del ilar. in the Palos Verdes

Hills, along the Santa Monica ilountains. in the Ventura region,

and from Santa Barbara to Point Conception. As many a.s 15 to 20

terraces are recognized in some of these areas with elevations to at

least IGOO feet above .sea level. Most terraces have four principal

features: (1) a sea cliff, (2) an abrasion platform truncating the

bedrock, (3) a veneer of marine-laid detritus on the platform, and

(4) a covering of terrestrial alluvium swept down from the high-

lands behind. This terrestrial coverhead attains thicknesses of as

nnich as 150 feet and in (ibices comiiletely masks the topographic

I'nnu of the terrace.

The greatest difficulty with terraces is the matter of c<u-relatiou.

This ai-ises from the attemiit to solve for two variables, namel.v

eustatic shifts of .sea level and deformati(Ui of the land, with only

one known factor, the height of the terrace above sea level. Man.v

of the eaidiest writings on California terraces ignored the possibility

of eustatic shifts of sea level and attributed the terraces solely to

niilifts of the bind. The works of Davis n933a. pp. 1044-1048) and

Tpsoii (l!!.")!, |ip. 117. 444-445 I i-lcarly demonstrate the fallacy of

this, Dil'niiii.il ioo 111' marine Icvi'accs lias been recognized in the

Palos X'erdcs Hills (Woodring. Bramlette. and Kew, 1946, p. 115).

along the Santa Jfonica Jlountains (Davis, 1933a. p. 1068). and in

tlic Ventura region ( Put ii;iiii, 1912, p, 739\ but other parts of the
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coast are said to rceoril no iirrccpl ilik' di'fiiriiial ion nl' tlic tci'rari's

(Carter. litoO, pp. ii;i-!).') ; T^iKson. li»49, pp. 1()8;112). Even loeal eor-

relation of terraee reiniiaiits ean be so ditifieult that reports of terraee

deformation based on such e<n-relations nnist be ins|ieeted wilb care.

However, in the tliree areas listed above, deforniatioji seems elearly

established. In {lealin;^ with soutliern California marine terraees both

eustatic and diastnjjihie iuHuenees must be eonsidei'ed ; neither ean

arbitrarily be ignored. PurtberiiHn'e, relations indieating whether a

terraee was formed with respeet to a stable, a rising, or a falliuf;'

water level shoidd be sought.

A common inelination in dealing with terraces is to think too

nnieh of the land features and not enough of the offshore relations.

The latter are ditTieult to get at, but they are worthy of considera-

tion since low-water stages ma.v constitute at li'ast half of the se-

quence along any coast. Some offshore cliffs, benches, and channels

(Stearns, 194"), jip. 1072-107S; I'p.son, 1949, p. 108), and some on-

shore episodes of dissection ( Ellis and Lee, 1919, p. 33 ; Upson, 1949 ;

Carter, 1950, p. 92; Crowell, 19o2, p. 66) are recognized and related

to low-water .stages, but moiv attention could be devoted to this

matter.

To date, most terrace studies have consisted largely of measuring

elevations above sea level. This is useful, necessary, and should be

continued, but hopes for the future lie in giving more attention to

the marine and terrestrial deposits mantling the terraee. Faunas
in the marine deposits do not in themselves offer great hope of cor-

relation ( Woodring. Bramlette, and Kew, 194G, p. 105), but deter-

minations of the absolute age of such organic remains may eventually

provide a basis of correlation. Furthermore, the various phases of

geological history recorded in the terrace deposits, especially the

terrestrial coverhead, should aid in correlation. For example, a

distinctive buried .soil or marked epi.sodes of channel cutting and
refilling within the coverhead (Carter, 19.50, pp. 92-101) nuiy be

lecognizable in widely separated areas. Application of all the

fechni<pies of stratigraphy, geomorphology, and newly devcloi)cd geo-

chemical procedures bearing on geochronology and paleo-environ-

ments ma.v eventually lead to successful terrace correlation.

The rewards will be considerable, for dated terraces can serve as

time horizons over wide areas, and it should be po.ssible to extend the

chronology inland by means of river terraces. Properly correlated

marine terraces can give an excellent measure of the amount and
nature of late Pleistocene deformation along the coast and can con-

tribute to an understanding of late Pleistocene geological evi'Uts of

all types.
ANTECEDENT STREAMS

Following Powell's (1875. p. 1(i3l deflnilion of an antecedent

stream, the term was widely and indiscrinunately applied to almost

any stream transecting a ridge in- mountain range. This loose practice

and the discovei'y that the type example, the (ireen Kiver across the

I'inta Jlonutains, was not antecedent (Sears, 1924, pp. 282-304;

Kradley, 1936, ]i|). 188-19()t led to a reaction which too strongly dis-

counted the priiK-iple of antecedence. The concept is sound, but air-

tight cases of specific examples arc extremely difficult to find. A
suggestion (Vickery, 1927, p. 422), that the close association of oil

fields and antecedent streams in southern California warrants a care-

ful watch for such streams on the part of petroleum geologists,

invites the comment that oil fields may be easier to provc^ than ante-

cedent streams.

The recency of deformation in southern California makes this a

favored area in which to "prove up" some antecedent streams. A
number have been reported as shown by the following i)artial listing:

Los Angeles River across Dominguez Hills, San Gabriel River across

the Puente Hills and the Seal Beach structure, Santa Ana Kiver

across the Santa Ana Mountains, Verdugo Canyon across Verdugo

Hills. Ventura River across Red Mountain fault, Zaca (!reek across

Purisima Hills, small streams across Wheeler Ridge, ;ind many

others (Vicker.v, 1927, p. 421).

In some of the instances cited, deformation is so recent that one is

predisposed to accept antecedence. However, streams also can assunu-

cour.ses across uplifts by : (1) superposition, (2) headward erosion,

(3) spilling across divides for one of several reasons, and (4) locali-

zation along transverse structures, as suggested for one of the .sup-

posed antecedent streams noted above (Reed and Ilollister, l!13(i.

p. 114).

Criteria for establishing antecedence are obviously needed, but

they are not easy to obtain, and in some degree the approach is

negative for it involves eliminating alternative possibilities. Criteria

should be sought along the following lines: (1) close conformity

between the anunnit and nature of the uplift and the present land-

forms, (2) topograpliic. stratigraphie, or other lines of evidence sug-

gesting that the stream flowed in approximately its present path

prior to at least part of the uplifting, (3) defornuition of terraees,

gravels, or other stream features along the antecedent course. Recog-

nition of antecedent relations in streams can be most useful with

respect to geologic hislm-y. espi'cially as to the timi' and nntnrc of

defornuition.

REFERENCES
liMlier. ('. r... 1IP1I, .V.itc's .Ml III!' liiOT Ccnozoic liistor.v (if Ihc .Miijuvc Di'si'it

rcKHin in soutlionstcni ( 'iilifunii.i : Iniv. California, Dcpt. Oeology Hnll . ml. (i.

I>p. 3.33-:iS,'!.

Wiii-Uwclilcr, l-'.liiil, llrjS, OiiKin nf llic ilcscvt Im.'iinM iif siiutlnvost I'nitPil Statos

(alistract) : (ici.I, Sm-. AniiTic.-i Itiill., vnl. :«>, pt. 1, pp. ai'J-lii;:!.

IUiicl<wi-lilci-, lOliol. t!«:i, IjiUi' .Maiil.v: .\n i-xliiicl lalic iif Dentil Vallc.v: fJiMC.

itcv., v.ii. :;.•!. iM', nit-tTi.



10 GEOMORPHOLOGY [Bull. 170

BlMckwckler, Eliot. 1948, Ilistorieal siKiiifiranco of (Insert lacquer (abstract) :

Geol. Soc. America Bull., vol. .">!(. ]i, l;i(!7.

Bradley, W. H.. ll)3(i. Oeoniorpliolo^y of the north flank of the Uinta Mountains:
IJ. S. Geol. Surve.v Prof. Paper LSo.I. jip. ](«.on4.

Bryan. Kirk, and Wickson. (I. S.. lU'M, 'J'he W. Penek method iif analysis in

sontlu-rn California: Zcitschi-. (!eomnrpholof;ie, Band (i, Ili'ft (i, pp. 2ST-201.

Buffin;:t<in, 10. ('., 10.12. Submarine "nalural levi-es" : .Tone, (leolo^iy, vol. GO, pp.

47.S470.
Carter, G. F.. 1050. Evidence for Pleislnreiic maa in sniilliern California: Geoji.

Rev., vol. 40, pp. 84-102.

Clements, Tbitnuis, in."i2, Wind-blown rocks and ti-ails on Little Bonnie Claire

pbiya. Xye County, Nevada : J<iur. Sedimentary Petrology, vol. 22, pp. 182-1.86.

Crowell, .1. C, 10,"»2, Submarine canyons borderinf; central and southern Cali-

forni:i : .lour, ileolrtgy, vol. tlO, pp. 58-S.'J.

J»a\ is. W. M., lO.^.'ia, Glacial epochs of the Santa Monica M<)untains, California :

Geol. Soc. America Bull., vol. 44, pp. 1041-11:'.:!.

Pavis, \V. M., 1033b, Granitic domes of the Moha^e Desert. California : San Die;;o

Soc. Nat. Hist. Trans., vol. 7, pp. 211-2ri.s.

Ii:ivis, \V. M., 10.38, Sheetfloods and streamfloods : Geol. Soc. Ain.Tii;i P.ull.. v.d.

40. p]>. 1337-141G.
Dickerson. U. E,. 1014, The Martinez ami T<'jon Eocene and associ;ited forma-

tions of the Santa Ana Mountains: I'Tiix. California, Dept. Geology Bull., vol.

8. pp. 257-270.

Dibblee. T. W.. 10.50. Geology of sinithwi'stern S:nil;i I'..-irli;n.-i County. California :

Califiu'nia IJiv. Mines, Bull. 150, 05 p|..

niet/.. It. S.. 1052, Geomorphic evolnfion i.f coutinent.-il terrace 1 eoTitinental sl)elf

ami slope) : Am. Assoc. Petrcdeurn Geologists Hull., v.d. :!(>. pp. 1S02-1S10.

Dutlley. P. H., 1030, Physiographic history of a portion of the I'erris block.

southern California : Jour. Geology, vol. 44, pp. 358-378,

Ellis, A. .1., and liCe, C. H., 1019. Geology atld grotmd waters of the western j.art

of S.-in I)ieK4) County, California; I'. S. Geol. Siir\ev. Water-Snp|.lv Pajier 440.
:!21 PI,.

E ry. K. O., Butcher, W. S., Gould. H. R.. and Sliep.ud. V. I'., 10.52. Suhiiiariui'

geology off Sun Diego. California: .Tour. Geology, vol. (10. ],p. 51 1 .54.S.

English. \V. A., 1020. Geology and (dl resources of the I'nenle Hills region.

southern California: U. S. Geol. Survey Hull. 70S, 110 |i|i.

Fennelmin, N. M., 1031, Physiograj)hv of western I'nited States, .McGraw-Hill
Co., N<.w York, 534 pp.

Gale, H. S., 1014, Salines in the Owens, Searles, .and Panaininf basins, south-
eastern California: l'. S. Geol. Survey. Bull. 5S0 I,, pp. 251-:!23.

Gale. H. S., 10.33. Geoh>gy of southern C:ilifoniia : 10th Iiiternat. Geid. Cong.
Guidebook 15, pp, 1-10.

Grant, t'. S. IV, and Gale. H. U.. I0::|. Catalogi f the marine Pliocene and
Pleistocene' mollnsi';! id' C;iliforuia : S.-ul Diego S<ic. Nat. Ili.storv. Mem. 1.

ll«Opii.

Hi'rshey, (). II.. 1002. The tVualernary of s.iulln-rn California: Cniv. Calif.uiii.i.

Dept. Geology Bull., vol. 3, p|i. 1-:;0.

Hill. K. T., 102S. Southern Californi;i geob.gy :Lnd l.os Angeles .:irth.iii:ikes.

Southern California Acad. Sci., Los Ang(des, 2:i2 pp.

Hinds, N. E. A., 1052, Evolution of the Calif<u'nia landscape: California Div.
.Mines. Hull. 1,58. 240 im).

Hoots. H. \V.. 19:',:i, Oil develo|>mi-nt in tlii' Los .Vngeles basin: lOlh liiteruat.

Geol. Cong., Guididiook 15, pp. 2(i-:!0.

Ilopiier, R. II., 1047, Geologic seetiim from the Sierra Nevada to D.alli \;illev.

California : Gecd. S.ic. .\merica Bull., vol. 58, pp. 303-432,

Jlnbhs, C. I,., and Miller, R. R., 104.8, Correlation between fish distribution and
hydi-ogra[)liic history in the desert basins of wi'slern I'nitcil Stjites: I'niv.

rtab Bull., vid. :is, pp. IS-KHi.

Kirk, L. <;., 1052, Trails and rocks tdtserved on .i |>l;i,\a in Death Valley Na-
tirnial Monument, California: Jour, Sedimentarv I'etrolog\, vol. 22, pp. 173-
181.

Laudermilk, ,1. D., 1931, On the origin of desert varnish: .\m. ,lciur. Sci.. .5lh

ser., vol. 21, itj). 51-00.

Maxson. J. H., 10,5(t. Physiographic features of the Panamint Range, California:

Geol. Soc. America Hull., vol. 0], i,).. 00-114.

McAllister, .1. F., ami Agiiew. .\. F.. 1048, Playa scrapers and furrows on the

Racetrack Plava, Invi> Counlv. Califoriii:i l .-ilistraci i :
Geol. Soc. America

Bull., vol. 50, p. 1377.'

Mendenhall. \V. ('.. lOOi. Tw.. monutaiii rangi's of scmthern California tab.

stract I : fieol. Soc. .\inerica P.ull., vol. IS. pp. OBO-0G1.

Mendenhall, W. C, 1908, (jround waters and irrigation enterprises in the foothill

belt of southern California: V. S. Geol. Survey Water-Supply Paper 210,

180 pp.
Miller, R. R., 1040, Correlation between fish distribution and Pleistocene hydrog-

raphy in eastern California and southwestern Nevada, with a map of Pleisto-

cene waters: ,Ionr. (o-ology. v(d. ,54. i»p. 4.3-5.3.

.Miller. W. .1.. 102.S. Geomorphology of the southwestern San Gabriel .Mountains

of California: llliv. California. Dept. Geidogy Bull., vol. 17. l.li. 10.3-240.

Miller. \V. .1.. 10:!.5. Geomorphology of the southern Peninsular Range of Cali-

fornia : Geol. Soc. America Bull., vol. 40, pp. 1,535-1,562.

Noble, L. F., 1927, The San Andreas rift and some other active faults in the

desert region of southeastern California : Seismol. Soc. America Bull., vol. 17,

pp. 25-39.

Noble, L. F.. 19.32, The San Andreas rift in the desert region of southern Cali-

fornia : Carnegie Inst. \Vashington Yearbook 31. i>i.. :',55-372.

Noble, L. F., 1041, Structural features of the Virgin S|iring are.i. D.:ilb Valley,

California : Geol. Soc. America Bull., vol. .52, pp. 04MOOII.
Powell. .T. W.. 1875. Exploration of the Colorado River of the west ami its

trit)u(aries, IT. S. Govt. I*rinting Otfice, Washington. 201 pp.

Puttiam. W. C, 1042, Geom(.ri)hoIogy of the Ventura region, (.'alifornia : Geol.

Soc. America Bull., vol. 5:1, itji. 091-754.

Reed, R. D., 19:13, Geidogy id" C;diforni;i, .Vm. Assoc. Petroleum Geologists,

Tulsa, Oklahotna, ,3.55 iiii.

Reeil. R. D.. and Hollister. .1. S., 1930, Structural evolution of southern Cali-

fornia. Am. Assoc. Petridenm Geidogists. TuLsji, Oklahoma. 157 pp.
Sauer, C O., 1929, Land forms in tiie Peninsular Range of California jis devtd-

oped about Warner's Hot Springs and Mesa Grande: I'niv. California Ptd..

Geog.. vol. 3. pp. 199-290.

Sear.s, .1. 1)., 1024. Relations of the Browns Park formation and the Bishop
conglomcrale and their role in the origin of the Green and Y'ampa rivers:

Geol. Soc. America P«ull., V(d. :15, pp. 279-.'!04.

Shepard, F. P., anil Emery. K. O.. 1941, Subnmrine toiiography of the C:ilifornia

coast : Geol. Soc. .\meric;i Special Paper :31, 171 pp.
Stanlev, G. M.. 195:',. Origin of plav;i stone tracks (ahstnu-t ) : (iecd. So<'. America

Bull'., vol. 04. j.p. 1515-1510.
Slearns. 11. T., 1!I45. Eustatic shore lines in the Pacific: Geol. Soc. America

Hull., vol. .50. p|.. 1071 107S.

Strahler. A. N.. 19.50. Equilibrium theory of erosional slopes .-ipppnu-hed by

frequency distribution analysis: Am. .Tour. Sci., vol. 248, pp. 07:!-01M{, .S0O-.SI4.

I'pson, ,1. E., 1040. Late Pleistocene and recent changes of sea level along the

co.ast of Santa Barbara Countv. California: \m. .lour. Sci., vol. 247, pp.
94 115.

I'lison. .1. E.. 1051. l-'ornier marine shore lines of the Gaviota (luadrangle, Santa
Itiirbani County, California: ,lour. Geology, vol. .511. p].. 415 440.

V:iugli;in. F. E.. 1922. Geology of the San Hernardino .Mountains north of San
(lorgonio Pass: I'niv. Califiu-nia. De]it. Geology Hidl.. vol. 1:1. ]ip. :119411.

\'ickery, F. F., 1927, The inlerprcttition of the physiography of the Los Angeles
coastal belt: Atn. .\ssoc. Petroleum Geologists Hull., vol. 11, |iii. 417-424.

\\'iese. .1. H.. 10.50. Geology and mineral resour<'es of the Ni'enatdl (|nadrangle,

California: Califi.niia Div. .Mines Hull. 1.5:1, .5:'. pp.

Willis. Robin. 1025. Pbysiograldiy of the C:iliti.rni.-i Coast Ranges: Geol. Soc.

America Hull., vol. .'!0, pp. 041-07.S.

Woodring. W. P.. Hr.imlette, .M. N., :ind Ke«, W S. W.. 1010, Geology and
paleoulologv of the Palos Verdi's Hills. Cjdifomia : P. S. tleol. Survey Prof.

Paper 207, 145 pp.
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Inlnidiiclion. Of the jreoldfric i)rocesse.s wliii-h npcriitp on the

desert surfaee, liardly any are peetiliar to tlie desert. Some, like

limltiiij; and warpiritr. are entirely unatfeeted by eliniatie eonditions,

l)iit many others are stronfrly influenced by tiiera, and so their ett'eets

are either more or less important tlian in humid re^'ions. Some proe-

esses in the desert are eontroHed In- climate directly. Others, like

deflation, are more influenced by tlie nature and distribution of

vegetation, which in turn are determined by the climate.

This paper deals with freoniorphie processes in the desert region

of the southwestern Tnited States, a region that is not as extremely

arid as parts of north Africa and northern Chile.

Diastrophisiii. There is ample evidence that earth movements,

involvini; botli warping and faulting, have played an important part

in developing the scenic features of the arid southwestern states.

In some areas the major features are probably due primarily to such

movements. The origin of the characteristic desei-t basins, often

called "bolsons," remains an un.solved problem, although there is

basis for strong suspicion that diastrophism is an important factor.

The difficidty is that earth movements are commonly very .slow, and

the features thereby produced ai'e .so greatly modified by erosion

' Profe.ssor Emeritus, School of Mineral Sciences. Stanford University.
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during their gmwlli that the c\idencc of ileroriiuil ion is almost

effaced.

In such parts of the ariil snulhwcst as eastei-ii ( 'alirnruia, the most

easily recognizabh' diastniphic features are the hiw fanltscarps that

interrupt the basal shipes along some of the mountain ranges (fig. 1).

One of the best known is the 2()-foot scarplet near Lone Pine, formed

at the time of the great earthquake of 1872. An even more striking

feature is the narrow graben. bounded by parallel scarps, in the

great alluvial fan 8 miles north of Rallarat, on the east side of

the Panamint troiigli. There woiihl ilonbtless be many more features

of this kind were it not for the iMjiid |irogress of erosion, which has

destroyed or gnMlly ulisciifi'il those inaih' bct'nrc hitc i'h'istocenc

time.

Indirci-lly rm-k ilcl'oi-mntinu |il:iys ainithcr important part in the

geomor]iliic development of deserts as well as otiier regions. In the

outer part of the earth's crust, which used to be called by Van Hise

the "zone of fracture," orogenie movements produce intersecting

systems of .joints and also cause the development of rock cleavage.

(11)
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Ijatcr, as tlip risinp' mass is wih-n il<i\vn by erosion, the angular
hroUen material is revealed at tlie surface and becomes part of the

familiar load carried away by flnods and the wind, thus developing
iutii gi-avel, sand, and silt.

Volcanixiii. From late Terfiai-y down to lieeent times, there has
been considerable volcanic activity in the southwestern desert region

of the Tnited States, but erosion has left only the later Pleistocene

and Hecent volcanoes in recognizable condition. It is common to find

small lava flows, each with a red or black cinder eone on its .surface.

Groups of these may be .seen in the Amargosa Desert, around Little

liake. and northward along the cast base of the Sierra Nevada. The
rbcbcbe group in northern Death \'alley is unusual in that almost
no lava was extruded, and the crat<'rs are surrounded by only a small
i|iianlily of ciiidci-y material (fig. 2).

('oiilrnllnui Ci/ndilifJiix. The .severe elinuitic conditions and the

peculiarities of surface vegetation in the desert have already been

desci-ibed in Chapter 1. It remains only to emphasize certain nuitters

that alVcet the geologic jirocesses. Chief among these are the size and
distribution of the desert shrubs, for these have an important in-

(liicnce on certain geoiuor])hic agents. In extreme deserts the surface

is devoid of vegetation, but in southwestern United States abcnit

the only barren areas are I lie di\-lake bottoms—the playas and
Salinas. Apjiarently these arc jilaces wiicre seeds cannot germinate

FKilltK 1. lltTcrls of weal lirrin;; aiul erosion on jointi'd tiranitc,

MM the west side of Owens \'illley.

or where jilants cannot endni'e the high concentration of salts in the

groundwater. Elsewbcre on the desert plains and hillsides, special-

ized hardy shrubs are scattered over the surface. On lln'ii- height

and spacing ilepends the effectiveness of deflation.

The desert is also characterized by the general absence of soil or

any other type of regolith on the hills and mountainsides, because

floods and winds remove all but the coarsest debris from the bare

rocky surfaces. On the other hand the lowlamls are covered with

gravel and sand in transit.

W'l (tillering. Contrary to beliefs prevailing a few decades ago. it

now seems well established that chemical processes are vastly more
important than purely physical changes, such as temperature varia-

tion, in the weathering of sound rocks in a desert climate.

On the surfaces of rallier soluble materials, such as limestone and
salts, rain and I lie moisture of dew promote solution at appreciable

rates. The |iits. Imllows, grooves, sharp point.s, and ridges which

result are so distinctive that tliey are easily recognized. The extremely

rough surface of the salt Hal in the ci'utral part of Death Valley is

an outstaiuling examidc (tig. :i).

TJeeanse most rocks are .s\isceptible to it. the jiroecss of hydration

is of vastly greater conse(|uence in thi> desert and apjiears to be the

dominant factor in the weathering of many kinds of rock. Since

the hydration iuvnlvcs expansion of the constituent crystals, the
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b<iuds between the niinei-al grains are bruken and tlie roek tlisinte-

•rrates into sand and rubble. In the ineipient stages of hydration the

slight expansion of the exjjosed part of an onterop or boulder tends

to cause the separation of one or more shells from the interior of the

rock, a process often called "exfoliation." In this way joint-blocks

are converted into roundish boulders or wool-sack forms which are

typical of granitic outcrops in arid regions (fig. 4).

Many things indicate the close relationship between the rate of

disintegration and the availability of moisture to cause hydration.

Thus slight cavities, holding moisture longer than surfaces exposed to

sunlight, are progressively enlarged into niches. A granite statue in

Egypt, fallen on its side, has disintegrated and exfoliated where the

l-'K.i HI ."i. (;(;mil<' i-cliiiiiiis in iIh- li-nipii- of K:ti-ii:ik.

ni-ar r.u.xiu-, Kk.vpI. The lower part tti the ciilunins was
hurird in wet miul for inauy eentiiriejs, while the upper
ytart remained emitinitnnsly dry and therefore free from
deeay.

roek has reniaini'd in eonlaef with the grniiiiil in whieh moisture is

more prevalent, while the upper side, exposed to almost continual

.sunshine, .shows no signs of alteration even after .'J,OOU years (fig. 5).

Such instances at this indicate that insolation—the breakage of rocks

b.y changes of temperature—is of negligible importance even in the

hottest deserts.

Because of the high temperatures and the scarcity of water at the

surface in deserts, the mechanical wedge-work of freezing water is

only a minor factor in weathering there. There is another type of

wedge-work, however, which is more prominent in the desert than

elsewhere, although eti'eetive only in special localities. It is due to

the expansive action of salts crystallizing from brine solutions at or

near the surface (fig. 6). This process is rapidly destructive to porous,

fractured, or cleavable rocks swept down by floods to the margins of

Salinas, but it seems to be of little or no conse<iuence elsewhere. Like

frost action, it is incapable of breaking dense, sotmd rocks.

in tin

1,1 -LiMl/lliU .^.ill "11 l.'l.

ast of Wendover, llah.
;i|.li |,"h-

Mention may be made here of another jirocess involving ground
water—that of cementation. In situations where there is a capillary

rise of water .just below the surface, there is a tendency for loose

materials to become cemented by carbonates or other salts, forming

the fatniliai- i-aliche of tlie arid regions. Locally the result is a saline

crust upon the surface, or a case-hardening of crumbling rock out-

crops.
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FicrHK 7. TviMcal di>scrt p.-i\.' iil, liliM-k.^iicd lij •\r

northeast of Yuma, Arizoiiji.

Anotlipr |)i'()('0ss affeutiug exposed surfaces in the desert is tlie

eoating of rocks with a brown or blackish film consisting largely of

oxides of iron and manganese. This desert lacquer (often called

"desert varnish"' or "jiatina") is characteristic of all hot arid

regions (fig. 7). Although its origin is not yet fully understood, it

now seems clear that it is not an exudation from the rock but that it

has been slowly applied from the air by ininute organi.sms, among
which pollen, lichens, algae, and baeteria may participate. Because
these organisms reipiire an appreciable amount of moisture, the desert

lacquer tends to be thicker in pits and small hollows on the rock

surface. Observations in Egypt indicate that the formation of desert

lacijuer is so slow that it recpiircs 2.000 to o.OOO years for a light

brown coating and 20,000 to .")0,00() years for a fully developed

blackish layer. Hence one finds di'sert lai'quer well devi'loped only on
upland surfaces which are not subject to occasional floods or to active

sand-blasting.

I.aiidslirliutj and Creep. Because of the general absence of soil,

landsliding, creep, etc., are minor processes in deserts. They become
rajiidly more important in the marginal semi-arid regions. Locally

along banks which are underc-nl liy desert floods, rockfalls may be

importanf, liut as the heaps of debris an- likely to be swejit away by
the next Hood they .seldom appear in I lie landscape.

The formation of taluses by the rolling of debris down from elitfs

is of negligible imiiortance in deserts because frost action is deficient

and erosion by floods is far more rapiil and elTective.

Rubble Krusion. Rubble erosion, although only a minor type of

erosion, is more important than is commonly realized. Along steep

banks of uncon.solidated gravel, such as terraces which are being

undercut by the desert floods, rolling pebbles excavate round-

bottomed chutes, rather than V-shaped gullies, and build evanescent

talus cones below. Violent gusts of wind play an important part in

dislodging the pebbles from the oversteepened bluffs. Rubble erosion

is also an important aid to rill action on the slopes of many barren

mountains.

Bain PcUinij. In situatiims sheltered from strong wind action ami
floods, earthy surfaces are subject to vertical erosion b.v jielting rain-

drops and hailstones. The result is an abundance of tiny pillars, many
of which are protected by .small pebbles or even lichens. The beating

rain also displaces loose mineral particles and contributes to their

slow ami ill-di'lini'd movement down the slope.

Slieef-Wnsli. When the surface receives during a rain more water

than sinks readily into the ground, the excess moves downward as a

thin sheet or plexus of rills. The latter teiuls to become concentrated

in slight depressions and there forms distiiu't rivulets whieh in turn

erode gullies. The sheet flood tlius carries material down the slupe as

it becomes transformed.

Wind Actimt. As woidil be cx|iected. wind action is more efl'eetive

in deserts than elsewhere. "While .some work is done liy ordinary

winds, the occasional violent gales and the abundant daily whirlwinds

do far more. Although the latter are relatively weak they are so

frequent that their total cfl'cet is large. On a warm day in the desert

a dozen or mkh-c wliirl\viM<ls usually cati be seen in operation at any
one time.

In general the desert is a region of deflation and suffers a net loss

of material from its surface. Although .some attempts have been made
to measure the amount of this loss, the data arc> too s.-anty to justify

more than guesses.

By the process of saltation tic wind i-arries small pebbles a few
feet above the grouiul. Sand is carried nuieli bighcr. ami dust is lifted

thousands of feet into the air. whence tnost of it is exjiorted from the

desert. It seems ju-obabh' that the vohnue of the dust carried in this

way far exceeds that of the sand and gravel, although only the latter

form distinctive features in the landscape.

In depositing its load, the wind swee]is fine gravel into windrows,
seldom more than a foot high (fig. 81. Sand is heaped into drifts in

the lee of obstacles or in suitably placed ravines, or is built into

dunes of varied .shajies (figs, it, lO^i. Such accumidations are com-
monest on the lee sides of old lake bottoms or in atmospheric eddies

hicalized by the surrounding mountains. It has been estimated that
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Figure S. Windrnws of fine gravel swept up on tbf inn'tlicast inariU'in

nf Muroc dry lake in the Mojave Desert.

Flut Ui. U. Low iiionjilaiii.s it;irtl.\ Imrifd in w iJiU-ldowii .^and, near ()l»i I'uii-

HiU'iH'P Mill, in snuthern Iti-atJi Valley. The widely spaced shrubs and the hiR-

;;r;tvi'l in Ihi- forc^iround are ty|)ic'al.

r^^K- •fii

-*'^v^>^

FlOUBE 111 I ihllK', Ml ^oullh
! ii;i l;l II, Uf'^Hlii'- 'i: i-iu i l(l<-r.\ Tllll<l-tlll\^ on irn- rii;ii-L,-iti m ;i |ij;i\;i

till! Miijavc Dfsprt. Di'Hiition has removed nearly nil fine material.



16 UEo.M(i|;i'lln|,(H;v il'.ull. 170

less tlian 5 to 10 perc-put of tlic siirfa f lyjiicai deserts is covered

with such deposits of sand. The silt and finer sediments form thin

mantles of loess on the slopes of the higher hills and mountains,

wherever there is a protecting cover of vegetation, but most of it is

Ijrobably removed from the desert altogether.

Deflation, being highly selective, sorts out the loose material ac-

cording to size and weight. Prom surfaces unprotected by vegeta-

tion it removes all the finer material (fig. 11). Where the typical

gravelly alluvium of a moimtainous desert lias been swept out upon
a plain by floods, deflation winnows out the fine stuff, leaving only

the larger pebbles. In time these form a continuous protective cover,

often called a desert pavement or desert armor (fig. 7). Excavations

show, however, that the pavement is only one jiebble thick. These

mosaic-like surfaces become so hard that a car driven across them
leaves but a faint trace. As desert pavemenfs seem to reqiiire many
thousands of years to develop, they are characteristic of upland
plaiTis and terraces which are no longer subject to the action of

floods. It is on these surfaces, also, that desert lacquer is usually

well developed.

Although deflafion has been shown to excavate hollows in the

surface of the desert on a small scale, there is still the moot question

whetliei' if )ilays a minor or a major role in the excavation of the

]:\v^r ilrserl basins. However, sueli depressions as that which con-

taius the Kliarga Oasis in Libya arc xcry diffii'uli to cx|)lain as being

anyfhiiig but deHafi<m hollows.

As an incidental effect of deflation, a considerable amount of

abrasive erosion is accomplished by the wind. It becomes important,

however, oidy in those few localities where certain special conditions

prevail. These conditions include (a) a surface nearly free from
vegetation, (b) plenty of coarse sand or fine gravel, and (c) ex-

po.siire to strong winds. Tlius we find but little evidence of abrasion

where the desert shrubs arc spaced even 't or 10 feet apart, and also

but little effect on ridges, hilltops, and otlu^r places far removed
from a .supply of sand. Wind alirasion is most effective on the loose

stones and jiebblcs lying on the desei-| plains, but if also ehisels rock

outcrops on tlic boi-ilers of sui-li plains.

In the ])rogress of wind erosion one can recognize several stages

(figs. 12, l.'i). At first the rock surfaces are merely pitted and ren-

dered dull, like artificially gi-ouud glass. The next stage is the de-

velopment of many shallow grooves, rounded corners and incipient

facets on jiebbles. In the final stage abrasion develops distinctively

shaped pebbleS hounded by facets and rather sharp angles—the

familiar dreikanter ami other forms.

Where eonditions ari' especially favuralile iiiid the wind is sub-

pai'alli'l tn till' slope, the sand-lilast may I'rase |ire-existenf ridge-and-

:^^
FiGUKK 12. A detail of the desert pavement southeast of Stovepipe Wells,

ill I>enth A'alle.v, showing imnierous wind-carved stones.

gully to]i<igrapliy and leave a ]iearly smooth slope (fig. 14). In case

the wind is roughly ]iarallcl to a set of ravines and ridges, the for-

mer may be hollowed out into round-bottomed troughs leaving the

ridges as sharp and even undercut prows or fins, called "yardangs"
(fig. 15). In all fhe.se cases the so-called "sand-bla.st " has but little

effect more than 1 or 2 feet above the ground, indicating that it is

tlie fine gravel rather than sand which does most of the erosive work.

The abrasive eft'ect of the sand-blast becomes dominant over flood

erosion only in exti'emelv arid regions, such as northern Cliile and
Nubia, whci-e the i-ainl'all amounts to only a few inches per century

and floods are very rare.

Stream Action. Aside from such exceptional rivers as the Nile

and the Colorado, which are born in regions of considerable rainfall

and merely traverse the desert on their way to the sea, the tyjiical

desert streams are rare floods developed cpiickly in otherwise dry

channels and seldom lasting more than a few hours. The barrcmiess

of the moinitainsides ]iermits the water to run off rajiidly at times

of sudden tlownpours and become concentrated in the bottoms of the

ravines (fig. Ifi). This great increase in volume generates a high

velocity, and both factors induce great erosive power (fig. 171. Al-

though such fl<iods may occur in any one valley only once in a

decade or even a century, the effects may be greater than those

caused by a eoutinuously flowing river in an eipial sjiace of time.

As a result cif floods In the desert, rock (Uitcrops are severely

abraded. Ilie an^'ular I'l-ajinients swept tlown from the mountain-

sides arc quickly i-ounded into jiebblcs. and. as a byproduct, a copi-

ous supply of sand, silt, ami clay is produced.

On the steeper slojies of the hills such floods excavate abundant

shar]) ravines and gullies. Any soil or rubble is swept away, and no
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tiiliis siu-vivi's (111 the Iciwcr slopi's. In llic lnilliuiis oT llir hiriicr

niviiu's iiiul valleys, IIikuIs widen the clianiiels inul dcvehip sti-iiths.

Thfso in turn coalesce into pediments (fifr. 18), which may eventuallj'

expand over an entire mountain fircnip, thereby forming a low dome,
like the ones east of Mojave and possibly the C'ima dome east of

llaker (fig-, lil; also see Sharp, Contribution S, Chapter V). While
the grading of pediments is in proyress, remnants of spurs, in the

form of isolated rocky mounds (called "monticules"' by W. M.
Davis), are left standing- here and there. The gradients of pediments

are usually between half a degree and ',i degi-ees, and average some-

what less than those of many alluvial fans.

Extensive observations in deserts show that two tyjies of moun-
tain slopes are prevalent. In one case the plain meets the mountain-

side in a smooth curve which is concave upward. This is probably

governed by the action of rills and sheet-floods moving directly down
the slope. In the other type the plain meets the mountainside

abruptly in an angle which is commonly about 145°. Slopes of this

kind seem to survive only where the mountainsides continue to be

undercut by the occasional storm floods.

Where normal stream gi-adients have been dislocated by faulting

or other accidents, the material washed out from the nuuintain

canyons is s])i-ead out along the base, forming alluvial fans, as the

lliiod streams attempt to reestablish their nornud gradients. Since

llu'se fans have a general resemblance to pediments and w'ere recog-

nized earlier, many observers still confuse these two kinds of fea-

tures. Ilowevi'r. fans must be regarded as abnormal, whereas the

pediment is the prevailing type of desert iilain. Pediments invari-

ably develop wherever conditions remain relatively mulisturbed for

a long time. Pans are usually more convex in cross-profile and com-
iiiiinly have steeper gradients than pediments. They belong to an
early stage in the erosion cycle, whereas pediments expand as the

cycle advances toward old age.

Although it might be expected that deltas wonld lie rdiiml around
the borders of the dry lakes in our deserts, \ei-y few have been

identified. This may well be due to the Hiietiiating character of the

desert lakes, which tends to cause the distr-iliiitinii nl' the delta mate-

rial over a wide area.

Action of Miidflows. In the more severe deserts, where the an-

nual rainfall is less than 3 inches, this process is of negligible im-

portance. However, where the upper slopes of the moindains. enjoy-

ing a moister climate, are covered with enough vegetation to permit
the accumulation of considerable soil niatei'ial, or where deposits ol'

niicon.solidated earth are exposed on .steep .slopes, mudflows may
develop (fig. 20). Hence their deposits are rather comi in the

alluvial fans along the bases of the luglier mnuiitain ranges, and

lliey hceome nincli mure important in tin

regions.

l.nr.l, ring s<'mi.arid

Erosion and Dci/osilion in Lakes. Most desert lakes are tempo-
rary in character. Except after unusual storms, which occur onlv a
few times in a century, they are generally represented by bare, dry
plains, ordinarily called "playas." Such lakes do not persist long
enough to allow the waves and currents to perform significant ero-
sion along their shores. However, because perennial lakes existed in
these basins during the cool and moist conditions of the late Pleisto-
cene, it is not \inconnnon to find w-ave-eroded terraces, gi-avel bars,
and other characteristic shore features around the sides of modern
desert basins.

Contrary to a widespread supposition, the dry-lake bottoms are
for the most part sites of deflation, and only intermittently are they
subject to the deposition of sediments. As mentioned above, they are
areas which sutt'er a net loss of material through the exportation of
dust by the wind.

Although most of the lake bottoms in our arid southwestei'n states
ai-e underlain by hard baked clay, a few are covered with crusts of
salt. According to Thompson the difference is due to the fact that, in
the case of clay playas. ground water finds it possible to leak out
of the basin to some lower place, whereas in the case of the salinas
the only available exit for the disposal of the ground water wdiich
descends from the adjacent mountain slopes is through evaporation
in the middle of the basin. Under these circumstances a crust of
chemically complex salts, including chlorides, sidfates, and borates,
covers the bottom of the basin. Searles Basin and Owens Lake sujiply
good examples.

Flcn HI 1:;. .\ liellliliT of Kl-.anifi- .1
. : 1 -r.MH.'rl liy iiilc-nsc

.s:ui(i-lil;i.sl on hilLs east of r:ihii ."^ininK.s, Ciilifornia.
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Cuinplc.cilUs uf Dcscrl I'l-ijccsscs. Une van better uiulerstaud the

effects of the geomorphic processes of the desert if he bears in mind

the fact tliat some of these activities alternate with one another, and

also that the region has been subjected to important changes in

climate during the last half million years. Only in the warm ages was

it severely arid. In the cool ages the conditions of the .steppe pre-

vailed, and the surface was at least sparsely covered with vegetation.

Especially on the borders of the present desert area, the hills and

HKjuntainsidcs nuiy be mantled with soil, rubble, or talus, a condition

inherited from an earlier age of semi-arid or even temperate climate.

With the onset of a warmer age, marked by increasing aridity and a

dwiniUing cover of vegetation, this soil mantle not only ceases to be

rornied but begins to be eroded by floods and the wind. Such erosion

forms gidlies on slopes that were formerly smooth. Even talus slopes

are gradually invaded by growing ravines, thus leaving oidy wedge-

shapetl renniants which in due time are entirely swept away, so that

only the bare rock slopes remain.

On the other hand, the return to a cooler cliiuatc permits the

process of creep to resume its action, thereby filling the gullies with

rubble and soil and slowly restoring the former smooth surface. This

alternating action of floods and creep seems to 1»' the cause of ttic

cons])icuous ruhlile-stripes on many of the liillsides on the border ol

the desi'ri.
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3. PHYSIOGRAPHIC FEATURES OF FAULTING IN SOUTHERN CALIFORNIA '

I'.Y ]:onf:F!T P. Sharp t

The ;iliuiiilaiirc iiiiil variety of faults in simtlicni California pro-

vide };<io(l opportunity for study of laudfornis ercatcd directly by

faulting' or indireetly by other processes acting upon faulted ma-

terials. Ilisjh-angle gravity faults, high- and low-angle thrusts, and

I'aulfs with large strike-slip displacement are present (see Chapter

l\M. Furtliermore. all degrees and dates of activity are represented.

Lanilforms created by faulting can be classed as primary and sec-

ouary. or as original and subsequent (Lahee, 1952, p. 248). Primary

features are those formed by actual fault displacement. They are

nearly always moditied by erosion, but should be classed as primary

until comjiletely effaced. Secondary or fault-line features are those

formed solely by other processes acting upon faulted materials.

Further subdivision into initial and modified prinmry forms and into

erosional and depositional secondary forms would be possible, but it

is not urged.

PRIMARY FAULT FEATURES

Fault Scarps. Southern California contains literally hundreds of

fault scarps, a few feet to many thousands of feet liigh. Some of these

scarps and the blocks, horsts, and grabens bounded by them, are the

largest topographic features of faulting in the region. The Sierra

Xevada scarp towers more than 10,500 feet above the floor of Owens
Valley, the face of San Jacinto Peak behind Palm Springs is nearly

as high, and the little-mentioned San Gabriel scarp near Cucamonga

rises abruptly G,500 feet above the alluvial fans at its base. The steep-

ness of the scarps depends primarily upon their age and upon the

nature and structure of the rocks composing them. The west face of

tlie Ulack .Mountains, sloping a good 35" toward the floor of Death

Valley, is exceptionally steep for a major fault scarp in this region.

A number of scarps steepen near the base because of rejuvenation by

later uplifts, but some scarps along thrusts are steeper near the top

owing to superposition of hard rocks on softer materials, for example

tlie scar]) of the San Cayetano thrust in Ventura County. Late

Tertiary and Pleistocene thrusts are abundant in southern California,

and many of Ibose of high angle are marked by primary thrust scarps

(K<'rr anil Selieiu-k, lit25, p. 480; Cotton, 1050, p. 728).

In general, the height of a scarp indicates the minimum vertical

displacement, but along a fault of large strike-slip displacement

crossing rugged topography, this may not be true. It is possible that

the south face of the San Bernardino JVIountains was created by an

oblique slicing apart of the San Gabriel-San Heniardiuo uplift alcuig

• Contribution No. fi44, Division of tlie Geological Sciences, California In.stitute of
Teclinoiogy.

t Professor of Geomorphology, California Institute of Technology.

the San Andreas fault (Noble, 19.32, p. 3(>i>). Smaller scarps l\.i-iiird

by lateral displacement of hillocks and ridges can be seen along the

Garlock and San Andreas faults.

Triaiigidar Facets. Triangular facets, truncated spurs, and re-

lated forms are remnants of a fault scarp dissected by transverse

streams and as such hardly warrant the extended attention accordeil

them in the literature. Fine examples of large triangular facets are

seen along the west base of the Panamint Range (Hopper, 1947, ji.

.399) and on the west face of the Black Mountains east of Death

Valley. The Black IVIountain facets should not be confused with

stripped remnants of a folded thrust, locally known as "turtle-

backs," also seen here (Curry, 1938b; see also Curry, Contrilmtioii

7, Chapter IV).

Fault Scarplets. Owing to the recency of faulting, low scarps iu

alluvium are common and widespread. Piedmont scarplets break

alluvial slopes at the foot of many mountain ranges, especially in the

Basin Range region north of the Garlock fault, but they are not

limited to this setting and in the Mojave Desert are found well out

on the valley or basin floors. Most scarplets are a few feet to a few

tens of feet high, but the Raymond scarp displaces the Pasadena

alluvial apron by fully 100 feet near the Huntington Hotel. The

height of a piedmont scarplet reflects in part its susceptibility to

erosion by streams flowing from the mountains. Near Cucamonga,

piedmont scarps 250 feet high in interstream areas record the sum of

repeated fault movements, while lower scarps neai'er the .streams

measure only the latest displacement (Eekis, 1928, pp. 229-230). An
irregular trench along the base of many recent piedmont scar|ilets

is probably produced by settling of loose debris along the fault trace.

ilost piedmont scarplets face outward from the mountains, but

some are back-facing, a good example being along the Garlock fault

near Garlock station (l)ibblee, 1952, p. 39). This xiarticular back-

facing scarp appears to have been formed by lateral offset of a higher

part of the fan, but other back-facing scarps are produced by relative

upward movement of the valley bloclj. Shallow gi-abens are created

in alluvial aprons by oppo.sed iiiedmoiit scarplets, as beautifully

demonstrated along the west ba.se of the Panamint Range at the

mouth of Wildrose Canyon (Noble, 1927, p. 39; Maxson, 1950, p.

104). A small lake south of Lone Pine in Owens Valley occupies a

similar graben formed in part at the time of the 1872 earthquake

(Ilobbs, 1910, pp. 3G9-370, 374). Small grabens have al.so been cre-

ated in fans by the extension associated with shearing along a

strike-slip fault"(Dibblee, 1952, p. 39).

(21)
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A iiiiirli priidi'd l)iit still |ii'iin;irv product of piediiKuit ranltiiifr is

the iiiidfaii iiipsa. an island-like reniiiaiit <if an old upfaulted fan

(EcUis. 11)28. pj). 24-'!-24(i). Altlionfrli eoniiiionly a product of fault-

ing:, it need not be exidusively of tliis in-ifjin, A closely allii'd form
is the piedmont bench, consistinj;- of an ti))faiiltcd fan or i)ediment

.surface at the base of the moiuitain.s bounded on its outer side by

a ])iedniont scarplet. Piedmont benches are displayed idoufr the west

ba.se of tlie I'anamint Ranire and alonp: the south sides of tlie San
Gabriel and San Hernarclino Panp-es.

Fault Rifls. A ma.jor and distinctive feature of faidtin^j in

.southern California is the jrreat rift of the San Andreas (Lawson,

et al.. inns. pp. 2.)-.-)2: Noble. 1!)27. pp. 2fi-27 ; Davis, 1927). Tt com-

prises a linear belt of peeidiar toposraphie features which cuts

obli(|uely across the normal topofiraphic fi'rain of the country and is

best appreciated as .seen from the air. Much of the rift is a shallow

trouph as much as 6 miles wide. containin<r various combinations of

.smaller fault forms, such as slice ridfres. sa? jionds, .shutterridges,

offset streams, and other features described in succeedinp; para-

praphs. In .some places it is nnich narrower, eon-sistinp: simply of one

or two deep fault valleys or fault-line valle.vs with narrow inter-

vpuinfr fault-slice ridf;es. and elsewhere it is simply a broad pass

or saddle across a ridpe or ma.jor divide. Tf the San Andreas is as old

as some of the freolofric evidence sn<rfrests (Noble. 1932. p. 3()2; Hill

and nibblee, 195.3, ])]). 445-4-19 "I, manv of the features in the rift are

the product of erosion (Crowell. 1952. p. 22"). However, the distinc-

tive topographic details within the rift arc lar',;ely fault features

(Wallace. 1949, pp. 792-795).

F(nill-Slir( Iii<h/is. These arc narrow linear ridfres a few feet to

a few hundred feet hifrh representing- slices of rock squeezed np
within a fault zone (Davis, 1927. p. 70). They are also know^l as

pressure ridpres (Wallace. 1949. ji. 793), and some of the larger ones

are bounded by distinct fault branches. Slice ridges are abundant
along the San Aixlrcas and other strike-slip faults, and a few have
been formed in association with high-angle thrusts, such as the Ray-
mond faidt near Santa .\nita Park.

Shullrrritliicf:. Shntterridges are formed b.v vertical, lateral, or

ol)li(pie disiilacements on faidts traversing a ridge-and-canvon topog-

raphy. The displaced part of a ridge shuts olV the ad.jacciit canyon,

hem-e the term (Puwalda, 19.37).

()ffs(t Strrniiix. Offset stream channels arc a coiiuuon companion
of shuttcrridges along strikc-.slip faults and in places lateral di.s-

placements of as iinich as 1.5 miles are thus recorded (Wallace,

1949. ])p. 799-800; Hill and Dililih'c, 1!I53. p. 451). Offsets of this

magnitude must have been ]U-oduccd by rcpi-ated small shifts, with

the stream reestablishing the cimtiuuity of its course during the

intervening pei'iods. The best examples of offset streams are associ-

ated with relatively recent displacements and involve shallow gullies,

ravines, or snuill canyons. In the instaiu'e of deeper canyons, a dis-

tinction between disi)lacement by faulting and diversion by subse-

(|uent erosion and capture is not always easily nuidc. Excellent ex-

amples of off.set streams are fonnd along the San Andreas fault in

Carrizo Plains (AVood and Buwalda, 1931) and along the flarloek

fault north of Rand.sburg (Hill and Dibblee, 1953, p. 451). ()ffset

streams also indieate recent strike-slip movement on some of Ihe

faults in the P.asin Range country (Curry, 1938b; Noble. 1941. j).

9110; Hopper. 1947. p. 399; Maxson, 1950, p. 1071.

CIosciI Diprcssionx. Depressions with closure are a common, and

in many instances distinctive, product of recent faulting. If small

and containing water, they are known as sag ponds, otherwise they

may be termed fault-sags (Lawson, et al., 1908. p. 33). These depres-

sions are created chiefly by differential movement between slices and

blocks within a fault zone m- by warping and tilting associated with

differential displacement along a faidt. Closure created through

damming of fault trenches, troughs, m- valleys by deposition is a sec-

ondary feature. Closures can also be created by fault displacements

Nildch dam normal drainages, or by relative depression of large

blocks between separate faults. The basin of Searles T,ake may be an

example of the former (D. F. Ilewett, personal communication).

Fault Valtrtix. Faulting creates linear depressions of various sizes

anil characteristics. The largest fault valleys in southern California

are grabens, of which Owens Valley is certainly an outstanding

exarnple. Another type is the fault-angle valley occupying the de-

pression between a fault scarp and the baekslope of a forelying tilted

block (Cotton. 1950, p. 748). Pananiint Valley appears to be such a

feature. Still other valle.vs are created by relative uiilift on opiiosite

sides of two parallel thrust faults, as demonstrated by the central

section of Santa Clara Valley, Ventura County, which is bounded on

the north and .south resiiectively by the San Cayctano and Oak-

ridge thrusts. The relatively yonthftil age of sedimentary rocks

ecunposing the Santa Clara Valley block and a considerable alluvial

fill indicate that this is prinuirily a fatdt valley and not a secondary

liroduct of erosion. Smaller, narrower valleys are created within

ina,ior fault zones liy relative depression of narrow slices. Tliese

feattircs are jiarticnlarly difficult to ilistinguish fr(uu stibsecpient

fault-line valleys forim^d by erosion.

Fault Trdurjlix. In size and character fault troughs rcM-mblc nar-

row fault vallcvs but dil'l'cr tlicrcfi-om in not beiuL' limited to a
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single drainage system. Tr(iui.4is cau cross divides or ridges and niay

include several fanlt valleys. Fault trrmshs (Minstitnte ma.ini- fea-

tures within rift zones.

Fault Trenches. Trenehes or clefts (Davis, 1927, p. 63) are similar

to fault troughs but smaller. They form principally within major

fault zones and are usiuilly underlain by a fault slice that has been

depressed. The moat along the base of a piedmont scarplet in al-

luvium is a tjTie of trench, and open cracks in the ground formed by

lurching associated with recent earthquakes have also been called

fault trenches.

Kenibiits and Kcrncoh. These forms were originally defined by
Lawson (1904, pp. 331-343) as primary features created by displace-

ment on a fault traversing a hill slope in such a manner that a

projecting ridge or buttress, the kernbut, and an intervening depres-

sion or fosse, the kerncol, are formed. The type locality has since been

shown to be one of fault-line forms (Webb, 1936, p. 636), but this

does not destroy the validity of Lawson 's original concepts, and his

terms should be retained for the corresponding primary features

(Lahee, 1952, p. 317). The forms related to Cotton's cicatrice (1950,

p. 753) are closely similar if not identical in some instances. Fault

benches (Lahee, 1952, p. 316) are also created by hillside faulting.

The outer edge of a bench may be a kernbut but the kerncol is lacking.

Fault Gaps. A fault gap is formed by a displacement that later-

ally oft'sets a ridge so that the two parts are no longer continuous

(Lahee, 1952, p. 336). Small gaps of this nature are fairly common
along the larger strike-slip faults with recent displacement. Some of

the major passes leading into the southern California coastal region

may be at least partly of this nature.

Fault Saddles. These are notches, cols, or saddles in ridges created

by actual displacement of the ridge crest by faulting. They are much
less connnon than fault-line saddles and might well be treated as a

particular type of kerncol.

Ground Features. Various types of open cracks, furrows, and

small ridges are created in the ground by lurching and other move-

ments associated with earthquakes. These features are all geologically

short-lived, and many of them do not appear to represent the actual

displacement on the fault plane (Buwalda and St. Amand, 1952, pp.

4-5). One of the more striking of these forms is a small ridge 1 to 2

feet high, known as a mule ti'aek, formed by humping up and crai'k-

ing of the ground.

Knick Points. Some streams crossing active faults display a

sudden steepening of gradient. Such knick points may have migrated

upstream from the fault, but if tlieir relief is the product of actual

fault displacement they should be treated as primary features. It

would of course also be possible to have a fault-line knick point jiro-

duced by differential erosion of hard and soft roek brought into

juxtaposition by faulting. Streams within the Panamiut Range dis-

play steepened profiles attributed to movement on the boundary fault

(Maxson, 19.50, pp. 108-112).

Fold.f. The ])i-iiicipal surface expression of buried faults may be

folds of one type or another. The belt of en echelon folds constituting

the Newport-Inglewood uplift has been attributed to forces associated

with strike-slip displacement on the Inglewood fault (Reed and
riollister, 1936, pp. 125-133'!. L. F. Noble (personal comnuinii'ation)

is also inclined to relate small en echelon folds on the floor of Death

Valley to lateral fault displacements.

SECONDARY FAULT FEATURES

Fault-Line Scarps. The principal secondary fault feature is the

fault-line scarp, a form created whoUj- by erosion acting upon rock

units of different resistance juxtaposed by faulting. The relief be-

tween top and bottom of a fault-line scarp is due solely to erosion.

It may be the product of fii'st-cycle erosion, without an intervening

episode of planation, or of second-cycle erosion following planation.

The fault-line nature of scarps facing in opposite direction to the

original fault scarp is more easily established than of scarps facing

in the same direction (Blackwelder, 1928). Broad geomorphological

and geological relations are of help in this connection (Cotton, 1950.

pp. 719-721), and on such a basis a number of fault -line scarps can

probably be shown to exist within the Transverse Ranges (Putnam,

1942, p.' 7.51).

Composite scarps on which the relief is due partly to fault dis-

placement and partly to erosion may be even more common. In places,

the south face of the San Bernardino Mountains near lieauniont and

Banning is a composite scarp.

Fault-Line Vallej/s. Faidt-line valleys arc developed by erosion in

the soft crushed material along fault zones and are abundant in this

region. Many fault-line valleys are undoubtedly formed by headward

erosion and are subsequent in the ])urest sense, but there is no reason

why they must all be of this origin as inferred by Cotton (19.52. p.

182). Probably, a number of fault-line valleys in southern California

originated as consequent stream courses along fault depressions which

have since been transformed to fault-line valleys by erosion. Many.
of course, are composite, the present valleys being created partly by

faulting and partly by erosion. The east and west forks of San
Gabriel River look like good examples of subsequent fault-line valleys



FiouKE 3. View south across iictive trace of San Amirens fault in Cajon Pass. Note sag pond at riRht. offset stream in center showing rieht-lnieral (iisphict-nu-nt.

and change of vegetation at fault trace crossing Cajou Wash, indicating a difference in ground-water conditions on opposite sides of the fault. Air photo by

J. S. Shcltoii Hutl I'. ('. Frumpton.
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developed by headward erosion. Manj- valleys along the San Androas
rift, such as Lone Pine Canyon and Swartout Valley, are possibly

of fault-line origin, although more study is needed to establish this

point and to determine whether they are consequent or subsequent.

Mill and Mission Creeks in the Sau Bernardino Range come in the

same category, and at least part of the Kern River Canyon in tlie

southern Sierra Nevada has been shown to be a fault-line feature

(Webb, 1936, p. (i36).

Evidences of stream capture can be useful in establishing tlie sub-

sequent nature of some faiUt-line valleys, and care must be exercised

in deeply dissected areas to avoid mistaking diversion of streams b)'

capture for displacement by faulting.

Fault-Line Gaps. Fault-line gaps resendile fault gaps but are

formed solely by erosion of resistant ridge-making units laterally

offset by earlier faulting. Small fault-line gaps are relatively nu-

merous in parts of the Transverse Ranges displaying fault-line fea-

tures. Many of tiie larger gaps in southern California created by

faulting are possibly composite forms in wliich the initial relief of

the original fault gap has been increased by deepening through ero-

sion, as demonstrated by the course of Cajon Creek along the San
Andreas fault between the San Gabriel and San Bernardino Moun-
tains (Noble, 1927. p. 33).

Fault-Line Saddltf:. Fault-line saddles are created by more rapid

erosion of ridge crests where crossed by faults. They are one of the

most sensitive indicators of ancient fault lines that lack almost all

other forms of topographic expression. Good examples of fault-line

saddles can be seen along the San Gabriel fault within the San
Gabriel Range.

Drainage Rejuvenation. Dissection resulting from fault dis])lace-

ment is a secondary product which cannot always be satisfactorily

interpreted because of its possible polygenetic origin. However, care-

ful work can show in some instances that interruptions of stream

cycles expressed in the form of dissected terraces and entrenched

open-valley forms are due to faulting. Terraces in the San Gabriel

Mountains are graded to piedmont benches along the south face of

the range which have been uplifted bv faulting fMuchlberger, 1950,

p. 14).

Depositional Forms. Deposition creates a host of secondary topo-

graphic features along fault scarps and to a lesser extent along fault-

line scarps. Alluvial cones, fans, and aprons along the bases of fault

scarps are connnou in southern California and attain spectacular

development in the desert country, |iarticularly in Owens. Panamint,

and Death Vallevs.

Various products of mass movements are locally associated with

fault scari)s, tlie most distinctive being landslides and rock falls.

An exceptionally fine example of a rock fall derived from a fault

scarp can be seen at Blackhawk Canyon on tlie north side of the

San Bernardino Mountains (Woodford and Ilarriss, 1928, pp.

287-289).

Topographic Fault-Line Outliers. Low-angle thrust faults have

been described from a considerable area in the eastern Mojave Desert

and the southeastern Basin Range country (Hewett, 1928; Noble.

1941; Kupfer, 1953). Erosion of these low-angle thrust masses has

left a number of isolated hillocks and ridges capped b.v remnants of

the thrust plates. Good examples are found in the Shadow Mountains,

Silurian Hills. Ibex Hills, and the Jubilee Pass area. These are

strictly secondary fault-line forms created by erosion which owe

their special character to the more resistant capping of the thrust

plate.
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4. BEACH AND NEARSHORE PROCESSES ALONG THE SOUTHERN CALIFORNIA COAST '

Ei'osional and dcpositional nearshorc processes have played an im-

portant role in det,prminin<r the configuration of the southern Cali-

fornia coastline. Erosion is usually dominant off headlands and along

coastal sections backed by cliffs of alluvitnn and other unconsolidated

material, whereas deposition is most eonnnon along indentations

between headlands. The over-all effect of sucli processes is usually a

straightening and smoothing of the coastline. However, this is not

always the ca.se; differential wave erosion may cause more rapid

erosion of material between headlands and thus cause irregularities

in the coastline.

The predoniinaiicc nC de]i(isition or erosion in aii\' particuhir place

depends upon a nundier of interrelated factors such as the amount of

available bea<'li sand and the location of its source, the configuration

of the coastline and of the adjoining ocean floor, and the effects of

wave, current, and tidal action (fig. 1). The establishment and ])i'r-

sistence of natural sand beaches and related phenomena are often the

result of a delicate balance among a number of these factors, and any
changes, natural or man-made, tend to upset this eipiilibrium.

9'ojnTr of Beach Srrlimrnt. The prineijial sources of beacli and

nearsbore sediment along the southern California coast are the

.streams which periodically bring large quantities of sand directly to

the ocean, and the sea clifl:'s of unconsolidated material which are

being eroded by waves. In some isolated instances sediment may be

supplied by erosion of older unconsolidated deposits in shallow off-

shore areas. Shepard and Grant (1947) found that the wave erosion

of rocky coasts in southern California has been negligible during the

past .)0 years, even where the rocks were relatively soft shales. On
the other hand, they found a retreat of as much as a foot a year in

unconsolidated formations.

Streams, however, are by far the most important source of sand.

The shoreline at the mouth of the Santa Clara Kiver, near the city of

Ventura, advanced 300 feet between 1983 and 1038 in'inci|)ally as a

result of deposition during the 1038 flood. The Corps of Engineers

(10.'521 estimate that the average rate of littoral drift of sand from

the Santa Clara River delta, toward Port Ilueneme to the southeast.

was about 800,000 cubic yards a year. The combination of abundant

local source of saiul and protection from wave erosion by the Clianni'l

Islands and Point Conci'|itio]i has resulted in building the sliorclinc

• Contribution from the Sciipps Institution of C)cc:uioKrapli.v. New .Serit-s Xo. (l.'iT.
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along this section of coa.st well seawaid of tlic adjacent headlands of

Ventura ami Point Mugu.

Beaches do not always have loi'al sources of sand, Init may receive

sand from other beaches many miles away. For example, there is evi-

dence (Trask, in.i2) that the beaches near Santa Barbara, where the

average littoral ilrift is about 280,000 cubic yards a year, may receive

some sand from beaches north of Point Conception. Also, studies of

the beaches in the Santa Monica area suggest that some of the sand

there is derived from sources northwest of Point Duiiie and possibly

from northwest of Point IMugu (Ilandin, 1051, p. 42).

Southern California beaches are generally narrow and backiMl by

sea cliffs except where deposition has caused the beaches to build

seaward. Examples of wide beaches are found near the Santa Clara

River, along portions of Santa Mtniiea Bay, at Newport Beach, and at

Mission and Silverstrand Beaches near San Diego. The beach ma-

terial consists predominantly of well sorted medium to fine sand,

interrupted here and there b\- iiebble and cobble foreshores. The

coarsest material is commonly found on pocket beaches near rocky

headlands, as at Point IMugu and Point La .lolla. The composition of

the beach sands is mostly quartz with minor amounts of the feldspars

and heavy minerals. The heavy minerals (i.e., those, with a specific

gravity greater than about 2.8.')) generally comprise between 1 and

1.5 percent of tlic total sain|ile. and are most abundant in tlie finer

size fractions. The iinisl i-niiinion heavy minerals arc hornblende,

augite, epidotc, magnetite, ilmcnite, apatite, garnet, sphene, and

zircon (Ilandin, lO.^l ; Inman. 10r)0b, 1053; Trask. 10.-)2). Biotite is

common in the stream sands and offshore sediments, but because it is

easily retained in suspension, is usually rare in the beach sands.

HVn'f,'.'. Wa\-es and the cui-rents which they generate are perhaiis

the siu'jle most ini]i()r1an1 factor in the transportation and deposition

of nearshorc sediments. Waves arc effective in moving material along

the bottimi, in placing it in suspension for weaker enrrents to trans-

port, and, in the absence of beaches, waves erode cliffs and sea walls

directly by the force of their breaking. The decitling factors in deter-

mining the effect of waves on the coastline, and the direction of the

AV'Mp.nrenerated lone-shore currents which move material along the

coast are: (1) the direction of approach of the waves, (2) the wave

characteristics, such as liciglit and length, and l3i the ctnifiguration

of the sea fioor.

Wave action along tln' snulhcrn California coast is seasonal in

nature, in response to the i-liaiigiiig wind systems over the Pacific

Ocean where the wa\es are generated. Ini|i"i-taiit metconilogical imiu-

( 2!) )
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ditions resulting: in high waves aloiifr tlie coast are local storms,

coastal fronts, and storms in the Ciulf of Alaska. These waves occur

mostly during the winter and spring and occasionally in the fall,

and approach the coast principally from the northwest and west

(Scripjis Institution of Oceaiiogi'a])liy, 1947). During the summer
mouths the waves are characteristically much lower in height and
approach the coast from the west and south-southwest. The most
southerly of these waves, sometimes called "southern swell," are

generated during our suunners by winter storms in the southern

hemisphere and ma\' travel more than .^,000 miles before breaking
on tlie shore of southern California.

The profiles of ocean swell in deep water are long aud low, ap-

proaching a sinusoidal form. However, as waves enter shallow water

the wave velocity aud length deerea.se, the wave steepens and the

wave height increases until the wave train consists of peaked crests

separated by flat troughs. Near the breaker zone the process of

steepening is accelerated so that the breaking wave may attain a

height several times greater than the deep-water wave. This trans-

formation is particularly pronounced for long-period swell from a

distant storm. The profiles of local storm waves show considerable

steepness even in deep water, so that the .shallow-water steepening

is not as pronounced as in the ease of ocean swell (Munk and Tavlor,

1947).

The shallow-water transformation of waves commences at the

depth where the waves feel bottom. This depth is equal to one-half

the deep-water wave length, where the wave length is the horizontal

distance from wave crest to crest. The deep-water wave length in

feet is given by the relationship L = 5.12T-, where T is the wave
period in seconds. I'^pon entering shallow water waves are also sub-

jected to refraction, a process in which the w-ave crests tend to

parallel the depth contours. For straight coasts with parallel con-

tours, this decreases the angle between the approaching wave and
the coast, and causes a spi'eading of the energy along the crests. The
wave height is decreased by this process, but the eflfeet is uniform

along the coast. A submarine canyon or depression causes waves to

be refracted or bent in such a manner that waves over the canyon
will diverge, causing the waves to decrease in height and the line

of wave crests to be convex toward the shore. Waves will converge

on either side of the canyon or over a ridge, causing the w-ave height

to increase and the line of wave crests to be concave toward the

shore. The amount of wave refraction and consequent change in

wave height and direction at any point along the coast is a function

of wave period, direction of approach, aud the configur.-il ion of the

bottom topography.

Waves from distant storms, such as southern swell, may have

periods as great as 20 seconds or more when they rcacli the southern

California coast. Since refraction commences when waves reach a

depth equal to <uu>-half the wave length, waves with periods of 20

seconds w-ill feel bottom and he refracted by topographic features

on the ocean floor in depths as great as 1000 feet. Thus the formation
of beaches aud the effect of waves on a coastline may be influenced by
the topography of the bottom many miles from the coast. The con-

centration of wave energy at points along the coast by submarine
ridges often results in severe erosion and damage to coastal struc-

tures. Damage from this cause occurs periodically along the Cali-

fornia coast when the wave period, deep-water direction of ajiproach,

and height are such as to focus energy on coastal structm-es (Ilorrer,

lO.iO: Inuum, lO.iOa).

Currents. When waves break so that there is an angle between
the crest of the breaking wave and the beach, the momentum of the

breaking wave has a component along the beach in the direction of

wave propagation. This results in the generation of longshore cur-

rents that flow parallel to the beach inside of the breaker zone (fig.

2i. These currents are largely responsible for the littoral drift of

beach material. After flowing parallel to the beach as longshore cur-

rents, the water is returned seaward along relatively narrow zones
by rip currents. The net onshore transport of water by wave action

in the breaker zone, the lateral transport inside of the breaker zone
by loiigsliore currents, and the seaward return of the flow through
the surf zone by rip currents constitute a near-.shore circulation sy.s-

tem. The pattern that results from this circulation commonly takes

tlie form of an eddy or cell with a vertical axis.

In many eases where waves break along a straight beach w-ith

liarallel bottom contours, it is possible to predict the velocity of the
longshore current from a consideration of wave and beach character-

istics (luman aud Quinn, 1952). However, where the beaches are
not straight, or where offshore topography causes differential

wave refraction, the longshore currents are dependent on the gradi-

ent of breaker height along the beach as well as on the angle between
the breaking wave and the beach. For such eases, the positions of

the circulation cells are largely dependent upon the location of zones

of wave convergence aud divergence, and quantitative prediction of

longshore velocity cannot be made fShepard and Inman, 19.")la).

Points, breakwaters, and piers all influence the circulation pattern
and alter the direction of the currents flowing along the shore. In
general these obstructions determine the position of one side of the

circidation cell. In places whei-e i-clatively straight beaches are ter-

minated on the down-current side by points or other obstructions, a
pronomiced rip current extends seaward. During periods of large

waves having strong diagonal aiipi-oach these rips can be traced

seaward for one or more miles.
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Lonj;shore currents are largely responsible for tlie littoral drift of

beach material along- the eoast. Although there are local and tem-

porary reversals of current direction, the net sand transport along

most southern California beaches is from the iKn-thwest toward the

southeast. Obstructions—natural or man-made—in the path of these

currents often have profound etteets ujion the beaches in the neigh-

boring areas. TTsually the beaches build seaward up-current from ob-

structions and are eroded in the current lee, where the sujjply of saml

is diminished (fig. 1). Numerous examples of the effectiveness of

coastal structures in interrupting the littoral drift of beach material

are found along tlie California coast, particularly where breakwaters

and jetties have been constructed as at Santa TSarbara, Port

Ilueueme. Santa ilonica, and Redondo Px'ach. The rate of accretion

of sand behind such structures has provided the most reliable iufor-

uuition alioul tbi> rate of littoral drift of sand along tlic <'oast.

Mrcliaiiicx nf Bciirh Fiirmatioii. Waves are effective in causing

saiul to be transported laterally along the beach by longshore cur-

rents, and in causing movements of sand from the beach foreshore to

deeper water and back again to the foreshore. Along the southern

Califoi'iiia coast the migration of sand between the beaches and

dee|ier water is s<'asonal. in response to the changes in wave height,

period, and direction of approach. In aeneral. the beaches build sea-

ward (luring the small waves of sununer aiul are cut back by high

winter storm waves (Sliepard and La Fond, lfl40; Shepard. 1950).

There are shorter cycles of cut and fill associated with spring and

neap tides, and with non-seasonal waves and storms. Bottom surveys

indicate that most offshore-onshore interduinge of sand occurs in

depths less than 'M) feet, but that some effects may extend to greater

depths (Shepard and Inman, lOolb).

Tlie mechanics of transportation of l)eac-li and nearshore material

are not clearly understood. However, tlu-rc has been much research

on the problem, and a summary of available concepts based partly

on theory and partly on observations is given in the following discus-

sion (also, see Eaton, 1051 ).

As mentioned in the discussion of longshore cin'rcnts, there is a

shoreward mass transport of water associated with wave motion

near the breaker zone. This shoreward transport of water can apjiar-

entl.v be interpreted as I'csultiug in a rise in the sea surface near

shore. The piling up of water must be compensated by a seaward

return flow, part of which is in the form of I'ij) currents. ,\i)])lication

of solitary wave theorv to the surf zone (Munk, in4Ha), sup|K)rted

by field ob.servations (Tnmau and Qninn, lit.'i'i), suggests that the

shoreward nuiss transjiort of water is a maximum at the water sur-

face and tliat, in addition to rip currents, this transport is compen-

sated by a net seaward return flow along the bottom. Tlie magnitude

of net offshore drift along the lioltoni (as determined IVoni a\erages

over straight beaches Ihree-ipiarters of a mile long and for periods

of one hour) usually does not exceed three-tenths of a foot per

second.

The instantaneous particle motion associated with shallow-water

progressive waves is oscillatory in nature, the motion under the

crest being in the dii-ection of wave propagation, while that under

the wave trough is in the opposite direction. As waves near the

breaker zone, a differential develoiis between the magnitiule of the

crest and trough orbital veloi'ities; the velocity under the crest

exceeds that of the trough and becomes of shorter duration. Tn

general, the differential between crest and trough orbital velocities

increases as the wave height and frei|ueney decrease. However, tlie

)iicture of wave motion in shallow water is considerably complicated

by currents and by longer-period waves or surges which in some

cases ma.v result from tlie alternation of groups of high and low

waves in the surf zone (.Aliiiik. I!t4;ib; Williams and l.saaes, li)o2).

The relative increase in the onshoj-e velocity under the wave crest

as compared with (he nlVshoi-c velocity of the wave trough probably

accounts for the slioiiwavil migratiiui of sand during periods of low-

waves, particularly when I he waves have long periods. On the other

hand, a greater aiiioiint of material is maintained in suspension

above the bottom when the waves are high and have short periods,

and for this condition, the differential between onsliore ;ind offshore

orbital velocities is much less. Thus the net offshore drift along the

bottom may result in a net offshore transjiort of material when the

waves are liigh and have short periods. It is also possible that a net

transport of sediment could exist in the absence of a net current if

a horizontal gradient were to develop in the concentration of sus-

pended material. Such a gradient does exist near the surf zone

(Beach Erosion Board, 1933"), where tlie concentration of susiiended

material is greater in the zone of breaking waves than it is seaward,

and may result in an offshore trans]iorta1ion by diffusion.

High waves also augment beach erosion by increasing the velocity

of the currents in the ncar.shorc circulation system. Sand is trans-

ported laterally along the beach by longshon' mrrcnts and tlu-ongh

Ihe breaker zone to deeper water by rip eurrenls.

Grant (1948) points oiil lliat the mechanics of accrel ion and

erosion of the beacli foreshore a]ipeai- to be eoiinected with the height

of the water table in the beach, which in turn is related tn waves

and tides. Percolation of the uprush into a dry beach reduces the

amount of flow in the backwash and is thus conducive to deposition

of the sand transported by the uiirush. Tjargc waves elevate the

water table in the beach. Wlieii the beach is saturated the backwash

lias a higher veloeitv which enhances erosion of the foreshore.
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5. PLEISTOCENE LAKES AND DRAINAGE IN THE MOJAVE REGION, SOUTHERN CALIFORNIA

Diii-in^' Ploistoeene times the southwestern states experienced at

least four epoi-lis of cold climate, lasting thousands of years each and
alternating with luncli longer warm epoclis. Regardless of any

changes in tlie rainfall, tlie cold epochs doubtless had a moister

climate, because of the lower rate of evaporation. I in the same prin-

ciple, the. warm inter-glacial e|)ochs nnist have been relatively dry.

Evidence for the more recent climatic episodes is relatively abuiulaiil

and well iH'eserved, and hetice their history is better known than

tliat of tlie older ones. In order of increasing age, the cold epochs in

tlie Sierra Nevada and adjacent areas have been termed TiogM,

Tahoe. Sherwin, and Jlcflee (Bhickwelder, 1931).

In a typical age of cohl climate, sucli as the Tioga, the snowline

descended to an altitude ol' about (i.OOU feet in tlie Sierra Nevada

and other high ranges, (llaciers formed on tlie highest mountains

and crept downward to altitudes as' low as 4,000 feet. Jlountaiu

streams no longer disappeared into the gravelly deposits along the

bases of the mountains, but extended out into the nndrained hollows

until they tilled many of them to overflowing. Thus lakes were

formed in such basins as Oweus and Inyokern, and the excess of

water, spilling over from one basin into the next, seems to have

i-eached the Colorado River in at least one of the earlier ages. By
this process there came into existence the chain of lakes and rivers

shown on the .sketch map (fig. 1).

In the same times of cold climate, the life-zones migrated dowii-

ward and also generally southward. The .\lpiiie zone of treeless

tundra and midyear .snow-banks descended to ab(nit (i.OOO feet, w'hile

the lower edge of the forest belt covered the lower slopes of tlie

mountains down to an elevation of about 2, .500 feet above sea level.

The Jlojave Desert lowlands probably looked like the plateau of

northern Nevada today, with its sage- and grass-covered plains and

its hills dotted with cedar and pinyon trees. The typical desert was

crowded far southward.

Jlost of tlie lakes were iirobably fresh, excepting those which did

not ovci'llow. Fishes of several kinds migrated up I'rnin the (.'oliira<lii

River; ami a few of their descc'iuhmts still survive in the lakes and

creeks of tin' liiglicr niminlaiiis. In rare instances they now occur in

springs even in the bottoms of some of the most arid basins.

The geologic record of the last two glacial ejiisodes (Tahoe and

Tioga) is fairly clear, whereas that for the earlier glacial ages is

scant}- and obscure. The lakes of probable Tioga age have left almost
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continuous wave-cut terraces, as well as gravel bars and spits. Their

bottom deposits are in most places still concealed beneath the surface

layers, although locally, as in the narrows of the Mojave River, they

have been deeply trenched and are therefore well exposed. Erosion,

particularly by desert floods, has erased nearly all traces of shoi-eline

features of the lakes that probably existed in the Sherwin and earlier

glacial ages. Some of the deeply eroded lake-beds along the .\niar-

gosa River may well be of that age, and it seems pi'obable that

others will lie rmind buried in the eenti'al portions of those basins

that have not been dissected.

Owens River. Owens River, tlie largest stream of the Mojave

Desert, drew its water supply mainly from rain and the melting

snows in the high Sierra Nevada. Its upper tributaries have cut

notches in the glacial moraines, flood-plains, and terraces farther

ilownstreani. This influx of water during the cold epochs soon filled

the relatively shallow basin (about 100 feet in maximum depth)

.south of Jjone Pine, and thus formed the ancestors of Owens Lake.

Overflowing the southern rim of the basin, the river soon cut a

spacious trench in the Pleistocene lava flow below Little Lake (fig. 2).

At the upper end of this trench are an interesting box gorge and a

dry waterfall, and many large potholes in the basalt.

Emerging iido the broad Indian Wells basin, the rivm- formed

a shallow lake (35 feet) whose site is now marked by the China Lake

salina. This in turn overflowed into the much lower Searles basin to

the east. The outlet stream cut the tisual notch across the ridge on

the east side of the Inj'okern basin; unfortunately, this feature is

no longer readily acees.sible, because it is included in the U. S. Naval

Reservation,

In the Searles basin the river roi'iiied a lake, which was about

1() miles long and more than 37."i feet deep, during the latest of the

cold, moist epochs. At that stage the basin was the final sink of

Owens River, and its only outlet was through evaporation. The lake

therefore became saline, as is now attested by the thick deposits of

complex salts which occupy a lai-gc area in the center of the basin.

( )ii both the east and west sides of the Searles basin the wave-eroded

shore terraces are still nearly continuous ami easily i-eeognized. (In

the north and south sides, where the gradient of the preceding sur-

face was too gentle to permit erosion by the waves, the ancient shores

are marked chiefly by extensive gravel bars. On one of the latter, on

the southwest side of the old lake, there is a remarkable cluster of

massive tufa monnincnts or towers, some of which are nearly 100

feet high and are still well preserved (fig. 3).

(35)
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111 a somewhat earlier cold time, presumably tlie Talioe age,

Searlos Lake was more than 640 feet deep, and overflowed across a

broad pediment on the southeast side of the basin, finding; its way
eventually east and northward into Panamint Valley. On the west

the lake overflowed the low divide at the head of South Wells Can-

yon and joined the much shallower lake in Indian Wells Valley. Be-

cause of tlie overflow to the southeast the older Searles Lake must

have been fresh, although it doubtless became saline in the course

of its decline, as the climate became warmer and drier. Some of the

buried salt beds, which liave been revealed by drillinp-, may repre-

sent this episode. The shore terraces of that age are discontinuous

and generally obscure. They are best seen, when the light is favor-

able, on the pro.iecting shoulder east-southeast of Trona. Several

rows of dilapidated tufa towers of this age may still be recognized

on the slopes of Salt Wells Valley, west of Searles Lake, at elevations

of 2.2()n to 2.260 feet above sea level.

While it is reasonable to infer that the basin was occupied by

lakes in still earlier cold epochs, no evidence for their existence has

tlius far been recognized. Their deeply l)>irii'(l deposits may some

day reveal part of the story.

Augmented by creeks from the Panamint and ad.iacent ranges,

the ancestral Owens River made lakes in the long and deep trough

known as Panamint Valley, The lake, probably of Tahoe age, was

about 62 miles long and more than 920 feet deep. Nearly all traces

of its shore features have been destroyed by erosion, but remnants

of shore terraces may still be seen in a favorable light just south of

Ballarat. and a scanty deposit of calcareous sand and tufa is present

at an altitude of 1.080 feet along the old wagon road east of the pass

at the north end of Searles basin. This lake overflowed through Win-

gate Pass into Death Valley, and thus also mast liave been fresh.

Desert erosion has. however, removed almost all traces of the erosional

features made by the outlet stream.

In the later (Tioga) age. the central part of the I'anaiiiiiit ^'allry

appears to have had a smaller lake less than 200 feet deep, wliicli

mu.st have been supplied by creeks from the mountains on either

side. It was probably saline. While its shore-lines are obscure, tlie

deposits made in it are now slightly dissected and thus visible, espe-

cially west and south of Ballarat. At the same time there must have

been a shallow lake in the north end of the Panamint trough and one

or more small ones near the southern end, as indicated by the exist-

ing playas.

Death Valley, being the lowest of all the basins in the region,

probably held lakes during all of the cold ages of the Pleistocene,

In addition to the contribution of streams from the nearbv ranges,

it received water during the earlier epochs from the Owens River

system on the west, the Mojave River on the south, and the Amar-

gosa River on the east. At present only the waters ot the .\riiargii.sa

River ever reach the bottom of Death Valley, and then only during

exceptional floods.

During a late age (probably the Tioga), Death Valley appears

to have contained a lake about 400 feet deep and about 100 miles

long. Although its shore features have been recognized in but a few

places, there are some well preserved gravel bars, spits, shore ter-

races and small quantities of tufa (fig, 4), As it dried up, this lake

deposited the layer of salt that now forms the bottom of Death

Valley in an area about 28 miles long.

In what is presumed to have been the Tahoe age, the larger and

better known Lake Manly occupied the main part of Death Valley.

This lake must have been at least 600 feet deep, and tliere is no

reason to believe that it overflowed from the valley. Fed by all three

of the river systems, the lake mu.st have been about 116 miles long

and as much as 10 or 12 miles wide. AVell-preserved shore terraces

are easily recognized on the slope of a basalt hill near the moutli of

Wingate Wash, in the southern part of Deatli Valley, as well as in

areas farther north (fig. 5), Dissected lake deposits of this age are

visible a few miles west of Surveyor's Well and in several other

localities farther south. Some of the salt-bearing clays which have

been revealed by borings in the bottom of the \'alley may also be of

this age.

It is inlierently iirobalilc lliat Dealii \'allcy contained large lakes

during the earlier McOee and Slierwin ages of the Pleistocene. The
extensive deposits of calcareous lake clays, a few miles north of the

Ubehebe craters, have been so deeply eroded as to suggest that they

are of Sherwin age, Wliether the associated great lake had an outlet

is still problematical. Careful scrutiny of airplane photograiibs, and

of critical localities on the ground, have revealed no traces of .shore

terraces or outlet notches. However, the fishes that now inhabit some

of the springs and small streams in the Death Valley region have

their closest affinities with those in the Colorado River. Hence it is

inferred that in one of its early stages the Death Valley lake over-

flowed southward and southeastward by way of the Ludlow, Amboy,

and Danby basins, and into tlie Colorado River noi-th of Blythe. or

perhaps had some less direct connecfinn witli llie dilorado River.

MojiifC Hirer Basin. Water flowing off the northern slopes of Ibe

San Gabriel and San Bernardino Ranges, as well as the Tehachapi

and lesser ranges farther west, was eollected in a number of shallow

basins in the Mojave Desert, Most of these lakes probably did not

overflow. They are now represented b.v playas sucli as the Coyote.

Harper, and Rogers dry lakes. However, the I\rojave River integrated

a number of lakes along its course during the last two glacial epi-

sodes, and continued northward info Death Valley, Some 24 miles

east of Barstow the river entered an extensive lake whose eastern
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I'li'islui'cne outlet ol" ()wt'tis J-aUc, suuth ut' Lillli- Lnkt
lu Inrins tile terrace on the riglit. Alliivijii fans nn the left.

K.niiiaiil ..r Ihe l>^
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^^.i^;-:'-,j^-J^>.-^^^'"

Fn;rr{F .">. Towits nf calciiroous tufa f the Piniinclps ) on ;i hilr rit-istnci'iic

Ki'nvel bar, southwest iif Soarli^s Lnko.

iiiiirfiiu lias not yi't been rceognized. Tlie deep trcndiin^- of the lake

tle|)()sit.s has reveah'd many beds of gTeenish and wliite clays, wliich

were studied in detail by Ellsworth (in:56). P>iiwalda (1!»U) has

also deseribed vertebrate fossils of Pleistocene age found in tliese

deposits, whieii he called the Manix beds. On the east side of the

basin a well defined gravel bar marks the former shore line, and

indicates a lake more than 400 feet deep. There is stratigraphic evi-

denee of two and probably three distinct stages of lake foiiiiation,

probably corresponding to the Tioga and Tahoe episodes of cold

climate.

Prom the Jlani.x basin the Mo,)aYe River descended into a large

lake which covered the present Soda and Silver Lake basins. Well-

preserved shore terraces and gravel bars on the west anil norlli side's

of the i)la,va indicate that the lake was abotit 28 feet ili'cp duriiiii

the last cold age. The outlet stream was abli' to cut only a small gorge

as it flowed northward from Silver Lake into Dealli \'alley. and

hence it seems prohahli- ttiat tin' lake ovei-llnwed for only ,i short

time, ])erbaps a few cenlniirs. dining the last culd inti'i-\al.

It has been suggested that, at scmii' I inn' iliii'inii tic I'leisliu'eiir

epoch, the Mo.iave River flowed south of east jiast .\ewberry Spriiii:s

anil Ludlow, eventually .ioining the Colorado liivi'r. If .so. il may
have been diverted east and northward b.v the building of the Pisgali

volcano. This theory would account for the fislies in the Death Val-

ley (Irainagi^ system, witliniit |iiistiilal iiig a direct oiillel by overflow

into the Colorado Kiver.

The co|)ius detritus washed down by the Jlo.javc lliver through

I'.axter Canyon lias supplied the material that the westerly winds

have biult into the large sand tlunes soutlii'ast of Soda Lake. That

I he Mojavc River extends as far as Silver Lake at rare intervals,

even under modern climatic conditions, is shown by the fact that

an exce|iti(Uial storm in lOKi formed a lake about 10 feet deep over

(he existing playa.

Aiiuinjiisn h'ivcr. During the glacial episodes cool, tem^)erate con-

ditions must have prevailed in southwestern Nevada. Forests doubt-

h'.ss covered not onl.v the mountains but the high plains as well, and

|ierennial streams desceniled fnmi the snow-capped high ranges. One
of the integrateil river s.vstems thereby proiluced was the Aiiiargosa,

a tributary to Death Valley from areas to the east.

On the southeastern side of the Amargosa basin streams from the

high Sirring Moinilain Range formed Mes(|uite Lake, whicli dis-

eliarged northwestward into the Pahrump basin. At one stage
(
ju-ob-

ably the Sherwin or the Tahoe I this lake overflowed into Amargosa
\'alley at Ash Meadows. Other tributaries from the niu-th also sup-

plied water to the Amargosa River during the cold c]iochs.

Lake deposits in the Amargosa and Pahrum]i basins lonsist of

clays and some saline beds, now deeply eroded, and constitute a

record of extensive lakes during Pleistocene time. However, a.s no

shoreline features have been recognized, and erosion has destrovcil

Late ricistiiccno crave] spit, on the east sule of Death Valley

(road to Daylight Pass)

.
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the iiitcf;rity of the basius tllclIl^selvl^s, it scciiis probiil)lc tliat tliose

lakes were of Slierwiii a<re. The Aniar^osa may have been a perma-
nent stream durin;;- llie hite I'leistoeene eold episodes; even now oeea-

sioiial floods reaeh the Death Valley sink. On the whole, it seems
probable that the AmarRosa was the least important of the three

major branehes of the Death Valley river system.
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6. PLEISTOCENE GLACIATION IN THE UPPER SAN JOAQUIN BASIN, SIERRA NEVADA
r.i ,1

Intriiduciiiin. Tlii> iU'oji here considered is high on the western

sh.)pe of the Sierra Nevada, about 60 miU's northeast of Fresno. Tt is

drained by the South Pork of the San Joaquin River and by one of

its principal tributaries, Mono Creek, and is about 10 miles north

of Florence Lake. The Middle Fork joins the South Fork of the

San Joaquin River at a point about 10 miles northwest of the area,

whence the general drainage is southwestward to the plains of the

San Joaquin Valley (fig. 1). Immediately east of the area is the

crest of the High Sierra.

The topography is rugged and altitudes range from about .T.rjdO

feet, at the mouth of the Middle Fork, to more tlum 13,000 feet on

the Sierra ci-est. The bedrock consists chiefly of granitic rocks of th(>

Sierra Nevada batholith, overlain by widely separated erosional rem-

nants of Tertiary lava Hows. The history of tliesc volcanic rocks ap-

pears to be complex, and in general they antedate all glacial deposits

thus far recognized in the area. Post-Pleistocene volcanism is attested

by abundant pumice fragments widely distributed over the present

surface.

Valleys tributary to tlie South Fork of the San Joaquin River are

typically narrow, steep-walled gorges, althougli Mono Creek, of prin-

cipal interest in this report, has a widely flaring mouth. The Soutli

Fork itself occupies a narrow gorge incised in a fairly wide, rounded

valley several thousand feet deep. This inner gorge is about 200 feel

deep near Florence Lake, and about 3,000 feet deep at the moutli of

the Middle Fork. Its walls are very steep, in many places virtually

inaceessible. The gorge is one of the most spectacular erosional fea-

tures of the area.

Cutting of the inner gorge appears to postdate all of the lava flows

that have been mapped in the area. On the other hand, it definitely

antedates all but the earliest of the glacial episodes thus far recog-

nized. Its age relative to the oldest of the glacial deposits has not yet

been satisfactorily determined.

The geologic map (pi. 1) show's the distribution of bedrock and

glacial deposits in the areas of Vermilion Valley and lower Mono
Creek. Although the maj) area is but a small part of the broader area

considered in this report, it is one of particularly well exposed Pleis-

tocene deposits that seem to be typical for this part of the Sierra

Nevada. The map is based upon field studies made chiefly during the

summers of 19r)0 and 1951 ; tliis work was done under the auspices

of the Southern California Edison Company, and the map is repro-

duced with the permission of this organization.

• rlialrman. Department of Geoloey, Occidental CoIlcKe.

I II- IJii;M-\.N •

The glacial deposits can be divided into tliree groups based on

character and distribution of their constituent materials. Deposits of

Group I, the earliest recognized, consist of scattered erratic boulders

on slopes and ridge crests liigh above tlic major streams. Distribution

of these erratics .seems to reflect little if any control of tlie glaciers by

the drainage .s.vstem now established.

Deposits of Group II include extensive, well-developed moraines

and associated accumulations of outwasli distributed along existing

stream valleys. These deposits appear to represent three distinct ice

advances separated by episodes of partial or complete withdrawal.

Group III contains the youngest glacial deposits in the region.

These have not been recognized in the map area, and appear to be

confined maiidy to cirques at or near the main crest of the Sierra

Nevada. The.v consist of moraines that are very fre.sh in appearance,

and seem to reiiresent two distinct but ver.v minor ice advances. The.v

probabl}' are of post-Wisconsin age.

Deposits of Group I. Glacial deposits of Group I are found whoU.v

outside the areas of .vounger ice advances. Except for a few local

patches of material tentatively identified as till, the deposits consist

entirety of erratic boulders and blocks. Through consideration of

such factors as topographic relationships and respective compositions

of boulders and bedrock, the erratics can be distinguished from

boulders that liavc been weathered out of bedrock in place, or that

liave been transported downslope by non-glacial processes.

Erratics of Group I in the Vermilion Valley area are found north

of Twin Meadows at altitudes of about 8,500 feet. The granitic bed-

rock upon which these boulders rest is extensively weathered, and

granular disintegration has progressed to points several inches be-

neath the surface. Many weathering pits and pans are present, and

some of them are as much as fi inches deep. Basic inclusions protrude

5 or 6 inches above the surrouiuling rock surfaces, and some of these

inclusions, having weathered out entirel.v, lie loose upon the surface.

Rock pedestals also are present. No glacial polisli is preserved.

Weathering of tliis genera! magnitude has not been found within

the areas of the younger glaciations.

Deposits of drinip //, Geomorpliological criteria indicate that the

moraines of Group II represent three major ice advances separated

by epLsodes of jiarlial or complete withdrawal of ice. Lateral moraines

of the earliest advance arc the largest and most conspicuous in the

area. Some arc ridges 200 feet to 300 feet high, as, for example, tlie

outermost moraines surrounding the Devil's Bathtub (pi. 1). but

most are 50 feet to 100 feet high. Jlorainc ridges of this advance form

(41)
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the crest of the divide between Vermilion Valley and lower Grave-
yard Meadow. These moraines can be traced westward through Twin
Meadow.s, where they form six distinct ridges. West of Warm Creek
Meadow the moraines coalesce to form a wide compound ridge easily

seen from points across the valley on the Florence Lake road.

During this early advance, Bear Creek glacier merged with Mono
Creek glacier before joining the San Joaquin trunk glacier, by over-
w^hi'lming nearly all of Bear Ridge south of Vermilion Valley. The
San Joaiiuin trunk glacier, joined by Mono Creek and Bear Creek
ice, flowed northwestward to a terminus within the inner gorge of
the river at a point about 2 miles downstream from the mouth of the
Middle Fork.

Exposures of bedrock glaciated during this advance are not ex-

tensively weathered. Weathering has progressed sufficiently, however,
to destroy almost all glacial polish. Basic inclusions protrude only
'2 or 3 inches from the surfaces of the granitic rocks. The moraines
are moderately dis.seeted by gullies 10 feet to 70 feet deep, depend-
ing on size of streamlet and topographic setting. In general, these

moraines are distinctly more dissected than any of the younger
moraines. The once continuous loops of the recessional moraines have
been breached or destroyed entirely.

Deposits of the next ice advance within tliis group are well pre-

served on Manzanita Ridge in the Vermilion Valley area. The
moraines are somewhat smaller than those of the preceding advance,

and are 2') feet to oO feet high. They are less dissected, and ai'e

somewhat more boiddcry. Weathered boulders are distinctly less

abundant than those on the moraines of the preceding advance, and
glacial polish is locally preserved.

fJlaciation during this advance was less vigorous than that of the

preceding advance. The Bear Creek glacier did not completely over-

ride Rear Ridge, although .several transept glaciers spilled northward
through saddles to join the Mono Creek glacier. The Mono Creek
glacier, also less vigorous, was deflected northward by a lobe of the

San .Toaquin glacier that occupied the wide mouth of lower Ver-

milion Valley. The terminus of the Mono Creek glacier was at Warm
Creek Meadow (pi. 1). The terminus of the San Joaquin trunk
glacier lay within the inner gorge of the river a few miles upstream
from the month of the Middle Fork.

The last ice advance of this group is rcpresentcil in lower Ver-

milion Valley by excellent arc-shaped moraines, most of which are

5 feet to 10 feet high. Moraines of this glaciation also are found in

the saddles on Bear Ridge, in Graveyard Meadow, and at the Devil's

Bathtub, where a low. undissected end moraine forms a natural dam
for the lake fpl. 1).

The moraines are distini'lly more bouldcry in ap|iearaiicM' than are

those (if the preceding advances. Relatively few wealhcr-rd lioulders

FiCT'KK 1. IikU'x m;ip of part of the Sierra Nevada .'allowing

area iiieluded in plate 1.

are present, and glacial jiolisli is abundant on the bedrock. Dissection

of the moraines is negligible exce]>t where they are iM'ossed by Mono
Creek and other main axial streams, aiul the arcs are nearly complete

across the valleys.

Glaciation was nuu'h less extensive than in the preceding ice ad-

vances. Although Bear Creek glacier joined the San Joaquin trunk

glaeier, the Moiu) Creek glacier failed by a narrow margin to reach

an eastward-extending San Joaquin lobe, which occupied the month

(if lower Vermilion Valley (pi. 1). The San Joaipiin trunk glacier

terminated near the mouth of Mono Creek.

Drpoxitf: of (Iruiiji III. The eai'lier of the two sets of deposits

assigned to Grouj) III occur within a mile or so of ciri|ues high on

the Sierra crest. Glacial polish is strikingl.v abundant and excellently

]n-eserved. Slojies of the moraines are stabilized, and a thin mat of

vegetation is present. A little soil has developed on the moraines,

even iIkiul'Ii thev consist maiulv of boulcU'rs.
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FrorRF. 2. irpper part of bulldozer cut, showing cross section of one of the Group II late end moraines on the floor of Vermilion Valley. This moraine rises

20 feet above the floor of the valley; its core consists of stratified outwash, and is overlain by a veneer of till. Distribution and deformation nf materials sucpest

ice push w;is prominent in the formati'ni .if iIh* iiioniinr; dinM-ti(ui nf ice motion was right to left. View is north along crest (»f moraine. I'hoto h;/ T. ^f. J.cps,

f<outhern California Edison Company.
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Deposits of the later set are coiitiiied to the cirques themselves.

Most surround the toes of small elitf glaeierettes, from which they
are separated by a well-defined fos. Although they have the general

ai)i)earaiu-e of rock glaeiers, the writer believes tliat their formation,

at least in some instances, was in response to earlier action of the

elitf frlaeierettes which they surround. Slopes are unstable, there is

no soil, and ice is present in the interstices of the boulder masses.

The deposits give mucli evidence of a very recent origin.

Triilriiirc Corrclufiuns. This report describes an investigation not

yet concluded, and the correlations liere suggested must be regarded

as highly tentative. The relative age assignments are based mainly on

differences in degree of weathering of granitic boulders in the de-

posits, on the degree to which the original form of moraim^s and

other <h'|)ositional features has been preserved, on the respective

positions of various dcpositional features, and on differences in the

nature of glaciated surfaces of the bcdrocli.

The erratics of Group I may be equivalent in age to the pre-

Wisconsin stage proposed by Matthes ( 19^0), or to the JleGee stage

l)roposed by Blackwelder (1931). Of Group II, the earliest advance
may represent either the Sherwin or the Tahoe stage (Blacicwelder,

19.31). The latest moraines of Group II may be of Tioga age (Black-

welder, 1931). The moraines of Group 111 are ihost liki'ly of post-

Wisconsin age.
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7. MARINE TERRACES OF THE VENTURA REGION
r.v wii.i.i \

lulriidiictiun. ilui'c tliiiii lialf a <'ciitiiry aj;i), Aiulrcw ('. lyawsmi,

following: a voyage by stoaiiier aloiii;' the ('alifoi'iiia eoast and a short

sojourn in southern California, was prompted to write what is still

one of the more provocative papers on Coast Range geology (1893).

lie was greatly impressed hy the giant's stairway of 13 wave-eut

terraees that are such a iirominent element of the seaward side of

the San I'edro (Palos \'erdes) Hills, as well as by the even more

striking set of tre:.ds and risers that interrupt the slopes of San

Clemente Island. lie rightly sensed the important role these terraces

play in the story of post-Pliocene diastropliism of coastal California.

Despite the early interest of such pioneers of .southern California

geology as Lawson. II. AV. Fairbanks (1897), and W. S. T. Smith

(1900), all of whom described the coastal terraees of southern Cali-

fornia and emi)hasized their unique charaeteri.stics and their impor-

tance in the evolution of the landscape, it is most surprising that

in the tlecades to follow there were almost no systematic investiga-

tions of this aspect of southern California geology. In fact, not

even to this day have the terraces been studied in adequate detail

for long stretches of the southern California coast or for the off-

lying islands. Two recent studies, the first by Woodring and others

(]94()) and the .second by Upson (1951), have involved the terraees

of the Palos Verdes Hills and the Santa Barbara coast, respectively,

but they are alone in providing detailed descriptions of terrace

morphology.

The Palos Verdes terraces are especially interesting because they

are veneered with fossiliferous marine gravels to the uppermost, oi-

thirteenth, terrace at an altitude of 1,300 feet. As Woodring points

out, fossils jireserved in these tei'race gravels are almost entirel.\'

tho.se of forms that are still living in waters off the southern Cali-

fornia coast toda.v. A similar situation exists with respect to fossils

in the terrace gravels of the Santa Barbara and Ventura regions,

except that they have not been found at such a high altitude as

on the Palos Verdes Hills. ITpson reports them U]) to an altitude

of 200 feet and tlie writer (1942) has found them 700 feet above

sea level on (be flanks of Rincon Mountain in the Ventura region.

The few past studies of terraces in the Ventura region and the

Santa Monica Mountains have been, in the main, ancillary to investi-

gations of other features. Xevertheless, a few generalizations can

be made about this aspect of California coastal geology. They sboulil

be regarded as tentative, and it is hoped that the necessary field

^•ork will soon be done to test them more fully.

' Professor of Geolopy. University of California. I^os AnKeles.

AND THE SANTA MONICA MOUNTAINS, CALIFORNIA
\I ( I 'I'lXAM '

(IciKiiil l,'i hiliiiiis. JIarinc terraces are better known along the

\'cutura coast than in the Santa Monica Mountains, and for this

reason most of the following statements apply to the more westerly

area. Even there, however, the available informal ion is most imper-

fect, owing mainly to the following factors:

(1) The terraces are very narrow—few arc as much as 1.000 feet

wide.

(2) The unequivocally marine sands and gravels on the terraci'

surfaces rarely are more than 10 feet thick, and gencrallx'

are much less.

(3) Almost all of the terrace surfaces and tlieir tliiu veneers of

marine sediments are capped by .seaward-sloping blankets of

alluvial-fan gravels, which at their landward end may be more
than 100 feet thick. For this reason the critical shoreline

angle (base of the sea cliff) (Davis, 1933), is almo.st invariably

concealed.

(-t) The alluvial deposits commonly make a contiinnmsly sloping

surface from one terrace down to a level three or four treads

lower, thus completely obscuring intervening terraces.

(.5) Finally, all the capping of both marine and non-marine

detritus has been stripped from some of the higher terraces,

leaving only rock-surfaced benches or ridges at coincident

altitudes. Whether or not these actually are terrace levels is

a question that is difficult indeed to resolve.

In spite of these handicaps, the evidence is unequivocal that ma-
rine terraces do exist, and that in the Ventura region they very

likely rise to altitudes of about 1,200 feet. Their maximum altitude

in the Santa Monica Mountains is not known at i)resent. but there

is reason to believe that the.v rise there to heights of perhaps SOO

feet above sea level (Goldberg. 19401.

Available evidence in the Ventura region strongly suggests that

the terraces are warped. At the northern end of this area they are

almost certainly inclined toward the Santa Barbara coastal plain,

and at the southern cud they probabl.v are warped downward toward

the flood ])lain of the .Santa Clara River. That the coastal terraces

may be warped is not surprising in view of the recene.v of deforma-

tion in this area, and in this resjicct they are similar to the Palos

\'erdes terraces as described by Woodring. These dij) towaiil the

Los Angeles plain at the northern margin of the hills, and in one

instance the terrace surface is inclined as much as 27°. No terraces

in the Ventura region appear to dip as steeply, but they are sufii-

ciently arched or broken by faults to preclude much hope of corre-

lating at least the higher ones with levels elsewhere.

( 43 )
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The status of marine tcrraeos in tlio Santa Monica Mountains is

oven more obscure. W. JI. Davis (193I!) almost certainly oversimpli-

fied tlie ])rol)lein when he reco^'nized but two marine platforms, the

liifrher at altitudes of about 200 feet. lie believed also that these

benches were inclined unifornjly westward, ultimately to .sink below

.sea level near the western end of the ran^re. Davis deduced an origin

for these wave-cut platff)rms that was based on eustatie swinps of

sea level dnrinj;- the frlacial and inter^lacial stages of the Pleistocene

epoch. If this interpretation were to hold, these levels must be of

more than local sijjnificanec, and the periods of terrace cutting would

extend well back into the Pleistocene.

This clearly does not appear to have been the case in the Ventura

region. For example, marine terraces in the City of Ventura trun-

cate near-vertical siltstone, sandstone, and conglomerate beds of

early Pleistocene age. This evidence indicates that the time of ter-

race formation, rather than extending far back into the Pleistocene,

is but an episode that occurred very near the close of the epoch.

Within the span of this shortest chapter of geologic time, the fol-

lowing major events can be recognized at Ventura: (1) deposition

of several thousand feet of marine and non-marine sediments; (2)

their deformation, along with all other rocks of the region, by large-

aud small-scale faults and by tight folds with steep flanks, many

/^^'A«?

I-'l<;i"i(i: 1. Disscctftl nuiriiic tcrr.-ircs in tin- I'niiit Duinr iiro.-i. IttMiinants uf bigbor ItTi-jices show on tbf Inwcr spurs itf (In

Pacifiv Air huiustries photo.

S:iiilii Miiiiicji MinintJuiis in tln' Imrkgnnincl,
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of wliioh (ire overt iinicil
;

(.'i) prosimi Ihat rcdufoil the ret;iriii to one

of iiiodenite relief; and (4) a pulsatory refiional uplift responsible

for the development of eoastal marine terraees and their tlnviatile

counterparts inland. That this uplift, thou'rh widespread, was not

uniform is indieated by the extent to which the teri'aees are arched

locally.

Dating of the less well-jiuown terraces of the Santa Monica Moun-
tains is more difficult, but their elevation appears to have been es-

sentially synchronous with that of the Palos Verdes Hills and the

mountainous ])art of the Ventura coast. In both of these areas the

uplift has been established with certainty as late Pleistocene, in the

generally accepted sense of the term as it is used in southern Cali-

fornia.

To what extent the.se terraces are the re.sult of regional ui)lift and

to what extent they are eustatic is an open question, and in areas

as mobile as this it will probably remain unresolved for a long time

to come. Upson holds the view that levels below the 200-foot contour

in the Santa Barbara area may well be correlatives of similar marine

platforms described elsewhere in the world. If this interpretation

is substantiated and these levels indeed can be related to glacial

stages, he is correct in pointing out that events preceding the terrace

cutting that were heretofore a.ssigned to the Pleistocene epoch in

southern California vei-y jirobably antedate the beginning of glacia-

tion. This also was pointed out some years ago by Baton (1928).

Whether this is the case or not, the question cannot be answered in

the liglit of present knowledge of the geology of southern California.

Because of the degree to which terraces below the 200-foot level

have been warped in the Ventura area, it is not likely that they will

lend themselves satisfactoril.v to attempts at interregional correla-

tion. However, at lower altitudes they may well be eustatic, and it

is here that the be.st case can probably be made for such an origin.

One of the better exposed low-altitude terraces in the Ventura region

lies a short distance south of Rincoii Mountain, where steeply dip-

ping Pliocene strata are bevelled by a broad wave-cut bench at an

altitude of 40 feet (Putnam, 1940). Similarly, at the head of Santa

Monica Bay wave.s no longer reach the base of a prominent line of

near-vertical cliffs, known locally in the City of Santa Monica as

the Palisades, that have been developed in virtually unconsolidated

alluvial-fan gravels. Both of these wave-cut features, as well as many
other bits of evidence, testify strongly to a verv recent withdrawal

of the sea to a vertical extent of DO or 40 feet. Judged in terms of

similar occurrences along other continental and insular coasts of the

world, these features may well be resnlt.s of eustatic lowering of sea

level.

Conclusions. The seaward-facing slojies of the Santa ^lonica

I\rountains and the hilly parts of the Ventura coast are intcrru|ited

by a discontinuous flight of narrow, wave-cut platforms that bevel

severely deformed sedimentary and volcanic rocks. At Ventura these

rocks include strata of early Pleistoeene age. so that the period of

terrace cutting was during the late Plei.stocenc.

Exposed on .some of the terraees are the initial coverings of fos-

siliferous marine sands and gravels, but in most places these, as

well as the entire platforms, are concealed by blankets of alluvial-

fan gravels. These gravels make determination of the absolute num-
ber of terraees and their altitudes diflfieult. if not impossible. In the

Ventura area, terraces can be recognized with some confidence to

an altitude of 1,200 feet, but their maxinuim altitude is not now
known in the area of the Santa Monica Mountains.

The higher terraces in the two areas are most likely the result

of essentially contemporaneous regional uplift, b\it individual levels

are almost certainly not .synchronous. Further it seems indikely that

they ever will be correlated for any great distance with terrace levels

elsewhere, because it is established rather certainly in the Ventura

region that they have been warped.

Two large problems awaiting solution in coa.stal .southern Cali-

fornia are: (1) establishing the time of terrace cutting in terms of

the glacial standard of Pleistocene chronolog.v; and (2) determining

to what degree the terraces are the result of diastrophism. as opposed

to eustatic swings of .sea level. Data now available do not otTer much
hope for satisfactory treatment of these in-ohlcms.
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8. THE NATURE OF CIMA DOME
I'.v I; OUT p.

INTRODUCTION
In the Mojave Desert of suutheastenimost (.'alifornia is a remark-

ably smooth, symmetrieal roek-alluvial dome which talu'S its name
from Cima on the Tnion Paeifie Railroad. Lawson (1915, pp. 2fi, X'>)

cited Cima Dome as a prime example of a panfan, but Thompsiiii

(1929, p. 550) later showed that its upper part is bare roek. Da\ is

(1933, pp. 240-243) considered it a fine example of a convex deserl

dome evolved from back-wearing of a fault block, but this concept

is contradicted by the reolo^ical relations (Ilewett. 1954), whicli

throw more light on the nature and origin of Cima Dome than ilo

geomorphological theories.

Field stu<lies reported briefly herein suggest that Cima Dome is

essentially an upwarped, stripped, and slightly eroded part of an

extensive prevolcanic erosion surface, probalily of late Pliocene age

(Ilewett, 1954). It is not convex, except in slight degree at the very

summit, and owes its existence largely to the nature of the under-

lying bedrock. Tliese are tentative conclusions as the work is still

in progress.

The list of per.sons contributing to this study includes D. F.

Ilewett, C. H. Dix, G. W. Potapenko, William Otto, C. R. Allen.

R. h. Nelson, J. R. Reese, C. W. Fae.ssler, Pierre St. Amand, G. I.

Smith, A. R. Sauford, G. P. Eaton, M. F. Meier, Caret Otte, and

Jean T. Sharp. Ajipreciation is expressed for their aid, counsel, and

assi.stance.

Location and I'Inisical Setting. Cima Dome lies near the Cali-

fornia-Nevada border and is clearly visible 12 miles southeast of

• Contribution No. G45, Division of the Geological Sciences, California Institute of
Technology.

t Trnfessor of < '.i-Mrriiii p)ji.l'.r\
,
Califurnia Institute <.i Ti-.-liiioIogy.

U. S. liighway 91 between IJaker and Las Vegas and .six miles north-

west of the Union Pacific Railroad at Cima. The form of the dome
is expressed in generalized fashion in T. 14 N., R. 13 B. of the

Ivanpah (piadrangle map (1/250.000). It lies on the axis of an

n|)land that comprises the Ivaniiah and Kelso Mountains. Slopes of

tile dome tlrain east to Ivaiipali Valley, south to Kelso Valley, and

north to Kingston Wash ami the Amargosa River.

Topographic Relatione. A conservative mi'asure of the area of

Cima Dome is 75 si|iiare miles. Its summit is 5,795 feet above sea

level, and the generally ill-defined base of the dome lies at altitudes

of approximately 5,0U0, 4,400, 4,500, and 4,000 feet respectively on

the northeast, north, west, and south. Cima Dome thus rises 800 to

1.800 feet above its base. Angles of slope measured by transit range

from as little as 0° 57' near the base to 4' 40' near the summit. The
slopes are remarkably smooth except for a local relief of 5 to 25

feet toward the top, and symmetry of the dome is impressive (fig. 1).

A few bedrock residuals rise on the flanks, of which Teutonia Peak
on the northeast is the largest, being 300 to 40O feet high. Other

knobs rise 50 to 200 feet above the south and southwest slopes.

The profile form of Cima Dome is a critical point. Viewed from

a distance it looks distinctly convex, ami Davis (1938, pp. 1389,

1413) states that the uppermo.st 700 feel, about half the height, is

convi^x. Bryan (1940. pp. 2fil-2f)2l f|uestioned the inferred convexity

of Cima Dome, and to settle the matter two 10-mile profili>s have

been surveyed by transit and stadia across Cima Dome (fig. 2).

These show clearly that flic dmue consists of concave or nearly

straight slopes intersecting in a slightly blunted crest. Rsseiitially.

FlGl.'ltn 1. ('ini:i I>nnu^ \ii-\vt'il frnni the soiithwesl. slntwin;; re.siihuils of re.>*i.stjint rock on its tiniiU>

(49)
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lie about

depth.

I,.'i.j0 feet beiicatli the surface at the point of greatest

BEDROCK GEOLOGY

FiGrRE 2. Triinsit-stadia profiles across Cima Dome, location shown on fig-

ure 3. Straijlht reference lines abo\e sin-f.-ice reveal coocavit.v of slopes. (These
surveyed profiles are not conipatitile in detail with the contours in figure 3, which
are adapted from an enrlier map. t

110 convexity i.s recorded in the north-south profile, and the east-west

prtffile .shows local convexity only in the uppermost 2:') feet. The
complicated arfrument development by Davis (1938, pp. l:Wl-1302)

to explain convex domes has no application here.

BEDROCK-ALLUVIUM RELATIONS

The bedrock-alluvium contact has been mapped in some detail on

air photos, and these data are represented in grossly generalized

form on figure 3. This contact lies at altitudes 600 to 700 feet below

the crest, roughly half way down the slope, and approximately 30

percent of the dome is bare rock.

The thickness of the alluvium and tlie form of the buried bedrock

surface arc of interest, partietdarly on the south and southeast flanks

of the dome, for the bearing they may have on the possible fault-

block nature of the Cima Dome mass (Davis, 1933, p. 240), and on

the existence of a suballuvial bench (Lawson, 1915, p. 34). In an

attempt to learn something of these matters, an electrical resistivity

.survey was made along the southeast part of the profile BB' (fig. 2),

Subse(|uently this same ground and the area farther cast-southeast

were surveyed by seismic refractions and reflections. Interpretation

of the geophysical data is mil completed, but preliminary results

indicate that the only faidts discovered or inferred have the up-

throw on the wrong side to support Davis" faidt-block aifiumcnt. The
buried rock floor appears to be somewhat irregular and shows no

form suggestive of a convex suballuvial bench. The greatest depth

of alluvium recorded is 500 to fiOO feet, and near the southeastern

end of the jirotih' it is underlain by a wedge of sedimentary or

possibly volcanic material resting upon the crystalline rm-ks, which

Prc-Tirtiary Crystalline livcks. The principal rock exposed on
Cima D(mie is a coarse, locally porphyritic quartz monzonite which
disintegrates rapidly and uniformly under desert conditions. "With

one or two minor exceptions, all projecting knobs, hillocks, and
ridges on the flanks of the dome are composed of other rocks. These

include a uniform medium-grained granite, a distinctive highly

porphyritic gneissic granite, a gneissic complex, aplite, pegmatite,

and trap dikes, tpiartz veins, and silicified zones in the monzonite.

These rocks are all more resistant to weathering and erosion than

the quartz monzonite. It is clear there would be no Cima Dome were

it not for the existence of this large homogeneous body of monzonite

with its property of rapid and uniform disintegration.

Tcrtuiri) (?) Ixlniolific Tuff. Along an abandoned road leading

west from Cima toward ilarl Spring are two small ex]iosures of

rh.volitic tuff unlike any other rocks seen in this area. The tufi" rests

uncomformably on a complex of crystalline rocks resembling the so-

called pre-Cambrian material near aiul south of Cima (Ilewett.

19r)4'l. These exposures of rliyolitic tuff are probably related to the

fault extending west-southwest through Cima (fig. 3).

Ccnoznir Vnlciinirs. "West of Cima Dome is an extensive volcanic

field of at least 26 cones with associated hiva flows (Hcwett, 19.')41.

Two stages of vulcanism, probably both of Quaternary age, are rep-

resented. Most of the cones and .some of the flows are very ycmng,

possibl.v late Pleistocene to Hecent. and they are built in places on

a platform of older flows and iiyroclasties. possibly early Plei.stoeene.

In the eastern part of this volcanic field the older sequence con-

sists of olivine basalt flows and layers of pyroclasties totaling 100

feet in thickness and resting upon a smooth granitic rock floor. This

contact has been studied in a dozen dilTerent places. In general, the

granite shows signs of extensive weathering in the form of a mantle

of liighly disintegrated, calichified. and locally day-rich griis inidcr-

lain by |iartly disintegrated granite lo dejiths of .")0 to 60 feet. In

places, the granite is overlain by M)-!^, feet of griis. bouldcry griis.

fanglomerate. or mixed griis and pyroclasties. The basal volcanics

are |)yroclasties in some places ami flows in others.

The older volcanic se<pn>nce has been dissected as nnicb as 200

feet and has been sfripjicd from a considerable area. The yoiniger

volcanics consisi of cinder cones and basalt flows extruded in part

onto |)lal forms of the older volcanics and in part onto a granitic

rock siii-rac(> hing at a lower Icvi'l.
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EXPLANATION

Tertiary
Rhyolile TufI

Pre-Terliory

Crystolline Rock-

Alluvium-Rock
Contocf on
Cima Dome

Figure 3. Genprnlizprl mnj) nf pprtiiient geolosicnl rcliitioiis ;it rim:i Dome.

The si-rnificant relations here are: (1) The ohler viih'anies rest

(III a smooth pfranitie roek floor mantled with weatliered (h4)ris wliich

lies 50 to 150 feet above a rock floor j;raded to the present slopes

of Cima Dome. (2) Dips measured in the volcanies suji'fTest deforma-

tion by broad, ^'eiitlo warpinpr. and this impression is eonfirmed by

distant views. (3) The w'ide distribution of similar vnleanics restinfr

on an erosion surface of low relief Mlewett. 1!I54) suggests that

they formerly covered a large area and liave been subsequently dis-

membered by dissection and strijipin;;-.

The exposure of volcanies nearest Ciiiia Dome lies at the north-

west base, 4.5 miles from its crest (fig. .i). One mile fiirllicr north-

west is what appears to he a vent of eruption for the older volcanies.

More extensive reiiinanls nl' the volcanii's lie west and southwest of

Cima Dome at a iniiiiiiiiiiii ilistanre of li miles from its summit

(fig. 3).

A careful search for \dlcaiiic reiiinaiils on Cima Dome itself was

relatively unproductive. Three small fragmenls of ba.salt were found

at widely separated places well ii]) on the dome, but one was clearly

part of an Iiuliaii grinding stone, and they all may be aberrant. A
number of tra]) dikes intrude the (piartz monzoiiile on the west and

southwest ilaiiks of the dome, but they are principally hornblende

lalite or trachyte, and hence probably are not related to tiie basaltic

volcanies.
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Fl(;tRK 4. Trnnsit-st:irli;t profiles jiorifss Cimncitii, (Thi'so surveyed profiles

are not ('(impntible in detjiil with tlic cnntMnrs in figure ^, wliich are adapted
from an earlier map.)

Fmilts. The only significant faiilt identified (in tlie surface trends

west-southwest through Cima and in essence determines the south

base of Cima Dome. Its course is marked by a series of bedrock

kiHibs and ridges and by .small outcrops of rhyolitic tuff. A well 700

feet deep in alluvium about l,fiOO feet north of rock exposures near

Cima confirms the conclusion, drawn from bedrock relations, that

the south side of the fault is upthrown. Suggestions of a fault with

similar btit much smaller displacement lying about one mile farther

north have been picked up by the geophysical work. Neither of these

faults satisfies Davis' (1033. p. 24(1) postulate that Cima Dome is

the remnant of an uplifted fault block.

THE TESTIMONY OF CIMACITO

Seven miles southwest from the summit of Cima Dome is a much
smaller granitic dome herein called the Cimacito for purposes of

identification (fig. 3). With minor exceptions, Cimacito is a small-

.scale coimterpart of Cima Dome. It covers only fi square miles and

rises 200 to 400 feet above its base. The slopes nf Cimacito are almost

.straight and intersect without noticeable crestal convexity, as .shown

on transit -stadia i)rofiles (fig. 4). Thc.v are even smoother than the

slopes of Cima Dome, local relief hanlly exceeding fi feet anywhere.

The cover of detrital griis is so thin, even on the lower flanks, that

the dome can be considered an essentially continuous rock surface.

The symmefry is also excellent save U<v longer slopes to the west

and south.

The significant features at Ciiiiacitn are rcniiiaids of Cciiozoic

volcanii's pcri'hcd on low hills on its .southwestern and northwestern

flanks (fig, 41. The volcanic layers dip gently olf the dome and rest

on a smooth, weathered graidtic rock floor .")() to I'l feet above the

present surface of Cimacito.

These relations suggest that Cimacito was at least partly covered

b.v volcanics w-hich, following deformation, were dis.seeted and
stripped away. The granitic surface was lowered M) to 100 feet in

the process. It seems entirely possible and likely that the volcanics

completel.v covered the dome, but there is no direct proof of this.

Noteworth.v is the fact that not a single fragment of volcanic rock

was found on Cimacito more than 200 feet away from the present

volcanic outcrops.

ORIGIN OF CIMA DOME

Data reported above leail to the foUowing interpretations concern-

ing development of Cima Dome. A period of erosion, culminating

in the late Pliocene(?), produced an extensive surface of low relief

on certain areas of granitic rock in the eastern Mojave Desert. At
this time the site of Cima Dome and the region to the west was one

of excejitional smoothness owing to the homogeneity and rapid

weathering of the coarse ipiartz monzonite there exposed. Quaternary

p.vroclastics and lavas were extruded over at least parts of this

surface, and subsequent gentle deformation produced broad warps

among which was a symmetrical, dome-shaped uplift at the site of

Cima Dome. Erosion, initiated by the deformation, stripped the

volcanics from large areas and modified slightly the pre-voleanic

erosion surface. At Cima Dome perhaps 100 feet of weathered grani-

tic debris and rock were removed, and the slopes of the U])lift were

converted to smoothly graded concave surfaces. A second jieriod of

volcanism did not materially affect the history of Cima Dome.

Briefly, Cima Dome is a remnant of an extensive late Pliocene(?)

erosion surface deformed into domical .shajie and modified slightly

by subsequent erosion. The |)crfection of the dome reflects in large

(Ipn-vpp tlic iniiformity and nature of the iindcrl.ving bedrock.
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9. HISTORY OF THE LOWER COLORADO RIVER AND THE IMPERIAL DEPRESSION

P.Y Chester

TOPOGRAPHIC SETTING

The Colorado River, emcrtrinp: from the Grand Canyon cut into

the Colorado Plateaus, flows west to the Great Bend north of Hoover

Dam, and thence generally south to the head of the Gulf of California

(fig. 1). Prom the mouth of the Canyon to the Gulf the distance, as

measured along two straight lines intersecting at the Great Bend, is

ahout 370 miles; along the sinuous course of the stream, it is about

4M) miles. In this distance the stream grade descends about 900 feet.

Xumerous and radical changes in form of the river valley charac-

terize this long stretch through the Basin-Range province. In its

course east of the Great Bend the river crosses the Southern Virgin

and Black Jlountains in deep, narrow canyons; but in the basins on

both side.s of each range the valley is wide, with side slopes generally

low. South of the Great Bend the river traverses a number of open

ba.sins, and flows generally parallel to several ranges but transects

others in steep-walled canyons, of which the most prominent are

Black Canyon (site of Hoover Dam), Needles Canyon (crossing the

Jlohave-Chemebuevis mountain group), and Aubrey Canyon (cross-

ing the Whipple Mountains). Onlj- a short distance upstream from

Yuma the stream crosses the Chocolate and Trigo Mountains in a

valley that is narrow but of only moderate depth. Below the vicinity

of Yuma lies the vast surface of the delta, marked by many distribu-

tory channels, some active and others abandoned (fig. 2).

Northwest of the delta, and in an important w-ay genetically re-

lated to it. is an elongate lowland containing the rich agricultural

district known as Imperial Valley. Of this lowland a belt S.^ miles

long and as much as 30 miles wide is below sea level ; the Salton Sea,

about 20 miles long, occupies the lowest part of the belt, in which

the minimum altitude is reported as —273 feet. Encircling the de-

pressed area at elevations 40 to 50 feet above sea level is the well-

defined shoreline of a former lake, known as Lake Cahuilla, first

reported by Blake (18.3(i) ; the rich soil of Imperial Valley consists

of fine deposits on the floor of the old lake. This entire lowland is

merely the lowest part of a complex fault trough which structurally

is the northwesterly continuation of the Gulf of California. The San

Andreas, San Jacinto, and other major faults extend into the area

from the northwest.

Probably the subaerial part of the delta, which acts as a harrier

excluding the Gulf water from the depressed area to the north, has

varied in height during its growth on a subsiding basement. At pres-

ent the lowest jiart of the summit, near a ridge on the west known

• Professor of Geology. Yale University.

R. LONGWELL •

as Cocopa Mountain, is about 30 feet above sea level. Presumably the

barrier was higher while the surface of Lake Cahuilla stood at 40 to

.50 feet altitude, since evidence that the lake was fresh is convincing.

Perhaps erosion by overflow fniiii the lake reduced the height of the

barrier.

According to views published ])rior to 1930, the delta as it grew
i-solated the northern part of the Gulf, and under the desert climate

the sea water thus ponded soon disappeared through evaporation.

Buwalda and Stanton (1930) presented evidence strongly indicating

that the Imperial depression sank below sea level after the delta was

large enough to keep the sea water from entering. Possibly the de-

pression has been filled more than once with water from the Colorado

River, and it is i-stimated that Lake Cahuilla, the latest body of fresh

water to till the liasin, existed only a few hundred years ago.

SIGNIFICANT SEDIMENTARY DEPOSITS

Bedrock in the ranges along the river south of the (ircat BcihI

is highly varied. Abundant metamorphic rock, much of it pre-Cam-

brian, is cut by numerous intrusive igneous bodies, and volcanic rocks

of many types are widespread. Pre-Cenozoic sedimentary rocks are

not found in most of this area, although there are isolated remnants

of Paleozoic limestone and argillite in the Riverside and Whipple
Jlountams.

The most cogent information bearing on the history of the river

comes from sedimentary deposits of late Cenozoic date, some distinct

units exposed along the river and several of its tribiilaries, other

units in parts of the area around the Salton Sea.

Muddy Creek Formation. Exposed widely along the river between

the Black and Grand Canyons, and extending far to the north along

the Virgin and other tributary valleys, is a thick succession of clastic

deposits interbedded with gypsum, anhydrite, halite, and glauberite

fLongwell, 1928, 1936. 194fi). The most conspicuous part of this

iluddy Creek formation consists of buff-colored, weakly indurated

siltstone and sandstone, deposited partly in lakes and probably jiartly

on playa flats. These typical arid-basin sediments, spread widely

athwart the river's course, indicate that the Colorado was not in its

present location as a through-flowing .stream while the sediments

were accumulating. Bedded gypsum and anhydrite in the lower i)art

of the formation are hundreds of feet in total thickness, suggesting

a considerable time required for deposition. Vertebrate fossils from

siltstone above most of the salt and gypsum are tentatively assi<;iied

to the Miocene (Stock, 1921).

( r,3 )
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FloURE 2. niock 2(K) miles loiiK showing delta of Colorntlo River :inil sui-

rouudins features, iiieludiiic Iwnnilary of area belnw sea level ncirth of delta

(R. F. Flint).

Imperial Funiiatiuii. A marine deposit with inaximuin thickness

of about 2,000 feet forms large outcrops in the hills around the

Salton Sea. Woodring: (1931) pointed out that the butt'-eolored silt

and sand making up the major part of this Imperial formation made
its appearance in the basin abruptly, and probably was brought in

by the ancient Colorado River. Similarity of the Imperial silts to

the buff-eoloreil beds in tlie Muddy Creek formation suggests that

the Colorado acquired its present througli-tlowiiig status shortly

after deposition of the Muddy Creek beds, and that its earliest

deposits in the Culf region are represented in the Imperial forma-

tion. As that formation has been variouslj' assigned to parts of the

Miocene (Woodring, 1931; Tarbet, 1951) and of the Pliocene

(Vaughan, 1917; Kew, 1920; Durham, 1950), the hypothesis of its

genetic relationship to the Muddy Creek is plausible. Wilson (1948)

presents evidence suggesting that the Gulf of California was absent

or of limited extent initil late Miocene time; he also regards the

Imperial formation as probably Pliocene in age.

Stream Dcposils. Tlic oldest deposits definitely assignabh' to the

Colorado River are gravel, sand, and silt that are partly indurated,

unconfiirmable on Muddy Creek beds, and locally much deformed

(Longwell, 1936, ]94()). Camel bones from these deposits are either

Pliocene or Pleistocene. On this basis the present course of the river

seems to be no older than Pliocene. Possibly, as suggested by Hunt

(1946), exceptional aridity in Miocene time ended an earlier through-

flowing stage, direct evidence of which ma.y be concealed b,v the

later basin fill.

Chemehtcevis Lake Beds. One of the most significant deposits ex-

posed along the river, from the mouth of the Grand Canyon down-

stream at least as far as the basiji south of the Whipple Mountains,

consists of a lower member made chiefly of laminated clay and silt,

and an upper member in which fine, cross-bedded sand is pre-

dominant. Remnants of this weak material, capped by sheets of river

gravel, extend from near river grade to altitudes .slightly above

1,500 feet. Probably the conspicuous gravel of these terraces led

W. T. Lee to call the entire deposit the Chemehuevis gravel (1908).

Clay in the lower member is strikingly like that now accumulating

on the floor of Lake Mead, and the sand above is like that in the

delta now building at the head of this lake. Clearly the Chemehuevis

deposit represents a vanished lake that formed after the river valley

was developed to essentially its present form. As the obstruction

causing the lake was removed the river cut down by stages recorded

in wide terraces. The return to its earlier grade was marked by many
local shifts in location of the channel, as in the vicinity of Davis Dam
where Chemehuevis clay and silt fill a conspicuous part of the old

river trench.

The largest Chemehuevis remnants are in protected embayraeuts

of rugged hill country like that around Davis Dam (fig. 3). An
excellent exhibit of what appears to be the highest gravel terrace

Fli;l ill '' 'Ivpieal reniuaiit of Clieriirlni.vis il.p..sil l:ii<l ;i^:iiiiM .il<l i..,l,v .,|

Xewberry (Dead) Mountains. 2J miles northwest of Davis Dam. ahoul 4<M» feet

above Colorado River. I.^wer part of outcrop laminated elny ; snnil at upper riKlit.
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connected with the lake history lies on the east flank'of S\igarlq3f

Hill near Hoover Dam, at au altitude of approximately 1.530 feet.

Distribution of the lal;e-bed i-emnants. indieatiuf? that prior to the

deposition of the (.'liemehuevis the river had essentially its present

grade, suggests a natural dam as the eause of the lake. The most

plausible location of STieh a dam wotild be in one of the deeper

canyons through which the river flows. However, the typical deposits

are widespread south of the Whipple Mountains, and no canyon
farther downstream appears deep enough to have served the purpose.

Therefore the origin of the lake is au un.solved problem.

An cle))hant tooth reported from the lower part of the deposit

(Newberry, 18G1), and fossils from related beds in Las Vegas Valley

(Longwell, 1046), date the Chemebuevis as Pleistocene though the

beds cannot be dated closely within that epoch.
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Editorial Nofe.-

CHAPTER SIX is a brief trpatment of a verj' broad subject—tlie oeeiirreiiee and behavior of surface water
and ground-water in southern California. The movements of incoming air masses, together with the marked
topograjihie irregularities in the region, are responsible for a pattern of precipitation that appears to be broadly
systematic in both space and time. In detail, however, this pattern is highly variable. Most of the precipitation

is consumed by native vegetation or is lost to the atmosphere by evaporation from plants or the ground surface,

and much of the remainder penetrates beneath the surface and is circulated as ground-water. Ordinarily only
a little water appears as surface run-off, and, except during infrequent severe floods, only a small jiart of tliis

flow reaches the ocean or debouches onto playa lakes in the desert basins of the interior.

The moisture budget is fundamental to problems of water use and flood control in both the coastal an<l in-

terior portions of southern California, and it is of particular significance in the Los Angeles region, wliich con-
tains nearly half of the people in tlie State but receives oidy about one percent of the State's annual precipita-

tion. Also of great significance are the corollary problems of occurrence and nature of ground-water, which in

turn involve the rocks, surflcial materials, and fault and fracture zones through which it moves. Detailed
geologic studies are being focused increasingly upon the many basins in which lowered ground-water tables
suggest that withdrawals have seriously exceeded natural recharge, or in which some of the waters have been
contaminated by salt water or industrial wastes. Although it has been necessary to bring water into tlie coastal

portion of southern California from other regions since 1913, the local sources of supply continue to be of pro-
found importance.
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1. Hydrology of the Los Angeles region, by Ilarohl C. Troxell and Walter Ilofmann 5
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1. HYDROLOGY OF THE LOS ANGELES REGION
Hy HaKoLD C. TnOXELL t AND WaLTI^R HoFMANN +

The Los Aiin:eles reirioii ineludes the major (lraiiiaj;e areas of the

Santa Ana, San fiabriel, and Los Angeles Uivers, top-other with the

coastal iilain from Newport Koaeh to Malihn P>eaeli. Thi' ]'.)M) een-

siis indicates that 4. 760, 1)00 peopU^, or about 45 percent ol' I he State's

entire population, reside in this relatively small area. The estimated

anruud water requirements of this region have increased from about

200,000 acre-feet in 1!K)0 to 1,400,000 acre-feet in 1!).')0.

CLIMATE

Historically the climate of the coastal plain and valleys of the

Los An.L'cles region has been classified as ilediterranean because of

till' miUl winters of limited precipitation and the warm dry summers.
Tliornthwaite (19:U) has proposed an empirical equation that gives

a more exacting climatic classification based on tlK' relationship be-

tween precipitation and evaporation. On this basis, the general cli-

matic distribution from the ocean across tlie plains and mountains
lo the desert beyond, along a typical pi'otih' IVoni Long I'.cacli

through San Bernardino to Barstow, is shown in figure 1. The cli-

mate ranges from humid to arid within a distance of less than 80

miles along this profile. Few places in the United States have so

wide a climatic range in such relatively suuill distances.

Owing to the modifying influences of the ocean breezes, the

monthly temperatures in the semiarid regions of the coastal plain

pa.ss through the relatively small range of only 18 degrees at Ijong

Beach. With the exceiitiou of the two summer months of Jidy and
August, the monthly air temperatures remain eontiiuionsly in the

warm classification of oO° to (i8° P. (Jefferson, 1938; Hart-shorne,

1938.)

In contrast, farther inland in the sennarid regions of the upper
Santa Ana Valley, the range in monthly temperature increases to

28 degrees at San Bernardino, with eight of the months being classed

as warm ami four as hot. Still farther inland, in the humid part of

the San liernardino Mountains, all the temperatures show a decline

due to altit\ide, but retain about the same range in monthly values.

In the arid Mo.jave Desert, north of the San Bernardino Moun-
tains and still farther from the ocean, the monthly temperatures
at Barstow show a range of 38 degrees, with four of the months
being classified as hot, two as cool, and the icinaind r iis wai iii.

The eastward or northeastward moving masses of uioisturc-ladcn

Pacific air, in passing through the r;OS Angeles region, are retarded

• Published tiy permission of the Director, U. S. Geological Survey.
t Hydraulic Kngineer, U. S. Geological Survey, Los Angeles.

and elevated by tlie first mountain barrier, the Santa Ana Mountains.

Condensation occurs as a result. The average annual precipitation

is about 13 inches at the coastal city of Long Beach, and most of

this falls during the mild winter months of December through
March. About 96 percent of the annual precipitation generall.v

oeciirs in the 7-month period of October through April, leaving only

4 percent for the summer drv period.

As the moisture-laden air masses move farther inland, they are

further elevated by the somewhat higher divide of the San Bernar-

dino Mountains. The effect of this elevating is reflected in the grad-

ually increasing ])recipitation finiii Corona to San Bernardino.

Owing to these orographic conilitions. the annual precipitation

increases beyond San Bernardino to more than 40 inches at Sipiirrel

Inn near the divide. This greater precipitation is largely resp insible

for the humid climatic classification shown in figure 1.

Across the divide, the warming of the air masses in the arid

Mojave Desert eau.ses the annual precipitation to decrease rapidl.v

to 4.5 inches at Barstow. Luder these desert conditions, the summer
convectional storms or thunderstorms produce a larger portion of

the annual precipitation. The precipitation at Barstow for the mouths
of May through September is 46 jiercent greater than that observed

at f>oiig Beach for the same ]icricMl.

PRECIPITATION

As in most arid and semiarid regions, the annual precipitation

in the Los Angeles region is e.xtremely variable. This variability is

shown by the observed precipitation at Los Angeles, which ranges

from as little as 5.59 inches in the climatological year ending on

June 30, 1899. to 38.18 inches in the climatological .vear ending on

June 30, 1884, with an average for a 75-year period of 15.22 inches.

This wide variability in precijiitation is greatly accentuated bv re-

i-urring sequences of years in which the dry or the wet .vears tend

to predominate, as shown in figure 2.

The upper part of figure 2 gives the observed annual |u-ccipita-

tiou at Los Angeles for the entire 75-year ])eriod from July 1, 1877,

to June 30, 1952. In the lower part, the cumulative departures from

the 75 year inciagc vahic iirc shown for each year since the begin-

ning of tlie rccoi'd in Ls77. in this t.vpe of diagram, an upward

trend rejiresents a sequence of years in which the wet years pre-

dominate, whereas a downward trend indicates that the dry years

predominate. By this means it has been possible to divide the annual

(5 )
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Figure 2. Annual precipitation at IjOs Angeles, California, for the period

1878 to 19r)2.

precipitation reeord into wet and dry periods. The averafre annual

precipitation for each of these secpiences is given across the upper

part of figure 2. Tliese averages range from 9.99 inches for the 7-year

sequence of 1945-51 to 20.32 inches for the 10-year sequence of

1884-93.

In order to eliminate the possibility of bias, it is necessary that

the basic analytical periods include equal numbers of wet and dry

sequences. The simplest or primary base periods are those containinj:

a single wet and a single dry .sequence. The average annual preci|)i-

tation, as well as the beginning and ending of each of these primary

base periods, are indicated in the lower part of figure 2. The longest

available basic analytical period at this station would be the 68-year

period of 1883 to 1951. which contains 3 wet and 3 dry sequences.

and has an average value of 15.08 inches for annual precipitation.

Recnrring Wet and Dry Periods. In semiariil and arid areas such

as the Los Angeles region the general public always is extremely

3—827

conscious of these wet and dry sequences. In fact, one of the most

common questions asked of the li.vdrologist is, "How long do these

wet and dry periods last?" Probabl.v the best answer to this question

was given by Sehulman (1947), who found that by a careful selec-

tion of Bigcone spruce in the San Bernardino, San Jacinto, San Ga-

briel, and Palomar Mountains, a fairly reliable record of wet and
dry years could be obtained b.v measuring the widths of the annual

tree-rings. B.v means of these data, he was able to develop a con-

tinuous record that tended to reflect the annual precipitation for

the 560-year period from 1385 to 1944. This record, starting about

157 years before Cabrillo first sailed along the California coast and
235 years before the Pilgrims landed at Plymouth, is given in fig-

ure 3.

FuiCHK .1. Wet and dr.v periods as indicated b.v the annual trt'c-riufr crowlh
(if Hi^cone spruce in southern California.

Tile sui'cession of wet and dry years is shown by plnlting the

cumulative departure of the amnial tree-ring growth from the 5(){)-

.vear average. This record indicates that the dry sequences range in

length from as little as 6 years to as much as 43 years, with a median

valiu^ of 15 years. The wet se(|uences are somewhat shorter, ranging

t'r'dui 4 to 24 years, with a median value of 12 years. ( )n this basis

tile nieilian cyclic base jicriod wonid lie ,ali(in1 27 years in length.
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FloiRp: 4. Areal (]istrilmti<iii of avern^'c ;niiuial precipitation.

Areal Dixtrihiition. Tho pffeet of the very rufiged terrain in the

Los Aiifroh's reijion on the passage of the incomin"' masses of mois-

ture-laden air is to create a very irrej;iilar areal rtistribntion of

precipitation, as shown in figure 4. This map indicates that the aver-

age aiiiuial precipitaton ranges from 12 to 18 inches in the coastal

plain, from 10 to '20 inches in the interior vaUeys, and reaches a

maxinnnn of more than 40 inches in the higher nuiiintaiii areas. The
region-wide average annual precipitation amoinits to about 20 inches.

NATURAL WATER LOSS

Every living thing requires water for survival, and in such semi-

arid areas as the TjOs Angeles region there always is keen competi-

tion for all the available water, lii this conipctil inn. the vegetal

cover tends to have the advantage because of its ability to utilize

soil moisture, which is the most readily available and the best dis-

tributed form of water supply.

The water consumed by the native vegetation, whether in the un-

developed mountain and foothill areas or on the valley floor, to-

gether with the water evaporateil from the leaves of the vegetative

cover and from the land surface during or immediately following

a .storm, has been designated as "natural water loss." This natural

water loss teiuls to consume the major part of the 20-incli basin-wide

preci)ntatioii of the Los Angeles region. In fact, during many .vears

the natural water loss consumes practicall.v all of the precipitati(ui.

leaving oidy a small residumn available for other uses.

It is ouly in the higher mountain areas that the annual precipita-

tion contiiuionsly exceeds the natural water loss. In such drainage

areas as that of San Antonio Creek, where the altitude ranges from

:i,400 to 10. (ISO feet, a ba.sin-wide average annual jirecipitation of

moi-c than 40 im'hes produces a consistent sur|)lus available for use

in till' valh'v-lliior area below. Even in this drainage area, however.
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Tiililc I. Average annual precipitation, recoverable water, and natural water
losK. in inches, in the mountain trihtttaries of the Los Angeles region.

Drainage area"
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Kkjirk (J. Annual rnnoff of Sun Gabriel River near Azusa, California,

for Ihr pcTi"<l ls!l(i to lO.'iti.

to (irteriiiiiic tlu' arcal distrihntidii (if the niiiciff tlwoiiiiliiMil the

rcfrion, as shown in fiffiire 7.

This ruiiolT is, of coiirsi', tlic residual of the pn>eipitatioii wIkisi'

distrihntidii is shown in fifrim' 4, after modifieation h.v the jihysiof;-

ra|ih>' of the ai-ea. the ahsnrptive and retentive (|nalities of the

iiianth' rijel<, ami the natural water loss. Beeause of this multitude
iif inlluenees, the average annual runoft' ranges from less than O.'io

ini'h ill the valley-Hoor areas to as mueh as 20 inches in the hifrher

inuiiiitaiii areas.

Rccliaryc to (Injionl M'nfir. The rniKitl' iiidi<'ate(l in fiL'nre 7 rep-

resents only a jiart of the recoverable water in the Los An<:eles re-

ffion. Part of the precipitation, after enteriufr the mantle rock and
satisfyino; the soil-moisture deficiencies in the root zone of the vejre-

tative cover, penetrates below the root zone into {rround-water stor-

age. In the fall, .iust prior to the winter rainy season, these soil-

moisture deficiencies ma.v ranfre from as little as 2 inches in the

fre(|uently irrifrated citrus areas to more than 18 inches in the areas

that are covered by chaparral, or native brush. JIuckel aiul Aronovici

(1948) estimated that the averajre annual penetration below the root

zone from precipitation in the Chino basin of the upper Santa Ana
Valley amounted to 4,5 inches for the 20-year period of 1 (127-47.

On this basis, the averapre annual deep penetration throntihont the

valley-floor areas of the Los Anj.'cles re^'ion may be in the order of

2.i0.0!)() acre-feet.

The <>:round-water storan;e is further recharged b.v the natural ab-

.sorption of surface runoff aloufr the bottoms of stream channels in

the alluvial valley-floor areas, where the water table is well below

the streambed. The averacre rechar<;e from this .source is estimated to

be in the order of l^oO.OOO acre-feet per .vear in this rep-ion.

Total Avrraqe Aniiinil Rocorcrable Wiit(r. A reliable estimate

of the total average animal recoverable water is extremely difficult

to obtain at this time. Many im]H)rtant factors and influences afTect-

iug; this water supply are not readil.v susceptible to direct observa-

tion, althou<;h a few others can be determined with reasonable

accuracy. Included amoiif;- the.se last are annual precipitation in the

mountain and valley-floor areas, tofretlier with the runoff from the

mountain areas and the natural runoff into the ocean, all of which

Tiihir I-'atinttifri! iinniial recoverahlc iratfr, in arre-fcet, in tlir

J. us Antldcs region.

Mountuin and foothill areas

Prncipitation_

Nfttlir«l watiT loss .

Vnlley iloor area

Precipitation. — ---

T-'nrcrov(*ral)l<i natural water lossfs. such as

interception and evaporation from the soil.

Soil nioistiire available to agricultural crops

and native veRetation

Waste to ocean- .

.Annual recoverable water

.\veraKe annual recoverable water for basic

periods- -

1923-34
Dry period

2.600.000
-2..?10,000

l.jOO.OOO

—500,000

—760,000
—80.000

1935-44

Wet period

3,600.000
-2.860.000

2,300.000

—.'iOO.OOO

-1.070,000
—300.000

1845-Sl
Dry period

2..tOO,000

-2.230.000

1,300.000

—500.000

—650.000
—110.000
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FluliKC 7. Ai'r:il (list rilml iuii iit" ii\iTiif;i.' iiniuiai niiiull'.

are shown in H^;ur(' 8. These data are jji-eseiited ini- the twn <\\'y

periods and one wet period extendin;;- from 1!I"J:! to lllol.

On tlie basis of these data, it has been possible to prepare tlie fol-

lowing table in whieh the average annual amount of recoverable

water is determined for the unbiased basie periods of 1023-44 and
1935-51. The preeipitation and runoff items iu this table are obtained

direetly from figure 8. The natural water loss in the uuiuntain and

foothill areas is the difference between the jirecipitation and

runott' from that diagram, ignoring any change in mountain and

foothill ground-water storage. The unrecoverable n.ilural walri- loss

in the valley-floor area was estimated as equivalent In almul 1 iiidirs

per year oM'r thi' area. The .soil moisture aviiilalilc lo ajirirultiiral

crops and native vegetation was determined on the basis of llie

soil-moisture defieiences in the fall, together with the wintei- I'on-

sumptive use of the various plant types.

The average ainiual recoverable water for the Los Angeles region

amounted to 780,0()() acre-feet for the period 1923-44, and to 820.000

acre-feet for the period 1935-51. On the basis of these two periods, the

regional average annual recoverable water amounts to about 800,000

acre-feet. This represents a measure of estimated safe yield of both

the surface and ground-water resources of the IjOs Angeles region.

When the annual water denumds placed on these local reserves con-

tinuously exceed 8(10,(10(1 acre-feet, then the resources are over-

developed.

I'x'caiisc ol' Ihr increasing pojiidal iipii and attendant water re-

(luireinenls in soulhern California, it has been necessary to import

watei' f idhi the ( )\vens Valley since 1913 and from the Colorado River

since 1942. l!y 1951 the annual importations into the Ijos Angeles

region t'i-(ini lln'se two sources amounted to nmi-e than 4110,000 acre-

feet. In view of the 1 .400.(IOO-acre-foot water rc(|uirement of 1950,
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Wofer Years it is evident that the local water reserves are being depleted, or over-

drawn, jn'rhaps at a rate nf as much as 200,000 acre-feet jht year.
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2. HYDROLOGY OF THE MOJAVE DESERT*
UX llAliuLU C. TlCUXKl.I.

i
AND WaLTKU 1 i mI'M A X X

i"

The Mojave Desert is the Uirjif interior region that lies east of the

Sierra Nevada and Teluu-lia]ii Kan-^es and north of the San Gabriel

and San Bernanlino ^loiintains. The northern and eastern limits of

this arid region are not so well defined, and as a result its area

ranges from 22,000 to 28,000 square nules, dejiending upon the loea-

tion of these nneertain bonndarie.s. This expanse of desert represents

more than 14 pereent of California's land area, but is very sparsely

populated. It is about half the size of the State of New York, and is

larger than D of the 48 .states. Host of it lies within San Bernardino

Count.v, and smaller portions of it are in luyo. Kern, Los Angeles.

and Riverside Counties,

Climate. Climate is the residt of the world-wide cireulation of

the earth's atmosphere, and is governed by a complex interrelation-

ship among such meteorological factors as preciiiitation, temper-

ature, humidity, sunshine, cloudiness, and wind.

As indicated in the preceding paper (Contribution 1), most of

southern California's precipitation has its origin in the Pacific mari-

time air masses. The eastward and northeastward movement of these

incoming air masses generally is blocked by the 5,000- to 11,000-foot

mountain barriers that form the western and southern boundaries

of the Jlo.iave Desert region. The remnants of these air masses, after

jiassing over the mountain divides, encounter few additional barriers

to their continued movement. Consequently, there are few influences

that tend to lower the air temperature and thereby cause condensa-

tion and precipitation. Indeed, the reverse is generall.v true, as these

air masses, after passing the divides, tend to descend to lower alti-

tudes. As a result, they become progressively warmer and develoj)

evaporative characteristics.

Owing in part to the absence of cloudiness, wide ranges in tempera-

ttire are characteristic of the Mo.iave Desert. JIaximum temperatures

of more than 100 degrees (Fahrenheit) are very common, and they

are more than 130 degrees in some areas. Mininunu temperatures are

as low as 10 to 15 degrees during the winter months.

The desert area is noted for its low humidity. Seldom does th<"

relative humidity exceed 60 percent, and average values range from

about 30 to 40 percent. During the heat of the day, these values fre-

quently decline to less than 10 ])crceut.

Because of the deficient precipitation, tlir high air temperatures,

and Ilii' low hinuidities. thr rliniate of this region is classified as

••arid."

l'r('cii)it(itii;n. The records I'roni lw(j represi'utative stations at

Bagdad and Ync<-a Grove have been n.sed in developing the typical

monthly ijreciiiitation diagram shown in figure 1. The records ob-

• Published by permission of tiic Director, U. S. Geological Survey,
t Hydraulic Eneineer, U. S. Geological Survey, Los Angeles.

Figure 1. T,vpic:tl nioiithI.\- i>reripitalion.

tained at Bagdad, with its average annual precipitation of 2,24

inches, and at Yueea Grove, with its average annvial precipitation

of 6.88 incbi's. are intended to rc))rcsent tlie extremes in precipita-

tion on the desert.

It is evident from a mere glance at tliis diagram tliat the ma.jor

l)art of the annual precipitation occurs during the period of Xovem-
ber through April. The storms during this 6-monlli period result

frimi Pacific maritime air masses, and account for 54 percent of the

meager precipitation at Bagdad and 72 pi-rciMit of llie precipitation

at Yucca Grove.

IS)
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A seeoiul p<irt of tlir iiiimuil pi-eciiiitatioii ooeurs during the 4-

nionth period of July tlirnuiili Oc-tolicr. The storms of this period

are largely the result of tropieHl coutineiital air masses that generally

originate in northeastern Jlexieo, western Texas, or New llexico.

The storms of this type are characterized by very intense rates of

rainfall, which in general greatly exceed the rates of jirecipitation

during the winter period.

As in most areas of meager precipitation, a single storm often

repre.sents essentially all the rainfall occuring within that month,

and occasionally within the entire year, Becau.se of this character-

istic, desert precipitation tends to be highly variable with reference

to time and place. C'onse(|uently. the areal distribution of the annual
precipitation is extremely difficult to determine and lacks the uui-

formit.v generall.v associated with the coastal areas. The cyclic time

distribution of the precipitation into wet and dry periods, fsueh as

that indicated for the Los Angeles region, is very much less evident

in the Mo.jave Desert.

The typical variabilit.v of desert precipitation is shown in figure

2, in the form of a frequcnc.v distribution diagram. This diagram
has been developed from the .'W-year record obtained at Mojave
between 1876 and 1914. and from the 32-year record obtained at

Trona between 1920 and ]0.'52. Both of these .stations are in the west-

ern part of the desert. The average annual precipitation is 4.84

inches at Mojave and 4.12 inches at Trona. The frequency has been
computed on the basis of a duration series in which a recurrence
interval erpial to twice the length of the period of record is assigned
to (lie lowest annual precipitation observed during the period of

record. The frequeucy scale is given in both percent of time and
recurrence intervals in years. For values of annual precipitation

greater than the median, these scales give the recurrence intervals

and percent of tiiiie in uliieh llir annual precipitation is equal to

or greater than that indicated by the curve. For values of annual

precipitation less than the median, the reverse is true.

As shown b.v this diagram, the ev<'nt becomes less frequent as

the distance increases from the median, and the values located at

equal distances from the median liavc Ilir same frequency. The ex-

treme values on this curve indicale lliat oni-c in 100 years the an-

nual precipitation ean lie e.xpeetcd to equal or I'xcecd 2.7 times or

270 percent of the averagi' annual preeipitation. or can be expei'teil

to ccjual or be less than O.O.'i times or :i iiercent of the average an-

nual in-ecipitation.

The areal distribution of the average annual preeipitation o\er

the ma.jor part of the Mo.jave Desert is given in lignre ;!. The average

values used in developing this ma|) are based on Ihi' 72-year period

of .luh ls>0 to .Inne 1ll.')2, and all the shorter i-eeords have bi'cn ad-

100 50
3,0

Recurrence inlervol, in years

5 2 5

\
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Figure '^. Arcnl distribution of jivcriij^e animal precipitation.
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gagiiiff stations are restricted to the Mojave River, Roek f'reek. and
Little Roek Creek, which drain areas of high precijiitation in the San
Bernardino and San Gabriel Monntains.

The Mojave River is by far the most prominent stream of the en-

tire Mojave Desert region. Although its basin has an area of 4,900

.square miles, only the 212-S(inare-mile portion in the San Bernardino
Mountains can be considered as a contributing area. This mountain
portion of the basin has discharged annually about 82,000 acre-feet

out onto the alluvial valley fill at the moutli of the can.von during
the 47-year period of 1904 to 1951. This average annual runoff,

equivalent to 1 foot of -water over an 82,000-aere field, exceeds the

average runoff of the Santa Ana River near Mentone by 18,000 acre-

feet, and is only 32,000 acre-feet less than the average runoff of the

San Gabriel River near Aznsa. These last two streams are the most
important sources of surface runoff in the Los Angeles region.

Because of the extreme variability of the precipitation in the San
Bernardino Mountains, the annual runoff from the mountain areas

of the Jlo.jave River has ranged from as little as 4,840 acre-feet in the

1951 water ,vear to as much as :!45,000 acre-feet in the 1922 water
year. During the drier years all the runoff, upon discharging from the

mountain canyon, is quickly absorbed into the deep alluvial deposits

of the valley-floor area within a distance of 1 or 2 miles. In contrast,

during the flood period of JIarch 19.'W there was continuous flow

out onto the desert for a distance of more than 110 miles; this flow

passed Victorville, Barstow, and ancient Camp Cad.v, and debouched
onto the dry playas of Soda and Silver Lakes near Baker.

A simple demonstration of the extreme variability and concen-

trated nature of this runoff is shown in figure 4.

This diagram, based on daily discharge of the Jlo.iave River, shows

that 50 percent of the runoff during the 47-year period of 1904 to

1951 has occurred in 3 percent of the time, or the equivalent of 3

days in 100, and 90 percent of the runoff has occurred in 23 percent

of the time, or 23 days on 100. As a consequence, flow during the

renuiiiiing 77 da.vs in 100, or 77 percent of the time, delivers a mere
10 percent of the total runoff. This volume distribution is believed

to be t.vpical of all the streams in the San Gabriel. San Bernardino,

and Tehacbapi ^lountaius that are tributary to the ^lo.jave Desert.

The much snudler preciiiitation by storms and their less frequent

occurrence in the rugged intericn- moinitain ranges of the desert

tend to produce very much less ruiuiff. lu most of these mountain
ranges such as the Bullion. Calico, Cad.v, Granite, Ord, and man.y

others, the average annual precipitation is less than 5 to ti inches.

It is estimated that onl.v in a ver.v few areas does the average annual

runoff from these mountains exceed 0.2 inch. This runoff is likely

to be even more concentrated tluni the jirecipitation with reference

to time, with about 50 percent ol' IIh- Anlume occurring in about

100

80
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40

20

20 40 60 80 100

Percent of time

FiC.TTRE 4. Helntionship lietweeu time iind vdluino of ninoflf in the

Mojave Kiver basin.

1 day in 1,000, and 90 percent of the volume in about 1 day in 100.

Most of this very infreqiient storm runoff is absorbed into the allu-

vial fans at the mouths of the eanvons, and very little of i1 reaches

the pla.vas in the bottoms of the valleys.

Gruund Water. Except for a few springs in the mountain areas,

practically all the water reserves of the Mojave Desert are stored

as ground-water in the deep alluvial fills of the valleys. These re-

.servcs are sustained almost entircl.v from runoff originating in the

rugged mountain portions of the desert. As a consequence, the re-

charge to these reserves varies cinisiderably. both with time and on

an areal basis.

The largest single source of recharge to the water reserves of the

Mojave Desert is the Jlojave River. During the last 47-year period,

this mountain stream has delivered an average annual runoff of

82,000 acre-feet to the alluvial valle.v-floor areas, of which 92 per-
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cent. 111- 75,0(10 aiTe-feet. was retained between Hie inDiiiitains and

Afton (downstream from I!ai-stow), larfiely as a reeharfie to firound-

water storage. The magnitude of tliis reeliarge varies eonsidei'alily,

and is di'iK'ndent on Hie liiiiitations of tlie various sul)l)asins along

this !l.")-mih' eininnel.

At Tiouth of canyon
(Slotion: miles)

At Victorville

lStotion= 15 iTiiles)

At Hodge
(Stotion 42 miles)

At Borsto*

IStolion: 53 miles)

At Afton
(Station = 95 mites)

Number of consecutive days

KftirjtK Ti. Uiinoff and retention in tlie Mojave River tuisin fm- the ilfl

coflsecutive days of greatest ruuoft iti Ilt.'lL*.

The magnitude and eharacter of the retention, during the 60 con-

secutive days of maximum runoff in 19;?2, are shown for certain snh-

basins in figure ">. During that year, gaging stations were operatetl

at tlie mouti) of the ean.yon, at Victorville about 15 miles from tlic

monidaius, at Hodge about 42 miles, at Barstow about 5:! miles, ami

at Afton about !I5 niiles rrom the )iiountains. The purpose of the

diagram is to show the maxiiiiiiui retention and its time distribu-

tion between these stations for the periods of maximum ruuofE

ranging from 1 to GO consecutive days. During this (iO-day period

ill February, March, and April 19;!2, only 7,200 acre-feet of the

7-1,000 acre-feet leaving the mountain area were wasted as surface

flow past Afton. The largest amount of the retention occurred be-

tween Barstow and Aftou, where a retention of about 9,000 acre-

feet during the maximum 5-day ijeriod increased to 30,000 acre-feet

for the maximum (iO-day period. On a unit basis, this retention would

decrease from 43 aere-feet per day per mile of channel for the maxi-

mum 5-day period to 12 aere-feet per day per mile of chamiel for

the (iO-day period.

In the uppermost basiii, between the mountains and Victorville,

a retention of 3,000 acre-feet for the maximum 5-day period in-

creased to 13,000 acre-feet for the maximum 60-day period. In this

basin, the retention of 40 acre-feet per day per mile of channel for

the fir.st period decreased to 14 aere-feet per day per mile of channel

for the second period.

In contrast, the smaller subbasiu between Victorville and Hodge

is believed to have been largely recharged during the maximum 5

days of the storm period, as the additional 55 days of runoff ap-

peared to add only 40 percent to the retention.

These basin recharge characteristics, however, ai-e not believed

to be typical of all of the many ground-water basins and subbasius

that cover the vast interior portions of the Mojave Desert. Unfortu-

nately, very little is known as to maginitude of the average annual

recharge in most of this interior area.

Water JJtiUzation. Because of the general need for agricnltnral

crops and more "living space" in southern California, there has been

a steady increase in the development and occupation of the desert

regions. In some of the more favorably located areas, such as Ante-

lope Valley, the w-ater reserves are being depleted at an alarming

rate. As a consequence, the water levels near Lancaster have de-

clined about 100 feet during the last 30 years. This clearly indicates

that this general area currently is being overdeveloped, and that

water reserves are being drawn upon without satisfactory nutans

of replenishment.

Except for the few more favored areas of substantial supply, the

ojiportunity for replenishment of reserves is meager. Thus, with

ciDitinued development of the desert and expansion of the population

now moving to the desert, the utilization of ground-water reserves

is likely to become a t.'i-pical desert problem just as it now is in the

.\iitelope Valley area.





3. GEOLOGY AND HYDROLOGY OF VENTURA COUNTY
By U. G. Thomas. > E. C. Mahliavi;.- L. B. James. = and U. T. Bean =>

INTRODUCTION

Tliis piiinT is an extract from a lcii;4tliicr ami iiidi'i' dctaili'd re-

port entitled "Ventura County Investip:ation," tliat was released in

19.53 as Bulletin No. 12 of the California State Water Resources

Board.

^

Data of considerable value in the interpretation of the geolopy and

ground-water h\drolo<>:y of the region were made available by the

followinfr afiencies and ori;anizations ; Ground AVater Branch, Geo-

logical Survey. F. S. Department of Interior; Soil Conservation

Service, U. S. Department of Aoriculture ; Office of Public Works,

U. S. Naval Construction Battalion Center, U. S. Naval Advanced

Base Depot, Port Ilueneme; Office of Public Works, Point Mugu
Air Mi.ssile Test Center; California Department of Natural Re-

sources, Division of Oil and Gas and Division of j\lines; Ventura

County Water Survey; Santa Clara Water Conservation District;

City of Ventura Water Department; Standard Oil Company of

California; Gem-ral Petroleum Corporation; Superior Oil Com]iany.

In addition, the followinjr individuals have eontribuird hrlplid

criticisms and sugfrestions durinp; the cour.sc of the investigation

Thomas L. Bailey, consulting geologist; Frank Bell, Shell Oil

Company ; Harold Conkling, consulting engineer ; K. O. Emery,

University of Southern California; Spencer Pine, Kichfield Oil

Company; Edward Hall, Union Oil Company; Robert F. Herron, M.

.1. M. & M. Oil Company ; John F. Mann, consulting geologist ; Wm.
R. Merrill, Standard Oil Company; Henry H. Neel, Tide Water As-

sociated Oil Company; Robert Paschall, Amerada Petroleum Cor-

poration ; F. P. Shepard, Scripps Institute of Oceanography ; Ed-

ward T,. Winterer. U. S. Geological Survey.

The assistance of all of the above organizations and individuals,

as well as numerous other geologists, landowners, well drillers, and

individuals, is gratefully acknowledged.

> Associate EnRlneering Geologist. California Division of Water Resources, I..0S An-
geles.

= Supervising Engineering Geologist. California Division of Water Resources. Sac-
ramento.

^ Senior Engineering Geologist, California Division of Water Resources, Sacra-
mento.

* Bulletin 12 contains an inventory of the underground and surface water re-

sources of Ventura County, estimates of present and ultimate water utilization,

estimates of present and ultimate supplemental water refjuirements. and pre-
liminary plans and cost estimates for local water-development works and
works for importing water from sources outside the county. It summarizes an
investigation tliat was conducted under the joint auspices of the State Water
Resources Board, the County of Ventura, and the Department of I'uldic Works
acting through the agency of t!ie State Engineer.

GENERAL GEOLOGIC FEATURES

(IcdiiiiirpliiiliKjii. .Mnrh of X'cntura County is iiiai'ki'd liy I'ligged,

maturely dissected mountains that rise in many places to altitudes

of (1,00(1 feet or more. Valleys of various sizes are present within the

mountainous areas, and a broad coastal plain lies southeast of the

city of Ventura (pi. 1). Most of the ranges and valleys are dis-

tinctly longitudinal, and trend east in general conformity with the

grain of the Transverse Range province. The northern ])art of

the county, in contrast, lies in the Coast Range province, where the

topographic and structural grain has a northwesterly trend.

Some of the valleys are defined by structural features in the niidcr-

lying bedrock, whereas others lie athwart these features. The Santa

Clara River Valley occupies the axial part of a large basin of Ceno-

zoie sedimentation, and in part represents a broad area that has been

depressed along major east-west fault.s. The Ventura River Valley

is primarily erosional, and O.iai and Simi Valleys are essentially

structural depressions (pi. 2). The coastal plain area is occupied by
an apron of sediments contributed by the Santa Clara Rivci- and

other streams that drain the a.iacent highland areas.

Offshore topography, as determined by the U. S. Coast ami Geo-

detie Survey, is shown in plate 3. This area recently has been de-

scribed ami discussed by Emery and Shepard (10-15), and by Emery
and Rittenberg (1952). Anacapa, Santa Rosa, and Santa Cruz
Islands are high parts of an elongate ridge that is the westerly exten-

sion of the Santa Monica Mountains, which form the southern mar-

gin of the Transverse Ranges province. The scarplike southern face

of these mountains extends out to sea, where it is cut by the south-

ward trending Ilueneme and Mngu submarine canyons. The heads

oF these two canyons lie within a rpiarter of a mile of the shore.

Water-bearing strata undoubtedly are exposed along their walls,

and hence are in contact with sea water (pi. .3). This contact is very

important in considering the movements of ground-water, inasmuch
as fresh water can be discharged into the ocean or sea water can

move into the aqnifers, depending upon the direction of tlie uronnd-

water gradient.

Sfratifjraplni. The rocks of Ventura Cniinty consist of a pri'-

Cretaeeous "basement" of igneous and metamorphic types, a thick

section of Crefaeeous and Cenozoic sediments, and locally abundant
Tertiary volcanic rocks (pi. 2). The sedimentary section includes ;i

great number of rock types, most of which are marine and nearly

all of which are clastic. The volcanic rocks represent Hows, pyro-

elastic aecnmiilations, and shallow' intrusive ina.sses. Descriptions

(10)
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(if the vai-iiiiis l(iriii;iti(iiis are im-luilcil in ]ilati' -. ildst of the iildi'i-

roeks are well iiiduratcd, and eaii be eoiisidei-od as essentially uon-

water-beai-infi: in effeet they form the basins that contain the

yoiMifrer and more permeable \vater-bearin<i' formations.

The most important water-bearini;- formations in Ventura County

comprise sedimentary strata of Pleistoeene aiul Recent aye. The

oldest of these is the Santa Barbara formation, which is uppermost

Pliocene and lowermost Pleistoeene in age. It ran<ies from about 4.000

feet of mudstone, shale, and minor sandstone near the city of Ven-

tura to about 1,000 feet of sand, gravel, and minor clay in the Tapo

Canyon area and 800 feet of sand and clay beneath the southern

part of the Oxnard Plain. As the litholon;ie variations might suggest,

the permeability of the Santa Barbara formation also is extremely

variable. In places its upper part contains a zone of highly permeable

.sand and gravel that is known as the Grimes Canyon member. This

zone contains fresh water of good quality in the Las Posas and Pleas-

ant ^'alley areas. The stratigraphie and structural relationships of

the Grimes Canyon member in typical areas are shown in the geo-

logic sections (pis. 6, 7).

The San Pedro formation, of early Pleistoeene age, overlies the

Santa Barbara formation. It consists of as much as 4,000 feet of

marine and terrestrial gravel, sand, and clay, and yields water to

wells in the Santa Clara River Valley and in the Las Posas, Oxnard

Plain, and Pleasant Valley areas. As far as is now known, all water

in the San Pedro gravels and sands is of good quality except that

below depths of about 2,(1()() feet in the Santa Clara River area,

where a few electric logs indicate that the water may be slightly

brackish. A prominent zone of marine sand and gravel, about 300

feet in maxinnim thickness, lies at or near the base of the formation.

It is herein referred to as the Fox Canyon member. It is a promi-

nent aquifer on the smith side of (»ak Ridge and bi'iH'.illi the I^as

Posas area (pis. 6, 7).

Sands, gravels, and clays of late Pleistocene age extend from

the top of the San Pedro formaticDi upward to the base of the Recent

alluvium. These sediments arc nndisturbed to gently folded, in con-

trast to the nnich more ileformc'd San Pedro aiu1 older formations.

The u|)per Pleistocene sediments yield water to wells in several parts

of the county, including the Pleasant Valley area, Simi aiul Ojai

Valleys, and thi> Santa Clara Hiver \'allcy. The princi|)al aquifer

beneath the O.xnard Plain is a stream-deposited gravel of late Pleisto-

cene age which is tiu-med the (»xnard aquifer in this paper (])1. (!").

Recent alhivinm is thin in most of the valley areas of \'cntura

Connty, and i)robably is nowhere more than fiO or 70 fc^et thicl;. It

consists of sand, gravel, and clay. Except in areas wlici-c the water

table is high, most wells obtain water from materials that lie ln'Oeatli

this.

Stnictid-r. .Most of the ma.jor faults and (jtlier structural elements

in all but the northern part of \'entura County have the east trend

that is characteristic of the Transverse Range province. In detail,

however, the faults within the county can be divided into north-

west-trending, northeast-trending, and east-trending families. Dis-

placements along some of the faults have been essentially strike-

slip and along others essentially dip-slip, but both eomjioneuts of

movement are represented along most of them. In addition to the

ma.jor faults shown on the geologic map (])1. 2). great lunnbers of

minor faults also are present. Nearly all of the faults actually are

zones of faulting, rather than single sharp breaks, and the widths
of the zones generally are gi-eater on the faults of larg-er displace-

ments. The San Andreas fault, probably the best known fault in

California, crosses the extreme northeastern corner of the county.

Faults and accompanying folds affect ground-water in a variety

of additional ways, such as b.v changing cross-sectional area of per-

meable strata and by exposing permeable strata to erosion and in-

filtration by surface waters. Some of the faults may be conduits

along which deep waters of poor quality migrate toward the surface.

Faults that may be of this type include the Hot Springs and Santa
Ynez, and possibly the San Cayetano and Oak Ridge faults (pi. 2).

Evidence of upward movement of deep waters appears in the anal-

yses of water from some sjirings and of some ground-water from
alluvium near faults. The principal faults in the county that are

k)i()wn to have a barrier effect on ground-water are the Saticoy and
S|u-ingville faults aiul a portion of the Camarillo fault (pi. 21.

Nearly all of the stratified rocks in this region have been folded.

The folds that are most significant from the standpoint of grouiul-

water are the Santa Clara River syneline. the Montalvo anticline, and
the several folds in the synclinal area south of Oak Ridge. The Santa
Clara Hivcr syneline extends from the ocean up the Santa Clara

Kiver A'alley into Los Angeles County. The iiermcable San Pedro
formation has been folded in this syiudine, and is exposed on its

north flank from the ocean to a point about .'! miles cast of Santa

Paula. These beds thus can he recharged by rainfall ])enetration and
stream infiltration. Similar relations may exist on the south flank of

the syiu'line, but here the beds are covered by allnvitnn along the

bed of the Santa Clara River, and also aiv partly concealed by older

lormations that have been thrust up alonu the Oak Ridge fault

(pi. r-,).

The ^bnitaho anticline extends IVoiii the ocean up the south side

nf the Santa Clara Kiver \'.Mllcy. The trace of its axial plane crosses

the ri\i'r iH'ar ilontalvo, and continues I'astward south of the Saticoy

lanll. .\lthongh the structure of this anticline is not simple, it seems

ih'ar that the iiermeable San Pedro I'lirnnition has been involved in

the folding, and has sim-c been I'rodi^l ;ind covered by alluvial Kravels
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ill the Oxiiard Porebay Basin (pi. 6). As a result, certain aiiui-

fers within this formation are believed to be in hydnilo^ie eon-

tinuity witli ground-water in the overlying alluvium.

The folds from Oak Ridge south to the Las Posas area exi)()se

aquifers that can be recharged by surface waters, and the.se aquifers,

where buried in other areas, can be reached by wells. Variations in

storage in-obably occur in the Fox Canyon aquifer in different parts

of the major anticlines, and in the synclinal ai'eas grdund-wati'v

generally is confined by overlying silts and clays.

GROUND-WATER STORAGE AND FLOW

Storai/e. During the investigation for the present report, changes

in ground-water storage were estimated for the more important

basins within Ventura County (pi. 4). This process involved a deter-

mination of tlie change in volume of saturated sediments that oc-

curred over selected periods of study, and estimation of the percent-

age of this volume that contained extractable ground-water. These

factors were obtained by ccnnputing the volume of sediments that lay

between the re.sjjcctive water tables that existed at tlie start and

close of the stiuly period, and by evaluating the average weighted

specific yield of tlie sediments between the water tables on the basis

of available well logs. Storage changes over the periods of study

were computed by multiplying changes in volume of saturated sedi-

ments by average weighted specific yield.

Values u.sed for specific yield were slightly niudilicd from tliose

pi-eviously determined by the Division of Water Resources in an

investigation of Ihc South Coastal Basin (1934). The values used

in the Ventura County Investigation are as follows:

Specific yield

M.ili-riul (percent)

3

_ 5

S.iil. silty day
Chiy. Mcliilie. 'liiird pan"
Cliiyey sjoiil. s:iTKly silr_

('liiyey Rravel

Sand
TitflU sand, ceini'iiti li s;md

(Jravel, ;;ravel ami i^aiid

Ti:.'ht jiravel. eemenled f:ravi')_

IS
21

14

Sidisurfiici Fliiir. Two uicthods, the slo])e-ar('a iiictliod and the

rising-water method, were used to deternuiie amounts of subsurface

flow of ground-water at different locations within the county. The

slope-area luethod involves the common form of Darcy's law, using

the units jiroposed by .Mcinzer, Q = PIA. Tii this equation, Q is the

subsurface flow in gallons per day passing through the cross-sectional

area A measured in scjuare feet; P is permeability in gallons per day

per square foot of cross-sectional area (often called Meinzer units) ;

and / is the slope of the water fable at the cross section.

The rising-water method of computing subsurface flow is ajipli-

cable where rising water (effluent seepage) occurs perennially and
where the cro.ss-sectional area of saturated sediments is unknown.

Tlie method has been noted by Tolinaii (19:17, p. 491), and a varia-

tion of the method was used by Kimble (1936). It also is based on

the formula Q ^= I'lA. and is dependent on the variation at differ-

ent times in the amount of perennial rising water with variation

in the ground-water slope above the first appearance of rising water

in a restricted filled channel. The foruuda is

Qu = 7, (<?r.) —7, {Qri),

I: h
wliere <^i( is the sidisurface flow (constant), /i and /:; the gi-ouiid-

water slopes, and (^ii and (ji-j the amounts of rising water at times

fi and t-2, respectively.

Rising-water measurements were used to compute .subsurface flow

between the basins along the Santa Clara River Valley by this

method. In order to compute a subsurface flow under all conditions,

it was necessary to estimate the decrease in flow wOien water levels

in the basins were drawn down so far that rising water no longer oc-

curred. To do this the logarithm of rising-water flow plus previously

estimated subsurface flow was plotted against basin-.storage depletion,

and the relation was found to be nearly that of a straight line. This

line was then projected past the point where zero rising water oc-

curred, and the projected line was used to estimate subsurface flow

and basin depletion tm- i-nnditions of zero rising water.

Pump tests to determine permeability were conducted where pos-

sible. The recovery and draw-down methods were used, these methods

depending, respectively, on time-rate of recovery after pumping
is stopped, and on time-rate of drawdown during the pumping.

GROUNDWATER BASINS

Ground-water basins of N'cniura ('oinit\ are shown in plate 4.

They are grouped into three major hydrologic units, the Ventura.

Santa Clara River, and Calleguas-t'onejo, together with miscellane-

ous basins. The most important basins, .so far as amount of water

pumped and economic utilization are concerned, are those that are

composed of unconsolidated sediments. In some of them the ground-

water occ\irs ill a single niicnurnn'd body, and in others it occurs in

more tluiii one a(|iiirer. Wiiler in smiie basins also occurs in volcanic

rocks, and in parts of oilier basins it is abundant in rractiiri's in

consolidated sedimentary i-ocks.

Vdifuyn Ilfidroliiijic I'liil. I'ertinent characteristics of the

grinind-water basins in the N'entura Hydrologic Unit (pi. ^) are

shown in table 1.
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Table J. t^iimmarj/ of selected characteristics of groutid-truter hasitts

in Ventura Hydrologic Unit.
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Table Summary of selected characieriatics of ground- iritter

Santa Clara JRircr Hydrolo'jie Unit.

has

Basin
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Basin. Inasmuch as water-level and well-log data are lacking in

the outcrop area of the San Pedro formation, changes in storage

within the part of this unit that lies north of the basin could not

be estimated, although such changes may be appreciable.

Tlie Oxnard Forebay Basin is the free ground-water area or fore-

bay that is in hydraulic continuity with the Oxnard Plain Basin

(pis. 4. fi). Recent and upper Pleistocene alluvium is the most im-

portant water-bearing material in this basin. It is underlain un-

couformably by the San Pedro formation and, in a small area, by the

Santa Barbara formation. The boundary between the Dxnard Pori'-

ba.v and Mound Basins has been placed along the north edge of t'c

Santa Clara River, where well logs indicate the approximate north-

western limit of permeable gravels in the alluvium.

Ground-water in the Oxnard Forebay Basin moves southwestward

toward the Oxnard Plain Basin (pi. 8). Subsurface inflow to the

Oxnard Forebay Basin is from the Santa Paida Basin through and

possibly over the Saticoy fault. Some subsurface iuflow may be de-

rived from the Mound Basin when water levels there are higher than

in the Oxnard Forebay Basin. Subsurface outflow into the pressure

aquifers of the Oxnard Plain Basin and possibly into those of the

Pleasant Valley Basin takes place through strata of the San Pedro

formation, primarily the Fox Canyon Member. At times, some sub-

surface outflow into the Mound Basin probably occurs through the

San Pedro f(n-mation in the area near Montalvo. When water levels

in the Oxnard Forebay Basin are above the clay cap of the Oxnard

Plain Basin, some subsurface outflow may occur into the semi-

perched zone that lies above the clay cap (pi. 8).

Estimated total storage capacity of the alluvium in the Oxnard

Forebay Basin is about IIOO.OOO acre-feet. If water levels were drawn

down so that the Oxnard aquifer was comjiletely dewatered, the

total available storage capacity of the Oxnard aquil'er in the Ox-

nard Plain and Oxnard Forebay Basins pi'obably would be of the

order of 800,000 acre-feet.

The Oxnard Plain Basin includes about one-fourth of the irri-

gated area of Ventura County. The principal formations and aqui-

fers underlying this basin are shown in plate 6. The most important

water-bearing unit is the Oxnard aquifer, a series of upper Pleisto-

cene river-deposited gravels that are eoutinnous with gravels in the

Oxnard Forebay Basin. The boundaries between the Oxnard Plain

Basin and the ^^lound and Pleasant Valley Basins coincide with the

limits of the Oxiuird aquifer in those directions. The boundary be-

tween the Oxnard Forebay and Oxnard Plain Basins is placed to

include in the Oxnard Plain Basin the area where ajiplied water

does not return to the principal acpiifers.

Although well-log control for the scdimciits lirinsitli the ()xniir<l

:ii|iiiti'r is poor, available data indicate that other aquifers of un-

known areal extent and hydrologic continuity exist between the

Oxnard aquifer and the Fox Canyon aquifer. In the southeast part

of the Oxnard Plain Basin, a fairly continuous gravel stratum

approximately 70 feet thick occurs at a depth of about 400 feet

and extends at least partly into the Plea.sant Valley Basin.

The Recent and Upper Pleistocene alluvium is underlain by the

San Pedro formation, which ranges in thickness from about 600 feet

in the southern part of the Oxnard Plain to about 1.800 feet .just

south of the Santa Clara River. Only two water wells in the Oxnard
Plain are known to penetrate the entire thickness of the San Pedro
formation. Available oil-well logs, electric logs, and water-well logs

indicate that the Yox Canyon member, at the base of the San Pedro

formation, is a potentially important aquifer in the Oxnard Plain

Basin (pi. fi). The Santa Barbara formation underlies the San
Pedro formation beneath the Oxnard Plain, and probably contains

water that is slightly brai'kish to definitely poor in quality.

The water-bearing materials of the Oxnard Plain Basin in general

are nearly horizontal and are not known to have been atfected by
faulting. The structure of this basin is shown in plate 6. Both the

Oxnard and Fox Canyon aquifers extend for some unknown dis-

tance beneath the ocean, and this seaward extension presents two
important problems: (1) the aquifers may crop out on the ocean

floor, resulting in hydraulic continuity of the ground-water with

sea water, and (2) the seaward extensions of these aquifers may act

as ground-water storage reservoirs not inventoried in the hydro-

logic study.

The presence of two sharply defined submarine canyons a short

distance south of the coastline indicates a reasonable possibility that

the Oxnard aquifer crops out near the shore (pis. 3. 8). Among the

lines of evidence suggesting that this aquifer is in contact with sea

water in Ilneneme Canyon are the following: (1) the devebipment.

during ])criods of low water levels, of a landward gradient in the

piezometric surface near Port Ilueneme, the contours having a

roughly circular shape with the canyon as the center; (2) historic

reports of fresh-water outflow in tin- Ilueneme Canyon area at

times of high water levels; (HI fluctuations of water levels in wells

corresixinding to. but lagging as much as three hours behiinl. tidal

lliietiuitions ; aiul (4) watcr-cpiality data indicating probable sea-

water intrusion in 1951 near Port IIm>neme. The ])rincipal evi-

dence Tor ii ((innection between the Oxnard aquifer and the ocean

in the vicinity of JIugu Canyon is a response tn tidal fluctuations

in the wells.

It is estimated that the average thickness of the Oxnard aquifer

offshore is about 10(1 feet, ami that its specific yiehl is about 10 per-

cent. The nuiximiim area underlain liv the ofTshore extension is
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estimated tu be about oO.tlOO aeres. These values lead to an estimated

maximum possible offshore storafie eapaeity of about 500,(100 aere-

feet of yrouud water. The physieal eharaeteristies and possible points

of outcrop of the seaward extension of the Fox Canyon aquifer

are uncertain, and therefore no discussion of its hydrolofiic charac-

teristics is attempted liere.

Ground-water in the semi-perched zone of the Oxnard Plain l?asin

is uncontined and contains water of poor quality. All aquifers that

lie beneath the semi-perched zone contain confined ground-water.

AVhen <rround-water levels are high in the Oxnard Forebay Basin,

as in 1944, water moves southwestward toward Hueneme and Mugu
Canyons. When the water levels are sufficiently lowered by pump-
ing in the Oxnard Plain and Oxnard Forebay Basins, no outflow

to the ocean occurs, and fui-ther lowering may cause a landward
movement of water in the seaward extension of the aquifer (pi. 8).

Tile Pleasant Valley Basin is second only to the Oxnard Plain

Ba.sin in irrigated acreage in Ventura County. Many aspects of the

geology and ground-water hydrology of this basin are not clearly

miderstood. owing to faulting, folding, rapid thinning of formations,

multiple perforatiiMis of individual wells, and lack of adequate log-

ging during drilling of wells. Aquifers in alluvium of Recent aud

late Pleistocene age arc utilized in two areas of the Pleasant Valley

Basin: between the Canuirillo Hills aiul the Camarillo fault, and in

the east and southeast parts of the basin south of the Camarillo fault.

The aquifers in these areas do not appear to be conuectcd with the

Oxnard aquifer in the Oxnard Plain Basin (pi. 6).

The San Pedro formation underlies all of the Pleasant Valley

Basin, and the most important aquifer in the basin is the Fox Canyon

member of this formation. It is possible that the Fox Cauyon aquifer

is interconnected with the shallower sands and gravels in the east-

ern part of Pleasant Valley. The Santa Barbara formation beneath

the Pox Canyon aquifer is reached by few water wells in the basin

(pi. 6). Some wells obtain water from fractures in the volcanic rocks

that are adjacent to and underlie the southern part of the basin,

and from sedimentary strata interbedded with these volcanic rocks.

Structural features of the Pleasant Valley Basin include the

Springville fault zone, the Camarillo fault, a major syncline and

anticline between these faidts, and the Camarillo Hills and Sjiring-

ville anticlines. These faults and folds appear to die out westward

beiu^ath the Oxnard Plain.

Ground-water in the Pleasant Valley Basin is generall.v confined,

although the Fox Cauyon member of the San Pedro formation is

uncontined in a limited area near Somis. and some of the very shal-

low sands and gravels arouiul the north and southeast sides of the

basin may be uucoufined, as well. The Pleasant Valley Basin appears

to be reiileuished cliidly by sub'-urfacr inflow fi'DUi East Las Posas

Basin near Somis aud from the Oxnard Plain llasiu lliroiigh the Fox

Cauyon aquifer. Replenishment of lesser nuignitude appears to occur

by subsurface inflow from the Santa Rosa Basin through the San
Pedro formation, from the West Las Posas Basin through the

S])ringville fault zone, and from the volcaiue rocks south aud south-

west of the basin (pi, 6), Subsurface outHnw toward the west may
occur during periods of high w'ater levels.

Change of gronnd-w-aler storage in the Pleasant Valley Basin is

considered to be negligible. Data are not snfificiently complete to

permit an accurate estimate of total storage capacity of the basin,

although it jirobably is of the same order of magnitude as that of

the Oxnard Plain Basin.

CaUcguas-Vonijo Hijdrologic Unit. The ground-water basins of

the Calleguas-Conejo Hydrologic Unit (pi. 1) include the Simi, East

and West Las Posas, Conejo, Tierra Rejada, ami Santa Rosa Basins.

The Simi Basin is the only one of these that is essentially a simple

alluvially filled type. The others are complex, aud consist of two or

more formations that are folded and faulted. Physical characteristics

of this unit are summarized in table 3.

In the Simi Valley area permeable Quaternary alluvium is

flanked and underlain by semi-permeable older formations. Folded

strata of the Santa Barbara formation constitute a ground-water

basin in the Tapo Canyon area, but these are separated from Simi

\'alley proper by less permeable older rocks.

Subsurface inflow enters the alluvial fill of the Simi Basin from

adjacent older rocks, but no such inflow is known to enter from

other basins. Ground-water in the alluvium moves westward except

during dry periods when wells are heavily pumped, at which times

the water table is depressed in the central part of the basin and the

ground-water converges on this low area. The total storage capacity

of the basin below the high-water level of 1929 is estimated to be

about 180,0(1(1 acre-feet, and storage above this level is estimated

to be about 40.000 acre-feet. In normal years, subsurface outflow

leaves the Simi Basin on the west and enters the East Las Posas

Basin, This flow has been estimated by the slojie-area method to be

about 100 acre-feet per year.

Studies by the Soil Conservation Service and the State Division

of Water Resources indicate that the most suitable locations for

major spreading works on the alluvium of Sinn Valley lie near the

month of Tajio Canyon, along Chivo Creek, and ahuej ,\rroyo Simi

just west of Santa Susana (pi. 4).

The princijial water-bearing materials of the East Las Posas Basin

are Recent aud upper Pleistocene alluvium and the San Pedro and

Santa Barbara formations (pi. 7). Senn-iiei-mi-able Tertiary forma-

tions adjoin and uiulei-lie these water-bearing strata. The San Pedro



26 GEOLOGY OF SOUTIIERX CALIFORNIA [Bull. 170

Tabic 3. Summary of sclfcied characteristics of orounil-icatcr hasins in

Calleyuas-Conejo Hydrologic Unit.

Basin
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The Tierra Rejada Basiu is underlain principally by fractured

volcanic rocks that comprise basaltic flows, ayirlonierates, and

rhyolitic tuffs, and by couf!:lomerates and clays that are intcrlayered

with these rocks. The surface drainage divide is taken as the bound-

ary of the basin, whose frcneral structure is that of a westward pluufr-

ing syncline. The basin is bounded on the north by the east-trendiufi'

Sinii fault, and on its west side is a north-trending' fault that acts

as a barrier to ground-water. A water-level differential of about

100 feet existed here in 1051, the level on the east side of the fault

being higher.

No evaluation of storage capacity has been made for the Tierra

Re.ia<la liasin. No subsurface inflow is believed to occur into this

basin, but limited subsurface outflow probably occurs westward into

the Santa Rosa Hasin.

In the Santa Rosa Basin, ground-water occurs in pcrvicnis zones of

the alluvium and San Pedro formation, and in the fractured volcanic

rocks. All of the rocks beneath the alluvium have been folded and
faulted. The .structural feature of greatest significance is the east-

trending Santa Rosa syncline (pi. 7).

Subsurface inflow to the Santa Rosa Basin occui's frcjm the Tierra

Rejada and Conejo Basins. Inflow from both these .sources is diffi-

cult to estimate because of the lack of well data and other informa-

tion. Subsnrfai-e outflow through the San Pedro formation into

Pleasant Valley has been estimated bv the slo])e-arca method to be

about 200 acre-feet per year. Artificial spreading in the Santa Uosa

Basin is feasible near the mouth of Conejo Creek, where most stream
])erc()hitiiin has <iccurred.

Ofhi r Areas. The part of the northwestern Santa Monica Moun-
tains that is drained .southward to the ocean is termed the Malibu
Ilydrologie I'nit (pi. 1). The principal water-bearing fornmtions

in this unit are Q\iaternary alluvium and Tertiary volcanic rocks,

although some water is obtained from sedimentary strata of pre-

Qnatcrnary age. Alluvium and underlying volcanic rocks in the

upper drainage areas of Triunfo and Medea Creeks yield sonie

ground-water, but commonly in small quantities.

Ground-water occurs along the coast between thi- \ intura liiver

and the Santa Barbara-Ventura county line, chiefly in alluvium-

filled valley bottoms, beach deposits, and thin terrace deposits. These

ground-wafer bodies are limited in size and sustain (ndy a IVw wells.

The portion of the Cuyaina River drainage area that lies in Ven-

tura County (pi. 1) contains a few wells that draw from Quater-

ruiry alluvium apparently about fiO to TOO feet thick. In addilioii.

the older Morales formation and parts of the Quatal fcprniation. al

though not presently utilized by wells, appear from sui-rai-e lilhology

to be potential reservoirs for ground-water. Rainfall in this area

is low, and recharge to water-bearing formations probably is small.

Lockwood, llinigry, and Peace Valleys, in the upper part of the

Piru Creek drainage (pi. 1), each contain a few water wells. Wells

in Lockwood \'alle.y appear to obtain water from Miocene conti-

nental sediments that lie beneath the alluvium, and wells in Hungry
and Peace A'alleys draw from Pliocene sediments of the Ridge Basin

group, which also lie beiu'ath tlie alluvium.

HYDROLOGIC INVESTIGATION

The hydrologic investigation in Ventura County (California

Div. AA'ater Resources, 1953) included a thorough study of under-

ground water sup])lies with regard to quantity, quality, replenish-

ment, and utilization, as well as the preparation of plans for develo])-

ment of local water resources to the maximum practicable extent. A
comprehensive investigation of surface-water resources was included,

as well. This involved collection, evaluation, and utilization of

data on precipitation and stream flow. Previous records of ground-

water levels in wells were studied, and a program of monthly and
seasonal measurements in selected wells was carried on during the

investigation (pi. 9). A continuous i-ecord of fluctuations in ground-

water levels in the Santa Clara River Valley and the Oxnard Plain-

Pleasant Valley area was available from about 25 water-stage re-

corders that have been maintained for many years, and these records

were snpijlcmented by 27 water-stage recorders that were placed

on selected additional wells.

The nature and exfi'iit of present land use were iletermined. and

{stimates of future water requirements were made. Current irriga-

tion practices in the county were studied in order to determiiu>

unit application of water to imjiortant crops on lands of various

soil t.vpes, as well as the influence of climatic factors thereon. Studies

were made of the (|uality of surface and ground waters, in order to

evaluate their suitabilit.v for general and special uses, and to de-

termine the causes of any poorness of (jnalify.

The amount of water snpjily in the form of precijiifatioii. surface

streamflow, and subsurface How was determined I'oi- ea.-h of the

major hydrologic units within the county, in part by the apjilica-

fion of geologic study to subsurface flow. Similarly, surface and

snb.surfai'c mitflow and present water i-equirements were computed.

The .studies also included determination of presently developed safe

.\ield of surface and ground-water supplies (pi. lOt. ])resent and

probable future supplemental water re(piirenieuls. present waste

to the ocean of surface and ground waters, and the portion of this

waste susceptible to conservation in surface and underground res-

ervoirs.
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The development of plans for possible additional conservation of

local water supplies included field examination of feasible dam
sites and preparation of preliminary cost estimates for structures

at many of these sites. Preliminary plans and estimates of cost also

were prei)ared for works that would furnish supplemental water

from the proposed southern California Diversion conduit of the

Feather River Project, and from the Colorado River supjilj' of the

Metrojxtlitaii Water District of southern ralifornia.

SUMMARY OF CONCLUSIONS

A full summary of the cont.*lusions reached after completion of the

Ventura County Investig-ation appears in Bulletin No. 12 of the

State Water Resources Board (California Div. of AVater Resources.

1953, pp. 5-1 to 5-9), and the conclusions of princijial general in-

terest can be summarized as follows

:

1. Problems of wator resources in Ventura County are manifested in the con-

sistent lowering of fjround-water levels, sea-water intrusion to pumped aquifers,

degradation of ground-water qualit.v. and serious general diminution of surface-

and ground-water supplies during periods of drought.

2. Partial solulidu of these problems will invrdve further regulation of the

prratic local water supplies, .so that waste conserved during wet periods can be

made available for beneficial u.se during periods of drought. Final solution of the

problems will involve the importation of water from sources outside the County.

3. The present main sources of water supply in the County are direct precipi-

tation and runoff from tributary drainage areas. Imported water at present

constitutes a minor item of supply. Mean annual precipitation ranges from a mini-

mum of about 12 inches near tlu' coast to a maximum of about 32 inches in

(he northerly mountainous area.s. Mean annual runoff to the ocean from the

Ventura and Santa Clara Rivers, with the present pattern of land u.se and water-

supply development, is about 230,000 acre-feet.

4. I{i';,'iil:it ion and r<*-r"'gulation of iIh- water suindies is now accomplished almost
entirely through storage in ground-water reservoirs. A total of 17 major ground-

water basins have been identified in the County, IG of which ai'e currently of

economic importance. The safe yield of the presently developed water supply

is about 107,000 acre-feet per season, distril)uted as follows: Ventura Hydrologic

Unit, !),400 ar-re feet ; Santa Clara River Hydrologic T'nit. 73,200 acre-feet;

Calleguas-Conejr) Hydrologic Unit, 23,700 acre-feel; and Malibu Hydrologic Unit,

800 acre-feet.

n. Piezometrie levels in confiiuMl :i(|uifers of the Mound. (>.\nai-<l Uhiin, and
Pleasant Valb'y Tiasins were drawn Im-Iow sea level during tlie drou:;bt iieriod

llt44-10ril . and landward gradicTits fnpin the oee.-in prevailed in these :n|uifers.

During 1051, sea water invaded a part of tlie ()xnai-d atiuifer that was beiTig

nctively pumped in the Oxnard Plain liasin.

6. Surface- and ground-water sujiplies of \'i'iilura ('onnty geiH-rally are of

good mineral quality, anfl are suitable f(u* irrigation and other beneficial purposes.

7. The gross area thai presently re(iuires water service in the County amounls
to about 14(U»I0 aeres. distributed as follows: Ventura Hydrologic Unit, 12,000

acres ; Saul a Clara Itiver Hydrologic Unit, 103,000 aeres ; Ciilh'guas-Coiu-Jo

Hydrologic Unit. 2.'i.000 aeres; and Malibu Hydrologie TTnit. r)00 .-leres. Alw.iit

23ri,000 acres in the County are cfinsidered sus(eptil)le to eoTicml rated ami in-

tensive water-using developments.

8. The present mean annual water requirement of the County is about 180,000

acre-feeet, distributed as follows : Ventura Hydrologic Unit, 13,000 acre-feet

;

Santa Clara River Hydrologic Unit, 133.0(10 acre-feet; Cftlleguas-Conejo Hydro-
logic Unit, 33,000 aere-feet; and Malibu Hydrr)logif Unit, 1,000 acre-feet.

0. The probable ultimate water requirement of Ventura County will be alwut

389,000 acre-feet, distributed as follows: Ventura Hydrologic Unit, 39,000 acre-

feet ; Santa Clara River Hydrologic Unit, 227,000 acre-feet ; Calleguas-Conejo
Hydrologic Unit, 104,000 acre-feet; Malibu Hydrologic Unit. 14.000 acre-feet;

and remainder of the County, r>,(K)0 acre-feet.

10. The present mean annual refpiirement for supplemental water in the
County is about 73,(K)0 acre-feet, distributed as follows: Ventura Hydrologic Unit.

4,000 acre-feet; Santa Clara River Hydrologic Unit, 00.000 aere-feet; and
Calleguas-Conejo Hydrologic Unit, 9,000 acre-feet. Supplemental water is now
required in the Ventura Hydrr)logic Unit in order to eliminate groumi-water
overdraft in the Ojai and T'liper Ventura River Basins, and to stabilize the

curn-ntly erratic and deficient surl'aee water supplies. Supidemental water is

now required in the Santa (.'lara River Hydrologic Unit in order to prevent

intrusion of sea water into pumped aquifers of the Oxnard Plain and Pleasant

Valley Basins. There is no present requirement for supplemental water in the

Piru, Fillmore, and Santa Paula Subuuits of the Santa Clara River Hydrologic
Unit, but supplemental water is now required in the Calleguas-Conejo Hydro-
logic Unit in order to prevent progressive lowering of ground-water levels, with
attendant lowering of ground-water quality, in the Simi, East and West Las
Posas, and Tierra Rejada Basins.

11. Under forecast ultimate conditions of develojnnent in the County, the mean
annual re(iuirenient for supplemental water will be aliout 2(l(^(^00 aere-feet,

distributed as follows: A'entura Hydrologic I'uit, 30,000 acre-feet; Santa Clara
River Hydrologic Unit, 142.000 acre-feet ; Calleguas-Conejo Hydnilogic I'nit,

81.000 acre-feet ; and Malibu Hydrologic Unit, 13,000 acre-feet.

12. An immediate source of supplemental water is available locally to Ventura
County in the form of surface waters presently wasting to the ocean. The sal-

vage of these waters will require the development of equalizing storage capacity,

either in surface reservoirs or in now undeveloped ground-water storage capac-

ity. Supplemental water could be made available to the C<iunty in the fttrm of

imports from the Colorado River, thrtuigh facilities of the Metropolitan Water
District of southern California. A future source of supplemental water, suffi-

cient in quantity to satisfy those probable ultimate water requirements of the

County in excess of the yield from feasible devt-lopments of local wjiter sujtply.

will be made available by means of the Feather River Project.
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Editorial Note:

CHAPTER SEVEN presonts a sampling of information and thought ooncernini;- minerals, igneous rocks, and

nietaniorphie rocks in southern California. Tliis is a region that is world-famous for some of its mineral occur-

rences, including the coutact-metamorphic assemblage at Crestmore, the pegmatite deposits at Pala, Mesa Grande,

and other localities in the Peninsular Range province, the saline deposits of the Mojave Desert and Basin-

Range provinces, and the recently discovered concentrations of rare-earth minerals in northeastern San

Bernardino County. Also exposed for study are the great composite batlioliths of the Sierra Nevada and the

Peninsular Ranges, complex sequences of Jlesozoie and Cenozoic volcanic rocks, and broad terranes of liighly

varied metamorphic rocks.

The eight papers in this chapter place emphasis upon description and discussion of outstanding examples

of rock and mineral assemblages, rather tlian merely upon a cataloguing of occurrences by type or by geo-

graphic position. An attempt also has been made to point out and to examine critically some of the major prob-

lems of structure, composition, sequence, and origin that remain to be fully solved.
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hitrodiictitin. Wo in Califuniia tiike pride in the fact that in

tho Rtatp have been found occurrences of more than 535 well-defined

mineral species, and a record list of first discoveries of new species.

World-famous mineral localities include the contact metaraorphie

assemblafie at Crestmore. Riverside County; the pem pegnuitites of

San I)ie<ro County ; and the salines and borates of Searles Tjake and

Death Valley. Between 1857 and 1938, 56 new minerals were dis-

covered, of which 23 have not yet been found rlscwhere. Southern

California can claim the lion's share of new miuei-al discoveries

with 1(). as compared with 7 for the rest of the State.

For a complete list of California minerals and their occurrences,

the reader is referred to Bulletin 136 of the California Division of

Jlines. which, with its supplement,! provides a detailed record

tliron^rh December 1951. In this sketch only the most important and

interestiuf: occurrences are presented, particularly those in which

reasonably liood collecting: or observation may still be possible. The

accompauyinf; key map (fi<r. 1") shows the ajiproxinuite location of

the localities that are discussed.

Minerals and Their Early Use in Soiilln rn Californiii. Since pre-

historic times, California has been a producer of miiu-rals bc<;inninR',

si> far as is known, with the working- of turquoise dejiosits in San

Bernardiiu) County. There is some evidence that other minerals were

used by the Indians as charms (quartz crystals), war paint (cinna-

bar), or as arrowheads (flint as well as obsidian). But of course the

outstanding; event in California history was the discovery of gold

at Sutter's ilill in 1848. There were eai-lier discoveries in southern

California at Placerita Canyon, at points near Yuma, and elsewhere

;

but these touched off no such overwhelming excitement as did the

find at Sutter's. The gold deposits first worked were in the form of

]ilacers, and numerous large nuggets were found. Subsequently the

ilother Lode quartz veins were discovered and developed, and some

of the mines of those early days are still producing. The record

mass of gold weighed 2;U0 ounces, and was called a nugget, al-

though it was really a detached mass of gold quartz; otiier very

large masses were true nuggets.

The fabulous richness of California gold jilacers was in part the

result of the geological history of the Sierra Xevada. Original gold-

1. MINERALS IN SOUTHERN CALIFORNIA
By JoseI'H MuilDocil * .\ND Robert AV. Webb f

bearing quartz veins were deposited in .Jurassic and earlier rocks.

• Professor of (JeoIoKy, Universit,v of CaUfornia. Los AnKeles.
t Professor of OeoIoB.v. l*niversity of CaUfornia. Santa Barbara.
j No references are cited in tliis article. Tlie material is larsely summarized from

Mincrati) of Cali/orinn. Cilifornia Division of Mines. Bulletin 136, 194S : and Sup-
plement, 1952 ; l)y tiie writers of this article. In thes.- sources exhaustive refer-

ences are given. Acknowledgment is hereby made of Indebtedness to the many
geologists wlose work has made the information in tills paper available.

after the early uplift of the Sierra during the intrusion of the

dominantly silicic complex known as the Sierra Nevada batholith.

The uplifted range was then reduced to a surface of mature i-clief.

with accumulation of gokl—derived from upper, eroded portions of

the veins—as placer tlcposits in stream valleys. T^ater movements

produced uptiUing of the Sierran block and the formation of the

present day Sierra, resulting in rejuvenation of streams flowing

over the westward tilted surface, with attendant reconceuti-atioii

and enrichment of placers in new valleys. Some of the old stream

valleys were buried by lava flows before this uplift.

Since early pioneer times, California has been a land famous fur

its minerals. None of the minerals has been as glamorous as the gold

which was origiiuilly sought and found in such vast (|nantity ;
never-

theless many have been, and still are, of great commercial vahie,

and many others have provided scientists with stimulating problems

in mineralogy. Some have also been helpful in unravelling geologic

problems, as witness the characteristic crcssite and other minerals

of the San Onofre breccia beds, which have made possible iiositive

identification of the source of the.se sediments.

Deposits of tiir<(Uoise in the northeastern part of San lici'iianliiio

County were worked by prehistoric Indians. The occurrence was

rediscovered in 1897 by T. C. Bassett, who found the ancient work-

ings, some of which yielded a number of primitive stone hammers,

thus the name: Stone Hammer mine. The following year the San

Francisco Call financed an expedition, headed by Dr. Gustav Ei.sen,

of the California Academy of Sciences, to explore the mine. His

account was published in an extensive article in the Call of March

18, 1898, and led to considerable prospecting. Dr. Frederick Kunz

in 1905 wrote a good description of the find and of the general

character of the area. The rocks of the region consist largely of

basalt flows from a series of extinct craters. Smaller areas of de-

composed sandstone and porphyry, with harder ((uartzite and

schist, contain veinlets and nodules of turquoise. Tnrtpioisc al.so

occurs as fragments in disintegrated quartz rock. The mode of

occurrence ajipears to resemble idoscly that at Tunpioise Mountain,

Arizona. Stone tools are abundant in the old workings, which are

.seen as shallow saucer-like pits in the canyons and on the slopes of

the hills. Abundant rock carvings are found thronghoiit the whole

region, some identifiable as "Aztec Water Signs," but othei-s as yet

uninterpreted. It is suggested that these workings may have been

abandoned as long as a tliousand years ago.

(5)
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C'liapt. YII] MINERALS IN SOUTHERN (lALlPORNIA—MUKDOCII AND WEI'.l!

f'nllfdiiiia Biiralts. A few yciirs iil'lrr llio discovery of ;_'()1(1. Dr.

• Iiiliii A. \'rMlrli ilrli'c'li'il Ikii'oii ill siiiiio of till' spriiii; wati'i's ol'

itiiIimI t 'iilil'oniia, ami ruiiiid c-rystals of borax ill the niiids cil'

liorax hake in Lalie County. This discovery led tn I'xiciisivc |iriis-

pectin^. witii tlic result that small dejiosits were luiiiid in the in-

crustations of Searles Lake in 1802. The deposits in Death Valley,

made famous by the twenty-mule team trains, were discovered in

187:i.

It is interestin.i.' to trace the development of the borax industry

from be^inninirs in the jilayas of Deatli Valley to the modern mining

operations in the Kramer district and Searles Lake. For some years

the production of borax was a pi'imitive process of scrapin<j up
efflorescences of borax and ulexite from the playa surfaces at sev-

eral ])oints on the floor of Death Valley. The ore thus produced was

treated at the Old Harmony borax works. Ashford's mill, and other

jilaccs. and the product was .shipped to Mojave. Transportation was
b.v wag'on trains, each carrying along its own water wagon for the

ten-day .iourney ; one of tliese outfits, with its huge broad-tired

wheels, can be seen toda.v at the entrance to Furnace Creek Ranch.

In 1882 a new boron mineral, eolemanite. was discovered in large

iiuantities in the uplifted and tilted Tertiary volcanics and lake beds

of the ilt. Blanco and Ryan districts on the eastern edge of Death

\'alle.v. This source was so rich that the playa workings were rapidly

abandoned. Following this early discovery, deposits of eolemanite

were found and developed in the Lockwood Valley region near

Frazier Jlountain (18fl8)
; at the Sterling Borax mine, in Tick

Canyon near Lang (IHO!!) ; and in the Kramer district (1913). This

last discovery was made by a Los Angeles physician drilling foi'

water to supply a sanitarium. Further exploration in this area re-

sulted first in the discovery of a very large bod.v of nearly pure

borax (the old Suekow mine) at a depth of about 150 feet below

the surface, and later (about 1927) of a still more extensive body
of a new mineral, kernite (sometimes localh' called rasorite). Kernitc

is the onl.v known ore from which more than 100 percent recover,\'

call be made, as the pure mineral carrving four molecules of water

of crystallization is soluble in water, and reerystallizes as borax,

])icking up in the process six additional molecules of water, an in-

crease of nearly 20 percent in weight.

In the borax of the Suekow mine, ulexite in small aiiinunt occurs

as cross-fiber veins, and as curious mushroom or fungus-shaped radi-

ating aggregates of fibers which in part at least are pseudomori>lis

after probertite, another mineral that occurs only in California. The
kernite deposit is thmight jirobably to have been formed by the

fusion of an original borax deposit and its recrystallization in tlic

absence of any excess of water. Kernite is one of the minerals dis-

covered in California and. to dale, nol found elsewhere.

Colenianitc is never foiind in playas. and is relatively insoluble in

water; so il is considered that deposits of this mineral have been

fdi-nied liy a icworking of original borax-ulexite playas, like those

existing at the present time on the Moor of Death \'allcy. As a result

of this reworking, in most eases ])erhaps after n|)lift and tilting of

tlic playa beds, sodium has been largely or wholly removed, and the

boron combined with calcium from lime-rich layers of sediments or

from limestones, to form eolemanite. Colemauite occurs as geodal

nodules, irregular or rounded masses of radiating prisms, as irregu-

lar veins, or as disseminated replacements of limestone or shale.

Locally, as in 20 Mule Tea'u and ('orkscrew Canyons in the Mount

Blanco district of Death Valley, eolemanite has in part undergone

a series of alterations, rcsidting in the formation of the rare minerals

inyoite and meyerhofferite. Inyoite, with more water than eoleman-

ite, may have been formed by the hydration of the latter. Meyerhof-

ferite occurs in part as masses of ueedlelikc crystals pseudomorphous

after inyoite, but also, and more abundantly, as reticular aggregates

of slender prismatic crystals. Meyerhofferite may represent a stage

of dehydration from inyoite. Meyerhofferite has thus far been found

only in California. A second generation of eolemanite. usually in

small, simple ci'ystals. follows and accompanies the formal ion of

meyerhofferite.

Another rare calcium borate, priceite (paiulermite ). is plentiful

in the same Mt. Blanco area, as veins and nodides in shale and basalt.

Priceite is accompanied by coarsely erystalliiie coleinanite and finely

compact howlite (a borosilicate of calcium) in nodules or irregular

veins.

Ilowlite occurs sparingly as white, powdery masses accompanying

eolemanite in deposits in the Calico Mountains, and ahuiidautly as

solid, cauliflower-like growths in Tick Canyon and Lockwood Valley,

In the Tick Canyon deposit, several borates are present in addition

to eolemanite and howlite. Flattened aggregates of irregularly radi-

ating prisms, nuiinly probertite, NaCaB.-.OiroIL.O, are abundant on

some of the dumps. These aggregates are thought to have been origi-

nally "cotton ball" ulexite, such as is found in pla.vas. squeezed and

flattened in the compression and tilting of the layers (now- nearly

vertical at Tick Canyon) of a playa deposit, Probertite may be sup-

posed, then, to have been formed by dehydration of original idi'xite,

A reversal of this change also must have occurred, as many prober-

tite nodules arc seen to be altered again wholly or iii part to ulexite.

At Tick Canyon an additional new borate mineral has been found:

veatchite, a strontium borate. It occurs in thin silvery plates on

fracture surfaces of gray shale, as massive nodidar aggregates of

[ilaty grains, and. in one specimen, as poorly formed crystals de-

veloped in cavities in a eolemanite vein.
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(r) III TouniKiIiiir Deposits. In sniitliiTU ai'eas of California,

lai-frely in San Diojio County, arc extcnsivp oecnrreufcs of lithiinn-

bearinj; ppgniatites, in which tournialinc of peni quality, transparent

anil colored pink, red, jji'een or blue, is found. AVitli these varieties

of tourmaline are otlicr frem minerals: beryl, either frolden or pink

(morganite)
; topaz; the clear lavender variety of spod\imene known

as kunzite; and, in a few deposits, cinnamon p:arnet. The peffmatites

form tabular and irregularly bulginfj; dikes euttinf^ the ii;neous and
metamorphic country rock, and strike regionally nearly north and
south over large areas. The most famous and largest deposits are

those at Pala and Mesa Grande, and numerous others of lesser ac-

count are near Ramona, Coahuilla (in Riverside County), and Oak
Grove. These and other pegmatite occurrences are described else-

where in this chapter (Jahns, Contribution 5).

Productive mining in these pegmatites has been at a standstill for

many years, although recent vigorous collecting by mineralogists and
others has continued. A new find of kunzite in the Ashlej' mine (the

old Vanderbnrg-White (^ueen) at Pala, has yielded a considerable

number of wonderfully fine specimens of gem quality, and others of

great mineralogical interest. A recent study of the litliia pegmatite

region by R. II. .lahns and L. A. Wright has resulted in the finding

of a number of mineral species new to California, although not new
minerals. Tliese include phenakite, bertrandite, stibiotantalite, and
zinnwaldite. Also noted by them at Pala were helvite and petalite,

which had been reported earlier from the Rincon district.

The gem pegmatites were discovered in 1872 on the southeast

slope of Thomas ilountain, in Riverside County, by Mr. Henry
Hamilton. The initial find was kept secret for several years, and was
not recorded until later in reports of the California State Mineral-

ogist. Knuz confirmed the earlier date of discovery from bis personal

record, and said that he liail in his jiossession a fine specimen from
the Riverside Coinity locality, obtained prior to 187^1 The next big

discovery, at I'ala, was announced in ]89:i. Prom this locality came
the famous massive le|iidolit(' shot through with needles of clear pink

tourmaline (rul)ellite,), spc<'iniens of which are in nearly every mu-
seum collection in the world. In 1898 gem tourmaline was found in

abundance at Mesa Grande. Then in li)02 more new finds at Pala,

near the original location, produced large and beautifully colored

crystals of tourmaline as w'cU as kunzite, the new, lilac-colored gem
variety of spodumcne. The kunzite was first found on Hiriart Moun-
tain, just east of Pala, and in the following year it also apjieared in

the mineral suite of the I'ala Cliicr mine.

hi till- Stewart mine, 1,'irgi' masses of solid amblygonite were
I'duriil, associated with nirtallic bismuth, various rare bismuth car-

bonates, as wi'll as with scconilary calrium |)h(is|ihatcs of the apatite

grcjuji. Ilie rare mineral jezekite. and s<ime <ithers as yet unidentified.

In the sanu^ dcjiosit, lithiophilite occurred in crude crystals, usually

altered, or altering, to a complex series of secondary products. This

alteration shows the same sequence as that first recorded in the

famous Varutriisk ])cgmatite in Sweden ; in some of the New Hamp-
shire pegmatites (as at Palermo! ; and in some of the beryl-tantalite

pegmatites of northeastern Brazil. The alteration results from pro-

gressive oxidation first of the iron, and then of the manganese, in

the original mineral, to produce sicklerite (described and named by
W, T. Schaller from Pala). then purpurite. If more ii-on than man-
ganese is present, the series is ferri-sicklerite to heterosite. Further
oxidation and hydration result in the formation of a inunber of rare

minerals like hureaulite and meta-strengite, stewartite, salmousite,

probably some members of the roekbridgeite group, and finally, man-
ganese oxides.

The other gem-bearing pegmatites of the region have been ex-

tensivel}' prospected and have yielded some good gem material, but

in general not in any great amount. Tourmaline, topaz, beryl, and
gem garnet are in the list, with local rare eassiterite.

A dike opened about 1906, near Rincon, is noteworthy for the

presence of a considerable amount of common spodumene in tabular

crystals as much as six inches in length. This mineral is embedded
in, and partly replaced by, massive prisnuitic petalite, found in the

United States in only one or two other localities. Associated with

these two minerals are rare, minute yellow crystals of helvite (also

found later at Pala).

Cuntact MiJattKirphir Mini ruts iif Crcstiiii/rc. Less spectacular,

but of perhaps greater .scientific interest, is the great contact meta-
morphic deposit at Crestmore, in Riverside County. Here is as-

sembled almost the greatest number of minerals ever recorded from
a single occurrence, ])erhaps tojjped only by Franklin. New Jersey,

and Laugban in Sweden. The total number of known species to date

stands at 119, and in addition a dozen or so probable new species

have been observed, but not as yet verified. The great variety is ap-

])arently due to a very favorable set of conditions which have led to

formation of many unusual compounds, as well as those of the nor-

mal contact metamorphic assemblage (see Burnham, Contribution

7, this chapter). The deposit occurs in a roof pendant of crystalline

limestone (locally magnesian) surroun<led by silicic igneous rocks

(possibly parts of the southern California batbolith). and cut by
small masses of pegmatite and ))egnnititic rocks. The most obvious
and primary effect has been a recrystallizing of the limestone into

a coarse-grained ealeiti'. accompanied by the production of an
unusual sky-blue eulur in nuist of it. Recrystallization of im|)uri-

ties in the limestone. i)lus addition of material from the intrusives,
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jilus rcc(iiiil)iiKitiiiii (if all these witli tlie eaU-ile of I lie limestone, lias

resulted in formation of the iisnal contaet minerals f;arnet, epidote,

wollastonite, diojiside, and idoerase. Some of the zones, esjjeeiall.v

elose to till ntaets, are eompletely silieated, and fonn a eompaet

ag:g:re<;ate, usiiall.v of garnet, diopsidc, and idoerase with some spinel.

In some massive zones, the eommon minerals are accompanied by

spurrite, gehleiiite, montieellite, and pla/.olile, which id'ten are ree-

Ofrnizahle only in thin seetion. As a rule the textural relationships

here are complex and unusual, in places in-odiiciiig the effect of

graphic intergrowths. In other places, generally farther away from

the intrusives, replacement of limestone has not been complete, and

the result is crystalline caleite peppered more or less thickly with

roundetl grains or reasonably perfect crystals of idoerase, diopsiile,

some gray montieellite, and locally what was originally wilkeite now
altered to white fibrous crestmoreite. Here also have been found

minute honey-yellow oetahedra of perovskite.

In addition to the more ordinary minerals, reactions with later-

stage solutions have formed a series of hydrothermal minerals of

unusual character. Many of them are hydrated lime silicates, others

are more complex compounds. In this group appear rare minerals

like thaumasite, in thin veins of .slender prismatic crystals ; crest-

moreite and/or riversideite (there is some doubt as to any diflference

between these two), aiipeariug as veins in the interstices of idoerase

crystals and as pod-like masses disseminated in caleite, in the form

of white fibrous material altered from original wilkeite (as shown

by occasional residual cores) or other earlier minerals; jurupaite;

tille.vite; okenite; and others.

In pegmatite contact zones are found the usual garuet-epidote

rock and oceasionall.v borates of the ludwigite type ; some other un-

known magnesium borates or borosilieates in prismatic growths, and
their alteration products; and the tisual abundant wollastonite. In

the pegmatites themselves appear occasional and inconspicuous

zircon, sphene, late-phase zeolites, and prehnite. Rare allanite (var.

treanorite) is found along with iron-rich almandite garnet, and an

altered thorium silicate occurs in one of the larger pegmatites.

The magncsium-ricli layers or zones in the limestone are marked liy

the abundant development of roughl.v oetahedra! grains of briicitc,

in foliated aggregates. These are pseudomorplis after periclase, as

shown by the discovery of some unaltered cores of this mineral.

These are usuall.v of microscopic size, but some have been found

large enough to see with the naked eye. Also present in the mag-
nesium limestones, along fractures of the rock, is liydromagnesite in

flattened radiating clusters of blades, or less commonly, in well-

foriiii'd crystals.

A recent discovery has been made of a strongly silieated portion

of the contact zone made up primarily of fine, sugary white garnet,

with minor iiitergrown wollasloiiile and diopside. and coiilaining

large lenticular masses ol' iicaily |iMre massive brown montieellite

and rare irregular ])atclics of blue cr.vstalline caleit<'. This entire

zone is cut b.v fractures, in some jdaees showing slickensides. These

fractures are filled with a variety of minerals, among which thauma-
site is not uncommon. Other crack walls and slickenside surfaces are

coated with foshagite, in long white fibers, and still others are coated

with a white hydrous calcium silieate-earbonate, thus far unnamed,
in gossamer-thin flaky crystals or aggregates of such flakes. These

are commonly accompanied by a bright blue mineral, also flaky when
individuals develop, but more commonly occurring as a thin coating

over the surface, or mixed like paint with the white material. This is

somewhat similar to the white mineral in composition but contains

also a little copper, and has a ditf'erent structure (as shown b\- X-ray

powder photographs).

Locally, and often near or in the caleite patches, are small

rounded or irregular blebs of sulphides : galena, bornite. ehalcopy-

rite, with all three sometimes intergrown in the same bleb. The galena

is in part altered to cerussite, locally occurring with various lead

or lead-calcium silicates. Of these, minute blue-green or .yellow

prismatic crystals and crystalline crusts have been identified prob-

ably as nasonite, known previously in this country only from Frank-

lin, New Jersey. Another, a ealciiuu-Iead silicate as yet unnamed,

occurs in minute clusters or balls of colorless platy crystals which

are probably monoelinic. iStill other lead silicates appear as finely

fibrous, or as chalky, powdery coatings.

A new find of great interest has recently been made on ci-acking

open one of the boulders on the so-called 91()-foot level of the Com-
mercial quarry. This boulder ajiparentl.v was fairly massive diop-

side-calcite-montieellite-brucite rock which broke along an irregular

fi.ssure lined with crystals, mainly of caleite, but locally with clusters

and bundles of tabular crystals of scawtite, a rare carbonate-silicate

of calcium, first found at Scawt Hill. Antrim, by Tilley, and later

noted in microscopic study in thin-sections from a de|)osit near

Xeihart, Jlontana. The Crestmore occurrence exactly ])arallels that

at Scawt Hill, and has suiiplied crystals good enough to measure

on the goniometer, and b.v X-ra.v methods. The rare mineral afwillite,

occurring in the same matrix, as massive veins and as radiating

clusters of slender ]n'ismatic cr.vstals was identified b.v Drs. Switzer

and Bailey about 1950. The mineral was observed and idriitificd

independently by MurdocU in the Fall of l!lo2.

In spite of the fact thai collecdiug has been going on at Crest-

more for .years, and in general no new (piarrv faces have been avail-

able for hunting, a good number of the rare minerals of this loealit.v

still can be found by indiistrious searching in the oM Commercial
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quarry %viirl;int.'s. Now finds also i-aii still be iiiafk' even now, as

shown by tlip recent diseoverics of iierovskite and scawtite.

In the nearby Jensen (juarry, developed in a somewhat similar

contact nu'tamorphie deposit, a number of interesting minerals have

been founil, including: geikielite, chondrodite, spinel in pinkish

crystals as much as a (piarter of an inch across, phlogopite, and, in

veins through the contact zone, a number of metallic sulphides:

arsenopyrite, sphalerite, pyrrhotite, and gersdorffite. There are per-

haps sixty-odd species in all, but Jensen does not appn^ach Crest-

more in mineral richness.

Occttrrcticcs of Mineral in Amyydaloids. Zeolites of various spe-

cies are rather abundant in Tertiary amygdaloidal basalts at sev-

eral localities in the .southern ]iart of the State. The most widely

known of these is the Red Kock Canyon area, where there is ah
extensive series of ash beds and tuft's and a few interstratified lavas,

some of which are highly vesicular. In some of the vesicular horizons,

the cavities are filled with abundant natrolite in clusters or massive

aggregates of slemler prismatic crystals, usually accompanied by
clear glassy analcime, massive and in well-developed trapezoliedrons.

Locally flesh-colored to nearly colorless phillipsite is fotuid in rather

poor prismatic crystals and also in massive amygdvde fillings. These
minerals are often accompanied by minor amounts of calcitc, quartz,

and chalcedony, and by considerable common opal, nnich of which
has been rendered crumbly by dehydi-atiou. Some cavities are lined

with crusts of green, fiiu'-grained or fibrous minerals, perhaps co-

rnndolphilile or eeladonite or nontronite. In the ad.iacent basalt

occur flaky or platy red-biown grains of iddingsite. Other zeolites

such as thomsonite have been rejiorted from here, but are I'are. Simi-

lar analcinu'-natrolite amygdiilcs are abundant in one of the lava

flows close to till' Sici-ling Borax mine in Tick ('aMyuii.

A greater variety of zeolites and associated minerals has been

observed in the shattered aiul amygdaloidal basalts of the Santa
Monica Mountains west of Cahuenga Pass. Here are extensive frac-

ture coatings and cavity fillings of analcime, natrolite, jjtilolite,

laumoutite, ami stilbite, with plat.v crystals of ai)c])hyllitc and drusy
coatings of pi-ehnite. These are well shown in the Pacific' Electric

quarries in the basalt of Bryish Canyon.

Near Coso Jlol Springs an obsidian flow carries unusiudly hirgc

and .showy lithopliysae, ranging in .size from a quai't. r ol' :iii iurh

in diameter up to 2 or more inches. Many of the largi'st liavc been

caved in by ])ressure of the still viscous lava, producing a curious

geometric fracture pattern in the filling, but most are luibrokcn, and

usually nearly spherical. The filling is a porous nuiss of radiating

slender rod-sliapcil oi'llioclase, associated with splicridilic aggregates

of fine-grained cristobalite or hedge-like clusters of tiny tridymite

jilatcs. A pattern of concentric layering is imposed on the radial

structure, and shrinkage spaces formed parallel to this have their

surfaces abundantly dotted with additional beads of cristobalite

and tridymite. Payalite, in thin jilafy crystals, dark-brown in color,

occurs implanted on these shrinkage surfaces, aiul in general appears

to have been the latest mineral to form.

Rare-Earth Miiirruh. Several occurrences of rare-earth minerals

are known in California. One of the mo.st interesting of these is

in the Southern Pacific Silica quarry at Nuevo. Here, a pipe- or

stock-like pegmatite has a crudely zoned structure, composed of

quartz and abundant pinkish feldspar, thin .sword-like blades of

biotite as mtich as 3 feet long, and large black tourmaline crystals,

separated or in rosette patterns, forming a general margin aromid
a quartz-rich core. All the minerals are considerably shattered and
show a strongly develojied sheet structure. Few uiu-racked frag-

ments of quartz can be fotind more than half an inch thick and more
than an inch in the other dinu»usions. The (piartz is usually white,

with occasional .smoky areas and some fairly extensive patches of rose

color. Some of this quartz, particularly the rose variety, shows
asterism, and on this account is popular with collectors.

The rare-earth minerals occur mostly in the feldspar-rich zone,

along platy fracture surfaces, although some also occur in the qimrtz

mass. The most abiuulant of them is monazite. which appears in

tabular grains and well-developed crystals, amber in color, usually

ver.v small, although some individuals as large as an inch across

have been collected. Often associated with it is cyrtolite, which
usually appears in radiating, partly flattened clusters of minute
crystals of square prisms cajiped by a simple pyramid. In color the

cyrtolite varies from creamy or grayish white to dark green, aiul

generally it is quite opa(iue. Color variation is apparently due to

dilferences in secondary all<'ration. Not uiu-ommonly the cyrtolite

is in ])arallel growth with flat pyramidal xiuiotime, in intergrowths

sometinu^s very distinct and well-foi-med, but deteriorating in per-

fection to the point where the group is merely a nodule with a bare

stiggesfiou of crystal iiatterii. or not even any iiulication of crystal

form liii- either miiu>ral. Samarskite, in crude cr.vstals or small

irri'giibii' masses, has been found here very occa.siouall.v, and colum-
liitc, though prcsiMit. is even less counuou.

The most important rare-earth deposits in the United States are

the newly found bastnaesite occurrences near Mountain Pass, in

northern San Bernardino Count.v, where large bodies of commercial-

grade rock have been uncovered. The rare-earth miiu'rals occtir in

veins in and near contact zones of alkali svi'uile or slionkiuite, as
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wi'U as ill intrusive masses of eai-bonatite. The prineipal rare-i'ai-lh

mineral is bastnaesite, whieh in plaees makes up ten or more percent

of the ore mass. The bastnaesite is pinkish or flesh-eolored, in irregu-

lar grains and masses, with a near-greasy luster. It is associated with

much barite, and with minor amounts of monazite, a little parisite.

and other unidentified cerium carbonates (see also Olson and Pray.

Contribution 3, Cliapter VlII).

Salines of Searles Laic. One of the world's mineraU)^ically ricli-

est saline deposits is at Searles Lake, in San Bernardino County,

where at least 27 mineral species have been recorded. Searles Lake

basin is one of a series of lake basins whieh were large inland fresh-

water lakes. During the Pleistocene glacial epoch, overflow occurred

progressively from northerly to southerly and easterly basins

into Searles Lake (see Blackwelder, Contribution 5, Chapter Y).

Searles Lake basin is one of the lower of the sequence, probably

draining during a part of the Pleistocene into the Panamint basin

and thence into the Death Valley basin. Northerly basins included

Owens Lake, which overflowed into Indian Wells (China Lake)

Valley, which in turn spilled into Searles Lake. Searles was the

recipient of concentrated waters from a .series of basins up-drainage,

and consequently became an accumulation point for much of the

mineral matter originally dissolved in a very great volume of water.

With the lowering of the water level below the spillway rim, con-

tinued evaporation resulted in the deposition of a large and thick

body of salts, still not perfectly solid, but instead saturated by inter-

stitial mother liquor in which the more soluble compounds have

remained. This liquid, continually replenished by seeping of surface

water from the surrounding country, is the source of the numerous

elements, of which potassium is commercially the most important,

whieh are being recovered by chemical processes at the present time

(see Mumford. Contribution 2. Chapter VIII).

The minerals of the area have been identified in the surface crusts

on the lake bed and in drill cores recovered during exploration of

the area. Some borax and ulexite were found in surface deposits.

The rare minerals burkcite, lianksitc, nahcolite, northupite, sehairer-

ite, searlesite. sulphohalitc. and tycbitc have apparently been formed

in tlie subsurface layers of the halite mass by reaction of the mother

liquors with the surrounding halite, trona, glanberite, and other min-

erals of the original jilaya deposits. Some of these minerals have been

found in other deposits, but tycbitc and burkeitc have not bci'n

recorded elsewhere in the world. Ilanksite has recently been found

also in saline evaporation crusts on the shores of Mono Lake.

Cerro Gordo District. The Cerro Gordo iniiie. on the crest of the

Inyo Mountains near their southern end. was an extensive producer

of silver and lead in the late sixties and cai-iy seventies of tlic last

century. Witli exhaustion of the bonanza ores, mining lapsed until

the discovery of zinc carbonate ores in 1911, when mining was re-

vived. In the early days the bullion from the mine was carried across

Owens Lake (now virtually dry) on a small steamer! The common
minerals were galena cairying silver, and cerussite and smithsonite.
Locally tetrahedrite and pyrite were prominent. The unusual min-
erals of the district, which often yielded spectacular .specimens, were
formed in the oxidized zones of the ore. The showy and briglit-

colored minerals were linarite, azurite, malachite, and calcdonite.

Other rare minerals, in general less conspicuous, include atacamite,
aurichalcite, bindheimitc, hydrozincite, leadhillite, mimctitc, and
possibly liroconite and plumbogummite. Other mines nearby in the
district add to this list tctradymite, bournonite, dufrcnoysite, stro-

meyerite, jamesonite, and po.ssibly greenockite. The ores occur in

Tpper Paleozoic limestones as replacement and contact metamorphic
deposits. The nearby Daiwin district lias jiroiluced ores with similar
unusual mineralogy.

Other I'inisHiil Occurrnicrs. The old-time Calico district near
Barstow, in San Bernardino County, was noted for its oxidized
silver ores, particularly cerargyrite with some bromyrite, and
iodyrite, in small but very rich deposits. Practically all remaining
representatives of these minerals are now in the hands of collectors.

In the same Calico Mountains is one of the formerly important
borate deposits, mainly of colemauite, with a little accompanying
howlite and priceite. Nodular masses in cherty limestone layers form
geodes containing strontianite as drusy coatings, with occasional
water-clear crystals of celestite, some of them beautifully formed.

At Red Mountain, south of Randsburg, the California Rand silver

mine produced a considerable amount of silver chloride ore, and at

greater depth, sulfide ore in whieh the principal mineral was the
relatively rare miargyrite, with very minor amounts of proustite
and pyrargyrite. Some of the miargyrite is beautifully crystallized,

showing complex development of forms. The unusual mineral
pyrostilpnite has been found here.

Dumortierite occurs as an important constituent of a pegmatite
dike near Deliesa, in San Diego County. The mineral appears in

lilac-colored prisms, usually forming plume-like aggregates. In part
it is altered to pscudomorphs of muscovitc. The mineral is also found
near Ogilby, in Imperial County, and is as.sociatcd with black tour-

maline in seams of granite in Tcmescal Canyon, near Corona, River-
side County.

Pyrrhotite in noritc (probably a uiagmatic segregatioiO, near
Jnlian in San Diego County, is of particular interest because of the
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prpsoncc ill thi' ore of small aiiKniiits (if violariti' and pentlandite,

identifiable, however, only in polished sections.

Mafrnetite and hematite, usually together, form many ri'latively

small de]«)sits in San Bernardino and eastern Riverside Counties.

One of these, in the Eagle Mountains, is a eommereial .source of iron

for the Kaiser steel plant at Fontana. These ores carry some dissemi-

nated apatite. Other deposits of considerable size occur near Dale,

and in the Kingston Mountains, and scattered elsewhere through San
Bernardino County. Pew of these are at jiresent under development.

San Bernardino and Inyo Counties, particularly, are characterized

by numerous lead-silver deposits in the Panamint, Argus, Slate, and
other ranges in the desert area. In addition to the Cerro Gordo
deposit already mentioned, the deposits of the Darwin ai'ea, the old

Ibex mine, and others, were worked in the early days for their silver

ores. The minerals of these deposits were largely in carbonate ores,

with lesser amounts of primary galena.

Vanadinite and descloizite, with wulfenite and some mincu- ura-

nium minerals, are found in the Vanadium King mine at Camp
Signal, near Guff's Station, San Bernardino County.

The schist in the Sierra Pelona, north of the San Gabriel JIouu-

tains, is locally characterized by the pre.sence of some unusual rain-

eral.s. For example, in San Francisquito Canyon, zones rich in

mariposite or in elinozoisite are found. In the alluvial fans on the

north side of Cajon Pass, the fragments of Pelona schist often carry

picdmoiitite needles so abundant as to color the rock distinctly red.

Associated with the piedmontite here is a coppery red mica, earlier

called allurgite, but most probabl.v a manganian muscovite.

A rather large pegmatite in Paeoima Canyon, in the San Gabriel

Jlountains, is distinguished by the presence of abundant crystals of

zircon, as much as 2 or 3 inches in length, and by platy crystals of

allanite, some imperfect individuals reaching a length of 12 inches.

Numerous small deposits of stibnite are found in the Havilah

and nearby districts in Kern Canyon, San Emigdio Canyon, Jaw-
bone Canyon, and other places largel.v in Kern County. In the

Erskine Creek de])osits, particularly, native antimony has been found
ill notable amounts.

A deposit of cassitcrite, relatively small but rich, was found at

Cajalco in Riverside Count.v, probably in liydrothermal veins asso-

ciated with greisen. This occurrence appears to have been completely

mined out. Smaller deposits are found near Gorman, where cas-

sitcrite appears in dis.seminated grains, or stringers, and rarely in

larger masses, associated with very minor amounts of ludwigite.

Fluorite has been found in fair-sized deposits at various localities

in San Bernardino County, notably the Cave Springs area, Fluorite

is an important component of the ores at Darwin, and also appears
in veins in eastern Riverside County, north of Blythe. The Felix

fluorite mine at Azusa, where vcinlets of green fluorite are accom-
panied by galena, affords at least a fair collecting locality in Los
Angeles County.

An extensive belt of talc deposits, in dolomitic limestones along

or near intrusive contacts, extends, with interruptions, from the

southern end of the Inyo iloiintains at least as far as Silver Lake,

near Baker.

Barite. in massive veins and as platy crystalline aggregates, occurs

abundantly along the sea cliffs of the Palos Verdes Hills. It forms

the gangue of massive veins carrying cinnabar and rare metacin-

nabarite at Red Hill, Orange County. Barite is also the principal

gangue mineral at Lead Mountain, northeast of Barstow, where the

galena ore is accompanied by abundant secondary hemimorphite.

Roughly developed "sand calcite"' crystals can be found in poorly

consolidated tuffaceous layers just north of Ricardo, in Red Rock
Canyon.

Claudetite and arsenolite in well-formed cr.vstals were found as-

sociated with realgar in tuff and ash deposits along the Colorado

River, in eastern Imperial County.

Summary. The minerals found in California make the State

justly world famous for number, variety, and scientific as well as

economic importance of its natural products. Of its more than 535

species, including a large number of "firsts," many occur in south-

ern California. The variet.v of mineral suites serves to emphasize the

striking differences in geologic setting that can be noted in the State.



2. PROBLEMS OF THE METAMORPHIC ANE
Bv Thane H.

INTRODUCTION

The Mojave Desert region, as defined by Baker (1911, pp. 335-

33()), is tlie region of desert plains, mountains, and valleys compris-

ing the extreme southwestern portion of the Great Basin (fig. ll.

It lies entirely within California, including parts of San Bernardino,

Los Angeles and Keru Counties, and embraees an area of approx-

imately IfiO.OOO square miles. Its climate is arid, and the drainage

is interior.

Because much of the geology of this region is imperfectly known,

any di.scussion of the regional aspects of the metamorphic and

igneous rocks must take the form of a progress report. The relatively

few published geological reports describe more or less widely sep-

arated areas, involve investigations of widely differing scales and

qualities, and in general have not been coordinated parts of any
broad, systematic |)rogram of research. Knowledge of the geology

thus is peculiarly spotty, and some apparently critical areas and
subjects have been completely neglected. Present knowledge pro-

vides a basis for some conclusions, but at the same time it points

to numerous problems awaiting solution. This paper is written in an

attempt to focus attention upon .some of these interesting unsolved

problems, as well as to ciillate the conclusions alrca(l,v readied b.y

various woilvcrs.

PRE-TERTIARY METAMORPHIC AND IGNEOUS ROCKS
General Statement

Pre-Tertiary metamorphic and igneous rocks crop out over approx-

imately 25 percent of the region, "With the exception of Quaternary

alluvium, which covers about 60 percent of the region, no other

group of rocks is as important areally. They form virtually the only

record of a long and involved pre-Tertiary history. They also form
the foundation and framework for the Tertiary and Quaternary

stratigraphy and structure, the complexities of which have been

recognized only in recent .vears, and they can be expected to yield

information that should clarify some of those complexities.

The topics to be considered here are : 1 ) the problems of the ages

and correlations of the metamorphic rocks, and the related problems

of pre-Tertiary stratigraphv- and paleogeography ; 2) petrology of

the metamorphic rocks, and the causes of the metamorphism ; 3)

structures of the metamorphic rocks, and their relation to metamor-

phic and igneous activity; 4) the pre-Tertiary volcanic rocks; 5) the
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Technology,
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pre-Tertiary intrusive rocks; (1) ages and corrdMtiuii of llic pliitonic

rocks.

Ages and Correlations of the Metamorphic Rocl<s

Pre-Camhrian Bockf:. North and northeast of the Mojave Desert,

and in its eastern portion, well known Paleozoic sedimentary sections

re.st in different localities upon pre-Cambrian sedimentary, meta-

morphic, and igneous rocks. The pre-Cambrian rocks have not been

studied extensively, but the following facts are known.

Thick sections (up to 11,000 feet) of practically unmetamorphosed

"younger pre-Cambriau" Pahrump sedimentary rocks have been

described from the Kingston Range -" J (Hewett, IfllO). and from

southern Deatli Valley (Noble, 1934; Kupfer, 1951; Wright, ]!)52i.

Noble writes that in the latter area-' these "Algonkian" ,strata rest

unconformabl.v upon "Archeau" schist, gneiss, and granitic rocks.

Kupfer, on the other hand, reports that in the Silurian Hills ^^ the

uinuetamorphosed sedimentary rocks grade into fi'lilspathizcd, in-

truded, and metamorphosed rocks which previous workers called

"Arcbean," More work is needed to reconcile such statements as

these.

Murphy (1932) aiul lIoj)|)cr (1947) describe thick sections of

(lynamothermally metamorphosed pre-Cambrian sediments from the

Panamint Range, "Arcbean" gneisses, schists, marble, giieissoid

granitic rocks, and migmatites underlie Cambrian or Pahrump strata

in nuich of the eastern Mojave Desert, east and south of Death

Valley, Such rocks have been described by Hazzard and Crickmay

(1933) from the Marble,''^ Ship,'*'' and Providence ilountains,'"-' by

Noble (1934) from the Black Mountains and Amargosa Range,^'

by Hazzard and Dosch (1936) from the Piute 3" and Old Woman
Mountains," and by Hewett (19401 from the Kingston Range,^'

The great variety of metamorphosed sedimentary and associated pre-

Cambrian intrusive rocks occurring in these areas, and the local

great thicknesses of metasediments ( for example the Essex series of

Hazzard and Dosch, 1936), strongly suggest a complicated history

for the "Arehean" rocks. Furthermore, the simple classification of

the "pre-Cambrian" rocks as "Arehean" if they are intensely meta-

morphosed and "Algonkian" if they are mildly metamorphosed may
well be open to some question.

The relation of the "Arehean" gneisses to the pre-Cambrian

metasediments of the Panamint Range is unknown. The latter were

divided by Hopper (1947), in part following Murphy (1932), into

three units, the Telescope group, Surpri.se formation, and Panamint

t Numbers following geographic names are shown in figure 1 at the locations of
the geographic features mentioned.

(13)
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12 Black Mountain

13 Goldslone

i4 Paradise Mountoms

5 Lone Mountom

16 Cohco Mountains

i7 Sid«Mind«f Mine

i8 Ord Moonlams

19 Sor> BB'nordmo Ronge

20 Benemer Bosm

21 Pitgon Crot«r

22 Cody Mountomt

23 CrOfli»« BO«in

24 ftivord Mountains

25 Tiaforl Mountom

26
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inetaiin>rj)liio eoiiiplex, from youngest to oldest. Noble (1934, p. 174)

has suf!'o:ested tliat the Telescope <;roup iiiay ((irrclato with the

"Algonkian" Pahruinp strata.

The author feels that the available evidence suggests lli.il I hi' \tfv-

Cambriau rocks of the eastern Mojave Desert and the region to tlic

north record a complex history of events separated by space and

time. Thus far only hints of that history have been deciphered, but

enough is known to suggest that the most promising areas for further

study lie in tlie Panaiiiint Range ami in the sdutlicrn Death Valley

region.

In contrast to tlie situation in the eastern Mojave Desert, no early

Paleozoic, strata have been recognized in the central and western

iMo.i'ave Desert. There the base of known Paleozoic roeks apparently

has not been seen, and no rocks are proven to be unqiu'stionably

pre-Canibrian. Figure 2 shows the portions of the Mo,iave Desert in

which the base of the Paleozoic has been mapped or whei-e such rocks

liave been seen resting unconformably upon pre-Cambrian rocks.

Clearly a pre-Cambrian age assignment for a given rock of the cen-

tral or western Mo.jave Desert cannot be based ui>iin any strati-

graphic evidence now available.

The known Paleozoic roeks of the central ami western Jlojave

Desert are dyuamothermally or thermally metamorphosed sedimen-

tary and volcanic rocks which are locally, but commonly, migmatized

and in.iected near igneous contacts. They range from highly foliated

to practically nnfoliated. Petrologically similar rocks that have

yielded no fossils are iincstiomdily assign<'d to the Paleozoic or

Mesozoic.

In the same region with these known and ]U'obable Paleozoic

rocks, are considerable areas of strongly foliated schists and gneisses

of unknown age. Examples are the Rand schist and Johannesburg

gneiss of the Randsburg district* (Hulin. 192.^, pp. 1-29), and other

rocks that have been observed by Gardner (1940, p, 2G4i in the

Bessemer basin,-" aiul by the writer in the Alvord Mountains,-*

Tiefort jrountains,-'" and Cronise basin. -^ These rocks, some of them

granitic gneisses, are more highly deformed ami more extensively

altered than most of the proven Paleozoic rocks of the central Mojave

region, and tliey are similar in appearance and petrology to some of

the "Archean" rocks of the eastern Mojave. They have been termed

Iire-Cambrian by various investigators because of these similarities,

or because of their petrologic contrasts with known Paleozoic mcta-

morphic rocks. Although these age assigniiinits may prove to be

correct in some or all instances, it should be kejit in mind that, at

present, trustworthy stratigraphie evidence of pre-Camhrian age is

lacking in tin ]ilral and western .Moj.ivi- Desert. .\s outlined below.

some of these roeks could be early Paleozoic instead of ]n-c.Cambrian

in age.

ralcozoic Rocks* In those i)arts of the eastern Mojave^ Desert

where pre-Cambrian roeks are known to exist, they are, or were at

one time, overlain by fossiliferous Paleozoic sediuumtary rocks. Tlie

]irincipal stratigraphie relations of these roeks, which are only loc-ally

metamorphosed in contact zones next to Mesozoic plutonic intrusions,

are known from careful studies in several areas. The stratigraphie

relations and lithologies are diagramatically shown in the cobnnnar

sections of tigurc 2. With the excei)tion of the predominantly clastic

lower part of the Cambrian, especially the thick elastic sections in

the Nopah, Resting Springs, and Pauamint Ranges (north and

northeast of the Mojave Desert), these unmetamorphosed Paleozoic

strata are predominantly carbonate sedimentary rocks. Clastic incre-

ments are relatively unimportant, and volcanic and pyroclastic ma-

terials are absent.

As in the case of the |ire-t 'ambrian roeks, there is a striking con-

trast between the Paleozoic rocks of the eastern and central ])arts of

the Mojave Desert. The known and probable Paleozoic rocks of the

central Mojave are poorly nndcr.stood, rarel.v contain identitiable

fossils, and are dyuamothermally or thermally metamorphosed on

a regional scale. They occur as roof pendants and septa partially

engulfed b.v Mesozoic plutons, and generally are complexly folded

and faidted. Po.ssils thus far found and identified from tliese rem-

nants of Paleozoic rocks range from Mississippian (?) (Woodford

and Ilarriss, 1928, p. 270) to Permian (Bowen, 1954). Xo fossil-

iferous rocks older than Carboniferous have been reported to date.

Although most of the nine fossiliferous Paleozoic iniits known

to the writer in the central Mojave Desert are limestone or marble,

these roeks are generally associated with hornfelsed argilla<-eous

dolomite and notable or predominant amounts of metamorphosed

pelitic sediments (schist or hornfels), ([uartzite, meta-arkose. and

meta-eonglomerate. Metamorphosed volcanic i-ocks are minor but

notable associates. The following are representative examples of

thick sections containing metamorphosed clastic sediments: On the

northeastern slope of the Calico I\Iountains 25,000-f feet of api)ar-

ently conformable .strata, of which at least half are late Paleozoic

in age, consist of 60 percent metamorphosed clastic sediments, 24

percent raeta-voleanics, and minor anunnits of mai-ble and lime-

silicate hornfels (McCulloh. 19.V2, p. I:i:i9l. 'I'lic typ.. sc.-lii.n of the

Oro Grande series" (Ilershey, 1902, p. 2H.S ; Baker. 1911. |). :«(>

;

liowen, 19."i4) contains a large ])roportion of (piartzite and sehi.st.

On the northern slope of the San Bernardino Range '" the thick

Saragossa and Arraslre (piartzite formations ( \'auglian, 1922. pp.

• See also Merrian». CfnHriljiitinn 2. Cliapli'
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352-361; Woodford and Ilarriss, 1928, p. 270) and associated Missis-

sippian (?) Furnaee limestone invite further attention.

The stratigraphic relations among- these and the other known and

suspected Paleozoie metamorphie roeks in the central Mojave Desert

are so poorly understood tliat it would be pointless, and in fact mis-

leadiu".', for the writer to attempt to correlate from one imperfectly

known section to the next. Inasmuch as such correlations constitute

some of the more important and interesting unsolved problems of

the regiou, however, specific facts concerning some of the better

known sections will illustrate the kind of problems encountered, and

might suggest possible answers to some of them.

In figure 2, the 25,000+ foot section of metamorphosed sedimen-

tary and volcanic roeks of the northeastern Calico Mountains '" is

diagrammatically compared with the unmetamorphosed Paleozoic

sections of the eastern Mojave Desert and the region to the north.

Poorly preserved circular crinoid stems near the middle of this sec-

tion .suggest a late Paleozoic age, and heavy-shelled, ribbed mollusks

in rocks which are either older or younger than the principal section

indicate that 12,000+ feet of these predominantly elastic metasedi-

ments ai-e post-Cambrian. As the entire post-Cambrian Paleozoic

section of the eastern Mojave Desert is characterized by carbonate

rocks which at no place total more than 8000 feet in thickness, the

metamorphosed clastic sediments of the central Mojave Desert are

evidence of a westward coarsening and tliickening of a part of the

younger Paleozoic strata. The thick meta-arkose units, characterized

by detrital feldspar and accessory detrital zircon and tourmaline,

and the local occurrence of granitoid pebbles in meta-conglomerate

suggest that the source of these sediments was an area containing

granitic or metamorphie roeks. Consideration of the distribution of

known Paleozoic sedimentary rocks, coupled with their westward

thickening and coarsening, strongly suggests that the source area

was situated west of the site of deposition.

Bowen (1954) describes several metamorphie units, which he

considers to be of Paleozoic age, from the Barstow quadrangle, sovith-

west of the Calico Mountains. Only the two units that are fossil-

iferous are discussed in detail here.

The 23.30+ feet of dolomite, marble. <iuartzite. mica schist, and

lime-silicate hornfels (Bowen. 1954) just east of Oro Grande" were

first described by llersliey (1902. pp. 287-288), who referred them

to the Cambrian because of lithologic similarity to Cambrian quartz-

ite in western Nevada. Baker (1911, p. 33li) named these rocks the

Oro Grande series, described them somewiiat more full.v, and cau-

tiously refrained from correlating them. ^Miller (1944) reported

finding crinoid stems in marbles of the type section, and suggested

that the rocks are Carboniferous. Bowen has found more fossils

near the tyi)e section, and has substantiated Miller's report. The

relation of the ( tro (Iraiide series to the Calico .Mountains section

is unknown. The criiund stems in both .sections suggest a younger

Paleozoie age for parts of each, but the sequence of lithologic tinits

in the Oro Grande .series has not been recognized in the Calico

Mountains section. The thick quartzite and mica schist units of the

Oro Grande series have no lithologic analogues in the Carbonirerons

sections of the eastern Mojave Desert, and provide ftirther evidence

of westward coarsening of the late Paleozoic strata.

The type section of the Fairview Valley formation'' (Bowen,

19541. located in the eastern part of the Barstow quadrangle, con-

sists of 6000+ feet of mildly metamorphosed conglomerate and horn-

felsed fine-grained limy clastic sediments. The basal beds are re-

ported by Bowen to rest unconformably upon unfossiliferous mas-

sive limestones and quartzites that are correlated with the Oro

Grande series, and to contain well-rounded pebbles of porphyritic

andesite and leucogranite in addition to some of quartzite aiul lime-

stone. Clasts of granite, aplite, quartzite, and limestone are reported

from strata higher in the section, and fossils collected by Bowen and

others from limestone clasts in conglomerate that is high in the

section are reported by C. W. Merriam (oral communication, 1953)

to represent a typical Lower Permian fauna. A few fossils reportedly

collected from the matrix of this conglomerate are also Permian, but

may have been reworked from older sediments. Triassic ( ?) volcanic

rocks are j'ounger thati this formation.

Bowen has concluded that the age of the P'airview Valley forma-

tion is Permian, but the writer considers that the available evidence

permits an assignment to either the Mesozoic or the Permian. The

unconformity reported by Bowen at the base of the formation is of

considerable regional interest, especially in view of the granitic clasts

in the overlying conglomerate. If the age of the formation can be

unequivocally deterndned, a Pernnan or Mesozoic structural event

of first-order importance will be dated. Whether or not the rocks

can be dated more precisely tluin post-lower Permian does not alter

the conclusion that major diastrophism, sufficient to allow erosion

of considerable areas of Permian sedimentary rocks and important

areas of pre-Permian granitic rocks, occurred in late Permian or

early Mesozoic time. Without precise dating and more complete

knowledge of the original areal extent of the formation, conclusions

regarding the location of the source area can be only careful guesses.

The factors that led to the conclusion that the clastic mela-sediments

of the Calico Mountains Paleozoic section were derived from sources

to the west can be extended, with somewhat h'ss assurance, to the

Fairview Valley formation.

Evidence now available thus indicates that the nu'tanu)rj)hosed

late Paleozoic strata of the central Mojave Desert are the thicker

and MKire clastii' ei|uivalcnts id' prcddniiuaiitly carbonate sections i>f
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the eastern Mojave Desert and the regions to the north. The more
westerly .sediments were deposited in a mobile area adjaeent to a

land mass from which large quantities of limestone, chert, quartzite,

and frranitie debris were being eroded for considerable intervals of

late Paleozoic time. This land mass was situated somewhere to the

west of the .site of deposition. Determination of its position, bound-
aries, and area, and of the boundaries of the region of marine depo-

sition comprises two of the most fundamental problems to be solved

through a study of the metamorphic rocks of the !\Io.jave Desert.

Several otiier areas of known or probabh' liitc I'aleozoic rocks.

when they have been adequately mapped, may well provide essen-

tial information to add to the rather nebulous picture described

above. Such areas are the northern part of the San Bernardino
Range,'» Ord Jlountain * south of Victorville (Noble, 19^2, p. 356),
the Shadow Mountains ' northwest of Victurvillc, and tiic Goldstone
area '' :iO miles north of Barstow.

Pre-C'arbouiferous Paleozoic rocks ha\c not been found in the

Moja\'e Desei-t far west of the longitude of Baker. In the light of

present knowledge, their apparent absence from the central and
western Mojave Desert might be explained in several ways. First,

pre-Carbonifcrous Paleozoic sediments may have been deposited, and
subseqnentl}' so thoroughly and extensively mctamoriihosed that

they have not yielded recognizable fossils. Secoml. sm-h rocks may
have been deposited, and then elevated and eroded |)i'ior to or dur-
ing; di'pdsilioii of the younger Paleozoic strata. Third, .such rocks
may never have been deposited in this region.

The character, thickness, and distribution nf the prc-Carbouifer-

ous Paleozoic strata of the ea.stern Mojave Desert (fig. 2) suggests

that the area of deposition of these .strata originally extended a

considerable distance we.st of their present westernmost outcrops.

That tliey may have covered .some of the central Mojave Desert
seems a plausible assuinption. The abundance of si'diirieutary and
granitic elastic debris in the younger Paleozoic rocks of the central

Mojave De.sert implies that much of any preexisting jirc-Carbonifer-

ous Paleozoic cover was stripped from the source area, which lay an
unknown di.stance farther we.st. If the older Paleozoic strata were
similarly stripped from the central Mojave Desert, tluit event is not

reflected in the predominantly non-clastic characler of the Paleozoic

sections in the eastern Mojave De.sert and in the i-e^iiou In Ihi' noi-lh.

These considerations lead to the tentati\e iipininii Ih.it |ii-e-( 'iii-liniiir

erous sedimentary rocks were deposited in the area of tlic central

Mojave Desert, and that they were probably not eroded prior to

deposition of the known younger Paleozoic nietamorpliii' rocks.

If tliis opinion is correct, perhaps some of the undated mcta-

morphii' i-oeks of tlie central Mojavi' Desert are aeliially e.irly

Paleozoic rocks in which fossils have not been recognized. For
example, the folded, extremely foliated, and thoroughly recrystal-

lized marbles, quartzites, and gneisses of the Hinkley Complex '^

(Miller, 1944, p. 79) could be of older Paleozoic age. Miller, in his

original description, assigned these rocks, on unsatisfactory grounds,

to the pre-Cambrian. Later (Jliller, 1946, pp. 503-.")04) he correlated

them, for alnio.st equally unsatisfactory reason.s, with the question-

ably Carboniferous metasediments of the Paradise Mountains." If

their markedly greater degree of deformation through shearing can

be trusted to reflect a greater age, the rocks of the Hinkley Com-
plex .should be considered older than the fossiliferous late Paleozoic

rocks of adjoining areas. As such, they could be either pre-Cambrian

or early Paleozoic in age. Careful structural and stratigraphic

studies will be needed to test this hypothesis. After much more care-

ful work, similar arguments might be applied to some of the other

inidated metamorphic rocks of the central and western Mojave re-

gion, such as the Rand Schist * (liulin, 192.5, pp. 23-311 and thi>

Ilodge metavolcauic series'" (Bowen, 1954).

Mesozoic i<lr(ilii. Dated Mesozoic strata arc rare in the eastei-n

part of the region, and have not been proven, on palcontologic

grounds, to exist in the central and western Jlojave Desert. The only

fossilifer(nis Ti'iassic rocks thus far recognized are the 1000 feet of

liiiiestone, shale, and sandstone of the Providence Mountains'"

( Iliizzard, 1936, p. 329). Ilewett reports (oral eominnnicafion, 1953)

that Triassic and .Inra.ssic formations have been mapped southwest-

ward from the Goodsprings quadrangle, Nevada, as far as the Ivau-

l)ah Range,'*'' where the Aztec sandstone is overlain by presumably
Jurassic volcanic rocks,

Mesozoic metavolcanics (Ord Mountain group and Sidewinder

metavolcanics) intrude and overlap the post-Lower Permian Fair-

view Valley formation in the eastern Barstow quadrangle '' (Bowen,

1954), and are intruded by Mesozoic quartz monzonite in the Bar-

stow (|nadrangle and in the Ord Mountains area '* .southeast of

Barstow (Gaidner, 194(1, \i. 270), The metavolcanics consist of a

thick sequence of altere<l andesite, dacite. and rliyolite flows, and

some volcanic breccias.

Petrology of the Metamorphic Rocks

Little information has been indilished about the nuneralogy and
pi'lrology of the wide variety of metaraorjihic rocks discussed jiluivc.

and a few general slalenients will suffice to suininarize iMirrcnt

knowledge and ojiinion.

The "Arehean" rocks of the eastern ilojave Desi'rt have been

studied in detail at only one locality, in the Ivanpah Mountains ''

( Shni p and Pray, 1952). where they consist of a metamoriihic com-



Chapl. \'II| MBTA.MnltnilC AX!) IGNEOUS ROCKS, MOJAVE DKSEKT—McClM.l.i HI 19

plex of foliated fcldsiiiitliic t;iu'iss, (|iiiirt/.-niica schist, aiii|iliili(ile

schist, and foliated pefrmatifie botlies,

Silication of " Algoiikian'' .silieeoiis and silica-poor doloniitc to

tale-treniolite-serpentine rock and tremolite-feldspar rock along the

borders of "Algonkian" diabase sills in southern Death Valley-"

has been ascribed primarily to introduction of MgO, Si02, AI2O3,

K^.O, and probably Xa^.O from the diabase magma (Wright, 1952,

p. 1347). Details of the mineral assemblages and textural relations

are needed to reach conclnsioTis eoncerning mctamorpliic grade or

facies.

Aside from such pre-('anibriaii contact mctamorphism, the younger

]ire-('andiriau Pahrump strata of southern Death Valley are usually

unnu'tamorphosed. However, tlie writer has observed that feldspatliic

sandstone has been recrystallized to biotite-quartz-plagioclase lioru-

fels near contacts with quartz diorite ou the northern slopes of tlie

Avawatz Mountains.-'^ Considerable work should be done to deter-

mine the areal distribution and grades of these metam(U'|)hic rocks,

as well as the age of metamorphism. No data relating to the pe-

trology of the reported gradation between Pahrump strata and tlic

"Archean" gneisses in the Silurian Hills '" (Kupfer, 19.')!, p. 1491)}

are published.

The Paleozoic aud Mesozoic strata of the eastern Mojave Desert

arc only locally metamorphosed in thin contact zones ad.jaeent to

Mesozoic plntonic rocks, whereas the equivalent strata in the central

Mo,iave Desert nsuall.v show eviilenc(! of one or more periods of

regional thermal or dynamothermal metamorphism. So far as the

writer knows, the only extensive petrographic study of metamor-

phosed Paleozoic rocks of any part of the central Mo.iave Desert has

been his own work on the metamorpbie roeks of the Lane Jlountain

quadrangle.'" w4ierc two different periods of progressive metamor-

phism are di.seernible. .\n older, dynamothermal, metamorphism was

particularly intense along pre-intrusive imbricate fault zones, where

different rock t.vpes were recrystallized to various kinds of schists

and amphibolites, cliaraclcrized bv shear folds and lineal inn land

(dongation) parallel to the fold axes. The effects of a youngiT tlici--

mal metamorphism, unaccompanied by significant shearing, arc

manifested in the nearly uniform recrvstallizatiou of all rocks to

hornfels. qnartzite, marble, or amphibolite. depeiuling upon original

composition. The abundant minerals arc plagioclase, orthoclase or

microidine, quartz, calcite, wollastoiute. diopsidc, hcdenbergitc,

tremolite, horidjlende, biotite, muscovitc, scapolite, aud grossvdarite.

In rare rocks of appropriate coinjmsition forstcrite, spinel, and

cordierite have been found. All the mineral assend)Iagcs are appro-

l)riate to the eordierite-antho])hyllile subfacies of the amiihibolite

facies. Preservation of rclii' slratifii'ation. clastic textures, ami rari'Iy

of fossils indicates thai the si'coiid phase of mctaiiiiii-phisui was not

accompanied by great shearing stress. The apparently stable associ-

ation of qtuirtz and calcite far from intrusive contacts, and their

universal reaction to form wollastonite nearer those contacts, support

the supposition that the thermal energy necessary for the metamor-

phism had its source in intrusive igneous masses.

Conclusions regarding regional distribution of metamorpbie i-ocks

of different grades must await further field and petrograpliie work.

Reconnaissance of parts of the central Mo.jave region suggest that

the metamorphic rocks of the El Paso Range," Rand Mountains,* and

Shadow Mountains ' ap|iear particularly worthy of such study at this

lillH'.

Structures of the Metamorphic Rocks

The mctamoiqihosed Paleozoic sedimentary rocks of I he central

Mojave region were folded and faulted jirior to emplacement of

Me.sozoic plntonic rocks. The Oro Grande series in the type area °

and the roof pendants of the Lane Mountain quadrangle '"' contain

accessible illustrative examples of such pre-iidrusive structures.

Rowen (1954) believes that two periods of pre-intrusive folds are

discernible in the Barstow quadrangle. He concludes that rather

gentle northeast-trending folds resulted from late Paleozoic orogeny,

and that Mesozoic folding occurred along northwest trends. In the

region north of the Barstow quadrangle, northwest- to northeast-

trending folds appear to have been formed during a single period

of deformation.

The significances of the foliation, tight recumbent folds, and linea-

tion of such I'ocks as the Ilinkley complex meta-sediments " and the

Rand schist'' arc iu)t known. The contrast between these and the

usually mildly foliated late Paleozoic metamorphic roeks could be

interpreted as the exiiressiou of a pre-Carboiiiferous period of dyna-

mothermal metamorphism. On the other haml, the greater degree

of defornuition may be simply the result of ditTereuees in competence

or structural position. In the absence of careful detailed mapping

and regional study, the writer feels that no generalizations are

.justified. A fertile field awaits those intcrcstecl in sfrnctural pe-

trology.

The structures of tlu' metamorphic rocks studied by the writer

usually show no iiulieation of origin through stresses imposed on

their walls by forceful intrusion of igneous magma, even immediately

ad.iaceiit to cinitaets \\\\\\ |ilnt(iuic roeks.

Pre-Tertiary Volcanic Rocks

Although pre-Candiriau rocks are fairly wMdesiircad in the ea.stcrn

Mo.iave Desert, volcaidc rocks have not been rei)orted among them.

The unmetainiirplinsed Talecizoic sedimcufary rocks nf the eastern
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irojavc Dt'si'i't and tin- ri'irion to tlic imrtli also contain no volcanic or

p.yroplastic' material, b\it the iiu'tamoriihoscil section of the Calico

Mountains '" does contain important tliicknesses of meta-andesite and
meta-basalt in three widely separated zones (MeCulloh. 1952). Fur-

ther, the thick section in the El Paso Kange •* includes units of

miklly metamorpliosed volcanic rocks above and below a central

fossiliferous zone that has yielded a Permian fauna (Dibblee, 1952).

Much work remains to be done to determine the time range of the

Paleozoic volcanic rocks, and to determine the geographic limits of

the area of voleanism. Moreover, it is desirable to establish the rela-

tionship between the area of voleanism and that of late Paleozoic

clastic sedimentation. It appears signiticant that the Paleozoic strata

of the eastern Mo.]'avc region are mo.stly unmetamorphosed carbonate

rocks without volcanic material, whereas those of the central Mo.javc

Desert occur in much thicker, regionall.v metamorphosed sections

containing major proportions of clastic material, and associated with

volcanic rocks. It also ma.y not be accidental that large-scale in-

trusion of Mesozoie plutonic rocks was fairly well restricted to the

central Mojave Desert and to the regions farther west.

The Lower Triassie sedimentary rocks of the Providence Moun-
tains ^^ (Hazzard, 19.3fi, p. 329) are unaccompanied by Mesozoie

volcanic rocks. However, coarse agglomerate overlies the Jurassic

Aztec sandstone in the Ivanpah Moinitains ^^ (Hewett, oral com-

munication, 1953), and similar rocks at Old Dad Mountain,^^ south-

cast of Baker, are described by Hazzard, et al. (1937, p. 279) as

1000 to 2000 feet of altered basic and acid lava flows, agglomerate,

and tuffaceous (?) slates with marble, which are intruded by

"Jurassic (?) granite." These investigators correlate the volcanic

rocks of Old Dad Mountain with similar rocks at Ord Mountain,'*

and note that their age is "Triassie or Jurassic, rather than ])rc-

Cambrian or Paleozoic—becau.se a) the rocks lack the widesjircad

high-degree metamorphism characteristic of the Archean and show-

no siniilarit.v with known Algonkian beds; b) no Paleozoic volcanics

are known an.vwhere within the region; c) the rocks are intruded

bv Jurassic (?) plutonics having similar relations in the different

areas." Gardner (1940, pp. 2()()-270) described the "Ord Mountain
Group" of andesitic flows, tuffs, and breccia and hypabyssal inlni-

sive rucks in soiiicwliat greater (leliiil, Mnd rcjicated the reasons

given bv Hazzard, et al. for their .Mesozoie age. Boweu (1954) I'or-

rclatcs the post-Lower Permian Sidewinder mefavolcanics of I he

southeastern ISarstow quadrangle '' with the Ord Mountain group,

and concludes that they are (|uestioiiabl.y Triassie.

More precise dating and correlations of these rocks are desirable.

Some of them are almost certainl.v Jurassic, and others nia.v be .in-

rassic or Triassie. Their relations to Mesozoie inetavolcanics <iulsi(li'

the regi<iii. in the Inyo .Mcjuutains (Knopf. 191S. pp. 47-4S i and

in the Santa Ana Mountains (Larsen. 1948, p. IS), and to question-

able or possible correlatives in the central Mo.iave Desert, such as

the Hodge metavolcanics series'" ( Bowen, 1954), are prerequisite

to an understanding of the regional geologic history.

Pre-Tertiary Intrusive Rocks

Pre-Cambi'ian intrtisive or eruptive rocks have been specifically

described from only three localities in the eastern Mojave Desert.

The Fenner gneiss, a granitic augen gneiss exposed in the Piute ^"

and Old AVoman Mountains,-" and at C'hubbock on the Santa Fe
Railway, was thought by Hazzard and Dosch (193(!, p. 308) to have
"—intruded Essex Series prior to metamorphism of both," and

before deposition of Lower Cambrian strata. The ""Algonkian"

diabase sills of southern Death Valley-' (Wright, 1952. pp. 1347-

1348) have been mentioned above. Alkaline rocks, ranging from
syenite to shonkinite. intrude a pre-Canibrian gneissic complex at

Mountain Pass in the Ivanpah Mountains.-''' These rocks have been

carefully studied (Sharp and Pray, 1952; Olson, et al., 19.52) be-

cause of their association with veins and an intrusive carbonatite

containing bastnaesite and other rare-earth minerals. Xo age assign-

ment has been made, but recent radioactive age determinations of

monazite suggest a pre-Cambrian age for the intrusive carbonatite

and related alkaline rocks (D. F. Hewett, oral communication).

Paleozoic intrusive rocks apparently do not occur in the eastern

Mojave Desert. In the central Mojave Desert, the presence of vol-

canic flows a.s.sociated w-ith Paleozoic nietamor])hoscd sediments

suggests that Paleozoic intrusive rocks are also to be cxpccteil.

although none have biM-n recognized to date.

The outstanding phase of intrusive activity evidenced in the

Mojave Desert occurred in middle or late ilesozoic time, and re-

sulted in the emplacement of enormous volumes of plutonic igneous

roclvS of normal calc-alkaline mineralogy. These rocks are probably

more abundant in the basement complex of the central and western

Mojave Desert than in the eastern part. They a])|)car to be spatially

and mincralogicall.v related to the plutonic igneous rocks of the

Sierra Nevada and Peninsular Kanges of California, and are of

roughly the same age.

The most mafic Mesozoie rock examined b.v the writer is an

almost black poikilitic perknite composed of nearly equal quantities

of magiu'sian olivine, hypersthene, and hornblende with only aliout

15 ])crcent of eah'ic labradcu'ite. This rock occurs in a snudl i)atch

of gabbroie rocks at the south end of the Paradise Uange.'-* It grades

through olivine-hyperstheiu'-hornblende gabbro and hornblende dio-

rite to areall.v more abinidant bii>tile-hornblende ipiartz diorite.
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These geiii'liciilly ri'lated rocks ai-i' intrusive into I'alcozoie mota-

morphie rocks, and are themselves iiitr\iiled by liornblende-biotite

quartz nionzonite whicli grades into s'rauodiorite. The latter rocks

are intruded in turn by light gray biotite quartz monzonite or

granite. This perknite-to-granite range of plutonie rock types, as

found in the Paradise Range, encompasses all of the unaltered ruck

types, except dike rocks, thus far reported from the Mesozoic plu-

tons of the Mojave Desert region.

Although it is known that the Mesozoic plutonie rocks of the

Mojave Desert range in composition from nearly ultrabasic to very

silicic, quantitative data on the relative abundances of the dif-

ferent rock types are lacking because of incomplete mapping. The
author estimates, on the basis of reconnaissance observations, that

leucoeratic quartz monzonite or granite has an areal abundance

many times greater than that of any other intrusive rock type,

and that diorite and gabbro are far less abundant. The pre-

ponderance of leucoeratic quartz monzonite over other rock types

is reflected in the relatively large number of bodies of this

rock type reported by various investigators from over the entire

Mojave Desert. Examples include the Cactus granite (Vaughan,

1922, p. 36.3; Woodford and Harriss, 1028, p. 271; Miller, 1946,

p. 472; fiardner, 1940, p. 273), Victorville quartz monzonite (Mil-

ler, 1944, p. 105), Atolia quartz monzonite (Hulin, 192.5, p. 33),

Teutonia quartz monzonite (llewett, 1954), and White Tanks gran-

ite (Miller, 1946, p. 493). All of these units, and others that are

unmentioned in the literature, are structurally, texturally, and

mineralogically similar if not nearly identical. The significance of

their similarities, and especially of their areal preponderance over

the wide variety of more basic types, is worthy of carefid study.

In the Lane ^Mountain quailrangle ''' rocks of the gabbro-quartz

diorite complex are characterized by mineralogical and textural

variability. Jlincralogical composition varies notably, and .soiuetinn-s

rapidly, within individual plutons, and commonly the more silicic

variants contain abundant irregular schlicicn which grade into iden-

tifiable nietamorphic inclusions near the plnton walls. Local grada-

tional wall-rock contacts and evidence of replacement of wall rocks

by hybrid quartz diorite. the gradations between schlieren and

xenoliths, and compositional variability near contacts suggest that

replacement and assimilation were important mechanisms in the

development of this rock. On the other hand, alignment of platy

inclusions in the plutonie rock jiarallel to the pluton walls, rather

than to wall-rock structure, suggests viscous magraatic tlow. In con-

trast to the diorite-quartz diorite, jihitons of the leucoeratic biotite

quartz monzonite are characterized by textural and conqiositioiud

uniformity. Inclusions are very rai-e except ininiediatcly adjacent to

the usually knife-sharp contacts with mctamorpliic and igneous wall-

rocks, where some of them can be seen to have been stoped by mobile

homogeneous nuigma. Piecemeal magmatic sloping appears to have

been the principal mode of emplacement of at least the peripheral

parts of these ])lutons. sonu' of which are of liatholithic dimensions.

Evidence of forceful intrusion of viscous magma is not usually .seen,

although local wall-rock mylonitization or crumpling at contacts with

plutonie rock, and flow structures in the contiguous igneous roek,

suggest that forceful intrusion oceasioiudly played a part.

Ages of ttie IVlesozoic Plutonic Rocks

The ]n-oblem of thc> ages of the Mesozoic |)lntnnic rocks of the

Mojave Desert is part of the broader problem of the ages of such

rocks throughout the southwestern Cordillera, including the western

Great Basin, the Sierra Nevada, and the Peninsular Ranges of

southern California and Baja California. Stratigraphic evidence

within the Mojave Desert does not allow precise dating of the plu-

tonie rocks. Hewett writes (1939, p. 1951) that at the eastern edge

of the region "Mesozoic sedimentary rocks, culnunating in Upper

Jurassic sandstone, attain 8000 feef in thickness and are involved

in major thrust faulting. "An extensive sill of quartz monzonite,

intruded on a major thrust fault,
— " indicates that quartz monzonite

was emplaced following diasti-ophism that involved Jurassic Aztec

sandstone, and that the intrasive rock is therefore Tapper Jiu'assic or

younger. The exact age of the diastrophism that preceded intrusion

is not known.

Comparable thi-usl faults and assoeiati'd features, aiqiarently in

the same structural belt, were formed between late Jurassic and

early Tertiary times in the Muddy Mountains. Nevada (Longwell,

1949, p. 965). Longwell has cited evidence which indicates that at

least two phases of diastrophism were resiionsible for these struc-

tures, one in late Jurassic or pre-T?ear River Cretaceous time, the

other in Upper Cretaceous or Tertiary time. Probably we do not have

sufficient stratigraphic data to decide wlieiluT the pn'-intrnsive

thrust faults and associated structures el' the eastern ilojave Desert

were formed during either of the diastnqihii- iihases dated in the

Muddy iMountaius, Therefore, the intrusive rocks themselves cannot

be dated, on stratigraphic evidence. nu)re (dosely than late Jurassic

to early Tertiary, although they are most probably Mesozoic.

In the central Mojave Desert probable Triassic or Jurassic meta-

volcanie rocks are inti-n<led by plutonie igneous rocks that are there-

fore late Mesozoic or Tertiary in age. The plutonie rocks of the

western Mojave Desert, siuilli of the Gaidock faidt, cannot be dated

even this closely.
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The (liscovcry of radioactive iiiiinTals in plutoiiie roeks at several

localities in the southeastern ami central ;\Iojave Desert gives hope
that radioaetive age determinations will provide additional and pos-

sibly more satisfactorj- bases for dating the intrusive rocks. Hewett
rejjorts (oral eonimuiiication. IflfjIV) tliat betafite from a granitic

pegmatite in the Gady Mountains -- has been determined to indicate

a Jurassic age.

TERTIARY AND QUATERNARY IGNEOUS ROCKS
General Statement

Lavas, pyroelastic roeks. and hyjiabyssal intrusive rocks are areally

important constituents among the Tertiary and Quaternary forma-

tions of the Mojave Desert. Tliese rocks range in composition from

basalt to rhyolite. and in age from middle ilioeene, or perhaps older,

to practically Recent. However, the petrologic and stratigraphic

relations of many, perhaps even most, of these rocks are unstudied.

The following problems of the Tertiary igneous rocks are discussed

here: 1) distribution of volcanic rocks in space and time; 2) composi-

tional variations; .3) hypabvssal iiitrusives; 4) volcani.sm and ore

deposits.

Distribution of Volcanic Rocks

Tertiary volcanic rocks occur in discontinuous patches and strips

over much of the Mojave Desert, fi'om the southwestern corner of

the region to. and beyond, its eastern edge. In tlie western Antelope

Valley,' the westernmost portion of the rcgiou, Wicso and Pine

(]9;)(), p. 1(544) describe about .5000 feet of andesitic lavas resting

on granite 7 miles east of Quail Lake. These roeks reportedly grade

upward into continental clastic sediments that may be equivalent

to marine Miocene sediments that also re.st on volcanic rocks farther

west. Tertiary deposition in the westeriunost Mo,jave Desert thus

began with accumulation of a thick section of Miocene, or older,

andesites.

In the Calico .Mountains "• of the central Mojave Desert, as mucli

as 7000 feet of crudely stratified andesitic and dacitic tuff, tulf

breccias, and agglomerate, interbedded with a few flows, is overlain

by middle and upper Miocene lacustrine and Muviatile deposits with

.some interbedded tuffs and andesitic lavas. All these rocks arc over-

lain unconformably by I'liocenc ( ?) andesite, daeite, and latitc flows.

Farther west, in the vi<-inity of Black Mountain '- !U)rth of Ilinkley,

Blcistocene (?) olivine basalt rests unconformably on the older

Tcrtiar.v rocks (Baker, Iflll. p. Hfifi). and .'iO miles southeast, near

Ludlow, the pi'actically uncrodcd Pisgah cratiM'-' is associated with

a nearly Hecent basalt flow. Thus, in one part of the central Mojave

Desert, the rocks record a history of volcanism licgiruiing at some

time during or before tlic middle Minci'Mi' and I'oMlinniin: intermit-

tently thrciugli late middle Mioi-ene, ui)per Miocene. i>robably late

Pliocene, and Plei.stoeene, into practically historic time.

In the El Paso Kange,^ at the northern edge of the western Mojave
Desert, andesite breccia occurs near the base of the terrestrial lower

Pliocene sedimentary section, and five lenticular flows of olivine

basalt occur higher in the same lower Pliocene section, which is un-

conformably overlain by Pleistocene (?) basalt (Dibblee, 1952).

Ilnlin (1925) identifies the last-named rock as augite-hornblende

basalt, wliicli is younger than the Pliocene ( ?) Red Mountain andes-

ite of the liandsburg District.^ Faunal evidence of a post-middle

Pliocene age for the Red Mountain andesite has been di.scovered by

paleontologists of the U. S. Geological Survey (D. F. Hewett. oral

communication, 1953) in the Lava ilountains.'' near the northeastern

edge of the Randsburg quadrangle.

Xvuncrous other occurrences of volcanic rocks in the ilojave Des-

ert have been described by Ilulin (1925. pp. 48-52), Hershey (1902).

Simpson (19.34), and Gardner (1940), but these rocks are so inad-

ecjuately dated that discussion of their relations to the roeks already

described is not worthw-hile. However, these occurrences serve to

indicate that, far from being restricted to a few parts of the region.

Tertiary and Quaternarv volcanic rocks are widesjiread over the

entire Mojave Desert, and work on the task of differentiating and
dating the numerous more or less separate episodes of volcanism has

onl}' begun.
Compositional Variations

Many factors, such as inadequate knowledge of the distribution

of the volcanic rocks in space and time, absence of extensive jietro-

graphic descriptions of those rocks whose stratigraphic positions are

known, and complete lack of chemical analy.ses. make it difficult

to discuss compositional variations at this time. Existing data, how-

ever, suggest that there are no obvious simple trends of compositional

change. Because of current advances in our knowledge of the Ter-

tiary stratigraphy', largely the result of work b.v members of tlie

U. S. Geological Survey, the i)roblems of compositional variations

of volcanic ro<'ks extruded or intruded at different intervals during

a considerable jieriod of geologic time in this relatively large i)rov-

iiU'c are becoming more and more susceptible to careful systeimitic

study.
Problems of the Hypabyssal Intrusives

Hypabvssal dikes, sills, and ]ilngs. composcil of holocrysfalline to

hemicrystalliiie basalt, aiulesite. daeite. lafite. and rhyolite of Ter-

tiary age. Iiavi' been recognized in several parts of the ^lojave Desert.

particularly in the Randsburg District ' (Ilulin. 1925t and. liy tlie

author, in and near the Calico ^rountaius.'" In the latter area these

inlrnsive masses rauire in size from tabular dikes and sills onl.v a

few feet thick up lo roUi;hly circidar plugs as much as 4000 feet
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across. The plus's intrude roeks of the basfiiiciil ((iiii|ih'x, as well as

folded stratified Tertiary volcanic, pyroelastic, and sedimentary

rocks. Most are rougrldy circular or elliptical in plan, cut discord-

antly across the structures of the wall roeks, and have contacts that

dip very steeply outward or steeply to gently inward. Funnel-shaped

cross sections are fairly typical, and, in the larger discordant plugs,

evidence of more than local wall-rock deformation is laekin;;'. Plow
layering is generally present in the intrusive rock, and near the

contacts is conformable with the contacts. Wall-rock inclusions,

especially of Tertiary rocks, are rare, and alteration of the wall

rocks usually consists of local silicification around the periphery.

The mode of emplacement of the larger hypabyssal intrusive bodies

appears to have been by forceful intrusion to a limited degree, and
mainly by intrusion into funnel-shaped near-surface openings that

were probably formed by explosive widening of the shallower por-

tions of the magma channels.

Tertiary Volcanism and Mineral Deposits

The principal production from the rich silver and gold mines of

the Kandsburg district,'' the Calico Mountains,'^ and the area

around Soledad Mountain - south of Mojavc has been from epither-

mal veins and mineralized zones associated with certain of the Ter-

tiary intrusive rocks. Ilulin's (1925) account of the geology and ore

deposits of the Kandsburg quadrangle contains the only published

detailed descriptions of the mineralog.v, occurrence, and paragenesis

of ore deposits of this kind (see also Gardner, Contribution 6, Chap-

ter VIII).

Deposits of borate minerals occur in Tertiary sedimentary roeks

at several localities in the Mojave Desert (see Mumford, Contribu-

tion 2, Chapter VIII). The colemanite deposits of the Calico Moun-
tains '" yielded a major share of California's borate production

between 18S4 and 1907. and the mines of the Pacific Coast Borax

Compan.y at Kramer" are currently providing most of California's

production of this valuable resource. The possible relation between

borate deposits and volcanism, either actual eruptions of lava or

fumarolic activity, has been pointed out by Gale (192(1. pp. 449-4.50).

The most recent descriptions of the several eomnicrcially im|)or-

tant strontium deposits of the Mojave Desert are those of Durrell

(1953), who concludes that the strontianitc and ccli'stilc are usually

genetically related to Tertiary volcanism.

Certain other mineral deposits of minor ecoiKuiiic iriiportaucc, such

as bentonitic clays derived from Tertiary tuIVs, and pumice for u.sc

in lightweight-concrete aggregate, obviously owe their origin ahso

to Tertiarv voleanii' aitivity.
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3. THE BATHOLITH OF SOUTHERN CALIFORNIA-
1;V KSi'lJ; S. I^AKSK.N. .Ili.V

Lncalioii. Tlit- Ijatlinlitli cl' soutlii'vii I'alirnrniti iircii]iic's the core

of the Peiiiiisuhir Ranyes from the vicinity of Kiversiile, California,

sontheast\vai-(l to tlie southern tip of P.aja California, a ilistance of

abont 1000 miles. The width averages about 70 miles in the northern

part. The main northwestern bod.v underlies an area of abont 20,-

(100 s(|uare miles, and the whole body an area of probably more
than 40,000 square miles. This batholith is therefore larger than

the batholitli of the Sierra Xevada. and has the form of a great

dike (fig. 1).

Aijc. From relations to fossiliferons rocks in northern Baja

California the batholith is believed to be early Upper Cretaceous in

age (Biise and Wittich, 1913; Woodford anil Ilarriss, 19.38). The
following succession is found in California: fossiliferons sediments

were deposited during Triassie time, and later were folded, mildly

nietamor])bosed, and eroded; a great thickness of volcanic material

and some sediments were deposited on the Triassie rocks; all of

these rocks were greatly folded and mildl.v metamorphosed ; many
injections of the differentiating magma of the batholith followed,

and the earlier magmas were largel.v crystalline before the suc-

ceeding ones were emplaeed ; erosion developed an old age surface

and exposed the batholithic rock; sediments were laid down in Late

Cretaceous time on the resulting surface.

Tlu' average determinations of the age from the lead-i'adioactivity

ratios of zircons from five rocks were 100± 10 million years, and the

age from two xenotimes was 10.5 million years. These data indicate

Middle Cretaceous age.

The length of time between the injection of the gabbi'o and that

of the final granite in the batholith is believed to have been of tlie

order of 10 milli<ju years.

General Character nf llir Batholitli. The batholith is composite;

that is, it is made up of many separate injections. In the memoir by
Larsen (1948) 20 subdivisions were made, and some of these did not

represent single injections. However, nearly 91 percent of the batho-

lith of the northern area is made up of five rwk types or intrusions.

The types that occur in small amounts are commonly confined to a

few small bodies that lie near together, whereas the five nuiin t.vpes

are found in numerous rather large bodies in various parts of the

area. The succession of intrusions is from gabbro to tonalite, to

granodiorite, ami (iiuilly to granite.

* PubUcatlon authorized by the Fiirector. U. S. Geological Survey.
t Profes.sor Knieritus. Department of Geology, Harvard University; Geologist, U. S.

Geological Survey.
I'^IfiUliK 1. Outline ina|i of Califoriiia anri Haja California, sliowing <li^l^ihuIion

of Plutonic rocks of Mesozoic age

( 23 )



26 MINERALOGY AND PETROLOGY [Bull. 170

Approximate percentages of the area uiulei'laiii liy the various The Lakeview Mountain tonalite is mueh lilie tlie I'.onsall but it

roek types are as follows: eoutains few inclusions. The contacts between the two rocks are

San Marcos gabbro 7 sharp. Near the contact with the Lakeview Mountain the inclusions

isousall tonalite 28
i,j ^jjg Bonsall are oriented parallel to the contact. The Green

Lakeview Mountain tonalite 20
tonalite has a less sharply ervstalline structure, especiallv

Creen Valley tonalite ^'^ -
,

, , t
'

• .. • , •

Miseellaneous tonalites 3 with respect to the hornblendes. It contains lew inclusions, but
Woodson Mountain granodiorite 24 under the microscope the individuals of hornblende commonlv show

ri^.f/e?'™'
S'-Doliorit^^ * cores of uralitie hornblende with a few remnants of ausjite and

borders of crystalline brown hornblende. Some of the larger plagio-

San Marcos Gabhro. This gabbro is characteristically variable ,.lase crystals have irregular, corroded cores of bytownite or an-

(Miller, 1937), and contains aiiorthosite, calcic gabbro, norite, quartz- orthite surrounded by andesine, the normal feldspar of the rock,

biotite norite, and corresponding rocks having a part or all of the

pvro.xciio and olivine replaced b.v hornblende. The hornblende rocks Granodioriics. The Wood.son Mountain granodiorite is a rather

eontain a slightly more sodic plagioclase than the corresponding uniform, medium-grained rock. It carries a few dark inelusions. In

pyroxene or olivine rock. In texture they vaiy from fine-grained most places it is massive, btit near contacts with older rocks it be-

rocks with grains a millimeter or less in diameter to coarse-grained comes a gneiss or a streaked rock.

rocks with crystals several centimeters long. In general, the coarser- -pjjg 0^],^^ granodiorites are in .small bodies and are commonly
grained rocks are hornblende-rich. Generally, the fine-grained rocks finer-grained than the "Woodson Jlountain.

cut the coarser-grained rocks, but the hornblende rocks cut the

pyroxene rocks. The contacts of the types are in some places grada- Granites. (Jranite underlies only about 2 percent of the batlio-

tional, in others, sharp. Individual bodies of one kind of rock are Hth area, and the Roblar leucogranite makes up most of the 2 per-

foi' the most part small—a few tens of feet or much less across. In cent. Several other types of granite, all in small local bodies, are

many places the bodies are dikelike in form. The biotite norite, the present. The Rattlesnake granite (Everhart, 1951, pp. 87-88) under-

norite, and some of the related hornblende rocks make some fairly lies about 3 square miles of the Cuyamaca quadrangle, and is a

large masses of uniform rock. coarse-grained rock with much muscovite and some garnet. It ap-

The hornblende of these gabbros is clearly a very late or deuteric proaehes a pegmatite in texture,

mineral, and in large part replaces pyroxene and olivine. A good

illustration is the nodular norite half a mile east of Vista Grande, Miiicruhxjy. Olivine is not an abundant mineral and is present

which has abundant nodules a few inches across of hornblende-free chiefly in the calcic gabbros. Pyroxenes are abundant in many of

norite embedded in a matrix of hornblende gabhro in which the the gabbros, but are found only rarely as cores to the hornblende in

pyroxene has been replaced by hornblende (Jliller, 1938). the tonalites. Iron-rich hypersthene is present in some of the potash
'

The 11) analyses of the gabbros listed by IjarsQu (1948, pp. 50-51) granites. Hornblende is abundant in the gabbros as a late or deuteric

sliow the variety and range of these gabbros. mineral. In the tonalites it is an early constituent, and is the chief

mafic mineral. It decreases in amount as the rocks become more

Tonalites. Tonalites iiiak<> up more than half of the rocks of the siliceous, and is absent from the granites. Biotite ai)pears with

batholith, and the average roek of the batholith is a tonalite. Six
^n;,,.tz, and nearly every rock with one of these minerals contains

types of tonalite have been mapped but only three types underlie
^j^^ ^„jp_, jji^tite'ls the chief or onlv dark mineral in the granites,

large areas. In each of the three the chief rock is tonalite but the
jj^^go^ite i.s rare as a primary mineral, and is confined to a few of

rocks grade to grano,liorites AH three of these roek types are
^|^^_ ^^,,;u>^. The dark minerals and the enclosing rock have nearlv

iiic<li\ini-graine(l biolite-hdriibleiule rocks. The chief tonalite m the "" ,, ^
western area, the Bonsall tonalite (Ilurlbut, 1935), is characterized the same ratio of

4, m.tO
'
'^^^^ '''"^'f'' '"^J" ''^ « ''"'' r\vhn in

by an abundance of dark, flat inclusions, or sehlieren, derived chiefly ''^. ~\, " \ ,, , . , ,, ,.

from the gabbro. Locally, large inclusions of the older sedimentary """ H'^'" "'" ''"•'"• I" ""' ^«'''"^' ""'''"-'"^ "'"^ '•'"'" "^ "'""" "'•'•

rocks also are abundant. The common inclusions have the same " increases through the other gabbros to the toiinliti^. and at the

iiiinerals and textures as the host rock, but contain more biotite and iKiuiulary between tonalite and gabbro it is about 0.(10: it remains

hornblende. Thev are well oric'ulcd. at about O.fiO across the tonalites and some of the granodiorites. then



Chapt. VIl] BATHOLITH OF SOUTHERN CALTFORXIA—I^ARSEN 27

90



28 MINERALOGY AND PETROLOGY [Bull. 170

Table 1. Approximate average routent, in parts per million, of Ihe trace

elements in the rocks of the southern California batholith.
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KlcllKK 4. Typiciil batholith rocks iis seen from the air about 5 miles northeast of Housall. The area in lop

(north) half of view is underlain chiefly hy leucogranodiorite. and most of the remainder is underlain hy tonalite.

Note the patterns of joints, and the control of some drninanc by jointing. San I.uis Hi'y Uiver at upjier Ii'fl. and

Lancaster Mountain at upper rifcht.
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related ^ranodioritos that are low in potasli feldspar. Tliese rooks

contain lower pereentajres of dark minerals and potash feldspar than

the roeks of the western part of the batholith. and they are lower in

K2O, FeO, M^O, and higher in SiOs and A^Oa than the roeks

farther west.

The scattered bodies of granitic rock in the desert ranges east of

the Peninsular Ranges are chiefly granodiorite and quartz mon-
zonite, and are higher in K2O, Na20, and AI2O3, and lower in SiOs

than the rocks of the main batholith.
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4. MIOCENE VOLCANISM IN COASTAL SOUTHERN CALIFORNIA
l:v John S. Shrlton *

INTRODUCTION

Miocene volcanic i-ocks ocenr in the marine Tertiary sediments of

many parts of California, and Taliaferro (1941, pp. 142-4) has

priven special attention to them in the central and southern Coast

Ran<i;es. The purpose here is to summarize what is known of their

occurrence farther south in the vicinity i<( tlic Tjos Anpeles and

Ventura basins.

The distribution of IMioeeue volcanic rocks in this part of southern

California is shown in figure 1. which has been compiled with minor

modifications from the published and unpublished sources listed at

the end of this paper. Not all geolojiists ajrree eonccrnins: the detailed

shapes of many of the exposed masses of volcanic rock, or even

coneerninrr the question of whether some of them are intrusive or

extrusive. This arises partly from poor exposures and partly from
the nature of the rocks themselves. In the western Santa Monica

Mountains and Conejo Hills, many of the areas of presuraedlj- extru-

sive rocks in figure 1 are known to contain dikes and interlayered

sediments that are not shown on the map.

The volcanic rocks of the Conejo Hills and adjacent parts of the

Santa Monica Mountains have been named the Conejo volcanies

(Taliaferro et al., 1924, ji. 800), and those in the vicinity of Glendora

and Pomona, about 60 nnles to the east, have been named the Glen-

dora volcanies (Shelton, 1946) ; the term El Modeno volcanies is

being proposed (Schoellhamer et al., in press) for those east of

Orange (fig. 1).

Special appreciation is here expressed to Thomas L. Railey, Cor-

dell Durrell, A. O. Woodford, John A. Porman, and to geologists of

several oil companies for their assistance in sii])plying information

and/or critically reading the manuscript.

FEATURES OF OCCURRENCE

Distribution and Volaim . Surface outcrops of Miocene volcanic

rocks are known from the areas shown by stippled and solid patterns

in figure 1. The stippled areas are known to contain some intrn-

sives, and details in the solid areas are somewhat luicertain. Tuff

beds in the upper Miocene part of the section arc not included. The

total outcrop area includes more than 180 sipiarc miles of extrusive

rocks and 28 square miles of intrusive mcks. (»utsiclc the area of

figure 1, related volcanies are less widcsju'cad
;
gem rally t luise to the

south and east are basic in composition, and arc diflii-ult to date,

whereas those to the north and west are more silicic than I hi' average

• Associate Professor of Geology, Pomona College

of those sliown in figure 1. In (lie northwest direction the next conipa-

rably extensive areas of outcrop lie northwest of San Luis Obispo.

Approximate maximum thicknesses of exposed extrusive rocks are

re])ortcd to be 2,280 feet on San Miguel Island, 4,700 feet on Santa

Cruz Island, 8,000 to 10,000 feet in the western Santa Monica Moun-

tains and Conejo Hills, and at least 2,000 feet in the area noi-thcast

and east of Glendora.

Also shown in figure 1 are the locations of ;18 wells in the areas

of the Los Angeles basin and the San Fernando and Oxnard plains;

these wells have been selecteil to indicate the subsurface extent of

Miocene volcanic rocks. One well (No. 24, northwest of Oxnard) is

included because it bottomed in the Sespe formation without en-

countering volcanies, and is interpreted as probably indicating their

linnt in this direction. All the other wells reached, bottomed in, or

penetrated volcanic rocks, many of which are interlayered with

sandstones and shales. Some of these sediments contain middle

Miocene fossils (see table 1).

Much less is known about the volcanic rocks encountered in wells

than about those exposed at the surface. Except in certain areas (e.g.,

some recent activity near Oxnard), drilling usually is stopped

before such rocks are penetrated very far, and samples generally are

scanty and consist of material that is much altered. However,

assuming essential continuity of the volcanies around tlie group of

wells in the Oxnard plain and around those on the east and west

sides of the Los Angeles basin, an extent of about 500 square miles

can be added to the minimum of 208 square miles now exposed. If

the deep central part of the Los Angeles basin, in which the likely

horizons are out of reach of current drilling, also is occupied by

volcanies, and if much of the San Fernando valley area is similarly

iniilerlain by such rocks, their total extent may well be greater than

1.000 square miles.

A few wells hav<' been drilleil inio older rocks beneath the vol-

canies. In the ten of these listed in table 1, the penetration of volcanic

rocks ranges from 125 feet to 8.720-|- feet; in the six in tlie Los

Angeles basin it averages 2,370 feet, in the two from the Oxnard

Plain it is 770 and 80(; feet, and in tlie two in the San Fernando

valley it is 125 and 400 feet. Dips are not known for most of the

(icc\n-i-ences. but the thicknesses represented are not likely to be

unieli less than I he figures given. All the other wells listed stopped

either in vuleaiiics or in sediments that cduld be interbedded with

them.

The available data obviously constitute slim evidence on wliich

to speculate regarding tlie volume of volcanic rocks, but jierhaps the

( 31 )
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l-'iouKE 1. Alap showing; dislribution of MiufcuL' vulcaiuL' lut-ks in a part of coastal .souIIutii Caliloriun
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order of iiia^'Mitude ean be iiulieiifcd liy iissiiiniiii;' :in averatie tliieU-

ness of 1,000 feet over an area of 700 square miles. Tliis would

amount to apjiroximately 140 eubie miles; twiee as mueli does not

seem unreasonable.

Characfcr. Pyroelastie and breeeiated roek types predominate,

whetber the voleanics are studied at the outerop or from well eores,

and refrardless of their loeality within the area covered by figiirc ].

Koeks in the range from breccia to tuff breccia probably are most

common, and even some of the bodies interpreted as intrusive are

breeeiated. Massive flows probably are subordinate to instrusives in

some western areas (e.g., Cone,io Hills'), but the reverse is true

among the Glendora voleanics.

The breccias and tutf breccias differ in coarseness and proportion

of tuff matrix. At one extreme are probable a\itobrecciated flows,

in wliich blocks of more or less vesicular lava are embedded in a

similar matrix that is distinguished from the blocks oidy by slight

differences in color and resistance to weathering. At the other ex-

treme are large deposits composed essentiall.v of tuff in which are

scattered blocks as much as 15 feet across. Generally, however, these

blocks are less than a foot across, make up abo\it half of the total

volume of the deposit, and correspond closely tn fhc matrix in rock

type. Individual blocks commonl.v differ in color as a result of

differing degrees of deuterie alteration of their exterior parts. Many
blocks in the audesific tuff breccias of the Glendora voleanics show

well-developed radial cooling cracks, which suggests accumulation

while hot and hence a pelean type of eruption.

The flows range in thickness from a foot or two to probably more

than .'iO feet, although few exposures are complete enough to pro-

vide gO(xl detail. In the Glendora area the tops of some of the basalt

flows are noticeably vesicular and oxidized.

The intrnsives apparently range in form fi'om sills au<l dikes to

chonoliths. Poor exposures have led some geologists to interpret as

one irregular mass what others have mapped as a cluster of small

intrusions, llakcd contacts are not inicommon. anil may be present

even where the intrusive rock is breeeiated. hi the Santa Monica

Mountains many of the intrnsives follow faults and branidi where

the faults branch, and the faults can be traced beyond these igneous

wedges and lenses into areas where they offset the sediments. Other

igneous bodies seem to be confined to fault inter.seetions. Many of

the dikes in both the Cone.io a)iil (!lcu<l(ira areas are vesii'ulav or

amygdaloidal.

Petrogra|ihically, more is known about the volcanic rocks of the

Santa Monica Mountains and (jlendora-Pomona areas than about

those elsewhere. Fragmental andesitic and basaltic rocks predomi-

nate among the Conejo and associated voleanics, although rhyolilic

rocks are known. Bailey (personal communication) reports that here

the lower part of the series consi.sts chieHy of medium- to light-gray

and purplish-gray, fine-grained porphyritic liornblende andesites in

which andesine is the common feldspar, although oligoclase and

labradorite sometimes are observed. In general these rocks are suc-

ceeded upward by breccias, tutfs, and flows of augite andesite. The

uppermost part of the section consists of hypersthene basalt and

olivine basalt; the latter is distinctly vesicular, and forms the top

unit of the sequence in the Cone.jo Hills. Subsurface data suggest

that the upper basaltic series thickens southward at the expense of

the lower andesitic rocks. The intrnsives in this area are chiefly fine-

to coarse-grained diabase and hypersthene diabase, which in .some of

the smaller bodies can be seen to grade into porphyritic basalt. Sev-

eral large intrusive masses of porphyritic hypersthene basalt are

known.

The Glendora voleanics are predominantly andesitic. The greatest

volume of both tuff breccias and flows is composed of calcic andesite

with labradorite phenocrysts and andesine in the groundma.ss.

Hypersthene, or relicts of it, generally is present and forms as much

as 8 percent of some rocks. Olivine basalt, normal andesite, and

rocks of rhyolitic comiiosition also occur. In 14 analyzed rocks the

SiOo content ranges from 47.23 to 75.50 percent, but the most com-

mon types contain 59 to 63 percent. No over-all sequence of rock

types is discernible; within the 7.3 square miles of outcrops, at least

nine different mappable units are believed to lie with depositional

contact upon the crystalline basement rocks.

The extrusive rooks east of Orange have an average thickness of

about 300 feet (maximum 750 feet), and include a basal olivine

basalt succeeded b.v palagonite tuff, calcic andesite tuff breccia, and

calcic augite andesite flows and flow breccias.

The largest body of volcanic rocks on Santa Catalina Island is

composed of angite-hyiierstbeue andesite with labradoritic feldspar

(Smith, 1897). On the south side of Santa Cruz Island are rhyolitic

flows and pyroelastie rocks, and on the north side are basalts and

andesites (Bremner, 1032 ). The iTitrusives on Santa Rosa Island are

reported to be basalt ( Kew, 1927'). and the tuft's, breccias and minor

flows on San Miguel Island are rejiorted to be chiefly basalt and

andesite (Bremner, 1933).

Samples of fhc voleanics IVum wells comiiioidy arc pyritic and

much alti'i-cd. Those that arc largi> enough generally indicate frag-

mental accumulations, or at least breeeiated flows. Many of the

fresher samples are sodie, and suggest some spilitization.

Deuterie alteration of both extr\isives and intrnsives i.s almost

universal, and commoM pi-nducts ini'luilc ])yrite, chalcedony, ami

analeite.
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that some of the voleauics in tlic Santa Monica Mountains belong
to the Saueesian foraniiniferal sta^re (Elam, 1948), which probabh'
means they are lower Jlioceue. In the western Santa Ynez Range,
outside the area of figuiv 1, Dibbh-e assigns his Tranquillon volcanics

to the uppermost lower Miocene (Dibblee. 1950. p. 34).

One is inclined to conclude, on the basis of present Ijuowledge
from the Los Angeles area, tliat the main volcanic episode was eon-
fined, according to the local terminology, to middle Miocene time,

and that only local activity existed during late lower Miocene
and early upper Miocene times. Possibly the volcanic roelis in parts
of the Santa aionica Mountains are sliglitly older than those farther
west and east.

SUMMARY AND INTERPRETATION
la general i-liarai'tcr, age. and (listriljiiti(ai. the vulcanic rocks

.shown in figure 1 suggest at least a part of a volcanic province.

Despite some loss by subsequent erosion, the e.xtrusives and associ-

ated shallow intrusives probably represent several hundred cubic
miles of magma—perhaps twice the volume of the San Franciscan
volcanic field of northern Arizona.

The volcanic rocks that are intei'layered witli marine sediments

show that much of the lava probably was poured out on the sea

floor, or from vents close enough to it so that accumulation took

plaee under water. Many details of the rocks bear this out. In some
places fine-grained, more or less tuffaceous sediment is intimately

mixed with the volcanics in such a way as to suggest the squeezing

of mud into poorly defined fractures. Sandstone dikes several hun-
dred feet long are present in volcanics of the Glendora South Hills.

and pillow structure is locally well developed in the Santa Monica
Jlountains and Glendora volcanics. The presence of palagonite and
fossiliferous tuff, as well as the altered stat<' of many well cores

probably denote submarine accumidatiim.

Some of the occurrences in the I'alos Verdes Hills have been
termed intrusive pepi'rites (ilacdonald, 1939). The brecciatiou of

some of the intrusives may tell the same story. During the late

stages of accumulation of the Glendora volcanics, the shoreline prob-

ably was about a mile west of Pomona, because southwest of this there

is abundant evidence of submarine accumulation, whereas northeast

of it these characteristics are missing and there is some evidence of

terrestrial nuec ardentc eruptions in volcanic rocks believed to be of

the same age.

Adequate .source fissures or vents for all these volcanics have not

been found. Probably some of the associated intrusive mas.ses repre-

sent feeder.s, at least locally. A few outca'ops in the (ilendora area

and one in the Cone.jo Hills suggest former vents. If hot pelean
clouds accumulated <in land in tlic area casi of f!lcnil(H-a. a1 li'asi one

good-sized volcano probably lay in that direction. Aside from this,

the variety and distribution of the rocks suggest numerous small

vents and or fissures, rather than a few large sources. Perhaps the

.scene resembled Vesuvius and the Phlegracan Fields aroun<l the Bay
of Naples today.

The Los Angeles basin is an area of locally derived Cenozoic
sediments at least 2.").()00 feet thick, and as now exposed is a struc-

tural depression approximately 60 miles long and 40 miles wide. The
most pronounced c.vcle in its history began in middle iliocene time

and reached a climax of depth and localization during the upper
Miocene and Pliocene. The climax of Miocene volcanism in sovitheru

California thus corresponds fairly do.sely with the beginning of the

lieriod of maximum growth of the basin, a phenomenon parallel to

the historj- of many geosynclines (Knopf, 1948). But perhaps rather

than a baby geosyncline, we have here just another unstable segment
in the teetonically and volcanieally active rim of the Pacific basin.
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5. PEGMATITES OF SOUTHERN CALIFORNIA*

INTRODUCTION

For many years the southern (_'alit'oi-nia ret^ion has attracted tlie

attention of geologists interested in pegmatites and pegmatite de-

posits, largely beeause of the -svell-known gem and lithium occur-

rences in San Diego and Riverside Counties. These world-famous

pegmatites liave been so often noted or described in the literature

tliat they commonly are regarded as typical of tlie pegmatites in the

region, even tliough this act\udly is far from the case. More than

90 percent of all published contributions on California pegmatites

deal with the gem-bearing dikes of San Diego County alone

!

It is the main purpose of this brief paper to summarize the dis-

tribution, occurrence, composition, and structure of all the known
pegmatites in southern California, and to discuss several aspects of

their geologic and econcmiic significance. Much of the information

has been obtained from the published record, a sampling of which is

included in the li.st of references at the end of the paper. In larger

part, however, the writer has found it necessary to draw from the

results of his own observations, many of which were made in recon-

naissance and hence are not wholly satisfactory as a background ior

generalizations. This rpialitication with respect to basic data plainly

underlies the summary and discussions that follow.

The pegmatites of southern California can be divided into three

major categories in terms of their general form and mode of ctccur-

rence

:

1. Ver.v small strinpors, lenses, and pods of jrahln-oic and, in a few areas,

more sranitic eomposition, that generall.v appear to have been formed as

seRreirations within masses of geneticall.v related igneous rock.

2. Small, irregular masses, of tonalitic to granitic composition, that form

layers, lenses, pods, branching swarms, and stockworks in lit-par-lit

gneis.ses and other hybrid rocks, as well as in contact zones between

masses of igneous rocks and older rocks that flank or surround tlieni.

3. Small to very large individual masses, of liilnilar to pod-liUe form and

tonalitic to granitic composition, th.-it ordiiiai-ily occur in igneous and

metamorphic rocks.

For the .sake of brevity, the pegmatites of these three categories

are hereinafter referred to as segregation masses, complexes, and

discrete pegmatite bodies, respectively. These terms are of necessity

much generalized, as each category includes pegmatite bodies of

various forms. Further, the terms are intended to be mainly deserij)-

tivc, and hence to involve a minimum of genetic implication. As

might be expected, nearly all gradations can be observed among

these three ma.ior types of pegmatites.

• Contribution No. 653. Division of the GeoloKical Sciences, California Institute of
Technology.

t Professor of Geolopy. California Institute of Technology.

> II. .Jahns t

The distribution and occurence of pegmatites in southern Cali-

fornia are summarized in table 1. Those masses that form the com-

plexes are both widespread and lo<-ally abundant. They constitute

by far the largest ])art of the pegmatite material in the region, but

tiiey have received little detailed attention from pelrologists and

other investigators. The segregation masses are considerably less

abundant, although they are more wiilcspread than published ac-

coinits of southern California geology might suggest.

By far the best known pegmatite bodies in the region represent

the third category, which includes most of those with complex eom-

position and spectacular mineralogy, and al) of those that have

yielded commercial quantities of economically desirable minerals.

Some of the discrete bodies are very large, and many are structiu-ally

complex. These and other features of unusual interest are reflected

in the attention given to the pegmatites of this category in the dis-

cussions that follow.

SEGREGATION MASSES OF PEGMATITE

Pegmatite nuisscs of tlic si-gi-cgatiiin type arc locally abundant in

the Peninsular Range province (fig. \). where they occur mainly in

gabbroic rocks of the southern California batholith. They also are

present in the western San Gabriel Mountains, in a few other, much

smaller areas in the Transverse Range province, and in parts of tlie

southern Sierra Nevada. Several .scattered occurrences arc known

from the Mojavc Desert and Basin-Range regions.

All of these pegmatites occur in igneous rocks to which they

iippear to be closely related iu composition, age, and genesis. They

appear as stringers (fig. 2), dikes, and pod-like masses (fig. 3) that

are simple to highly complex in form. They rarely are more than 15

feet long, and most are less than 5 feet in maximum dimension. Con-

tacts with the host rock are sharp to gradational, and the most

blended contacts are typical of the most irregular masses of pegma-

tite.

Most of the segregation ])cgmatitcs arc gabbroic in composition,

and consist chiefly of hornblende and calcic to intermediate plagio-

clase in various proportions. Other mineral constituents include

biotite, pyroxenes, apatite, magnetite, chlorite, epidote, and, rarely,

(piartz and alkali feldspars. Segregation masses of more granitic

composition also have been observed, mainly in coarse-grained, felsic

intrusives in parts of the Sierra Nevada and several mountain ranges

of the eastern .Mojavc Desert. These pegmatites consist chiefly of

perthite. (|uartz, ami sodic plagioclase. with or without subordinate

(37 )
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Table 1. IHstrihution mid occin-rence of pcfjmntites in souilurn California.

Province
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FiGLKi; '2. Tlili'c'-inch strillj;iT of iKiniblciMlc-Ticli pi'^'lii.-ilitc in moiiiuni-srMinecl
galjlirip, wM'stcrii S:ui Galirirl Mtmiitaiiis.

into solid or nearly solid rock, and perhaps were derived from
poekets of fluid that had formed elsewhere in the crystallizing' in-

trusive mass. A variety of these auto-in.ieetion features has been
described by F. S. Miller (1938, pp. 1220-1222, 1230) from gabbroie

rocks of the Peninsular Range province. In no occurrences do the

pepmatitie fluids appear to have moved for great distances from
their sources.

In the frabbroic complex of the western San (ial)i'ii'l Mountains,
both anorthosite and norite are extremely coarse grained (see lliggs,

Contribution 8, this chapter), and hence might be regarded as

.special varieties of pegmatite. These rocks form gigantic segregation

masses, but no complete gradations in size are known between these

masses and the small ones de.scribed above.

Most of the .segregation masses of pegmatite in southern Cali-

fornia appear to be genetic associates of Mesozoic igneous rocks,

especiall.v in the western parts of the region. Farther east, in the

Mo,jave Desert and Basin-Range provinces, many of the pegmatite-

bearing iiiti-usives are prc-Caiiibriaii in age.

PEGMATITE COMPLEXES AND HYBRID ROCKS
Pegmatite complexes, consisting in general of numerous small,

irregular masses (fig. 5), are significant parts of the older crystal-

lirui rocks that form the so-called "basement comjdex" of many
areas in southern Califoriua. Tliey occur, for e.\aiii|)lc, in Ihe pre-
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batholitliic roeks of the Peninsular Ranges and the Sierra Nevada,

in the metamorphie rocks. of the San Gabriel and San Bernardino

Mountains, and in the early pre-Cambrian rooks of several desert

ranges in the southeastern part of the State. In addition, they

appear as parts of liylirid rocks and pegmatitized zones at and near

the margins of many liodies of intrusive rocks. These contact com-

plexes arc chiefly of Jlcsozoic age in southwestern California, but

both pre-Cambrian and Mesozoic ages Jirc ri'prrsented in areas

farther east aud nortlieast.

Tliougli mentioned repeatedly in descriptions of crystalline rocks

in soutlicrn California (for example, W. J. Milk'r, 1946), the pegma-
tite coni|)lcxes have not been described in detail. They generally are

refei'red to as groups of .subparallel, anastomosing, or scattered small

pegmatites, and all too often are dismissed as complicating elements

in rocks that already seem too complex for interpretation by or-

dinary methods of study. The few detailed observations thus far

made suggest that dilVcrciit jiegmatites in some of the.se complexes

were injected into, or were lV)rmed within, the host rocks at dif-

ferent times, and tliat the age ditferences commonly are reflected by
difTercnces in com|)osition (fig. 6). The pegmatites also show sig-

nificant relations to episodes of deformation, recrystallization, and

rcconstitution of the host njck. ai)il fiii-tlici- detailed stuily of such

occurrences might well provide valualilc iiilormation concerning the

development of the rock as a whole.

Most of the pegmatite com])lexes arc mineralogically simple, and

consist of quartz, jilagioelase, aud potash feldspar, with or without

micas and accessory constituents. In gross composition they range

from tonalitic to granitic, and most are in tlie general grauodioritic

field. Many individual pegmatites in the complexes appear to be

internally homogeneous, whereas otlicrs, especially the largest and

most bulbous ones, show well-developed zonal structure like that

described for the discrete pegmatites farther on.

Many of the pegmatite complexes are demonstrably intrusive into

the containing rock.s, whereas others just as clearly were developed

in |ilace by replaccnu'nt of the host rock. Most appear to liave been

formed by some combination of tin' two general processes, but the

quantitative relations are nut easily determined, especially where

the pegmatites form parts of lit-par-lit gneisses ajid other hybrid

rocks. Further, it is evident that various complexes differ from one

another in age, in conditions of emplacement, aud in source of the

pegmatite material. Much more study is needed before the problems

can be properly defined, let alone solved

!

^^ of quartz I _'

TTwmomtic 1

1

COTnposUion

y,-AV" Scale in fset ,,','-
'/-'/-/^'i "/r.

Figure 6. Pegmatite complex in tonnlite-scliist hybrid rock, near Esconditlo.

Pegmatites of two diffiTcnt njii's are represeiitt-d.
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DISCRETE PEGMATITE BODIES

Distribution and Occurrence. The discrete pegmatite bodies in

southern California appear as dikes, sills, lenses, and masses of

bulbous or highly irregular form. They are widely distributed in

the Sierra Nevada, in the Basin-Range province to the east, in the

Mojave Desert region, and in the Transverse Ranges and Peninsular

Ranges in the southwestern part of the State (fig. 1).

As noted in table 1, these individual masses are particularly

abundant in the Peninsular Range province, where most of them are

genetically related to rocks of the great composite batholith of south-

ern California (see Larsen, Contribution 3, this chapter). Pegmatites

of tonalitic, granodioritic, and quartz-monzonitic composition are

closely associated with stocks and other large phitons of similar

respective compositions, and also appear in septa, screens, and larger

masses of pre-batholithie metamorphic rocks. Somewhat younger
pegmatites of granitic composition also are genetically related to

the batholith, and occur mainly as .subjiarallel dikes in certain of

the gabbroic and tonalitic [ilutons. These include numerous gem- and
litliium-bearing dikes. A few other pegmatites, mostly of grano-

dioritic and quartz monzonitic comiHjsition. ap|iear to antedate rocks

of the batholith.

On the basis of their geologic relations, the pegmatites of the

southern California batholith probably are middle or late Cretaceous

in age (Jahus and Wright, 1951, pp. 18, 44). Isotopic analyses of

k'lndolite from the Stewart dike, at Pala, suggest ages ranging from
about 110 million years (Ahrens, 1040, p. 2.'i0) to 147 ± 5 million

years (Davis and Aldrich, l!)o.'3, p. .'WO), which would indicate a

range from middle Cretaceous to middle Jurassic. An age of 100
million years, based on anal.yses of clean zircon concentrates, has

been calculated for a tonalite (Larsen, et al., 1052) that represents

the batholith. This tonalite is older than most of the pegmatites.

Lidividual mas.ses of pegmatite also are abundant in parts of the

southern Sierra Nevada, where they appear in plutons of the Sierra

Nevada batholith and in older masses of schist, quartzite, and other

metamorphic rocks. The batholith rocks are commonly regarded as

.lurassie in age, and the.se pegmatites are therefore tentatively as-

signed to this period (sec table 1).

Dikes, sills, and other bodies of pegmatite also arc |iii'sciit in tlic

Transverse Ranges, and are locally abundant in the San Gabriel,

San Bernardino, and Little San Bernardino Mountains. Pew of them
are as large as many of the pegmatites in the region to the south and
east, but they .show the same general ranges in composition. Some of

them may be as young as Cretaceous, but it is (piite possible that

iiianv of them arc Jurassic or older.

EXPLANATION

^n-H
Ouartt pertfiite -
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rii.iKK f<. Ai-riMl vii-w ncrth-iioitluvcst over u part of the I'ala distiiet, Sun IJiego County. Sulipanillel dikes of gein-benring i)0):matite form rib-like outcrops on

Iliriart Mountain, in forecround, and on Little Chief Mountain, immediately beyond wu.sh in foreground at left. Gem mines in the view include the Kateriua (K), \ auder-

burg (V), FA Moliuo (KM), Fargo (F), and Pala Chief (I'C). Elsiuore fault zone at upper right. Pacific Mr ln<IuatrKii photo.
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EXPLANATION

FlGluL •» Swam 1 i)iKiii:ilili' nil Kincoli M<nint;iin. S;iii I)ii';;ii Cnuiity.

region. Most of the remainder are pre-Canibrian in age, and some of

those in the extreme nortlieastern part of San Bernardino County
and the southeastern part of Inyo County may represent the north-

western edfje of the so-called Arizona pcjrmatite belt, which end)races

a large iiiiinlii'r of |in'-( 'audirian pegmalites in west-central Arizona.

Sirncliirai Features. The discrete pegmatites in sontliern Cali-

fornia are higldy variable in general form, attitude, and size, and do

not dill'er markedly in these features from pegmatite Imilies in many
other parts of the world. Most are a few feel to about 500 I'ccl in

maximum dimension, and are moderate!}' tliick with respect to theii'

length and width (fig. 7). Discordant bodies are predominant, and

even the few that are concordant transect the country-rock structure

in detail. The pegmatite-wallroek contacts generally are shar|), but in

several occurrences they are gradatioual over distances of a few
inches.

Noteworthy exceptions to some of the above generalizations are

provided by most of the granitic pegmatites of the Peninsular Range
province, and by a few of those in the southern Sierra Xevaila. These
are dikes with unusually large alnng-strike and down-dip dimensions

relative to their thickness. They range in length from a few feet to

nearly a mile, and are slightly less than 10 feet in average thickness.

In most districts they are very uniform in attitude, and have mod-
erate to gentle dips. They commonly a]ipear as swarms, in which the

individual dikes are essentially jiarallcl to one another l)\it tend to

branch and join in detail (figs. 8, 9).

These thin and remarkably continuous dikes evidently were era-

placed along subparallel fractures that are best developed in plutous

of gabbroic and tonalitie rockS. The fractures are independent of

schistosity, foliation, lineation, and primary flow layering in these

rocks, and are not related systematically to the walls of individual

plutons. They are thought to have been formed as tensional features

during the end stages of cooling in the southern California and
Sierra Nevada batholiths (Jahns and Wright, 1951, p. 18).

Many of the discrete pegmatites, regardless of their general form,

appear to be essentially homogeneous internally, in that they are

simple aggregates of quartz and feldsi)ars. with or without micas and
accessory minerals. Many others, in contrast, show a systematic in-

ternal arrangement of their constituent minerals, which ordinarily

appears as a well-defined zonal structure (Cameron, et al.. 1949;

•lalins and Wright. 1951; Ilanley, 1951). The pattern of zoning is

remarkably ccnisistent from one pegmatite body to another, and even

from one pegmatite district to another. Each zone, wiiich can be

distinguished from the immediately ad.iacent zone on the basis of

differences in mineralogy or texture, reflects to some degree the shajie

and size of the containing pegmatite body. The zonal structure in

some pegmatite bodies is complicated by younger fracture fillings

and replacement masses of closely related iieguuitite. and locally by
.vounger pegmatite diki's and sills that connnonly are also zoned

(fig. 10).

Ciiiii posit inn (111(1 T(.rti(r(. The gross com|)osition of the discrete

pi'gmatites in .southern California ranges from tonalitie to granitic,

tlabbroic ])egmatites are b.v no means rare, but most of these seem

best classified as segregation masses.

Quartz, perthite (generally mierocline with lenticular lamellae of

albite), and sodic plagiocla.se are the dominant minerals, and com-

nundy are accompanied by muscovite. biotite. apatite, beryl, garnet,

sulfide minerals, and tourmaline, either singly or in some combina-

tion. Rarer aceessorv cimstitueuts include bismuth minerals, ea.s-
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Kuil^KE 10. Composite pegmatite mass, I'ala (iistrict, Han
I)ic;;o County. Three-foot sill of coarse-Kraiued pegmatite is

flanked Ity older, much finer-firained pe;:matite. Note the

.sharp contact aluive hammer hearl. The margins of tlie siU

are tine-gi-ained quartz-alliite-perthite pegmatite with museo-
vite, garnet, and schorl, and the inner parts consist mainly
of coarse-grained graphic granite and quartz.

siteritc, columbite-tantalitc, epidotc, mierolite, monazite, spinel,

topaz, ami triplite (Murdoch and Webb, Ifl-18, 19:j2; Jahiis and

Wright, If).")]). Zeolites and clay minerals are widespread, but rarely

are abundant. Lithium minerals are locally abundant in granitic

[legmatites of the Peninsular Kange province, and are present in a

few pegmatites in the eastern MoJmvc De.scrt region.

The pegmatites that show no pronounced zonal .structure generally

are medium to coarse grained, and contain no marked concentra-

tions of the less common minerals. Minor amounts of apatite, beryl,

garnet, and other accessory minerals arc disseminated through some

of these rocks.

The outer parts of the zoned pegmatites generally are granitoid in

texture, and are fine- to coarse-grained aggregates of feldspars and

quartz, with or without other minerals. The inner zones, in contrast,

are essentially monomincralie or consist of two or more minerals in

coarse- to giant-textured aggregates (figs, 10, 11). .Some of the

crystals are truly enormous, and have dimensions measured in feet

or even in tens of feet.

Perthite, much of it graphically iiilcrgrown with ((iiartz, is abun-

dant near the walls of many pegmatites, but where both plagioclase

and potash feldspar are present in a given body, the plagioclase

ordinarily lies nearer the walls. A noteworthy exception is the cleave-

landite variety of albite, which has a wider distribution and is a

common constituent of fracture fillings and replacement bodies.

Quartz and potash feldspar are the most abundant minerals of the

inner zones (figs. 7, 10), and the quartz is accompanied by spodu-

mene and lepidolitc in most of the lithium-rich iiciiMiatitcs.

P^IGUKK 11. \'ery coarse-grained perlhile and i[U:irlz, with large prisms of

schorl. Perthite crystals arc fringed with aggregates of niuscovite and albite.

Stewart mine, San Diego County.
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The distrilnitidii of tlie less abiindanf miiii'i-iils is highly ii-regular

in detail, but does follow broadly cousistent patterns. A criven min-

eral, for example, eommonly is restricted to a zone or otlier litholo^iic

unit that is quite di.stinet from adjacent \inits in the containin;;

pegmatite body. Where the mineral occurs in more than one unit in

the body, it generally shows consistent differences in composition

and physical properties from one unit to the next. These features

have been discussed in detail elsewhere (for example, Cameron, et

al., 1949), and need no further review here.

Masses of fine-grained rock that is essentially quartz-albite-

microcline aplite occur in some of the pegmatite bodies, and are by
far most abundant in the dikes of granitic composition in the Penin-

sular Kauge province. They are most prominent in the footwall parts

of these dikes, but also occur elsewhere. Some varieties of the aplite

are distinctly layered, and the planar structure is accentuated in

many occurrences by thin, subparallel layers that are rich in tiny

crystals of garnet and/or schorl. This variety of aplite is known in

several districts as "line rock" (fig. 12).

Origin. The discrete pegmatites appear to have been formed by
injection of liquid material along fractures or other planes of weak-
ness in the hast rocks, in some occurrences accompanied by minor
digestion of the older rocks. This is in sharp contrast to many of

the pegmatite complexes a.b'ead.v described, in which much of the

pegmatite clearl.v was developed by replacement of the older rock.

The intrusive origin of the discrete pegmatites is evidenced mainly
by combinations of the following features:

1. The Iiordcrs uf most iikisscs nro .slmrp, and commonly can be traced across
(•(niliicts between different t.^'])es of countr.v rock without change in
altitude.

2. Tile ]»i'j;in!ititc bodie.s tbemselve.s show no changes in composition or in-

ItTiial .strueliire tlial can I)e correlated with differences in country-rock
litbol.iuy, nnr (Ini'.s the internal structure of these bodies reflect the
delailed structure of the country rock.

3. Schist and otiler thinly foliated types of country rock commoidy are
cruniided or otherwise distiirla'd immediately adjacent to many pegma-
tile contacts.

4. Tlie structure, mineralogy, and age relations of the units within the zoned
pcgnuitiles are not compatible with a process of development through
reiilacement of country rock (Cameron, et al., 1941), pp. 97-106).

Following their emplacement, the discrete pegmatites appear to

have crystallized from their walls inward, with much the same
mineral sequence as in any ordinary plutonic or hypabyssal rock.

The structure of the zoned pegmatites seems best attributed to frac-

tional crystallization and incomplete reaction between successive

crops of cry.stals and rest-litpiiil (Cameron, et al., 1949, pp. 97-l()(i;

.Tahiis, 19;);i, pp. ^80-XI')), chiefly becau.sc of the remarkable con-

sistencies in age relations and textural and compositional trends from
one zone to another.

I'lGUliK 12. Sharply layered (luartz-aibite-garnet-microciine aplite

(line rock) in contact with very coarse-grained (juartx-rich pegmatite,

near I'ala, San Diego County.

Complications in tln' development of many of the pegmatites,

especially during tlie end stages, are evidenced by wiilespread re-

placement features. In particular, much albite, muscoviti", lepidolite.

and (piartz apjiears to have been formed in part by replacement of

other pegmatite minerals, and evidences of corrosion and replace-



Chapt.VII] PEGMATITES OP SOUTHBRX CALIFORNIA .lAIINS 47

nieut are pspecially strikinjj in tlir inner, jxicket-bearinf; parts of

many of the Roni-boariiif;' jiogniatites. Tho total amoniit of ri'])lari>-

ment material rarely is large relative to the ppfiniatite body as a

whole, but it may be moderately largo in a few of the mineralogically

complex bodies. Jhieh of the replacement can be explained in terms

of denterie action dnrin<: the intermediate and end stages of crystal-

lization with a given mass of pegmatite.

The origin of the aplitie rocks within many of the pegmatite

bodies is less clear. This fine-grained material has been variously

interpreted as an early product of simple crystallization from a

hydrous magma (Waring, 1005, p. :56G), as an early, probably pri-

mary aplite, in some of which a rhythmic replacement yielded line

rock and other layered varieties (Merriam, 1946, pp. 242-243), and

as a much later result of replacement of pre-existing graphic granite

by soda-rich solutions (Schaller, 192."), \i]t. 274-2771. Evidence now
at hand docs not warrant a single definite conclusion, although it is

clear that the ajilitic rocks are integral parts of the pegmatite

bodies in which the.v occur, and that .some of these roeks show im-

pressive evidence of mineral replacements.

GEOCHEIVIICAL FEATURES OF THE PEGMATITES
In general, the segregation pegmatites and tlie discrete pegmatites

were formed from fluids that traveled varying distances from their

sources, and can be regarded as late-stage products of magniatic

differentiation. As such, they not only reflect the gross composition

of larger igneous masses with which they are genetically assoeiated,

but also contain concentrations of rare elements that were present in

the original magmas. Thus the.v provide samples of various magmas
in the region—samples in which both ma.ior and minor constituents

are relatively easy to recognize and stud.v. Unfortunately, some of

the ]iegmatite fluids seem to have moved such great distances from

their sources that no geneticall.v related rocks are expo.sed nearby.

C'ertainl,v this appears to be the ease with the granitic pegmatites of

the Peninsular Range province.

Nearly all of the pegmatite bodies, including those of great min-

eralogie and structural complexitv, are astonishingly similar to

ordinary igneous rocks in gross composition. Even those with promi-

nent masses of quartz rarely contain unusually high percentages of

SiO-j, in terms of their entire bulk. Similarl.v, the percentages of

alumina, lime, and the alkalies are in the normal ranges, and only

iron is present in eonsistentl.v low concentrations.

The minor constituents show some interesting trends. On the

basis of mineralogic and chemical studies thus far made on the

pegmatites of the Peninsular Range province, the magmas of the

southern California batholith ap|iear to have contained notable con-

centratii»is of boron, relative to magmas in other parts of the soiitli-

western I'nited States. Toiinjialiiie is Ixith widespread and abundant,

and axinite is an accessory constituent (if nnnu'rous pegmatites that

are Hanked or surrounded by limestone. Barium and stnuitium also

are unusually abundant, and are concentrated mainly in the alkali

feldspars. Ijithium, phosphorous, and rare-earth elements are promi-

nent minor constituents of many dikes, and thorium is well repre-

sented in several of them. Beryllium, bismuth, cesium, fluorine,

manganese, columbium (niobium'), i-ubidinm, tantalum, titanium,

and tin also are present, but not in unusual concentrations. Con-

spicuously rare are nraniinn. ^auailium, and zirconium.

These observations are in good agreement with the results of trace-

clement studies that have been made on the various non-pegmatitic

rocks of the batholith (see Larsen, Contribution 3, this chapter),

except for the case of lithium, which has a low concentration in

these rocks relative to the average igneous rock. Perhaps the con-

centrations of this element in the Peninsular Range pegmatites,

relative to the average pegmatite, in pai-t reflect the great difficulty

with which it can be fixed in the earlier crystallizing minerals of the

non-pegmatitic rocks, thus resulting in a high ])arfition factor for

lithium in favor of pegmatite fluids that si']iarated from crystalliz-

ing masses of these rocks.

The trends in minor-element distribution are less well known tor

pegmatites in other parts of southern California, but a few generali-

zations can be made. Many of the Mesozoic pegmatites contain

notable concentrations of boron, phosphorous, rare-earth elements,

and titanium, and some of them are relativel.v rich in thorium-

bearing minerals, as well. Althmigh uranium-bearing minerals are

known from a few of the pegmatites (for example, Ilewett and Glass,

1953; Neuerburg, 1954), this element a|>i)ears to be present in con-

centrations far below the average for pegmatites in general.

The pre-Cambrian pegmatites, and especially those in the eastern

parts of the Basin-Range and IMo.iave Desert regions, evidently rcp-

I'esent an entirely dift'erent geochemical province. They are relatively

poor in boron, but are remarkably rich in fluorine. Many also eontain

moderate concentrations of rare-earth elements and tungsten.

The distribution of quantitatively minor elements within the

southern California pegmatites is typical of that for pegmatites in

general. Some of these elements form minerals of their own, and

others appear as guests in minerals that generally were developed

at a late stage during crystallization of the containing pegmatite

body. Thus beryllium forms beryl, baveiiite, bcrtrandite, gadolinite,

phenakite, and belvitc; bismuth occurs as a sulfide, oxide, vanadate,

and in several carboiuite minerals; tantahim and columbiiun (nio-

bium) form tantalite-columbife, microlite, jiyrochlore, hatehettolite,

and several other complex minerals; and the rare-earths apjiear in



48 MINERALOGY AND PETROLOGY [Bull. 170

Table 2. Occurrence of cnmmercinUy desirable minerals hi the

pegmatites of southern California *

Mineral
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I'"l(a"KL l.'l. \'f'ry (oarsi'-;;rjliiu'(I pe;,'in;il iff. rich in iiuartz

and pcrtlute. Dark-culort'il ruck is a septum of «ni;irtz-itintite

schist. Houspr Canyon feldspar quarry, San Di(';;n County.

in the Peninsular Range province, as well as in the easternmost parts

of the Mojave Desert and Basin-Ranfre regions in the State.

The known pejrniatitic oecurrences of bismuth minerals, cassitorite.

iioii-!:r(Mn beryl, rare-cartli minerals, taiitahiin-colnmbium minerals,

and tliorium minerals in southern California thus far liave been of

mineralogic interest only.
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6. CONTACT METAMORPHISM
I;t Ian- Ca

General Features. A highly condensed introduetiou to "Contact
iiiotainor])hisin in southern California" is obviously not the place in

which to indulpe in semantic niceties nor to enfia^e in terniino-

lo^'ical tussles, and thus the title is not intended to reflect a care-

fully delimited concept. Instead it is freely admitted that in some

of the examples to be cited, such terms as "contact metasomatic,"

"pyrometasomatie," "optalic" or "thermal metamorphic," "hydro-
thermal," "pneuniatolytic," and even "injection metaniorphism"
mij;ht be more precisely appropriate. Suffice it to say that "contact

melamorphism" will be herein employed in its broader connotations.

There is an old adage -which states that "it takes two to make
a quarrel." Likewise, it takes two (rocks) to make a contact, and
unless one of these rocks was at one time pretty hot, preferably in-

deed in the magraatic state, there is likely to be no contact meta-

niorphism as such. With the concept of contact metaniorphism thus

reilnced to these two essentials, an invaded rock and an invading

magma, let us survey the southern California field.

In terms of rocks available for invasion, southern California

presents a wide range : in age, from pre-Cambrian to Recent; and, in

type, encompassing .sandstones, shales, cherts, limestones, dolomites,

graywackes, pyroelastics, conglomerates, the regionally metamor-

phosed equivalents of these rocks, and a considerable variety of

igneous rocks. Betails concerning "country rock" types will be

found elsewhere in this volume.

The invading magmas likewise involve wide spans of time and of

type. In the early pre-Cambrian ("Archcan" of some writers) ter-

ranes, plutonic intrusives, largely granitic, have been recorded prin-

cipally from the southeastern parts of the State. In the later pre-

Cambrian ("Algonkian" of some writers), intrusive activit}- seems

to have been largely confined to injection of diabasic sills, also in the

southeastern parts of the State. The Paleozoic record is very frag-

mentary, but gives the impression that this era, if not wholly devoid

of igneous activity, at least did not involve any very significant

effects of such. The Triassic was a period of considerable volcanism,

manifested more in the pyroclastic record than in other ways, and in-

volving chiefly andesitic types. Then, prchably in Upjier Cretaceous

time, I came the invasion of the southern California batholitli

(Larsen, 1948) and its correlatives, e.g. the Cactus granite

(Vaughan, 1922), some of which are found far to the east. In this.

IN SOUTHERN CALIFORNIA*
MPIIICLL t

as in other major plutonic sequences throughout the State, rocks

ranging from noi-ite and gabbro through diorite, tonalite, grano-

diorite, and quartz mouzonite (a<lamellitc) to granite and alaskite

are represented, with the sequence in most instances proceeding

from the more mafic toward the more felsic types. Hewett (1948)
has recognized late Laramide granitic intrusives in the southeastern

portion of the State, and as dating methods impmve, other occur-

rences may be assigned to this period, and to periods not now in-

cluded in the record of igneous activity.

In Cenozoic time there was abundant igneous activity in southern
California, but probably not until erosion has provided us with
much deeper exposures will evidence of plutonic phases be found.

Cenozoic activity is manifested chiefly in widespread volcanic phe-

nomena, with basaltic, intermediate, and rhyolitic magmas involved.

Even within the Quaternary there is a widespread record of both

basaltic and rhyolitic effusions, as, for example, in Mono County
(Putnam, 19.38). Throughout the time scale, the great bulk of

igneous activity has been confined to what are sometimes classed as

the "calc-alkaline rocks." Ultramafic types are few and far between

(these are much more abundant in northern California), and alka-

line types are almost non-existent save for some relatively minor
intrusions of nepheline syenite and associated types in the northern

Panamint Range (McAllister, 1952), and the shonkinite recently

recognized (Sharp and Pray, 1952) in connection with the bastnae-

site deposits of the Mountain Pass area in San Bernardino County
(see also Olson and Pray. Contribution .'?, Chapter VIII).

In view of the diversity of both invaded and invading tyiies, it

might be anticipated that southern California would exhibit contact

metamorphic types whose number would ajiin'oxiniate the number of

invaded types nuiltiplied b.v the number of invading types. That no
such tremendous number of metamorphic types actually exists might

be exiilained in two ways. First, if we assume that metaniorphism

is purely thermal, then it matters little what the composition of the

intrusive is; results will be a function only of its temperature, and
of the physics and chemistry of the intrnilcil rock. Second—and this

• Contribution No. 64G, Division of tile Geological Sciences. California Institute of
Technology,

t I'rofessor of Petrology, California In.stitute of Technology.

t The dating of the "batholith of southern Califr»rnia"" presents a problem not as
yet fully solved. The intrusives of the Sierra Nevada to the north, with which
the southern California batholith has been correlated by some investigators,
have been rather closely dated l)y Hinds (l:t.14) as probably late Jurassic. On
the otlier hand, the intrusives of the .Sierra .'>ati Pedro Marlir in Baja Califor-
nia, with whicil the southern California batholitli might better he correlated,
have been shown l)y Woodford and Harriss (ly.l.S) to lie I'pper (^retaceous in

age (see also Larsen, Contribution 3, this chapter).

(51)
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is doubtless tho eoiumoiipr case—if v.e assume that tliermal effects

are in part transmitted and augmented by emanations associated

with the intrusive, the major eomponents of these emanations are

likely to be sueh end-staffe concentrates as H-..0 and SiOo, regardless

of whether these stem from a gabbroie or a <rranitie magma. Thus

with respect to the best known sequence in this region, that of the

southern California batliolith, liarsen ( 11148, p. 361 comments, "Both
the thermal and hydrothermal contact metamorjiliism around the

tonalite, gabbro, and peridotite are much alike, and they are similar

to the metaniorphism comrainily found around granite and grano-

diorite."

In general it can be said that contact metamoi'phism is most ex-

tensively developed around granitic (granodiorite, ipiartz monzo-

nite. and granite) intrnsives of ilesozoic age. Earlier intrusives

connnonly invaded rooks that already had been regionally meta-

morphosed, and therefore were less likely to display effects of contact

metaniorphism. And contact metamorjihism is most extensively de-

veloped in pelitie and impure calcareous country rocks, whereas

arenites, meta-arenites, pure marbles, igneous rocks, and raetamor-

jjliic rocks commonly show little or no contact effects other than local

reerystallization.

Despite these simplifying considerations that are involved in this

picture of contact metaniorphism, southern California does not lack

for a notable range of contact metamorphic types. Varieties are

foiuiil that range from spotted (cordierite) slates (Hoots, 1931) that

may be cla,ssed in the green schist facies, to diopside-plagiodase

rocks (Dnrrell, 1940) that manifestly represent the intense condi-

tions of metaniorphism of the pyroxene-horufels facies. Sillimanite

.schists (for example. Merriam, 1946) are widespread higii-rank

t.vpes in the region, although liy no mi'ans all of the sillimanite can

be ascribed to contact metamori)hism.

The greater part of the contact metamorphisiii to be found in

southern California appears mainly to confirm iirinciples and ex-

amples already well documented from many other parts of the

world, although some of the examples arc particularly well exposed,

either because of king-size road cuts or bec'ause of scanty desert veg-

etation. But California prides itself on providing superlatives and

uniqueness! Granting that the majority of the contact metamorphic

rocks display nothing out of the ordinary, there are nevertheless

instances to which special allention might be called. The remaining

discussion will cite briefly a number of such instances, several of

which receive more c.xteudcd discussion elsewhere in tliis volume.

Examples of I'milnfl M( liniiiiijihixiii. i'^vidcin'c of a siipi'rialive

thermal pnuch pa<'ki'(l by soioi' ('Mlifoniia iriiignias is provided by a

P^IOURE 1. Fusi'd illrhisiuii. <';jla\rr:is .jii:iir,\. S.m I'l'^- t'..iint.\.

Hornblendt' l>lielnicr,\ st altered tu augite (At, j^la^.^ Mi* willi bwallnw tail

feldspar (Ft pheiiocr.vst.s. Keiirodiiced from Larsen and Sicitzer (tSS9),
courlesy Antrrican Journal of Srifiice.

granodiorite locally vitrified by intrusion of a Pleistocene (?) basalt,

near Bishop (Knopf, 1938). Here tridymite is found in a low-index

glass formed b}' the melting down of quartz and alkali feldspar.

And from near Carlsbad, in San Diego County, Larsen and Switzer

(1939) record a large (40 by 50 feet) inclusion of tonalite that has

been nearly half melted down to glass of rhyolitic composition by an

intrusive plug of andesitie lava (figs. 1, 2). But the highest thermal

effects undoubtedly are those represented by sand fulgurites near

Indio, for which Rogers (1946) estimated temiieraturcs of around

1800°C. Within the writer's broadly stated conception, the conver-

sion, in these fulgurites, of quartz to lechatelierite and cri.stobalite,

accompanied by fusion of biotite and of feldspar, is certainly contact

(thermal) metamorphism, although admittedly of a very special

(non-magmatic) type!

Other indications of tliermal ptiticli itrc less dramatic, but ilescrvc

meitlion. Sillimanite, considered by many as an index mineral of

maximum metamorphic intensities, has been recorded from a number

of wiilcly separated localities (Murdoch and Webb, 1948. p. 273).

Much of it nia\' well be the i-esult of regional metamorpliisni, but

some is to be attributed to contact metamorphism. A much more

unique iiidic-iitor of the attiiiiititctit (if an advanced stage of meta-
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P'IGURE 2. I'liM'iJ lIleIu^unl, Ca!a\ i.T;ls iiuan".\ . Sail Du-^o Cuuiit.v. Tarlially

melted feldspar (F), showing manner in which solution progressed along eleavage
directions. Glass (G) and quartz (Q). Reproduced from Lumen and tiwitzer

(1939), courtesy American Journal of Science.

morphism is the mineral merwinite, whieli is present at Crestmore.*

In the well-known Bowcn (19-10) series of 10 mineral indicators of

progressive metamorphism of siliceous dolomites, merwinite stands

ninth, with only larnite above it. If, as is now generally done,

rankinite is added as an eleventh member of this list, merwinite is

still only two from the top, and thus places the rock in which it

occurs with the pyroxene-hornfels facies. Monticellite, lower (sixth)

in the Bowen table, still represents an intensity stage of contact

metamorphism not commonly reached. It is present at Crestmore,

and also is found in the Ivanpah area (Schaller, 193.5) far to the

east. Predazzite, a rock representing the periolase stage of contacl

metamorphism, is somewhat of a raritj- in the United States, hut it

has been reported (Rogers, 1918 and 1929; Woodford, ct a!., 1941 i

from three quarries in the vicinity of Riverside (City quarry, Cresl-

' To what extent Crestmore, the nio.»<t remarkable of all of California's mineral de-
posits in terms nf number and rarity of mineral species, owes its exeepliorial fea-
tures to contact metamorphism and to what extent these are to be attributed to
more strictly liyrlrothermal effects, is discussed elsewhere in this chapter (Burn-
ham. Contribution 7). Let it sulTice to point out here that the buli< of the mar-
morization aiul of the lime-sliicate zones at Crestmore are certainly contacl
metamorphic in origin: the rare, minor, and in part hydrous constituents {c.k..
custerite. hillebrandite) are very probably of later, but related, hydrothermal
development.

more cpiarry. and Jensen (piarry ). and I'l-oiii l.ui-enie \'allev (('aiii|)-

hell, 19;JU).

Not only have southei-n Calil'oi-iiia iiiaoniiis carried, iil times, ex-

i'c|itionally high thermal energy, but they have invaded rock types
not coinmuiily founil in contact zones. For example, Jlioeene cherts

and other high-silica beds of the Montei-ey formation in the Palos

\ enles Hills tievelop, according to Bramlette (1946), narrow contact
zones adjacent to dikes and sills of basalt. These zones are cliar-

acterized by an increase in chalcedonic silica and by formation of

aiikerite. Durrell (1940) cit(>s progressive reerystallization aiul su-

tured boumlaries of quartz as the major effects where meta-cherts
;n-e present within contact zones of the .southern Sierra Nevada
iiitrusives. It is of interest to note, by way of providing a measure
III' the intensity factor, that silliiiiaiiiti' is locally formed in the.se

nicta-eherts.

Gypsum provides further evidence that nionomineralic rocks sel-

dom are greatly affected by contact metamor])hism. In the Palen
.Mountains, Iloppin (quoted in Ver Planck. 1951) has mapi)ed thick

gypsum beds and associated sediments of uncertain but possibly
Paleozoic age. These have been intruded by Jura-Cretaceous (?)
quartz diorite, with resultant development of garnet skarns in the
lime-silicate formation, but apparently with no recognizable effects

on the gypsum. IIop])iu does postulate that dehydration to anhydrite
might have resulted, but that subsequent approach to the surface and
to the zone of grouml-water circulation may have rehytlrated the
formation to its earlier composition. Progressive effects of emana-
tions from a quartz-diorite upon seriientine in the southern Sierra
Nevada have been recognized by Macdonald (1941) as characterized
by successive development of talc, talc and actinolile, aclinolite

chlorite, and biotite.

One of the most unusual of southern California's contact meta-
morphic deposits is the andalusite mass in the northern Inyo Moun-
tains, which for many years furnished ore for the Champion Spark
Plug Company. Whether this notable concentration of highly alumi-
nous minerals developed because of unusual composition of the

country rock, or because of other factors, it is impossible now to say.

Extensive alteration has so obscured the relationship.s as to leave

certain important elements of the geology in doubt. Knopf (1917),

who first called attention tn the occurrence, postulated pneumatolytic

metamori)liism of a volcanic porphyry subsequent upon granitic in-

trusions. Kerr (19l-i'2) suggested that the host rock may have been
an aluminous volcanic type, or possibly an aluminous .sediment inter-

calated in a succession of trach.^•tic flows, now largely schists, and
that the metamorphism responsible for development of the andalusite

was associated with intrusion of m jiorjiliyry of trachytic composition.
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Bear Creek Spire Mt Morgan

qntv.

FliiUltK 3. rino Creek iirii(l:inl in (lie vit-inity I'f the I'iiii- Ci-crk iiiiiir i.l' 1. S. \;iti;i.liiitii f 'nniiuiiij', lii\i' ('.Miiii\. ;:. Orthncliisc-albite praliitc : jircl, Kranoilioritc

;

liuli, hornlih-ride ^'nllI)^o; inirpli i|rii, <)u;ir-tz mmi/nnile wilh Ijirti*' phiMincr.vsts nf nrtliiM-liisr ( pr<>li;ilil,\ i-i.rreljilivr with (';ttlii'(Ir:i[ I'i'iik granite of Yusi'inito I'ark) ; qd, mafic

(|uart2 (iiorite ; f|ni, quart/. iiioii/.(>nilt> ; Hfh, Kcliisfose (iiiiirt/. rock; m. marble. Photo antt iicolofiy bii Ihritifit Lfyiimon and i'tiiil Jtulctiian, I'. S. Geohtjiral Surfcy.
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Fli^l hi; 4. Tacliti' zone ill c-lifl' f;ici' If.ni- v|i,,wiii:; is.ilii.iit l.'.ll l.'.l liiulil

lit IJrowiislMiii- liiiiKstrn niiln', I'iiM- Cii-i-k (':ni,\">ii. Ili>n ('Mtiiity. Tin' diirl;

niiitiTiiil is ;;:n-iii't iiMcixi'lii' t:n-liti', ll is liiiniiilc'il on I lir li;;lil liy i|ii;irlz

miiiizoiiilc. mill oil thf li'ft li.v niiirlili'. All Ilirsi. .iip nil liy si'iill.v clippiii!;

folsitr (likPS (liBlltest Kliiy I . I'liiihi iiiiirlixu rntll <\ llnlimiiii, V. S. (Uo-

lonirtil tinrvey.

Later, Lomiiinn (lllliTj imliratnl lliat tin- amliiliisilc ih'imii's in a prc-

Cambrian motaquartzitc, ami is a i-csiilt ol' iiitnisiiiii of late Jurassic

"ranilie rocl<s assoi-iati'il witli the Inyo batliolitli. At any rate, there

is general agreement t1iat the andalusite lU'imsit resultetl from ig-

neous invasion, but whetlier large or small aimmnts of aluminum

were supplied by the intrusive eaniidt be determineil in advance of

final decision as to the original composition of the host rock. The

first stages of nietamor|)hism arc characterized principally by the

development of corundum and andalusite. Later, and more particu-

larly, hydrothermal stages resulted in formation of diaspore, pyro-

phyllite, mnscovite, alunite, lazulite, and such rare minerals as

augellite and woodhouseitc.

Emanations are almost invariably involved iu contact metamor-

phism, and it is from these that some of the State's most important

economic mineral deposits have resulted. Certainly no summary of

contact metamorphism in southern California would be complete

without reference to the scheelite-bearing tactites (fig. 'A) that

through two world wars have yielded a very large shai'c of our

domestic output of tungsten. Economic and scientific interest first

focussed upon these deposits during World AVar I. ami in 1022 Hess

and Larsen pointed out tliat the vast ma.iority of them are present

in the Great Basin region of California and Nevada, and that they

are most commonly found in linu'stone country rocks associated with

quartzose intrusives. Many early studies of these deposits have shown

that their broad relationships are remarkabl,\' consistent, and this

generalization has been confirmed by extensive and detailed mapjiing

of tungsten deposits during the period of World War 1 1

.

In a typical eontact-metamorphic deposit of scheelite, the zone

immediately adjacent to and extending outward from the intrusive

contact—in some places for tens, in others for hundreds, of feet

—

is the "tactile zone". It is commonly ilistinguished by colors darker

than those of the adjoining rocks, and is characterized by develop-

ment of such minerals as garnet, diojjside, epidote, and idocrase.

Scheelite ordinarily is most abundant in this zone, but is by no means

confined to it. Molybdenite not uncommonly accompanies the .schee-

lite. and pyrite, chalcopyrite, and magnetite are common and locally

abundant accessories. The borders of the taetitc zone are character-

istically though not invariably .sharp (fig. 4). The shapes of tactite

bodies arc notoriously iri'cgnlar. and this irregularity has led to

many difficidties in the economic and engineering devclo|uiient of

these deposits.

Beyond the taclilc zmie. as li-accd away from flic intrusive rock,

is the "zone of light-colored silicates." which is characterized by

such minerals as wollastoniti' and tremolilc. and in rare instances

by scheelite in commercial concentrations. This zone in turn passes
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fjradiially (iiitwiiril into a niannori/.cd ziiiic. cliaractL'rizod by an ah-

seiu'c of aiUlitivc minerals, and in wliicli the only contact effect is

i-eci\vstallization of the ealcite. This zonal pattern, with variations,

is found in many jiarts of sonthern California, althoup:h the nia.jor

deposits * occur within the area iniderlaiu by the Sierra Xevada

Itatholith. As Tnore or less typical of the many oci'nrrenees that have

been described, may be cited the Konnd Valley deposit (Chapman,

1937) and the Pine Creek deposit (Lcmmon, 1041). The exten.sivc

literature on this subject has been suunuarized by Kerr (1946). (See

also Batcman and lr«iu. Contribution 4. Chapter VIII).

The iron ih'posits of southern California are more abundant and

are evrn iniire imjircssive as examples of bulk metasomatism on a

large .scale. Althnnjrh some of them had been studied and dcsci-ibed

more than 40 years ajro (Harder. 1912), it was not until World War
II that any of the iron deposits were brought into commercial pro-

duction. Extensive maijping and drillinir in several areas have dis-

closed reserves totalliuir more than 5(1 million tons of ii'on ore, the

bulk of which is attributable to contact mctamorphism and to hydro-

thermal activity closely associated therewith. Descriptions of the

most siguifieanf deposits have been brought together in Bnlletiu 129

of the California State Division of Mines (1948).

In general the chief minerals of the.se iron deposits are magnetite

and hematite, with some maghemite, and they occur at or close to

contacts between granitic (toualite, quartz monzonite, etc.) intru-

sives and calcareous country rock. At the Eagle Mountains de]iosit

(Iladley, 1948), much the largest of this group, an early thermal

phase of mctamorphism produced such minerals as diopside, actiuo-

I'te, grossularite, wollastonite. scapolitc, and labradorite. These arc

found chieHy in the more impure calcareous beds, and metamorphism

of the purer dolomite appears to have resulted mainly in recrystalli-

zati<ui. A later, and more distinctly hydrotbermal phase of meta-

morpliism led first to formation of tremolite in the dolomite, ami

then to ser])cntinizatiou, and to deposition of the iron ores. Although

most extensively developed in the calcareous country rock, iron (u-es

are present in silicated zones and even in quartzite (fig. 15).

Jliiuiscule as compared to the iron dejiosits in terms of tonnage,

and yet of sufficient scientific interest to deserve mention here, are

the cassiterite-hcaring contaet-mctamorpliic deposits in lln' vicinity

of (iorman (Wiese and Page, 194(;). Here Paleozoic sediments have

been invaded by intrusive rocks of late Mesozoic age, with attendant

development of lime-silicate hornfelses, especially in inclusions that

lie within the igneous rocks. Cassiterite, regarded as a rather un-

common constituent of contact zones (Lindgren, 1933, p. 727), was

obtained conniiCT-eially fniiii these deposits to lhi> extent of a few tons

during Workl War II. It occurs at or very close to the margins of

granitic contacts against the limestone.

Contact action involving magnesium nu'tasomatism is by no means

common, aiul yet sonu> striking illustrations of this are to be fomul

in southern California, particidarly in the southern Death Valley-

Kingston Range area. Here Wright (19:52) has jioiuted out the

remarkably close control of talc formation by (1) the host rock

—

carbonate .strata in the basal portion of the Crystal Spring forma-

tion of the late pre-Candjrian Pahrump series—to which all of these

deposits are confined, and by (2) the .iuxtaposition of a thick diabase

sill to which the metamorphism and metasomatism are ascribed.

Throughout an area of moi-e than 1,(100 scpiare miles, tale can be

I'liuud in nearly all places where a ccmtaet ln'twcen these two rocks

is exposed; at several such localities, imiiortaut conuuercial imui-

ceutrations occur (fig. 6). It is interesting to note that there is a

direct correlation between the thickness of the diabase intrusive,

which ranges from 200 feet to as much as (iOO feet, and the size of

the silicated zone in which talc and trcmoliti' are the prineipal

-
-'^t;-^?-'**

.-, o.. IJ'^ ^^^
'-.y- ,

• To avoid posHlhIo confusion of type.s, it perhaps should be pointed out that the
important Ncheellto deposits at Atolia and at Darwin are more properly to be
classed as hydrothcrmal vein types, rather than as contact-metamorphic deposits.

Kn;ri{i: fJ. Mmly ni t;ilc In'im.liti' n«r-k :it cmiliH-l hrtwi'cii .liahiis.- :iti<l i|..|n-

iiiitc. nil in tho pn'-(';iinl)ri:iii Crystiil Spriii^' t"iMriiiilirni. Ai-mi- tnic mini', Snn

Ucniardino County. I'hoto vmirtvay Lauren .1. Wriaht, California Division of

Mines.
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minerals. The liistory uf tlio altcnitioii starts with a veiiiin^r of the

(iriKiiial earlimiate roek bj- tremolite. alkali feldspar, serpentine, and
tide. This is folhiwed by a eorrosion and veinin"' uf tremolite by ser-

pentine and tale, and next eomes a rimminp and veining of serpen-

tine <rrains by tale. Finally, the tremolite is corroded by carbonate,

and all of the other minerals are transected by carbonate veinlets.

The replacements seem to have taken place on a volume-for-volume

basis.

Should the Kramer borate deposits be included among examples

of contact metamorphi.sm? If so, they should be referred to as bein^'

economically, if not also mineralogicall.v, the most famous of Cali-

fornia's contact-metamorphic deposits, and they may thus provide

a fittinfx conclusion to this brief i)ai)er. Even the most recent discus-

sions (Conucll, 194!)) of the origin of the million-odd tons of the

nnicpie mineral kernite indicate that there is not yet any generally

aiM'cpted hypothesis. All who eom|iare the composition of the much
commoner and better undei'stood mineral borax fNajB407- lOH-0)
with that of kernite (Xaop,j()---UL.O) are struck by the probability

that at some stage in the paragenesis, borax has been partiall.v de-

hydrated to yield kernite (see Mumford, Contribution 2, (."hapter

VIII).

Schaller (Ut3l)i, assuming that the basalt known to underlie the

deposits might be intrusive, suggested that tlie thermal action of

such an igneous rock upon already accumulated borax would account

for the kernite. In this case, we have a relatively simple (albeit

nniipic in terms of its product) example of thermal metamorphism.

But the work of ffale (1946), based upon a .study of much more
extensive luulcrgronnd exposures than were available to Schaller.

seems to indicate that the underl.ving basalt was extrusive, and
that the borax beds that overlie it arc therefore younger. Neverthe-

less, (!ale suggests that the basalt was still giving off heat at the

tinu> when borax-laden lake waters accumulated above it, and that

this thermal effect aided in the |)rccipitation of borax and possibly

also in its ])artial dehydration to ki'rnite. That some volcanic phe-

nomena .still were! active in I lie vicinity after accnmnlation of the

borax is attested by .siiiidl aiiionnis of realiiiiT' and orpiiiicnt rcnud in

the deposits.

If. as has been suggested. Ilie basalt did conlribute to the lliennal

metanioi'phism of the borax, the sitnation is tinily uni(|uc. In all

otbi-r known examples of contact metamorphism. the metamorpboscd

rock was in |)lacc^ at the time of the igneous invasion. Thus s])atially,

as well as thermall.v. the igneous rock plays the d.vnaniic role; the

country rock, the passive role. Rut at Kramer, it might be eon.jec-

turcd that llii' igneous rock was in sitn and (hat subse(|uently the

country rock moved, by means of scdiniriitary accumnlation, into

l)ositiou for its metamorphism. However fantastic such speculation

ma.v be ad.jiulged. it is fair to conclude that such an extensive de-

posit of such a unique mineral as kernite may well deserve a unique
explanation!
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7. CONTACT METAMORPHISM
Ul L\ WAV

Introduction. Tlie CrcstiiKiro limestone iiiiin' and quarries of the

Riverside ('enieut Company, located .'i miles nortli of Riverside,

California, have received much attention durinp- the past four dec-

ades from mineralofrists and petrologists the world over, principally

because of the occurrence thereof a great variety of contact-

metamorphic minerals. Most of the 20 or more published accounts

dealing with the Crestmore deposits have been concerned primarily

with description of the minerals and discussion of their paragenesis.

The present jjajjer is a preliminary and condensed version, mainly

descriptive, of the results of a study aimed primarily at defining

the occurrence and genesis of the minerals and rocks.

The contact zones lie between magnesian limestones and quariz

diorite, and between the same limestones and a relatively small

intrusive mass of quartz monzonite porphyry. The limestoues occur

as lenses of variable thickness and lateral extent within a thick

section of predominantly siliceous metamorphic rocks, masses of

which occur typically as roof pendants or screens in the intrusive

rocks of the southern California batholith. The younger rocks of this

composite batholith have been dated tentatively as Upper Cretaceous,

and hence the engulfed metamorphic rocks, which in this area have

yielded no fossils, are Jlesozoic or older.

Pre-hatholithic Metamorphic Rocks. The prc-halholithic rocks in

the immediate vicinity of the Crestmore quarries consist mostly of

coarsely cry.stalline magnesian limestones and subordinate feld-

si)athic biotite-quartz gnei.sses, schists, and hornfelses. The limestones

form two stratigraphic units, the lower of which i.s known as the

Chino limestone and the upper as the Sky Blue limestone. The C'hino

limestone locally is as much as 400 feet thick, and recent diamond

drilling east of the quarries indicates that the Sky Blue limestone

may be oOO feet thick.

Separating these two limestones are gneissie hornfelses and schists

that have been largely displaced and, to a small extent, replaced by

a sill-like mass of quartz diorite. The noncalcareous metamorphic

unit varies strikingly in thickness across the area, and ranges from

70 feet or less east of the Commercial quarry (see pi. 1 ) to more

than 200 feet south of this quarry. These rapid changes do not

appear to have resulted from deformation, and are therefore inter-

preted as the result of rapid facies changes between limestones and

siliceous rocks. Additional tabular masses of gneissic hornfels and

schist underlie and locally interfiuger with the Chino limestone.

AT CRESTMORE, CALIFORNIA*
<K iJrK-VlIAM t

The trend of lnlialiou in the mctamorjihic rocks is slightly west of

north, and the dip ranges from 1«" to 70' east. The steepest observed

dips are in the vicinity of the Crestmore mine. This general attitude

conforms to the regional honioclinal structure in the metamorphic

rocks that are more extensively exposed south of Riverside, and to

the flow structures in the igneous rocks of the batholith in the

vicinity of Riverside, In many |)laces, however, the attitude of the

foliation varies considerably, owing to mild deformation accompany-

ing intrusion of the quartz diorite. These defornuitional effects, as

well as the general structural relations of all the rock units, are

shown in plate 1.

The chemical and petrographie characteristics of both limestone

units are similar in every respect. Both units are composed of alter-

nating layers of predazzite and of light gray, coar.scly crystalline

limestone; this layering reflects original bedding prior to metamor-

phism. Except for the magnesium content, which, calculated as the

carbonate, rarely exceeds 25 percent of the brucite-rich layers, the

limestones are relatively pure. A weighted avei'age of about ilO com-

posite analyses of both limestone units, including a few thin eherl-

bearing zones, indicates over-all silica and alumina contents of 2.0

percent and 0.4 percent, respectively. The brucite grains in the iire-

dazzite range in diameter from half a mm. to 2 mm., ami commoidy

have a crude octahedral form. Specimens of predazzite from the

Jensen quarry. :! miles west of Crestmore, contain octahedral crystals

of periclase in all stages of alteration to brucite. and clearly indicate

a secondary origin for the brucite.

Quartz Diorite. The country rock of the Crcstiuorc region is

principally a hornblende-biotite qiuirtz diorite. | the Bonsall tonalitc

of Larsen (1948), and constitutes the northernmost known exposures

of the intrusive rocks of the southern California batholith. It is gen-

erally a coarse-grained rook with hypantomorphic texture. The pla-

gioelase is a calcic andesine that contains an average of 44 percent

anorthite. The modal analysis in coluiini 1 of table 1 is an average

of three determinations on samples taken from three widely sepa-

rated places in the area, and is thought to be representative of the

bulk of the rock. Although this rock generally appears to be of

uniform cimiiiosition, some distinct local variations result in types

that range from quartz monzonite to hornblende gabbro.

• Contribution No, C48. Division of ihe Geological Sciences, California Tnstitute of
Technology,

t Kennecott Research Fellow, California Institute of Technology.

t The igneous roclt terms used Iierein are Ijased on the classincatinn hy Juiianiisen.

Albert. 1P32. A descriptive petrography of the igneous roelts, vol. 1, pp. Ul-I*;i.

Univ. of Chicago press. Chicago, Illinois,

(01 )
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Table 1. Mineral composition of intrusive rocks of the Crestmore area.

Mineral
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that both .sets uf joints exeii-iscd some control during emplaci'nu'Ht

of the pegmatite bodies.

Contaminated Rocks. The ^roup of contaminated rocks is fjeneti-

cally related to the quartz monzonite porphyry, but these rocks

differ from tlie porphyry because of assimilation of limestone. The

•rroup may be subdivided into two types that jrenerally can be

distinp;uished by differences in color, texture, composition, and occur-

rence, alfliough nearly all transitions between the two have been

observed. Tlie less extensive type is very dark colored and porphy-

ritic, and generally occurs as small, pijje-like masses or strinj^'ers.

These striufrers apparently represent the terminal parts of apophy-

.ses from the main mass of jiorphyry that penetrated contact rock

and possibly limestone. Compositionally, this type ranges from a

sj'cnodiorite to a gabbro, the median ])robably lying in the diorite

group. An extremely basic member is ivpresented by the modal

analysis in column 1 of table 2.

The more common type of contaminated rock generally is ligliter

in color, less poi'phyritic, and coarser grained. It occurs as rela-

tively large masses that have engulfed large blocks of garnet-rieh

contact rock. These masses are marginal to the bodies of quartz

monzonite porphjry and doubtless grade into them. In column 2 of

table 2 is presented a modal analysis of an extremely potassic member

TahJe 2. Afineral composition of contaminated rocks.

Mineral
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contact rofk. as vtpII as the relations of tlio various zones of contact

I'oi/k to tlio parental limestones ami intrusive rocks, are shown selie-

niatieally in figure 1.

Quartz Momonite Pccjiiiritiffs. Pegmatites thought to be geneti-

cally related to the quartz monzonite |iorphyry are of common
occurrence at Crestmore, althougli their total volume is relatively

small. Near their source the dikes apparently differ very little in

mineralogy from the porphyry, although the relative proportions of

the constituent minerals might be different. The plagiodase is a

calcic oligoclase or sodic andesinc. and the potash feldspar is com-
monly perthitic. Microeline twinning is uncommon in those peg-

matites that lie within or near the porphyrv. On the other hand, the

dikes in contact rock and near limestone show increasing amounts of

twinned mierocline, and locally contain abundant brown andradite
garnet.

In the lower jiart of the Connnercial quarry, along the face below
station N, is a thin, discontinuous sheet or mesh of microeline crystals

and, locally very near the limestone, wollastonite blades. This rock
ajiparently represents the silicate end-product of crvstallization of

the pegmatite magma. The contact zone between the limestone and
this wollastonite-mierocline pegmatite generally is not more than
half an inch thick, and locally the rocks are in knife-sharp contact.

Where present, the transition zone ordinarily consists of wollastonite

and minor amounts of diopsidie pyroxene.

Scattered patches and vein-like ma.sses of epidote-microcline-

caleite-quartz rock, somewhat pegmatitic in appearance, extend from
station E, on the upper face of the Commercial quarry, downward
along the face to the north. Near station E the}' consist principally

of massive quartz, microeline, and epidote, but toward the north the

ratio of calcite to quartz increases to such an extent that near station

F they are mainly coarsely crystalline aggregates of greenish-gray

calcite enclosing large, euhedral crystals of epidote. Aside from their

coarse and variable grain size, these rocks bear little resemblance to

the normal pegmatites, and they may well have been more hydro-
thermal in origin than the normal pegmatites.

Contact Rocks. Surrounding the quartz monzonite porphyry and
related contaminated rocks where they have invaded the Sky Blue
limestone is an aureole of contact rock, the product of silica and
alumina nu-tasomatism. This aureole ranges in thickness from less

than an inch to ."iO feet. In addition, many remnants of limestone that

were engulfed by the porjjhyry liave been transformed into contact

rock that consists of diopside, wollastonite, and grossularite garnet,

with minor calcite and quartz. The quartz is present very near the

intrusive contacts. Garnet is by fai' the doniinani mineral in this

type of contact rock, wliich is so abundant that garnet is therefore

the dominant contact silicate mineral at Crestmore. Diopside and
wollastonite generall.v are present in about equal proportions;

locally, however, their relative proportions are highly variable, and
apparently reflect the distribution of magnesium in the original

limestones.

The dioi)sidc-wolla.stonite-garnet assemblage is also characteristic

of the innermost zone of the contact aureole, and as such constitutes

mo.st of the dark outcrops near the summit of Sky Blue Hill, as well

as the dark brown exposures above stations B and C on the upper
face of the Commercial quarry (pis. 1, 2). Near the porph.vrv

contact, in the vicinity of station B, this rock locally contains

numerous calcite-filled veinlets, along the walls of which scapolite

crystals commonly occur.

On the upper face of the Commercial quarry, above station C. are

numerous small stringers of i-ontaminated rock in diopside-wollaston-

ite-garnet rock, and on the slope of Sky Blue Hill, above station D.

a mixture of these two rocks in places resembles a "puddingstone,''

with nodules of diopside-woUastonite-garnet rock in a matrix of dark

contaminated rock. The nodules commonly are ellipsoids as much as

10 inches long, and are oriented with their longest axes plunging

moderatel.v eastward. In the vicinity of stations F and O. the

diopsidc-wollastonite-garnet rock is noticeabl.v brecciated. and the

fragments are set in a matrix of light-colored contaminated rock or,

locall.v, pegmatitic quartz monzonite.

The thickness of the part of the aureole that consists of diopsidc-

wollastonite-garnet rock, and which henceforth will be termed the

garnet zone, is highly variable, and ranges from only a few inches

near station Q to 25 feet or more above station C. However, in the

latter area the garnet zones of the two porphyry pipes overlap, pro-

ducing an unusually thick mass of garnet rock.

The diopsidc-wollastonite-garnet assemblage also forms sheaths

that surround the small stringers of contaminated rock that cut

idocrase and monticellite-rich contact rocks between stations I and

M. The sheaths range in thickness from 2 to 10 inches, and are verv

fine grained. The small blades of wollastonite appear to radiate

outward from the stringers.

A zone characterized b.v the mineral idocrase lies beyond the garnet

zone away from the porphyry, and occupies an intermediate position

in the contact aureole. Associated with the idocrase is a great

variety of minerals, but because of the intermediate position of this

zone, the as.sociated minerals in the inner part generally arc different

from those in the outer part. This variability in mineral a.ssemblagcs

is in contra.st to the simple and monotonous garnet-zone a.s-sendilage.

In the inner part of the zone, an.v one or all of the minerals of the

garnet zoni' may be associated with idocrase, whereas monticellite is
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a cijiiiniDii fonstitucnt in tlio oiitor part of tlic zone. However, the

iliopside of the gai'net zone jenerally is darker green tlian that in

the idoerase rock.

In addition to monticellite, several minerals make their first ap-

pearance in the idoerase zone. Two of these are wilkeite and its

alteration product, crestmoreite, which are widespread minor con-

stituents of both this zone and tlie monticellite zone. They also range

somewhat beyond into the blue caleite of the Sky Blue limestone.

Pink wilkeite occurs in the ridge between the Connnercial and Wet
AVcatlier (piarries, but has not been found recently in situ in the

Commercial quarry. As far as can be determined, pink wilkeite was
restricted to idocrase-zone rocks, whereas a yellow variety, which

occurs as numerous wheat-shaped grains, is much more widespread.

Micaceous minerals are common in the outer part of the idoerase

zone and in the inner part of the monticellite zone. Sheets of green

phlcigopite as much as 4 centimeters across occur in montieellite-

idoerase rock above station K, and colorless xanthoph3-llite is abun-

dant in the pale green idoerase rock near station C. The emerald

green micaceous mineral tliat formerly was abundant in the diopside-

beariug idoerase rock in the vicinity of station Q, although re-

sembling xantbophyllite, yields an x-ray diffraction pattern that re-

sembles neither phlogopite nor xanthophyllitc. At the present time

this mineral remains unidentified.

The monticellite zone lies beyond the idoerase zone and extends to

the limits of silica and alumina metasomatism. Its contact with the

idoerase zone generally is gradational, and is arbitrarily drawn
where monticellite or its typically associated minerals constitute as

much as .50 percent of the rock. In addition to monticellite, the min-

erals characteristic of this zone include gehlenite, spurrite, mer-

winite. tilleyite, forsterite, seawtite. spinel, and plazolite (1).

The most accessible exposures of the monticellite zone are in the

lower part of the Commercial quarry, between stations H and M and

between stations and Q. Westward for several feet from station

H. which is virtually on the boundary of the contact aureole, the

rocks are largely carbonate, but contain abundant small crystals of

monticellite and silky white pseudomorphs of crestmoreite after

wilkeite. Small crystals of idoerase and spinel also are common minor

constituents. Wilkeite. in relatively large lemon-yellow crystals, lo-

cally is common in the monticellite and monticellite-idoerase transi-

tion zones, where it occurs in and around residual masses of blue

caleite. Dark green spinel, another common constituent, appears to

be restricted to the monticellite zone. Above station I the massive

gray rock generally contains sub-equal quantities of monticellite,

gehlenite, spurrite, and merwinite, with minor amounts of idoerase,

spinel, and caleite. A short distance northwest of here are a few small

musses that resemble coarse-grained aggregates of quartz. Merwinite

forms about 90 percent of these masses, the renuiinder being idoerase,

spurrite, and caleite.

Some of the rock near station .1 contains ahiiiulaiit tilleyite;

indeed, from this point sonthwe.stward for a ilistanee of 25 or .30

feet, tilleyite, spurrite, and merwinite, together, appear to pre-

dominate over monticellite. Montii'cllite, however, is the most abun-

dant constituent of this zone along the remainder of the face to

station M, except above station L, where a relatively small nuiss of

very light gray for.sterite-rich rock, streaked with dark, fine-grained

spinel, is present. This is the only known occurrence of forsterite at

Crestmore; nearly 90 percent of the rock is forsterite at this one

place.

Exposures of monticellitc-zone rocks along tlie face between sta-

tions and Q in the lower part of the Commercial quarry are

smaller and fewer in number than along the face just described,

mainly because the over-all thickness of the metamorphie aureole is

not as great. The consequent telescoping of the zones caused a con-

siderable overlap of mineral assemblages. Above station P, for ex-

ample, wollastonite and idoerase form vermicular growths in host

crystals of monticellite in caleite. A mineral that has been tentatively

identified as seawtite occurs sparingly about 15 feet south of station

P. where it is associated with spurrite, merwinite, gehlenite, idnera.se,

and caleite. The mass of montieellite-zime rock near station C, in

the upper face of the Commercial quarry, consists mainly of mer-
winite and gehlenite, with subordinate monticellite, spurrite, and
plazolite ( ?).

Limestones and Predazzites. Many small masses of sky-blue cal-

eite are scattered throughout the contact aureole. Most of them ap-

pear to be remnants of Sk>- Blue limestone that persisted unchanged,

except for partial reerystallization and blue coloration, during for-

mation of the enclosing silicate rocks. A similar coarsely crystalline

blue caleite forms a sort of halo, ranging from less than an inch up
to a few tens of feet thick, that surrounds the contact aureole in the

Sky Blue limestone. In addition, distinctly bluish caleite has been

found as haloes a few inches thick surrounding reerystallized chert

nodules in the Chino limestone. These nodules, which occur nearly

100 feet from the quartz-diorite contact, are separated from the en-

closing blue caleite by an inch or more of white, sugary to fibrous

wollastonite.

Tlie cause of tlie blue color in this caleite is unknown. Its spatial

distribution in relation to the sfriietural features of the area sug-

gests that it is not due to deforniafionally induced .strain. Similarly,

it is doubtful that it is due to contained organic matter. On the
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EXPLANATION
Tolus, encovotion debris ond und'derentioted
alluvial deposits.

Sky Blue limestone.

Monticellite-rich contoct fochs.

Idocrose-rich contact rocks.

Gornet-rich contoct rochs.

j;riirj Gneiss, hornfels ond schist.

Pegmotites ond pegmotitic epidote-
microcline-colcite-quortz rock.

Gornet-confominoled rock breccia.

ConiafTiinoted rock.

Quorti monzonite porptiyry.

Quortz diorite (Bonsoll tonolite) .

FiGUUE 2. Generalized geologic mnp of faces of the Commercial quarry, Crcstmoro.
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(illirr luiiul. its (listrilmli(m in the cnlcite <loes suggest that it might

l)c ri'liiti'il t(i liittice defects or to the inti-oiluctioii of minor or trace

iiii|iiirilies during metamoriiliism. Althougli tlie most intense bhu"

e()h)r is associated with lirucite-frce cak'ite, bluisji ])redazzite also

has been found.

Outside the contract aureole and beyond the halo of blue calcite,

the magnesian limestones that were transformed into coarsely crys-

talline gray limestones and predazzites, either prior to or at the

time of intrusion of the quartz diorite, were little aflfeeted by the

quartz monzonite prophyry except in a few places near the contact,

where scattered ci-ystals of yellow chondrodite are present. This

extrcmel.v abrupt change from rocks of very high metamorphic rank

to unaffected limestones evidently is due to high thermal stability

of tlie brucite-ealcite a.ssemblage and, perhaps more important, to

the extreme instability of this same assemblage in the presence of

very hot silica-bearing solutions.

Oriiihi iiiid Kill iiliii'( iiK lit of tin Quartz Monzonite Porphyry.

Present evidence indicates that the qiuirtz monzonite prophyry was
intruded as a ]jipe-like body, 200 to 300 feet in diameter, upward
and northward from points beneath the southeast corner of the area

(see pi. 1). The wall rocks of the pipe in this part of the area were

quartz diorite and a small remnant of the Chino limestone. At the

jioint where the pipe intersected a large fragment of metamorphic

rocks that directly underlie and interfinger with the lower members
of the Sky Ulue limestone, it split into two smaller pipes, one of

which extended westward along the contact between quartz diorite

and the metamorphic rocks.

The remainder of the porphyry nuigma continued on its northerly

course, passing through tlic remnant of metamorphic rocks and

through a<lditional qmirtz diorite to the quartz diorite-Sky Blue

linu'stone contact. Within the Sky I'lue limestone, the porjihyry

formed a C(jniplcx network of anastomosing pipes and stringers, the

main mass of which was directed either westward along and lu'ar

the t'ootwall contact, or steepl.v upward into the limestone. As far as

lan lie determined, the |)orphyry does not extend for more than a

sliort di.stance north of the present south wall of the Wet Weather
quarry.

The nieclia)iical effects of the emplacement of the porjjhyry were

highly variabh'. The qiuirtz diorite api)arently was little affected,

but the Sk.v nine limestoiu' was arched up sbarjily into an eastward-

plunging anticline. The distribution of CaO in contaminated and
uncontaminated iwirjihyry indicates that less than If) percent of the

space now occujiied b,v the inli'usive rock can be accounted for by

the assimilation of linicstone; hence, it might be assumed that the

|iiii-|iliyi'y Uiailc room foi' itself largely by doming the limestone roof

r(K'ks.

The dittVi'cnces in the metasomatir elfects associati'd with the

cpiartz monzonite porphyrv, as compared with those of the quartz

diorite, must be related in some wa.v to differences in physico-

chemical conditions at the time of emplacement, for the same lime-

stones were the host rocks in both cases. Although absolute values

for the variables of temperature, pressure, and composition would
be difficult to establish, comparative values can be deduced with a

certain degree of probability on the basis of composition ami in-

ternal fabric of the crystallized products.

The quartz diorite exhibits features of texture and internal

structui'e that are compatible with a magma of high viscosity and

incomi)atible with one of low viscosity, and hence it is inferred that

the magma contained a relatively high pi-oportion of crystallized

material at the time of its emplaceuu^nt. This in turn implies that:

(1) tem])erat\ires in the magma were in the lower part of the range

of crystallization, and (2) the amount of water and other volatile

constituents in the magma was relatively small.

The implication that the magma was deficient in water at the

time of its emplacement follows from a consideration of the role

pla.ved by this compound. Presumably it tends to reduce the vis-

cosity of a magma by preventing the formation of large poljniiers of

silica, and conversel.v, a deficiency in water and certain other vola-

tiles permits the formation of these large polymers of silica, with

attendant increases in viscosity of the liquid phase. Therefore, it is

inferred that at the time of its emplacement, the viscous quartz

diorite magma probably was deficient in water. Furthermore, be-

cause of the lack of the abundant water and uncombined silica that

are necessary for large-scale silica meta.somatism. the (juartz diorite

magma produced only a foot or two of silicate contact rock where it

encountered limestone. The water-deficient condition that is here

])ostulate(l to account for the thin contact zone between (puirtz

di<jrite and limestone might have resulted from early cry.stallizatiou

of the hydrous minerals hornblende and biotitc. which make up
about 20 percent of the quartz diorite.

In contrast, textural evidence indicates that the ipiartz monz(Uiite

jiiirpliyry was not much niorc than 10 or 15 percent crystallini' at

the time of initial intrusion, ami that therefore its temperatures

]irobably were in the higher |iart nt I lie crystallization range.

Furthermore, because the jiorphyry nuigma aiiparently was origi-

nall.v very ]ioor in iron and nuignesimn, necessary components of

hornblende an<l biotite, none of the original water of the magma
was fixed in early solid |)hases. Thus with high temix'ratures and

with llic existence of abumlant water and uneombined silica and
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aluuiina, scinie of tlu' iiicist iiiipiirlaiit I'uiulilidns [\tv larfio-scale meta-

somatism were satisfied. Ilowevei', unless eoiulitioiis in tlie system

had been t'avoraljle for tlie sejiaration of tliese jiotential metasomatiz-

iu"' solutions, the surrounding linu^stones olivionsly wcudil have

been little alfeeted.

The derivation of ihi' nietasomatizing' solutions from thr [I'siduiiin

of crystallization is ]ireelnded, for there is strong' eviiliiui' that

extensive metasomatism actually preceded final emplarciiienl and

crystallization of the porphyry. Therefore, it is sugfre.sed tliat the

sudden relief of confining pressure on the higldy fluid porphyry
magma u]ion its entrj- into the easily deformable limestones, coupled

with a copious evolution of CO2 by reaction beween magma and
limestone, caused the .separation of large quantities of COo-rich

aqueous solutions that served as transporting media for heat, silica,

and alumina.

Oriijin of the Contnct Urichx iind Metamnrphic Zones. An ade-

qiuite theory for the origin of the contact rocl<s at Crestmore must
explain the following feattires : (] ) the occurrence of relatively rare,

prcsnmalily high-temperature contact minerals .such as merwinite

and spnrrite; (2) the very sharp contact between unaflfectcd lime-

stones and rocks composed of these minerals; and (.':!) the general

zonal distribution of mineral assemblages with the monticellite-

zone assemblage, containing nuuiy of the critical minerals of the

sanidinite facies. adjacent to the unaffected limestones; with the

garnet-zone as.semblage, the characteristic minerals of which are

critical for the pyroxene hornfels facies, lying next to the intrusive;

and with idocrase in between.

The occurrence of minerals that ]n-esuinably require liiglier tem-

peratures for their formation than ordinarily are attributed to even

the hottest granitic magmas is most easily explained as the result of

development under non-equilibrium conditions. The large number
of mineral phases that can be observed in a single thin section, some
of them in reaction relationship, and the consistent decrease in silica

content of the contact rocks outward from the intrusive masses,

strongly suggest that equilibrium was not generally attained and
that the .system was essentially open. Under these conditions, the

C'Oa evolved during formation of the silicate minerals wo\ild have
escaped and thereby allowed the reactions to jn-oceed at much lower

temperatures than would have been possible in a closed .system.

A possible cause of the sharp contact between the montieellite

zone and the unaffected limestones may be deduced from the condi-

tions imi)0sed b}- the nature and position of the zones themselves.

Specifically, the temperature of metamorphism was sufficient, even

in the outi'rmost part of the conlacl a\ireole, f(jr the formation of

the monticellite-zone assemblage, and, in ordci- to account for the

absence of a so-called lower-grade zone (characterized by such min-

erals as tremolite) beyond the montieellite zone, these temperatures

must have been reached prior to, or at the time of, introduction of

the silica and ahunina. The high thermal conditions thus impo.sed

upon the calc'ite-brucite assemblage rendered it highly reactive to

Ihc silica- ,ind alumina-bearing solutions, and therefore capable of

rajiidly and almost quantitatively removing these eoustitiu'nts from

the solutions.

Inasmuch as the relative positions of tlie contact zones are just the

reverse of what would be expected on the basis of thermal zoning, it

is concluded that, during metamorphism, either the temperature

gradient was very small from the intrusive outward to the boundar\-

of the aureole, or metasomatic effects completely overshadowed the

thermal effects. If metasomatic processes actually were responsible

for the zoning, the mineral assemblages of each zone should exhibit

some consistent comi)ositional difference with respect to the assem-

blages of an adjacent zone. That this is the case can be shown by

computing the atomic ratios of calcium plus uuignesium to silicon

for the various minerals of the contact aureole. It is found that the

minerals characteristic of the inner or garnet zone have ratios of

about 1 :1, those characteri.stio of the outer or montieellite zone, 2:1,

and idocrase of the iidermediate zone, 1.5:1.

Conclusion. This sunnuary of contact metamorphism at Crest-

more would not be complete without at least a brief discussion of

the concept advanced by Bowen (1940), wherein it is postidated

that various contact minerals are formed in a stepwise sequence by

progressive decarbonafion of a siliceous limestone or dolomite, as a

consequence of rising temperature. The only evidence found at

Crestmore to date that supports such a schenii' comes from textural

studies of the monticellite-zone rocks, which indicate that montieel-

lite, gchlenite, spurrite, and merwiinte fonucd in that order, coinci-

dent with Bowen 's
'

' index minerals
'

' (i to 9, inclusive. I'"'rom the same

studies, however, it is evident that the ri'actinns liy which these

minerals were formed were not, in general, tliose suggested by

Bowen. The principal cause of failure in the attempted application

of this scheme appears to stem from the lack of silica in the lime-

stone. The effect of this deficiency of the .system was to make the

various minerals dei)endent for their formation on the silica intro-

duced during metasomatism. It is conelndcd, therefore, that the

contact metamorpliism at Crestmore should be viewed as progressive

decarbonafion, at elevated temperatures, attendant upon increasing

concentrations of metasomatic con.stituents, rather than as progres-

sive decarbonaticni attiMidant simply upon risioLj triii|icratures.
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8. ANORTHOSITE COMPLEX OF THE WESTERN SAN GABRIEL MOUNTAINS, SOUTHERN CALIFORNIA
LiY Donald V. Hiucs -

INTRODUCTION

Anorthosite and related irriieons rocks are part of the frystalline

complex of the San Gabriel Jloiintains, in Los Angeles County,

California. The area studied (fig. 1) comprises about 60 square miles

of the western part of the raufje, and includes the western two-thirds

of the norite-anorthosite complex. The crystalline rocks can be

<livided into four groups, which are, from oldest to younfiest, 1)

metamorphic rocks. 2) norite-anorthosite complex, 3) quartz diorite

and frranite intrusives, and 4) lamprophyre dikes. The.se rocks

form the major part of the structurally high pre-Cretaccous core of

the west-trending range. The region is traversed by several high-

angle faults, some of which separate the crystalline rocks from
Tertiary sedimentary rocks that in general underlie the topographi-

cally lower areas.

Foliation in the metamorphic rocks is well defined, and in general

attitude it conforms with the regional trend of the San Gabriel

Mountains. The norite-anorthosite complex exhibits distinct irregu-

lar layering, the spatial relations of which suggest a dome-like

structure for the intrusive within the area mapped. The complex

is uniformly shattered. The ymuiger quartz diorite and granite in-

trusives are massive.

METAMORPHIC ROCKS

Amphibolite, hornblende gneiss, biotite-hornblende gneiss, and

qnartzo-feldspathic gneiss are exposed in a belt north of the Dillon

fault, and are the oldest rocks in the area. Thc.v constitute a part of

the San Gabriel formation of Miller (1934). Foliation is well defined

except in the amphibolite. and in most places it dips steeply to the

west or southwest. The rocks are in fault contact with norite on

the north and with quartz diorite on the south.

Amphiliolite makes up about one-tenth of the belt of metamorphic

rocks, anil is found in the western part. It is a medium-grained,

dark greenish gray, granoblasfic rock that consists of about 45

percent of xenoblastic to poikiloblastic plagioclase (An50-52), 25 per-

cent of brown xenoblastic hoi-idilcnde, 20 percent of xenoblastic to

sub-itliol)lastic augitc, 5 percent of biotite, small amounts of quartz,

and scattered small grains of zircon and apatite. Green hornblende,

penninite, biotite, calcite, muscovite, and epidote are secondary

minerals derived from the hornblende, augite, and plagioclase.

' Geologist, Shell Development Company, Houston, Texas.

Gneiss, which forms tlii' larger part of the metamorphic rocks,

generally is light gray to bluish gray in the hand specimen. Domi-

nance of hornblende, biotite and hornblende, or quartz and feldspar

in a given variety defines it as hornblende gneiss, biotite-hornblende

gneiss, or qnartzo-feldspathic gneiss, respectively. There is random

gradational alternation of layers of the four main rock t3'pes, anil the

layers range in thickness from less than 1 inch to 20 or 30 feet. The

gradation in rock type is controlled only by variation in the relative

proportions of the minerals.

The dominant minerals in the gneisses are medium- to coarse-

grained, sub-idioblastie to xenoblastic plagioclase; medium- to coarse-

grained, xenoblastic perthite; fine- to coarse-grained, xenoblastic

quartz; fine- to medium-grained, sub-idioblastic to idioblastic horn-

blende; and medium-grained, sub-idioblastic biotite. In addition,

small to large porphyroblastie crystals of garnet are present in some

of the more biotite-rich varieties of the gneiss. Secondary minerals

include penninite, muscovite, calcite. and epidote.

NORITE-ANORTHOSITE COMPLEX

The norite-anorthosite complex is a dome-like intrusive mass

within the metamorphic rocks, and is separable into three ma.ior

rock types. These are norite. transition rock, and anorthixsite, and

with them are associated apatite-ilmeuite rocks. The three types can

be defined, on the basis of percentage of mafic minerals, as: anortho-

site ... to 10 percent, transition rock ... 10 to 35 percent, and

norite ... 35 to 65 percent. There is complete transition from one

rock type to another, with no sharp boundaries between members of

the sequence. t The dome-like structure of the complex is indicated by

the areal distribution of norite, transition rock, and anorthosite

(fig. 1), and by the layering in the norite and transition rock, which

dii)s away from the anorthosite. The norite forms a marginal phase,

and grades through the transition rock into the core of anorthosite.

The mineral assemblage of the complex is divided into three

groups, magmatic, deuteric, and hydrothermal. on the basis of their

sequence of formation (fig. 2). The niagniatic minerals crystidlized

from a melt, the deuteric minerals, in general, formed at the expense

of the magmatic minerals, and the hydrothermal minerals formed at

the expense of the magmatic and deuteric minerals.

t Excellent exposures of the different rock types are l>resent east of the area
.shown in liKure 1, along the Angeles Forest Highway about 12 miles south ot

Vincent Siding.

(71)
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Fii;iRK St'quence of crystallization of miiRM-als in the

norite-anortbosite complex.

The mufrmatic minerals are pla-iioclase, hypersthene, and olivine.

The playrioelase is remarkably uniform in composition, ranfrinjr from

An:i!» to Aii4(), and is unzoned. The andesine is enhedral to sub-

hedral. and is bluish gray to white in the hand specimen. The euhe-

dral crystals are cbaracteristicallj' tabular, commonly elongiated

])arallel to the a-axis. They range in size from less than half an inch

to as much as G feet. Hypersthene occurs as medium- to extremely

coarse-prained, euhedral to subhedral crystals that are greenish gray

to black in the hand .specimen. These crystals range in size from less

than 1 inch to 4 feet, and some are inferred to be as nuich as 10

feet in diameter. The hypersthene is extensively altered. Olivine is

present in some of the most mafic parts of the norite as medium-
grained, subhedral to euhedral crystals.

The deuteric minerals are plagioelase (albite to oligoclase), micro-

perthite, micro-antiperthite, hornblende, chlorite, and serpentine.

The grains of albitc-oligodase were formed along cleavage planes

and fractures in crystals of andesine, and as rims on these crystals,

especially where the andesine is in contact with hypersthene. Micro-

pcrthite and micro-antipcrthite were developed by replacement of

andesine, albite, and oligoclase. Bluish-green hornblende was formed

as reaction rims on the hypersthene crystals, and fibrous brown horn-

blende was develo])ed in the cores of hypersthene crystals. Pciniinite

is foinid in association with the fibrous brown hornblende. Serjien-

tinc was developed by alteration of the olivine.

The hydrothermal minerals are apatite, iron-ore minerals,* biotite,

sericite, epidotc, ealcite, zoisite, and sphene. The apatite is associated

with the iron-ore minerals, which replace the mafic minerals of the

complex. Biotite is found as a late hydrothermal mineral replacing

" The term "iron-ore minerals," as here used, Includes Ihnenite. nuiKnetite. and tita-
niferous magnetite.

hypersthene and hurnl)lende. Sericite, ealcite, and zoisite are altera-

tion products of andesine and epidotc formed after both andesine

and hornblende. Sphene is an alteration product of the iron-ore

minerals, and is present only in small amounts.

Norite. The marginal fades of the complex is a xenoniorphic to

hypautomorphic, medium- to coarse-grained rock composed of an-

desine and hypersthene. Fresh surfaces are diirk gray, and upon

weathering they become dark brown or black. The coarse-grained

norite presents a mottliMl appearance that is due to light-colored

andesine grains embedded in a dark matrix of altered hypersthene.

Irregular layering is conspicuous, and becomes progressively more

distinct through the gradation into transition rock. Grain size in-

creases inward from the outer margin of the norite, and with this

increase the texture changes from dominautly xenomorphic to domi-

nantly hypautomorjihic.

Transifion Rock. Anorthosite is separated from norite by a zone

of transition rock that consists of irregular layers rejiresenting the

complete sequence from norite to anorthosite. Contacts with the anor-

thosite core and with the marginal norite are gradational, and the

rocks become more mafic toward the norite and less mafic toward

the anorthosite. The irregular alternating layers of noritic and

anorthositic rock commonly are lens-like, and hence pinch out lat-

erally. They range in thickness from about 1 foot to as much as 60

feet. Grain size is extremel.v variable, and the range in crystal

lengths is from half an inch to 10 feet. Generally the smaller grains

of more uniform size occur in the more mafic phases of the rock,

whereas the larger crystals are found in the andesine-rich phases.

The noritic layers commonly exhibit a distinctive poikilitic texture,

with subhedral to euhedral crystals of hyper.sthene enclosing smaller

tabular, euhedral crystals of andesine. There is preferred orientation

among the andesine cry.stals that arc included within many nf the

hypersthene crystals. This orientation also exists between the en-

closed andesine crystals of ad.jaecut hypersthene units, which arc

separated from each other by coarse-grained subhedral andesine. The

hypersthene units eifect a distinct layering by their parallel align-

ment, and in addition, the orientation of the andesine inc-lusions is

parallel to the alignmcMit of these hypersthene units. The poikiliti-

cally included plagioelase remains constant in composition (andesine,

An39-46) as the grain size varies. In addition, the coniitosition of the

enclosed plagioelase is the same as that of the ])lagioela.se that sur-

rounds the hypersthene host units.

The transition rocks are characterized by the greatest variation in

grain size and by the highest degree of euhedralism of the rocks

within the complex.
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Aiiortliiisih. Till' ty])ical iinorthositp is lijrlit lihiisli ^ray. and has

an extremely eoarse-fii-aiiied liypautoiiiorpliie texture. Andesine

makes up about 97 |)ereeut of the roek. Small amounts of interstitial

ehlorite, biotite, hornbleude, and iron-ore minerals ai-e scattered

throu^'h the roek. All of the plafrioelase <;rains have been thoroughly

shattered. Irrejrular fractures cross grain boundaries, but there is no

common relation of fractures from grain to grain. One effect of the

shattering is to change the original bluish-gray color of the anortho-

site to almost pui-e white. The shattering, which is present in all

rocks (if the norite-anorthosite complex, is characterized by an unsys-

tematic arrangement of the fractures and by lack of appreciable

relative movement of the fragments. Original grain boinidaries are

intact, and albite and pericHne twin lamellae are sharp and show
little bending or dislocat idii.

A/)iilili-Iliiii iiifc Rocks. Several large bodies and many small

masses of apatite-ilmenite rocks are genetically related to the norite-

anorthosite complex. Most of them are in the transition rock, al-

though at least two large bodies are present in the norite, and many
small ones crop out in the marginal part of the anorthosite. They

are irregular, dike-like or lens-like bodies that are dark reddish-

brown to black, medium-grained, and massive exeejit for a few relic

structures defined by traces of original layering. Apatite, iron-ore

minerals, fibrous hornblende, and chlorite form the mineral as-

semblage, but raan.v relic grains of hypersthcne, andesine, and olivine

are also present.

Hrqiivnce of Cri/xtalliiation. The order of crystallization of the

magmatic minerals, the deuterie minerals, and the bydrotbermal

minerals (fig. 2) has been deduced from the gross structural and

texlural features of the conipex (table 1), and from smaller-scale

features observed in thin sections. Crvstallization during the mag-

matic stage probably proceeded inward from the margin of the

intrusive mass, and the se(|uence of formation of norite, transition

rock, and anorthosite was parallel to the sequence of crystallization

of the ])rimary minerals. This is indicated by 1) the change fnmi

dominantly xenomori)hic textures on the margin to dominantly hyp-

automorpbie textures near the core, 2) the progressive increase in

grain size toward the core, 3) the concentration of hypersthcne in

the marginal norite and to a lesser degree in the transition rock, and

4) the tact that crystallization of hypersthcne commenced before

crvstallization <>( andesine.

As hypersthcne and andesine crystallized to form the norite and

transition rock, the jiroiiortion of pyroxene to plagioclase progres-

sively dei-rcascd as ei-ystallizaf ion ]irocecdc(l, T,ittlc hypcrslhene was

'I'lililr I. Sti-jirturnI a»4 ifJ-tltral criterin for sequeiire of rrifgtnllhation
in the norite-anorthosite cotnplex.

TntDfiitioD rock

.4. STRUCTURAL FEATURES

1. Areal relations.
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the rock are coininon. Tlu' typical quartz diorite consists of about

55 percent of jjlasrioclase (Anl8-2()), 30 percent of quartz, 10 per-

cent of biotite, 1 to 2 percent of niicroeline, and 1 to 2 percent of

minor accessory eonstituents. Considerable alteration is reflected by
development of calcite, sericite, zoisite, epidote, and chlorite.

The members of the norite-anorthosite complex are intiinately

intruded by muscovite-biotite granite in the northern and north-

eastern parts of the region. This granite is light pink and medium to

coarse grained. The texture generally is hypautomorphic, although

the rock is in part so coarse grained that it is pegmatitic. The granite

consists typically of 30 percent of microeline, 25 percent of quartz,

15 percent of plagioclase (about An20), 10 percent of orthoclase,

5 percent of perthite, 5 percent of biotite, and 3 to 4 percent of

muscovite. Considerable alteration has resulted in development of

myrniekite, which makes up about 20 percent of the rock, as well as

epidote, sericite, zoisite, and chlorite. Dikes of pegmatite and aplite

are a.ssociated with the granite.

Lamprophyre dikes are abundant, and intrude both the norite-

anorthosite complex and the granite. They range in thickness from

2 feet to about 14 feet. The rock is dark gray, fine to nicdiiiiii

grained, and is hypautomorpliic in texture. Schistose structure is

locally common. Typically tlie lamprophyre comprises about 35 per-

cent of plagioclase (An41)-52), 60 percent of hornblende, small,

.scattered crystals of apatite and zircon, and sparse grains of ilmenite.

Biotite, chlorite, epidote, zoisite, and sphene occur as secondary

minerals.
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Ediforial Note:

CHAPTER EIGHT summarizes the occurrenee and significant features of mineral deposits in southern

California, and relates the utilization of many of these deposits to the remarkable industrial development

of the region. It is scarcely surprising that a region of such geologic complexity should offer a wide variety

of mineral concentrations for study and exploitation. Metalliferous deposits, most abundant in the desert

and other interior parts of southern California, have yielded impressive quantities of iron, tungsten, base

metals, precious metals, and rare earths, and represent such geologic processes as sedimentation, contact meta-

morphism, and hydrothermal mineralization of several types. Even more numerous and more varied are deposits of

nonfuel nonmetallic materials—the so-called "industrial minerals"—which form the backbone of industry

in southern California. These occur in all parts of the region, and range from igneous rocks and certain of

the minerals in such rocks to large deposits of limestone, sand and gravel, clays, and salines.

The growth of population and industry centering in the Los Angeles area has created tremendous demands for

a host of mineral commodities. The attendant growth pattern of mining and processing has been characterized

by numerous shifts, many of them sudden and some of them surprising, thanks especially to improvements in

knowledge of the mineral deposits, changes in their processing, and the development of wholly new markets.

Although the relations between supply and use are never static, many mineral commodities, especially the

construction materials, are mined, processed, and marketed wholly within the southern California region. The

demands for other materials, such as base metals, bentonite, certain clays, glass sand, and Mfur, far exceed

the known available supplies in the region, whereas the supplies of still others, such as boron minerals, diatomite,

iodine, rare-earth minerals, and tungsten, are sufficiently great to permit large-scale exports from the region.

It seems clear that, for many years to come, southern California deposits will continue to furnish increasing

quantities of minerals, especially nonmetallic minerals, to centers of demand both within and outside the region.
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1. SALINES IN SOUTHERN CALIFORNIA
By William E. Ver Planck •

GENERAL FEATURES

Salines include those naturally occurring: salts that are normally
found in aqueous solutions and in the soluble residues derived from
the evaporation of such solutions. Saline commodities of commerce
include borates, calcium chloride, bromine, iodine, potassium salts,

sodium chloride (common salt), sodium carbonate, and sodium sul-

fate. Two additional commodities are conveniently included with
the salines. Gypsum, although commonly classified as an afrricultural

and constructional material, is a saline from the geological point of

view. Lithium compounds are herein regarded as salines because the

most important current source in southern California is the brine

of Searles Lake, in the northwestern corner of San Bernardino
County.

The value of the saline commodities produced in southern Cali-

fornia was more than $37 million in 1950, or about 17 percent of

the State's total mineral production exclusive of mineral fuels.

About 95 percent of the borates consumed in the entire world is

obtained from deposits in the Kramer district of Kern County and
from the brine of Searles Lake. Searles Lake also yielded the first

significant oiitput of potash from mineral deposits in the United
States; although deposits in New Mexico now dominate the Ameri-
can potash industry, Searles Lake still accounts for 5 to 10 percent

of the domestic production. This deposit also furnishes 20 to 25
percent of the lithium compounds consumed in this country each

year. Domestic iodine requirements are derived almost entirely

from certain oil-field brines in the Los Angeles area.

Deposits of other, more widely distributed salines supply impor-
tant local demands. Searles Lake and Owens Lake provide sodium
carbonate for the West Coast. Deposits in eastern Riverside County,

western Imperial County, and northwestern Ventura County yield

gypsum for use in southern California. Much of the common salt

consumed in southern California comes from the Mojave Desert.

Bristol Lake, in southeastern San Bernardino County, furnishes the

calcium chloride used by the algin industry of San Diego, and also

is used as a refrigerant and portland cement additive throughout

southern California.

Brines and Their Origin. Dissolved material is to be found in

almost all waters, and even the fresh water of rivers contains a few

hundred parts per million of dissolved solids. The average salinity

* Assistant Mining Geologist, California Division of Mines.

of sea water amounts to about .3.5 percent, and some desert basins

contain saline lakes whose brine is more than eight times as con-

centrated as sea water.

Many of the soluble salts arc derived from tlic weathering of

rock-forming minerals. Carbon dioxide of the atmosphere dissolves

ill water to form a weak solution of carbonic acid that slowly attacks

silicates and aluminosilicates. Feldspars, for example, are broken

down to insoluble clay minerals and to carbonates of potassium,

sodium, and calcium that are carried away in .solution. Soluble

sulfates result from the action of sulfuric acid derived from the

weathering of sulfides, particularly pyrite.

The weathering of typical rock-forming minerals does not pro-

duce the large quantities of chlorides and borates that are present

in some waters. An important part of the sodium chloride in terres-

trial waters originates from the connate water of marine sediments.

Much of the borates and perhaps part of the chlorides are thought

to be derived from hot springs of volcanic origin, or from the leach-

ing of volcanic ejecta.

The most abundant metallic ions in saline waters are sodium,

potassium, calcium, and magnesium. Although no two saline waters

are exactly alike, they can be divided into three main types on the

basis of the predominating acid radical. First is the chloride type,

which includes many terrestrial brines as well as sea water. Sea

water is essentially an impure solution of sodium chloride, and eon-

tains enough chloride ion to combine with all the sodium, the most

abundant metallic ion, and part of the magnesium, the next most

abundant metallic ion. Terrestrial brines that contain chloride in

excess of sodium are eomparativel.v rare, and in such brines calcium

is more abundant than magnesium. Jlost terrestrial brines of the

chloride type contain a higher proportion of sulfate than does sea

water. There is a complete gradation between the chloride brines

and brines of the second type in which sulfate is the predominating

acid radical. Similarly, an increase of carbonate leads to the third

type, the alkali or volcanic brines. Many alkali brines contain car-

bonate, sulfate, and borate, and chloride is present in subordinate

aniounts.

Chloride and sulfate brines are derived from the weathering of

sedimentary rocks, whereas alkali brines are characteristic of basins

that contain volcanic rocks. (Jround-water in areas of granitic rocks

is likely to contain only 100 parts or less per million of dissolved

solids, mostly calcium carbonate and silica.

(5)
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The Formation of Saline Minerals. Almost all deposits of saline deposits are covered with impervious mud that protects them from
minerals have been formed by the evaporation of brines. In gen- re-solution. Thus the saline deposits of a few Pleistocene lakes are
eral, salts crystallize in the inverse order of their solubilities, preserved essentially as they were when they were formed several
although the relative proportions of the dissolved solids also are thousand years ago. Salines also occur in older rocks, some of which
important in controlling the order of deposition. First to be pre- have been folded and faulted, and even subjected to metamorphism.
eipitated are slightly soluble calcium carbonate (CaCOs) and gypsum
(CaSOj -21120). Prom sea water and other chloride brines, common SOUTHERN CALIFORNIA LOCALITIES AND OPERATIONS
salt (NaCl) is the next mineral precipitated. If much sulfate is mv,„ „„„„„„„„„„ „„j „„;„; e i.„ i„„ „ii „i- i, : „ „» o„„-i„„\ , ,, ,,.„,. ,„ „ ,, ihe occurrence and origin ot the complex alkali brines oi oearles
present however he crys alhzation of sodium sulfate may follow ^ake and Owens Lake, and the commercial recoverv of borax, potash,
that of the slightly soluble calcium salts especially at low tern- ,„j^ ^^h, and other salines from them are described bv Mumford in
peratures. Many alkali brines yield trona (Na,C03-NaHCO:r2H20) Contribution No. 2 of this chapter. Chloride and chloride-sulfate
rather than sodium chloride.

^^-^^^^ ^^^^^ common salt, calcium chloride, and sodium sulfate.

The mother liquor from which the .salts of moderate solubility Gypsum is the principal saline found in the Tertiary and older rocks

have been precipitated is called bittern. Sea-water bittern is rich in of southern California,

the chlorides and sulfates of magnesium, and contains .smaller

amounts of potassium and bromide. The high magnesium content '*'<^" ^^'"" '^f" ^Vater. The production of salt by the solar evapo-

distinguishes it from bitterns derived from terrestrial chloride '"^tion of sea water is a comparatively small industry in .southern

brines. Alkali brines yield bitterns containing alkali borates, car-
California, and is limited in part by lack of .suitable land. A large

bonates chlorides and sulfates
'""''^ '^ required, because the average yield is only about 40 tons of

salt per acre. The plants of the Western Salt Compaiiv. at the south
The desiccation of bittern yields highly soluble salts, many of ^^^ ^f g^n Diego Bav near Chula Vista and on Newport Bav in

which are complex. Bittern salts of marine origin include the follow- Orange County, produce a significant part of the salt that is con-
ing minerals : s„,ngj j^ southern California.

rarniilliter "'"1111111111 KClMgri--6H.O ^" t^he solar evaporation process, sea water is first partially evapo-

Kifserite MrSO.HiO rated in a series of outer or concentrating ponds built on the salt
I'ol.yhalite 2CaSO.MKSO,K.SO.-2HsO mar.shes. Insoluble matter settles out, calcium carbonate and gvpsum

noracite eMgO-SB-OjMgCls precipitate, and the brine is brought to saturation with respect to

sodium chloride. Then the saturated brine, or pickle, is run into

In contrast, the principal minerals associated with the alkali brine crystallizing ponds where continuing evaporation causes salt to form.
of Searles Lake are; In order to prevent precipitation of the ob.jectionable bittern salts.

Halite NaCl the crvstallizing ponds are periodicallv drained and refilled with

Tro"n''a''''lVV.V N^a^CO^'N-aifo^-Sao
^'''^''

P''"'^'''- ^"'^<' ^ >"<''" ''i*" "^^^^ '** harvested with dragline scrapers

Boran Na.B.OTlOllsO and washed with strong brine. The product, crude undried salt, con-

Olasorite 3K,SO.Na,sb. tains about 99.3 percent of NaCl.

In general, onlv parts of the ideal, complete series of saline residues c n o o n o • u n i. i r v i,i„ :j„ <..,i.",.-' , . ' ' , ,. Salton Sea. Salton Sea is a shallow bodv of sodium chloride-sul-
are round in nature. Large deposits ot pure gvpsum and pure sa t are /• . , • . i- ^ • 1 1 ^i. ^ c

'
* t* • »i,„

, , , .
*" . , 1 ,' "^^ ^ , ' , fate brine whose salinitv is roughlv that of sea water. It occupies the

well known, but depo.sits of bittern salts are rare, and commonly are , . . r .i t
"

• i t'^ n
"

.i . . i; „*_„ t„-„i
. ' ' '

•' lowest part of the Imperial Valley, a northwest-trending structural
mixtures ot several salts.

trough that is bounded on the northeast by active branches of the

The undrained basins of the southern California deserts are ideal San Andreas fault. The Gulf of California, which occupies the same
localities for the accumulation of salts by evaporation of dilute trough, is .separated from the Salton basin by the Colorado River

saline waters. Most playas, however, probably contain salines only delta. The floor of Salton Sea is a little more tliaii 270 feet below

in the form of thin, efflorescent crusts, or as crystals disseminated sea level.

in the playa sediments. Commercially significant saline deposits seem The modern Salton Sea was formed in 190.') ami 1901;, when fresh

to have been formed only in the basins that received the drainage of water from the Colorado River broke into the basin and flowed un-

a large area for a long time. Under favorable circumstances these controlled until February 1907. Prior to the flood. Salton basin was
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a bare, alluvial jilaiii witli a salt-prusted playa at its northwest end.

Very recently in terms of freolojjic tiine, perhaps within the ]iast 400

years, a body of fresh or at least braekish water called Lake Cahuilla

ocenpied the basin and formed beaches at abont the -)-40-foot con-

tour. Qnite possibly Lake Cahuilla was but one of a number of lakes

in the basin, each of which was formed by periodic floodinp: from the

Colorado River, and subsequently was redneed by evaporation.

The fresh water of the 1905-1906 flood quickly dissolved the playa

salts and formed a sodium chloride brine with a substantial sidfate

content. As evaporation reduced the volume of water, the content of

dissolved solids increased from 0.35 percent in 1907 to 1.G5 percent

in 191f) and to about .3.5 percent at the present time. Today the

evaporation from the surface of Salton Sea is roujrhly balanced by

inflow, principally in the form of drainage from the irri>;ation sys-

tems of the Imperial and Coaehella Valleys.

Salt has been prodneed from the water of Salton Sea by solar

evaporation. The largest plant, the Imperial Salt Works on the south-

ea.st shore near Frink station, was productive from 1935 through

1946. Like the sea-water plants, it contained a system of concentrat-

ing ponds and crystallizing ponds, but it yielded a sodium sulfate

bittern rather than a magnesium-rich bittern. Because of the tem-

perature-solubility relations of sodium sulfate, this salt formed in the

crystallizing ponds in preference to sodium chloride at temperatures

lower than about 38° P. For this reason, the plant was not operated

during the n-inter season.

Salt Lakes of Southeastern San Bernardino County. Dale Lake,

Danby Lake, Cadiz Lake, and Bristol Lake, in southeastern San
Bernardino County, are dry lakes that contain saline minerals asso-

ciated with concentrated chloride brines of the terrestrial type.

Chemically these deposits form a series ranging from the sodium

ehloride-sulfate as.sociation of Dale Lake to the uncommon sodium-

calcium chloride association of Bristol Lake.

Dale Lake occupies a basin 28 miles south of Amboy and 23 miles

east of Twentynine Palms. Borings about 250 feet deep within an

area of a square mile have disclosed a series of lenticular beds of

halite and thenardite (NajSOi) separated by impervious clay. Some
lenses are nearly pure halite and others are nearly pure thenardite,

but most of the lenses are mixtures of these minerals. The saline beds

are permeated with concentrated brine that contains 20 to 22 per-

cent of sodium chloride and 7.5 to 8 percent of sodium sulfate. Up
to the end of 1948 sodium sulfate and sodium chloride were produced

from brine pumped from w'ells. Chilling of the brine, effected bj'

spraying in winter, caused the crystallization of mirabilite (Na2S04-

lOHjO), which then \va.s converted to anhydrous sodium sulfate.

Sodium chloride was produced from the sulfate-frce tail liquor by
solar evaporation.

Danby Lake, 30 miles southeast of Cadiz, lies in a structural

trough between the Iron Mountains and the Old Woman Mountains.

Lenticular bodies of nearly pure rock salt, some of which arc more
than 2 square miles in area and as much as 10 feet thick, lie close

to the surface. Some of the salt bodies are porous, and are permeated

with .saturated sodium chloride brine that contains sulfate in minor
amounts. In addition, crystals of halite, mirabilite, and the selenite

variety of gypsum are disseminated through the impervious clays

that enclo.se the bodies of rock salt. These minerals also form lenticu-

lar concentrations in which crystals constitute as much as 90 percent

of the mass. Salt was quarried late in the nineteenth century by the

Crystal Salt Company, and at that time salt blocks were used to

build a house on the property. This house remained standing until

World AVar II, or for a period of at least 50 years. Salt again was

produced from 1934 to 1942, and more recently the Metropolitan

Water District of southern California completed an exploration pro-

gram that included solar evaporation tests on the brine.

Cadiz Lake and Bristol Lake occupy the Bristol Basin south and

southeast of Amboy. Both lakes contain sodium-calcium chloride

brines that are substantially free from sulfate. H. S. Gale has postu-

lated that this unusual concentration of chloride originated from
the volcanism that developed the Bagdad or Amboy Crater, which

lies on the west margin of Bristol Lake.

Cadiz Lake is the least well known of the four major saline lakes

in southeastern San Bernardino County, and has yielded no com-

mercial production. Beds of gypsum and salt have been reported,

and a few analyses indicate that, although the brine contains calcium

chloride, this salt constitutes a relatively low percentage of the

dissolved solids.

Bristol Lake contains, in its central part, a series of roeksalt and
clay beds at least 1,000 feet thick. The uppermost .salt bed is three

feet or more thick over an area of five square miles. These sediments

j-ield meager flows of saturated brine composed of roughly equal

parts of .sodium chloride and calcium chloride. Although sulfates

are absent from the central part of the lake, crystals of the selenite

variety of gypsum are abundantly distributed through the marginal

clays, and actually supplied a plaster mill at Andioy from 1906 to

1924. For many years the California Salt ('ompany and its predeces-

sors have quarried salt from the uppermost bed of rock salt. This

company and the Nati(Mial Chloride Company of America also collect

the calcium chloride brine in long trenches or pits sunk through the

upper salt bed. The brine is transferred to solar concentrating ponds,

where the sodium c.hloride that it contains is crystallized out. Much
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Figure 1. Harvesting salt from the surface of Koehn (Kane) Lake,
near Saltdale,

of the residual liciuor is marketed as liquid calcium chloride withoiit

further treatment, and a portion is further dehydrated by boiling to

produce flake calcium chloride.

Koehn (Kane) Lake. Koehn (Kane) Lake is a playa in eastern

Kern Ccuiify, about 30 miles northeast of Mojave, that yields salt,

althoiigh neither saline beds nor subsurface brines are known. In

most winters rainfall is sufficient to form a thin sheet of water on

the playa surface. This water dissolves the efflorescent, salty crust

that covers the clay surface in the central part of the playa. When
it has been reduced nearly to the saturation point by evaporation,

the surface brine is run into solar crystallizing ponds where nearly

pure salt forms. Concentrating ponds are not ro(|uirpd, and the salt

is harvested directly (fig. 1).

Gypsite, an unconsolidated, earthy mixture of gy])suin and clay,

is present on the south margin of the lake. The deposits are lenticular

bodies about 5 feet thick that lie beneath one to two feet of grass-

covered soil, and probably were formed by the evaporation of upward
migrating water containing calcium .sulfate. Material with a mini-

mum of 60 percent CaS04-2H20 is mined for use as an agricultural

mineral.

A small amount of ulexite (CaNaBr.Oo -81120) has been produced

from the west margin of the lake, near Gypsite. It occurs in the

form of "cotton balls" as much as .3 inches in diameter. Like the

gypsite, it is derived from the evaporation of \ipward-migrating

solutions.

Iodine Brines. The entire domestic production of iodine is de-

rived from oil-field brines near Dominguez Hill, Seal Beach, Venice,

and Tnglewood in the Los Angeles area. The only similar occurrence

of iodine known in the rnited States is in Louisiana. The California

brines contain only 2i to 3 percent of dissolved solids, almost entirely

sodium chloride. Iodine, in amounts up to 140 parts per million, is

thought to be present as sodium iodide. The source of the iodine is

obscure, but it may have been derived from sea water in some way.

Sea water contains only traces of iodine, but this element is present

in some marine plants and animals, and particularly in certain types

of kelp.

Iodine is recovered from the water that accompanies the oil

pumped from the wells. This water, with its content of residual oil,

is an objectionable waste that could not be discarded in a metro-

politan area without some cleaning treatment. Cleaning of the water

also is an important preliminary step in the recovery of iodine, and

thus accomplishes two purposes. Two processes are used to produce

the iodine. The Dow Chemical Company liberates iodine from the

clarified water by means of chlorine, while the Deepwater Chemical

Company accomplishes the same objective by means of silver nitrate.

PRE-PUEISTOCENE SALINE DEPOSITS

Numerous deposits of saline minerals in southern California

clearly were formed in Tertiary playas that must have been not

greatly different from the Pleistocene lakes described in the preced-

ing paragraphs. These bedded deposits have been more or less folded

and faulted, and the mother liquors from which the salines crystal-

lized have been drained away. In some deposits the saline minerals

have undergone no great change, but in others they have been

altered by leaching or by heat and pressure. The Tertiary borate

deposits, described by Mumford in the following paper, arc among
those in which alteration has occurred,

Thenardite Depo.'sits of the Diirmid TTiV/.-.-. Thcnardito (Xa^SO,)

occurs in the Durmid Hills on the northeast shore of Salton Sea,

1 to IJ miles east of Bertram and not far .south of the bomulary

between Uivcrsi<lc and Imperial Counties. The a.ssociatcd sediments

arc moderately foUlcd shaly and silty beds of Tertiary age that trend

west-northwest and dip from 60° to vertical. Interbeddcd with the

shale is hard, gra.v gyp.stnn in beds 1 to 2 inches thick, and the shale

also is cut by veinlets of secondary gypsum.
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Figure 2. Main open cut in dpposit of thenardite, Durmid Hills near Ilertram.

Thenardite forms individual beds as much as 5 feet thick. These

are exposed for a distance of about 3,000 feet along; the strike. Some
bloedite (MgSO4-Xa2S04 -41120) is associated with the thenardite,

and the magnesium content of the beds may well increase with depth.

Several attempts have been made to quarry thenardite (fip;. 2), but

the most recent operation was abandoned becau.se the magnesium
content of the material was higher than anticipated.

Arainit^ Moiintnins DeposHx. Salt and associated gypsum occur

in highly deformed Tertiary lake beds in the northern foothills of

the Avawatz Mountains, San Bernardino County. The .structure is

complex, and the stratigraphic relations have not yet been deci-

phered. Two nearly parallel strips of lake beds, separated and

bounded by strips of chaotic breccias, are exposed in a northwest-

trending belt 9 miles long. The strips dip in general steeply south.

The lake beds are probably of late Miocene or early Pliocene age.

Overlying both lake beds and breccias is the gently folded Funeral

fanglomerate, of late Pliocene or early Pleistocene age.

The lake beds have been divided into four units. One of the.se

consists of sedimentary breccias and conglomerates, and a second

comprises 100 to 600 feet of predominantly red shales, clays, and

fine, thin-bedded sands with interbedded rock salt. The salt-bearing

beds grade into a third unit. (iOO to 800 feet of predominantly
light-tan colored, gypsum-bearing shale and sandstone. The gypsum
occurs as relatively thin beds as,sociated with greeni.sh, gypsiferous

clay, and forms a small fraction to as much as two thirds of the

total thickness. The fourth unit -comprises nearly 1,000 feet of non-

gypsiferous,, sediments into which the gypsiferous unit grades.

Although the complexity of the structure makes it difficult to

determine the geologic history of the deposits, the salines probably

represent one or more lakes that were formed on a relatively Hat

surface underlain by chaotic breccias. The precipitation of salines

seems to have occurred during two distinct periods that were sepa-

rated by an interval when only clastic .sediments were laid down.
Salt-precipitating conditions prevailed during the first period, and
gypsum was formed during the second.

Only the Boston-Valley claims, in the southern strip of lake beds
between Denning Spring Wash and Cave Spring Wash, have been
thoroughly explored. Diamond drilling has shown that an area of

less than two acres contains 1,300,000 tons of salt of greater than

92 percent purity. Little gypsum occurs in this area.

The gypsum and salt beds also are exposed in other areas. Salt

Basin, in the northern strip of lake beds east of Cave Spring Wash,
is a valle.v trough formed by the leaching of the salt beds that crop

out beneath its floor. From a distance the reddish salt beds contrast

strongly with the tan-colored gypsiferous beds that adjoin them on

the south. Farther east the salt and gypsum beds are again exposed

on the Jumbo claims, and in Sheep Creek, near the east end of the

strips of lake sediments, contorted gypsum-bearing beds are in fault

contact with breccia. Big Gyp.sum or Kelley Hill is a conspicuous

exposure of gypsum on the northwest side of Denning Spring Wash,

in the northern strip of lake sediments. The westernmost exposures

are some hills known as the Celestite Hills or West End, where the

gypsum-bearing beds are folded into two or more domal anticlines.

TERTIARY GYPSUM DEPOSITS

Gypsum is the most common saline mineral found in the Tertiary

deposits. The gypsum itself is massive, fine- to medium-grained, and

ranges from nearly purr, translucent alabaster through opaque,

white to dark rock gy[)suMi of 91) percent or higher grade to gypsif-

erous clay and sand. Typically it is enclosed in folded bodies of

silt and clay that are similar to the mechanically deposited sediments

of the Pleistocene lakes. Probably the gypsum was precipitated from

saline waters in the same way that sodium chloride and sodium

sulfate are formed, and as gyp.sum is known to precipitate in the

concentrating ponds of .solar salt works.
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The Tertiary gypsum deposits range from thin, discontinuous

beds, like those associated with thenardite in the Durmid Hills, to

massive bodies that amount to many thousands of tons. In the Death
Valley area, the Furnace Creek formation contains playa sediments

that interfinger with more abundant lava flows and tuff beds.

Although this formation is best known for its borate deposits, it

also contains beds of gypsum. At China Ranch similar lake beds,

probably of Pliocene age, contain 20 feet of gypsum. In the upper
Cuyama Valley, gypsum deposits of substantial size occur in clay

beds that are associated with a great thickness of coarse, nonmarine
sediments of Miocene age. The largest known gypsum deposit in

California is in nonmarine Miocene sediments in the Pish Creek

Mountains, Imperial County.

Quatal Canyon Deposit. The Quatal Canyon gypsum deposit is

east of Ventucopa in the upper Cuyama Valley of northwestern

Ventura County. A gypsum bed 10 to 30 feet thick occurs in the

Quatal red clay, a nonmarine facies of the upper Miocene Santa
Margarita formation. Underlying this clay are the middle Miocene
Caliente red beds. These nonmarine rocks grade northwestward into

marine sediments, and it seems likely that the gypsum was formed
in a temporary lake near the shore of an inland sea. In Quatal

Canyon the g>'psum forms a near dip slope on the southwest flank

of one of a series of open, northwest-trending anticlines. Here the

Monolith Portland Cement Company quarries gypsum for use as

a retarder in the manufacture of portland cement at its plant in

Tehachapi (fig. 3).

Fish Creek Mountains Deposit. The largest known gypsum de-

posit in the State is near the northwest end of the Fish Creek
Mountains, about 30 miles west of Brawley and near the western

boundary of Imperial County. The gypsum occurs in the nonmarine
Split Mountain formation of Miocene age. This formation, which
lies with depositional contact on a "basement" of igneous and meta-

morphic rocks, is a very coarse conglomerate with angular boulders

as much as 10 feet in diameter, and with subordinate lenses of un-

con.solidated, gray, arkosic sand that are especially abundant in the

upper part of the section. Gypsum, at least 100 feet thick and almost

entirely free from impurities, forms the uppermost unit of the

sequence, and is separated by a comparatively small thickness of

.sand from overlying sandstone and shale of the marine Imperial

formation.

In contrast with the Quatal Canyon deposit and most of the other

Tertiary deposits, few fine-grained sediments are as.sociated with

the Fish Creek Mountains gypsum. Arkosic sand, rather than clay,

lies immediately above and below the gypsum, and in places onlj'

Figure 3. Gyp.suni quarr.v of the Monolith Porthind Cement Company in

Quatal Canyon, Cuyama Valley.

an inch or two of arkose separates the gypsum from boulder con-

glomerate. Perhaps the gypsum was precipitated from saline waters

in a structural basin that was partially filled with detrital material

from the surrounding highlands. The absence of clastic impurities

from the gypsum suggests that the deposits accumulated very rapidly

as compared with the formation of the detrital deposits.

The Tertiary rocks have been partially removed by erosion in the

Pish Creek Mountains area. They have been preserved, however, in

a shallow synclinal basin that is occupied by a wash immediately

west of the low northwest end of the mountains. Above the level of

the wash the Imperial formation has been largely removed, and

gyp.sum is exposed on the hills bordering the wash in the form of

a blanket that dips toward the synclinal axis. Other large remnants

of the original deposit exi.st in less accessible areas to the south

and west.

Anhydrite (CaS04) is exposed where quarrying has opened the

gypsum deposit in depth. At points about 120 feet beneath the stir-

face, a zone is encountered where gypsum grades downward into

anhydrite. Much evidence indicates that gypsum is the stable phase

of calcium sulfate at the surface of the ground, and that calcium

sulfate occurs as anhydrite at depths of more than a few hundred

feet. Although it has been postulated that anhydrite can precipitate
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Figure 4. White gypsum and green sehistose feld-

spiithic quartzite at mine of the American Gypsum Com-
pany, Little Maria Mountains.

is bedded trypsum. The beds in some deposits are 5 to 10 feet thick,

but in most they are a foot thick or less. Other materials that com-

monly are present include green schistose rock, quartzite, and trem-

olitic limestone. The gypsum itself is a coarse-grained aggregate of

flaky, transparent crystals. Although some thick beds of pure gyp-

sum do occur, they grade into gypsiferous schist and gypsiferous

limestone. In depth the gypsum grades into coarse-grained anhydrite.

Perhaps the outstanding differences between the Tertiary gypsum

deposits and those of pre-Tertiary age are in the nature of the asso-

ciated sediments. The Tertiary deposits were formed in saline lakes

that existed in regions of erosion and subaerial sedimentation,

whereas the pre-Tertiary deposits are associated with sediments that

were laid down under marine conditions.

FloiiRF. ."». .Mine of the I'tah Construction Company. Little .Mari;t .Mountains;
view northwest. Main ridge in background is limestone, .in<l relatively smooth
lower slopes are underlain by quartzite.

The United States Gypsum Company manufactures gypsum
products at Midland. Raw gypsum has been obtained both from
open pits (fig. .5) and from underground mines.
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Figure 0. SkimminK off soilium-lithium phnsphate in plant of American Potash anil Chemical Co.

at .Searles Luke, San Bernardino County. Photo by Walter IF. Bradley.
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2. DEPOSITS OF SALINE MINERALS IN SOUTHERN CALIFORNIA
By Russell W. Mumfobd *

Salines are the naturally oceurrinp: salts that are formed by pre-

cipitation from the brines of inland lakes or from sea water. Salines

from sea water are not as important economically in southern Cali-

fornia as they are in the San Francisco Bay area, because little

marshy land is available along the sea coast for use as evaporating

ponds.

Discussion in this paper will be confined to deposits containing

chlorides, sulfates, carbonates, bicarbonates, and borates of sodium,

potassium, calcium, magnesium, and lithium, either singly or in com-

bination. Some of the salines occur in brines, and others as solid

minerals. Some of the minerals are simple salts such as sodium

chloride or borax, but others are double or triple salts. All of these

deposits are scientifically very interesting, but not all are of economic

interest at the present time. The most important accumulations of

salines are located in the Mojave Desert region, as indicated on the

accompanying map (fig. 1).

About 1,750,000 tons of salines, valued at about $40,000,000, is

being produced annually from Searles Lake, Owens Lake, the

Kramer borate district, and Bristol Lake. From Owens Lake come

soda ash and sodium sesquicarbonate. From Searles Lake every year

are produced chemicals including common salt, chloride and sulfate

of potash, salt cake, soda ash, borax, boric acid, and bromine. It

also is worthy of note that Searles Lake is a major domestic source

of lithium salts. At Boron, in the Kramer borate district halfway

between Mojave and Barstow, large quantities of sodium borate ore

are produced. This ore is concentrated at Boron or is shipped to

refineries at Wilmington, California, and elsewhere, where it serves

as a source of borax, boric acid, and other refined boron chemicals.

Ores and brines containing sodium borate now are the major

source of the boron products of commerce. Considerably more than

95 percent of the world's supply is produced from the Kramer borate

district and Searles Lake, and nothing like these deposits is known
elsewhere. Significant <|uantitics of common salt and calcium chloride

are produced from Bristol Lake, at Amboy on the Santa Ke Rail-

road. Saline products from the Mojave Desert are tremendously

important to the industry of California, the United States, and the

World.

0«'f»i.« Lake. If is generally agreed that, during the Pleistocene

epoch, lakes (ii-c\ipicd large parts of Owens, Searles, I'anamint, and

Death Vallevs. The wafers from these lakes, which af one time were

• vice President. American Potash and Chemical Corporation, Los Anseles, Cali-
fornia.

connected, have long since evaporated ; and present surface levels

of their deposits are about as follows

:

Basin Elevation

Owens liake ,3.'5.^0 feet

Searles Lake 1G1*> feet

Panamint A'alley 1046 feet

Death Valley. minus 280 feet

Waters that formerly filled Owens Valley overflowed into Indian
Wells Valley, and thence into Searles and Panamint Valleys, in each

of which there was an extensive lake (see Blackwelder, Contribu-

tion 5, Chapter V). The fact that the Searles basin for a time over-

flowed into Panamint Valley, and that the Panamint lake probably

overflowed similarly into D afh Valley, evidently did not prevent

the accumulation and deposition in the Searles basin of an immense
mass of brine and crystalline salts. It is quite apparent fliat Searles

Lake was, for a considerable period of time, the end of the chain

of connected lakes. The enormous volume of water req\iired to ac-

count for the large bodies of salts deposited from the evaporating

lakes in Owens and Searles Lakes probably was derived in part from
melting glaciers in the Sierra Nevada. This water, as it ran off from

the Sierra Nevada, carried dissolved mineral matter that contributed

to the present salt deposits, and possibly this was augmented by

contributions from springs and other sources. Alternating periods

of greater water flows and desiccation are indicated by layers of clay

in the saline deposits at Searles Lake.

Owens Lake is a closed basin at the southern end of Owens Vallev

and hence lies east of the Sierra Nevada and west of the Coso and
Inyo Mountains. It is in the Basin Range province. The rocks to

the west are predominantly igneous, and those to the east include

both igneous and sedimentary types. The brine of Owens Lake eon-

tains carbonates, bicarbonates, sulfates, chlorides, and borates of

sodium and pota.ssium.

Precipitation in the Sierra Nevada is much greater than in the

Inyo and White Mountains to the east. The area has been one of

extensive glaciation, believed to have occurred through at least two
major episodes of Quaternary time. The earlier of these was much
more extensive than the later. Volcanic activity was widespread dur-

ing parts of late Tertiary and early Quaternary time, and at present

volcanism is expressed by the steam fumaroles at Hot Creek and
Coso Hot Springs.

At some time, calculated by Hoyt S. Oale to have been approxi-

mately 4.000 years ago, Owens Lake became separated from the rest

of the lake system, and thus became a closed basin in which the salts

( 15 )
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Fn;rKK L'. Aerial view of Searles Liiki\ dir-Tt ion soiilliravt 'rrniKi i>,'il ii';m ni;ir-

gin <»f lake at left. Photo courtesy Atntrnan I'olash and Chiinuot Corput aiiun.

began to accumulate, Old beach deposits indicate that the lake at

one time was 220 feet higher than it was in 1912, and tliat it once

occupied an area of 240 square miles. About 1920, the City of Los

Angeles completed its program of gathering Owens Valley water

into its aqueduct, and since that time the lake has receded until only

a small pool of brine now appears at the surface opposite Cotton-

wood Creek. A fairly extensive but thin bed of crystals has resulted

from this desiccation. The waters of the lake fluctuate in composi-

tion, owing to changes in temperature and run-off. The lake basin

has been estimated to contain about 160,000,000 tons of salts.

Since 1904, five plants have been constructed at Owens Lake for

the manufacture of soda ash or sesquicarbonate, and one plant for

the manufacture of caustic soda. The latest plant was built during

World War II. With the exception of the Columbia Southern Chemi-

cal Corporation plant at Bartlett, all of the alkali operations at

Owens Lake have been discontinued. Somewhat more than 1,000,000

tons of alkali and about 30,000 tons of borax have been produced

during the operations of all the plants.

Searles Lake. Searles Lake is a dry-lake basin superficially like

many other desert basins in the arid region of the southwestern

United States (fig. 2). It is situated in the extreme northwest corner

of San Bernardino County, 170 miles north and east of Los Angeles,

and its surface lies at an elevation of 1616 feet above sea level. The
valley in which the lake is located is about 40 miles long and 25
miles wide.

During the Pleistocene epoch the basin was occupied at least once
by a deep lake .whose traces are still so distinct as to be indisputable.

When the water level was at its highest position, Searles basin was
flooded to a depth of 635 to 640 feet above the level of the present

body of crystalline salts, and the lake extended back through Salt

Wells Valley to join with a broad, shallow lake that flooded much
of Indian Wells Valley. With subsequent lowering of the water
level, a divide emerged between Indian Wells Valley and Salt Wells
Valley, and for a time there was an overflow from Indian Wells
Valley to the lower waters in the Searles basin. These events are

attested by the records of ancient shore lines and water channels.

Horizontal beaches and shore markings over the more rocky parts of

the marginal slopes show with great distinctness around the present

valley. The old shore lines are marked in many places by deposits of

calcareous tufa, some of which form masses of great size. Appar-
ently the highest level of water in Searles Lake was about 2,262

feet above sea level.

The overflow undoubtedly ceased abruptly with the cutting oflf

of the main water supply from Owens Valley. From that time on.

evaporation mu.st have proceeded almost without interruption until

conditions somewhat like those of the present were established.

Searles Lake contains, in its central portion, a large mass of crys-

talline salts about 30 square miles in area. An upper cry.stal body
is about 70 or 80 feet in average thickness, and contains about 40
percent of voids that are permeated by a saturated brine. This brine

is the raw material for the operations of the main plants of the

American Potash and Chemical Corporation and the Westend
Chemical Company. The level of the brine stands close to the sur-

face at all times, and varies from about 10 inches above to about 10

inches below the surface.

The upper crystal body is underlain by an impervious seam of

clay or mud that is approximately 12 feet in average thickncs.s.

Underlying this clay seam is another crystal body, about 35 feet in

thickness, that contains a second brine.

According to W. A. Gale, it appears probable that the upper cry.s-

tal body was deposited following the close of the Tioga, or latest

stage, of the Pleistocene glaciation. The mud seam was probably de-

posited by flood waters during Tioga time. The salt body below

the clay seam represents the period of desiccation following the

Tahoe, or next-to-last, episode of glaciation.

The run-off waters from Owens Valley during the Tahoe and

Tioga stages were heavily laden with sodium and pota.ssium ohlo-
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Percent in

lower brine

2.94

:<.7l

6.78

6.56

15.51
0.50

36.00
64.00

Anatyaes of brines from Searlcs Lnke.

Percent in

Constituent upper brine

KCl 4-9

NaiB.O,10H>O ».0

NaiCOj 4.7

Na.SO. 6.8

NaCl 16.2

Others 0.3

Total salts 35.9

Water 64.1

Specific gravity 1.3 1.3

rides, sulfates, carbonates, and borates, and in addition, contained

numerous minor constituents. These waters were trapped in Searles

Lake and were replenished until overflow ceased from Owens Lake.

Thanks to evaporation of the waters, many millions of tons of salts

were deposited in the Searles basin.

The mud seams' contain considerable organic matter that appears

to have been derived mainly from the red pigment of chromogenic

bacteria like those that infest the surface of the deposit. This ma-

terial is resinous in nature, and is insolrble in water but soluble in

organic solvents such as alcohol and acetone. It can be extracted

from the dried mud in fairly concentrated form, and provides a

means for determining the age of the deposit, now that the age of

solid organic matter as much as 30,000 years old can be determined

by newly developed methods.

The element carbon present in the carbon dioxide of the atmos-

phere contains an extremely small proportion of the radioactive

isotope C-14. This radioactive carbon is disintegrating slowly. How-
ever, the ratio of C-14 to total carbon of atmospheric CO2 is held

constant by the cosmic ray bombardment of nitrogen atoms to form

new C-14 atoms. Vegetable life obtains its supply of carbon for the

building of tissue from atmospheric COo, and animals derive their

carbon from vegetation. Thus all living tissue contains C-14 in the

same ratio to total carbon as that of atmospheric CO2, but the per-

centage of C-14 in buried organic material is less by amounts cor-

responding to the period of burial.

The half-life of C-14 is 5,568 plus or minus 30 years. That is, for

a given sample of buried carbon originally derived from atmos-

pheric CO2, one-half of the original C-14 content will remain at the

end of 5,568 years, i will remain after 11,136 years, J will remain

after 16,704 years, -j';; after 22,272 years, and so on. Thus a determi-

nation of the degree of radioactivity of the carbon content of any

organic material will establish its age up to the present limit of the

method of measurement.

A sample of organic matter extracted from the bottom of the mud
seam between the two salt bodies of Searles Lake has shown an age

of something more than 16.000 years, which we may take as the

start of the period of flood waters present during Tioga time. The
maximum advance of the last continental ice sheet, farther east in

the United States, has been established fairly definitely by the work
of Dr. W. P. Libby, who used the C-14 method, as having taken

place 11,000 plus or minus 100 years ago.

The accumulation of salts in Owens Lake since ces.sation of the

last overflow was estimated by the late Hoyt S. Gale (1914) to have

required about 4,000 years. Therefore the melting of the glaciers in

the upper Owens Valley drainage probably occurred between 4,000

and 11,000 years ago. Geologists have noted other evidence that sug-

gests the existence of a period of very warm, dry climatic conditions

for possibly 2,000 years immediately following the period of latest

glaciation. During this period there may have been very little, if

any, flow of water into Owens Lake. If this were so, it would set the

end of the Tioga stage back to about 6,000 years ago.

The crystalline bodies of Searles Lake contain about twenty min-

erals. Among those of present economic importance are the fol-

lowing :

Halite N'aCl
Trona Na.COj-XaHCO,-2H20
Tincal (Borax) XaiB.OilOHjO
Haiik.site 9Na.SO.-2Xa=CO,KCl
Glascrite 3K.SO,Xa,SO.
Burkeite Na,C0j-2.\a>S0.

The plant of the American Potash and Chemical Corporation has

been in operation since 1916. when earlier development w-ork was
completed. The Trona process is fundamentally one of evaporation

of the brine for elimination of water, followed by fractional crystal-

lization of the constituent chemicals. The process in its present form

is an outstanding example of the application of physical-chemical

research to methods of operation. The end products are potash salts,

borax, boric acid, soda ash. salt cake, bromine, and lithium carbonate

for industry and agriculture. This company and the Westend Chemi-

cal Company also treat Searles Lake brine with CO2 gas to produce

additional soda ash and borax.

Death Valley. There appears to be ample evidence that, during

a part of Quaternary time, Death Valley received the overflow from

the Owens-SearlcsPanamint drainage system. Boron-bearing salts,

mainly of local derivation, were added to the waters of this lake,

and this ultimately resulted in deposition of ulexite ("cotton ball"

—

NaCaB-.Os-SIIiO) in the playas on the floor of Death Valley. From
this material borax was once made commercially by leaching with

hot water, decanting from the mud, and crystallizing the borax from
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FlOUBE 3. Harmony boran works, 1882-1890. Photo courtesy Pacific Coast

Borax Company.

the liquor. The old Harmony boras works, on the valley floor north

of Purnaee Creek, is shown in figure 3.

At about the time when production began from the muds of Death

Valley and the Amargosa Valley to the southeast, colemanite

(CaoBeOn-SHaO) was discovered in the Puneral Mountains imme-

diately east of the floor of Death Valley. A short time later, com-

mercial deposits of this mineral were found and produced in the

Calico Mountains, about 12 miles north of Daggett in San Bernar-

dino County. Por several years, colemanite was the major source of

borate products, and the extraction of borax from playa deposits

was discontinued. In 1890, colemanite in commercial quantities was

developed in the mountains that form the east wall of Death Valley,

first at the Lila C mine and later in the vicinity of Ryan (fig. 4).

Production of colemanite continued from the Puneral Mountain

area until 1928, when the Pacific Coast Borax Company completed

the transfer of its operations to the Kramer borate district.

The borates of Death Valley region can be divided into two general

classes. The younger, or Quaternary, deposits consist mainly of ulex-

ite found in surface layers along the borders of the Death Valley

sink. The older, and more important, deposits consist of colemanite,

ulexite, and other borate minerals. These occur in bedded sedimen-

tary rocks of Tertiary age (fig. 4).

Cutting back into the Black Mountains in a southeasterly direction

from the floor of Death Valley is Furnace Creek Wash, on both sides

of which are large deposits of colemanite. The thickest continuous

section of Tertiary formations in the region flanks the wash, and is

a familiar sight to all travelers entering Death Valley from the east.

The borate deposits occur mostly as irregular, roughly bedded masses

of crystalline colemanite and ulexite within the playa clays of the

Furnace Creek formation. This yellow-weathering clay and inter-

layered flows of basaltic lava form the bizarre bad-land topography

of the lower Furnace Creek area, and many exposures of borate min-

erals appear along the intricate channels cut by drainage through

this area.

Farther up Furnace Creek Wash is a considerable group of cole-

manite and otlier borate deposits that also are of Tertiary age and

are similar to those noted above. The commercial output from some

of these has been large, especially from the mines known as the Biddy

McCarthy, Grand View, Oakley, and Widow, all in the Ryan area

(fig. 1). Another important producer of colemanite was the Lila C
mine, which is about 6 miles southeast of the deposits in the Furnace

Creek area proper. The outpiit from these colemanite mines was

hauled by a narrow-gauge railroad to Death Valley Junction, on

the Tonopah and Tidewater Railroad.

Hedded deposits of Tertiary nee at U>;m. iteiitti \j

courtety Pacific Coast Borax Company.
Photo
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Figure 5. Kernite (rasorite), two-fifths actual size. Photo courtesy Pacific

Coast Borax Company.

Deposits of colemanite later were developed at Shoshone near

Death Valley, and at several localities in Ventura and Los Angeles

Counties. Of all these, only the Shoshone deposits still produce cole-

manite.

Kramer Borate District. The Kramer district is about 35 miles

from Mojave, California, midway between that town and Barstow.

It lies immediately north of Boron, a station on the Santa Pe Rail-

road. This field is unique in that surface geology did not indicate

the presence of the borate deposit, which was discovered in 1913

during the drilling of a water well. Colemanite was recognized in

the drill cuttings, and prompted the drilling of more than 40 ex-

ploratory wells during the following decade. However, no great prog-

ress was made in this field until 1925, when a deposit of tincal

(Na;H4O7-10IIvO) was discovered by drilling. A shaft was then sunk

to the deposit, and penetrated large quantities of a new borate min-

eral, which was named kernite, or rasorite (Na2B407-4II:;0). By
1928, the Pacific Coast Borax Company had transferred its mining

operations from Death Valley to this area.

The sodium borate occupies only a portion of the mineralized

area, which lies within an irregular oval about 4 miles long and

1 mile in width. The area apparently was a part of a basin of deposi-

tion during the period of accumulation of the borates, and the beds

form a synclinal structure that is depressed to depths of 1,000 feet

or more along its axis. The principal borate deposits range in depth

from about 300 to 1,000 feet below the surface of the ground, and
are covered by alluvium and other unconsolidated deposits that ex-

tend to maximum depths of about 300 feet. Tertiary beds encoun-

tered beneath the alluvium consist of an alternation of sediments

deposited by flowing or standing waters, and these in turn are under-

lain by flows of olivine basalt. The borate deposits are included in

the sedimentary part of the section, above the lavas, and presumably

are of upper Miocene age. They occur in a distinctive series of sedi-

mentary beds designated as the Kramer lake beds. These are de-

scribed locally by terms such as green shale, blue shale (w'hich

includes the borates), and dark gray shale. The blue shale is a fine-

grained sediment of colloidal type, and evidently was laid down in

standing water.

Colemanite (Ca,B80n-5H20) and ulexite (NaCaB.,09-8H,.01 are

the most widely distributed of the borate minerals. They are scat-

tered irregularly in the form of nodules or lumps imbedded in the

clay or shale that surrounds the sodium borates. It is probable that

the ulexite of the Kramer District was formed during late Tertiary

time in, or on the borders of, playa lakes, and that in places this

mineral was converted to colemanite after burial of the original

deposits.

The deposits of tincal and kernite that are now being mined are

lenticular in form, and contain impurities of clay and other insolu-

ble materials. The massive sodium borate is not appreciably contami-

nated by any other soluble constituent.

Most geologists agree that boron or borate salts have been brought

to the earth's surface as con.stituents of volcanic gases or waters. At
Kramer it seems evident that the borate-depositing waters issued

with, and subsequent to, the outpouring of basaltic lavas over slopes

adjacent to the basin in which the lake deposits were later laid down.

Volcanic waters probably flowed down through and over the lava

masses while these rocks were still hot. Evaporation probably con-

verted the waters to brines, which may have accumulated in pools

or lakes in a supersaturated condition with respect to borax. Evapo-

ration and cooling of the solutions probably threw down the borax

as tincal.

Kernite, which was first discovered in the Kramer area, seems to

have been formed from the original bedded accumulations of tincal

by alteration and recrystallization after the deposits had been buried

and later firmly consolidated. The conversion from tincal to kernite

probably was very slew, and strikingly large crystals of kernite are
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Figure 6. Twentj-nuili- teiim drive, Kenth Vnlli'.v. I'hoU) Hu Mary U. IlilL
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found. Most of the kernite is intimately associated with tincal, some
large masses of which appear to be secondary to the kernite.

Other Deposits of Salines. Substantial deposits of salines also

occur in Dale, Danby, Cadiz, Koehn, Soda, Deep Springs, and Mono
Lakes. The Salton Sea also contains large amounts of salt, and addi-

tional depo.sits are present as parts of the Tertiary sedimentary
section in the Avawatz Mountains. Some of these deposits have been
worked commercially, and all can be considered potential sources

of saline material.
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3. THE MOUNTAIN PASS RARE-EARTH DEPOSITS '

By J. C. OLSON - AND L.. C. Prat =>

Introduction. Rare-earth minerals were discovered near Moun-
tain Pass in northeastern San Bernardino County, Calif., in April

1949, and in the followinfr year the Sulphide Queen carbonate body

was found. This body is the world's <rreatest known eonoentration

of rare-earth metals with a tonna<re larger than the total of all rare

earths used in the world prior to 1950. The rare earths in the

Mountain Pass district are chiefly cerium, lanthanum, and neodym-

ium. These elements occur principally in bastnaesite, a rare-earth

fluocarbonate, heretofore reported from only about 10 localities in

the world.

The bastnaesite was discovered in samples from Mountain Pass

obtained by H. E. Woodward and Clarence Watkins of Goodi^prings,

Nev., and its identity was established in laboratory studies by E. T.

Schenk of the U. S. Bureau of Mines and D. P. Hewett of the

U. S. Geological Survey. Subsequent prospecting by individuals and

geologic investigations by the T'. S. Geological Survey resulted in

the discovery of bastnaesite in the Sulphide Queen carbonate body

and numerous other deposits in a belt 6 miles long.

Investigations by the U. S. Geological Survey since 1949 (Olson

et al., in preparation) include detailed mapping of the site of the

initial discovery—the Birthday claims—by L. C. Pray and W. N.

Sharp
;
geologic mapping of the district by J. C. Olson ; detailed

mapping of the Sulphide Queen carbonate body and several smaller

deposits by D. R. Shawe and "W. N. Sharp ; and laboratory minera-

logic investigations by H. W. Jaffe.

General Geology. The area of knovni rare-earth mineral occur-

rences in the Mountain Pass district lies within a belt of pre-

Carabrian metamorphic and igneous rocks that is bounded on the

east and south by the alluvium of Ivanpah Valley. The west bo\ind-

ary is the Clark Mountain fault, a west-dipping normal fault along

which the Paleozoic sedimentary rocks and Me.sozoic sedimentary

and volcanic rocks on the hanging wall have been displaced as much
as 12.000 feet relative to the pre-Cambrian rocks of the footwall

(Hewett, in preparation). The north boundary is formed by a con-

spicuous transverse fault that cuts the Clark Mountain fault and

is just a few hundred feet north of the Birthday shaft. Although

pre-Cambrian rocks crop out north of this fault for 10 miles, they

» Publication authorized by the Director. U. S. Geoloelcal Sur\'ey. Contribution No.
G60, Division of the Geological Sciences. California Institute of Technology.

• Geologist, U. S. Geological Survey, Denver. Colo.

Assistant Professor of Geology. California Institute of Technology, and geologist.

U S. Geological Survey, Pasadena, Calif.

are not known to contain any rare-earth mineral deposits or alkalic

igneous rocks.

The pre-Cambrian metamorphic complex consists of hornblende

and mica gneis.ses and schists, locally containing sillimanite or coarse

garnet ; biotite granite gneiss with coarse rectangular or eye-shaped

feldspar grains; light-colored granitic augen gnei.ss and associated

pegmatites; and minor dike rocks of mafic to intermediate compo-

sition. All these pre-Cambrian metamorphic rocks have a foliation

that strikes generally north to northwest—about parallel to the

general trend of the Clark Mountain fault—and dips are .50-80° W.
in most places. Units based upoi) the relative proportions of the

various pre-Cambrian rock types have been recognized but are not

delineated on the accompanying map (pi. 1).

Igneous Rocks. The metamorphic complex is intruded by igneous

rocks of two groups. The older group consists of potash-rich rocks

which range in composition from shonkinite through syenite to

granite. These rocks are related to the carbonate and rare-earth

mineralization and are considered pre-Cambrian. The second group,

which includes dikes of aiidesite, basalt, and rhyolitc, is distinctly

younger and is probably of Tertiary age. Most of the potash-rich

dikes trend northwest, parallel to the regional foliation of the meta-

morphic complex, whereas the younger andesitic dikes trend gen-

erally east.

The potash-rich intrusive rocks occur in several hundred thin

dikes and in seven larger intrusive bodies. Most dikes appear to

dip southwest at moderate to steep angles, but exceptions are nu-

merous among the thinner dikes. The largest intrusive body, near

the Sulphide Queen mine, is compo.sed largely of shonkinite and

mafic syenite and is about 6,000 feet long and 1,800 feet wide. Of

the other six intrusive bodies, the two nearest U. S. Highway 91 are

leueosyenites, with 2 or 3 percent quartz; the southeasternmost is

chiefly red granite ; and the other three are composite shonkinite-

syenite bodies.

The shonkinite is the oldest of the potash-rich rocks, and the

syenite, quartz syenite, and granite are successively younger. How-

ever, the youngest of the potash-rich rocks are dikes of fine-grained

shonkinite. Thin dikes of all the potash-rich rocks occur throughout

the district and in general are finer grained than the same rocks in

the seven larger intrusive bodies.

The shonkinite is typically a coarse-grained rock composed of

about equal amounts of distinctive grayish-red mierocline, green

( 23)
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augite, and biotite. With decrease of pyroxene and biotite and in-

crease in potash feldspar, the shonkinite grades into syenite, and

this in turn fjrades into granite with 10 to 40 percent quartz and

less than 10 percent mafic minerals. Amphiboles are common con-

stituents of the potash-rich rocks, and sodic varieties such as rie-

beckite, arfvedsonite, and sodic hornblende are widespread. Aegirine

and aegirine-autrite occur in feldspar-rich pockets within the shon-

kinite. The fine-grained shonkinitic dikes diifer mineralogically from

the older coarse-grained shonkinite : they contain .several percent

quartz, more sodic amphibole or aegirine-augite, and less augite. All

the potash-rich rocks are interpreted as products of a single period

of intrusive activity, a period during which the temperatures of

the invaded rock appear to have progressively decreased, as shown

by fine-grained "chilled" borders on some of the youngest potash-

rich rocks.

The genetic affinity among the various potash-rich rocks is indi-

cated by field and petrologic relationships and by chemical and

spectrographic analyses. Analyses <if two shonkinites, one coarse

syenite, one fine-grained granite, and one shonkinitic dike rock .show

a range in K^jO content from 7.0 to 11.2 percent, compared to a

range in Na^O content of 0.26 to 1.4 percent. Analyses of these

same samples also show an abnormally high content of barium and

strontium oxides (0.26 to 1.2 percent) and of the cerium group of

rare earths (0.03 to 0.4 percent La), indicating the genetic rela-

tionship of potash-rich rocks to the carbonate rocks.

The carbonate rocks cut and are therefore younger than the

potash-rich igneous rocks, although one possible exception was noted

on the Birthday claims where a thin vein appeared to be cut by a

shonkinitic dike a few inches thick. Radioactive age determinations

on monazite from the Sulphide Queen carbonate body of about 900

to 1,000 million years (Jaffe, H. W., in preparation) suggest a prob-

able Proterozoic age for the rock. The potash-rich igneous rocks are

older than the carbonate rock, though closely related, and thus are

pre-Cambrian.

JIany dikes of aphanitic to fine-grained rock, chiefly andesitic but

ranging in composition from basalt to rhyolite, cut all the other

rocks and on the basis of regional evidence are considered Terti-

ary(!) in age. These dikes are 1 foot to 20 feet thick, are vertical

or dip steeply, and occur mostly in four swarms of east-trending

dikes.

Carhntwtr Tinckx. About 200 veins composed largely of carbonate

minerals but commonly containing abundant baritc and q\iartz have

been mapped in the district. Most of these veins are 1 foot to G feet

thick. They cut across the pre-C'ambrian foliation and all the dike

rocks. Some appear to have been eniplaced in fractures in the shonki-

FlGliRK 3. Outcrop of bastnaesite-rich vein on Birthday claim.s. Tabular bast-

naesite crystals and whitLsh patches of harite weather out in relief above dominant

calcite matrix.

nite-syenite intrusives. One remarkable deposit, called the Sulphide

Queen carbonate body because of its proximity of the old Sulphide

Queen gold mine, is estimated to have at least 10 times the surface

area of all the other carbonate veins exposed in the district. The

Sulphide Queen carbonate body is 700 feet in maximum width, 2,400

feet long, and appears to dip to the west at a moderate angle. It is

similar mineralogically to many of the veins in the district.

The distribution of carbonate rocks and veins in the district is

shown on the geologic map (pi. 1). The known rare-earth and

thorium deposits are most abundant in a belt, in places 3,000 to 4,000

feet wide, that trends northwest for about 5 miles from the south-

east corner of the map area to the vicinity of the Birthday shaft.

This belt is offset by several transverse faults and appears to be

terminated by the transver.se fault north of the Birthday shaft.

Although no large fault has been mapped in or parallel to the

rare-earth and thoritnu belt, many small northwest-trending fault.s

are exposed for short distances, and these contain local deposits of

rare earths and thorium. The abundance and size of the carbonate

bodies in the belt appear to be spatially related to the potash-rich

intrusive rocks, for the greatest concentration is in and along the south-

west side of the largest shonkinite-syenite body. Mineralized shear

zones in this belt cut the shonkinite-syenite body and related dikes,

as well as the carbonate veins, yet they locally contain rare earths,

thoriinii, harite, and other constituents of the veins. Ilenee faulting
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occurred after the main period of deposition of the carbonate rocks,

but there was some circulation of mineralizing solutions after the

faulting.

The dominant carbonate minerals, which constitute at least half

of most veins, are calcite. dolomite, ankerite, and less commonly
siderite. Barite is a widespread vein mineral, averaging 20 or 25

percent of the carbonate rock in the district and locally exceeding

65 percent. The barite contains variable amounts of strontium, and
some barian celestite is present.

The rare-earth minerals thus far recognized include bastnaesite,

parisite, monazite, allanite, sahamalite (Jaffe et al., 1953). and
cerite. Of these the most abundant is bastnae-site, which constitutes

5 to 15 percent of much of the Sulphide Queen carbonate body and

locally exceeds 60 percent.

Quartz occurs in the veins in various proportions, generally from

5 to 40 percent but ranging from nearly to 100 percent. Other

minerals found in the carbonate rocks include crocidolite, chlorite,

biotite, phlogopite, muscovite, sphene, magnetite, hematite, goethite,

galena, pyrite, chalcopyrite, tetrahedrite, malachite, azurite, cerus-

site, strontianite, aragonite, wulfenite, fluorite, apatite, and thorite.

Structural features of the Sulphide Queen deposit are shown in

figure 1. Breccia fragments of older rocks such as gneiss, syenite, and
carbonate rock are present locally in the Sulphide Queen carbonate

body, chiefly near the walls, as well as in several other breccia veins.

Some of the angular feldspathic wall-rock fragments in the Sulphide

Queen carbonate body are but little rotated, but in other places

aggregates of well-rounded fragments of several rock types indicate

movement from their original positions in the country rock. The
feldspathic fragments are typically coated with reaction rims of

dark phlogopite or biotite.

A planar structure is evident in many of the carbonate deposits.

Part of this layering or banding is apparently a primary feature of

the veins. Part of the planar structure appears to be a foliation due

to shearing and is generally parallel to the walls of the carbonate

body. Barite grains, some of which are strung out along streaks in

the rock, are commonly eye-shaped as in an a\igen gneiss, and the

elongate grains parallel the walls of the vein. These grains are very

common in the Sulphide Queen carbonate body. The foliation and
inclusions in this body and its discordance to the foliation of the

gneissic wall rocks suggest that the carbonate mass was intruded

into its present position.

Origin of the Deposits. The interpretation of the origin of the

Mountain Pass rare-earth deposits involves three related features

:

the group of potash-rich igneous rocks ranging in composition from
shonkinite to granite, the carbonate rock that occurs in the notable

FlftniF 4. rh<">t«imirr<.t;r:ii»h of tnliular ha.vliiaesite rrystnls in calcite matrix.

(25x, plane polarized light)

Sulphide Queen carbonate body and in at least 200 thinner veins,

and the exceptionally large concentration of rare-earth metals of the

cerium group. These three features are as.sociated spatially, and

probably genetically, and are thought to have had tlieir origin dur-

ing a single geologic episode.

The association of alkalie igneous rocks and carbonate rocks has

been reported from many areas of the world. Among those which

appear to be somewhat similar to Mountain Pass are Alnii, Sweden;
Pen. Norway; several localities in South Africa; Magnet Cove, Ark.;

and Iron Hill, Colo. The large amount of carbonate rock in these

areas has been interpreted in several ways, principally as either a

magmatic product or as inclusions of sedimentary limestone. At
Mountain Pass, as in most of the other areas, there is no known
sedimentary limestone in the invaded pre-Cambrian rocks. The S\il-

phide Queen carbonate body is enclosed in pre-Cambrian gneis.ses

rather than in an igneous rock.

Oeochemical data from many parts of the world indicate that the

cerium group of rare cartlis tend to be associated with alkalie igneous

rocks. The rare-earth elements in part occur in small amounts in

the major rock-forming minerals. They also form independent min-
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erals, such as raonazite or allanite, disseminated as accessory consti-

tuents in various igneous rocks. These elements are also selectively

concentrated in residual products of crystallization, owing in part

to their relatively large ionic radii, as shown by the common occur-

rence of rare-earth minerals in pegmatites. Of the known occurrences

of bastnaesite, the primary deposits occur in pegmatites, in contact

zones, or in veins closely associated with igneous rocks.

The most plausible mode of origin of these features at Mountain

Pass is that the materials forming the carbonate rocks were derived

largely b.v differentiation from the same magmatic source that sup-

plied the potash-rich dike rocks. This hypothesis harmonizes with the

evidence of the foliation, breccia fragments, and discordance of the

Sulphide Queen carbonate body ; with the consistent sequence of

emplacement and the clcse association of the potash-rich dike rocks

and carbonate veins in the district; and with the remarkable concen-

trations of certain rare elements.
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4. TUNGSTEN IN SOUTHEASTERN CALIFORNIA
Br Paul C. Bateman t and William P. Irwin t

INTRODUCTION

California is tin- leading State in tungsten pniduction, having

shipped, between 1904 and IPSO, about 39,500 short tons of eoncen-

trates containing 60 pereent WO3, which is 30.17 percent of the total

United States production (Geehan, 19.51, Table 4, p. 4). The dollar

value of current production exceeds that of such metals as lead, zinc,

and copper. Because tungsten is a strategic metal, a domestic supply

to fall back on when imports are threatened or curtailed is of na-

tional importance.

The tungsten deposits described in this report lie south and east

of the Sierra Nevada, in the region that encompasses the south-

western part of the Great Basin, the Mojave Desert, the eastern

part of the Transverse Ranges, and the Peninsular Ranges. The
western boundary of the region is a line that coincides along a part

of its length with the eastern boundary of Los Angeles County. WiJ^h

the notable exceptions of Atolia and Darwin, the deposits in this

region have yielded only small amounts of tungsten. Most of the

productive deposits in California are in the Sierra Nevada, and the

map showing the distribution of tungsten deposits (fig. 1) includes

most of those in the Sierra Nevada as well as those in southeastern

California.

Little information on the tungsten deposits in southeastern Cali-

fornia has been published, but the important tactite deposits in the

Sierra Nevada have been described in several papers and reports,

which are included in the list of references at the end of this paper.

Published reports on tungsten deposits or areas have been used

freely as sources of information in the preparation of this paper.

Most of the factual data, however, have been obtained from unpub-

lished reports prepared for the files of the U. S. Geological Survey

by D. M. Lemmon, D. G. Wyant, M. P. Erickson, E. M. MacKevett,

and the writers.

TYPES OF DEPOSITS

Four geologic types of deposits have been recognized in Califor-

nia: tactite deposits, quartz vein deposits, pegmatite deposits, and

placer deposits. Quartz veins and placers at Atolia yielded most of

the [iroductioM in the State prior to 1918, but since then the larger

part has come from tactite deposits, especially from those in the

• Publication authorized by the Director, V. S. Geological Survey. Prepared in co-
operation with the California State Division of Mines,

t Geologist, U. S. Geological Survey, Menio Park.

Sierra Nevada near Bishe^. The Pine Creek mine near Bishop ac-

counts for half or more of the current production, and has the

largest tungsten reserve in the United States (Bateman, 1945,

p. 2.3.3).

The only important tungsten-bearing minerals are scheelitc

(CaWOj) and members of the wolframite group, principally wolf-

ramite [(Fe,Mn)W04] and huebnerite (MnWOj). Ferberite, the

iron-rich end member of the wolframite group, is rare in California

but important elsewhere. Scheelite is found in all types of deposits,

whereas wolframite and huebnerite are present only in tpiartz veins

and pegmatites.

Tactife Deposits. "Tactite," a term coined by Hess (1918) and
now in common u.sage in connection with tungsten mining, has been

defined by him as "a rock of more or less complex mineralogy formed
by the contact metamorphism of limestone, dolomite or other soluble

rocks into which foreign matter from the intruding magma has been

introduced by hot solutions." The older European term "skarn"
probably is synonymous, and "garnetite" is a partial equivalent.

No single mineral is considered essential to tactite. Most tactite

mas.ses contain red-brown to yellow-brown garnet of the andradite-

grossularite .series, commonly in a.ssoeiation with either green pyrox-

ene of the diopside-hedenbergite series or with epidote. Quartz and
ealeite are present in most tactite masses, and are abundant in some.

Idocrase, hornblende, elinozoisite, scapolite, feldspar, and fluorite

are less common. Metallic sulfides and oxides found in tactite include

pyrite, pyrrhotite, molybdenite, bornite, ehalcopyrite, sphalerite,

bismuthinite, magnetite, and hematite.

Most tactite masses are developed in comparatively pure limestone

or marble, but some occur in dolomitic, .siliceous, or argillaceous

calcareous rock. Commonly tactite borders a contact with granitoid

rock; at a few places surface exposures of granitoid rock adjacent

to the tactite are lacking, although they generally are present within

a few hundred feet. Limestone or marble adjacent to tactite com-

monly contains light-colored minerals such as wollastonite, diop.side,

and tremolite in amounts sufficient to permit distinction of the rock

from both the main calcareous body and the tactile during the course

of mapping. Tactite does not occur along all contacts between marble

or limestone and intrusive rock, and is notably irregular in thickness

where it does occur.

Scheelite, where present, commonly forms grains that range from
pin-point size up to a quarter of an inch across. Crystals an inch

{•31 )
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Figure 1. Mnp showinc distriliution of tungsten deposits in the southern half nf Ciilifornia.
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or more in average diameter are present locally, anil in some de-

posits such coarse crystals predominate. Scheelite typically is dis-

tributed erratically through the taetite, and only rarely do all parts

of a taetite mass contain sufficient scheelite to constitute ore. During

1953 most tung.sten ore contained 0.5 to 1.0 percent of WO.h, but

some ores contained 2.0 percent or more. Rock that contained less

than 0.5 percent of WO3 could be exploited profitably during 1953

only if conditions for low-cost mining and milling were exceptionally

favorable.

Quartz Vein Deposits. Tungsten deposits in quartz veins, al-

though fewer than those in taetite, have been the source of nearly

half of the tungsten produced in California, due primarily to the

very productive veins at Atolia. Quartz vein deposits can be con-

veniently divided into two groups: (1) those in which scheelite is

the sole economic mineral, or is associated only with gold, and (2)

those in which scheelite or huebnerite is associated with base-metal

sulfides. The first group is typified by the veins at Atolia, and the

second group by many veins in northeastern San Bernardino County.

Calcite is a common minor constituent in the gaiigue of many veins

of the tir.st type, but it has not been observed in any of the base-

metal-bearing veins. Tungsten minerals generally are present in base-

metal-bearing veins in amounts too small to be mined for tungsten

alone, but the tungsten might be recovered profitably as a by-

product if the veins were mined for their base metals.

Pegmatite Deposits. Pegmatite bodies containing tungsten min-

erals are known from several areas of quartz vein deposits, but are

common only in the Chuckwalla Mountains. Tj-pically the tungsten

is present as pods and stringers of scheelite and huebnerite that are

too small to be of economic value.

Placer Deposits. F'lacer deposits of tungsten are uncommon in

California, presumably because scheelite, the principal tungsten min-

eral in the State, is easily shattered and reduced to slime. All of the

known placer deposits are closely associated with their bedrock

sources. The largest deposits are at Atolia, where scheelite and gold

derived from nearby quartz veins are present in pediment gravels.

At the Scheelore mine, high in the Sierra Nevada, scheelite has been

recovered from talus below tactile deposits.

DISCOVERY AND MINING HISTORY

Tungsten deposits have been mined actively in California since

1904, when scheelite was first recognized in gold placers south of

Atolia. For nearly a decade prior to this time, scheelite had been

discarded with the waste from these placers. The first lode mining

for tungsten ore was in a scheelite-bearing quartz vein on the Pa-

poose claim south of Atolia, and by 1906 a carload of tungsten ore

had been mined and shipped to Germany. Other discoveries followed

rapidly.

Scheelite was not recognized in taetite deposits until 1913, when
J. G. Powning identified exceptionally large crystals in a tactile out-

crop while retrieving a jackrabbit he had shot (Knopf, 1917, p. 231).

This discovery in the Tungsten Hills near Bishop became the site

of the Jackrabbit mine, and stimulated interest in prospecting other

bodies of taetite. I'nder the impetus of high prices paid for tungsten

during World War I, many of the newly discovered deposits were

brought into production. At the end of the war the prices collapsed

spectacularly, and most of the mines were closed. In 1924, the mines

at Atolia were reopened, and others were reopened during the

ensuing years.

In the years immediately preceding 'World War II, the price of

tungsten ore once again rose, and concomitantly the ultraviolet light

came into general use as a means for prospecting. This combination

resulted in a new wave of discoveries and the reopening of many
older deposits. During World War II the price and .sale of tungsten

concentrates were fixed by Federal Law, but with the end of the

war. Government contracts to purchase concentrates were cancelled

and the price declined, forcing curtailment or abandonment of many
operations.

Following the outbreak of hostilities in Korea, the Federal Gov-

ernment in 1951 established a 5-year domestic purchase program,

during the course of which tungsten concentrates have been pur-

chased at a price of $63.00 per unit (20 pounds of contained WO:,').

With stabilization of the market, production once again has increased.

OUTLOOK

The probability of a continuing vigorous tungsten mining industry

appears better now than at any time in the past, owing largely to

the stabilizing effect of the domestic purchase program of the Feiieral

Government. This program is favorable to the investment of private

capital in long-range mine development. There also is good likelihood

that discovery of new deposits will continue, although at a lesser rate

than in the past. As compared with most other metals, tungsten has

a short commercial history. It was not sought by early prospectors,

and it has been used in industry for only about 50 years. Further,

the ultraviolet light has been used in prospecting only since 1936,

and it is unlikely that all of the exposed quartz veins and taetite

deposits have been examined for scheelite. The discovery of new

deposits by surface prospecting during the past few years supports

the view that new deposits will be found.
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DISTRIBUTION AND DESCRIPTION OF DEPOSITS

More than 425 tungsten deposits are known in California, of which
85 percent are tactile deposits and 15 percent are quartz vein de-

posits. Mo.st of them are in the southern half of the state, where
they are commonly found in well-defined districts (fig. 1). In many
districts all the deposits are of the same geologic type, but in a few
both tactite and quartz vein deposits are present.

Tactite deposits are most abundant in the main area of batho-

lithic rocks of Mesozoic age in California, but they also are a.ssociated

with isolated batholiths and stocks of uncertain age farther east. The
quartz vein deposits, with the notable exception of the veins at Atolia

and in the southern Sierra Nevada, lie east of the main area of batho-

lithic rocks in the region where only smaller intrusive masses are

found. Pegmatite deposits are found locally in the same areas as the

quartz vein deposits, but none have been exploited profitably. Placer

deposits are important only at Atolia.

Darwin District. The Darwin district is best known for its pro-

duction of silver-lead ore, which has been mined intermittently since

the 1870 's (see Carlisle, et al.. Contribution No. 5, this chapter).

Scheelite was identified in the Darwin Hills in 1916, but it was not

exploited until World War II, when approximately ^0,000 units of

WOa was produced from 45,000 tons of ore. Most of the tungsten

production came from lead-poor deposits in the southeastern part of

EKPLANATION

-racItU conroining »Gh«el>le

FERNA NOO SHAF T
OUmtAM SHAFT

E-W SECTION THROUGH FERNANDO AND DURHAM MINES

Fir.i'Rp: 2. Idi-titizet] section throuKh Fernando and Onrhani mines. Darwin
(listriet, In.vo Count.v.

the district, but scheelite also occurs sparingly with the lead ores.

The tungsten deposits have been described by Wilson (1943). Both
the lead deposits and the tungsten deposits are closely a.ssociated

with the Darwin quartz diorite stock. The principal tungsten pro-

duction was obtained from the Durham, Fernando, and Ilayward
mines (fig. 2). In the past few years the Anaconda Copper Mining
Company has stockpiled tungsten ore mined from its lead deposit,

but none of this ore has been treated.

The main tungsten ore bodies are in tactite developed in steeply

dipping limestone beds adjacent to mineralized cross faults. The lime-

stone is interstratified with dense hornfels of variable mineralogic

composition. Deposition of galena and lesser amounts of sphalerite

and bismuthinite has followed the tungsten mineralization, but only

locally do economic concentrations of sulfide ore overlap tungsten
ore bodies. The tactite consists principally of idocrase, calcite, limo-

nite or pyrite, fluorite, and scheelite.

The Durham ore body, the most productive in the district, was
mined to a depth of more than .300 feet beneath the surface. The
strike length of the outcrop was more than 300 feet but the length

of the ore body decreased progressively downward to about 30 feet

in the deepest workings. The thickness was irregular, but averaged

about 10 feet. Scheelite was distributed unevenly through the ore

body, but the richest parts were adjacent to cross fractures. In the

upper parts of the mine the ore body was in the footwall side of a

40-foot thick limestone bed, but in depth the ore lay along fractures

in a stratigraphic zone -several feet above the footwall of the bed, so

that the lower few feet of the limestone was barren.

Panaminf Range. Scheelite has been found chiefly in quartz

veins in three areas of the Panamint Range : Panamint City in Sur-

prise Canyon, Trail Canyon, and southeast of Skidoo. In 1951 liigh-

grade tactite ore was shipped from a deposit reported to be in Trail

Canyon, but information about this deposit is not available.

In Surprise Canyon scheelite occurs in the same veins that once

yielded more than $2,000,000 in silver. The silver ore consists of

white quartz with dark layers that contain argentiferous tetrahedrite

and lesser amounts of galena, sphalerite, pyrite, and chalcopyrite.

Much of the ore is slightly oxidized and contains nialaehite. az\irite,

anglesite, cerussite, smithsonite, bindlieimite. and ccrargyrite. Most

of the tungsten ore consists of these same minerals plus scheelite, b\it

some consists of only quartz and scheelite. The scheelite is in small

shoots, which in general contain 0.5 percent WO:i or less, but thin

streaks of high-grade ore are present within some of these shoots.

Tiie q\iartz veins in Trail Canyon are generally thinner aiul less

continuous than those in Surprise Canyon. Most of the scheelite ore

is free of sulfides, but some contains substantial amounts of tetrahe-
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drite and its oxidation products. Tactite also is found in Trail Can-
yon along certain beds of limestone, but in most places this tactite

contains no scheelite.

The most recent discoveries in the Panamint Range have been

made southeast of Skidoo, where tungsten was found in 1951. In

this area scheelite is distributed sporadically in quartz veins that

range from thin stringers to masses more than 20 feet thick. Base-

metal sulfides have not been reported from these veins.

Atolia District. The scheelite-bearing quartz veins at Atolia con-

tained the largest bodies of high-grade scheelite ore discovered in the

United States and possibly in the world. These important deposits

have been described by Lemmon and Dorr (1940), and the following

brief description is taken largely from their report.

Although the known reserves in the veins are now small, they still

supply significant amounts of ore, mainly through the efforts of

lessees. In addition to the vein deposits, extensive placer deposits

are present in the district. In times past, thousands of miners worked
these placers, particularly the "spud patch," an area of especially

rich concentrations that contained scheelite in pieces the size and

shape of potatoes. Like the veins, the richer placers are depleted, but

placer deposits estimated to contain about one-quarter of a pound of

scheelite per cubic yard still remain. Although placers of this grade

cannot be exploited profitably at the present time, tbey constitute

a noteworthy reserve. Recently the Surcease Mining Company suc-

cessfully worked placers containing only about 1 pound of scheelite

per cubic yard.

All of the more productive veins occur in a series of roughly

parallel, loosely branching faults that cut a body of quartz mon-

zonite. Individual faults generally strike eastward and dip steeply

southward, but the general trend of the belt is northeast, parallel

to the Garlock fault, which lies 9 miles to the north. Displacements

on the faults appear to have been mainly horizontal, with the north

side displaced to the west. This left lateral movement is similar to

that on the Garlock fault. Many small cross faults displace the veins

as much as 25 feet, and some have been slightly mineralized. The
main productive belt is about 2 miles long. Both ends of the belt are

covered, the west end by alluvium and the east end by beds of

Miocene age. Underground exploration of the pro.jected extensions

of the zone thus far has failed to reveal any additional ore.

Scheelite is the only ore mineral. The gangue consists of quartz

and carbonates (calcite, ankerite, dolomite, and siderite) in propor-

tions that vary in the different mines. Pyrite, stibnite, and cinnabar

are present locally as minor con.stituents and the ores in the west

end of the district contain considerable phosphorus', although no

phosphate mineral has been identified. One of the veins, the St.

Elmo, contained a pocket of gold. Scheelite occurs as veinlets, and
forms ma.ssive chunks in the larger veins. A single specimen of

scheelite weighing a ton or more was taken from the Million Dollar

slope of the Union mine and was sent to the National Museum in

Washington, D. C. (Iless, 1917, p. 940).

The scheelite is localized in nearly vertical ore shoots that become
thinner and leaner at depth. The average length of the shoots is

about 100 feet, and the width ranges from a few inches to 17 feet.

The grade of ore within the shoots ranges from 1 percent to as much
as 70 percent WO.-i ; the average grade of ore mined in 1940 was
about 2 percent.

The quartz monzonite adjacent to all the veins has been hydro-
tliermally altered for distances ranging from a few inches to several

feet. The altered rock is impregnated with sericite, pyrite, kaolin,

and a little chlorite, and generally is greenish gray in color where
it is not weathered. Near the surface, where the rock is weathered, it

is brownish in color owing to the oxidation of pyrite. but at the

surface it is commonly white because of the leaching of iron oxide

and the corresponding prominence of kaolin.

The age of the veins is not established, but they appear to be

much younger than the enclosing quartz monzonite. They are cut

by diabase dikes of probable late Miocene age, and Hulin (1925, p.

72) considers the mineralization to be associated with late Miocene
vulcanism. According to Lemmon and Dorr, the texture of the veins

suggests deposition near the surface. This implies a sufficiently long

time interval between the period of emplacement of the quartz mon-
zonite and the period of vein mineralization, to permit erosion of

most of the rock that originally covered the intrusive mass.

Goldstone District. The Goldstone di-strict is primarily a gold

mining area. Most of the tungsten occurrences are in thin, irregular

selvages of tactite formed in limestone ad.iacent to granitic sills,

although scheelite also is present in quartz veins that have been

mined for gold. A few tons of tactite was mined during 194:! and
1944 from small surface workings in the tactite.

The Starbright mine, southeast of the Goldstone district proper,

has yielded the only appreciable production. There tactite inclusions

occur in the marginal part of a large plutonic ma.ss that ranges in

composition from diorite to quartz diorite (fig. -i). The main tactite

mass, tiO feet long and about 15 feet thick, dips ;iO ' SE. Thin-bedded
hornfels underlies the tactite and separates it from intrusive quartz

diorite. The tactite is composed of garnet, calcite, quartz, clinopy-

roxene, and .scheelite. It was mined in an open cut to a depth of

about 40 feet, where the tactite ma.ss exposed at the surface pinched
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KiGUBE 3. Starbright mine area, San Bernardino County, California.

out. Subsequent underground exploration revealed a second scheelite-

bearin;; tactite mass down the projected dip of the surface mass.

Two other ore bodies in the same area are similar, but of smaller size.

Deposits in Northeastern San Bernardino County. Scheelite

occurs in tactite deposits in the Ivanpah Mountains, and huebnerite

occurs with accessory scheelite in quartz veins in the Clark, New
York, and Providence Mountains of northeastern San Bernardino

County. The production of tunp-sten is of the order of a few hundred

units of WO3, most of which has come from quartz vein deposits.

Most of the quartz veins have been worked mainl.v for lead, silver,

and zinc, and much of the tungsten was recovered as a by-product

of base-metal mining. Because the metallurgy of the base-metal ores

is difficult, no sustained operation has been carried on. The walls of

most veins in granitoid country rock are altered to greisen that

commonly contains pyrite and fluorite in addition to abundant

muscovite.

The Sagamore mine, on the southeastern slope of the New York
Mountains, is in a quartz vein that is typical of those with base-

metal sulfides. The vein was discovered in the 1870 's and has been

worked .sporadically since 1890 for lead, zinc, and silver. It is one

of several nearly parallel veins that cut across the foliation of en-

closing pre-Carabrian (?) schistose quartzite. Although the vein

pinches and swells, it can be traced for nearly a mile, and in places

it is more than 10 feet thick. Thin, platy crystals of huebnerite are

intergrown with galena, sphalerite, chalcopyrite, bornite, and pyrite,

and are accompanied by accessory scheelite. Commonly the base-

metal sulfides and huebnerite are in layers that parallel the vein

walls ; less commonly they are intergrown with quartz as vaguely

delineated masses in the thicker parts of the vein.

Shadow Mountains. Tactite deposits in the Shadow Mountains,

northwest of Victorville, occur in two areas about 6 miles apart. The
northern area is called the north field, and the southern area is

subdivided in local usage into the middle and south fields. Although

scheelite has been known in the district since 1908, the total produc-

tion is oidy about 1,000 units of WO3, owing primarily to the low

grade of the ores.

The Just Associates deposit, the most extensive in the north field,

is a zone of tactite, silicatcd marble, and (juartz in the upper part of

a limestone unit that is overlain by schist (fig. 4). The tactite and
silicatcd marble are develojicd adjacent to granitic dikes as well as

adjacent to a granitic sill that occupies part of the contact between

the limestone and schist. Small whitisli-Huorescent crystals of scheelite

are present in both the tactite and the silicatcd marble, but are most

abundant in streaks in and adjacent to irregular ma.sses of quartz.
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In the south field the scheelite is distributed in discontinuous ore

shoots within tactile ma.sses that locally replace beds of marble that

are interstratified with schist and hornfels. Two mineralized beds

on the Beacon claims, each about 10 feet thick, have been explored

by means of prospect pits and shallow shafts where they appear at

the surface in the crests of open anticlinal folds (fig. 5).
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Sketch (if Birthday Star tungsten prospect. Old Woman Mountains,
San Bernardino County, California.

Old H'o»ia?i Mountains. Tungsten in the Old Woman Mountains
is found within tautite masses in a northeast-trending belt of meta-

morphic inelusions in granitic rock. The belt is more than 2 miles

long and a quarter of a mile wide. The discovery of tungsten was
made by Louis J. Rouchleau in September 1942. Two deposits, the

Hidden Value No. 4 (fig. 6) and the Section 9 mines, were ex-

'"d (luring World War II, and yielded more than 1,500 units

* recent discovery, the Birthday Star prospect (fig. 7),

""SI. The ore at all the deposits is of aiotably high

"^ned from the Hidden Value No. 4 and Sec-

^'i 4.0 percent of WO3, and the ore in

"t probably contains at least 1.0

*he prevailing gra-
' marble, and

" .strike

Poleozoic calc-silicate hornfels f^)a
'**

..

»«1o^j

Figure 3. Starbright mine area, San Bernardino County, California.

masses that have been explored downward are cut off by granitic

rock at shallow depths, and it seems unlikely that any individual

mass has very great extent in depth.

Morongo District. Scheelite occurs in the Morongo area, in the

eastern part of the San, Bernardino Mountains, in both quartz veins

and tactite. Production has been small. Tactite deposits are present

on the United Tungsten Copper Mines property, the Tungsten Pros-

pecting Associates claims, the Double Cross claim, and at the Sunny-
side mine. The tactite is in thin, discontinuous bo<lies along contacts

between marble and granitic rock, and it replaces favorable beds in

calcareous strata. At the Sunnyside mine, scheelite also is present

as a minor constituent in the Morongo King quartz vein, which has

been worked fon gold. At the Blue Vase deposit, the scheelite is in

thin, gently dipping stringers of quar,tz.

Chuckivalla Mountains. Tungsten in the Chuckwalla Mountains

occurs in quartz veins and pegmatite enclosed in gneiss, schist, and
granitic rock. Most of the underground workings were dug for gold,

and the added exploration for tungsten has been by means of small,

shallow workings. Although some of the pegmatites and quartz veins

can be traced for hundreds of feet, the tungsten minerals are largely

confined to small shoots or pods, which in some deposits are localized

along one wall. Scheelite is the only tungsten-bearing mineral in

most of the deposits, but at the Chuckwalla mine, it is accompanied

by huebnerite. Although several hundred units of WO.i have been

obtained from the area since the beginning of World War II, pro-

duction has been intermittent.

Sayita Rosa Mountains. Numerous tactite deposits have been

found in the northwest end of the Santa Rosa Mountains, in a dis-

continuous belt of migmatite that trends N. 70° W. The total pro-

duction from these deposits is small. A few hundred pounds of con-

centrate was recovered in 1941 in a small mill on the Garnet Queen
property, and small shipments for test purposes have been made
from the Ragsdale No. 1 and Milky Way No. 4 prospects.

The migmatite is compo.sed of approximately equal amounts of

interlayered metamorphic and granitic material. Small discontin-

uous lenses of tactite, consisting largely of garnet, pyroxene, aiul

nartz with sparse scheelite, are developed locally in the migmatite.

° these lenses have been explored by means of .shallow pits

'''he only underground workings is an old shaft, said

deep (Wright, 1946, p. 13), on the Garnet

'«es range in width from 2 to 8 feet

•over, the exact length of most

abunuai.„ .
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Layuna Mountains. Scheelite occurs in a number of small,

widely scattered deposits iu the Lacuna Mountains area, where it

was first recognized by Eugene Rice in 1940. Tactite is associated

with schist in isolated bodies of metamorphic rock in a predomi-

nantly granitic terrane. Some of the metamorphic ma.sses are large

enough to be considered as roof pendants, some are small inclusions,

and in many places the metamorphic and granitic rocks are so in-

timately mixed that they constitute a migmatite. The Sundown
mine, where the most intensive exploration has been carried on,

was the site of a small mill in 1943, but the operation did not prove

successful.

Cargo Muchachn Mountains. Many of the quartz veins in the

Cargo Muchacho Mountains that have been exploited for gold also

have been found to contain scheelite. although no production of

scheelite has been reported. The gold-bearing veins in which schee-

lite has been noted are opened by the Cargo Muchacho, Shine-

bright, Shineright, Gray Point, La Colorado, Padre, and Madre
mines. Scheelite, both in quartz veins and in tactite, has been re-

ported from the .south end of the Chocolate Mountains, a few miles

west of the Cargo Muchacho Mountains, and a few tons of ore has

been shipped from these deposits.

The veins in the Cargo Muchacho mine are typical of scheelite-

bearing gold veins in the range. They have been developed by means
of a 680-foot inclined shaft and by approximately 3,000 feet of level

workings from the shaft. The veins are in a series of shear zones,

most of which are parallel to the foliation of dark-gray quartz dio-

rite. In the veins, scheelite is localized in tabular zones as much as

100 feet in average diameter and 10 feet thick. The scheelite com-
monly occurs in the quartz as veinlets and surface coatings, and
less commonly it is finely disseminated within the quartz. The schee-

lite-bearing zones contain little or no gold ; conversely, the parts of

the veins that are richest in gold contain almost no scheelite.

Aguanga Area. In the area east of Aguanga, in southern River-

side and northern San Diego Counties, scheelite-bearing tactite

occurs as lenses in a terrane composed dominantly of .schist, gneiss,

and granitic rock. The total output from the area is in excess of

3.000 units of WO3, and the nio.st productive deposits are the Pawnee
and Little Goffee (Ea.sy Group) mines. Most of the other deposits

are poorly exposed, and have been explored only by means of near-

surface working.s.

The tactite mass at the Pawnee mine is a tabular body 55 feet

long and 8 feet wide at the outcrop, and continues downward with

unchanged plan dimensions to the level of the deepest workings, or

for a distance of at least l.SO feet. The Little Goffec deposit is a

tabular mass of tactite with a steep .southwesterly dip. It is enclosed

by gneiss and granitic rock. In outcrop the tactite mass is 45 feet

long and 3 to 5 feet wide. It has been mined in a glory hole to a

depth of about 25 feet. An adit that passes a few feet beneath the

bottom of the glory hole intersects only calcite marble at the down-

ward projection of the tactite mass.
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5. BASE METAL AND IRON DEPOSITS OF SOUTHERN CALIFORNIA

Bt Donald Carlisle,* Dudley L. Davis. •• Malcolm B. KiLDALE.t
AND Richard M. Stewart $

GENERAL STATEMENT

In addition to tungsten, gold, and silver, the bulk of the metal

production from southern California is derived from deposits of

lead, silver, zinc, and iron. An appreciable amount of copper is

recovered as a by-product from lead-zinc, gold-silver, and tungsten

deposits, and minor amounts are taken from a few small copper

mines in the central Mojave Desert region, mainly in San Bernar-

dino County. Molybdenum also is recovered as a by-product from

some tungsten operations. Manganese has been produced, particu-

larly in war time, from several small deposits in the central and

Southern Mojave Desert (San Bernardino, Riverside, Imperial

Counties) and in the Coast Ranges (San Luis Obispo County). The

mercury deposits at Coso Hot Springs, in Inyo County, yielded

about 231 flasks in the period 1931-1940, and several deposits in

San Luis Obispo and Santa Barbara Counties represent the south-

eastern part of the Coast Range mercury belt. A few hundred tons

of antimony ore has come from about half a dozen scattered deposits.

Cassiterite is known to occur (1) in quartz-tourmaline veins in

granodiorite of the southern California batholith (the Temescal

or Cajalco district, western Riverside County), (2) with minor

scheelite and sulfides in partly silicated limestone near a contact

with granite in the Ivanpah Mountains (Evening Star mine near

Cima, San Bernardino County), and (3) with minor scheelite and

sulfides in tactite along a contact with granite in the Tehachapi

Mountains (Gorman district, Kern County). Some tin has been

produced from each of the.se areas. An interesting occurrence of

nickel, with pyrrhotite, pentlandite, and violarite in gabbro of the

Julian-Cuyamaca area (San Diego County), has been explored

without commercial success. Chromite deposits belonging to the

Coast Range belt are mined in San Luis Obispo County. These

occur in ultramafic bodies that intrude Franciscan rocks. Large

undeveloped reserves of titaniferous magnetite are present in the

gabbro-anorthosite complex of the San Gabriel Mountains (see

Higgs, Contribution No. 8, Chapter VII).

The combined output of lead, zinc, and copper for the five pro-

ducing counties of southern California (Inyo, San Bernardino,

Riverside, Kern, and Imperial) during 1952 was 10,526 short tons

• A.s.'fistant Professor of Geology. University of California, Los Angeles.
•• Geologist and Chief Engineer. Darwin Mines, Anaconda Copper Mining Company,
t Chief Geologist. International Smelting and Refining Company.
8 A^'sista^t Mining Geologist, California Division of Mines.

Figure 1. Distributiou of principal known lead-zinc-silver and iron deposits of

southern California.

of lead, 5,884 short tons of zinc, and 200 short tons of copper, with

a total value of about 5J million dollars. This constituted most of

the lead, more than half of the zinc, and about one-quarter of the

copper produced in the State. In 1950, a record year, California

ranked eighth as a lead-producing state, and contributed 3J percent

(41 )



42 MINERAL DEPOSITS AND MINERAL INDUSTRY [Bull. 170

of the national total. Darwin ranked ninth among lead-producing

mines, and Shoshone ranked twelfth. In this same year California

was eleventh in production of iron, with an output of 831,000 tons

that was derived almost wholly from the Eagle Mountains deposit.

SILVER-LEAD-ZINC DEPOSITS

With a few exceptions, the lead-silver-zinc deposits of southern

California are in Paleozoic carbonate rocks that are expo.sed in areas

east of the Sierra Nevada and north and east of the Garlock fault.

The only important producing mines are in central and southern Inyo

County (fig. 1). Most of the deposits lie within two belts, both of

which have the north-northwesterly trend that characterizes the

structure of this wedge of the Basin-Range province, and that is

parallel to the trend of the Sierra Nevada. One belt extends south-

ward through the Inyo Mountains, the Argus Range, and the north-

ern Slate Range, and includes the Cerro Gordo district, the Santa

Rosa mine, and the Darwin district. It is a little more than 100

miles long, although the deposits are small and widely scattered at

either end. The other belt, slightly south and offset to the east about

50 miles, includes the Shoshone mines in Inyo County and several

small mines and prospects in eastern San Bernardino County. The
depleted silver-lead mines of the Panamint silver district, together

with other scattered deposits in the Panamint Range, may constitute

a lesser belt between the main belts, although the Panamint silver

deposits are unique in some respects.

The deposits, except for those in the Panamint silver district, are

typical replacements and fissure fillings of lead, silver, and zinc

minerals in limestone and dolomite. Mineralization has been con-

trolh'd by bedding, by fractures, and in some places by igneous

contacts. All the deposits have undergone considerable oxidation,

and many rich ore bodies have resulted from the preferential con-

centration of secondary lead, silver, or zinc minerals. At least some

I)rimarv sulfide mineralization is found in nearly all of the deposits,

and in the larger mines it accounts for important ore bodies. The
presence of silver in the hypogene ore is generally ascribed to argen-

tiferous galena, although megascopic primary argentite is recorded

from some properties. Published reports indicate a silver : lead ratio

of between 1 ounce : 3 percent and 1 ounce : 1 percent for most

.shipments of lead ore. Gold and copper commonly are present in

commercial quantities. The rao.st common forms of wall-rock altera-

tion are marmarosis, dolomitization, and silicification.

The general parallelism of the mineral belts and of many of the

mineralized structures with north-northwest trend suggests that the

mineralizing fluids were influenced by factors that also controlled

Basin-Range structure in this area. On the other hand, the mineral-

ization in some of the deposits is known to be older than Tertiary

volcanic rocks that are displaced by Basin-Range faults. Evidence

for a clear-cut genetic relationship with particular igneous rocks

generally is lacking, but the common occurrence of intrusive masses

that almo.st certainly are Nevadan in age, together with the middle

to late Paleozoic age of the host rocks along the northwestern belt,

suggest that the deposits in this belt, at least, belong to the late Meso-

zoio metallogenetic epoch. The host rocks at Darwin have been

silicated by a Nevadan (?) intrusive mass prior to lead-silver-zinc

mineralization. On the other hand, south and west of the Garlock

fault, where Nevadan intrusives are abundant to predominant and
where the Sierra Nevada trend of structure is less evident or is

lacking, base-metal deposits are absent or are trivial in size.

Cerro Gordo Mine. The Cerro Gordo mine is in the .southern Inyo

Mountains, near the crest of the range, at an elevation of approxi-

mately 8,500 feet. It is situated 8 miles by road northeast of the

town of Keeler. The geology and mineralization in this area have

been described by Knopf (1918). Tucker and Sampson ("1038),

Merriam (1949), and others. Unpublished reports by R. T. Walker,

E. II. Bakland, and Robert Seklemian also have been consulted in

the preparation of the following paragraphs.

The Cerro Gordo mine has been in the pa.st one of the principal

lead mines of the state, and has been worked intermittently since

1869. Production records are not exact, but it is estimated that the

total output from this mine has been about l.'iO.OOO tons, including

approximately 115,000 tons of high-grade lead-silver ore. 33,000 tons

of oxidized zinc ore, and some siliceous silver ore. The early and
largest tonnage of lead ore contained about 40 percent of lead with

a high proportion of silver. This ore consisted largel.v of cerussite,

anglesite, and galena, with associated bindheimite (hydrous antimo-

luitc of lead), tetrahedrite, splialerite. jiyrite, "limonite," aiul liiuir-

ite (basic sulfate of lead and copper). Most of the oxidized zinc ore

was mined between 1912 and 1919, and contained 35 to 40 per.cent of

zinc with only traces of other metals. It was derived from secondary

concentrations of zinc in the footwall parts of the lead ore bodies

that had been worked earlier, and consi.sted largely of sraithsonite

witli minor amounts of h.vdrozincite, calamine, and calcite. Between
1929 and 1933, production from the Cerro Gordo mine totaled about
10,000 tons with an average content of 0.08 oz. of gold, 28.6 oz. of

silver and 39.6 percent of lead. The adjoining Estelle property is

reported to have been the source of about 7.000 tons of ore. including

4,000 tons of siliceous gold-silver ore and about 2,700 tons of lead ore

containing 21 percent of lead.

The long, narrow Inyo Mountains block trends slightly west of

nortli, and in many jilaccs is bounded on both sides by fa\ilt zones.
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The crest of the range is crossed at a low angle from southeast to

northwest bj- the axis of an anticlinal fold that plunges to the south.

In the Cerro Gordo area the range is composed largely of Paleozoic

sediments, although on the west flank, between Keeler and the Cerro

Gordo mine, Mesozoic rocks occur within a narrow down-faulted

syneline. The sediments are transected by numerous north-, north-

west-, and east-striking faults. Several miles northeast of the Cerro

Gordo property, the Paleozoic rocks are intruded by a large mass

of granite. Smaller stocks and dikes of associated rocks occur close

to or within the mine workings.

The oldest rocks exposed along the crest of the anticline on the

Cerro Gordo property are Devonian beds that are known as the

Cerro Gordo limestone. These are the host rocks for the ore bodies

of the mine. They consist of limestone, marble, and intercalated beds

of quartzite. The Cerro Gordo limestone is overlain by eherty lime-

stone, shale, and fine-grained quartzite of probable Mississippian

age. and these rocks in turn are capped by lower Pennsylvanian

limestone. Most of the contacts between the various rock groups in

the mine area are fault contacts, and the exact thickness of the

various units is not known here, although the Devonian rocks prob-

ably are more than 1,500 feet thick and the Mississippian (?) sedi-

ments are more than 2,000 feet thick.

All of the Devonian and Carboniferous sediments have been in-

truded near the mine by two small stocks of monzonite porphyry,

and within the mined ground by dikes of monzonite porphyry, dia-

base, and quartz-diorite porphyry, in the order named.

The major structure in the Cerro Gordo area is the highly

faulted anticlinal fold mentioned above. Complex local faulting of

several ages is evident both on the surface and underground. To the

west of the mine shaft, and along the west limb of the anticline, a

strong north-south fault zone drops upper MLssissippian ( ?) shale

and lower Penn.sylvanian limestone down on the west side against

older Mississippian beds and the Devonian limestone. This fault.

which has been designated the Cerro Gordo fault by geologists of

the U. S. Geological Survey, is pre-intrusive and pre-mineral in

age, and locally is occupied by a dike of monzonite porphyry. East

of the fault, within the Devonian marble, another north-south frac-

ture has localized a diabase dike that has in part controlled the for-

mation of two oreshoots.

The Cerro Gordo fault has been displaced by a series of younger

northwest-striking, south-dipping faults. The largest displacement

has occurred along the Buena Vista fault, which strikes N. 30^ W.
and dips about 55^ southwest; most of the other faidts, which prob-

ably are somewhat older than the Buena Vista, strike between N.
50° W. and N. 60° W., and dip more steeply to the southwest. Some

of these have h)calized dikes of quartz-diorite jjorphyry, and two
have been filled with thin quartz-tetrahedrite-galena veins. Inter-

sections between the northwest-striking faults, on one hand, and
other faults, the diaba.se dike, or favorable bedding zones, on the

other, have been the main controls for the lead-silver-zinc orebodies.

On the lower levels at the south end of the mine, according to

Walker (1!)'2!)), another zone of faults is present. These faults strike

northwest, dip northeast, and apparently show evidence of post-

mineral movement.

All the orebodies of the Cerro Gordo mine have had the form of

irregular chimne.vs that plunge steeply to the south. All have been
rather small in horizontal section, but have been sufficiently rich to

make mining profitable. The three largest oreshoots were mined for

vertical distances of 550 to 950 feet.

As noted above, the oreshoots occur within the highly fractured

and fissured Devonian limestone and marble, and all of the princi-

pal orebodies were localized at or near the intersections of north-

west-.striking faults with north-south faults, fissures, or a diabase

dike. In at least one ore chimney, the China Slope orebody, control

also was exercised by beds of ((uartzite in the Cerro Gordo limestone,

and by bedding slips in the (|uartzite.

The concentrations of ore within the Cerro Gordo area thus can

be ascribed to a series of favorable conditions that included (1) the

intrusion of quartz monzonite stocks and associated dikes, (2) the

presence of Devonian limestone and marble, and (3) intense pre-

mineral fracturing and faulting, which shattered the Devonian
rocks and formed conduits for ore-bearing solutions.

Sania Rosa Mine* The Santa Rosa property is about 10 miles

south-southeast of Cerro Gordo, at the southern end of the Inyo Moun-
tains. Total production from the mine since 1911 amounts to 36,854

short tons of ore containing 11,990,792 pounds of lead, 487,347

pounds of copper, 4,105 pounds of zinc, 426,543 fine ounces of silver,

and 478.7 fine ounces of gold (MacKevett, 1953, p. 4).

The host rock is Permian (?) silicated limestone that crops out

in an area approximately 2,000 feet long and 600 feet wide. This
area is entirely surrounded by Tertiary and Quaternary (?) vol-

canic tuff and flows of basalt (MacKevett, 1953). The sediments

within this inlier strike northward and dip from to 60 degrees

eastward. They appear to represent a part of the east limb of the

large, southwardphingiiig anticline that is exposed along the cre.st

of the Inyo Mountains near the Cerro Gordo mine.

The ore is largely confined to a series of north-trending fissures

and shear zones that dip 30 to 80 degrees west. Steep, north-north-

east-trending dikes of basalt intrude both the limestones and the

• PubH.shed by permission of the Anaconda Copper Mining Company.
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Figure 2. Cross section of the Santa Rosa mine, Inyo County. Ajler R. Seklemian, 1952.

lowest exposed volcanic rocks, and they cut and offset very slightly the

mineralized shear zones. Mineralization consi.sts mostly of oxides but

with some galena, and occurs along the contacts of some of the dikes.

The ore tends to be thickest at the intersections of the dikes with

the shear zones (tig. 2). Inasmuch as these dikes presumably were
feeders for some of the basalt flows, it has been suggested that the

mineralization at the Santa Rosa mine either is related to them or

is of later origin. It seems more likely, however, that mineraliza-

tion was pre-basalt in age, that it was localized along the shear zones

and particularly at their intersections with north-northeast-trending

fractures, and that subsequent occupation of these fractures by the

ba.salt dikes may have resulted in some remobilization of the ore

minerals.

Three steeply dipping, northwest-trending dikes of syenodiorite

porphyry cut the silicated limestone and the veins, but are them-
.selves cut by the basalt dikes. MacKevett (195.'1, p. 5) notes that

similar dikes in nearby areas arc "considered to be of Cretaceous

(?) age, although they may be as young as Tertiary or as old as

Jurassic." The easterly edge of the limestone inlier is along the

Santa Rosa fault, which is at least in part younger than the basalt

dikes.

According to MacKcvdt {WKi.i, pp. 8-9), "The unoxidizcd vein

material, studied in polished sections of ore from the jjrimary veins

in the Jack Gunn workings, consists mainly of galena, moderate
amounts of pyrite and sphalerite, small amounts of chalcopyrite,

and very minor amounts of supergene copper minerals. . . . Cerus-

site is the commonest secondary ore mineral and limonite is the most
abundant secondary gangue mineral." Thirteen other secondary

minerals are listed.

Darwin Mines* Darwin is now t the largest producer of lead,

silver, and zinc in California. The district is in the Darwin Hills,

5 to 10 miles south of State Highway 190 and about 24 miles south-

southeast of Cerro Gordo. It was discovered in 1874, and was de-

pleted of its rich surficial oxide ores within a period of five or six

years. During this time the population of Darwin had mushroomed

to 5,000. The district is estimated to have yielded ores valued at

about $.3,000,000 prior to 1900, and additional ores valued at per-

haps $4,000,000 between 1900 and 1945. The Anaconda Copper

Mining Company purchased the major producing mines in 1945,

and obtained ores valued at approximately $18,000,000 during the

period 1945-1953. The present daily mill capacity is 150 tons of

oxide ore and 300 tons of sulfide ore. Direct shipping ore also is

mined at a rate of about 25 tons per day.

• I'lihll.shed by permission of the Anaconda Copper Mining Company.
t The mines were shut down in February 19S4. after preparation of this paper.
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The geology and mineral deposits of the district have been studied

by Knopf (1914), Kelley (1937, 1938), Wilson (1943), Davis and
Peterson (1949), and others. The sedimentary rocks that underlie the

Darwin Hills are Pennsylvanian in age, and include pure and im-

pure limestone, quartzite, and shale. They have been deformed and
intruded by the Coso granite batholith, by a granodioritic stock, and
by numerous sills and dikes that range in composition from granite

to gabbro. As at Cerro Gordo and Santa Rosa, folding in the sedi-

mentary rocks has a northerly to northwesterly trend, and the axis,

of a major northwestward plunging anticline lies near the crest of

the Darwin Hills. Minor folds on the flanks of this anticline appear

to have had a significant influence in localizing the ore bodies, espe-

cially those that occur along bedding in the sediments.

Intrusion of the elongate granodiorite stock for an exposed dis-

tance of about 5 miles, mainly along the core of the major anticline,

was accompanied by development of a hornfels and tactite aureole

as much as 2,500 feet wide. Locally this silication appears to be re-

lated to sills, and some feldspathization has taken place at the con-

tacts. Subsequent deformation has produced three main fracture

sets : one strikes N. 50° to 70° E., shows very little displacement, and
commonly is mineralized ; a second strikes N. 10° to 40° E., and is

both pre- and post-mineralization in age; and a third strikes N. 60°

to 75° W., and includes the large left-lateral Darwin tear fault at

the north end of the district.

The principal ore bodies occur in a zone just west of the grano-

diorite stock (fig. 3). In order of importance, the ore bodies are:

(1) bedded replacements that commonly are more or less localized

along anticlinal flexures, and lie near but not in contact with the

intrusive sills; (2) irregular replacements of the silicated limestone

along fissures; and (3) fissure fillings. In addition, several bodies of

tungsten ore occurred in the district. One of these amounted to sev-

eral hundred tons, and contained 10 to 15 percent of WO3. It was

Figure 3. Lougitudiunl section of the Essex ore zone, Darwin mines. After Davia and Peterson, l^^O.
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found at one end of a slope in high-grade oxidized lead-silver ore. The
scheelite, which shows many excellent cr.ystals, is embedded in a

matrix of iron oxide, jarosite, and clay, and is thought to have been

formed during an earlier period of mineralization and silication.

The hypogene sultide minerals clearly replace the lime-silicate

minerals of the taetite. Galena and sphalerite are the major sulfides,

and chak'opyrite, tetrahedrite, pyrite, bornite, chaleocite, and covel-

lite are minor to very minor primary sulfides. Cerussite, anglesite,

plumbojarosite, sooty argentite, and eerargyrite are the principal

oxidized ore minerals, and ealcite, fluorite, quartz, jasper, iron ox-

ides, clays, sulfur, gypsum, jarosite, and hydromica are common in

the gangue along with the garnet, wollastonite, diopside, epidote, and
other lime-silicate minerals of the host rock. In addition, psilomelane.

melanterite, creedite, goslarite, wulfenite, vanadinite, linarite, cale-

donite, hydrozincite, pyromorphite, brochantite, azurite, hemimor-
phite, and malachite have been identified.

Northern Argus Range. Zinc Hill, at the north end of the Argus
Range about six miles northeast of Darwin, and the Modoc district,

on the east flank of the Argus Range about 10 miles east of Darwin,
are two lesser districts that belong in the northern mineralized belt.

At least three of the properties in this area have a total production

with value exceeding $1,000,000. In both districts the ores, both oxi-

dized and primary, occur mainly as replacements controlled by frac-

tures and bedding in late Paleozoic limestone. The Defense mine in

the Modoc district is of interest for the rare mineral coronadite

(MnPbMnijOu), which here constitutes an ore of lead along with
galena and its oxidized products.

Panamint Silver District. The small Panamint silver district

CMurphy, 1930) lies near the crest of the Panamint Range about 4
miles .south of Telescope Peak. It was largely worked out between
187.3 and 1877. The biilk of its rich silver ore occurred in steep north-

westward and northeastward trending quartz veins in carbonate
rocks and some cla.stic rocks of early Paleozoic age. Primary sulfides

include freibergite, galena, sphalerite, pyrite, and chalcopyrite. Oxi-
dation is unimportant, in contrast to the relations in the other dis-

tricts of .southeastern California. The district has been of recent
interest for small amounts of scheelite that have been recovered from
th<' (lumps.

f)ther deposits in the Panamint Range are similar to those of the

westerly and easterly belts of lead-silver-zinc mineralization.

Shoshone Mines.* The Shoshone mines are on the west flank of

the southern Nopah Range about 7 miles east of Tecopa. The prop-
erty is a consolidation of several mines, the ore bodies in which occur

• Published by permission of the Anaconda Copper Mining Company.

along a single structure, the Shoshone fault vein, which ha.s been

off.set by postmineral faulting. Prior to 1947 some 250.000 tons of

ore with a gros.s value of more than $5,000,000 had been mined, and
more than half of this was produced between 1912 and 1928. The
Anaconda Copper Mining Company purchased the properties in

1947, and .since that time has produced more than 160,000 tons of ore

containing approximately 40,000,000 pounds of lead, 6,000.000

pounds of zinc, 870,000 ounces of silver, and 15.600 ounces of gold.

One-third of the output has been high-grade shipping ore with an
average metal content of 27 percent lead, 11 ounces of silver, and
0.20 ounce of gold. Nearly all of the ore is highly oxidized, and con-

sists predominantly of cerussite and anglesite, with a.s.sociated iron

oxides, smithsonite, calamine, linarite, caledonite, and some residual

galena. Sulfide minerals include galena, pyrite. and sphalerite, with

very minor amounts of seligmannite and chalcopyrite.

The ore zone extends for a distance of more than 3 miles along the

cast flank of a structural ridge, the crest or core of which is com-
posed of Archean granite-gneiss. This gneiss crops out along the base

of the Xopah Range and also forms the outlying bills on the western

slope. It is overlain to the east by a thick succession of northwest-

striking, east-dipping sediments of Algonkian and Lower Cambrian
(?) age. These rocks compose the eastward-tilted block that makes
up the Xopah Range itself, and include to 1,000 feet of Algonkian
dolomite, shale, and chert; the Noonday dolomite, about 1.100 feet

of nia.ssive to well-bedded dolomite overlain by about 400 feet of

sandy and shaly dolomite (the Shoshone member in figure 4) ; the

Johnnie formation, mainly interbedded quartzite and sandy dolo-

mite, with some shale; the Stirling quartzite; and the Wood Canyon
formation. The beds are offset by several cross faults, and are re-

peated or cut by the .strike fault that is the important ore-bearing

structure. The Noonday dolomite is the country rock in nearly all

of the ore bodies, although ore also occurs along the Shoshone vein

system and other fissures in the Johnnie formation, and one mineral-

ized quartz vein i.s expo.sed within the gneiss.

At the War Eagle mine, the Shoshone fault vein strikes about

N. 25° W., roughly parallel to the formational trend, and dips east-

ward at 30 to 50 degrees. It is less steep than the bedding in the

adjacent rocks. It is a normal fault that is rather complex in detail,

and has a dip-slip displacement of more than 700 feet. Distinctly

younger is a series of east-west faults, which generally dip to the

south and show normal displacements. Movement on these fault.s was

followed by post-mineral displacements on fissures that strike north-

east and dip 45 to 70 degrees northwest. These fissures in turn are

displaced by a few northwest-striking faults that dip 30 to 70 de-

grees southwest. The latter two fault sets may follow pre-mineral
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Figure 4. Cross section of the War Eagle mine, Shoshone district.

shears, although the major movement on them is post-mineral in age.

The ore is controlled locally along the Shoshone fault vf<n by inter-

secting fractures that strike parallel to one or the other of these

fault sets. Proximity to pre-fault flexures and an abundance of north-

easterly cross fractures and faults (fig. 4) appear to have been favor-

able conditions for ore formation.

Eastern San Bernardino County. A dozen or more small mines

and prospects make up the southern end of the eastern mineralized

belt. Of these, larger representatives are the Silver Rule ore body in

a shear zone in Noonday dolomite, and the Mohawk deposit in lime-

stone along a faulted contact with quartz monzonite. The Carbonate

King zinc mine, on Kokoweef Peak about 5 miles southeast of Moun-

tain Pass, is unusual in that the ore is dominantly calamine with

some smithsonite and minor hydrozineite, sphalerite, and galena.

About 6,200 tons is reported to have averaged 34.2 percent of zinc,

1.0 percent of lead, and 9.8 ounces of silver. The ore bodies occur

more or less along bedding in Monte Cristo limestone of Mississip-

pian age.

Black Jack Mine, Santa Catalina Island. Completely unrelated to

any other known important lead-silver-zinc mineralization in south-

ern California are the vein deposits on Santa Catalina Island

(Tucker, 1927). The largest deposit, at the Black Jack mine, is a

vein that contains sphalerite, galena, and pyrite. This vein occurs

in a belt of Franciscan hornblende schist. The mine was operated

from 192.5 to 1928. during most of which time the ore was treated

in a 100-ton flotation plant on the island.

IRON DEPOSITS

Unlike the lead-silver-zinc dejjosits described in the preceding para-

graphs, all but one of the larger iron deposits of southern California

lie south of the Oarlock fault in areas where Nevadan intrusives are

abundant and where the Sierra Nevada trend of structure is absent
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was made in 1890, and in 1908 the entire proup, comprising more
than 100 elaims, was purchased by E. II. Harriman of the Union

Pacific Railroad. No ore was mined until 1948. when the Kaiser Steel

Corporation, which had purchased the property in 1946, started open-

pit niinintr in the Bald Eagtle deposit. This pit had nearly reached

the planned depth by November 1953. and had yielded 3,800.000 tons

of ore with an averagre frrade of 53 percent iron. The pit in the North

and South orebodies was opened in July 1952, and by November 1953

had yielded about 2.000,000 tons of ore with an averafje f;rade of ,54

percent iron. The proved reserves in this deposit will meet the ore

requirements for the three blast furnaces of the Fontana plant, each

with a capacity of 1.200 tons of hot metal per day. for the next 25

j-ears. This reserve ore has an average grade of 50.7 percent iron.

More than 60 orebodies, ranging from less than 100 feet to more

than 1,000 feet in strike length, are exposed along a mineralized zone

that trends east-west for a distance of more than 6 miles along the

northern part of the Eagle Mountains. This zone ranges in width

from a quarter of a mile to li miles. The orebodies now being mined

are in the ea.stern end of this zone.

In this general area, two beds of early Paleozoic dolomite, lying

discordantly and separated by 50 to 250 feet of quartzite, were folded

into a broad anticline with an east-west axis. Contact metamorphic

action accompanying the intrusion of c(uartz monzonite resulted in

partial or complete replacement of the dolomite and of some of the

impure quartzite by iron ore and as.sociated silicate minerals (see

Campbell, Contribution No. 6, Chapter VII). The anticlinal structure

of the rocks has been complicated by considerable faulting, and some

vertical displacements are as great as 300 feet. The crest and south

limb of the anticline have been completely eroded (fig. 5). The Bald

Eagle orebody consists mainly of the .stratigraphically lower ore bed.

The North and South orebodies are in the upper and lower beds,

respectively, and lie about 800 feet east of the Bald Eagle pit.

The ores of highest grade are hard, fine-grained hematite and

coarsely crystalline magnetite. The lower-grade ores include (1) mix-

tures of hematite and magnetite, with disseminated calcium and mag-

nesium silicates, and (2) trcmolite or serpentine with irregularly

disseminated magnetite, or, less commonl.v, hematite. Magnetite is the

primary ore mineral, and is accompanied by some pyrite. The pyrite

appears only in the deeper parts of the orebodies, or in unshattered

blocks of rock, and is represented at the surface by jarosite and

limonitic material.
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6. GOLD AND SILVER MINING DISTRICTS IN THE MOJAVE DESERT
REGION OF SOUTHERN CALIFORNIA

HY EMON L. (lAEtUNKU "

INTRODUCTION

Deposits valuable for their prold and silver eontent are dispersed

thrimgliout tlie desert area of southern California. They are localized

in many minini; distriets, and are separated by areas from whieh

little or no produetion has been obtained. Large parts of such areas

are underlain by essentially barren granitic rocks. Elsewhere de-

posits may remain undiscovered because they occur on pediments

with few bedrock exposures, or are hidden beneath post-mineral

volcanic rocks or continental sedimentary rocks.

The mining districts are localized near major faults, and are asso-

ciated with intrusive rocks correlative with the late Mesozoic Sierra

Kevadian firanitic rocks, with late Cretaceous (?) or early Terti-

ary ( ? ) intrusive rocks, or with post-middle Tertiary volcanic plugs

and other throat rocks. Some of the volcanic rocks and the minerali-

zation associated with them probably are as young as Pliocene. No
attempt will be made here to discuss completely all the mines or

districts, and the geologic generalizations in the following pages are

accompanied only bj- descriptions of some noteworthy examples of

productive mines and ore bodies.

Permission to incorporate geologic data has been granted by Bur-

ton Mines, Inc. (owners of the Tropico mine). Desert Acres, Inc.

(owners of the Cactus mine), and Prank Royer (owner of the Kelly

mine). Thoughtful conversations with Drs. J. A. Noble and D. P.

Ilewett, and with Messrs. Prank Royer, Clitford Burton, Edward
Atkinson, and others have helped in the development of this paper.

However, the writer assumes full responsibility for the iileas pre-

sented herein.
HISTORICAL SKETCH

Although turquoise previously had been mined by Indians near

Baker, gold had not been produced, so far as is recorded, prior to

1780 or 1781 in southern California, when the Spaniards mined

placer and residual gold in the Cargo Muchacho district on the

southeastern border of Imperial Valley. Even before the historic

discovery of gold in northern California, Mexicans mined gold on a

small scale from placer gravels in Placerita Canyon north of Los

Angeles. The gold rush of 1848 and 184!) subsequently spread over

southern California, and in 1851 gold was found at Greenhorn Gulch

near Kcrnville. Later locations were made in the Keysville district

and Cove district of Kern County, and also in areas near Big Bear

• Independent GeoloBlst. Orange, California.

iu San Bernardino County, and Julian in San Diego County. A
((uiescent period was follott-<'d by a revival of interest in 18G.5, imme-
diately after the Civil War, and by another revival during the de-

pression of 1892. These resulted in the discoveries of the Rand,

Mojave, Tropico, Clark Mountain, Goodsprings, Sunshine Peak,

Twentynine Palms, and Silver Hills districts, as well as many others.

Many of the productive mines and most of the prospects were dis-

covered during these periods of activity.

A major find .since the turn of the century was developed into the

Kelly silver mine at Red Mountain, near Randsburg. This accidental

discovery, made in 1919 in a district which earlier had seen both a

gold and a tungsten boom, resulted in a very large production of

high-grade silver ore for the ensuing few years.

The depressions of the early 1920 's and 1930 's brought favorable

conditions for silver and gold mining, and prospecting was again

stimulated. On Soledad Mountain, near Mojave, the Golden Queen

deposit was found and extensions of other mines were developed.

The most recent find in this area was the Cactus deposit, at Middle

Buttes, which in 19.'S8 and 1939 was the principal source of silver in

California. During this period an ore body also was found in the

Cargo Muchacho district.

Almost all gold mining was stopped in 1942 by the War Produc-

tion Board Limitation Order L 208, and most of the mines then active

have not been reopened. The Bagdad Chase mine near Ijudlow con-

tinued to operate because its siliceous ore was needed in the Arizona

smelters. The largest gold mine now active" in southern California

is the Tropico near Rosamond. The owners of this mine. Burton

Brothers, Inc., also operate a custom mill at Rosamond. Leasing,

prospecting, and small-scale operations are in progress elsewhere,

but appreciable production of gold and silver must wait on either

lower costs or an increased price that will enhance the reward and

hence revive interest in prospecting and mining.

GOLD AND SILVER DEPOSITS

The gold and silver deposits of sonlhcrn California arc divisible

into the following categories based on age, type, rock, and mineral

associations: (1) hypothermal gold veins. (2) mesothermal gold-

copper veins, (3) gold and silver deposits related to Upper Cre-

taceous (?) or Tertiary (?) granite, and (4) epithermal gold and

silver deposits related to middle and upper Tertiary intrusive rocks.

(61 )
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Hypothermal Gold Veins. The districts of Keysville, Cove, Kern-

ville, Acton, Neenaeh, San Gabriel, Julian, and Cargo Muchacho

probably represent a southern extension of Mother Lode type of

mineralization, which is associated with the Sierra Nevadian revolu-

tion. Various deposits in the Mojave Desert region are believed to

be genetically related to intrusive bodies contemporaneous with the

Sierra Nevada batholith. Most are associated with masses of granite

or diorite that are intrusive into Paleozoic (?) metasediments. The

deposits characteri-stically occur in lenses or veins of massive quartz

that contain free gold, pyrite, arsenopyrite, and minor chalcopyrite.

These veins lack the epithermal character and rhyolitic associations

of the Tertiary veins. Some of them have been reopened and min-

eralized at later periods.

The Cargo Muchacho district, near Ogilby in the southeastern

corner of the State, has been described by Henshaw (1942, pp. 163-

196). The mineralization occurs in flat veins along east-west thru.st

(?) faults, and is believed to be late Mesozoic in age. The veins,

which contain gold with pyrite and minor copper, appear to be sim-

ilar to others in the desert to the north.

Mesothermal (?) Gold-Copper Veins, The Ludlow (Stedman)

district contains the principal examples of mesothermal gold-copper

veins in southern California. The veins are in a quartz porphyry,

and contain gold and secondary copper minerals. The chief opera-

tion is the Bagdad Chase mine south of Ludlow. The veins are large,

continuous, and strongly mineralized. The shoots are smaller, and

are localized by structural traps. Faulting is complex, is repre-

sented chiefly by low-angle, strike-slip breaks, and is pre-, inter-,

and post-ndneralization in age.

Gold and Silver Deposits lielated to T'pjier Cretaceous (?) or

Tertiary (?) Granite. The writer believes that much of the gold

and silver mineralization in southern California is genetically re-

lated to a biotite granite intruded in the interval between the pe-

riod of Mesozoic mineralization (.lurassic 1) and the later period of

Tertiary mineralization that is associated with rhyolitic' or dacitie

plugs and volcanoes. However, the evidence for this is far from con-

elusive. This granite is difficult to recognize, for it is similar in ap-

pearance and mode of weathering to a widespread biotite granite

that is older, and may resemble either marginal or alteration phe-

nomena of this intrusive. Moreover, it may occur in areas of later

mineralization, and may even occur as dikes in the same or parallel

openings that survived as ehannelways for later mineralization.

At Tropieo Ilill, near Rosamond, a 3-foot dike of what appears to

be this granite occurs along jiarts of the vein zone. Here later Ter-

tiary mineralization in the zone makes it impossible to determine the

part played by this granite. It may be solely an early-stage altera-

tion phenomenon. The same or a similar granite occurs in the Rand
district, where it appears in the footwall of the Union tungsten-

bearing vein at Atolia.

Epithermal Gold and Silver Deposits Related to Middle and Up-

per Tertiary Intrjisive Rocks. Epithermal veins containing gold

and silver are distributed from the Mojave area (Middle Buttes,

Soledad Mountain, Tropieo Hill) ea.stward to Randsburg. to the

Calico district near Barstow, to the Clark Mountain area, and even

to the Oatman district in Arizona. The veins occur within or near

centers of intrusive volcanic rocks that exist mainly as dikes and

plugs. The gold and silver are present in difl^erent proportions from

mine to mine and even from place to place in the same ore shoot.

Veins of this type characteristically contain quartz, calcite, or

both of these minerals. The minerals typically were formed in sev-

eral stages, and range in texture from drusy to fine-banded. Adu-
laria is present locally. Free gold and sparse to abundant pyrite

occur in local shoots along persistent vein zones. The gold contains

adnnxed silver; the fineness is commonly about 800, and in some de-

posits is as low as 300. The silver occurs as electrum or as a sulfide,

and in variable proportions. Cerargyrite, argentite. proustite. and

sparse lead and zinc minerals with their secondary products are

found in many deposits. High proportions of antimony and arsenic

are associated with the ores. Cinnabar occurs locally. At some lo-

calities, particularly in the Randsburg district, scheelite occurs in

or near the gold- and silver-bearing veins.

The ore-bearing parts of many of the veins are confined to pre-

Tertiary "ba.sement" rocks, and are either parallel to or near dikes

or other masses of rhyolitic rock. In the vicinity of such deposits

mineralization commoidj- extends into a less competent cover of

Tertiary rocks, but ordinarily is much less pronounced there than

in the "basement" rocks. Some of the deposits, such as those at the

Cactus mine, are localized near a contact between granite and rhj'O-

lite. Others, like those at the Tropieo and Mojave mines, are de-

veloped within intrusive rhyolite or rhyolite breccia.

The ore shoots vary greatly in size and show a pronounced struc-

tural control. Fault traps, intersections of fractures, changes in

strike or dip, and closures in plan or section are bounding features.

The major control is faulting that has repeatedly opened individual

veins to ore-forming solutions. The degree to which the vein zones

cmdd be permeated by solutions carrying gold or silver was the

dominant factor that localized the ore shoots. In some deposits the

solutions appear to have moved horizontally rather than vertically.

Solutions probably were initially acid, for sericitization, kaolinization.

and alunitization are characteristic and locally are prominent. Alu-
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SCALE IN FEET

Figure 1. Isometric diaRram of the Kell.v glory bole, Kelly silver mine, San liernarriino Connty, California. These workings yielded

55,338 tons of ore valued at .$3,58(),(KH).
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SCALE m FEET

FIOUEE 2. Isometric diagrnni of the Winkler ore bodies, Cactus mine, Middle
Buttes, Kern CJounty, California.
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nitc and kaolin are major constituents of some of the ore at the

Middle Buttps deposit. The presence of later ealeite (commonly
manfjaiiiferous) and scheelite indicates a change from acid to alka-

line solutions during ore deposition in some localities.

DISTRICTS AND DEPOSITS

EaiKhbiirg District. The Randsburg district was investigated

and described thirty years ago by Hulin (1925a, 1925b). Subsequent
development and study of the mines have amplified our knovpledge

of the district, but have prompted no major change in Hulin 's

ideas. The district also has been described in reports of the Cali-

fornia Division of Jlines (Tucker, Sampson, and Oakeshott, 1949:

Wright. Stewart, Gay, and Hazenbush, 1953).

An important group of ore bodies has been worked in the Kelly

silver mine, and some of their relations are shown in the isometric

diagram of plate 2. The mine area contains two sets of veins in

the pre-Cambrian ( ?) Rand schist. These consist of linked, torsional

north-trending veins between roughly parallel veins that trend

northeast and dip southeast. Bodies of high-grade ore have been

localized below a fault, known as the "Mudwall," that dips gentl.v

north. The ore bodies rake to the northeast. The "Mudwall" appears

to be a pre- and inter-mineral fault-vein that lies along the hanging-

wall side of a schist septum in a body of monzonite. En-echelon

continuations to the northwest also contain gold, and are cut by
diabase dikes.

Overlying lake beds of Tertiary age have been brought into con-

tact with the monzonite by a fault that may be in part a thrust.

The lake beds are silicified, mineralized, and intruded by rhyolite

that is probably related to the magmatic source of the mineralizing

solutions. These solutions apparently moved upward and southward

to fault traps and torsionally opened fractures. Ore bodies on the

19th and deepest level, about 1,500 feet beneath the outcrop, con-

tain good values in gold but have not been stoped. The silver, which

is more abundant at higher levels, appears to have been formed later

than the gold.

The Kelly mine is noted for the concentration of unusually high-

grade ore in relatively small bodies (fig. 1). This feature can be

attributed, at least in large part, to a nearly perfect closure of the

"Mudwall" and to repeated reopenings and long-continued miner-

alization along the same vein system. A contour map of the footwall

side of the "Mudwall" shows that the ore bodies are concentrated

in upward swells of the original fault, and in veins localized beneath

these swells.

Middle Bnttes. The Cactus mine lies west of Mojave and on the

western tiank of Middle Buttes, which is a complex plug of rhyolite

that crops out over an area of about .3 scpiare miles. Several types

of rhyolitic rocks are present, and a contact with older granite is

exposed along the western side of the plug. Kaolinization, silicifica-

tion, pyritization. and late alunitizatioii occur throughout the plug.

Most of the mine workings lie along the Cactus vein, which has been

explored for a distance of 4,000 feet along the western flank of the

hill adjacent to the contact with granite. These workings have been

developed in two ore bodies that are rich in silver. The ore occurs

in vein zones trending N. 30° E. and dipping gently to the south-

east. The Cactus ore shoot was explored and mined to the 10th level

;

it rakes at a low angle to the east, and has been mined continuously

for a distance of about 900 feet. The better ore did not crop out,

and extensions are probable.

The Winkler vein zone was found about 1,500 feet southeast of

the Cactus vein. The Pit ore body, which cropped out at the surface,

was mined first. Ore also was found in two bodies that were blind,

and showed only small quantites of low-grade ore in their higher

parts. The isometric diagram (fig. 2) of the top of one of these ore

bodies shows the manner in which the high-grade ore termiiialcd

upward, and illustrates the close structural control.

The "M" shaft ore was not continuous with the north ore lens

on the 250 level, although the shoots were on the same vein. The

discontinuous high-grade shoots are relatively small, but some are

as much as 100 feet long and 10 to 15 feet wide.

The ore in the mine is of two types

;

(1) Kaolinized rhyolite broken and interlaced with jarosite and

goethite (?) that form a red gouge with gold. This ore con-

tains little alunite or quartz.

(2) Strongly kaolinized rhyolite with abundant pink alunite,

minor quartz, and traces of manganese. Free gold occurs as

dust or powder, and rarely as larger, though still ininntc,

particles.

Mojave District. The most publicized of the later discoveries in

the Mojave district was that of the Golden Queen, which for several

years was a large producer. Numerous smaller ore bodies also have

been mined in the district. In figure 3, cross sections through the

Whitmore mine show relations that are typical of the district. In this

property, a northwest-trending, gently dijiping. linked vein has been

mineralized between two north-trending veins. The vein consists of

relatively pure calcite. manganiferous calcite, and minor quartz, and

contains values in gold and silver over good widths. There may be
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DESERT FLOOR

FiouKE 3. Cross sections of the Whitmorc mine, Mojave district, Kern County,
Californiii.

secondary enrichment in silver and jrold, but development of the
mine is as yet too incomplete to settle the question. A coarse-grained

rhyolite porphyry is prominent in the mine workings.

Tropica Hill. The Tropico mine is near Rosamond in Kern
County. The geology of the mine area is shown in the isometric

diagram of plate 3. The principal rock, a rhyolite of late Ter-
tiary ( ?) age, is broken by a complex fault system. The main Tropico
vein is about .'5,000 feet in proved length, strikes eastward, and has
an average dip of 60° to the south. Ore has been mined from five

well-defined shoots in a l,200.foot segment of the vein. These rake
to the west. Oblique faulting is complex, and is both pre- and post-ore

in age. The post-ore offsets are small. Horsetail fractures, veins, and
".shingle echelons" are found.

The wall rocks are rhyolite (most favorable for ore), intrusive

breccia, granite, and agglomerate (unfavorable for ore), and por-

phyry in the form of dikes and irregular intrusive bodies (unfavor-

able for ore). Several stages of gold-bearing quartz are present in

the altered wall rocks; in general the early material is dense, and
the later is drusy. The gold is about 800 fine, but no silver minerals

have been identified. Traces of manganese carbonate and its oxida-

tion products also occur, and pyrite is locally present. Spectro-

graphie analy.ses of some ore samples indicate that a slight increase

in lead content is indicative of higher values in gold, but no lead

mineral has been identified.

A comparison of wall rooks, ore, and waste indicates a strong

chemical similarity between wall rock and vein material. The oidy

significant difference is the presence in the veins of quartz, gold,

silver, lead, manganese (?), and traces of minor element.s. The
latest stage of alteration is represented by strong kaolinization of

rhyolite and introduction or transfer to higher elevations of a dark

red iron-bearing material, possibly a mixture of jarosite and goethite.

Loially this material contains coarse gold and. here and there, silica.

No alunite has been recognized on Tropico Hill. Apparently minerali-

zation was completed before this late stage, so evident at the Winkler
mine l.") miles to the northwest, was reached at Tropico.
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Table 1. Minerals of the Mojave, Randsburg, and Calico districts.
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With the possible exception of parts of the Mojave district, most
of the gold oceurrences in southern California are considered to be

primary. Rich oxidized ore has its counterparts in unoxidized vein

matter. Manganifcrous calcite occurs onl}' locally, and, under arid

conditions, the migration of gold appears unlikely. Silver, hovrever,

is or may be secondary and reconcentrated near the outcrop. It is

diffii-ult to account for the larger values at Calico, Silver Hills, and
in part of the Kelly mine, except by this hypothesis.

FRACTURE PATTERNS

In most of the districts the earliest faults (subsequently miner-

alized) are believed to be those that trend northwest and dip steeply

to the north. They are possibly related to the Sierra Nevada batho-

lith, and may be marginal fractures along septa of older rocks within

the granitic rocks. Steep cross joints, developed at about the same
time, trend N. 70° E. to nearly due east. All of these sets of breaks

have been reopened, and in .some areas major normal faults were
developed along parallel trends. Movement on the Garlock and/or
San Andreas or parallel faults may have reopened these fractures

for invasion by Upper Cretaceous or Tertiary ( ?) granites, acid vol-

canic rocks, rhyolite dikes, basic dikes, and mineralizing solutions.

Owing to the dominant horizontal movement on the Garlock fault

and the compression that resulted from this movement, folds, thrusts,

tear faults, and antithetic (rotational) faults developed in subsid-

iary blocks. Recurrent movement and mineralization were localized

along these pre-existing openings, with development of torsional and
linked veins or faults connecting the diverse trends. Some blocks

of solid homogeneous granite and other blocks of gneiss and rhyo-

litic rocks ap'pear to have acted as buttresses around which fractures

developed. The resulting pattern of faults and veins is complex ; the

greater the complexity and the greater the amount of recurrent

breaking that has provided channelways for the solutions, the greater

has been the likelihood of ore formation. The main faults, however,

are generally barren, and the actual junction or intersection areas

may also be tight, impermeable, and hence unmineralized.
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7. OCCURRENCE AND USE OF NONMETALLIC COMMODITIES IN SOUTHERN CALIFORNIA

By Lauren A. Wright,* Charles W. Chesterman,** and
L. A. Norman. Jr.***

INTRODUCTION

In view of the wide variety of roek types formed during the course

of southern California's eventful geologic history, it is not surprising

that deposits within this area (fig. 1) provide all but a small part of

an estimated 50 million tons of nonmetallie mineral substances re-

quired annually by local industries in recent years. Aggregate and

limestone, basic materials of the building and heavy construction in-

dustries, are rained in the greatest tonnage. These industries also

provide the principal markets for day, gypsum, and talc, each exten-

sively mined in southern California. Of the numerous other non-

metallic commodities obtained locally, diatomite and salines (see Ver

Planck. Contribution Xo. 1, and Mumford, Contribution No. 2, this

chapter) are perhaps the most noteworthy. The salines rank high

because southern California is the world's principal source of borate

minerals, the principal domestic source of natural sodium carbonate

compounds, and is second as a domestic source of potassium salts.

Diatomite is significant because more than 70 percent of the world's

supply is obtained from unusually large deposits in the upper Mio-

cene marine sedimentary rocks of southern California.

In preparing this summary paper, the authors have attempted to

emphasize trends and controlling factors in the technology of non-

metallic commodities in southern California. As illustrative ex-

amples, limestone, talc, diatomite, and light-weight aggregate have

been given the most attention. For basic data on most of the other

non-metals that are commercially significant in southern California

the reader is referred to table 1.

The tonnage and value of nonmetallie minerals produced in south-

ern California now far exceeds the output of metallic minerals.

This condition is attributable in part to greatly increased demands

for non-metals, in part to the near-depletion of many of the metal

deposits, and in part to metal prices that commonly are unfavorable

in the face of rising mining costs. The producer of nonmetallie

minerals, however, is commonly beset by additional problems such

as developing and maintaining a market, competition from other-

producers of similar materials or of other materials used similarly,

maintenance of close control in mining and treatment in order to

provide a uniform product, and price fluctuations that often are

unpredictable.

* Senior Mlnlne OeoloKlst. California Division of Mines.
** Associate Mining GenloKlst. California Division of Mines.
••* Supervising Mining Geologist, California Division of Mines.

The development of most nonmetallie mineral deposits is con-

trolled mainly by demand and nearness .to market. The basic stimu-

lus to the mining of such deposits in southern California is, of

course, the presence of a large and rapidly growing population and

the establishment of industries to supply it with housing, utilities,

and manufactured commodities. Mineral materials for these indus-

tries are ordinarily sought from the nearest adequate suppl.v, and

mining operations thus are virtually forced into existence. Opera-

tions yielding low-cost, high-tonnage materials that are abundant

and widespread, such as low-grade clays, sand, gravel, and crushed

rock, cluster within the Los Angeles industrial area. For such oper-

ations, however, urbanization is both a reason for and a threat to

their existence, as zoning restrictions commonly prohibit their con-

tinuance or expansion, thus leading to development of more distant

sources of material.

Other commodities of considerable economic importance are not

abundant nearb.v. but are mined in large tonnages within a 250-

mile radius of the center of Los Angeles. These include liigher-grade

ceramic cla.vs, bentonite, diatomite, gypsum, various light-weight

aggregates, limestone, p.vrophyllite, talc, and specialty sands. For

most of these materials, accessibility and transportation costs are

prime factors in determining the value of a given deposit. The
advantage ordinarily rests with the deposits that are most easily

reached, but as they become depleted or incapable of meeting the

demand, other, formerly non-economic, deposits can be developed.

Numerous deposits that were considered to be of little or no value

a decade or two ago have been brought into production by techno-

logical developments. Research in the use of light-weight aggregates,

for example, has led to the opening of operations on deposits of

expansible shale, pumice, perlite, and volcanic cinders. The develop-

ment of dust-carried insecticides has provided a market for southern

California's pyropbyllite deposits, which were not mined prior to

1942. In recent years a wider variety of rock types has been em-

ployed as roofing granules. Investigations of the industrial applica-

tion of wollastonite may well lead to the development of deposits of

this mineral in southern California.

Research also has brought changes in the uses and consequently

in the production rates of well established commodities. The use of

talc as a ceramic raw material, insignificant in the early 19.30 's,

has increased so much that manufacturers of wall tile and pottery

are now the principal talc consumers. The market for feldspar has

(59)
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been restricted correspondingly. The development of synthetically

prepared foundry sands has increased the demand for high-silica

Band and refractory clays, and has decreased the demand for the

so-called naturally bonded sands. The introduction of sand-blasting

techniques has increased the output of specialty sands in California

by about 100,000 tons a year.

Some other operations yield products that are valuable enough

or scarce enough elsewhere to permit their distribution well beyond

the limits of .southern California. Boron products and diatomite

are shipped the world over. Much of the potash, soda ash, lithium

salts, and talc produced in southern California is shipped to other

states and even to other countries.

Nonmetallic materials also are obtained as by-products from other

types of operations. For example, a small but significant fraction of

the sulfur consumed in southern California is recovered from waste

gases of petroleum refineries. All of the iodine currently produced

in the United States is obtained from brines pumped by producing

oil wells in the Los Angeles basin.

The .southern California area is particularly deficient in deposits

of asbestos, high-grade silica sand, sulfur, swelling bentonite, and

china clay. Although about 200,000 tons of silica sand is annually

brought in from out-of-state sources, the added cost of this trans-

portation permits the profitable beneficiation of a lower-grade sand

deposit near Corona, Riverside County. This deposit, which the

casual observer would expect to be of little commercial value, sup-

plies about half of the material used in southern California glass

plants. The scarcity of local depo.sits of china clay similarly permits

the profitable extraction of this material by the treatment of clay-

rich sandstone mined in the Santa Ana Mountains. Increases in

freight rates are commonly cited as encouraging the beneficiation

of local materials. Other observers minimize the effect of such in-

creases, and aver that they represent an inflationary trend that is

reflected in increased costs of beneficiation.

Not to be overlooked in a discussion of the controlling factors of

nonmetallic mineral production is the personal element. Even more

so than in most businesses, the success of an operation is likely to

depend largely upon the judgment, imagination, and energy of an

individual. This is particularly evident in many of the smaller mines

and quarries, yielding from a few tons to a few hundred tons daily,

and which require only a modest capital investment. Deposits of

clay, gypsite, talc, pyrophyllite, specialty sands, roofing-granule

materials, and dimension and ornamental stone are among those

being successfully developed by small-scale operations.

The non-metal field is thus subject to numerous and variable in-

fluences apart from the quality and quantity of material available,

especially demand, accessibility of deposit-s, transportation costs

changes in usage, development of beneficiation techniques, and the

personal factor. These influences are in a state of constant adjust-

ment, and the problems they raise challenge the mineral economist

and industrial consumer as well as the geologist and mining engi-

neer. The field has become so wide that virtually every rock unit

in southern California could well be thought of in terms of its

potential use as a nonmetallic mineral commodity ; this is a con-

sideration that often is disregarded in geological studies.

LIMESTONE

Limestone, used principally in the manufacture of portland

cement, is mined and consumed in southern California at the rate

of about 5,000,000 tons a year. It also is marketed as an agricultural

mineral, a filler, a roofing-granule material, whiting, and as a metal-

lurgical flux. In addition it is employed in the manufacture of

quicklime and hydrated lime for use in numerous industrial appli-

cations.

The cement manufacturers in southern California, as elsewhere,

operate captive deposits of limestone. A high-tonnage and low-cost

commodity, the limestone must be mined and brought to the plant

cheaply, ordinarily at a cost in the range of 25 to 50 cents per ton

as contrasted with a much higher price for the cement obtained

from it. The plants are therefore located near raw-material sources

as well as near a railroad. In general, the cement companies in

southern California have been faced with the operation of deposits

more complex in lithology and structure, and farther from the

principal markets than the deposits of most cement-producing

centers.

The limestone resources of greatest commercial significance to the

Los Angeles metropolitan area are centered about the Mojave Desert

region, where thick carbonate units of Paleozoic age are extensively

exposed. Few limestone deposits exist in the Peninsular, Transverse,

and Southern Coast Ranges, which are composed mostly of Mesozoie

and Cenozoic sedimentary rocks, plutonic units of the southern Cali-

fornia batholith, and pre-batholith metavolcanic and metasedimen-

tary rocks. The principal exceptions are the limestone deposits of the

Colton-Riverside area, which lie just within a 50-mile radius of the

center of Los Angeles. These deposits supply two large cement plants,

one at Slover Mountain near Colton, San Bernardino County (fig. 2),

and another at Crestmore, Riverside County. Active deposits in the

Mojave Desert region, which are two to three times farther away,

supply three additional plants, one each at Victorville and Oro

Grande, San Bernardino County, and the other at Monolith, Kern

County.

The two plants nearest Los Angeles were the first to be put in

operation as major local sources of portland cement, the Colton plant
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in 1894 by the California Portland Cement Company, and the Crest-

more plant in 190!) by the Riverside Cement Company. Also in 1909

the plant at Monolith was eonstrueted by the City of Los Angeles

to provide eement for the construetion of the Owens River aqueduct.

Not until 1921. when the plant was acipiired by the Monolith Port-

land Cement Company, was its output shipped into the Los Angeles

area. In the meantime the development of the Oro Grande area had

begun in 1910 with the opening of the (iolden State Portland Cement

Company plant, and in 1916 the plant of the Southwestern Portland

Cement Company was established at Vietorville. In 192.3 the Oro

Grande plant was acquired by the Riverside Cement Company. It

was idle from 1928 to 1942, but has since been modernized and en-

larged.

These five plants, with a combined rated capacity of about Ifi.OOO-

000 barrels per year, now supply virtually all of the eement require-

ments of southern California, as well as parts of Nevada and Arizona.

During periods of temporary shortage in southern California, cement

is brought in from plants in the northern jiart of the state and from

others as far distant as Colorado. When needed, cement also is

shipped from southern to northern California.

Although unworked limestone deposits are present at numerous

localities throughout the desert regions of .southern California, their

development has been prevented or delayed by their greater distances

from market areas or by their more difficult accessibility. As the

nearer sources become depleted or too costly to mine, deposits farther

from the plants are being developed. Open-pit mining methods gen-

erally are employed, although the Crestmore deposits have been

worked underground for many years.

The limestone in the deposits worked to date is ordinarily mciliiun

to coarse grained, and is commonly interlayered with cpuirtzite and

mica schist. Minable deposits range in thickness from a few tens of

feet to several hundred feet, and are as much as a mile in length.

Some of the inactive deposits at greater distances from Los Angeles

are much larger.

Limestone mined in the Victorville-Oro Grande area occurs in the

Carboriferous Ore Grande series and Permian Pairview Valley for-

mation (see McCuUoh, Contribution No. 2. chapter VII, and Bowen,
Map Sheet 18). The Crestmore (see Burnham, Contribution No. 7,

chapter VII) and Colton deposits have yielded no fossils, but have

been tentatively correlated with either the Tria.ssic Bedford (^anyon

formation of the Santa Ana MouTitains (MaeKevett, 19.')1, pp. 4-."))

or the Upper Paleozoic limestones that crop out on the north slope

of the San Bernardino Mountains (Woodford. 194.3, p. :!:i(i). The

Monolith deposits are a part of the Kernville series, and ()robably arc

Paleozoic in age (T. W. Dibblee. Jr.. personal eomnuinication).

Nearly all of the mined deposits are parts of roof pendants in

granitic rocks, and are involved in very complex structures. Many
of the deposits contain numerous smaller bodies of intrusive rocks,

which generally contribute objectionable impurities if they are not

discarded in mining. Most harmful are the alkalies of the felsic

bodies and the magnesium of the mafic bodies. Some intrusive rocks

of intermediate composition, however, commonly can be ground with

the limestone and supply desirable aluminous material to the cement.

Dolomite, common as layered or irregular masses in many of the

limestone deposits, also is a source of magnesium impurity, and must
be avoided in mining. Deposits that contain dolomite ordinarily are

drilled before they are mined, and close control of the materials is

established by chemical analyses during both ex|iloration and pro-

duction. Removal of dolomite by benefication may prove to be practi-

cal at some future time.

Limestone, if mined for uses other than as a cement ingredient,

commonly is held to specifications that are predominantly physical

rather than chemical. Some operations are sustained on deposits

whose color, crushing properties, or strength make the material de-

sirable for such uses as filters, roofing granules, and whiting.

TALC

High-quality commercial talc, commonly a mixture of magnesium
silicate minerals rather than the pure mineral talc, is one of the non-

metallic commodities whose restricted occurrence and many uses

permit it to be mined even at considerable expense, and to be trans-

ported hundreds or even thousands of miles for milling and market-

ing. Such talc ordinarily is valued in the range of 7 to 1.5 dollars

per ton at the mine, and at three or four times as much when ground

and bagged.

Talc mined in southern California is used mostly as a ceramic raw

material, as a paint extender, and as sizing in textiles. These and

numerous other industrial uses stem largely and variously from its

•soft nature, chcinieal inertness, whiteness, and desirable firing prop-

erties.

Most of the 100,000 tons of tale imw mined in the State each year

is obtained from a narrow belt that extends south-southeastward for

a distance of about 200 miles from the Bishop area in Inyo County

to the vicinity of Baker in San Bernardino County. This belt is

divisible into three talc-bearing districts, one embracing the Inyo

Mountains and part of the northern Panamint Range, another ex-

tending from southern Death Valley eastward to the Kingston Range,

and the third including the Silver Lake and Yucca Grove areas near

Baker. Kach riistriet differs from the others in its geologic features,

and partii'idarly in the type and apparent oriirin of its tale deposits.
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Most, if not all, of the talc deposits of the Inyo Mountains and

northern Panainint Range are as.sociated with Ordovioian and

Silurian sedimentary rocks. The talc has been fornie<l larfjely by

alteration of dolomite in the Popronip (Lower Ordovician) and Ely

Springs (Upper Ordovician) formations and in Silurian units. Other

de])osits are wholly or in part alterations of the Kureka (piartzite

(Middle Ordovician) and of Silurian quartzite. Talc in commercial

quantities has been formed locally by alteration of Mesozoic granitic

rocks.

The individual bodies of talc are lenticular to very irregular, and

the largest are several hundred feet long. Most appear to have been

formed along zones of fracturing or shearing, and commonly lie at

or near major lithologic contacts, especially contacts between dolomite

and quartzite. Tnlike many commercial talcs, the material composing

these bodies approaches the pure mineral in chemical composition,

and generally is free of the tremolite that is so common in deposits

of the other two districts. The deposits are of low-temperature, hydro-

thermal origin, and show no apparent genetic relationship to exposed

intr\isive bodies. Most or all of the additive MgO appears to have

been derived from nearby dolomite.

The principal talc deposits of the .sonthern Death Valley-Kingston

Range area lie at or near the base of a massive carbonate member in

the Algonkian Crystal Spring formation, and also are at or near the

margins of an extensive Algonkian diabase sill ((ig. 3). They have

been formed by the silication of carbonate strata, ordinarily dolomite

or siliceous dolomite. Although the silication commonly has been too

weak to yield material of commercial interest, several active mines

have been developed in deposits that range in length from 1,000 feet

to a mile or more, and that are 20 to 25 feet in average thickness.

The silicated zones are mainly mixtures of talc, tremolite, .serpentine,

and calcite. Either talc or tremolite greatly predominates in most

of the commercial rock. The.se deposits were formed by the addition

of MgO and commonly of SiOa, evidently without loss in volume.

The acUlcd material appears to have been derived from the cooling

diabase, but at least part of the MgO might have been drawn from

ground-water if the sediments were poorly consolidated at the time

of diabase intrusion.

The talc deposits near Silver Lake and Yucca Grove appear to

have been formed by the selective and nearly complete silication of

certain carbonate layers in a section of sedimentary rocks that are

much more highly metamorphosed than the Paleozoic and Algonkian

rocks noted above, and consequently have been tentatively dated as

older pre-Cambrian (Wright, 1954). The.se metasedimentary units

have been extensively invaded by bodies of granitic rock and locally

by earlier bodies of mafic rock.

The principal talc-bearing belt, 9 miles northeast of the Silver

Lake playa, is 2 miles long and contains several workings known
collectively as the Silver Lake mine. Here individual talc bodies,

a few as much as 800 feet in proved length, lie near the center of a

hornfels member of the metasedimentary section. Most of the com-

mercial bodies are 10 to 15 feet thick, and they ordinarily occur as

parts of two parallel layers separated by hornfels.

The deposits comprise two general rock types : massive tremolite

rock and talc schist. Porsterite and serpentine are abundant in some

of the tremolite rock. Most of the silication probably was contem-

poraneous with the emplacement of the larger bodies of granitic rock,

and followed a period of higher-temperature metamorphiKm in which

the forsterite was formed, probably in silica-poor dolomite. The talc

schi.st has been developed in the tremolite rock, apparently along

zones of stress and under conditions of still lower temperature. Addi-

tive MgO and SiO^. may have been derived from a granitic magma,
and MgO also may have been transferred during the granitization

of magnesium-rich sedimentary rocks.

About 60 talc mines have been worked at one time or another in

eastern California. All but a small part of the total output has been

contributed by 14 operations: the Talc City, Bonham (White Moun-

tain), Alliance, and Nicolaus mines in the Inyo Mountains area; the

Western, Superior (fig. .3), Warm Spring, Monarch, Ibex, and Smith

mines in the southern Death Valley-Kingston Range area ; and the

Silver Lake, Pomona, and Calmasil mines in the Silver Lake-Yucca

Grove area. At typical mines moderately steep talc bodies are fol-

lowed by means of shafts, drifts, and winzes, and the talc is removed

from overhand stopes. None of the workings as yet extends more

than 500 feet in a down-dip direction. Some of the deposits require

much timbering, and others almost none. Most of the talc is ground

at mills in the Los Angeles area, some is ground at mills near the

deposits, and the remainder is shipped to mills as far distant as

Grand Island. Nebraska. Talcs from two or more deposits commonly

are blended to a.ssure uniformity.

LIGHT-WEIGHT AGGREGATES

General Features. The use of light-weight materials as aggregate

in concrete and plaster has become widespread during the past two

ilecadcs. By 1940. the consumption of such materials in southern

California increased from a negligible figure to about IIOO.OOO tons

annually, and led to the opening of numerous deposits that previ-

ously had been of little or no commercial value.

Pumice, in the past employed mainly as an abrasive, is now widely

used as an aggregate in plaster, building blocks, and in monolithic

concretes. Pcrlitc. of little commercial interest prior to 194.") has
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been vised in expanded form mainly in acoustieal and fireproofing

plasters and in insulating eoneretes. Expanded shale, although used
in California during the mid-l!)30's as aggregate in the deckings of

the Golden Gate and San Francisco Bay bridges, was introduced
commercially in southern California about 1947. It is employed pri-

marily in the manufacture of building blocks, slabs, and monolithic
concretes.

\'olcanic cinders (scoria), whose principal use prior to the mid-
1940 's was as railroad ballast, is '>ow mined in southern Califoiiia

as an aggregate in building block and concrete. Such concrete aes
higher specific strength than those made with most other light-wei ,ht

materials. Vermiculite, though not mined in the State, has been u-;ed

as aggregate in plaster and concrete in southern California for many
years. It is shipped in from out-of-state sources.

In 19.32 about 120.000 tons of pumice, 80,000 tons of expanded
perlite, 80,000 tons of expanded shale, and several thousand tons of

volcanic cinders were consumed as aggregate materials in southern

California. All of these materials compete directly with sand and
gravel, which are obtained from sources much nearer the Los Angeles
industrial area and ordinarily are mined less expensively. Because of

their low cost and high strength, .sand and gravel should continue

as the "backbone" of the aggregate industry.

Sand and gravel arc marketed in southern California for about
$1.00 per ton, whereas the market value of pumice, expanded shale,

expanded perlite, and volcanic cinders ranges from $15.00 to $80.00

per ton. In spite of higher prices that are only partly offset by the

greater volume per ton, the market for light-weight aggregates has

developed rapidly and continues to grow because of increased de-

mands by the building industries for construction materials that

have (1) low bulk densities, and (2) good insulating and fireproofing

properties.

Ordinary sand and gravel weigh 100 pounds or more per cubic

foot, whereas pumice, expanded perlite, expanded shale, and volcanic

cinders weigh from 7 pounds to 50 pounds per cubic foot.

In general, each of the light-weight aggregate materials has a

definite field of effective usefulness that overlaps, to some extent,

the fields of the others. Pumice, volcanic cinders, and expanded shale,

for example, each make moderate- to high-strength concretes, whereas

expanded perlite. vermiculite, and some pumice are u.sed in insulat-

ing and acoustical plasters.

The sources of these light-weight aggregate materials lie well out-

side the Los Angeles industrial area, and are concentrated in the

desert regions of ea.stern and southern California, where volcanic

forinatiiuis are extensively expo.sed. Expansible shale is mined at

two southern California localities, one in Ventura County and an-

other in Santa Barbara County. Perlite also is obtained from de-

posits in Nevada and New Mexico, and vermiculite is brought in

from Montana, Colorado, and Idaho.

Perlite: General Features. Nearly all of the perlite rock treated

in expansion plants in southern California was shipped from de-

posits in Arizona and Nevada until 1948, when production began
from deposits near Pish Springs, Inyo County, and deposits in the

Bristol Mountains northeast of Ludlow, San Bernardino County.
Although mai.y other large deposits are present in eastern and
southern California, these two were the first to be developed because
they contain large tonnages of easily minable, expansible perlite

that are close to good rail and highway transportation and relatively

close to the principal markets.

In a commercial sense the term "perlite" is applied to any glassy

volcanic rock that will expand upon heating. In almost all of its

occurrences the rock is either late Tertiary or Recent in age. Most
perlites are acidic in composition, and ordinarily are associated with
rhyolite and tuff. Bodies of perlite occur in flows, sills, dikes, and
plugs or domes. Perlite also occurs locally as irregular bodies in

larger masses of rhyolite, or as selvages in dikes or sills of rhyolite,

dacite, or andesite.

The bodies show a wide range in size, and the perlite shows a wide
range of physical characteristics. Very few known perlite bodies in

southern California contain more than a million tons of expansible

material, and most of them probably contain no more than several

tens of thousands of tons. The perlite itself ranges in color from
black through shades of dark and light gray to mottled brown and
gray. Mo.st has either an "onion-skin" or a granular texture. The
granular type probably is the more desirable, as it grinds uniformly
and expands well.

At Pish Springs, in Inyo County, the perlite occurs in a complex
volcanic dome, which forms a conspicuous hill about 200 feet high

near the base of the Sierra Nevada. The dome is capped by pumi-
ceous perlite that grades downward into less pumiceous perlite. The
entire perlite zone is about 80 feet thick, and is underlain succes-

sively by brecciated obsidian in a pumiceous perlite matrix, and by
a dense, glas,sy, perlite vitrophyre.

In the Bristol Mountains, northeast of Ludlow, the perlite occurs

in gently dipping flows of various thicknesses. These are interbedded

with tuffs, tuffaceous .sediments, and rhyolite flows. The perlite has

an onionskin texture, and locally contains irregular bodies and vein-

lets of chalcedonic and opaline silica.

Genesis of Perlite. Nearly all perlite deposits in southern and
eastern California contain minor proportions of obsidian in ma.sses
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FliirRK 4. Geologic sketch map of the Cethir Top perlite deposit. Castle Moun-
tains, San Hernarciino County, California.

that appear to be remnants of an older rock from whieli the perlite

developed. The proee.ss of "perlitization" is partieularly well shown
in the Cedar Top deposit of the Ca.stle Mountains, in eastern San
Bernardino County. The perlite at this deposit occupies the central

part of a circular plu;r-dome of rhyolite, about 400 feet in diameter,

that has been intruded into a moderately dippiufr, northeast-trend-

ing sequence of rhyolite tuff.s, tuff breccias, and tuffaceous sandstone

(fijr. 4). The rhyolite shows a well-defined flow layerinf; that in kcu-
eral dips steeply inward toward the center of the dome. The perlite,

which has well-developed perlitic structure, f^rades into the rhyo-

lite. Joints cut the perlite, and ordinarily contain a fraction of an
inch to several inches of pink montinorillonite which appears to have

altered from the perlite.

Scattered throughout the perlite are cavernous, rounded masses

of spherulitic rhyolite, I inch to 3 feet in diameter, that commonly
are bordered by a thin shell of montmorillonite. The perlite also

contains numerous irregular bodies and veinlets of opaline silica

and aragonite. Obsidian forms only a small part of the deposit. It

is jet black, and occurs in rounded bodies that range in diameter

from J inch to 1 inch. These are Marekanites, and also are called

"Apache tear drops" by the amateur mineralogist. The obsidian

apparently is residnal glass unconverted to perlite. A typical frag-

ment of obsidian, surrounded by perlite that also fills fractures in

the obsidian, is shown in figure 5. Such fragments are everywhere

encased by concentric shells of light gray perlite.

The following sequence of events is thought to account for the re-

lations of the Cedar Top deposit: (1) intrusion of the rhyolite-

obsidian dome into the tuffaceous rocks, and formation of spheru-

lites in the obsidian, (2) fracturing and breeeiation of the obsidian

during or following emplacement of the dome, (3) conversion of the

obsidian to perlite, the completeness of alteration depending upon
the degree of access of water vapor, and (4) deposition of silica

along fractures in the perlite, and formation of montmorillonite.

Figure n. Obsidian nodule (black) bordered and veined by perlite (liRliti. .Speci-

men from Cedar Top deposit. Castle Alountains, San Hernardino County.
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The temperature during perlitization was below the crystallizing

temperature of the glass, estimated at 400° to 500° C. The water

probably was derived in part from the intruded roeks and in part

from the rhyolite, whieh may still have been crystallizing. Evi-

dently enough water vapor was available to permit formation of

montmorillonite and opaline silica.

Milling and Processing of Perlite. Perlite is mined selectively by
fairly simple open-pit methods. After crushing, it is screened very

carefully, as the uniformity of the expanded product is dependent

wholly upon the accuracy of sizing of the iinexi)anded material.

Although perlite can be expanded in various types of furnaces,

the present trend favors the flash type, in which the sized material

is fed directly into the flame. It is ejected seconds later, when, by
expanding and thus decreasing iu density, it becomes buoyant

enough to be carried out by the escaping hot gases. The expanded

perlite is removed from the gas stream by means of cyclones and
bag houses, and is then packaged.

Pumice. In the early 19.30 's, deposits in Mono County were the

principal sources of the relatively small tonnages of pumice aggre-

gates then used in southern California. Shortly before World War
II, however, pumice mining was begun in the southern part of the

Coso Range in southern Inyo County, about 100 miles nearer Los

Angeles. These two counties now supply most of the pumice aggre-

gate used in southern California. Other deposits are worked in the

El Paso Mountains, Kern County, in the Opal Mountain area, San
Bernardino County, and in the Calipatria area, Imperial County.

Most pumice aggregate is produced from looseh' consolidated,

mantle-like tuffs that occur at or near the surface of the ground. A
smaller, yet substantial, output is obtained from well-consolidated

tuff beds whose overburden may exceed several tens of feet in thick-

ness. The deposits of pumice, like those of perlite, range in age from
late Tertiary to Recent. Mo.st of the late Tertiary deposits are in

tuffaceous layers that are underlain and overlain by flows of rhyo-

lite, andesite, and even of basalt.

At the deposit in the Opal Mountain area, the pumice is mined
from a series of tuffaceus bcils, about 90 feet in total thickness, that

lie upon deeply eroded Mesozoic granitic rock and are overlain by

flows of rhyolite that grade upward into perlite. The pumice de-

posits in the southern part of the Coso Range probably are late

Quaternary in age, and form thick, mantle-like deposits of loosely

bonded fragments. These deposits rest upon deeply eroded granitic

rocks, and are overlain by a pumiceous soil. Some of the Coso pum-
ice evidently accumulated on dry land, and lacks bedding and is

poorly sorted. Some settled in standing water, and is well bedded

and contains sandy layers. The deposits in the Calipatria area com-
monly are admixed with late Quaternary sand and gravel that in

part overlap domes of vesiculated obsidian.

The Mono Count}' pumice deposits, some north of Bishop and
others near La'svs, are late Quaternary in age. Deposits along the

southern margin of the Volcanic Tableland, north of Bishop, are

overlain in part by the Bishop tuff (Gilbert, 19.38, pp. 1829-1862).

a welded rhyolite tuff. The pumice near Laws is associated with fan-

glomerates that are exposed low on the west flank of the White Moun-
tains. Here pumice fragments form discontinuous beds 20 to 30 feet

thick.

The minable reserves of aggregate pumice in the desert regions of

California are large, and are estimated to be of the order of 5,000,000

tons or more. At the current rate of consumption, about 100.000 tons

annually, these deposits can be worked for many more years.

Nearly all pumice for aggregate purposes is mined by open-pit

methods. In general, the overburden must be no more than 20 feet

thick. Clay and small fragments of stone are troublesome, but large

boulders are easily removed by coarse screening. The smaller frag-

ments of pumice are screened, and are marketed in various sizes.

Volcanic Cinders (Scoria). Quaternary cinder cones are conspic-

uous in many parts of the desert regions of southern California, and
they contain very large reserves of material suitable as light-weight

aggregate. Three of the more accessible cones, one at Little Lake in

Inyo County, and the others at Mt. Pisgah and Dish Hill in San
Bernardino County, have yielded such material in commercial

amounts.

The cones range in height from 300 to 500 feet. The cinders gen-

erally are basaltic in composition, brick-red to black in color, and
consist of particles that range in size from a fraction of an inch to

several inches. Volcanic bombs ordinarily are mixed with the cinders.

The material is mined by means of scrapers and bulldozers, and is

screened to coarse and fine aggregate. Coarse aggregate, minus 1-ineh

and plus ,'7;-inch material, is used mostly in building blo<'ks and con-

crete. The minus j^-inch material, or fines, is used in plaster and
stuecos.

Expanded Shale and Burned Shale. Expanded shale and burned
shale are aggregates that only recently have become established com-

mercially in southern California. Shales composed of illitic clays ap-

pear to make the best expanded aggregate. Although very little is yet

known of the extent and characteristics of the expansible-shale de-

posits in the State, they probably are abundant and widesjiread.

Almost all of the expanded shale consumed in southern California

is obtained from a deposit at Ventura in \"entura County. This
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operation is in the Mudpit. shale (Plio-Pleistocene). An oil-impreg-

nated diatomaeeous mudstone that occurs in the Sisqnoc formation

(Mio-Pliocene) is mined near Casmalia in Santa Barbara County,

and is burned to produce a light-weight material.

The shale and mudstone at the two operations are mined in open

pits by means of scrapers and bulldozers. At Ventura the shale is

crushed and sized, and then is expanded in rotary kilns. The product

is used as aggregate in making building blocks and slabs. At the

Casmalia operation, the oil-impregnated mudstone is stacked in long

parallel piles, which are set afire and allowed to burn until all oil has

been consumed. The burned or sintered mud.stone is then crushed

and screened, and is marketed either as aggregate or as pozzolan.

The expansion at the Ventura operation probably is caused by vola-

tilization of water and natural hydrocarbons. The low density of

the Casmalia material is an effect of its diatomaeeous character and
the lo.ss of its oil content.

Vermiculite. Exfoliated vermiculite has been used for many
years in southern California, both as plaster and concrete aggregate

and as loose-fill insulation. Although no vermiculite has been pro-

duced in the State for these purposes, small amounts are being mined

in San Diego County for use in conditioning soils. At least six ex-

foliating plants in southern California process unexpanded vermicu-

lite obtained from sources in Montana, Idaho, and Colorado.

DIATOMITE

The diatomite deposits of southern California are noted for their

purity and size. They constitute the most significant, if not the larg-

est, resources of commercial diatomite in the world, and they supply

about 7.5 percent of the world's requirements, including most of the

.300,000 tons consumed annually in the Taiited States. Most of the

diatomite mined in southern California is valued at the plants in the

range of $40 to $150 per ton, and hence commands prices that make

po.ssible the relatively expensive mining and processing methods re-

quired to provide uniform products.

Diatomite is a light-weight sedimentary rock that is compo.sed

largely of the shells of minute silica-secreting plants called diatoms.

These plants were particularly abundant in the sea that covered

parts of California during late Miocene and early Pliocene time,

perhaps because the water was unusually rich in dissolved silica,

derived from submarine volcanism, that the diatoms could utilize.

In some places the diatom shells accumulated in extensive beds with

vcrv little other material. These beds arc intcrlavcrcd with diatoma-

eeous siltstone, and commonly form from several hundred to several

thousand feet of the upper Miocene-lower Pliocene section. Mo.st of

the diatomite mined to date has been obtained from upper Miocene

strata in the Lompoc area of Santa Barbara County, and in the

Palos Verdes Hills of Los Angeles County.

More than 300 uses have been developed for diatomite, but the

largest tonnages are employed in the filtration of sugar syrups, wine,

beer, pharmaceuticals, drinking water, food products, dry-cleaning

solvents, petroleum products, and many other materials. Diatomite

also is used as a filler in such products as paint, varnish, paper, plas-

tics, matches, and insecticides; as an anti-caking agent in ammonium
nitrate fertilizers ; as an insulating material ; as a constituent of con-

crete ; as a catalyst carrier; as an abra.sive in metal polishes; and as

an ingredient of water absorbents. In 1950, about 57 percent of the

domestic con.sumption of diatomite was employed in filteraids, 28

percent in fillers, 8 percent in insulation, and 7 percent in various

other uses. Consumption in southern California is probably in the

range of 15,000 to 20,000 tons per year.

The usefulne.ss of diatomite stems from the unusual physical struc-

ture of the diatom shells, and from their siliceous composition and

chemical inertness. The shells are microscopic, hollow forms that

occur in many shapes, most common among which are disks and

needles. In the form of filter cakes, diatomite contains about 10 per-

cent solids and 90 percent voids.

Most of the diatomite produced in California is mined by two

companies. Large deposits south of Lompoc are worked b.v the

Johns-Manville Products Corporation. A deposit 7 miles southeast

of Lompoc (fig. 6) and another in the Palos Verdes Hills, near

Los Angeles, are worked by the Dicalite Division of Great Lakes

Carbon Corporation,

The fir.st diatomite quarried in southern California is believed to

have been obtained from the Lompoc area in 1880, and is said to

have been intended for use as a building stone. The low physical

strength of diatomite precluded this application, but continued test-

ing of the material led to its early use as a thermal insulator and

as a filteraid in the beet-sugar industry. That the diatomite output

has since increased at an accelerated rate is attributable to intensive

research, largely by the producers, as well as to increases in popu-

lation and industrialization. In the 28-year period from 1921 to 1949

the average yearly output of diatomite in southern California in-

creased from 45,000 tons to 182,000 tons.

Diatomite was first shipped from the Lompoc area in 1892, but

vigorous development of the deposits did not begin until 1912, when

they were obtained by the Kicsclguhr Company of America (a name
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FinlBK 8. View northwestward of dintnmite quarry operated by Dicalite Division of the Great Lakes Carlion Corporation, near Iximpac, Santa liarhara County. Photo
courteau Great Lakes Carbon Corporation.
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Table 1. Summary of uses and sourceft of 7ionmetalHc commodities in southern California.
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Tahle 1. Summary of uses n7id snurcps of tionmetallir vommodiiien in Houthern California-—Continued.

Commodity
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Other deposits of marine diatomite, also Miocene in afje, have
been worked on a small scale on Catalina Island, in the San Jose

Hills near Covina, Los Anjreles County, and in Orange County.
Fresh-water diatomite has been mined in minor amounts from Ter-

tiary lake deposits near Zurich, in Inyo County. Large reserves of

fresh-water diatomite, as yet unexploited, occur in other parts of

the State.

A great deal of care is exercised in the mining and treatment of

diatomite. Open-pit methods involving power equipment are em-

ployed in the present operations, but for many years hand quarry-

ing and underground mining were common. Earth-moving equip-

ment of large capacity has enabled the operators to handle increased

tonnages economically. Sawing of insulating bricks from quarry faces

was introduced in the Lompoc area by Robert Graham in 1908. This

method was only recently discontinued by the major producers.

Quarrying is a selective specialized part of the operation, as certain

beds of diatomite are suitable for particular products. As many as a

hundred layers are removed separately in a single quarry (Leppla,

1953, p. 3)."

Processed diatomite is marketed in many grades, which differ

principally in particle size and size distribution. All grades are

crushed, dried, treated by air separation to remove oversize im-

purities, and air classified. For use in insulation, as filter aids, and
as abrasives, the diatomite is calcined at temperatures of 1,200° to

2,000° P. in order to remove water and oxidize any iron that is

present. Some of the diatomite also is treated chemically. Material

to be used as filteraid ordinarily is again air classified, and is passed

through as many as twelve cyclone separators and collectors.
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Editorial Note:

CHAPTER NINE outlines the prim-ipal features of oeeurrenee of oil and gas in soutlieru California, and

summarizes much of the geologie information that has led to discovery and production of these important cuni-

modities. The phenomenal growth of the petroleum industry in California, which now furnishes about one-sixth

of the total domestic output, has raised it to a position second only to agriculture in economic importance

within the State. This growth has been founded in large part upon the astonishing increases in local demands for

petroleum products, and in equally large part upon the discoveries of remarkably rich accumulations of oil and

gas that commonly occupy reservoirs of great vertical extent as compared with their projected surface areas.

A very high percentage of the petroleum occurs in strata that were laid dowii during Ceuozoic time in several

well defined basins of deposition. Understanding and prediction of its distribution involve considerations of

stratigraphy and structure on a wide range of scales, and many of the features and relations discussed in

Chapters III and IV, for example, have become known through the efforts of geologists engaged in tlie search

for new reserves of petroleum. Tluis the increasingly imaginative application of an increasing variety of explo-

ration techniques has contributed generously to the current state of knowledge of soiithcni California geology,

and especially so with respect to relations in the subsurface.

The four papers in this chapter discuss the more general aspects of southci'n California's jjctrolcum industry,

as well as geologic factors that are related to it. In addition, the significant geologic features of twenty selected

oil and gas fields are shown on individual map sheets, chiefly by means of surface and subsurface maps, structure

sections, and a variety of diagrams. These uuip sheets appear in a separate pocket, along with several other map

sheets of areas known to contain petroleum-bearing rocks.
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1. HISTORY OF OIL EXPLORATION AND DISCOVERY IN CALIFORNIA
Bv IlAiioLD \V. Hoots t and Trd L. Ukau t

In 1859 this country's first commercial oil prodvietion, from

Dralic's well on Oil Creek in western Pennsylvania, generated a

search for petroleum that extended rapidly westward to Ohio.

Kansas, Oklahoma, Texas, and California. During the 9.'3 years since

that .sensational first discover.y, this search by pioneering prospectors

and, later, by trained scientists led to the discovery of an estimated

78 billion barrels of oil in the United States. Of this amount an esti-

mated total of 13.3 billion barrels bas been found in California.

Although tbc search for oil in California extended to almost all

areas of even remote possibilities, the connnercial oilfields of today

are strikingly concentrated in six isolated and relatively small dis-

tricts (fig. 1) that have a combined area equal to only about 5 per-

cent of the entire State.

VrosjH'ctiiui Xiar Seepages. The first prospectors of the early

sixties were attracted to oil seeps in the more accessible coastal areas

of Humboldt County, Half i\Io(ni Bay and Santa Cruz, Ojai and
Sulphur Mountain, the Santa Clara Valley east of ^entnra. and the

niirthern border of the Los Angeles basin. They discovered some oil

in all of these places, but, according to Pcmberton (1943, p. 3), cumu-
lative pr'oductiou fi'om these small discoveries ])rior to the end of

ls7o amounted to only IT,!.(100 barrels. Later, the jirospecting activ-

ities wei-e extended to areas of seepages along the east and west

Imrdi'rs dl' the San Joaquin Valley.

During the next 32 year.s these prosjiectors discovered many small

fields and several large ones, including McKittrick, Jlidway-Siniset.

East and West Coalinga, Kern River. Brea Can.von, AVhittier, Salt

Lake. Orcutt, and Lompoe. All of these fields, containing a total »(

li.") billion barrels of oil (fig. 2), were discovered by drilling near

seepages. The.v include several of our most important stratigrapliii-

traps and fault traps, and other traps that are principally anticlin- I

Geolofiical Search for Aiitirliiies and Fault Trnpx. Geological

knowledge acqiured in universities was applied in a small way to oil

exploration in California as eai'l.v as tlic ]icriod 1900-0"). Although
random prospecting continued effectively In supplement the .search

for oil. it is clear that consideration of surface geology was beginning
to dominate the discovery record in 1908, when the prospecting of

several prominent anticlines led to discovery of the West Coyote, Cat
Canyon, and liuena \'ista TTills fields. By 1916, .study of surface and

subsurface geology was generally accepted in the indnsti'v as a valu-

• Published b.v permls.slon of the IIuiiiliU- <)il .-lorl K'-finiiiL' f"'<,ntp:iii\'.

t Consulting Geologist, Los Angeles.

able aid in the si'.inli I'oi- oil. The di.scoverv rate began to climb

sliar])ly at tins tunc, and there followed a l-1-.vear jieriod of uunsnal
success, during which were discovered almost all of the remaining

known major fields of California in which anticlinal or fault struc-

ture is reflected at the surface. Surface work, supplemented by sub-

surface studies during this period, accounted for many large and
small fields of the San Joaquin basin and the Ventura-Santa Barbara
district, and for all of the remaining known ma.ior fields of the lios

Angeles basin except AVilmington.

The 28-year period of geological exploration from 190S to VXi'i.

inclusive, saw the discovery of an estimated total of T.li billion barrels

of oil (fig. 3). The average annual rate for this period was 270
million barrels, as compared to 77 million barrels for the preceding

period of prospecting.

The Hefleetwn ScisiiKK/raph and Strdfiiiniphir (lioloiiji. In 193(i

the work of a reflection seismograjih party oi)erated by the Shell Oil

Company led to the discovery i>f the Ten Section oilfleld by showiii;.;

the existence and position of an anticline that lies entirely concealed

beneath the thick alluvial fill of the San Joaquin Valley. The Bneiia

Vista dry gas field was discovered by the Ohio Oil Coin])any 2 .vt>ars

earlier, as a result of the wurk of a (i.S.L reflection seismograph

part.v under the diri'dinn of llenrv Salvatori. Party Chief. The
structure responsible \'ny this gas accumulation in Pliocene rocks is

the Paloma anticline. Additional seismograph surveys of this area

during the period 1937-39 led to the development in 19:!9 of prnliflc

oil production from deeper sands of Jliocene age.

The Ten Section discovery established the fact that large anti-

clinal structures and thick Miocene oil sands lie hidden beneath the

valley floor, and that these anticlines could be found by means of the

reflection sei.smogra])h. Thus began a new era in the search for oil

fields in California, and there followed during the period ]93()-39 the

discovery of the Greeley field by the Standard Oil Coin])any of Cali-

fornia ; the Canal, Strand, and South Coles Lcv<'e fields by the Ohio

Oil Coinpau.v; the Kio Bravo field by I he ruion Oil Comiiaiiy; the

Xorth Coles Levee field by the Kiclifielil Oil C(u-poration ; and the

Paloma field by The Texas Company and the Western Gulf Oil

Compan.v. The reflection s(Msmograpb also has been respoiisibh' I'nr

the di.scovery of almost all riiiiiiuci-ci;d g:is ficlils of the Sai'raiiicnto

Valley.

Systematic seismogi-aph siir\'eys were coiitiiiucd by ma.ior com-

panies, and are still in iiniorcss llii-iiugli(iiit the Sun .loaquiii basin.

C5j



nil. AND CAS |I!uII. 170

"liiiuiijta'^'-V'^

Q.



Chapt. IX] TIlSTOliV (IF KXPLOliATIOX AND DISCOVERY—HOOTS AND BEAR

liut oiih' a few additional oil fields of vohitiveiy minor importance

liave been fonnd by tills method dnriiijj- more recent years. These

include three fields discovered in IIUI : Helm by the General I'etro-

lenm Corporation. Rai-sin City by tiie Sliell Oil Company, and
Riverdale by the Amerada Petroleum Corjioration. During the IT

years since 19.'j(i, when search with the seismograph began, a total of

:i.2 billion barrels of oil was discovered, of which 1.8 billion barrels

is credited to seismograph surveys. Represented in this total are the

Wilmington field of the Los Angeles ba.siu, the only major oil field

outside the San Joaquin basin discovered solely by means of th'

seismograph, and the Santa JIaria Valley and tlic East Coaling;i

Roi'ene fields, which were discovered as a result of subsurface

stratigraphy geology. The average annual rate of discovery for this

14-year period was 188 million barrels.

The Santa ilaria Valley field, discovered by the Union Oil Com-
jiany in lll3fi, was the first major stratigraphic-trap oilfield found in

California since geologists first recognized the importance of sucii

features and began searching for them. This discovery thus brought

to the attention of operators the importance of a new phase of geo-

logical exploration wliich. in contrast to the long-established surface

and snl)surface methods of mapping anticlines and faults, was largely

dc|iendeiit tipon .studies of regional and local stratigraphy, structure,

and paleogeography. This latest geological approach to the search

for oil is herein called stratigraphie geology.

The value of such studies iu the Mid-Continent region had been

emphasized earlier by the discovery of the Ea.st Texas oilfield, and it

seemed apjiarenf to many investigators that such studies should be

particularly apidicable to conditions in California. Their reasoning

was based chiefly upon two major factors: (1) rapid lateral changes
in facies, along with complex structures, are common characteristics

of tlie California Tertiary section, and (2) an enormous quantity
of pertiiu'iit structural and stratigraphie information is available

from rocU outcrops and thousands of well records. The recognized

requirements for effective work in sti-afigrapliic geology were de-

failed field mapping, extensive and systematic sample collecting and

foraminiferal studies, and much subsurface work.

This new approach to the search for oil yielded excellent results

with the iliscovei-y of tlie Bast Coalinga Eocene (Oatchell) field iu

lli:i8. the Antelope Hills field in 1942, the Pleasant Valley field in

1!I4:1, the Cymric and Santiago fields in 194M. and the Cnijarral

Hills lirM ill' llilS.

IHsrovrrii nf Tim Ncir Dislricls. The year 1948 was an important

one in the history of exploration for oil in California. The discoveries

of sizeable reserves in two new districts, Cuyama Valley and Salinas

\'alley, made dramatic news, principally because they were almost

r /J.J *//«/) M/s.

I
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wliully uiR'xpc'c-tL-d by at ioiist '>'> pert-ent of tlie iiivcsti^iaturs in the

oil industry. These were the first discoveries of new oil districts

since the days of early prospecting. To a large c.xtciLt they were the

result of the application of stratigraphic thinking to available sur-

face and subsurface data, despite the fact that the individual od

traps in these districts have proved to be structural, rather than

stratigraphic, in nature. The discovery wells of tlic individual tields

in these new districts are located within areas of pronounced con-

vergence of .some part of the Miocene marine section.

Within 2 years these new districts contributed half a billion

barrels to California's oil reserve; given time for more thorough

exploration, their ultimate potentialities should prove to be appre-

ciably greater.

The Dixcovery Ucooril bji Y(nis. The chart of figure 4 may give

the erroneous impression that the rate of oil discovery has followed

a fairly smooth curve from the beginning. Figure 5, however, .shows

the discovci-y record by individual years and reveals that the rate of

discovery lias fluctuated irregularly between wide limits. This chart

allocates all of the oil in any one field to the year of discovery of that

field. For example, all of the oil in the eight zones of the Santa Fe
Springs field is allocated to the year in which this field was dis-

covered regardless of the mnnber of .years required to establish the

presence of all eight zones. This chart, therefore, shows the results

of discovery of new fields—the results of exploratory geology. It is

based on the premise tli^it llic primary responsibility of an explora-

tion geologist is to discover new lichls, and that :dl zojics in a given

new field will be discovered in diu' time without his further attention.

The discovery chart of figure 5 starts with lllOy, the ajiproximate

beginning of the period of geological search for anticlines and fault

traps. The erratic nature of the discovery rate is particularly strik-

ing; some years were rich in the quantity of newly discovered oil,

whereas others were lean or were without discovery of any sort.

Geology did a remarkable job in discovering 6 billion barrels of oil

during the l:i-year period 1916-28. This represents an annual dis-

covery rate of 4()l) nuUion barrels, a rate that was about double the

average annual consumption for that period. The 7-year depression

period 1929-3.5 was extremely lean, but following this were 4 com-

paratively rich \ears, 1936-39. These in turn were followed by an

8-year period, 1940-47, of consistently meager discoveries. This dis-

couraging period of lean years was similar to that of 1929-.'io. It was

brought to a close in 1948 and 1!)49 by the discovery of the (!uijai-ral

Hills field, two fields in Cuyanui Valley, and the San Ardo field of

Salinas Valley. The low totals of field discoveries during the follow-

ing 3 years, 1950-.52 inclusive, suggest the beginning of another

period of lean years.
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2. ORIGIN, MIGRATION. AND TRAPPING OF OIL IN SOUTHERN CALIFORNIA
By Frank S. Tahker •

The subjects of orifjin, iinfjration, and trajipinK <>{ oil arc perhaps

tlie most controversial ones in petroleum geology. Tlie many theories,

particularly those concerning origin and migration, have not been

susceptible to proof in the tield or laboratory; and exceptions, or

seeming exceptions, can be found for every theory yet propounded.

I'ublications referring to these subjeet.s are so numerous as to con-

stitute an entire field of special study, and the writer does not pre-

tend to have read and digested more than the most pertinent of these

papers. A rather extensive consideration of the historical and current

theories was presented some years ago b}- Hoots (1941), and the

|iresent writer will review only the more recent plausible theories

and factual data. The references given at the end of this paper do

not constitute a bibliography of the subject, and the reader is re-

iV-rred to De Golyer and Vance (1944), ZoBell (1947), Russell

(19.51). and to Landes (19.51) for more complete coverage.

The writer will assume it to be essentially proved that oil had its

origin from organic matter deposited with the fine-grained sediments,

tlie source rocks, and that it migrated from these sediments into

carrier or reservoir rocks and eventually accumulated in traps where

it now is found.

The least controversial of the three title subjects is accumulation,

or, more precisely, the phj-sical description of the traps in which oil

is found. Many of the traps have been thoroughly explored and some

can be dated as to time at which they became effective. For these

traps, at least, migration and origin can be considered on a sound

basis.

Oil in southern California is found in simjile domed anticlines, in

faulted anticlines or noses, in fault traps on homoclines, in strati-

graphic traps resulting from buttressing, lensing, truncation, or dc-

ci-ease in permeability, and in fractures in otherwi.se impcrniealile

i'(jcks. Some traps ajipear to have been formed through sealing of out-

crops by tar. and probably some accumulations are formed because

of the relatively low water table in an 0])cn reservoir. Traps in-

lolving limestone and dolomite porosity, reefs, and salt domes do

not occur in southern California, and thus far no accumulation can

li( asi-rilii'd .solely to hydraulic factors.

Till' classification of traps has been an interesting exercise for

UKiiiy writers (see for example, Sanders, 1943; Wilhelm, 1945; Brod.

1945). The present author .submits, in the accompanying tabulation,

a .system of cla.ssification based on factors governing accumulation.

• Geologist, Signal Oil and Gas Company, Los Angeles.

'I'rhl /. l'ifr!tiiH yiirt'iiiinfl tni-umuhitiijn of oil tltitl iltts.

STKICTIR.VL IWCTORS
.WTK'I.INE

QuiUjiinvcrsnl dip.

FAULT
rurviiifi fiLiilI or iiilrr.sri-tint," f;iuUs uii InMinicliiu\

FUACTrRINO
Formation of rfsfrvtiir within iininTincalil)' rock I).v .'^h.Tttf'riiiK and dilalaiicy.

COMBINATIONS OF THE ABOVE
r.ITnOLOGIC FACTORS
DEPOSITIONAL FEATURES. Sensing, buttressing, gradation into tight

sediments, channel sands, hars, beaches, reefs.

EROSIONAL FEATURES. Truncation, weathered regolilh, cavernous weiilh-

ering. dolomitization.

CEJMEXTATION. Filling of pores with eemenling material, inclinling lar.

Kaolinization and swelling of feldspars and elays.

COMBINATIONS OF THE ABOVE
FLUID FACTORS
DYXAMIC. Ilydraulie aetitiu trapping oil in structure not closed under static

conditions.

STATIC. Low tluirl level permitting accumulation in reservoirs f»pen at outcrop.

COMBINATIONS. Any condjination of conditions of the above three general

categories.

Within a single field different pools may result from a number of

ilifferent types of traps. Nearly all factors may be modified by one

or more other factors, but it generally is possible to assign one. or

sometimes two, factors as the principal cau.se of accumulation in a

given pool, the other factors serving only to modify the extent, shape,

or production characteristics of the reservoir. A few examples may
SI rve to illustrate this.

The Ventura Avenue field is an anticline with quaquavcrsal dip,

but the actual productive area of some pools on the north limb of

this folil has been extended down dip by faulting. The Del Valle

field is on an anticline that plunges ea.stward and presumably would
not produce in the jiresent developed area were it not for a combina-

tion of fault or lithologic closure or both. The Placerita field ( Willis,

19.52; Oakeshott, this bulletin) is monocliiial, possibly slightly syn-

clinal, and closure is provided by intersecting faults, jjrobably

abetted by some quirk of fluid dynamics. The Brea-Ulinda field is a

faulted homodine in which lateral closure is accomplished by slight

bowing of the contours into the fault. In the Doniinguez anticline

(Craves, this bulletin) the Pliocene pools are on the structural high,

but the Mioeene pools lie west of faults at lower structural positions.

The writer has classified 253 pools in the various fields that lie

v.ithin southern California and that are listed by the Conservation

(11)
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Committee (1953). >Some of tlie listrd pools were so designated for

engineerinjr i)urposes. and do not eonstitute sejwirate accumulations;

on the other hand several aeeumulations in some fields are grouped
as a single pool. Certain \'ariations fi'om the list, therefore, have been

n;ade bv the writer.

Structural factors alone are the control in 200 pools. Quacpiaversal

(iip governs accumulation in lOS of these, fault closure in 32. a com-
bination of faulting and folding in 52. and a combination of folding

and fracturing in 8.

Lithologie factors are the primary control in 15 pools, of which
eight are closed by lensing or buttressing, two are .sealed on eroded
edge.s of reservoirs, and five are closed by cementation with tar.

Xo pool has been demonstrated to be dependent primarily on
dynamic fluid conditions, although tilted water tables affect the out-

lines of some pools. Three pools exist because low fluid level has

failed to expel the oil from the open outcrop.

Anticlines or noses combined with depositional features account
for 22 pools, and, with cementation, for two additional pools. Faults
combine witli depositional features to form eight other pools.

One pool each can be ascribed to combinations of faulting and a

dynamic fluid condition, to static fluid level on a fold nose, and to

static fluid level in a fracture zone.

Reasons for the accumulation of four pools were undetermined.
Within the area studied some 4,096 million ban-els of oil was

j)ro(hiced to the end of 19.52, and of this 3.95] million was obtained

from simple or oidy slightly modified anticlinal traps. 331 million

from simple or slightly modified fault closures, and 574 million from
structures closed by folding and faulting in almost eijual degree.

The remaining 140 million barrels was derived fi-om other features,

in large jiart from depositional closures on folds.

The classification of traps here used takes into account only their

present physical conditions. Conceivably, at least in some instances,

the oil may liave first accumulated in its present location because of

other factors, and subsequent folding, faulting, fluid movements, or

cementation, without having made significant changes in the location

of the trap, might at present appeal' to have controlled the aeeunnda-

tion. In some fields, however, the jiresent trapjiing factors seem to

have been the only ones that could have operated elTectively; thus, if

till' lime at which these factors became effective can be established,

till' earliest time when migration of the tra|)]ied oil took jilace can

lie cslablishcd, also.

At Santa Fe Springs (Winter, 1941), beds in the vci-tii-al i-angc

from the top of the upper I'liocene to a horizon at least 1,00(1 feet

into the upper Miocene are conformable and show no appreciable

thinning ovi'r the fold. This dates the folding and fcii'mirig of the

trap as jiost-ujiper Pliocene. The fill-up and areal extent of the

Hathaway pool, of Jliocene age. are greater than those of the Bell

pool, which is one of the largest Pliocene pools and lies nearly 3.500

feet liigher. As the age of the trap is dated, the accumulation nnist

have taken place after the close of upper Pliocene time, and the

sources must have been adequate to fill both the yoiuiger and older

reservoir rocks.

At Dominguez and Roseerans there is some evidence of fold growth
through much of Pliocene time. The Pliocene pools are high on

closed domes, but the Miocene pools, for the most part, lie ofT the

erestal position against faults that formed after deposition of at

least some beds of lower Pliocene age. There appear to be no fluid-

dynamic factors to account for the sweeping away of oil from

Miocene beds in the erestal position that wovdd not apply equally

well to the Pliocene beds. One is left with the inference that the

Jliocene oil migrated to its pre.sent position at a time no earlier tlian

lower Pliocene.

In the Oak Ridge fields, such as South Moinitain and Shiells

Canyon, the folding and thrusting can be no older than lower

Pliocene, and for the most part must have been early Pleistocene in

age (fig. 1). The oil is found in Oligocene Sespe beds of continental

origin, and in Eocene marine beds. The source of the oil is sub,ject

to some controversy (Baddley, this bulletin), but Bailey (1947) be-

lieves the Eocene rocks to be the source. Although this source may
be disputed, the age of accumulation is indicated as post-lower

Pliocene, and perhaps even as late as Pleistocene.

Woodring (1951) presents evidence to show that oil accnnndated

in the "later Miocene-older Pliocene" Sisquoc beds and. in escaping

and burning at the outcrop, calcined masses of Sisquoc shale. Pebbles

formed from these calcined shales are found in Orcutt sand of post-

middle Pleistocene age. but not in Careaga beds of late Pliocene

age—a strong suggestion that the oil accumulation was a late-

occurring phenomenon.

McNaughton (1953) has made a strong case for migration into

reservoirs of basement rocks due to opening-up of fractures (dila-

laniy) after deposition of the adjacent source rocks. With this

concept is an unexpressed implication that the source rocks must be

suflicicMlly lilliKied to resist flowage into these fractures.

In the Santa Maria district the presence of water-worn pebbles of

Monterey shale in late Pliocene beds proves the lithification of the

.Monterey by late Pliocene time. The folding of the late Pliocene beds

to a degree almost e(|ual to that of the reservoir beds and |)resumed

soun'C rocks of Monterey age in some of the producing structures

suggests that the oil was accumulated after compaction an<l lithifica-

tiim of the source rocks. These exanqiles. and many others, imply
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I-'llil'llK 2. I'll \;illc-. Ciisliiii- .liMHii. n, .iiiil \rwli:ill I'litreni fields, ('miloiirs in ficUls, iis wol) ns points in selected wildcat wells.

are on rr)ut;lil.v eiiuivali-nl liofi/.nns. Note iiccinnitlat imm atrainst eastward i»iiiclinut in the Xewhall-Potrero tield, and nfiainst westward
pini-hout in the Castaie Junctir>n Held. .Much of Ihe Del Valle liidd is controlled also h.v westward pinehout. Faults marked "f" control.

or at least greutl.v modif.v. aceumulal ion in one or more iiools. Thi' low point of tin' Imsin in this vicinity |iroliahl.v lies near the east

quarter corner of sec. IS, T. 4 N.. 11, Ifl \\*. Ihihi rtniiiiilifl frnin aoiin-is iiolitl, iritli iiKiiiifiintioiis ami aiUiUii>ns hy writer.
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lliiit accuiiiiiliil inn took plat-e Idiip- after ilc]i(isitiuii ami must <il' tiio

fomiKiftion of tlie roeks.

The possible explanatious of this i-elalimi arc: ill (Jil jiia.v be

formed early but is retained, at least in pari, within the .source beds

until some later action expels it; or (2) oil is generated from the

organic material long after the source beds are compacted and

lithified; or (.S) oil originates early but is held in .some other reser-

voir trap, which in turn is spilled into the present traps; or (4) oil

migrates so slowly in carrier beds that some will be caught, even

though the trap is formed very Ion;:' aller the oil first enters the

carrier bed; or (5) oil originates in yonnger beds as they are de-

posited over folds, and migrates downward through thousands of feet

of sediments.

In considering the tir.st alternative, various writers (ZoBell, 1927;

Knebel, 1946; Mead, 1949; Weeks. 19.32; Emery and Rittenberg,

1952; Oakwood. 1949) have shown that oil and gas are, or can be,

formed in recent sediments. Smith (19.52) has noted the presence of

hydrocarbons of crude-oil nature in cores obtained from recent sedi-

ments in the Gulf of Mexico. These substances w^ere rather uniformly

distributed through 106 feet of core, and amounted to 0.031 percent

of the dried weight of the sediment, or to about four barrels of oil

per acre foot of sediment in natural condition. Intensive research is

being pursued currently in this field.

As the sediment is compacted (Iledberg, 1936; Hoots, 1941, pp.

2.39-260; Ilubbert, 1953, pp. 1974-1979) the capillary effect of prefer-

ential whetting of most mineral grains by water would cause a

greater tendency to expel oil than to expel water into the coarser

sediments, and it is supposed that only a small ])art of the original

fluid hydrocarbons could be retained. Nevertheless, in California at

least, there are large vohuues of fine-grained rocks in the sedimentary

basins as compared to the total voliuue of oil in known fields, and if

an appreciable percentage of fluid hydrocarbons remains after initial

comjiaction, further compaction or some other agency might still

expel a large volume of oil at some later time. Certainly many cores

of compacted shale show bubbles of gas and spots of oil, even in areas

where cores of reservoir-type sands do not contain oil or even traces

of oil. If the Meyer shale at Santa Fe Springs is taken as an example,

a shale body 165 feet thick and underlying some 8 square miles may
be considered to lie within the drainage area of the structure. Trask

and Patnode (1942, p. 455) show that cores from this interval in

Union Oil Cn. "Howard" S contain 0.04 percent to 1.21 percent by

weight ol' hiliiiiii'M soluble in carbon tetrachloride. The average of

seven samples is 0.25 pen-enl. Taken as 0.(10 percent by volume this

would amount to mor'e than ''•'', millinii harrels of soliilili' liitnmeii

now remaining in this body of shale after its eoinpaelioM and moder-

ate lithifiealiun. This, of coui-se. is oil that lias M(il reaehed the

prodiu'tive reservoirs, but it might do so in the futnre. Unf(ji-tnnately,

bitumen analyses of thi.s sliale body in adjacent non-productive areas

are not available for comparison, but anal.vscs of similar sediments

outside of producing fields show bitumen percentages of the same

order of magnitude.

Although the evidence that comi)acted shales can retain large

volumes of bitumen does not prove that this material is all crnde oil

or that it always was present in the liquid state, it does show the

possibility that substantial amounts of liquid oil c(ndd have been

retained since the time of deposition.

In considering the second thesis, investigators (Sheppard and

Whitehead, 1946; Pratt, 19.34; Cox. 1946; firim, 1947) have shown

experimentally or theoretically that fluid hydrocarbons can he

formed from organic solids by distillation under both low or high

temperatures and low or high pressures. Fluid hydrocarbons also

can be formed by radioactivity, hydrogenation, or the action of bac-

teria. An ob.iection, as cited by Brooks (1936). to any theory intro-

ducing temperatures above 140° C. for the origin of oil from organic

solids or gases by chemical reaction is the common presence in crude

oils of chlorophyl porphyrins. These substances are quickly destroyed

at temperatures above 140° C, and could not be synthesized under

.subsurface conditions. Brooks therefore contends that, as derivation

of oil from .solids by destructive distillation or by cracking requires

temperatures in excess of 200° C, only some other origin at a low-

temperature is possible. Since Brooks jiublisbed his studies, deeper

drilling has resulted in production of oil from reservoirs more than

15,000 feet beneath the surface, with reservoir temperatures of nun-e

than 150° C. recorded at Wasco field in the San Joaquiiv Valley and

at West Poison Spider field in AVyoming. In both fields the trap was

formed after burial to a])proximately the depth of the present pools,

and at least in these cases, eitln'r Hnxiks' tenets are unsound or the

oil must have been formed early ami retained in tin' s tc Ih'iIs

until it was released to the reservoirs after folding.

The third possibility involves the spilling of a previ<nis resi>rvoir

into a later trap, but such a field as Castaic Junction (Yarborough

and Bear. 1952) is incompatible with this theory. The oil at Castaic

Junction is found in lenses (U- fault trajjs in upjier MioceiU' beds that

lie far basinward down a plunging m)se that was folded and faulted

ill iip|iei- I'liui-i'ne time (fig. 2). It is nearly imiiossible to coiu^eive

III' a reservoir in a position to spill oil into this very dee|) structure.

.\l.so. if it were snp|>osed that spilling look place' fr-om a former

aecumnlation to the east, the siipposil imi would not aeeount for

aceumnlation in the Third zom' nf llie X.-wludl I'oti-ero tield. whieh

is closed by an eastward ]iinclioiit. ,\lmost iMpially dil'lienlt to explain
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n'tiliiicil in llii' sdiii'i'c beds, moil al'lcr I'dllipiictidH ;niil iimdri-atc

litiiitication of tlicse beds.

C'l'iteria for idoiitifirjitioii nf souri'O beds buvp not been cstiiblished,

but inferenop surrfiests that a his'li i-oiitcnt of orjjanic material may
not be iieeessary in sneli beds.

A refrion of permeable reservoir roek and good traps should not be

condemned without adequate testing' merely because of apparent lack

of source bods.
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3. OIL AND GAS PRODUCTION IN CALIFORNIA
Ijv Fi:axk ]!, Catitkr *

Ilisliiiiciil h'( (•/(»'. Tlie first drilliiii;' lur nil ill (';iliriirnia in-cilialily

dates fi-om ISUl, when a prospeet well was drilled on the Davis

Raneh in lluiiiboldt County iu the northern part of the State. The

first recorded produetion of erude oil in California was from a well

drilled by the Union ilattole Oil Comiiany in 18()5, near the Mattole

River in Humboldt County. The dejith of this pioneer oil well is

re])orted to have been 260 feet. Others followed the fii-st producer,

but the Humboldt County wells could nut sustain a commercial rate

of protluctiou for any length of time, and the operators soon lost

interest in the area.

At about the same date, oil-minded people in California were

becoming interested in the possibilities of obtaining production from

other parts of the State, x^articularly from Santa Clara, San Mateo,

and Santa Cruz Counties in the north, and from Santa Barbara,

Ventura. Kern, and Los Angeles Counties in the south. Wells were

drilled in a number of these eounties during 1865 and 1866. Atten-

tion was attracted to several areas by extensive oil seeps and surface

exposures of bituminous residue. Little was known, in those early

days, of the geologic conditions that control oil accumulation, and

most of the drilling was done in the vicinity of the oil seeps and the

outcrops of oil-bearing sands.

During this first period of activity in California, several wells

were drilled in the 0.iai-8ulphur Jlountain district of Ventura
County. A well capable of producing about 20 barrels of oil daily

was completed iu 1866 by the California Petroleum Company under

the direction of Thomas Bard. This appears to have been the first

commercial oil well to be completed in southern California, and it

probably yielded the best produetion obtained anywhere in Cali-

fornia up to that time.

Following California's first oil boom in 1865 and 1866, there was
little activity for several years, owing primarily to the lack of market

demand for petroleum products, lioth the early refineries built by

Stanford Brothers at San Francisco and the plants constructed in

Santa Cruz and Santa Clara Counties to treat surface exposures of

bituminous material w'ere. for the most part, shut dow'ii.

In the early ]8T0's. attention was attracted to the Xewhall area,

in the northwestern part of Los Angeles (^'ounty. Wells were drilled

in Pico Canyon, near Ncwhall, and in 1876 the California Star Oil

Works Company completed Pico Xo. 4 for a daily production of :iO

barrels from a depth of :1(I0 fi'ct. This well was the fcu'eruiiucr of

the second oil boom in California. Interest became centered in two

principal areas, Ncwhall iu Los Angeles County, and Moody Culi-h

in Santa Clara County, and in addition a few wells were drilled in

other areas. Production from the Mood}' Culch field soon declined

rapidl.v, but the Xewhall area continued to develop.

In 1879 the Pacific Coast Oil Company was formed by a merger

of several smaller companies operating in California, including the

California Star which was then drilling in Pico Canyon. The famous
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I'ico Xo. i well was di'opened to 600 I'l'et, and the production in-

creased to an unprecedented 150 barrels daily. This led to the con-

struction of the first oil pipe line in California. Five miles of 2-inch

line were laid from Pico Canyon to a newly constructed refinery on

the Southern Pacific Railroad near Newhall. This oil line, and the

first refinery in southern California, were in operation at the end

of 1879. It is worthy of note that the oil industry has taken steps to

l)reserve this refinery as a record of its early history in California.

The decade from 1880 to 1890 witnessed further development of

tlie fields in the Xewhall area and in A'entura County to the west.

The introduction of steam power greatly speeded drilling operations.

During this period, oil was discovered in the Los Angeles basin,

when production was obtained in the Puente Hills near Whittier.

The first water-borne tankers, with a capacity of 6,500 barrels,

were constructed in 1888 to transport oil from Ventura to San Pran-

ci.sco. Prior to this time, all oil movements to San Francisco had been

by rail.

In 1890, the Pacific Coast Oil Company, with properties in Pico

Canyon and elsewhere, became afliliated with the Standard Oil Com-
pany of California. The property in Pico Canyon still produces, and
is still operated b}' Standard under the name of "Pacific Coast".

During 1890, also, the Union Oil Company of California was formed

by the merger of the properties of Hardison and Stewart, two oil

pioneers in California, and several other smaller concerns.

Two j'ears later, in 1892, the first big well in California was com-

pleted, when the Union Oil Company brought in No. 28 in the Adams
Canyon field, a few miles northwest of the town of Santa Paula in

Ventura County. It flowed at an initial rate of 1,500 barrels daily,

and aroused a great deal of interest in the industry.

A year later, in 1893, E. L. Doheny was responsible for the dis-

covery of oil within the city of Los Angeles. This resulted in the first

town-lot drilling boom in California, and the field rapidly developed

into the largest producer in the State. Betw^een 1896 and 1899 the

Coalinga, Kern River, and McKittrick fields in the San Joaquin

Valley were opened.

At the turn of the century approximately 2,-tOO oil companies were

incorporated in the State of California, and about half of these ac-

tually were engaged in drilling operations. During the year 1900, the

daily average production rose to nearly 12,000 barrels, and in 1905

it reached 91,500 barrels. This latter output was from 2,450 pro-

ilucing wells. The oil industry in California was well on its way,

but it is doubtful whether anyone at that time visualized the tre-

mendous developments that were to take place during the next half

century.

During the first decade of the Twentieth Century, production

from the California fields increased nearly scventeen-fold. AVithin

this period, the famous gushers in the Orcutt field near Santa Maria

were brought in, some of them yielding as much as 12,000 barrels of

oil per day. In 1910, while the Midway-Sunset field was being devel-

oped, the greatest gusher that the United States has ever known

came in. This was the now famous Lakeview No. 1, near the town of

Maricopa in Kern County. This well flowed out of control for 544

days from a depth of 2,225 feet and reached an estimated peak daily

output of approximately 68,000 barrels a few days after coming in.

Much of the oil was caught in open ditches and behind hastily con-

structed dams and it is conservatively estimated that 8i million

barrels of oil * were produced by this phenomenal well in only about

18 months' time. The gravity of the oil was 11° API. The well is

reported to have been still flowing about 18,000 barrels daily when

it suddenly sanded up and stopped producing. Althougli rcdrilled,

it never again yielded much oil. Xo other wells of this nature ever

have been completed in this area to date.

Between 1910 and 1920, the Ventura Avenue, Belridge, Jlonte-

bello, and several other fields were discovered, and production and

development continued on an upward trend. Production in 1920 was

about twice that in 1910, in contrast with the seventeen-fold increase

during the previous decade. During this period World War I demon-

strated the vital importance of oil in military and naval operations.

The decade 1920 to 1930 witnessed the discovery of practically all

of the important fields in the Los Angeles basin, with the exception

of Wilmington. The development of all these fields cau.sed the State's

]n-oduction to climb to a daily average of 720.200 barrels for the year

1923, and the output rate reached a peak of 850,000 barrels per day

in Augu.st of that year. This flood of oil from such prolific fields as

Santa Fe Springs, Long Beach, and Huntington Beach brought

about a sharp reduction in the i)rice of crude oil and a consequent

reduction in crude oil output. A plan of voluntary curtailment,

which was followed by most California ojierators, went into elfect in

1929 with the creation of the State Oil Umpires OfTiee.t The produc-

tion record established in 1923 was surpas.sed only once (in 1929)

during the next 20 years, and finally was exceeded in 1944 as a re.sult

of unprecedented demands during AVorld War II.

The business depression of the early thirties virtually halted all

exploratory drilling efllort in California, and no new fields were

found for several years. Production declined to a daily average of

471,260 barrels during 1933, the lowest rate in 10 years. Except for

a few minor Icveling-off periods, production since 1933 has been on a

• From records filed witli ttie California State Mining Bureau by the Union Oil

Company, dated February 15. 1914.
., ^ ..*

t This later became the presently exlating Conservation Committee of California

Oil Producers.
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grcgate oil-prodiK'tive area of California, represent iui: 232 indi-

vidual oil fields, amounted to approximately 0.3 pereent of the sur-

faee area of the State.

I'roihictidii of Gti.i. Prior to 1!I27, practically all of the gas pro-

duced in California was oil-well or wet fras produced with the oil.

Much of this p:as was flared or blown to the air because there was

no market for such quantities as were beinpr produced. By 1927.

however, natural gas had completely supplanted artificial gas for

both domestic and industrial uses in the Los Angeles basin and in

principal cities elsewhere in the State.

In 192!1, laws were enacted prohibiting tlie wasting of natural gas

in California. This caused a sharp reduction in over-all gas produc-

tion in the State, and the reduction could be noted for several years.

Wastage has been less than 2 percent annually during recent .years

The graph in figure 3 illustrates the gas production in California

since 1906. Xo reliable figures are available for production prior to

that date.

In the late thirties, an aggressive campaign was started to develop

dry-gas supplies. Since then, approximately 3") fields that produce

dry gas exclusively have been discovered, mostly in the Sacramento

Valley and northern San .Toaciuin Valley (fig. 1). At the present

time, the gas fields aggregate a productive area of about 08.5(10

acres. X'early half of this acreage is in the Rio Vista gas field in

Solano and Contra Costa Counties. This one field contributes ap-

proximately 25 percent of the State's annual current production (for

the year 1952) of 475.863,000 Mcf. of gas.* Most of the State's dry

gas is produced from Eocene rocks, and lesser amounts are obtained

from Cretaceous and Pliocene I'ocks. Very little dry gas is jircidiu'cd

from the Miocene section in California.

Recycling operations were begun on a small scale in California

about 1935. In this process gas is re-injected into producing forma-

tions after the natural gasoline and liquefied petroleum gases have

been removed from it. During the past 10 years, unitized operations

in several of the major fields have brought alimil a large increase

• Data from Southern California Ga.s Company.
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in the amouut of gaa re-iujeeted to maintain reservoir pressures.

During 1952, nearly 1 cubic foot of gras was re-injected for every

2 cubic feet that were made available for consumption.

Reserves of Oil and Gas. Proved crude-oil reserves in California

at the beginning of ]!)o:? were estimated to be 3.Sr)4,171.000 barrels.*

Tn addition, an estimated 322,507,000 barrels* of natural-gas liquids

brouglit the total rec^overable reserves of liquid hydrocarbons to

4,17(iG78,000 barrels * as of January 1, 1953. Discoveries of new-

supplies in recent years have not kept abreast of withdrawals, but

developments within the known fields constantly require upward
revisions of estimates of the remaining reserves, which has had the

effect of largely offsetting the withdrawals, How long the reserves

of California can be maintained at the present or at higher levels

is problematical in the face of ever increasing demands resulting

from the industrial and population growth of the State during the

last decade.

California's motor-vehicle registration of ajjproximatcly 5^ mil-

lions ** as of January 1, 1953, is the largest of any state in the

nation, and has its greatest concentration in Los Angeles County,

where about 2J million vehicles** were registered at the beginning

of 1IJ53. This conccntrution has created an exceptionally large motor-

fuel demand in southern California.

Producers in the Pacific Coast region have found it neces.sary t6

import foreign crude oil to supply the demand for refined products

during the last 2 years. In 1952, these imports averaged 32,000

barrels daily, and all indications point toward an increase in the

future.

Oas reserves of California, including both dry-gas and oil-field

sources, were estimated to be 9,3411,022,000 Mcf 't as of January 1,

1953. Local gas supplies have not been .sufticient to meet the demands
in recent years, and in the first quarter of 1953 a])proximately

900.000 Mcf. per day was being brought into California through

pi])c Hues from west Texas and New Jlexieo.

AcJiii()H'hd(jmciits and References. The writer wishes to make
acknowledgment and express appreciation to Mr. il. T. Whitaker
for helpful suggestions and criticism, and to the Conservation Com-
mittee of California Oil Producers for supplying some of the statis-

tical information quoted in this pa])cr. Free use has been made of

data previously published in Bulletin 118 of the California State

Division of Mines, and in various publications of the American
Petroleum Institute and the American Gas As.sociation.

• Data from American Petroleum Institute.
•• Data from State Department of Motor Veliicles. •f Data from American Gas Association.



4. STRATIGRAPHIC TRAPS FOR OIL AND GAS IN THE SAN JOAQUIN VALLEY '

By Harold W. Hoots. t Ted L. Bear,! and William D. Klkini-icll *•

Iiifnxhirfinii. The deposit ioiial anil stniotnral history of the San
Joaquin l)asiu durinn; the (Vnozoie era was ideal for the repeated

development of almost every variety of trap for oil and <ras. Althons'h

most, and possibly all, of the closed antielines and the more obvious

fault traps liave been tested and found productive, eonditions in

this basin are suitable for the existence of many stratigraphie traps

that liavi' not as yet been rec(iL:iiizeil.

Stratiirraphic traps of several different types are responsible for

the aecnmnlation of oil and yas in the Midwa.y-Sun.set, East Elk

Hills, Kern River, Edison, North Coles Levee, South Coles Levee,

Coalin"ra (Miocene), East Coalinga (Eocene), and Guijarral fields.

Most, if not all, of these fields depend for their existence and/or

their size upon lateral differences in subsurface stratigraph.v. poros-

ity, or structure that were not apparent prior to discovery.

It is to be expected that recognition and discovery of adilitional

traps for oil and gas will depend upon, and will keep pace with,

the extension of exploratory drilling into new areas, and to depths

that are now untested. Some of the different types of producing

stratigraphic trajjs are noted and illustrated in the following para-

graphs.

Sand Lenses in Converging Near-Shore Sections. Sand lenses in

converging near-shore sections were deposited in marine and brackish

waters during the Eocene, Oligocene, Miocene, and Pliocene epochs.

They occur also in continental upper Miocene and lower Pliocene

sediments of the Bakersiield area. They are eft'eetive as traps for

oil where they thin in up-dip directions and where their pinch-out

lines cross localities of relatively high structure. In most instances

the effective trap is restricted to the axial part of a basinward ])lung-

iiig nose, but in other, more expansive traps, such as those of the

middle Miocene sands of Coalinga and tlie Eocene Gatchell sand of

East Coalinga, the areas of accumulation extend to, and may even

include, parts of ad.joiiiing synclines.

The near-shore marine sand len.ses of this type appeal' to have

been formed at times when the sea either was occup.ving a relatively

static position, or was expanding and actively tran.sgressing adjoin-

ing land areas. The CTatchell-Cantua .sand lens of the Coaliiiga-

Cantua Creek area (fig. 1) may be an example of the former,

• Publislied b.v perinJs.sion of the Huiiiljle oil and Uefining Coiiipan.v.

t ConsuUlng Geologist. Los .\ngeles.
•• Con.sultlng Geologist, Bakersfleld.

whereas the Btcliegoin and Tulare Unttress sands of the Midway-
Sunset-McKitti'ick district (fig. 2), and the middle Miocene Lower
Duff sand of the Kdison field definitely are examples of the latter.

The oil-producing Etcliegoiii .sands of Uiiena Vista Front and the

caslcrn part of Elk Hills occur in a southwestward thinning section

of beds that were deposited along the northeast Maiiks of anticlines

as these folds were growing from the flooi- of tlie Etchegoiii sea.

Sand Lenses and, renitrohilili/ Barriers in Basinwiird Areas. The
Stevens zone of the upper jMiocene section constitutes the most dis-

tinct and widespread major lens of .sand in the Tertiary of the

San Joaquin basin (fig. 3). Considered broadl.y, it grades eastward

into neai'-shore marine Santa Margarita sand and nnnniarine beds

of the Chanae formation.

The Stevens sand thins and grades laterally into .shale and dierty

shale to the west, north, and south in a manner establishing its deri-

vation principall.v from lands that lay to the east and southeast.

It was deposited in a sea that extended far be.vond the San Joaquin

basin, but, by coincidence, it attains its greatest thickness along the

axial part of the present geosj-ncline.

Even where it is productive, sand of the Stevens zone characteris-

ticall.v has relatively low permeabilit.v, owing to the presence of a

white inter.stitial pasty substance. This feature is particularly evident

in areas of appreciable thinning of the main Stevens sand, with the

common result that oil-stained sands in structuall.v favorable pinch-

out areas prove to be too tight to produce. This lack of effective

permeability is pronounced in the main Stevens sand zone at the

eastern end of the Elk Hills anticline, a locality where the sand is

still thick, and it provides an effective barrier to oil migration. It

accounts for the fact that the area of the North Coles Levee field,

within this main zone, is much larger than the area of local anti-

clinal closure. A similar permeability barrier within the Eocene

Gatchell sand of Coalinga Nose accunnts for the presence of tlie

Pleasant Valley field (fig. 1).

Some indivdual sands of the Stevens zone, ])articiilarly llie strati-

graphicall.v higher ones, maintain fair to moderate permeability

throughout their extent and pi-nvide elfective traps for oil in areas

of favorable structuri'. Exeellcnl examples are the 21-1 sand of the

North Coles Levee field and the F-1 sand of the South Coles Levee

field, wiiich pinch out as they cross diagnnally the axes of anticlinal

folds (fig. 4).

(29)
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Figure 3. Map of oil fields in the south part of the San Joaquin Vplley.

showing distrihutiou and thickness of the Stevens sand zone (upper Miocene)
and its age equivalent to the east and southeast.

Truncated Saixh Buiralh l'iicniifi)niiilii s. Uncoiirm-iiiitii's oC both

local an<l regional extent abound in tlie Tertiaiy set'tion of the San

Joaquin basin, and several of them ai-e aecompanied b.v pcreeptible

angular diseordanee that elearl.v is responsible for oil aeeuniulation.

The most important one separates Plioeene beds from Mioeene beds

along the west side and southern end of the basin, and is character-

ized by angular discordances of 20° to 30°
; it traps oil in the under-

l.ving, more steepl.v dipping Miocene sands in structurally high areas

tliroughout tlie Midway-Sunset-JlclCittrick district (fig. 2).
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KlGtiRF- -i. Structurp-cuiitoui" innp of tliu KM; Ilills-Colrs I>Gvee areu. shnwiii^ 1,11 in'i-iiirability barrier in main Stc\t'ns saml
scpiirntiTig the Kilt Hills (Stevens saud) field on flu* west from the North Coles Levee and South Coles Levee fields on the east, (2>

pinchout of 21-1 sand lens across North Coles Levee anticline, and (3) pinehout of F-1 sand lens across South Coles Levee anticline.
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Ediforial Note:

ClJAl'TER TEN deals with several of the more serious geologic problems tluit confront the resident of

southern California. The highly varied topography and elimate of the region, together with the complexity of

its roeks and their structure, form a background of physical factors that cannot be ignored in the development

of this region by man. Some of these factors are related directly to floods, earthquakes, mass movement of

ground, and other recurring events over which man has little fundamental control, and others are developed

by some of man's own activities. Failure to anticipate or properly to evaluate these factors during past develop-

ment of the region has led to unfortunate, and at times disastrous, consequences.

Only during recent years has there been widespread recognition of the need for careful geologic appraisal

of engineering problems in southern California. Normal study of the positive factors in location and design of

buildings, dams, aqueducts, and other structures, for example, is now being supplemented by consideration of

the nature and movement of solid and liquid materials in the subsurface, the position and behavior of active

faults in the area, the movement of surface water in the area during previous centuries, and other features that

are likely to have significant long-term effects. Typical avenues of geologic approach to several major engineering

problems are discussed in the three papers that make up this chapter.
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1. EARTHQUAKES AND EARTHQUAKE DAMAGE IN SOUTHERN CALIFORNIA*

I ntensity Scales

Althoiigli problems of the seismic activity of any region or of the

world arc best handled in terms of the earthqiiake magnitude scale,

this scale will not serve the needs of the engineer and field geologist

who wish either to relate effects on structnres. ground, and ground
water to the intensity of local shaking, or to interpret intensity in

terms of surface and sidisurface structure and the generating mech-

anism of earth(|uakes. The magnitude scale attaches a single number
to the earthquake as a whole (see Riehter and Gutenberg, Contribu-

tion 3, Chapter IV ) ; for detailed statement of the variation of effects

from point to point an intensity scale is needed.

Ideally, intensity should be determined from complete instru-

mental recording of motion at the point in question. Seismographs

commonly in use have high magnifications, run off the recording

sheet if the motion is strong enough to be felt, and are put out of

action by high intensities. Strong-motion seismographs have been

constructed with low magnification, usually triggered to begin re-

cording during a locally strong earthquake, but even these instru-

ments are expensive to construct and maintain. In the last 20 years

man.y records have been obtained from such instruments, chiefly in

California, by the V. S. Coast and Geodetic Survey. They represent

the motion at only a few localities for each earthquake.

Mr. Frank Neumann, at the Coast and Geodetic Survey office in

AVashington, is now engaged in a synthetic study of these records

—

a study aimed at placing the intensitj- scale on a sound physical

basis. It is not j-et possible to anticipate final results in this direction.

The many thousands of seismograms of eartli(|uake motion too small

to be felt show a complexity and a dift'erence between individual

shocks which indicate that generalizations should be undertaken

only with great caution; further, there is good reason for believing

that the vibrations are still more complex in large earthquakes.

Under these circumstances, intensity still must be rated in the

established fashion, i.e., from field observations of the effects on

structures, loose objects, and the ground itself. Long experience

shows that certain eartli(|uake effects tend to appear together as the

intensity incrca.ses, and the published scales consist of a grouping of

such effects under a scries of arbitrary grades, which are usually

designated by Roman numerals to emphasize that the intensity num-
ber does not stand for a physically measured quantity. Many efforts

• Contribution No. 656, DIvii>ion of the Geological Sciences, California Institute of
Technology.

t Professor of Seismology, California Institute of Technology.

!•'. J{khti;k
i

have been made to correlate these intensity numliers with some
physical element of the earthquake motion, usually accelei-ation.

Such a relation is that published by Gutenberg and Richter (1941) :

log a — 1/3— 1/2

Here I is the intensity number on the modified Mercalli scale of

1931, and a is acceleration in cm .sec-. It must be emphasized that

this relation is extremely rough and empirical, and by no means
should be used for any precise work.

The Rossi-Porel scale, commonly used and best known ten- many
years, is as follows

:

1. Microseismic shock.—Recorded by a single seismogra]5li or by
seismographs of the same model, but not by several seismographs of

different kinds ; the shock felt by an experienced observer.

2. Extremely feeble shock.—Recorded by several seismographs of

different kinds; felt by a small number of persons at rest.

3. Very feeble shock.—Felt by several persons at rest ; strong

enough for the direction or duration to be appreciable.

4. Feeble shock.—Felt by persons in motion; disturbance of mov-
able objects, doors, windows; cracking of ceilings.

5. Shock of moderate intensity.—Pelt generallj- b}' everyone; dis-

turbance of furniture, beds, etc. ; ringing of some bells.

6. Fairly strong slioek.—General awakening of those asleep; gen-
eral ringing of bells; oscillation of chandeliers; stopping of clocks;

visible agitation of trees and shrubs; some startled persons leaving

their dwellings.

7. Strong shock.—Overthrow of movable objects; fall of plaster;

ringing of church bells; general panic; without damage to buildings.

8. Very strong shock.—Fall of chimneys; cracks in the walls of

buildings.

9. Extremely strong .fhock.— Partial or total dcst ruction of some
buildings.

1(1. Shock of extreme intensity.—Great disaster; ruins; disturb-

ance of the strata, fissures in the ground, rock falls from mountains.

When the imperfections in this scale became increasingly evident,

:iii im])roved scale was constructed by Mercalli. This still retained
IcKi close reference to conditions that were specifically European, so

that llic modified Mercalli scale of 1931 was constructed for applica-
lioii ill the I'nited States, especially in California, with the intention

of retaining general applicability as far as po.ssiblc. Its summarized
form is as follows

:

(5)
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SICNIFICANI

STRUCTURAL DANAU
OOE TO EARTHQUAKES

l''li.rill': I. JtclifT tM;i|i lit' suullicni ('alit'iiriii;! sli<i\\iiif,' ari'its wliiTc sijiliiticiiiit

structural damage has been caused by earthquakes during the period 1812-1952.

I. Not felt except by a very few persons under especially favorable

circumstances.

II. Felt only by a few persons at rest, especially on upper floors

of bnil(lin<!:s. Delicately suspended objects may swins.

III. Felt quite noticeably indoors, especially on upper floors of

biiildin<;s, but many ])eople do not recognize it as an earthquake.

Standinpr motor cars may rock slifrlitly. Vibration like passing of

truck. Duration estimated.

IV. During the day felt indoors by many, outdoors by few. At
night some awakened. Dishes, windows, doors disturbed; walls make
cracking sound. Sensation like heav.v truck striking building. Stand-

ing motor cars rocked noticeably.

V. Felt by nearly everyone; many awakened. Some dishes, win-

dows, etc., broken; a few instances of cracked plaster; unstable

objects overturned. Disturbance of trees, poles, and other tall objects

sometimes noticed. Pendulum clocks may stop.

VI. Felt by all; nuiny persons frightened and run outdoors. Some
heavy furniture moved ; a lew instances of fallen plaster or flamagetl

cbinnu^ys. Damage slight.

VII. Everybody runs outdoors. Danuigc lu'gligible in buildings of

good design and construction; slight to moderate in well-built ordi-

nary structures; considerable in poorly built or badly designed

structures; soiiu' chimneys broken. Noticed by persons driving motor

ears.

VIII. Damage slight in specially designed structures; considerable

ami with partial collapse in ordinary sid)stantial buildings; great in

poorly built structures. Panel walls thrown out of frame structures.

Kail of chimneys, factory stacks, columns, monuments, walls. Heavy
furniture overturned. Sand and mud ejected in small amounts.

Changes in well waters. Disturbs persons driving in motor cars.

IX. Damage considerable in specially designed structures; well

designed frame structures thrown out of plumb
;
great damage in

substantial buildings, with partial collapse. Buildings shifted off

foundations. Ground cracked conspicuously. Underground pipes

broken.

X. Some well-built wooden structures destroyed; most masonry

and frame structures destroyed with foundations; ground badly

cracked. Rails bent. Landslides considerable from river banks and

steep slopes. Shifted sand and nuul. Water splashed (slopped) over

liauks.

XI. Few, if any, masonry structures remain standing. Bridges

destroyed. Broad fissures in ground. Underground pipe lines eom-

)iletely out of service. Earth slumps aiul land slijis in soft ground.

Rails bent greatly.

XII. Damage total. Waves seen on ground surfaces. Lines of

sight and level distorted. Objects thrown njiward into the air.

Anyone working with actual data shotdd use the complete form

of this scale. The Kossi-Forel scale, which included reference to

different types of instruments that were not specified, rapidly became

obsolete. Similarly, the 19.31 .scale refers to different types of con-

struction that are not specified closely. Its authors had in mind the

construction conditions that were prevailing in Pl.Sl, especially in

California, as revealed by damage in a large number of earthquakes.

Since that time there has been much construction under better con-

ditions of design and inspection; thus, too literal application of the

1931 scale to new structures may lead to an underestimating of

intensity. Unfortunately for the community, but fortunately for the

intensit.y scale, many of the older, weaker structures still remain,

aud by Ihcii- bail |ici'formauce provide a check against the response

of licttcr dcsijiiicd ccinstruction to a shock of given intensity.

The following ]iiunts arc jiarticularly to be noted in ajiplying any

intensit.v scale

:

1. Intensity assignments .should be based on the entire complex of

cH'eets in a given locality; no one criterion shotdd be singled out for

use, especially if the evidence is conflicting.

i. Intensity should be that which best represents effects in tlic

localit.w asiilc from individual deiiarfnres due to peculiarities of

structure, ground, or to propagation of elastic waves. It should not
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Photo hy v. E. Lt'hner.
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be tlic liiyliest suggested intensity number, nor tlie lowest ; in sta-

tistical terms, it should be the mode.

3. How luiiuitely local effects can be considered depends on avail-

able information. In the absence of very full data, as in thinly

settled areas, care must be taken to consider the effect of ground at

the point of observation. Other circumstances being equal, apparent

seismic intensity is higlicr on unconsolidated ground (alluvium,

especially where water-soaked; beach sands; artificial fill) than on

consolidated ground or on firm rock. This is in part due to slumping,

settling, and disturbance of ground water, induced by earthquake

vibration. It has also been attributed directly to decrease in velocity

of seismic waves entering the less consolidated material. Whatever
the cause, this etTect normally masks the more naturally expected

"cushioning," or absorption of elastic waves passing through soft

material. Such cushioning probably occurs to some extent, but in

estimating any risk at a given locality, or in drawing any inference

from local iideiisity as to the source of an earthquake, it first should

be assumed that intensity is increased in soft ground.

In assigning intensity to an extended area, as in point 2 above,

allowance should be made for this effect of ground. Thus small local

areas of liigh intensity that obviously are due to bad ground nor-

mally do not appear in isoseismal maps. This may not be best for

tlie structural engineer, but it is convenient for the geologist who is

trying to investigate the nature and degree of disturbance in the

underlying "basement" rock.
*4.' Intensity scales combine three principal groups of effects which

do not always show close correlation : those due to short-period and
to long-period elastic waves, and those due to fault displacement.

ilost ordinary effects on structures are due to waves with short

periods (0.1 second to 1 second) but relatively high accelerations

I 100 cMi/'sec" or over). Many effects on large structures, and many
of those involving large-scale slumping, sliding, and disturbaiice of

ground water, are connected with waves of period as much as ten

.seconds, having low accelerations but amplitudes measured in iru-hes

or even feet. Such waves are particularly prominent in large earth-

quakes, especially where there is evidence for considerable linear

extent of faulting.

Intensity may not be exceptionally high as measured by elastic-

wave vibration in the vicinity, especially when a fault break reaches

the sui-face through unconsolidated material. This was the case in

the Imperial Valley earthquake of 1040. At Cocopah (Mexico) an

adobe structure straddling the faidt trace, where there was a .strike-

slip displacement of nearly 10 feet, was torn apart and wrecked; in

<'ontrast, ailjacent structures of the same type, though damaged, were

in not much worse condition than others several miles from the fault.

FiGURK 6. Curamin^s Valley Scltool, west of Tehachnpi. 1952.

Constructed prior to 19.S3 of concrete that was nominally but not

effectively reinforced. Photo hy State Divigioii of Architecture.

In applying the intensity scale, it is difficult to eliminate incon-

sistencies that arise from these causes; they show that the idea of

intensity is complex and includes distinct physical quantities that

ultimatel.y must be separated.

Damage to Structures

The following notes refer chietiy to damage by elastic waves, usu-

ally involving accelerations exceeding one-tenth that of gravity. Very
serious damage often is occasioned by slumping or settling, as well.

In many instances such mass movements take place in an inistable

area that obviously is unsuitable for habitation, and in which the

slumping and settling are constantly going on and are merely trig-

gered or accelerated by earthquakes.

Most ordinary structures will not witliNtand ilistnrtion of their

foundations. Special construction, however, can hi' made surprisingly

resistant, as shown for exam])le, by the city hall at Lynwood. In

anticipation of possible settling in soft grotiud. this brick building

was reinforced at each floor level by diagonal bracing, and a course

of cement was laid after every few courses of brick. This structure

\vitbstood the Long Beach earthquake of 1933 with almost no dam-

age, whereas most brick structures in the immediate vicinity were

seriously damaged and some were almost completely wrecked.

This bears on the vexing question of safe brick construction in

an earthquake region. The comments that follow are strictly the

writer's own, and he assumes full persoiuil responsibility for them.
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As a mattei' of history, brick construction has had a poor record

in connection with California earthquakes. This is due in large

measure to fnndamentally unsound building practices that obtained

during the "boom" period of the 1880's, and whicli continued in

lesser degree down to 1925 and 1933. For many years there was no

etfeetive building inspection, especially in smaller conunnnities ; such

regulatioTis as were enforced were directed against fire and other

more frequent risks, and did not consider earthquake risk at all.

Some structures were so jerry-built that tliey developed cracks ami

failed partially under normal use and loading. Scnie were repeatedly

condenuied, nominally repaired in slapdasli fashion, and i-eturued

to use. Pew .structures of any type were designed to withstand

lateral forces. Extensive falling out of walls at Santa Barbara in

the 1!)2.5 earthqimUe drew attention to failure to tie in at the corners,

a precaution that lias been incorporated in later binlding codes.

Mortar often has been of poor quality or poorly applied. When a

California brick structure is cracked by earthquake motion or by

other causes, the cracks almost invariably pass around tlic bricks,

not through them. The Long Beach earthquake of 19.'13 developed a

vast supply of good second-hand bricks
;
jobbers found that bricks

from damaged structures could be cleaned perfectly by hosing off the

remains of the mortar, leaving them as good as new.

These evils are not necessary, as the above example of the Lyn-
wood city hall shows. However, in commercial masoniy work it is

very difficult for the contractors to maintain higli standards and
still make a profit. Best results, for example, are believed to be

obtained by laying up the bricks wet and allowing each course to

dry before adding the next. This is a slow and expensive process.

Safer structures have been obtained by making a frame of steel

or reinforced concrete, and by using brick ]U'incipally for filling and
facing. Such buildings have behaved comparatively well during

recent earthquakes, and actually have been responsible for under-

estimation of earthquake intensity in tlieir vicinity.

For public buildings, and especially schools, much was accom-

plished b.v passage of the Field Act shortly after the Long Beach
earthquake. This sets improved standards, including earthquake

resistance, for new public conslruction, and places the responsibility

for the safety of old structures cu tlie individual comnuuiities, with

the State Department of I'ublic Works as inspecting agency. At-

tempts to weaken the provisioiis of this legislation have been made
almost continuously—so far, fortunately, with no great success.

Ordinarily well-built frame structures arc not particularly sus-

ceptible to damage, especially in moderate earth((uakes. If not well

braced diagonally, the frame may be badly wrenched. If the struc-

ture is not properly bolted to its foundation, it may slide off and

hI" weali frame structure. Hotel in Sini Jose, l!lfl(i.

ia K;irrli(|ualir' CoTnTllissinn Report.

liassol under one

i^ioli lii'iiort
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hence be seriously damaged. In the 193:? earthquake there was
damage to many frame struetures supported on vertical posts

termed "eriiiiiles." As already suggested, steel-frame and reinforced

concrete structures, up to moderate size, have performed well except

where there were obvious deficiencies in design or workmanship.
The safe design of large structures presents serious difficulties,

as the complexit}- of the dynamical properties of such a structure,

combined with the extreme complexity of strong earthquake motion,

place the general problem almost beyond the reach of exact anah'sis.

Much progress has been made by investigating the behavior of

models on shaking tables, but serious differences of interpretation

and opinion still remain among competent specialists. The design

problem is now being met by the introduction of safety factors well

beyond the limits of any anticipated stress, and by rigid county

and city regulations.

Earthquake Risk and Geography

The accompanying map (fig. 1) shows conniuinities and areas in

southern California where serious earthquake damage (intensity

VIII or over, modified Jlercalli 1931) has occurred during the rela-

tively brief period of historic record. Naturally these indications

are infrecjuent in the thinly populated desert and mountain regions.

The fact that any one community has escaped in the short time of

record is no guarantee of future immunity. It will be noted that

the distribution of earthquake damage is rather general.

It is eonnnoidy assumed that earthquake risk in southern Cali-

fornia is concentrated exclusively near the major faults. This is

not the case. At a given point the principal long-term risks involve

a great earthquake originating on one of the major faults, up to

distances of as much as 50 miles, or a comparatively moderate earth-

quake, like the Santa Barbara and Long Beach shocks, originating

nearby. The distribution of .seismieity in California (Contribution

3, Chapter I\') is such tliat this combination of risk can be con-

sidered relatively even over the region. Increased risk is much more
a matter of ground. The chief danger spots are the alluviated areas

of both coast and interior, and the areas of artificial fill in metro-

politan zones. To these must be added the major fault zones, where

the cruslied and inicon.solidated material adds to the probability of

damage, even from eartliqiuikcs originating efsewhere.

In California, and especially in the more arid sections, disturb-

aiice of ground water is a potential source of heavy economic loss.

Thus in 19.")2 there was great loss in Kern County due to failure of

wells and sjirings. which was aggravated by damage to pipe lines and
tanks. A less direct effect threatened to be extremely serious; many
transformers were thrown down from poles, cutting off power sup-

ply to well pumps u.sed for irrigating cotton fields. This was greatly

niitigateil, however, by prompt emergency action of power-company

crews. In 1940 there was very great loss in the Imperial Valley by

damage to the irrigation system, partly by disturbance and ejection

of ground water (an effect that was still more serious in the Yuma
Valley), and partly by fracture and offset of the major canals

where they crossed the fault along which movement took place.

The risk of fire after a damaging earthquake is well known, es-

pecially since the San Francisco disaster of 1900, when the fire

spread unchecked because of water-supply failure. This lack of

water was due to destruction of pipe lines near the San Andreas

fault. In 1933 the fire-alarm system at Long Beach was put out of

action, but the fire companies patrolled their several districts and

extinguished many small fires.

Thus, although most direct earthquake damage is ilue to shaking,

the immediate eft'ects of faulting are confined to a narrow zone.

There is serious risk of heavy loss by interruption of long-distance

utility supplies of all kinds wherever they cross the fault. Effects of

interruption of railroad and highway communication also should be

considered.
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2. RESIDENTIAL BUILDING-SITE PROBLEMS IN LOS ANGELES, CALIFORNIA
Bv JU3IX T. MCGlLL "

Infrodnciion. The floods of January and Marcli 1952 literally

brought home to thousands of Los Angeles residents the dangers

that can exist in building sites acquired and developed without bene-

fit of geologic knowledge. The cost of this lack of understanding of

the ways of nature was measured in loss of life, in millions of dollars

of property danuige, and in seriously disrupted public services and
communications. Many "spur-of-the-moment" remedial measures

only managed to compound the difficulties.

This was not the first time that local home owners had suffered

such losses, nor is it likely to have been the last. Problems inherent

in the natural setting (fig. 1) have become infinitely more acute

witli rapid population growth in the coastal region of southern Cali-

fornia. Rugged youtliful mountains and hills have been surrounded

by, and ultimately incorporated into, expanding urban communities.

Many of tliese uplands of deformed and broken rocks are more or

less anticlinal (e.g., eastern Santa Monica Mountains), and numer-
ous dip slopes of thin-bedded sediments appear on their flanks. Tlie

semi-arid climate is -another major factor. Virtual restriction of

rainfall to the winter months favors early saturation of the ground
and rapid run-oft' from the mountains during heavy storms. Swirl-

ing flood waters, after filling the bottoms of usually dry canyons,

debouch from their mouths and easily overflow the poorly defined

channels on the alluvial plains to spread further liavoc on the low-

lands.

Adding to such natural hazards, man has been directly responsible

for many of his own troubles, mainly in creating problems where
none existed before as an unforseen consequence of his modifying
and reshaping the landforms to suit his own needs. The replacement

of natural vegetation and soil by an impervious cover of closely

spaced buildings and broad expanses of paving has greatly increased

storm run-off and multiplied its destructive energy. In the prepara-

tion of sites for buildings and other works, slopes have been cut

with little regard for stable angles, and the excavated materials,

thoroughly broken and incoherent, have too often been left readily

vulnerable to erosion.

The Major Problems. Building-site problems of a geologic nature

are principally matters of drainage and stability. They are likely

to occur in combination, because stability problems are frequently

a direct and almost immediate consequence of improper di-ainage.

Subsurface water contributes to instability as a result of weight,

lubrication of potential slippage surfaces, pore-water pressure, seep-

• Assistant Research Geologist, University of California, Los AnReles.

age forces, and pliysico-clicmii-al reactions fc.g., I'liaiigcs iiici'casing

the volume and plasticity of days). Foundation stability varies di-

rectly witli the bearing cajiacity of the supporting earth materials,

and involves problems of deformation as well as of .shear failure.

The ma.jor problems are to a large degree iiiti-iiisic to the landform

on which the building site is located. These relationsliips are indi-

cated in a general way in table 1.

The fi-e(|uent occurrence of earth tremors in southern California

is a contributing factor to many problems of foundation stability

(see also Riehter, Contribution 1, this chapter). Special considera-

tion must be given to the rigiditj- of the materials on which a struc-

ture is to be built, as was made abundantly clear during the disas-

trous Long Beach earthquake of 19.33. At that time some of the most
severe damage occurred on the poorly drained lowlands in the south-

ern part of the Los Angeles coastal plain. Slope failures also are

common during strong quakes, thougli generally the materials must
already be near in.stability for the vibrations to cause movement of

large masses.

Other problems not included in the table are of extreme import-

ance in some places. Wave erosion has resulted in extensive damage
to residential properties along the southern .shores of Santa Monica
Bay. In areas where water supplies must be obtained from the local

terrain the occurrence and quality of ground-water become critical

matters in the choice of a building site. Intrusion of salt water from
the ocean has contaminated and forced the abandonment of many
wells in the coastal zone. A shallow water table interferes with

sewage disposal where cesspools are used.

Not only are there close relationships among the various pr(it)b'iMs

at a given site, but problems created at one site may bring troubles

to other properties as well. Nowhere has this spreading effect of

changes made in the natural landscape been more noticeable than

in the large post-war subdivisions of the eastern Santa Monica Moun-
tains. During floods, materials lost fi-om the cuttings and fills of

higher building sites and access roads move down the slopes onto

lower sites and into the canyon liottoms. which <|iiickly become im-

Ijassable.

liecof/nitioii (if the I'roblem.i. The first requirement in dealing

with building-site problems is that they be recognized and properly

evaluated. This is by no means a simple matter, as many existing

problems are obscure and many potential ones are difficult to an-

ticipate. The possible effects of changes with the passage of time arc

especially imjiortant.

(11)
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Tublc 1. Rclationilhip of major hliiUiing site prohleins to landforma
in Los Angeles and vicinity.

.
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FiGiRK 1. I,;i[Hlfiiriii map of Los Angeles jiml viciuit.v.

c. Relation to prnposed gnidiiiK niul elevations of footing's

1) Probalile pc»rf-wnter jirfssuros

d. Depth and contij:urati()n of water table

1) Records of water wells in the vicinity

2) Fluctuations to be expe<-ted

e. Seepages and springs

1) "Quicksand"

3. Movement of ground-water
a. Paths and rate of movement

4. Quality of ground-water (if it is to be used as water source)

III. NATURAL VEGETATION
A. Types or associations

B. Distribution

C. Historic changes in natural vegetation

IV. EARTH MATERIALS
A. Distribution of earth materials

1. Previously published reports and large-scale maps
2. Surficial geology
3. Extent and relations of earlh materials in depth

B. Lithologic characteristics

1. As applicable to either bedrock <ir overburden
a. Type, classification, origin

b. Homogeneity
c. Composition

1) Presence of clay in any form
d. Texture

1) Grading of sediments and sedimentary rocks
e. Specific gravity of solids

f. Unit weight for dry and saturated conditions

g. Porosity
h. Permeability

i. Natural water (field moisture) content
1) Degree of saturation—especially cohesionless materials

j. Effects of changing moisture content
k. Difficulty of excavation
1. Suitability as foundation material

2. Bedrock
a. Degree of lithification ui sedimentary rocks
b. Hardness
c. Durability

1) Suitability as construction material

3. Overburden ("soil" in engineering usage)
a. In situ materials

1) Residual or transported

2) Degree of natural consolidation
3) Suitability for fill

b. Fill

c. Results of borings

1) Presence of strong or weak layers at depth
2) Thickness of overburden
3) Elevation and conJiguration of bedrock surface

C. Geologic structures particularly steeply dipping planes of weakness

1. Stratification

a. Excellence and contiiniity of l)eddiiig

b. Thickness of bedding
c. Cross-bedding

d. Interbedding of weak layers or pervious water-bearing layers
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2. Foliation
3. Fractures and fracture zonos

a. Fissures in overburden
b. Joints—spacing and persistence
c. Faults
d. Relationship to other structures

4. Folds
5. Dikes, sills, veins
6. Solution channels

D. Relationship of lithology and structure to topograi)hy

1. Natural topographic expression
a. Cliff makers, dip slopes, strike ridges, fault-line valleys, etc.

2. Existing or proposed excavations

E. Relative ages of earth materials and of tojiograiihio features

1. Geohigic history

V. EARTH PRKf'ESSES OF IMPORTAXCE (as judged from past effects,

current activity, or likelihood of future cpcratiiui)

A. Weathering

1. Type of weathering
a. Mechanical, chemical
b. Spheroidal weathering

2. Products
a. Size and shape of disintegrated fragments

3. Depth
4. Localization, as along fractures and bedding planes
5. Rates

a. Relative resistance of earlh ninlerials—^lifferentia! weathering

6. Engineering significance

a. Effects of weathering on stability, gi'outnl-wMler movement, suita-

bility of construction materials, etc.

R. Muss movement

1. Location—natural grouinj, cuttings, fills

2. Immediate cause
3. C'ontributing factors

4. Type of mass movement
a. Slope failures

1

)

Surface failures—cohesionless materials
2) Flows—creep, earthflows, mudflows
3) Slides

a) Rotational shear slides—typical of clays

(1) Tension cracks and scarps

(2) Form and position of slippage surface
(a) Hase. toe, or slope rupture

("31 Stress distribution

b) Detritus slides and falls

c) Rock slides and falls

(1) Slippage and l)reak-awav surfaces

(2) Talus

h. Subsidence—particularly settling of fill

1 ) Soft spots, d<'pressions, tension cracks

C. Erosion ;iiid depnsil ion l)y running wnter (the site should be examined
during im- imniedjntely after a bi-avy rain, if possible)

1. (Jnnind-water sevpage
2. Rain wash— particularly on canyon side slopes and steep banks
3. Sheet flood— particularly on surfaces of alluvial fans
4. Stream flow

D. Other proci'sses as locally iipplicable (e.g., work of waves, wind, dias-

tropbism)

VI. WORKS OF MAX
A. Klxisting construction—on the site, and on adjoining properties

1. I>ate of work
2. Record of ditiiculties encountered during nnd since construction
3. Condition of foundations and superstructures of buildings (Caution:

the condition of buildings on other sites can be misleading)
a. Settlement cracks
b. Framing, doors, and windows out of plumb

B. Future construction—planned or possible

1. On the site

a. Probable location with respect to natural features
b. Proposed contours after grading
c. Possible effects that might extend beyond the site

2. On adjoining and upslope properties
a. Possible effects that might extend to the site

Treatment of Bmlding-sUe Prohlems. Unfortunately, it takes
more than a beautiful view, nice neighbors, or the eoiivenienee of a
nearby community center to make a ^ood homesite. Too many wish-
ful home builders have learned to their jrrief that buyin<? a poor
site in the hope of correcting its inherent difficulties is much like

marrying a misfit to reform him. The expenses entailed can exceed
the combined cost of house and lot, and even then the problems may
remain uncontrolled. Sites of the following types are best avoided
or abandoned: unstable or very steep natural slopes, tlie lower parts
of closed topographic depressions where run-off collects, and areas
located in, or along the imin-otected margins of, major drainage
channels.

If fair and equable arrangements could be made, many hazardous

areas might properly be withdrawn from residential zoning for the

good of all concerned. Where this is not feasible, other municijialities

could follow the example of the City of Los Angeles in denying

grading as well as building permits for places where dangerous con-

ditions would be created. Above all, the property owner must be

educated to the possible results of careless reshaping of the land-

scape. Other things being equal, the best site is the one in which
natural topography has been altered the least by cutting and filling.

It is also likely to be the most economical site, because extensive

grading operations are expensive.

The average building-site problems connnonly will respond to the

projier preventive or remedial measures, although, to be of any use,

the measures reconnncnded by the geologist nuist be practical as well

as realistic. The following remarks ]>r()vide little more than a brief

outline of the techniqiU's (»f control for some of the problems most

(Muumonly encountered. Further details can be fouiui in the refer-

ences listed at the end of this paper.

1. Erosion of moinitain and hill sites I)y surface drainage. The
jiecessary first step in combating erosion is the itnprovement of

drainage through reduction and control of ruu-()fr. Drainage iustal-
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lations should be sufficient in number, properly plaeed, and large

enongh to take earo of nni-oft" from intense storms. In order that

these installations may be kept in <;oo(l eondition, faeilitirs for iii-

speetion and niaintenanee are essential.

Water can be diverted from man-made slopes by interceptor drains

laid in shallow swales behind a berm at the top of the slope. Outlet

pipes should extend beyond the toe of the slope. Contour terraces

and furrows remove run-off tliat originates on the slope.

Surface waters should be discharged bv ditches or pipes to tiie

nearest practical street, storm drain, or natural water course ap-

proved as a safe place to receive them. If prevailing slopes are steep,

erosion of ditches can be minimized b.v constructing the ditches

flatter than adjacent grades, and then dropping the diteh over a

series of small check dams. Clieck dams also should be used to control

the erosion of gullies. Drain pipes must have adequate slopes to pi'c-

vent solids from settling and clogging them. Pipes should not empty
onto easil.v eroded natural slopes, and all outfall points must be

protected from undercutting by the concentrated run-off. In certain

areas where the subsoil is suitably pervious, surface drainage can

be discharged to the water table.

In addition to the improvement of drainage, surficial materials

ean be treated so as to increase their resistance to erosion. Thus

asphaltic mixes, concrete, gnnite, and riprap are used to line drain-

age ditches. By far the most effective protective cover for fills is a

continuous mantle of vegetation, which not only binds the soil, but

helps reduce run-off. The choice of plant species depends upon their

adaptability to site conditions and upon the characteristics of the

plants. Plants native to the area are generall.v best, and require a

minimum of attention. It is often desirable that plants adapted to

more arid conditions be included to insure against complete loss of

cover during prolonged periods of dry weather.

Three types of vegetation can be considered in establishing a reall.v

permanent cover for uninterrupted protection. Of a temporary na-

ture are the quick-growing grasses, in particidar the winter varieties

of cereal grains, who.se fibrous rools ])rovidc rapid binding of the

.surface layer of soil. The following grasses have been used success-

fully in this region: Xapier grass (Pcnnisetiim purpnreum), Kikuyu

grass (Penniaeluiii chindestinum). Giant reed (Arundo dotuix).

Italian ryegrass (Lolium mwltiflorum) , Bermuda grass (Cynodon

dactylon). Giant wild rye {Elymii.i condensatus), and beardless wild

rye (Elymus triticoides)

.

The semi-permanent plants are slower-growing but deeper-rooted

species that anclior the surface layer to more compact undei'lyiiig

soil. Ornamental vines and sidi-shrubs that have had wide popularity

in southern California include ivy (Hedera), Japanese honeysuckle

{Loniccra japonica), strawberry (Frngaria chilornsis), periwinkle

{Vinca major), Lantana, geranium {Pelarnonium hortorum), Con-

federate .iasmine (Trachdoapcrmnm jasiiiiiKjidcs), and Mermaid
rose (Bosa hractcata). Among the larger semi-permanent plants are

saltbusli (yWri'p/cr), Spanish broom (Spdrliinii jiiiiciKiiii. elder-

berry (Sambnciis), and Baccharis.

The permanent plants are the shrubs and trees that may take

several seasons to establish, but which eventually give a cover com-

parable to the natural vegetation of nearby slopes. They include

Acacia, Cottonwood {Popuhis), Chinese elm {Vhinis pannfolia) , pine

(Pinus), Eucalyptus, and Australian tea-tree (Leplospcrmiim laev-

ipatum), which is particularly well adapted to very saudj' soils.

Planting methods vary with the species and the site. Landscape

architects sliould be consulted regarding tin- use of vegetation.

2. Standing water. Slopes mu.st be continuons and of sufficient

inclination so tliat water will drain off properly. A gradient of ap-

proximately one-half to one foot per 100 feet is necessary for turfed,

gravelled, or paved areas.

3. Seepage of subsurface water into foundations. A liigli water

table can be dropped below the level of the foundations by under-

draining with pumps or by gravity flow, the choice depending upon

the local topography. Pipes are laid in trenches and covered with

suitable pervious material backfilled as a reverse filter. Porous con-

crete pipe with sealed joints, and perforated pipe with the perfora-

tions placed down are least likely to clog with fine-grained solids.

It is good practice to provide underdrainage where dry stream beds

liave been filled in during site development.

Upslope diversion of subsurface water by cut-off trenches or walls

is sometimes feasible. Treatment of the foundation to render it im-

permeable may prove expensive where tlie substructure must be de-

signed to resist water pressures.

A common biit rather unsatisfai'tory solution to the problem is

to permit controlled seepage into l)asi>mciit snm|is, which arc gener-

ally emptied periodically by automatic pumps.

4. Subsurface water contributing to instability. Because the

presence of excess ground-water is ])robal)ly the most important

cause of slope instability, it is es.sential that water be kept out of

weak or potentially weak earth materials underlying man-made

slopes, and in particular away from clay in any form. Water can

be prevented from entering critical ground by diversion of run-off

and by treatment of the surface to make it impervious. Open cracks

ill and above cuttings sometimes can be closed satisfactorily by pres-

sure grouting. The filling of tension cracks in clayey overburden

retards further drying out which would cause still more cracking.

Excess subsurface water already present should be removed by
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underdrainanre, in order to reduce pore-water pressure and seepage

forces, and to prevent the undermininfr of foundations by erosion of

fine-jrrained material. De-waterin<r increases the strength of the

overburden wliile decreasing its unit weight, and allows for greater

compaction of the materials. It will also prevent settlement that

might result from later natural lowering of a very high water
table. Continuing control of moisture is essential to ]n-event changes
in strength or volume of earth materials.

5. Slope stability. Emphasis in problems dealing with slope

stability is nnderstandably placed on preventive rather than re-

medial measures. It is much easier to counteract potential or incipi-

ent failures than to correct these same problems once they get out

of hand. Control of most unstable natural slopes, and certainly of

all deep deformational slides, is too difficult and expensive for the

small propert.v owner.

The foremost requirement for stability of exposed excavation and
fill slopes is that they be graded initially to a safe angle. The limit-

ing slope for fills of non-cohesive materials is the angle of repose,

which is within the range of 30° to 35° for most natural materials.

This is approximately li horizontal to 1 vertical, the gradient re-

cently decreed by ordinance to be the maximum allowable slope for

fills within the City of Los Angeles. The presence of an appreciable

amount of clay necessitates more gentle slopes, and if the embank-
ment is high, a common practice is to reduce the slope gradually
toward the base.

Stable slope angles for cuttings depend mainly upon the physical

characteristics and structural attitudes of the earth materials, both
of which can vary tremendously even in individiud sites. Extremely
minor and subtle geologic features often prove to be the dominant
factors in stability problems. With the possible exception of homo-
geneous soft clay or dry non-cohesive materials, stable angles usually

cannot be rigidlj' specified in advance, and thus tabulations of angles

are of little practical value and may even be harmful if used for

anything more than very general guidance.

The maximum allowable slope for cuttings set forth in the Los
Angeles Municipal Code is 1 horizontal to 1 vertical, although devi-

ations from this standard are wisely jiermitted or required as local

conditions warrant. Some strong, sound igneous rocks and hard,

massive, flat-lying sedimentary strata have stood virtually ini-

changed for years in nearly vertical cuttings, whereas cuttings in

very soft cohesive soils have failed on the most gentle slojies. Stiff,

fissured clays are dangerously misleading, for they may initially

stand vertically, yet have a very low permanently safe slope. Ob-
viously, ])rogressivc softening and other changes must be taken into

consideration in the design of cuttings.

Some indication of the slope stability to be expected for cuttings

can be obtained from the steepest natural slopes in the vicinity for

the same or similar materials. These are not neces.sarily the maximum
possible values, however, as they reflect only one stage in the physio-

grajihic history of the landform on which they occur. The behavior

of earth materials also should be closely observed in nearby highway
anil railroad cuts, and of course during the progress of grading on
the site itself.

Excavations should be planned in advance so as to be favorably sit-

uated with respect to rock types and geologic structures. In dipping
strata it is advantageous to make the cutting along a line at right

angles to the strike of the beds. The greatest danger occurs when
the bedding planes dip steeply into the excavation, in which case

the slope should, if possible, parallel the bedding planes rather than
undercutting them.

Long, continuous slopes are broken up into a series of short slopes

separated by berms in order to reduce the mass of material and
the height of any one slope. Access to the berms permits removal of

accumulated debris. Compound slopes should be used if more than
one type of material is exposed in vertical sequence within a cutting.

Weak material underlying relatively strong material particularly

invites rock falls if a uniform slope is used, unless that slope is

extremely flat.

Allowance presumably slioidd be made for the effect of frequent

earthquakes upon slope stability in .southern California. Strong
tremors are possibly equivalent in effect to gravity forces acting on
a slope some 5° to 10° steeper.

Second in importance to the angle of grading is the mechanical

stabilization of the material in the slope. Because so many slope

failures in fills can be traced to faulty foundations, it is necessary

that the site to receive the fill be prepared in advance. Vegetation

and top soil should be removed and the exposed surface scarified.

On appreciable slopes, the fill should be compacted >ipon a scries

of terraces in addition. Compaction methods employed depend pri-

marily on the cohesive character of the material being used and on

the purpose for which the fill is intended. Sheepsfoot, pneumatic,

anil flat-wheeled I'ollers, all of which compact b.v jiressure, are best

suited to cohesive materials, whereas rammers, which >itilize impact,

arc useful for non-cohesive materials as well. Vibration and inunda-

tion are methods favoring non-cohesive materials. Compaction con-

tributes directly to slope stability b.v increasing the dry density,

and thus the shear strength of the materials. By decreasing ])orosit.v

and permeability, it reduces the likelihood of disrupting seepage

forces.
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RotainiufT structures allow more !>eutle slopes for exposed eartli

materials, as well as reduetion of volume of outtinp;s and fills. Walls
and eribhing- support the toes of slopes, and at the same time they
prevent undereuttinfr. Stone masonry or plain concrete can be used
for low walls. Structures more than 4 feet hioh should be of rein-

forced concrete, and should be designed by a competent engfineer.
Ritaiuiug walls are ineffective or actually dangerous unless they
are jirojierly drained, because of the addition of a rising hydrostatic
licad to the earth pressures already present. The usual practice is

to backfill a wedge-shaped zone adjacent to the wall with porous
sand, gravel, or crushed rock, and to provide weep holes through
the wall and some lateral drains behind it. The design of the back-
fill is fully as important as the design of the retaining wall itself.

The best material is c-oarsc and cohesionless, and preferably is com-
pacted so as to give the highest possible angle of internal friction.

Vegetation has only a limited value in stabilizing slopes against
mass movement, and that mainly in overburden or fills. Certain
plants with deep, stringy roots help to prevent shallow failures.
Vegetation should not, however, be expected to hold soil on slopes
steeper than the angle of repose under tlie most unfavorable moisture
conditions.

C. Foundation stability. In so far as possible, buildings should
be founded directly upon solid bedrock of good structure, or upon
overburden possessing a permanently high bearing capacity.

If it is necessary to locate structures on overburden or weak rocks
incapable of supporting heavy loads, engineers must resort to treat-
ment of the ground, to special design of the fonudation. or to both
procedures. Thin weathered zones overlying strong rocks are best
remedied by removing them. Weak materials are sometimes replaced
with stronger ones, or their properties are modified so as to make
them stronger.

Superficial compaction of fills is an even more important factor iu

foundation stability than in slope stability, because of its effective-

ness in increasing the ultimate bearing capacity of the materials.

Iiuleed, the Los Angeles Code specifies that all fills intended to sup-

port buildings or structures shall be compacted to at least 90 percent
of maximum density. This rerpiirement is usually met by compact-
ing in thin layers with the moisture content carefully controlled at

optiminu value.

Foundations often can be designed to provide sufficient bearing
area to support a small structure with safety even on rather weak
earth materials. The load is distributed in area by relatively shallow
reinforced concrete mats and sjiread footings, or it is di.stribntcd iu

depth, as appropriate, by means of friction piles.

Tlie base of a shallow foundation should everywhere extend below
I he deplh of seasonal volume changes of the soil caused by variations
in moisture content, and below the zone weakened by root holes and
llie cavities of burrowing animals. The depth also should take into
consideration the possibility of undermining by scour, or of damage
from future construction on adjacent lots. To reduce the settlement
of shallow foundations, the excavation is sometimes deepened so as
to decrease the stress added by the weight of the structure.

Foundations occasionally must be extended downward ihrough
the weak materials to sound bedrock or other stronger materials to
which the building load can be transmitted. Point-bearlMg piles,
piers, and caissons shonld be carried below the surface of the strong
material, in order to key them in and thereby provide resistance
to lateral shearing.

A most difficult problem arises when a building is to be located
partly on bedrock and partly on overburden. Either the building is

constructed as two independent structural units, or a deep foun-
dation should be carried through the overburden.

In few ways does geology exert a more direct influence on the
average citizen than in his selection and development of a homesite.
Yet in general this influence is not fully appreciated, sometimes with
disastrous consequences. The engineering geologist, through the ap-
plication of his knowledge of earth materials and processes, is able
to provide much needed assistance to home builders in southern
California.
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3. SUBSIDENCE OF THE WILMINGTON OIL FIELD, CALIFORNIA

hitroduction. Over a large portion of the Los Angeles coastal
plain a slow surface subsidence has been going on for several decades
(Nicholson, 1929; Grant and Sheppard, 1939; Grant, 1944; (lilluly

and Grant, esp. pp. 463-482, 1949). This widespread subsi<lence has
amounted to a few tenths of a foot. It may have been caused entirely

by reduction in artesian water pressure due to excessive well pump-
ing from relatively superficial aquifers, but possibly part of it was
caused by depletion of reservoir pressure in early oil fields. In addi-
tion to tliis widespread and relatively slight subsidence, several areas
of accentuated subsidence are located in oil fields within the coastal

plain. Repeated spirit-level surveys by a number of agencies demon-
strate that accentuated subsidence has taken place over the Playa
del Key. Inglewood, Torrance, Santa Fe Springs, Huntington Beach,
Long Beach, and Wilmington oil fields. At the present time the
maximum subsidence in the Wilmington field has amounted to more
than 18 feet (fig. 1).

Initialion of Subsidence in the Wilmington Field. Shortly after
significant oil production from the Wilmington field began in 1937,
accelerated subsidence of bench marks within the field was noted.
Repeated spirit-leveling soon permitted the drawing of isobases

(isopleths) of subsidence (flg. 1), which demonstrated that the
rapidly sinking area was roughly elliptical in outline, with the
major axis of the ellipse approximately congruent with the axis of
the elongate domal structure of the oil field. Surface subsidence has
progressed continuously witli oil production, and the subsiding area
covers and extends a little beyond the producing area of the field.

Cause of the Suhsidence. An analysis of all possible causes of the
subsidence has been recently publislicd (Ciillnly and Grant, 1949).
and only a consideration of the now generally accepted cause need
be included here; namely, compression of .sediments due to decrease
in hydrostatic pressure in the interstitial fluids of the oil zones.
When exploitation of the field began, each oil zone had a reservoir
pressure approximately equal to the hydrostatic pressure that would
be produced by a column of water cxteiuling from the zone to the
surface. This fluid pressure supported part of the ilownward thrust
occasioned by the total bulk weight of the overburden of sediments.
WHien oil extraction reduced tlie fluid pressure, a greater part of the
overburden weight was imposed on the granular fabric of the solid

part of the oil zone, compressing it vertically. Tliis compression is

• Professor of Geology, UniversUy of California, Los Angeles.

aceompli.shed in two ways: (1) by rearraiig<Miient of discrete grains
of the sediment and concomitant squeezing of clayey, limy, or fer-
ruginous cement from points of potential contact ijctween grains to
stress shadows in the interstitial voids, and (2) by elastic distortion
of the grains themselves. The first i)lienomenon is essentially irrevers-
ible, whereas the second is reversible in part.

Elastic fatigue, flow .slips in crystal grains, and reduction in
flexural rigidity of the deformctl overlying strata through plastic
flow and .shear rupture, all tend to prevent complete clastic recovery
wlien and if fluid pressures are restored to their original values.
Tlie elastic distortion of individual grains is believed to cause but
slight change in volume of each grain, although the amount of grain
volume change is dependent upon several factors, such as number
and effectiveness of constraints to expansion, and Pois.son 's ratio of
the grain material. Therefore artificial rcpressuring of the oil zones,
il' done as a corrective measure, can be depended upon to dclaj- or to
retard future subsidence, but not to restore completely the original
elevations of points on tlie subsided surface.

Iloritoiddl Disphici incuts Dm lo Subsidence. A study of the
physical facts of the subsidence indicates tliat the Terminal zone
(Upper and Lower Terminal zones combined) has made the greatest
contribution to the subsidence, the contributions of the lower zones
being additive to that produced by the greater vertical shortening
in the Terminal zone above. The depth to the top of the Terminal
zone averages about 3,000 feet or a little more, and hence the overly-
ing sediments can be conveniently compared to a plate or prism,
3,000 feet thick, that is deformed by its own body force (gravity)
acting on a failing foundation below. An analogue that permits a
relatively simple mathematical analysis consists of a plate resting on
a vast stratum of coil springs, tlie subsidence being produced by a
central point load or by a uniformly distributed loail. It can be seen
intuitively that the reaction of the compressed coil springs is unlike
that due to vertical pressure e.xcrted on an elastically isotropic con-
tiiuiuiii. ill the latter case, the horizontal expansion of each column
of foundation as it is vertically compressed—the Poi.sson "bulge"
influences contiguous volumes of foundation material, and so on.

This i)crmits an analogy with the dcHections of a circular or ellip-

tical plate, damped at the margins and deformed by a surface load.
The analogy requires certain assumptions if the mathematical treat-
ment is to be kept relatively simple. The clamped plate margin is a
simplifying subterfuge to pnidin'c an iii(lecli<in in the subsidence

(10)
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FKiiiiK 1. .M;ip of WilnihiKton oil field, sliowinj; total suhsidonoe nnd horizontiil moveiueiitK lo Novomln'r, ]'J51. Data vhhfhj from surveys by I.omj Uracil llnihor Dipnii-

mnit and Office of Los Angclrs Couniy Surveyor and Engineer.
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eiirve. soparatiug- an inner concave surface from an outer annular
convex surface; it should be noted that the clamping entirely mis-
represents tlie magnitude and distribution of the internal stresses
in tlie aniudar outer portion of the prototype. If we confine our
interest, at least initially, to the plate within the inflection line,
this clamped subterfuge is a very convenieut simplification, and
serves to explain the nature or the mechanics of some of the phe-
nomena encountered in the oil field.

The assumption that the plate (prism of sediments overlying' the
Terminal zone in the prototype) is. homogeneous and elastically
i.sotropie, and that the constraint against horizontal deflection oil

the lower surface (where, in the prototype, the overburden rests
on the top of the Terminal zone) does not significantly destroy the
phenomenon of pure bending, does permit the use of some simple
equations developed in the theory of elasticity to explain many of
the known facts in the oil field. As the vertical deflection is very
small with respect to the lateral extent of the plate, it is reasonable
to assume that stress values tangential to isopleths of vei'tical de-
flection are so small compared to radial stress values that they can
be ignored. This permits the use of the analogue of a horizontal
beam of uniform rectangular cross section with built-in ends de-
formed by a point load or a uniformly distributed load. We can
assume that the analogue beam has unit thickness and a depth of
section equal to the thickness of the overburden of sediments rest-
ing on the Terminal zone. This hypothetical beam is oriented acro.ss
a diameter of an assumed circular subsidence or, in the more real-
istic case of an elliptical sidisidcuce, along a line orthogonal to the
isobases of sid)sidenee. Torsional stresses must be ignored (Grant
1954).

With the adoption of these assumptions, we can see from figure 2
that horizontal disijlacements result from rotation of imaginary
planes cutting the long axis of the beams. We can further see that
rotation is greatest at the inflection point in the deformation curve.
and that no rotation and hence no horizontal displacement occurs
at the center of the depression nor at the clamped terminal ends.
The equation for the deflection curve of such a chuupi'd beam de-
formed by a uniformly distributed load is

f rn =

w = Wo II
.

1!I40, i* Tlie obvious liouiKhiry and ccHtri- i-onditions are satisfied by
this ecpiatiou. Differentiating w twice willi respect to r and ciiuating
to zero demonstrates that the inflection point r, is

where w is the vertical deflection of any point (positive downwards),
Wo is the maximum vertical deflection at the center, r is the dis-

tance along the length of the beam of any jiarticuiar point measured
from the center, and a is tlii' half-length of tlie beam (Timoshenko,

r, = ±
.

Va
.\t thr iiiflc'ction point, where the central concave surface curve
iiicigcs into the marginal convex curve, the subsidence .slope is great-
est and the rotation of verti<-al planes is likewise greatest. Hence,
in the prototype, surface points at the inflection line should show
the greatest horizontal displacement. Field surveys indicate this
to be true. Some survey stations near the inflection line have been
displaced more than G feet toward the center of the subsided area
(fig. 1). It can be readily seen that the amount of horizontal dis-
placement, u, is a function of the magnitude of the rotation angk- fl,

and of h, the half-depth of the beam (or prism of sediments). Thus,

u = f (i9, h).

Because 8 is very small, sine 8 is aiqiroximately e(|ual to tangent 6,

and we obtain the relation :

u = h tan 0.

It must be recognized tliat the simplifying assumptions re.sorted

to above prevent a rigorous analysis, but we can nevertheless apply
this simple mechani.sm and technique to conipiilc ihe approximate
horizontal displacements of surface points if the rotation angle and
the thickness of the deformed overburden are known. The rotation

angle, 6. is nearly eipial to the slope created by subsidence if we
neglect the effect of the bottom surface constraint. The slope angle
can be readily determiiu'il from data on the subsidence majis.

Because the artificiality of an analogue plate or beam with
chim])ed ends destroys the values and distribution of stresses from
the inflection point to the damped margins, it is desirable to elim-

inate this clamping subterfuge. This can he done by comparing the

cross .section of the sulisiiled pi'isin of scdinicnis to -.t he: i{ infinite

• Hero we lind
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lpng:th rostinj; on an elastic fonndation and defoi-nied by a point

load. Tliis analogue has the fni'ther advantage that it explains the

occasional slight uplifts around the margins of the subsiding area.

These ei)hemeral uplifts have been detected in the Wilmington field

by repeated spirit leveling. Unfortunately, an adequate mathe-

matical discussion of the deformation of the infinite beam is too

lengthy to be included here, but derivations and solutions of the

fundamental equations can be obtained from available literature

(for example, von Karman and Biot, 1940; Pipes, 1946). The sur-

face curve of such a beam is characterized by a prominent central

depression that is bounded outwardly by a small elevation, beyond
which are die-away waves somewhat like damped sine curves that

become asymptotic to the line of zero ordinate. A marginal annular

uplift occasionally detected in the Wilmington field, and also noted
in another oil field studied by the author, is likely to be nearly or

entirely obliterated periodically by a decrease in flexural rigidity

of the deformed strata through shear ruptures, plastic flow, or

clastic fatigue.

Stihsurface Shear Ruptures. In 1947 a number of oil wells in the

Wilmington field were seriously damaged by horizontal shear stresses

at depths of about 1,500 to 1,600 feet. These damaged wells are on
the strongly flexed south flank of the subsidence iu a reniform area

bisected by the inflection line. The subsidence slope, and hence the

rotation angle of the bent overburden, was greatest in this area. As
rotation angles increased with the progress of differential subsidence,

several later episodes of subsurface shear damage to wells occurred.

Finally, in an area along the inflection line on the north flank of

the subsidence, where rotation angles reached critical values at a

later date, considerable subsurface shear damage took place. The
comparison of shear stresses in deformed beams of uniform cross

section provides a crude analogue to the oil field prototype. It can
be shown by a mathematical demonstration that, when reasonable
.simplifying assumptions arc made, the axially directed shear stresses

Fig. 2

l''!(il ItJ'; *_'. \'iTt ic;il ilcili'ct inti of a Imill in ln'aiii or ci-iiss-.'^t'ctinii of a circular
phitf with clainiicd mar-Kins. (Iffornicii hy a center-point load or a uniformly di.s-

ti-iinileit lr)a<l. 'I'lie Aertical detleetion is (;reaHy e\ai,'»,'crate*l. Note tlie riftntion t»f

vi'l-lical pjanc-^, ^rcate.sl ;it the irtlln-l inn imiiit in the (iefonnation cnt'M'.

in deformed beams are greatest at the inflection points and in the

neutral plane of the beam. The neutral plane is midway of the

vertical dimensions of the beam. In rock strata, which have less

strength in tension than in compression, the neutral plane tends to

migrate toward the concave surface during strong bending. The
sheared wells were centered about the inflection line, and the shear-

ing damage occurred at points about half way from the surface to

the top of the Terminal zone.

It is of interest to note that local earthquakes were cavised by some

of the sudden shear slips (fault movements) in the Wilmington field.

Sheur'nuj lU.sisftnicc tniil Dratj at Base of Overburden. The plate

or prism of sedimentary overburden resting on the top of the Ter-

minal oil zone rotates during the bending (folding) that accompanies

dift'erential subsidence. Pure and simple bending is jirevented by a

constraint against horizontal slipping between the bottom of the

overburden plate and the top of the underlying Ternnnal zone. This

is due to the shearing resistance at the contact. Shearing resistance,

Sr, can be expressed by the following modification of Coloumb's

equation :

SR = C-f (P,— Pu) tan.^.

where C is cohesion, Pt is normal pressure at the zone of potential

rupture due to the total weight of the overburden. P„ is ])ore-water

pressure or hydrostatic pressure in the interstitial fluids, and (j> is the

angle of internal friction of the .sedimentary material. Cohesion in

uncemented sands normally is lower than in shales, some of which in

the Wilmington field are moderately cemented. However, the angle

of internal friction in the sands is likely to be nmch higher than in

the shales. The value of <j> iu sands is likely to lie between :iO^ and
45°, w'hereas in shales the value generally lies between Vl' and :iO°.

Therefore the resisting shear is likely to be significantly less in the

shales than in the sands, and consequently a nipture with horizontal

displacement is more expectable iu the shales .iust above the sandy

oil beds than iu the oil sands themselves.

A glance at the shearing-resistance e(|uation indicates that a re-

duction in fluid pressure (P„) greatly iiu'reases resisting shear, and

it is obvious lli;it nil production reduces reservoir pressure much
more rapidly in llii' priiduciiig sands than in the relalivel.v im-

])ermeable shales overlying tliem. Resisting shear ma,v ])revent rup-

ture and lateral dis])lacemeiit entirely, iu which ca.se the .shearing

stress merely will distort the sedinieuls in a manner analogous to

drag near a fault surface. This drai;- may be sutlicient to bend oil

well casings to a degree sufficient In ])rc\cnt Inols (lassing freely

through these parts of the wells.
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FuiliKE 3. Vortiojil (Iftleetion cjiused by :i point load on :i tn:'.nin nf infinitf

length resting on an clastic founilation. Note the marginal iiiilifl- aiirl sloarinK

(lisiilaccinents in the nentral plane at the inflection i)oints.

lu some fickls, sand prtKlueeil alouo- with tlie oil may result in a

(lilated condition of the oil sand similar to that in qnieksand. In this

situation cohesion and the coefficient of internal friction (tan <f>) at-

tain zero values, and a shear rupture and displacement may occur

at or near the top of the producing sands. This has been noted by
the author in another subsided oil field, where much sand has accom-
panied the oil during production. In the Wilmington field little

sand is produced -with the oil, and no actual rupture at the top of

the Terminal zone has yet been noted. This particular horizon, how-
ever, must be a locus of above-average intensity of shear stress, and
a future rupture may occur there if bending of the overburden be-

comes more severe.

Compression and Tension at the Surface. An inspection of

figure 2 demonstrates that radial compression at the surface must
result from rotations within the inflection lines, and that radial ten-

sion at the surface must occur in an annular area outside the inflec-

tion lines. This must follow if the kinematics of deformation of the

prototype are like those of the analogue. That the strains in the

analogue are representative of those in the prototype is borne out

by the buckling of railroad tracks and compression rupture of rigid

structures in the central area of subsidence, and by the tension

rupture of radially directed linear structures in the outer marginal
zone. These strains and failures in the oil field have been very costly.

Vertical Tension in the Center of Subsidence. In 1952 the au-

thor 's attention was called to what appeared to be tension damage to

oil well casings within the overburden sediments in the central por-

tion of the subsidence. In this central area the upper half of the

sediments overlying the Terminal zone is subjected to strong radial

compression due to centripetal movements of surface points. This
horizontal compres.sion must result in a tendency toward vertical

expansion, and, as there is not room for much expansion downward,
the surface must undergo a relative vertical uplift. This rising of

the surface in the central area must be relative and not absolute,

as the rate of subsidence tliere is about 2 feet per year.

Repeated spirit leveling has brought to light a pulsating rate of
subsidence, and when the interval between surveys is very short
(two weeks) occasional small uplifts have been detected. This phe-
nomenon may be due to irregular periodic upward expansions. The
amount of this vertical expansion must be a function of the magni-
tude of the compressive stresses, the volume of compressed sediments,
and the value of Poisson's ratio. This value must be somewhat be-
tween zero and one half. We are assuming here that the phenomenon
is an elastic one, though unquestionably a part of it must be of a
plastic type. Regardless of the relative roles of elasticity and plas-
ticity, the vertical expansion at times has been sufficient to cause
tension failures in oil wells.

Threshold Value of Vertical Actress Causing Surface Subsidence.
Some oil fields that have been producing for many years either do
not seem to have suffered much surface subsidence, or for some rea-
son their subsidence has not become generally known. The compres-
sion of aquifers accompanying relativel.v moderate i)ressure drops
IS well known, and it seems rea.sonable to suppose that reduction in
reservoir pressure in all oil fields producing frotn interstitial voids
in granular media must cause some subsidence of the surface. This
ilifference in the magnitude of surface subsidence in oil fiekls can be
due to several factors, of which some are quite obvious and others
are obscure. For example, when a thick prism of overburden sedi-
ments of high fiexural rigidity overlies a localized region of reser-
voir-pressure drop, the surface subsidence may be inconsequciital.
In other areas the supporting-arch effect of an anticlinal strvictnre
may minimize surface subsidence.

A less obvious factor in minimizing surface subsidence of a pro-
ducing field is involved in the geologic history of the area. Uncon-
formities in the overburden may represent removal of former thick-
nesses of sediment whose great weight at one time so compressed
the producing zones that additional compression of significant

amount cannot be attained even by a reduction of inter.stilial fluid

])ressure to atmospheric pressure. Or a threshold value of overburden
weight, established by the great sediment thickness that at one time
overlay the oil zone, may result in insignificant subsidence during
the early producing history of the field—this early slight subsidence
being due to elastic strain in the producing zone—whereas later on
a critical value of compression is attained and pronounced subsi-
dence occurs. This acceleration of subsidence begins at a definite re-

duced value of reservoir pressure. Thus a sudden increa.se in subsi-
dence rate without a parallel sudden decrease in reservoir pressure
(due say, to stepped-up ])roduction) may lead to detection of ob-
scure disconformities in the overlying sedimentary cover.
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It is obvious that subsidence assists oil recovery by tending to

maintain reservoir pressure. During subsidence the potential energy

of the overlying prism is converted in part into reservoir energy.

Condudincj Note. The foregoing abbi'eviated and elementary

analysis of the known physical facts accompanying subsidence in

the Wilmington field demonstrates in a nonrigorous manner the

mechanics of tliis phenomenon. The author accepts responsibility

for this inelegant treatment of the subject, but he is indebted to his

colleague. Professor Linus A. Pipes of the Engineering School, Uni-

versity of California at Los Angeles, for much assistance and advice,

and to Messrs. R. R. Shoemaker, Chief Harbor Engineer, Prank
Harde.st.v, Chief Petroleinn Engineer, Charles L. Vickers, Chief Civil

Engineer, and Roy IL Baldridge, Senior Harbor Engineer, Long
Beach I larbor Department, for .supplying data and in every way
facilitating the study. The author also has been aided by discussions

with Messrs. J. Herbert Davies and William H. Cooke, of the J. H.

Davies Engineers, Long Beach. California.
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By Irviug T, S^liwade •

Introduction. Cuyama Valley, an iiitprmoiitane basin about
50 miles long and 8 miles wide, lies near the boundary of
eastern San Liiis Obispo and Santa Barbara Counties and
adjatent Kern and Ventura Counties. It is bordered on the
north and south by imbricate thrust blocks which have over-
ridden younger rocks ai the edges of Ihe valley. This praben
has a central transverse downwarped area that lies between a
con.-*iderably elevated granitir tcrrane at Mount Pinos on the
eastern end and mft.s.ses of Cretaeeous strata on the west (see
map). Total relief within the graben. between the deepest part
along the northern valley bordt-r northeast of the town of
Cuyama and outcrops of basement rocks, is more than 20 000
feet Maximum relief along the borriering faults is about
15,000 feet on the north (Whileroek and Morales thru.st dis-
pUeenients) and about 10,000 feet on the south (Naeimiento
and Ozena fault displacements). All oil production, which
dales from 1948, is confined to the graben block.

Siratirjraphy. The Tertiary .^tratigraphie section of Cu-yama \ alley 18 shown on the accompanying geologic legend.
Ihe Ihocenc Morales formation comprLsos buff to tan clays
sands and conglomerate-v In the subsurface a considerable
local laeuslrine elay facies is suggested, along with the possi-
bility of a number of local unconformities.
The Miocene sediments in the valley exhibit a syslematic

variation from marine on the west to noiimarine on the east
L pper Miocene marine sediment*., locally ciiJIed Santa Mar-
garita, are chiefly sandstones with subordinate olive brown
clayey siltstones. These beds arc beat seen in outcrop imme-
diately east of Whiteroek Bluff, where they uneonformably
• GfolottlBl. Rlrhnpld on rorpornllon, Bnk>r«nBy.

underlie Morales clays and conformably overlie middle Mio-
cene siliceous shales. Eastward, in the subsurface beneath the
valley proper, Santa Margarita sandstones interfinger with
redbeds, and in the eastern part of the valley, the marine
facies is absent and the formation consists chiefly of ben-
tonitic, structureless red claystones, with minor sandstone
beds, probably largely of lacustrine origin. In this area it is

called Quatal formation, and is best seen in exposures east
of the Cuyama-Ventura highway a few miles north of the
Big Pine fault.

Middle Miocene sediments exhibit a con.siderable lateral
variation both in outcrop and subsurface. The westernmost
exposures of middle Miocene strata shown on the accompany-
ing map are entirely Monterey shale, chiefly siliceous; how-
ever, in the subsurface a short distance to the east the first

fingers of sandstone. locally called Bitter Creek, have been
noted. Largely at the expense of the shales, but in addition
with each unit exhibiting considerable thickening, the sand-
stones become the dominant sedimentary feature of the middle
Miocene section in the central part of Cuyama Valley and in
the hills to the south. On the north side of Caliente Mountain
the Bitter Creek forms a prominent part of tfie middle Mio-
cene section, but less dominantly so than in the area to the
south. This unit, made up chiefly of fine, silty, locally cross-
bedded, fossiliferous sandstone, is considered to represent a
large middle Miocene delta built up of sediments derived from
the land area to the east. Tn the east, Bitter Creek beds inter-
finger with, and progressively grade into, terrestrial e/in-
glomerates and redbeds. locally called the Caliente formation.
The Caliente formation is be.st exposed in the .southeastern
part of the valley in proximity to the upper ( t) Miocene
nonmarine strata dej^cribed above
Lower Miocene sediments exhibit considerable variations in

thickness over mo.st of the valley, but except in the ontcrop
area at its eastern end. where etiuivalent beds probably are
in part terrestrial, the formation is entirely marine. In the
prodnetive area the lower Miocene section consists of 200 to
250 feet of clay shale; 450 to 650 feet of fine to coarse
permeable sandstone and subordinate shale breaks, the pro-
ductive portion of which is locally known as Dibblee zone of
the Painted Roi'k formation; a lower shale. 200 to 350 feet
thick, known as Colj-rove shale; and a basal prodnetive sand-
stone, known as Colgrove sand in the Russell Ranch field and

Hibberd sand in the South Cuyama field, about 50 lo 100 feet

thick. To the northeast, in the hanging-wall block along the

Morales fault, the Painted Rock formation reaches an aggre-

gate thickness of about 5,000 feet, and consists of more than
50 percent of sandstone; here the oil-field equivalents of the

Painted Rock fornnttion are indistinguishable. To the east, in

central Cuyama Valley, Ihe formation is not as clear-cut as

in the productive areas, except faunally; the shale-sandstone

boundaries are variable, and the sandstones commonly are

highly indurated. Only a few hundred feet of lowest Miocene
marine beds is visible in outcrop at the eastern margin of the

valley, where the beds are overlain by Caliente nonmarine
beds and underlain by Oligocene (T) beds.

Oligocene (?) sediments, known as the Simmler formation,

are visible on the northeastern and eastern valley margins; in

the former area they consist of dense, reddish-chocolate clay

shales and hard, reddish-brown sandstones, and in the latter

area they consist of fanglomerates with abundant diorite

boulders in a matrix of red shale and sandstone. Strata that

are lilhologically similar to the Sespe formation of the Ven-
tura basin have been encountered in several wells in the north-

ern and western valley area.

Eocene strata are present in outcrop in the southeastern
portion of the San Rafael hoinocline, in the eastern Caliente
Range, in the eastern Cuyama Valley immediately west of

the San Andreas fault, and in the subsurface of the area
northeast of the Ozena fault and north of the Big Pine fault.

The formation consists chiefly of marine shales aud subor-
dinate poorly sorted sandstones, both commonly very hard.
No Eocene rocks have been identified in or near the produc-
tive area.

Dark pray shale of Paleoeene age has been encountered in

a few deep wells about 4 miles northwest of the Russell Ranch
field.

Strata tentatively identified as Cretaceous, mainly by in-

ference and by means of a few nondiagnostic microfossils,

consist of iiiterbedded dense, dark gray shales, hard gray
sandstones, and a lower granite- and iiuarliiite-boulder con-
glomerate above granilic basemenl rocks.

Slriirt„rr. Tiir c-|,yama Valley urea can be divided into
three priiu'liuil siin.'iiinil niiiis: (II Cuyama graben, (2)
Caliente uplift on Ihe north, and (3) San Rafael uplift on
the south.

The Cuyama graben is a complex dual basin with a cen-

tral transverse structural ridge and upwarped east and west

flanks. The eastern basin is a northward-plunging structural

depression whose lowest point lies a few miles east of the town

of Cuyama along the northern valley border, where it has

been overridden by the Caliente uplift along what is probably

the eastern extension of the Morales fault. The western basin,

considerably shallower and plunging southward, lies on the

southwest flank of the expo.sed Cretaceous section a few miles

west of the Rus.sell Ranch field. These Cretaceous outcrops

mark the position of the crudely defined northward-striking

ridge that separates the above basins. The Russell Ranch field

lies on the east flank of this ridge; updip closure is achieved

by a series of closely spaced westward-dipping normal faults.

The South Cuyama field is a domal structure probably related

to the median ridge described above, with complex (probably

chiefly strike-slip) faulting on the southwest flank. The faults

described along the field edges are unknown in outcrop; how-

ever, the strike and character of this faulting in a moderately

broad zone on similar parts of two fields that have a rough

alignment, suggest that a single system of faulting, known as

the Russell fault, is continuous between the hanging-wall over-

riding blocks of the Naeimjento and Whiteroek faults.

The Caliente anticlinal uplift, which lies on the hanging-

wall side of the roughly parallel and doubtless closely related

Whitcroi-k and Morales faults, has a westerly regional plunge,

and exposes progressively older rocks down to Eocene east-

ward in the cores of a number of en-echelon closed anticlines

superimposed on the uplift. The largest of these features is

the Caliente dome, which exposes lower Miocene rocks in its

core Information derived from subsurface rocks, however,

suggests that this feature terminates downward at the fault-

ing which limits this tectonic block.

The San Rafael uplift, terminated northward by the re-

lated Naeimiento and Ozena fault systems, is a folded and

faulted belt eoniainiiig chiefly Cretaceous and Eocene sand-

stones and shales that overlie Franciscan basement rocks aud

are uneonformably overlain by remnants of Miocene strata.

In the vicinity of Cuyama valley, on ihc hanging-wall side of

the Naeiiniento-Ozena fault system, all exposed Cretaceous

and Eocene strala have a homoelinal dip southward into a

major regional syndiuc along the Sistpioc River.
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GEOLOGY OF THE TUNIS-PASTORIA

CREEK AREA, KERN COUNTY

By Paul B. Harris*

The geology of the Tunis-Pastoria Creek area, lo-

cated approximately thirty miles southeast of Bakers-

field, California, is rather simple from a regional

standpoint. It more closely resembles the geology of

the eastern edge of the San Joaquin Valley than that

of the Coast Range province to the west. In the area

mapped, pre-Tertiary crystalline rocks of the Tehaeh-

api Mountains are overlain with a depositional contact

by Tertiary sedimentary and volcanic rocks. These

Tertiary rocks range in age from upper Eocene to

lower Pliocene, and attain a thickness of approxi-

mately 5500 feet. Extensive terrace deposits and tilted

alluvial fans of^ Quaternary age record the more

recent history of this part of the San Joaquin Valley.

Structurally the area is characterized by strata that dip mod-

erately to the northwest, and by a radia! system of nearly ver-

tical faults. Most of the faults are believed to be of the normal

type. Subsurface data indicate that recent displacement along

the Springs fault, which offsets Recent alluvial gravels, has been

opposite in direction to that of previous major movements. Fold-

ing is minor and limited primarily to phenomena associated with

faulting. Structures have been complicated by repeated periods

of uplift and subsidence that have given rise to numerous un-

conformities in the Tertiary section.

DIAGRAMMATIC SOUTHWEST -NORTHEAST SECTION CD
• Geologist, The Texas Company, Sacramento.
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GEOLOGY OF THE SESPE CREEK-PINE MOUNTAIN
AREA, VENTURA COUNTY

By William R, Merrill*

The area shown on the accompanying geologic map lies within
the Transverse Range province, and includes the western ends of

both the Santa Ynez and San Rafael Mountains. Altitudes range
from about 450 feet in the Santa Clara River Valley near the
town of Fillmore to 7,488 feet at Reyes Peak. The rocks and
geologic structure are well exposed on the numerous rugged
slopes and canyon walls of the area.

More than 22,000 feet of sedimentary section is present, and
the stratified rocks range in age from middle Miocene to Upper
GeoloKlst, SULTidard Oil Company ot California. Lob Angeles.

Cretaceous. A ba.sement complex, composed of intrusive igneous
rocks, volcanic rocks, and metamorphic rocks, crops out in the

northeast corner of the map area, where it is in fault contact

with the sedimentary section. Franciscan and Kuoxville (Juras-

sic-Lower Cretaceous) rocks crop out to the northwest beyond
the map area, and are believed to be at depth within the map
area. Approximately 5.000 feet of Upper Cretaceous sandstones,
conglomerates, siltstones, and hard, dark, splintery shales has
been measured along the south side of the Santa Ynez fault. The
base of the Cretaceous section ia not exposed within the map
area.

Disconformably overlying the Cretaceous strata is approx-
imately 3,200 feet of sediments determined to be late Eocene in

age. This Eocene section has been divided into the Coldwater
(2.000 feet thick). Cozy Dell {3,800 feet), Matdija {2,450 feet),

and .Juneal (5,000 feet) formations of current usage. The Sierra
Blanca limestone unit occurs discontinuously at the base of the

Juneal. The Coldwater and Matilija formations are similar, and
are composed of hard, arkosic sands. The Cozy Dell and Juneal

formations are composed of siltstones and eJay shales. Although

a considerable hiatus apparently is represented between this

upper Eocene section and the underlying Upper Cretaceous

strata, fossil control is necessary for the selection of the contact

wherever the Sierra Blanca limestone is absent.

The Sespe formation, 4,500 feet in maximum thickness, con-

formably overlies the Coldwater along the south and east within

the map area. To the northeast, however, the Sespe progressively

overlaps the Coldwater and rests directly upon the Cozy Dell

formation, The Sespe formation is nonmarine. and is composed

of red and varicolored sandstones, conglomerates, siltstones, and

clay shales. Conformably overlying the Sespe along the south

edge of the map area is the Vaqueros formation, of early Miocene

age. To the north and east the Vaqueros and progressively

younger Miocene strata lap out against older and older sedi-

ments, until in the northeast corner of the map area middle

Miocene beds lie directly upon Sespe beds. This relationship

continues to the northeast beyond the map area, until upper

Miocene sediments are found to lie directly upon Knoxvilie and
Franciscan rocks.

Type sections for the Sespe, Coldwater, Cozy Dell, and Ma-

tilija formations have been noted on the accompanying geologic

map. The type section for the Juneal formation lies in the area

immediately to the west of that shown on the map. Structurally

the map area represents a part of a regional anticlinal nose,

which is in a sense an anticlinorum. The core of this structure

lies to the northwest, in the San Rafael Mountains, and dissi-

pates eastward and down-plunge in the Castaie-Newhall area.

The .south flank of this large fold is truncated by the Santa Ynez

fault, which has structurally elevated the rocks on the south side.

To the north the Pine Mountain fault sets off a third block, so

that the central portion of the map area is a block that has been

down-dropped. This central block has been severely folded, par-

ticularlv in the vicinity of the Santa Ynez and Tule Creek

faults, where nianv of the folds have overturned Hanks. Farther

to the south, the "entire section, including 15,000 feet or more

of upper Eocene and Oligocene beds, has been overturned along

a strike distance of 20 miles or more (MatUija overturn). The

Santa Ynez and other related faults also have been overturned

in this area.
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GEOLOGY OF THE WESTERN VENTURA BASIN, SANTA
BARBARA, VENTURA, AND LOS ANGELES COUNTIES

By Thomas L Bailey *

The aocompanying map ot the western Ventura basin in-

cludes more than three-quarters of the entire basin, \vhii?h is

320 miles long. 20 to 40 miles wiiie, and lies about 50 miles north-

weHl of Los Angeles. It covers about the northern half of the

western Transverse Range prorince of southern California. The

Ventura basin is a i-omplexly folded and faulted synelinoriiini

h-ing between the Santa Yuez-Topatopa Mountains on the north

and the Santa Monica Mountains and their westerly continua-

tion, the Channel Islands, on the south. The western half of this

basin is submerged beneath the shallow waters of the Santa

Barbara Channel. The city of Ventura is close to the geographic

and depositional center of the basin, where 40.000 to 50.000 feet

of Tertiar.v and Quaternary clastit strata and at least 5,000 feet

of Cretaceous clastit; strata are preserved. Most of these sedi-

mentrj- rocks are marine. The central or deepest part of this

synclinorium parallels the major stream, the westward flowing

Santa Clara River; its axis lies a mile or so noith of the river,

and passes through or close to the towns of Piru, Fillmore, Santa

Paula, and Ventura.

The topography of the area is mostly mouutaiuous or rug-

gedlv hilly. The general altitude of the mountains on the north

rim is 2.000 to 6,000 feet, and on the south rim is I.OOO to 2.500

feet. The basin is traversed by several east-trending intra-basin

ridges which attain altitudes of as much as 2.600 feet and are

generally anticlinal in structure Between these ridges are syn-

clinal, depositional plains such Ojai Valb'y. Santa Clara Valley,

and Simi Valley A recently uplifted delta of the Santa Clara

* ConaulUnK GeotoslBt. Vvnluru-

River, the Oxnard Plain, centers near the city of Oxnard. It is

the most extensive lowland, and, together with the lower part

of the Santa Clara Valley, includes the richest lemon-growing

acreage in the United States. The climate is semi-arid, and large

volumes of ground-water, mostly derived from Pleistocene sands

and gravels, are used in irrigation.

The rocks in the Ventura basin range in age from Recent to

Jurassic or Triassic. On the northeast and ea.st the oldest rocks

consist of granodiorite and related plutonic types intruded into

older gneisses and schists. The south rim of the basin, which

crops out in the Santa Monica Mountains and on Santa Cruz
Island, is composed of a basement of pre-Cretaceous phyllites and
schist.s that have been locally intruded by diorite and granodio-

rite. On the north and northwest rim, the basement consists of

only slightly metamorphosed Franciscan (Jurassic?) sandstone,

shale, and chert that have been extensively intruded by serpen-

tine and other basic igneous rocks, now partly metamorphosed.

From 3,000 to 5,000 feet or more of Cretaceous marine sand-

stone and shale (mostly Upper Cretaceous) generally rest on
the basement rocks, but in the eastern Santa Monica Mountains
the Cretaceous section consists mainly of conglomerate, the

lower part of which is continental redbeds. Lower Cretaceous
roclu are known only near Lompoc and Buellton, at the north-

west corner of the basin and north of the Transverse Ranges.

The Ventura basin and as.sociated Transverse Ranges prob-

ably began as a fairly broad, east-trending geo.synclinal de-

pression or enibayment in late middle Eocene time, following an
obscure period of moderate uplift and extensive erosion near the

end of early Eocene time. This is indicated by the fact that lower

Eocene and Paleoceiie strata are preserved only as remnants,
mostly iu the Simi Valley region, whereas the middle and upper
Eocene marine silty shale and sandstone are extensively pre-

served on both the north and south margins of the basin, indi-

cating widespread ea.st-west submergence.

Into this rapidly subsiding basin were deposited 5,000 to 8,000
feet of middle Eocene and as much as 9.000 feet of upper Eocene
grit, sandstone, and shale. However, by iipper Eocene time the
southeastern part of the basin had filled up with sediments to

points above sea level, and 2.500 feet of continental redbeds that

contain an upper Eocene land vertebrate fauna (lower part of

the Sespe formation) accumulated in the Simi Valley—Oak
Ridge area while marine sedimentation was continuing to the

north and west.

During the Oligocene epoch, marine waters progressively re-

treated to the west end of the basin, and 2,000 to 5.000 feet of

land-laid sandstone, siltstone, and conglomerate (Sespe red-

beds) accumulated over the entire basin, except for the north-

west corner near Lompoc. About the end of Oligocene time or

a little later there was a general emergence of the Simi Hills

and surrounding area in the southeastern part of the basin,

where an angular unconformity, with a strike difference of as

much as 90° above and below it, is preserved between Oligocene

and middle Miocene strata at the west end of the Simi Hills.

About the beginning of Miocene time, the sea began its great-

est easterly advance, transgressing the entire bafin and culmi-

nating during middle Miocene time with the development of a
deep, narrow geosynclinc near the site of the present Santa
Monica Mountains. An elevated land mass of which Catalina

Island is a remnant was rising to the southeast. This land

furnished much of the middle Miocene sediment that comprises
the 5.000 to 10.000 feet of black shale, sandstone, and lenses of

schist-bearing breccia that are now exposed on the southern
margin of the Ventura ba.siii. This geosjnclinal downwarping
was accompanied by submarine outpouring of a large volume of

volcanic material of tracliyandesitic to basaltic composition with
an aggregate thickness of 5,000 feet or more in the Santa Monica
Mountains and Channel Islands. The interlayered volcanic and
sedimentary rocks have a maximum thickness of at least 15.000

feet in the western Santa Monica Mountains. In lute Miocene
to middle Pliocene time, recurrent orogenic uplifts folded and
faulted up the- Santa Monica Mountains and Channel Islands

into a mountain range.

A broad epicontinental Miocene sea, subject to slow, fine sedi-

mentation only, occupied the central and northern parts of the

western Ventura basin during Miocene time. Laid do\vn in the

sea were 2,500 to 4,000 feet of bituminous, laminated, foram-

iniferal and diatomaceous organic shale and cherty sbale, as

well as clay shale and a 300-foot basal sand bed, the Vaqueros. in

the lower part of the Miocene section. These Miocene organic

shales are the richest source rocks for oil and gas.

In late Miocene to middle Pliocene time the south half of the

basin (south of the Santa Clara River) was being folded up
above sea level to form three low anticlinal ranges of hills. Oak
Ridge, Las Posas Hills, and Simi Hills. These hills were largely

peneplaned, and were covered with marine waters in late Plio-

cene and early Pleistocene time, as shown by the fact that upper
Pliocene strata rest directly upon Miocene and older rocks in

most of this southern area.

Lower and middle Pliocene time was characterized by a nar-

rowing and deepening of the northern part of the basin between

Oak Ridge and the southern margin of the Santa Ynez-Topatopa
Mountains. In this part of the region there was nearly continu-

ous deposition of marine cla.stic sediments from early Miocene

to middle Pleistocene time. The northern mountains were being

rapidly iiplifted, folded, and eroded, and they furnished most of

the debris and other materials that make up the Pliocene shale.

sandstone, and soft conglomerate, A maximum of 14,000 feet

of Pliocene, plus 3,500 to 5,000 feet of conformably overlying,

mostly marine, lower Pleistocene sand, gravel, clay, and mud-
stone, filled the rapidly subsiding basin, which was 10 to 15 miles

wide and 60 to 75 miles long. This is apparently the thickest

Plio-Pleistocene section in the world, and this succession of 17.-

000 to 20.000 feet of strata, now dipping from 25° to vertical

(even overturned in places) is well exposed north of Ventura

and Santa Paula and vicinity. The lower part of the Pliocene

section contains the largest accumulations of petroleum in the

basin, mainly in the fields on the Ventura anticline, a few miles

north of Ventura.

Abont mid-Pleistocene time the basin filling ceased and the

main Coast Range orogeny occurred. During this surprisingly

recent episode of strong mountain building, even the central

part of the basin (except the western part beneath the Santa

Barbara Channel, where movements may have been less intense)

was raised to points more than 2,000 feet above the sea. and was

complexly folded, faulted, and upthrust. Not until middle
Pleistocene time could there have been a Ventura anticline, be-

cause the lower Pleistocene strata clearly are involved in the

folding. This anticline, now steeply folded and severely faulted

in the subsurface, is 16 miles long and contains nearly a billion

barrels of oil and a great volume of natural gas. In middle
Pleistocene time, the intra-ba.sin anticlinal uplifts, such as South
Mountain—Oak Ridge, with its several domal oil fields, and the

marginal Santa Vnez—Topatopa Mountains and Santa Monica
Mountains, were strongly rejuvenated and much more severely

folded and faulted. Several steep to gently dipping thrusts de-

veloped as a result of the intense north-south compressive forces

in the central part of the basin. Some, like the San Cayetano,
Santa Susana. and Red Mountain thrusts, dip north, and other.s,

like the Oak Ridge. Simi. and Santa Ynez reverse faults, dip

south. These large faults have displacements of 5,000 to 15,000

feet or more. Numerous smaller faults and folds also were formed

by these stresses.

In the northwest part of the basin, in southern Santa Barbara
County, a series of intersecting, generally almost vertical faults

with maximum displacements of about 5,000 feet are the prin-

cipal structural features. Some of them trend northwest, and
others trend northeast to east. These faults are of the oblique-

slip type, having about as much horizontal as vertical movement.
Several narrow anticlines and synclines developed before and
during the faulting, and important quantities of petroleum have

accumulated in the Elwood anticline and a few others.

Following the middle Pleistocene orogeny, a regional uplift of

several hundred feet, accompanied by subdued folding and con-

siderable faulting, has continued essentially to the present time,

but probably at a slower pace This is indicated by warped and

faulted upper Pleistocene terraces. Small movements on some of

the faults, such as the Mesa fault south of Santa Barbara (which

apparently caused the destructive earthquake at Santa Barbara

in June, 1925), are still continuing.
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GEOLOGY OF THE SOLEDAD BASIN,

LOS ANGELES COUNTY t

Bv Richard H. ,11(1 William R- Muehlberuer •

OENIUl FUTUIES

The Soledad basin lies immediately north of the western San

Gabriel Mountains, in the Transverse Range province of southern

California, and its center is about 35 miles north of the Los Ange-

les civic center. It is about 30 miles long, as measured in an east-

wesl direction, and is S to 12 miles wide The floor of the basin is

highly irregular, and ranges in genera! relief from about 400 feet

in its' western part to as much as 2,500 feet near its eastern end.

Drainage is mainly southwest and north from the areas on oppo-

site sides of Soledad Canyon, which trends westward and broadens

into the eastern end of the Santa Clara River Valley,

The basin is bounded on the north, cant, and south by ridges and

mountain masses of relatively old crystalline rocks. These, together

with ancestral highland masses that appear to have had essentially

the same general distribution, contributed large quantities of sedi-

ments to the basin during much of Cenozoic time. More than 20,000

feet of stratified rocks was laid dowii under dominantly nonmarine

conditions in the elongate lowland area, and an additional 4.500

feet of andesitic and basaltic volcanic rocks accumulated locally.

Thick sections of marine strata may also have been deposited in

the basin during at least two episodes of broad submergence, bnt

nearly all of these rocks were subsequently removed by erosion.

Essentially an open .sj-ncline with locally wrinkled flanks and a

prevailingly westward plunge, the Soledad basin appears to have

been defined as a trough of dejiositinn mainly by faults, and to

have reveived much of its sedimentary fill in a manner that was
very irregular in detail Reppated diastrophism both within and
along the margins of the basin is uttetitcd by numerous faults,

folds, and unconformities, as well as by the distribution and lith-

ologj- of the sedimentary rocks.

N'ear the east end of the present topographic basin, strata of

early Tertiary age rest with depositioual contact upon much older

crystalline rocks, and a short distance farther east this basement

terrane is sharply separated from rocks of the western Mojave
Deiiert region by the San Andreas fault. Along its present southern

margin, the basin is bounded from the Sail Gabriel Mountains by
the Soledad fault, and along a part of the northern margin the

I'elona fault bounds it from the high ridge of the Sierra Pelona.

To the west the Soledad basin terminates against the San Gabriel

fault, beyond which lies the eastern pari of the much larger Ven-

tura basin. No major topographic break marks this boundary, and,

indeed, the Soledad basin has often been referred to as the eastern-

most Ventura basin. Although both basins do contain thick sections

of Cenozoic strata, the history and conditions of sedimentation

appear to have been so different on opposite sides of the San
Gabriel fault that they are best regarded as separate units.

Some of the strata of th«' Soledad basin are traceable northwest-

ward into the Ridge basin, a narrow, northwest-trending trough

that also lies on Ibf cjwt side of ih<- San Gabriel fault. It contains

an enormously thick seeiion of upper Tertiary rocks (Crowell,

Map Sheet No. 7, this volume), and its history evidently was quite

different from the histories of the nearby Ventura and Soledad
basins.

The rocks exposed in and adjaoeul to the Soledad basin range
in age from pre-Cambrian to Recent, and embrace numorous meta-

(i( Trchnuloej
I. til, DIvlalon .1 Science*. Calirurn

morphic, plutonic, volcanic, and sedimentary types. These are dis-

cussed below in approximate order of decreasing age, and mainly

from the standpoint of their distribution, structure, and bearing

on the history of the basin. Data on thickness and lithology of the

major rock units appear in the accompanying stratigraphic column.

ME<CENOZOiC ROCKS

Pchna Schist. The Pelona schist, which forms the large Sierra

Pelona ridge, is a thick ^lequenee of mildly metamorphosed, fine-

grained, foliated rocks that originally were graj-wacke. subordinate

volcanic rocks of basic composition, and minor amounts of ortho-

nuartzite and limestone. This formation appears to antedate all

the other rocks in the area, and may well be pre-Cambrian in age,

as suggested by Simpson (1934. pp. 380-3811.

Anorthosile Comptejr. Anorthosite and related uorite, gabbro,

mafic diorite, and numerous dike rocks are widely exposed in the

western San Gabriel Mountains, and also appear as small ma.sses

near the eastern end of the Soledad bastn. Many of these rocks are

distinguished by extreme coarseness of grain, by giant poikilitic

textures, by per\'asive shearing and shattering on a wide variety

of scales, by distinctive mineralogy (eg., andesiue anorthosite.

ilmenite-magnetite rocks), or by some combination of these fea-

tures. They are abundantly represented among the clasts in the

Cenozoic strata of the nearby basin The anorthosite complex is

plainly older than the plutonic rocks of less basic composition that

are in contact with it, and recent geochemical work by Neuerburg
and Gottfried (1354) has demonstrated a pre-Carabriari age for

two members of the complex.

Placenta Formation and FeUIspathic Gneisses. The Plaeerita

formation, comprising schist, quartzite, marble, and other foliated

rocks of sedimentary origin, forms inclusions and septa in the

younger plutonic masses of the western San Gabriel Mountains,
It may be of pre-Cambrian age and older than the Pelona schist, as

suggested by Miller (1934, pp. 3-12, 63-65). or it may be correla-

tive with masses of Paleozoic strata that are present farther east

in the range.

Peldspathic gneisses of several types are widespread in the San
Gabriel Mountains, where they have been termed the San Gabriel
formation by Miller (1934, pp. 12, 25-65). and they also appear
in a well-defined belt that extends from the southeastern margin
of the Sierra Pelona westward and west-southwestward to the Mint
Canyon Ridge, within the Soledad basin. Included among these

rocks are granitic to granodioritic augen gneisses, gneissic in-

trusive rocks of granitic to dioritic composition, amphihole-rich
gneiss, and local interlayered schist, quartzite, amphibolite, and
limestone. A large part of the gneissic terrane is clearly of hybrid
origin, and some of the gneisses may be parts of the Plaeerita for-

mation that have been intimately injected by younger igneous ma-
terial.

Mtso2oic Inlrusivt Rocki. Plutonic rocks that range in compo-
sition from diorite to granite form large parts of the San Gabriel
Mountains, and also arc widely exposed at the eastern end of the
Soledad basin and on the Mint Canyon Ridge. These rockN are
similar to the Mesozoic intrusives in many other parts of southern
California, and at least some of those in the San Gabriel Mountains
have been found, through geochemical determinations, to be late
Mesozoic in age (G J. Neuerburg. personal communication). Much
of the material in the sedimentary section of the Soledad basin
has been derived from these plutonic rocks, and cla-sts of certain
distinctive rock types have formed a basis for tentative correla-
tions between the containing strata ami probable source areas,

TKI CENOZOIC SECTION

Martinez Formation. Fossiliferous marine clastic strata that
have been referred to the Paleocene Martinez formation occupy a
large, elongate, down-dropped fault block on the northwest side
of the Sierra Pelona This section is at least 6,000 feet thick in
the map area, and thickens northwestward to about 12,500 feet
near the margin of the Ridge basin. The same formation is pre-

served in areas that lie west, south, and east-southeast of the Sole-

dad basin, and it seems likely that it once covered an enormous
area, including at least a part of what is now the San Gabriel

Mountains. This widespread Paleocene .sea probably extended east-

ward well into the Mojave Desert region.

Vasqnez Fortnatian Following uplift and wholesale erosion of

the Martinez beds, the Soledad basin was first defined in late

Eocene or early Oligocene time, and subsequently received as much
as 12,500 feet of Huviatile and locally lacustrine sediments that

constitute the Vasquez formation. Conglomerates and breccias

form a large part of the sequence, which consists chiefly of mate-

rial derived from nearby source areas. Deposition of all but the

uppermost part of the section appears to have been confined to

three separate troughs, or sub-basins, that were at least partly de-

fined by major faults. The positions of these sub-basins are marked
in a general way by the present outcrop areas of Vasquez strata

(see iuset map). Additional areas of deposition farther east, beyond
the map area, are indicated by remnants of Vasquez sediments
along the north base of the San Gabriel Mountains,
The uppermost part of the formation appears to have once ex-

tended across the entire Soledad basin, evidently as a broad allu-

vial apron that was built northward from the San Gabriel Moun-
tains after the deeper sub-basins had been filled with sediment of

more local derivation. The preserved remnants of this apron are
very coarse grained, and in most places are composed almost wholly
of fragments of anorthosite and related gabbroic rocks.

The Vasquez formation contains numerous beds and lenses of
megahreccia. many of which are raonolithologic and some of which
are truly cyclopean. They range in thickness from a few inches to

many tens of feet, and most of their contained fragments range in

diameter from less than an inch to 30 feet, Larger fragments are
not rare. Nearly all of these breccias arc plainly parts of the sedi-
mentary section, and appear to have been deposited as mud flows
and debris flows.

Interlayered with the sedimentary strata, chiefly in the lower
part of the section and in the eastern half of the basin, are flows.

breccia masses, and intrusive sheets of andesite and basalt. In
upper Tick Canyon they are associated with fine-grained lacustrine
strata that contain borate minerals. These volcanic rocks also ex-
tend eastward beyond the outcrop areas of the sediments, where
they rest directly upon older crystalline rocks and in part have
been faulted down against them

No diagnostic fossils have been obtained from the Vasquez for-
mation, but it probably corresponds to at least a part of the Sespe
formation in the Ventura basin to the west. Vertebrate fossils indi-
cate a late Eocene to early Miocene age range for the Scape, and
the Vasquez is provisionally assigned to the Oligocene epoch.

Tick Canyon Formalioa. Overlying the Vasquez formation and
older rocks with a pronounced unconformity is the terrestrial Tick
Canyon formation, which has been dated as lower Miocene or low-
ermost middle Miocene on the basis of vertebrate fossils (Jahns,
1940). The uneouformity is the most important one in the Sole-
dad basin, and it marks a period of vigorous faulting, local tight
folding, and widespread erosion that removed a substantial part
of the Vasquez section. During a part of the time represented by
this stratigraphic break, the basin may have been occupied by
marine waters.

Most of the Tick Canyon sediments appear to have accumulated
in two shallow sub-basins that were separated by the Mint Canyon
Ridge, Unlike the Vasquez strata, they contain abundant clasts of
volcanic rocks, including rhyolite and darker-colored types whose
nearest known outcrop areas are in the Mojave De.sert region to
the northea.st.

Mint Canyon Formalinn. The Mint Canyon formation, of late
Miocene age. unconformably overlies the Tick Canyon formation
and a faulted mosaic of all the older formations, and was deposited
oyer a broad area. It is mainly medium- to coarse-grained and flu-

viatile, and also contains fine-grained beds that were laid down in

at least two large and shallow fresh-wster lakes. Several beds of
light-colored tuff attest to sporadic volcanic activity in the area.

Vertebrate fossils obtained from the Mint Canyon section, and
especially from its upper half, have been interpreted in different
ways by different paleontologists, and the major elements of dis-

agreement are summarized elsewhere in this volume (Durham, et

al. Contribution 7, Chapter 111). It seems clear, however, that the
Mint Canyon formation is equivalent in age to much of the marine
upper Miocene Modelo formation of the Ventura basin. The two
formations do not jnterfinger, as pointed out by Winterer and
Durham (Map Sheet No. 5), mainly because they were deposited
in separate basins and subsequently were juxtaposed by large
strike-slip movements on the San Gabriel fault {Crowell, 1952).

Castaic Formation. The highly fos.siliferoua marine Castaie for-
mation, of late Miocene age, overlies the Mint Canyon section with
a distinct angular unconformity (see inset map). From an average
of about 600 feet in the Soledad basin, it thickens progressively
northwestward to at least 7,000 feet in the Ridge basin It has been
included with the Modelo formation by some investigators, and
has been referred to informally as " Jlodelo" by others, but it dif-
fer.s lithologieally from the typical Modelo section and was depos-
ited in a separate basin.

Towsley Formation. The marine Towsley formation, which lies

unconformably upon the Castaie and Mint Canyon formations
north of the San Gabriel fault (see inset map), is the oldest strati-

graphic unit that can he recognized on both sides of the fault
(Winterer and Durham. Map Sheet No. 5). In the Soledad basin
it consists of fossiliferous, dominantly fine-grained, shallow-water
sediments, but elsewhere it is coarser grained and was deposited in
deep water.

Saugm Formation. The Plio-Pleistocene Saugus formation lies

unconformably upon the Towsley, Castaie, and Mint Canyon for-
mations. It is mainly fluviatile in the areas north of the San" Gabriel
fault, but fine-grained marine and brackish-water deposits appear
locally in its basal part. It thickens considerably toward the west
and south,

Post-Saugus Deposits. Several hundred feet of poorly consoli-
dated sands and gravels appear as remnants of a once-extensive
fluviatile deposit that filled the upper Santa Clara River Valley in
Pleistocene time, after it had been cut down through a considerable
thickness of Saugus and older strata. Still younger terrace depo.sits
appear at several lower levels in the valley, and represent episodes
of renewed downcutting.

Terrace deposits of probable late Pleistocene age mantle exten-
sive surfaces that were best developed in areas underlain by the
Saugus and Mint Canyon formations on both sides of the valley,
and similar deposits are preserved at higher levels to the north and
east. Especially prominent are those in the upper parts of Mint,
Agua Dulce. and Escondido Canyons. Many of these depo.sits con-
tain abundant clasts of volcanic rocks whose sources probably lay
m the Mojave Desert region to the northeast.

Large landslide masses, of probable late Pleistocene and Recent
age, are common on the flanks of the Sierra Pelona and also appear
locally in the western part of the basin south of .Solcminl, The
Santa Clai:a River Valley, Soledad Canyon, and their major tribu-
taries are floored with Recent alluvium, much of which is being
dissected at the present time.

STRUCTURE

Favlts. The Soledad basin and Sierra Pelona constitute a large
and elongate structural block that has the general outline of a
flattened parallelogram This block is bounded on the north by the
Clearwater-Bouquet Canyon zone of reverse faulting, on the south
by the Soledad normal fault, and on the northeast and southwest
by the right-lateral .San Andreas and San Gabriel faults, respec-
tively. So large have been the movements along these faults that
most of the Tertiary rocks within the block cannot be correlated
with the rocks that border the block.

Prominent within the Soledad basin are northeast-trending left-

lateral faults, some of which offset older normal faults that trend
more nearly east. The major movements along most of these faults
antedated deposition of the Tick Canyon and Mint Canyon forma-
tions, and may well have been recurrent during the period between
upper Eocene and lower Miocene time. Later movements along sev-
eral of the faults have offset the younger formations.

The east-trending Soledad fault, one of the few major normal
faults in the region, is an old break that probably has not been
active since the beginning of Tick Canyon time It is cut off by the
San Andreas fault to the east, beyond the map area, and is offset

in a left-lateral sense by several northeast-trending faults in the
Soledad basin. It almost certainly extends westward beneath the
Santa Clara River Valley, where it is buried under the Mint Can-
yon and Tick Canyon formations; these formations rest upon a
thick section of Va-squez strata north of the valley, whereas the
Mint Canyon formation rests directly upon older crystalline rocks
south of the valley.

Folds. The Sierra Pelflna is essentially an old, broad anticline
in the Pelona schist. This fold plunges gently west-southwest. The
Martinez and Sespe strata that occupy the fault-bounded wedge
immediately north of the western Sierra Pelona have been much
more tightly compressed into numerous folds, several of which are
overlurtied toward the south.

The broad syncline of the Soledad basin is marked locally by
smaller folds. The Vasquez section in the upper Tick Canyon area
has been compressed into tight folds with west to southwest trend,
and has been ruptured in a complex way by faulting. Much of this

deformation antedated deposition of the Tick Canyon formation.
The younger strata also have been compressed, in most places
rather gently, into broad folds whose axes trend northwe.st to west.

Even the Saugus formation has been deformed, especially in areas
adjacent to the San Gabriel fault. Episodes of tilting are reflected

by the angular unconformities that appear in several parts of the
Cenozoic section.
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GEOLOGY OF THE SANTA MONICA MOUNTAINS,

LOS ANGELES AND VENTURA COUNTIES

By Cornell l>urr'-ll"

INTaODUCTION

The SsDla Monica MountaiiiH arc 3 (o 13 mJlea wide, aiii] extend
from the Los Angeles River 45 mile* eastward to the Oinard Plain
They rUe abruptly from the San Fernando Valley and the Los
Angeles Plain, and from the Pacifir Oi?ean farther west The t-rest

in the eastern part rangefi in altitude from 1,200 to 1,.tOO feet, but is

higher to the west, culminating in Sandstone Peak at 3,059 feet. The
slopes are steep, and much of the area is covered with a dense
growth of brush.

The present preliminary map, a compilation based on published
reports of the U. S. Geological Survey ( Hoote. I93I . Kew, 1924 i

and unpublished work of students, is not uniformly accurate, and
some of it represents speculation on the part of the present author
Much remains to be accomplished before a satisfactory map and
geologic history can be established tor this area Very little paleon-
tologic work has been done, and the stratigraphie nomenclature is

almost entirely unsatisfactory. The writer has drawn freely from
the excellent report of Hoots for a description of the part of the
range that lies east of Topanga Canyon.

ITKATIORAPHr

Mesotok Rocks. The Santa Monica formation, which consists of
metamorphosed black shale and graywacke of unknown thiclcness,

* Profesaoc ot Oeolary. Unlvenlty ol Ckilrornia, Loa Angele*.

crops out only in the eastern part of the range, although similar
rocks are exposed on .Santa Cruz Island 70 miles to the west on the
same structural trend. The age of these rocks is provisionally set as
Triassic by comparison with lithologieally similar rocks ot that age
in the Sauta Ana Mountains, 55 miles to the southeast. The Santa
Monica formation was dynamothermally metamorphosed to slate
and fine-grained schist, and then was intruded by buiholithic masses
of ((uariz dioritic magma. Contact metamorphism associated with
these plutonic rocks yielded spotted slate and chiaatoHte slate The
intrusions are provisionally dated as Jurassic by comparison with
lho.se iif the Sierra Nevada.
The metamorpbic and plutonic rocks constitute the basement

upon which a very thick section of Cretaceous and Cenoioic rocks
was deposited after a long period of erosion.

The oldest of the unmetamorphosed sedimentary rocks are clayey
red conglomerates, presumably of continental origin, of the Trabuco
formation. These have not been dated by fossils, but have been a.s-

signed to the Upper Cretaceous because similar rocks lie conform-
ably beneath marine Upper Cretaceous strata in the Santa Ana
Mountains. In the Santa Monica Mountains the upper contact of
the Trabuco probably is an unconformity. Deposition of the Tra-
buco beds was followed by accumulation of marine Upper Creta-
ceous epiclaslic sediments of great but uncertain thickness

Ctnotoic Rocka. Thick epiclastic sedimenU of the lower Eocene
(Paleo<,'ene) Martinez formation rest unconformably on the Upper
Cretaceous section, and are unconformably overlain by the Sespe
formation In the eastern part of the range, however. Eocene depo-
sition is represented by a thin white arkose, which is overlain by
beds younger than Sespe

The Sespe formation consists of red epiclastic sediments of conti-
nental origin, U is generally considered to range in age from upper
Eocene through Oligocene into lower Miocene, but it has not been
closely dated in the Santa Monica Mountains.

In the west end of the range, epiclastic marine sediments called
Vaqueros (lower Miocene) are present, but their base is not ex-

posed. In the central region the Sespe formation grades upward
through alternations of uiifossiliferous redbeds and fossiliferous

gray and brown marine beds into the epiclastic Lower Topanga for-

mation. This is well shown on the highway through Malibu Canyon,
On the anticline west of the head of Topanjia Canyon, tbi.i contact
may be an unconfonnily, as faults that cut the Sespe strata do not
enter the overlying Lower Topanga formation Eastward from
Stone Canyon, the Sespe formation is missing and the Lower To-
panga strata rest on the Martinez formation.

The sediments of the Cretaoeous, Eocene, Oligocene, and lowest
Miocene ( Vaqueros) formations could have been derived from crys-
talline basement roeks to the east or iiorthea.st. Westward from
Point Dump the Lower Topanga formation contains fragments of
bluish schist that could have been derived only from the south, as
has been demonstrated for the San Onofre breccia of the same age
(Woodford, 19^5; Woodford and Bailey, 1928).

The epiclastic sediments of the Lower Topanga are siicueeded by
the submarine volcanic rocks and iuterbedded fossiliferous sedi-
ments of the Middle Topanga formation. Thf contact may be con-
formable or only slightly unconformable in the west, but it is mark-
edly unconformable in the east near Cahuenga Pass, where the vol-
canic rocks rest on the Eocene Martinez formation. The volcanic
rocks arc present in two areas, which suggests two eruptive centers,
but inasmuch as the upper contact is also an unconformity, the
variations in thickness and the local absence of the formation may
be due mostly or even solely to erosion.

The so-called Upper Topanga formation consists of several forma-
tions thai have been distinguished in several areas, and that have
not yet been correlated with one another. Some of ihe units are sep-
arated by unconformities, as in Brown Canyon where an angular
distrordance of 90 degrees is present. The older units are mostly
fine-grained epiclastic ace umulal ions, and the higher units contain
more organic sediments, siliceous shale, and chert that elosely re-
semble the strata of the overlying Modelo formation, Rolizian and

Luisian ages have been determined for the rocks at a few loctilille

Much work remains to be done on these beds.

Dikes, sills, and irregular intrusive masses of middle Miocene

age cut the Upper Topanga formations and all older rocks, but do

not cut rocks younger than the Upper Topanga, These igneous rocks

are mostly basaltic, but some are of rliyolitic and trachytic composi-

tion. Medium- to fine-grained diabase is most abundant, and vesicu-

lar and amygdaloidal basalt breccias in both pipes and sills also

have been recognized. It is difficult to distinguish the intrusive from
the extrusive breccias except where upper contacts are well exposed.

Many of the intrusive masses were emplaced along faults, as in the

Topanga Canyon area.

The organic sediments and sandstones of the Lower Modelo for-

mation transgress all older rocks, and thereby indicate inlensive

deformation prior to their deposition. This disturbance resulted in

overturning of the Upper Topanga section north of Coldwater Can-
yon. Although the organic sediments of the Lower Modelo point

to quiet conditions in the basin, the interbedded thick, coarse, and
massive feldspathic sands perhaps indicate disturbances along or

near the margins of the basin. The Upper Modelo diatomites were
deposited in apparent conformity on the Lower Modelo section.

The marine Pliocene Pico formation and marine Pleistocene beds,

which are restricted to a small area east of the mouth of Temescal

Canyon, are each separated above and below by unconformities

Extensive continental Quaternary terrace deposits include thin

marine sands at the base. These deposits have been incised and
tilted, and they pa&s below sea level in the southern part of the

citv of Santa Monica.
STRUCTURI

The structural features in the Santa Monica formation and the

plutonic rocks conslilute a distinct problem not treated here. The
Santa Monica formation has been folded into u complex niitieline

with west-trending axis and gcncrully moderate dipa. Abundant
shear zones arc certainly in part of pre-Trabuco age.

The dominant structural feature in the younger rocks of the

range is a very complex west-trending aulicline. Its south flank is

missing in surface outcrop east of Coldwater Canyon, and again

from Topanga Canyon west to Escondido Can.von, West of Escon-
dido Canyon the anticlinal structure is evident as far as Little

Sj'camore Canyon, beyond which the axis of the fold lies beneath

the sea. Superimposed minor folds trend northwest, and a north-

east-trending fold is evident in the Eocene section just west of

lower Topanga Canyon.

The south margin of the range in the central part is outlined by
northeast- and east-trending faults. Similar faults no doubt con-

tinue westward beneath the sea, and eastward beneath an alluvial

cover. No such boundary faults are known on the north murgin of

the range Both northeast- and northwest-trending fault systems

are well developed, and north-trending faults also are present. Both

normal and reverse movements are known, and lateral movements
are highly probable. Successive movements of different character

on the same fault are illustrated by the Benedict Canyon fault,

which was probably established in pre-Cretaeeous time. It shows a

1 5-inile boriitontal offset of the pre-Modelo strata, which moved
southwest or down on the northwest side. In contrast, the post-

Modelo movement was down on the southeast side,

TECTONIC HISTORY

Pre-Upper Cretaeeous tectonic activity that affected the Santa

Monica formation included both folding and faulting. Metamor-

phism and invasion by magma also occurred.

Folding of later date is indicated by each of the numerous uncon-

formities in the younger rocks, and tectonic activity appears to

have been nearly continuous throughout Tertiary and Quaternary

time. Faulting accompanied most of these disturbances. Although

it has not been proven, the Cretaceous rocks probably were faulted

as well as folded prior to deposition of the Martinez strata, and this

formation probably was in turn faulted at the time of the intense

disturbance that preceded deposition of the Sespe strata The Sespe
formation is cut by faults that do not enter the overlying Lower
Topanga section, and the youngest of the Upper Topanga forma-
tions lies across faults in slightly older beds. The Modelo formation
is unaffected by many faults that cut underlying rocks, but it also

is faulted, in many places by renewed movement on older breaks.

The Pliocene and Pleistocene sediments also are faulted, and only
the Quaternary terrace deposits are not known to be so affected.

The Santa Monica Mountains represent a large part of a trough
in which sediments younger than the Santa Monica formation ac-
cumulated to an estimated thickness of nearly 50,000 feet. Although
such a thickness does not and never did exist in any one place, a

substantial part of it must have been present in the central part
of the range, as the Upper Topanga aud the Modelo formations
formerly extended across the site of the mountain range. Perhaps
most of the epiclastic sediments were derived from the east and
northeast, and some certainly were derived from lands to the south
Ihat no longer exist.

It is impossible yet to establish the time of maximum intensity of
tectonic activity in the area, but very intense disturbances preceded
deposition of the Sespe formation, of the Upper Topanga forma-
tions, and of the Modelo formation. It is probable that post-Modelo
deformation was less severe, and that more recent activity was atUl

less intense.
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GEOLOGY OF THE WESTERN SAN GABRIEl

MOUNTAINS, LOS ANGELES COUNTY
By Gordon B. Oakesbott •

INTRODUCTION

The accompanying geologic map covers approximately the western
half, or about 550 square miles, of the San Gabriel Mountains, one
of the prominent east-west ranges in the Transverse Range province
of southern California. The range is scored by steep, narrow canyons,
and also includes broader summit areas that retain elements of an
older erosion surface. Altitudes of about 1,000 feet in the adjacent
San Fernando Valley increase generally eastward through the range
to Paeifico Mountain, 7,078 feet, the highest point in the map area.

Initial uplift of the San Gabriel Mountains probabij' took place
in upper Eocene-Oligocene time, and renewed uplift and local defor-
mation bj' folding and faulting took place in upper Miocene time.
The major epoch of intense folding and faulting was much more re-

cent and has been dated as middle Pleistocene, Continued movements
on already-established faults, renewed near-vertical uplift, and deep
erosion developed the present topography during late Quaternary
time.

PRE-TERTIARY ROCKS

The oldest geologic units in the western San Gabriel Mountains
and vicinity are the Placerita series, exposed only south of the San
Gabriel fault, and the Pelona schist, exposed only north of this fault
in the extreme northwest part of the map area. The Placerita series
appears within younger igneous rocks as scattered roof pendants of
once-extensive marine limestone, dolomite, shale, and sandstone, now
chiefly crystalline limestone, schists, and quartzite. These rocks are
best seen just west of Little Tujunga Canyon and along upper
Placerita Creek. The rocks mapped as "diorite gneiss" include a
variety of dark gneisses, metadiorites, and schists, among them horn-
blende diorite. hornblende quartz diorite, and biotite schLsts. Some
of these are intrusive into the Placerita series and are closely asso-
ciated with it west of Little Tujunga Canyon. Somewhat similar
dark gneisses, also mapped as diorite gneiss, border anorthosite east
of Mt. Gleason and crop out in the northeastern part of the map
area. The intrusive diorite gneiss is well exposed along the Little
Tujunga road at its junction with Gold Creek. The Pelona schist in
the area mapped consists of chlorite and actinolite schi.sts and quartz-
ite that are cut by numerous quart? veins; this formation has been
mapped and described by Simpson (1934).
No conclusive evidence of the ages of the Placerita series and dio-

nte gnei-ss has been obtained. However, similarity of the Placerita
bjnestone to the fossiliferous Furnace limestone (Carboniferous) in
the San Bernardino Mountains suggests a possible late Paleozoic age:
The Pelona schist is pre-Cretaceous, and may be as old as pre-Cam-
orian.

A gneiss of unusual appearance, coiLsisting of bluish quartz, highly
altered plagioelase, perthite, and biotite. borders anorthosite and re-
lated rocks just north of the San Gabriel fault from Trail Canyon to
• Supervlalng Mining Geologlat. California Dlvialon of Mines,

Bear Canyon. It is well exposed along the Little Tujunga road. Its

contacts are faulted and obscure, but it is possible that this gneiss

is a deuterically altered border faeies of the anorthosite.

In the central part of the range is approximately 50 square miles

of gray to white andesine anorthosite, together with a comparable
area of closely related rocks that include gabbro, gabbro-norite, nor-

ite, hornblende diorite, altered pyroxenite, and masses of ilmenite-

magnetite rocks.

The anorthosite proper ranges in texture from medium- to ex-

tremely coarse-grained. Its plagioelase ranges in composition from
oligoclase to labradorite, and averages basic andesine. The anortho-

site is gradational into the related rocks noted above, and it has been

intricately intruded by muscovite-biotite granite along its northern
and eastern margins. There is little evidence to indicate the age of

the anorthosite-gabbro group of rocks, except that they have been
intruded by granitic rocks that probably are similar in age to those

of the southern Sierra Nevada and Peninsular Ranges (Creta-

ceous?). Excellent exposures of anorthosite and related rocks, to-

gether with the granitic rocks, can be seen along the Angeles Forest
Highway in Mill Creek and along the highway and railroad between
Lang and Ravenna in Soledad Canyon.

Most widely distributed are the Cretaceous (?) granitic rocks,

which include biotite-muscovite granite, granite pegmatite, quartz
monzonite, and hornblende quartz diorite. Biotite granodiorite,
coarse-grained and slightly gneissoid, predominates south of the San
Gabriel fault and north of that fault east of Gold Creek, and horn-
blende-biotite quartz monzonite is a common faeies. Medium-grained
pinkish and gray muscovite-biotite granite, commonly gneissoid, pre-
dominates along the northern margin of the anorthosite mass in the
Soledad Canyon area and in upper Mint Canyon. Dikes of pegma-
tite, aplite. and lamprophyre are common in the granitic rocks. In-

clusions of older rocks, mainly of obscure origin, are widely dis-
tributed in all the granitic rocks.

Limited exposures of the Parker quartz diorite (Miller, 1934) are
present north of Ravenna, and exposures of syenite are present at
the northern border of the map area. The syenite contains augite,
some quartz, and commonly much micropcrthite. It has been de-
scribed by VTebb (1938). The ages of these rocks are unknown, but
they probably are related to the Cretaceous ( ?) granitic group.

TERTIARY AND QUATERNARY ROCKS

The structural and topographic high of the San Gabriel Moun-
tains is flanked on the northwest, west, and southwest by many
thousands of feet of marine and continental sedimentary formations,
with intercalated volcanic rocks, which were deposited at the eastern
end of the Ventura basin. The oldest of these formations is repre-
sented by remnants of well-indurated dark marine sandstone, con-
glonieratp, and shale of the Paleocene Martinez stage, which are
exposed as slivers along the San Gabriel fault zone. A small patch
of sandstone and conglomerate of the middle Eocene Domengine
stage is preserved in Elsmere Canyon. The.se strata lie uneonform-
ably beneath lower Pliocene sediments. Martinez Meganos, and Do-
mengine strata have been encountered in wells in the Placerita area,
south of the San Gabriel fault.

Exposed in a large area along the northern margin of the moun-
tains is more than 9,000 feet of highly-colored continental sediments
with several thousand feet of intercalated basaltic volcanic rocks.
These constitute the upper Eocene-Oligocene ( U Vasquez formation
(Jahns, 1940), which may well be equivalent to the Sespe formation

farther west. The Vasquez formation is unconformably overlain by
600 feet of coarse continental beds of the middle to lower Miocene
Tick Canyon formation, which are exposed in a limited area in the

vicinity of Tick Canyon and upper Mint Canyon (Jahns, 1940).

Very small masses of redbeds and basaltic volcanic rocks are exposed
in the Pacoima Hills and at points north of the Tujunga Valley;

these have been mapped as Topanga (?) formation, and may con-

stitute a Tick Canyon equivalent south of the San Gabriel fault.

More than 4,000 feet of fluviatile and lacustrine beds of conglom-
erate, sandstone, siltstone, and tuff of the upper Miocene Mint Can-
yon formation crop out widely on the north side of the range west

of Agua Dulce Canyon. They overlie the Tick Canyon formation
unconformably.
Approximately 1,700 feet of marine arkose, conglomerate, and sili-

ceous shales of the upper Miocene Modelo formation crop out along
the northern margin of the San Fernando Valley. This formation
unconformably overlies Mint Canj'on beds in Bouquet Canyon, and
also has been encountered at depth in the western part of the

Placerita oil field.

Marine lower Pliocene brown conglomerate and sandstone beds of

the Repetto formation crop out along the northern margin of the

San Fernando Valley, reaching their maximum thickness of 3,000
feet at Lopez Canyon. A highly fossiliferous and oil-saturated basal

sandstone (Elsmere member) of this formation, conformably over-

lain by siltstone, crops out north of the Santa Susana thrust as far

as Whitney Canyon, and is overlapped by the marine upper Pliocene
clastic sediments of the Pico formation. Remnants of the Repetto
formation appear north of the San Gabriel fault west of Sand Can-
yon, but there the overlying upper Pliocene section is nonmarine,
and is represented only by conglomerate, greenish sandstone, and
mudstone of the Sunshine Ranch member of the Pico formation.
The Sunshine Ranch member reaches its maximum thickness of 3,000
feet on the west side of San Fernando Reservoir, where it lies uncon-
formably on middle Pliocene fossiliferous calcareous sandstone of

the Lower Pico member of the Pico formation.
The continental lower Pleistocene Saugus formation, consisting of

poorly sorted, light-colored conglomerate and coarse sandstone, com-
monly crossbedded, overlaps all of the older formations and lies on
the Mint Canyon formation west of Mint Canyon and on the crystal-

line rocks in upper Little Tujunga Canyon. The thickness of the

Saugus gravels in the northwestern end of the San Fernando Valley
is more than 6,000 feet.

An excellent and easily observed section of Modelo, Repetto, Pico,

Sunshine Ranch, and Saugus beds is exposed in the great road cuts
of State Highway 7 (Sepulveda Blvd.) on the east side of San
Fernando Reservoir. A section across the San Gabriel fault and
Placerita oil field can be followed by continuing north on U. S.

Highway 6 (Sierra High%vay).
Remnants of older alluvial deposits are widely distributed at sev-

eral different levels. These generally consist of coar.se, poorly sorted,
brown-weathering fanglomerate, gravel, and sand. The oldest of such
deposits, like that just west of U. S, Highway 6 and south of the
San Gabriel fault, have been folded and faulted. They lie on the
Saugus formation with a great angular unconformity.

TERTIARY AND QUATERNARY STRUCTURAL FEATURES

Faulting. The major structural feature of the western San Ga-
briel Mountains is the San Gabriel fault, a San Andreas-type rift

that extends obliquely across the western part of the range to a

possible junction with the San Andreas fault near Frazier Moun-
tain, about 40 miles to the northwest. The San Gabriel fault system
comprises (1) a principal series of steeply north-dipping shear
planes, along the San Gabriel fault proper, that trend N. 35°-75'' W.
and show right-lateral movement; (2) a series of subordinate Gar-
lock-type faults, in the north block, that trend N. 30°-65^ E, and
show left -lateral movement; and (3) a group of north-dipping re-

verse faults, in the south block, similar to the Santa Susana thrust
northwest of San Fernando.
The important east-trending Soledad fault is a north-dipping nor-

mal fault that marks the contact in Soledad Canyon between the San
Gabriel crystalline massif on the south and the continental sediments
of the eastern end of the Ventura basin (Soledad basin) on the

north. The Soledad fault has been apparently offset 1.4 miles by
left-lateral movement on the Pole Canyon fault.

Movement on the principal faults dates back, with reasonable cer-

tainty, to upper Miocene time, but may have originated as early as

upper Eocene or Oligocene time. Displacements of marine Pliocene
and continental lower Pleistocene formations and offsets of major
stream courses give evidence for post-Pliocene right-lateral move-
ment of more than 2i miles along' the San Gabriel fault, at least

1^ miles of which is probably of post-lower Pleistocene age. The
left-lateral faults of the north block show offsets of formational con-

tacts and structural features ranging from 0.4 mile to more than
2 miles. The reverse faults of the south block show essentially dip-

slip movements ranging from a few hundred feet to more than 2,000

feet ; some of these faults are offset by the slightly younger San
Gabriel fault.

Folding. Unconformities between the successive Tertiary and
Quaternary formations show that mild orogenic movements took
place locally at various times during the Cenozoic area, but the mid-
Pleistocene orogenic epoch overshadowed all of the others in inten-

sity. Folding in the region is closely as.soeiated with faulting, in

origin as well as in time, and the axes of the principal folds arc

roughly parallel to the major fault zones, A series of northeast-

trending folds in the Tertiary continental sediments north of the

Santa Clara River is cut at low angles by left-lateral faults such

as the Mint Canyon, Elkhorn, and Agua Dulce,

Stratified rocks in the San Gabriel fault zone generally have been
compressed into tight, very steeply dipping folds. The principal fold

on the south side of the range is the Little Tujunga syncline. whose
axis parallels the San Gabriel fault and lies about 2J miles southwest

of it. Lower Pleistocene Saugus beds locally have been overturned

along the north limb of this syncline. Some of the reverse faults,

such as the Buck Canyon-Watt fault, may have been folded ; also,

in some places, later faulting clearly has cut folds.

Stresses that resulted in some deformation in the western San
Gabriel area intermittently during the Tertiary period reached their

culmination with intense folding and faulting in mid-Pleistoeene

time. Folding, faulting, and uplift continued more mildly during
late Pleistocene time. The pattern and character of folding and
faulting are consistent with a stress-strain system involving crustal

shortening in a north-south direction.

MINERAL DEPOSITS

Borates. Colemanite deposits in the Vasquez formation in Tick

Canyon were worked from 1907 until 1920, when the Pacific Coast
Borax Company purchased the property.

Gold. Small amounts of both placer and lode gold have been

produced from many deposits in the area. One of the best known
mines is the Monte Cristo. a lode mine east of Angeles Forest High-
way and Mill Creek, Several lode mines in the Acton district have
yielded a moderately large aggregate production over a long period
of time.

A plaque indicating the discovery of gold in 1842 has been placed
in Placerita Canyon a short distance west of Sand Canyon.

Ilmenite. The numerous titaniferous magnetite bodies in anortho-

site and gabbro of the San Gabriel Mountains represent the largest

reserves of titanium in California. Production has been small, all

of it during the past few years from sands in Bear Canyon.
Petroleum. The principal mineral product of the western San

Gabriel Mountains area has been petroleum derived from the Placer-

ita oil field, Elsmere Canyon area, and Whitney Canyon area at the

extreme western end of the range. A little high-gravity oil has been

produced from the Placerita schist area in the San Gabriel fault zone

2J miles east of the Placerita oil field. All these areas have been aban-

doned except the Placerita field, which produced 1,887,000 barrels

of 21,0° gravity oil and 1,571,000 barrels of 12.7' gravity oil in 1952.

Rock. Sniid, and Gravel. More than 330,000 cubic yards of "'gran-

ite" (biotite granodiorite and hornblende-biotite quartz monzonite)
were taken from a quarry on the south side of Gold Creek to build

the Hansen Flood Control Dam during the period 1938-1940. "De-
composed granite" (gneissie quartz diorite) has been quarried in the

Pacoima Hills, The City Rock Company is operating a gravel pit in

Tujunga Wash below Sunland, and produces about 500,000 tons a
year. The MacArthur gravel pit, in Soledad Canyon, is currently in

operation.

Miscellaneous Minerals. Other mineral production includes an-

orthosite for poultry grits iSoledad Canyon), graphite (upper
Kagel Canyon) limestone and dolomite (between Little Tujunga and
Kagel Canyons), diatomaceous shale (north of Tujunga Valley 1, and
volcanic tuff (upper Bouquet Canyon) for chinchilla dust. Graphite

and limestone have not been mined for many years.
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GEOLOGY OF THE QUAIL MOUNTAINS,
SAN BERNARDINO COUNTY *

By William K, Muelilbertrert

The Quail Mountains, in northern San Bernadino County, are about
20 miles southwest of Death Valley. They can be reached over unim-
proved desert roads frum Death Valley, fjarstow, or Kandsburfi. Most
of the area shown on the aceompanying map is within the limits of
the reactivated Camp Irwin, and at present (1954) is closed to public
entry.

Eock Viiits and Suggested Correlations. Acidic intrusive rocks of
Archean, Jurassic, and early Tertiary ajje form the bulk of the rocks
exposed on the southern flank of the Quail Mountains and on the
northern tlaiik nf the Granite Mountains to the south. Pre-Jurassic
sedimentary und volcanic rocks crop out locally near the western mar-
•rin of the map urcii. An Upper Tertiary-Quaternary sequence of rhyo-
lite, andesite. latile. basalt, and interbed<led tuffs and sediments iin-
conformably overlies the older crystalline rocks.

The correlations tentatively sufi^ested in the following para{?raphs
are based on Hlholofrie similarity and position in the stratijiraphic
sequence, and at present are not supported by fossil evidence or by de-
terminations of absolute a^e.

The {rranite-pneiss of the map area is similar in mineralogy and
structure to the pneiss of Archean age in the Ivanpah quadrande
to the east (Hewett. 1954).

In the northwest part of the map area is a wedpe of sedimentary
and volcanic rocks that are designated on the map as pJs and pJv,
respectively. The ajje of these rocks is unknown, but the presence of
quartzites, doloraiti-s, and argillites with a thick sequence of volcanic

•Contribution No. 692. Division of the Geological Sclencea, California Instllute of
Technology.

t AsslBtanl Profesaor of Geology. UnlverBlty of Texas.

rocks sugfjests that tiiey may be Triassic, On the other hand, they may
represent an eastward extension of the Paleozoic section that is ex-

posed in the Slate Range immediately to tlie west.

The Jurassic intrusives of the region to the west (Jenkins, 1938)
are parts of a belt that continues into the Quail Mountains. The in-

trusives of the Granite Mountains, on the other hand, are tentatively

correlated with the early Tertiary (Laramide) intrusives of the Ivan-
pah quadrangle (Hewett, 1954) to the east, mainly on the basis of
megascopic similarities.

No sequence of rocks in the Mojave Desert-Death Valley region is

directly comparable to the late ( ?) Tertiary-Quaternary rocks of the
map area. Thus far no fossils have been found in these rocks, and
hence assignment of definite ages to the various map units in this part
of the section is not feasible.

The widespread Red Mountain andesite of the Randsburg quadrangle
(Hulin, 1925) to the west is late Miocene or early Pliocene in age,

and the andesite (To) of the map area may well be correlative with
this unit. Furthermore, underlying sequences of tuffs and agglom-
erates (Thi) are present in both areas.

Underlying the Red Mountain andesite in the Randsburg quadrangle
(Hulin, 1925) is the Rosamond series of mid-Miocene age. which con-
tains rhyolite flows and coarsely clastic sedimentary material. The
rhyolite {Tj and associated quartz-free volcanic rocks (T^) of the
map area may correspond to this portion of the Rosamond series.

The youngest major volcanic activity in the Quail Mountains re-

sulted in the outpouring of the latite flows that cap muoh of the
central part nf the range. Hewett (1954) describes a similar sequence
from the Ivanpali quadrangle, and states that it is late Tertiary in
age. The uppermost flows are interbedded with the overlying Funeral
fanglomerate in the map area. Noble (1941) believes that this fan-
glomerate is Pliocene in age, although parts of it may be early Pleisto-
cene. The association of the uppermost latite flows with basalt flows
that typically are present in the Funeral fanglomerate suggests that
the latite may be in part of early Pleistocene age, although the bulk
of it probably is Pliocene.

Garlock Fault Zone. The Garlock fault zone trends eastward along
the southern flank of the Quail Mountains, It is more than one and a
half miles wide, and consists of several distinct breaks with associated

Recent scarps, as well as belts of crushed rocks that show no evidence

of Recent faulting.

Offset streams within the map area suggest left-lateral displace-

ments with a maximum Recent slip of about 2.000 feet. Near the Hid-
den Springs road, the steeply dipping contact between the Archean
granite-gneiss and the overlying rhyolite apparently has been offset

about a mile along the fault. Slices of some of the distinctive horizons

of the sedimentary sections are present in the fault zone a mile to a

mile and a half beyond the easternmost exposures of these rocks in

the Quail Mountains. All evidences of lateral displacements are con-

sistent, ill that they indicate relative eastward movement along the

south side of tlie fault.

Dip-slip offsets show that rocks on the north side of the fault have
moved upward relative to those on the south side. Offsetting of mature
erosion surfaces indicates 50 to 200 feet of vertical displacements.
Scarplets in the alluvium have maximum heights of 40 feet. Some of

thera face the range, and mark the edges of minor grabens along the

base of the range.

Zones of profound crushing are well exposed in both Breccia and
Western Canyons, where pre-Tertiary igneous rocks and overlying
Tertiary rhyolite have been reduced to angular fragments, 1 inch to 2

inches in diameter, that are set in a matrix of pulverized material.

The crushing has not been uniform, and several slices and slivers of

only partially shattered rock are present.

The Funeral fanglomerate west of the Brown Mountain fault eon-

tains large boulders of platy or §chistose rhyolite. It is possible that

this planar structure is a result of primary flowage, but the rhyolite,

where exposed in place, shows little of this structure except within
the crushed zones noted above. It seems reasonable to assume that the

planar structure represents an early stage in the crushing of the rhyo-
lite, and hence that movement along the Garlock fault in tliis area
began sometime after extravasation of the rhyolite and prior to de-
position of the Funei'al fanglomerate. Also, judging from the slight

amount of shearing in the rhyolite that forms boulders in the Funeral
fanglomerate, relative to that in tlie rhyolite of the crushed zones,
most of tlie shearing must have occurred subsequent to deposition of
the Funeral fanglomerate. This suggestive evidence of late Tertiary
inception of movement along the Garlock fault zone dues not exclude
the possibility of earlier movements elsewhere in the zone.

Only contacts between distinguishable rock types in the crushed

zones are shown on the map. and no attempt has been made to delin-

eate individual fault planes within these zones. Total displacement

on the Garlock fault in this area is not known, but the available evi-

dence suggests at least 1 mile to 2 miles of left-lateral movement with

a north-side-up component of dip slip totaling a few thousand feet.

Brown Mountain Fault. The Brown Mountain fault trends north-

west across the central Quail Mountains to the foot of Brown Moun-
tain, 3 miles north of the map area. It is parallel with, and may be a

branch of, the Panamint fault, which bounds the Panamint Range on

the west side. At its southeast end it joins the Garlock fault. In the

map area, the Brown Mountain fault is a steep reverse fault, with the

northeast side relatively upthrown. Displacements of 300 feet can be

demonstrated, but the total displacement is not known.

Owl Lake Fault. The Owl Lake fault strikes northeast across the

Quail Mountains from its southwest termination at the Garlock fault.

Eight miles northeast of the map area it forms a prominent scarp

along the southern margin of the Owl Lake basin, where it is a normal

fault with the southeast side upthrown relative to the northwest side.

In the map area, however, it is a reverse fault with the north side

uplifted.

Both the Brown Mountain fault and the Owl Lake fault show evi-

dence of Recent movement in the form of scarplets. undrained depres-

sions, and offset land surfaces.

Acknotvledgmints. The author is deeply grateful to D. F. Hewett,

not only for suggesting and making this study possible, but for devot-

ing many hours to discussions of tlie problems involved both in the

field and in the office. R. H. Jahns, 0. P. Jenkins, L. T. Silver, and

L. A. Wright also visited the autlior in the field and offered many
valuable suggestions.
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GEOLOGY OF THE NORTH SIDE OF SAN GORGONIO
PASS, RIVERSIDE COUNTY*

By t'lareiH'e R Allen '

The SaD Andreas fault zone, as it is exposed in San Gor-
gonio Pass, is distinguished by several unusual features.
Among these are the abseuee of t.vpieal rift topography
along much of the supposed traee of the fault {Lawsoil
11308; Vaughan, 1922), a lack of horiKonlal stream offsets, an
apparent abrupt major change in tn-iul of the fault, and
the absence of intense earthquake aelivity associated with
the fault zone. Further, seismie strain-release studies (Dehl-
inger. 1952) have indicated thrusting, rather than strike-slip
faulting, in this one segment of the San Andreas system.

Bock Types. Nearly all the sedimeiilary rocks exposed in
the \ncmity of San Gorgonio Pass represent alluvial-fan and
laeostrine deposits derived from fault-bloek mountains to
the north. These deposits show marked lateral vHriations and
other stratigraphie complexities that appear to reBect a his-
tory of recurrent deformation and deposition in this general
area.

The oldest of the sedimentary unit*, the Coaehella fanglom-
erate. comprises lenticular beds of highly indurated sand-
stone, conglomerate, and breccia, with interlayered flows of

Conlrlbotlon No «SS. DlvlHlon of the OeOlORkal Scltnct. CBlirornlB In-Mtute or Tpchnolojty.
1 AMlBtanl Proreaaor of Qeolocy. UnWertlly of MlnncnotB.

olivine basalt, Much of the rock is considerably jointed and
otherwise deformed, and it is probably at least as old as upper
Miocene. Younger than the Coaohella fanglomerate. although
nowhere in contact with it, is the Hathaway formation. This
unit consists of a lower member of gray sandstone, siltstone,
conglomerate, and freshwater limestone, overlain by a len-
ticular upper member of conglomerate and breccia that is

rich in clasts of flascr gneiss. The Fainted Hill formation
("•Indio" formation of Bramkamp, 1934) contains mucli ma.
terial secondarily derived from the Coachella fanglomcrule.
It is typically an unconsolidated gray conglomerate, but it

locally contains white sandstone, fresh-water limestone, and
interlayered flows of olivine basalt.

Pliocene incursion of marine waters into the Salton Trough
(Woodring. 1932; Bramkamp, 19:14; Durham, 1950) is re|irc-
sented by a thin section of the Imperial formation, which
pinches out north of Painted Hill and west of Deep Canyon
This unit consists chiefly of deep yellowish to brownish >jind-
stone, siltstone. and shale. North of the Banning fault, il

lies uncontormably on both the Coaehella fanglomerate and
the much older complex of crystalline rocks. The Painted Hill
formation overlies the Imperial formation with essential con-
formity, even though the Imperial beds pinch out to the
north. South of the Banning fault, the Imperial formation is

conformable with both the underlying Hathaway formation
and the overlying Painted Hill formation, although the en-
tire section is overturned • It is possible, but not probable,
that the two areas of present exposure of the Imperial forma-
tion once were contiguous, and have since been offset along
the Banning fault.

• SubB*quenl t J of ihi- nirumiianvlnf: map, thp Mritta that llv hr-
irlh of nminliiK have yielded vcrt*br&te rtmiilni.
illun of the«e i-ovka wllh the PlIoccne-PlclBtocvtir

""<)). r«lher than with

The Pliocene and Quaternary beds south of the Banning
fault consist of material that has been derived mainly from
crystalline rocks of the San Gorgonio igneous-metamorphic
complex to the north. A body of distinctive piedmontite-
bearing gneiss, apparently localized near Stubby and White-
water Canyons, has contributed to Pliocene sedimentary rocks
whose present position with respect to the source area is
most reasonably explained by 5 miles of post-Pliocene right-
lateral displacement along the Banning fault.

Preliminary reconnaissance of the complex of crystalline
rocks indicates that flaser gneiss Is the most widespread rock
type in the foothills, although biotite schist and granite
gneiss become more prevalent to the north. The flaser gneiss
IS made distinctive by porphyroclasts of carlsbad-twinned
orthoelase, many of which are more than two inches long.
The crystalline complex is transacted by numerous pegma-
tite dikes, and many of those east of Lion Canyon are dis-
tinguished by their high content of ilmenite,

Cicomorphir Fealures. Extensive surfaces of low relief
are being dissected along the south and southeast flanks of
San Gorgonio Peak, Erosion in the foothills area has been
particularly rapid in the shattered crystalline rocks along
the Banning fault, and has produced a' prominent fault-Iine
scarp that extends from Potrero Canyon west to Yueaipa
A'alley. North of Banning, a widespread and relatively unde-
formed terrace has been developed on Heights fanglomerate,
and this surface can be traced eastward beyond the mouth
of Millard Canyon, where terrace gravels lie with marked
angular unconformity on Cabezon fanglomerate. Near White-
water, the Cabezon fanglomerate is itself capped by a con-
formable layer of red soil; this layer has been extensively
warped, and at present is being submerged by alluvium east
nf Painted Hill. The anomalous radial drainage pattern on

Beacon Hill, together with the i^uaquaversal dips of both the

fanglomerate and the capping layer of weathered material,

indicate that folding is taking place here at the present time,

Upwarping of the San Gorgonio mountain mass is suggested

by the positions of terraces in both Banning and Whitewater
Canyons These terrace surfaces rise to markedly greater and
greater heights above the present streams as traced in the

upstream direction. Warping near the Banning fault evidently

was responsible for development of Dry Lake, a large closed

basin on the ridge west of Stubby Canyon. Deep fillings of

gravel in most of the canyons, especially Whitewater Canyon,
suggest that these stream courses were determined in a pre-

vious geomorphie cycle, and that the present regime is mainly
one of re-excavation. The straight courses of Cottonwood

and Stubby Canyons do not reflect the positions of faults,

but instead are controlled by a consistent foliation in the

metamorpbic rocks.

Sfrutture, The Banning fault, the major structural fea-

ture on the north side of the pass, brings sedimentary rocks

into contact with the crystalline complex throughout the 25-

milc interval between Whitewater Canyon and Yueaipa Val-

ley, and it probably extends still farther west to the San
Jacinto fault zone. It is a vertical or steep reverse fault except

in the area between Millard and Cottonwood Canyons, where

there is a zone of low-angle thrusting. WMl logs indicate that

more than 5,000 feet of sedimentary rocks is present south

of the Banning fault, and this, together with the very exist-

ence of San Oorgonio Pass itself, suggests large vertical dis-

placement on the Banning fault. West of Cabazon, the Banning

fault neither displaces Quaternary terraces nor appears to

affect the distribution of groundwater, but Recent scarps are

present near Whitewater, The Banning fault, which trends

east, is more nearly parallel to major faults of the Transverse

Range province than to the San Andreas system, and it is

possible that the Banning fault was formerly continuous

with one of the major east-west faults of the San Gabriel

Mountains and has been offset along the San Jacinto fault.

The so-called San Andreas fault forms prominent scarps

from San Bernardino southeast to Burro Flats, but at this

point it appears to butt into the Banning fault at an angle of
45'. Between Pine Bench and Burro Plats, the San Andreas
fault does not appear to separate widely differing rock types,

nor is the foliation in these rocks as severely disturbed as in

those along the Banning fault. The crj'stalline rocks have
been severely deformed in the junction area of the two faults,

but there is little evidence that the San Andreas fault bends
so as to form a continuous break with the Banning fault The
zone of thrusting along the Banning fault evidently is related

to the abutment of the two fault zones, and the Banning fault

is offset in three places by faults of San Andreas trend.

The similarity of crystalline rock types on the two sides

of the San Andreas fault does not seem compatible with the

concept of hundreds of miles of lateral offset along this

fault; even a few tens of miles of displacement is difficult to

reconcile with the complex surface geometry of faults within

the pass, although it must be regarded as a possibility. The
Banning fault is traceable for a distance of more than 40
miles southeastward from Whitewater, and in this area it is

usually referred to as the San Andreas fault. Although it

probably is a result of the same over-all stress system, this

fault does not appear to form a surface break that is contin-

uous Avith the San Andreas fault north of San Bernardino,

Certainly the San Andreas fault zone seems to fray out

southeast of Canjon Pass, as pointed out by Noble (1932).

and only further field work will show if any one branch truly

deserves the parent name.

Acknowledgment. The field work on which the foregoing
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the National Science Foundation, the Standard Oil Company
of California, and the California Institute of Technology.
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Woodson Mt granodiorite

Lake Woltord granodiorite
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Green Volley tonalite

San Marcos gobbro
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Sontiago Peak volconics

^77^:^ Bedford Canyon formation,
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A TYPICAL PORTION OF THE SOUTHERN CALIFORNIA
BATMOLITH, SAN DIEGO COUNTY

By Riuliard Merriam '

The southern California batholith is a great composite
mass of late Mesozoic plutonic rocks that underlies much of
the Peninsular Ranpe province. These rocks range in compo-
sition from gabbro to granite, and each of several major rock
types forms numerous individual plutons whose maximum
exposed dimension rarely is greater than 8 miles. The bath-
olith as a whole is probably tonalitic in average composition.
Pre-batholith rocks, most of which appear as inclusions, septa,
and screens within and between masses of tlie plutonic rocks,

• Associate Professor of Geology, University of Southern California.

are mainly metasedimentary and metavolcanie types of Paleo-
zoic and Mesozoic age.

Exposed within the area shown on the accompanying map
is a typical portion of the batholith. In some respects, how-
ever, it is far from representative, as no single map on less

than a regional scale can illustrate all features of this large
complex batliolith or its gross relationships with the pre-
batholith rocks. On the other hand, no small-scale map of a
wide area can reveal the structural complexities and the
details of rock distribution that exist within the batholith.
Variations seem to be greater across the batholith than paral-
lel to its length, and thus deviations from this sample area,
which lies in its western exposed part, may be greater to the
east than to either north or south.

The map area is least typical in terms of the relative abun-
dance of the various plutonic rock types. As compared with
the part of the batholith that has been mapped in detail, this

area contains a relatively small amount of tonalite and large

amounts of granodiorite and gabbro. Several types of tonal-

ite and granodiorite that appear elsewhere are absent from

this area, but none that constitute more than 3.5 percent of

the known batholith are lacking. With the exception of the
Lake Wolford granodiorite, all formations shown are among
the most common and widespread of those exposed throughout
the known batholith. Pre-batholith granite rocks, such as the
Stonewall granodiorite. are common in areas farther east,

but arc not present here.

The map illustrates the variations in complexity of the
pattern made by the numerous intrusives and masses of
country rocks. Some areas are underlain by several rock
types that form small bodies less than a mile in exposed
length. Such areas are in contrast to others in which indi-

vidual bodies several miles across are of uniform composition
and only here and there are spotted with other rocks.

Although a structure map is not included here, the prin-

cipal structure features are more or less outlined by the
trends of the elongate masses of pre-batholith rocks and by
the configuration of the intrusive units. The larger tabular
bodies or screens of pre-batholith rocks in general strike

northwest and dip steeply, whereas the smaller bodies show

considerable variation of attitude and indicate numerous
minor structural complexities. Most contacts between the

batholith units and the country rock are concordant, although

there are some notable exceptions. Many of the gabbro con-

tacts, for esaniple, are very irregular and commonly are

cross-cutting. The original contacts of gabbro against older

rocks may have been modified through stoping by younger
plutons, which could have removed original concordant bor-

ders. Many bodies of gabbro appear to be remnants of masses

that once were larger.

The tonalites and granodiorites occur chiefly as large, irreg-

ular bodies that include smaller masses of schist and gabbro.

Commonly dikes or tongue-like projections extend from the

plutons of granodiorite into older rocks, but this feature is

not well shown in the portion of the batholith illustrated in

the accompanying map.

These structural features and related evidence support the

belief that emplacement was principally by stoping and in

part by assimilation, with forceful injection playing a minor

role.

The repeated association of certain rocks with certain others

throughout the batholith is noteworthy, although it is not

particularly well shown in this area. The Green Valley tonal-

ite, for example, commonly is in contact with and is grada-

tional into the ftan Marcos gabbro. An even more common
association is that of schist or quartzite with granodiorite,

for example the Lake Wolford granodiorite. Neither the

abundance of bodies of schist in and adjacent to this forma-

tion nor the intimacy of mixing of the two rocks can be shown

on a map of the scale here presented. Innumerable slivers of

schist that are too small to be mapped occur in the vicinity

of the larger ones shown. These relations and the locally

gradational contacts between the coarse-grained, uniform

Woodson Mountain granodiorite and the fine-grained, vari-

able Lake Wolford granodiorite suggest that the latter may

be at least in part tlie product of assimilation or replacement

of older rocks.
REFIRENCE
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GEOLOGY OF THE JACUMBA AREA, SAN DIEGO
AND IMPERIAL COUNTIES

liy Baylor Brotjks • and Ellis Roberts*

GEOLOGIC riATURES

Ptly^ifl^'raphically the Jacuniba area reprpsoits the bound-
ary between the Peninsular Ranties and the Colorado Desert.
The Jacumba Basin and surrounding fanit bloeks. whose
upper surfaces represent disconneeted remnants of old erosion

• AsslKlant Professor of GtoloKy. San Diego State College

surl'ai'es, lie to the west. Tlie Imperial section of the Salton

troiiRh lies to the east. Separating the two areas is a complex
fault zone in which a throw of 2,000 or 3,000 feet is absorbed
among several parallel northwest-trendiiiK breaks, Remark-
able cutting by Carrizo Creek because of its low outlet to the

Salton Sink on the east has produced the spectacular Carrizo
Gorge and will eventually destroy the .lacumba Basin,

.
Tlie oldest rocks in the area are nietaniorphit- types that

include gneiss, amphibole schist, biotite-muscovite sdiists,

quartzite, marble, and tactite. They arp best exposed in the

western third of tlie area. Schistosity in them dips at angles

of 4r> degrees or more, and in general is parallel to bedding
and to strntigraphic units of dlstinetive lithology. These meta-

morphic rocks probably are etjuivalent to the Julian schist of

areas to the northwest, which is pre-Cretaceous in age and
may include rocks that represent a Paleozoic-Jurassic agi-

range.

A coarse-grained diorite witli predominant amphibole is

probably younger than the metamorphic rocks. The largest

exposed masses of this rock are in the center of the mapped
area. Both it and the metamori)hic rocks have been intruded

by quartz diorites. At least two periods of intrusion are

evidenced by quartz diorite with pegmatite dikes, which
appear as inclusions in the younger quartz diorite. The older

quartz diorite shows stronger planar structures. The age of

both quartz diorites is Jurassi(r to Cretaceous, on the basis

of lithologie correlation with rocks in other areas. Dikes of

fine- to medium-grained biotite ipiartz diorite have been in-

truded into the plutonic rocks in the northwestern section

of the area.

Pegmatite dikes transect all of the rocks noted above. They
are especially well developed on tlie northeastern side of Mt,

Tule, and some of them are as much as 60 feet thick and half

a mile long, Albite, (piartz. pcrthite. and muscovite arc the

niiwt abundant minerals, and banding is formed in many

dikes by variations in both grain size and mineral compo-

sition.

Deformation and erosion preceded the deposition of the

Table Mountain gravels and sands. These contain fragments

of dacites and other aphanitic rocks tliat show strong sim-

ilarities to the Jurassic (?) Santiago Peak volcanics of west-

ern San Diego County, The gravels are partially interbedded

with and principally'overlain by other volcanic rocks. These

younger volcanic rocks are chiefly andesitic in composition,

and consist of a lower pyroclastic member and an upper

lava member. They are probably of Miocene or Pliocene age.

im the basis of lithologie correlation with volcanic rocks in the

Coyote Jlountains to the east.

After the volcanic activity had ceased, uplift and block

faulting created much of the present topography and estab-

lished the conditions for the accumulation of fanglomerates,

most of which have been well dissected by the present cycle

of erosion. Modern alluvium is being deposited along the

(iresent drainage channels.

i norlli of .Tiieiimbn. Troiuolite willi vermiciititc ami

l•^t>lll1^ 111) ti> :t vvA. iu

INTERESTING MINERAL OCCURRENCES

Udnh,»ilf OS mil- s,.Litti-usr >^ U,.iikh<-u.l Si-riiics. I'ink .li.ATK^i.t

i-rystiils ill i»PB""itili'-

rhlorito.

Rfx-fll. Oil mirthp'ist sIdjip .if Mt. TiiIp

l.MiiiPter 111 lu-cmatlre.
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PADRE CANYON AREA

RINCONOIL FIELD
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GEOLOGY OF THE RINCON OIL FIELD,

VENTURA COUNTY

By Robert H. Paschall •

The Rincon oil field lies on the southeastward plunging:
Rineon anticline, about 9 miles northwest of Ventura. The
western, or Main area of production rises structurally in a
seaward direction, and the nature of its western closure is
not known. A central pool, in what is known as the Padre
' GeoloKlst, H&ncock Oil Company, Ventura.

Canyon area, is closed up-plunge by a complex reverse
cross-fault system in the vicinity of Javon Canyon. The
western closure in the eastern, or Oak Grove area is effected
by the east-dipping Oak Grove normal cross-fault. The history
of field development and the production practices in this
field are outlined in the references cited below.
The Pico formation constitutes all of the outcropping and

productive rocks of the field. This unit is Pliocene in ape.
and here is about 11,000 feet thick. It is a monotonous series
of soft to firm, medium- to coarse-grained feldspathic sands
and local conglomerates, with interbedded thin but persistent
gray and gray-brown clay shales. The upper part, approxi-
mately 4,700 feet thick, is a.ssignable to M. L. Natland's
Wheelcrian stage (Pulrinulntella imcifica and Vvigcrina pcri-
grhia), the middle 2.700 feet to the Venlurian .stage ( liidmina
suharuminata). and the lower 3.600 feet to the Repettian stage
{NoJiion jiotnpiliaides and Plectofrondicitlaria californica).

A notable feature of the Pico formation in this area is the
lateral persistence of individual sands and shales. Electric-

log correlations can be made with little difficulty throughout
the field, and permit a relatively ready solution of its com-
plicated fault jiattern. The persistence of the lilhologio units
indicates that structural trapping is the primary reason for
the local accumulations of oil.

Almost all of the past oil production, and ninety percent
of current production in the Rincon field have been derived
from sands in the lower 2,500 feet of the Wlieelerian-stagc

beds in the Pico formation. No commercial oil has been ob-

tained from beds of Venturian age. The remainder of the

production is obtained from low-permeability Repettian sands,

in intervals ranging from about 700 to 2.400 feet below the

top of strata representing that stage. One well in the Main
Area penetrated about 600 feet of Dclinontian-stage upper

Mioi-ene beds, but no production was obtained from this part

of the section.

Comparison of the surface and subsurface geologic maps
reveals two interesting structural anomalies:

1—A surface syncline in the Main area locally overlies

the subsurface anticlinal axis. This results from the marked
northward inclination of the syncline 's axial plane.

2—East of the surface trace of the Padre Juan faidt.

the Rincon anticline underlies that fault. The fault surface

is loi-ally folded, and the axis of this fold plunges southeast-

ward in a manner similar to that of the Rincon anticline.

As a result, the parts of the Rincon anticline beneath the

Padre Canyon and Oak Grove areas underlie the north

flank of the overriding Ventura anticline, which is the

producing structure of the San Miguelito oilfield to the

southeast.

Cross-section B-B'-B"-B"' indicates the great variations in

throw that can be encountered in a short lateral distance,

where folded rocks are displaced by a f(dded fault.

Cross-section A-A' depicts the Rincon field fault, inform-

ally known as the "C-.1 fault." It is present only in the

subsurface, strikes northea^^t, and dips to the south. It has a

reverse throw of about 2,500 feet.

I'arallel to the Rincon field on the north is the great

north-dipping Red Mountain thrust fault, which has a throw
of about 15.000 feet in the vicinity of the field, In all likeli-

hood, the Rincon field fault and the Padre Juan fault butt

into the Red Mountain fault zone. It is interesting to note

that, although minor faults have controlled oil-pool segrega-

tion along the Rincon anticline, none of the three major
faults appears to have had a critical effect on oil accumulation.

As shown on the subsurface map. certain structure con-

tours in the Main and Padre Canyon areas continue un-

broken outside the limits of oil accumulation. Commercial
petroleum is confined to the axial, region of the fold, but ex-

tcTids a little farther down the north flank than it does down
the south flank. Also, the oil-water contact in both the Miley

(Whcelerian-age) and C-3 (Repettian-age) zones is found at

)»rogressively lower levels as traced eastward in the general

direction of plunge of the anticline.

The Rineon oilfield thus possesses these two distinctive

features

:

1—A marked degree of independence of its oil zones

from structural control.

2—An easterly tdt of the oil-water contact in each major
oil zone.

Both of these features indicate that the field provides an

example of hydrodynamic oil entrapment.

Huiley. W, C IJHl, Hincon
1>7, p. U.
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vol, as. pp. ^542-2560.
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foniiti : I'nclfip rplroleiim Ueologists. vol. 7, no. 2, p. 2.

Hiihbert. M.
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GEOLOGY OF THE DOMINGUEZ OIL FIELD,

LOS ANGELES COUNTY

By Doyle T. Graves •

General Features. The Doniinguez oil field, one of the principal
fields of the Newport-Inglewood uplift, is 12 miles south of the center
of the city of Los Angeles and 2j miles southwest of the city of Comp-
toa. The field is located on Dominguez Hill, the topography of which
reflects in a general way the structure of the underlying Tertiary strata.
Exploratory drilling on Dominguez Hill was begun in 1916 and was
continued until 192:i, when the Union Oil Company of California dis-
covered the field with the completion of Callender" No. lA. Since this
time, nearly 500 wells have been drilled, 350 of which currently are
producing an aggregate 11,000 barrels per day. Oil recovered in this
field to date totals nearly 200,000,000 barrels.

Strntigrapky. Approximately 11,000 feet of sediments overlie the
schist of the basement complex at Dominguez. These include, from
youngest to oldest, the subsurface equivalents of the Palos Verdes and
San Pedro formations of Pleistocene age, the Pico and Repetto forma-
tions of Pliocene age, and the Puente formation of late Miocene age
The PleLstocene beds are approximately 600 feet thick, and consist

of loosely consolidated sands, gravels, and silts. The contact between
the upper Pleistocene Palos Verdes formation and the lower Pleistocene
San Pedro formation is known to be unconformable in surface ex
posures along the Newport-Inglewood uplift.

• Geoloelst-Petroleum Engineer. Union Oil Company of California, Compton.

The upper Pliocene section (Pico equivalent) consists of alternating
beds of sands, sandy shales, and silts, and is approximately 2,200 feet

thick. The sands generally are fine- to medium-grained, soft, and fri-

able. The shales and silts range in color from light olive-gray to brown.
The darker colors are more characteristic of the lower parts of the
formation. The contact with the overlying San Pedro formation has not
been cored from the subsurface at Dominguez, but in the Seal Beach
oil field, approximately 9 miles to the southeast, it has been cored and
is known to be unconformable on the basis of foraminiferal data. It

therefore is assumed that the contact between the Pleistocene and Pli-
ocene sections is also unconformable at Dominguez. No production is

obtained from the upper Pliocene beds at Dominguez.
The lower Pliocene strata (correlative with the Repetto type section)

are conformable beneath those of the Pico formation, and attain an
average thickness of approximately 2,800 feet. This section consists of
alternating fine to coarse, loose to medium-hard sandstone, shale, sandy
shale, and siltstone. In general the shale beds range in color from olive
to dark brown, and become finer textured, darker colored, and more
organic in the lower parts of the formation. Five producing zones, the
First through the Fifth Callender, have been developed within the
lower Pliocene section.

The Puente formation, of late Miocene age, has been classified into
five ina.jor foraminiferal divisions (A, B, C, D, and E) in the Los
Angeles basin by Stanley G. Wissler and Bradford C. Jones of the
Union Oil Company. Beds representing Divisions A, B, C, and D
(Delmontian and upper Mohnian stages of Kleinpell) are lithologically
very similar at Dominguez. Beds of these four divisions lie conformably
beneath the lower Pliocene beds, and have an average total thickness
of 4,300 feet. They consist of alternating shale, sandy shale, and sand-
.stone, with minor amounts of micaceous and carbonaceous silt.stone.

The shale beds generally are dark brown to brownish black, and some
streaks contain sufficient diatomaceous material to give them a tannish
cast. They commonly are well indurated, and-many zones are siliceous

and platy. The sandstone beds range from fine- to medium-grained, and
from soft to hard. Three Miocene producing horizons (the 6th, 7th. 8th

Callender zones) occur in Divisions A and B. No commercial produc-
tion has been developed at Dominguez from beds below those of Divi-

sion B.

Strata of Division E (Lower Mohnian) lie unconformably beneath
the Division-D strata. The Division-E section, as encountered in Union
Oil Company well Callender No. 79, consists of approximately 700 feet

of hard, blue-gray volcanic tuff and tuff-breccia with iuterbedded brit-

tle, platy, brownish black shale that contains fish scales believed to be
of lower Mohnian age. Foraminifera restricted to the lower Mohnian
were found in this same stratigraphic interval in Hellman No. 58. The
volcanic series is underlain by approximately 400 feet of hard, blue-

gray to green quartzite- and schist-bearing conglomerate. The basement
complex that lies unconformably beneath this conglomerate is a ser-

pentine-chlorite schist, believed to be a correlative of the Franciscan
(Jurassic?) group. The only well penetrating the schist at Dominguez,
Callender No. 79, has yielded cores described as soft, predominantly
greenish and grayish schist, with local brick-red streaks, numerous
injected quartz veins, and small amounts of talc.

Structure. The Dominguez oil field is situated on a northwest-

striking anticlinal structure that occupies a position along the Newport-
Inglewood liTip of foldtj. In general, folds along this uplift appear to

be the result of piglit-latf>ral shearing movements between blocks of the

underlying basement rocks, in which the southwesterly blocks moved
horizontally northwestward relative to the northeasterly blocks. How-
ever, the DoraiugupE fold presents two interesting exceptions to the

generalities that have been applied to the Newport-Inglewood uplift:

(1) movement alont; the Regional shear zone of Dominguez (thought
to be a member ot the .Newport-Inglewood shear zone system) appears
to have been left-Iaterai rather than right-lateral: and (2) the axis of

the DominfTuei fold is not parallel to the axes of the major structures

in the adjacent fields (Eo^crans and Long Beach), hjit rather is paral-

lel to the Playa del Rey-El Segundo-Lawndale-Alondra Park trend.

These exceptional features are possibly results of alternating move-

ments along the Newport-Inglewood shear zone and the north-dipping

thrust zone on the south flank of the Dominguez structure. This low-

angle thrust fault strikes parallel to the Playa del Rey-Alondra Park

trend, and possibly represents an extension of a zone of weakness asso-

ciated with the pre-Miocene buried ridge that has been encountered

from Playa del Rey to Alondra Park.

The anticlinal structure of the Dominguez field has been distorted

by a complex system of faults that become progressively more strongly

developed with depth. Three major faults, the Regional shear zone,

the "B" fault zone, and the "X" fault, divide the field into four major

structural blocks, the West, the West-Central, the East-Central, and the

East block. Several south-dipping reverse faults further divide the field

into smaller blocks. The most significant of these reverse faults is the

"A" fault, which persists in three of the major structural blocks and

apparently is related directly to movement along the Newport-Ingle-

wood system. The other reverse faults appear to branch from one of

the major faults, and do not transect major blocks. The fault feature

of greatest interest at Dominguez is a north-dipping zone of thrusting

that strikes parallel to the axis of the fold, and is encountered in the

Miocene strata on the south flank of the fold. Movements along this

thrust fault appear not to be related directly to the Newport-Inglewood

uplift, and the fault has been offset by the Regional shear zone in a

left-lateral direction.

Faulting has influenced the accumulation of oil in this field to a

considerable degree. Most faults with displacements in excess of 15 feet

appear to have been barriers to accumulation, and have divided the

field into more than 35 fault-block pools with different oil-water inter-

faces, slightly different gravities, and different pressures.

The author wishes to thank W. S. Eggleston, Chief Petroleum Engi-

neer for the Union Oil Company of California, for permission to pub-

lish the data appearing here.
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GEOLOGIC GUIDE FOR THE WESTERN MOJAVE DESERT AND
DEATH VALLEY REGION, SOUTHERN CALIFORNIA

Bt Lauren A. Wrioht • and Bennie W. Troxel ••

INTRODUCTION
This geologic guide has been prepared as a roadlog of a 580-mile

circuit through the western part of the Mojave Desert and the Death

Valley region of California. The rock units and structural features

seen along this route indicate a long and eventful geologic history

that still is incompletely studied and understood. The landscape of

this vast region commonly is almost devoid of vegetation, and it

shows a characteristic boldness that reflects a period of profound

deformation which began as early as mid-Tertiary time and appears

to be continuing today.

Deformation is most abundantly shown by major faults, some pri-

marily normal and others primarily strike-slip, that border mountain
ranges and commonly show total displacements of many thousands

of feet. In the southern Death Valley area and in the region to the

east. Tertiary thrust faulting has been recognized as preceding nor-

mal faulting. Recent deformation is most evident in the tilting and

warping of late Pliocene lava flows, in the off setting of stream

channels, and in the displacement of Quaternary alluvium.

Tertiary and Quaternary deformation has led to development of

basins of nonmarine deposition and to accumulation, mainly in these

intermountain areas, of thick and extensive formations of sedi-

mentary and volcanic rocks that now are characteristically exposed
in picturesque badlands or are concealed beneath younger alluvium

and other deposits.

Also impressive to one who today travels through the dry, un-

drained basins along the route of this geologic guide are the features

left by the Pleistocene lakes that once occupied these basins. Most
abundant and easily recognized are the remnants of wave-cut ter-

races around the margins of several basins. Masses of saline minerals

were deposited in some of these lakes during periods of desiccation.

Two large bodies of saline minerals are present, one above the other,

at Searles Lake, where brines pumped from them yield about one

million tons of various salts of sodium, potassium, boron, lithium, and
bromine each year. A wide variety of saline mineral species is repre-

sented, and a number of them are unique to this locality.

The Death Valley and Mojave Desert region also has served as a

laboratory for many of the cla.ssical studies of geomorphic processes

under arid conditions. Of particular interest in this connection are

• Senior Mining Geologist, California Division of Mines.
** Junior Mining Geologist, California Division of Mines.

the well-developed granitic domes in the area between Barstow and
Mojave, numerous pediments in several valleys and basins, and the

alluvial fans in the Death Valley region which commonly show 1,000

to 3,000 feet of relief.

The pre-Tertiary history of this region is recorded mainly in the

higher mountain ranges, especially in the west-trending San Bernar-

dino and San Gabriel Mountains and Sierra Pelona that border the

region on the south, in the northeast-trending El Paso Range east

of the town of Mojave, and in a series of north-northwest-trending

ranges that form part of the Basin Range province and include the

Argus, Slate, Panamint, Amargosa, Resting Spring, and Nopah
Ranges. The ranges commonly are separated by extensive low areas

that are blanketed by Tertiary and Quaternary rocks, and hence

serve as windows that permit a discontinuous view of the older

rocks.

Noteworthy in the pre-Tertiary terrane are (1) extensive expo-

sures, in the Death Valley area and the eastern part of the Mojave
Desert, of metamorphic rocks of earlier pre-Cambrian (Archean)
age; (2) the occurrence in the Death Valley area of a thick (12.000

or more feet maximum) section of only slightly metamorphosed
sedimentary rocks of later pre-Cambrian (Algonkian) age; (.3) the

presence, in the northern part of the region, of a very thick

(30,000'±), nearly complete section of Paleozoic .sedimentary rocks;

and (4) the occurrence of an impressive volume of plutonic igneous
rocks that were intruded throughout the regioA during middle or

late Mesozoic time. The broad features of most of the rock units that

are exposed along the route of travel are summarized in other con-

tributions in this volume (see especially Ilewett, Contribution 1,

Chapter II; Noble and Wright. Contribution 10, Chapter II; Mc-
Culloh. Contribution 2. Chapter VII; Oakeshott, et al.. Contribution

1, Chapter III; Noble, Map Sheet 14; Dibblee. Map Sheet 13; Wright,

Map Sheet 17; Bowen, Map Sheet 18; and Troxel. Map Sheet 15),

as well as in the publications cited in the bibliographies of these

contributions.

In addition to the bodies of saline minerals at Searles Lake, the

region contains numerous other deposits and mine workings of cur-

rent or historic interest. Among these are the world's largest borate

operations at Kramer; the older and now idle borate mines in the

Death Valley area and the Calico Mountains; the quarries near Vic-

torville that supply most of the limestone u.sed in southern Cali-

(.?)
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fornia; numerous tale mines in and near the southern part of the

Death Valley area ; the large, recently discovered rare-earth deposits

at Mountain Pass; the rich tungsten deposits at Atolia; the historic

bonanza silver camps at Calico and Red Mountain ; and the gold

mines in the Randsburg and Mojave-Rosamond areas.

Briefly outlined, the route of this geologic guide (fig. 1) extends

generally northeastward from Los Angeles Civic Center to Death

Valley by way of Palmdale, Mo.jave, and Trona. The return trip

is through Baker, Barstow. Victorville, and San Bernardino. The
description ends at San Bernardino, and for coverage of the areas

south and west of this city the reader is referred to two other road

logs of this series—one covering the Peninsular Range region (Geo-

logic Guide No. 5) and the other covering the Los Angeles basin

(Geologic Guide No. 3).

The round trip can be made hurriedly in 2 days, but a more
enjoyable and leisurely journey of 3 or more days would permit

the stops and side trips suggested below. The main route can be

traveled entirely on paved roads ; several of the by-pas.ses and side

trips are on dirt or gravel roads that ordinarily are in good condi-

tion. Persons who are unfamiliar with the region or who are inex-

perienced in desert driving shoidd make in(juiry before traveling on

unimproved side roads not noted here. Good accommodations exist

at numerous locations, including Mojave, Ridgecrest, Trona, Stove-

pipe Wells, Furnace Creek, Shoshone, Baker, and Barstow. On week
ends during the winter season, reservations are highly desirable in

establishments in and around Death Valley. All vehicles driven

through this region should be in good repair and should have good

tires. Extra water and a shovel should be carried.

Acknon<ledpmenf/i. In preparing this road log, the writers have

drawn upon many sources of information, both published and un-

published. Descriptive material for the Pasadena-La Canada seg-

ment of the route was .supplied by R. P. Sharp. The section dealing

with the San Gabriel Mountains contains extracts from a road log

previously prepared by R. II. Jahns and R. P. Sharp. The geological

data from Soledad Pass to Oarlock Station were assembled under
the guidance of T. W. Dibblee, Jr., who accompanied the writers

into the field and criti<'ally reviewed that part of the road log. The
descriptions of the geological features .seen from the Wildrose
Canyon-Emigrant Pass route through the Panamint Range were
supplied mostly by D. H. Sears during the course of a field trip

with the writers.

The coverage of the Death Vallej' region from Furnace Creek

Ranch to the Ibex Pa.ss area is based largely on discussions with L. P.

Noble and II. D. Curry, many of them in the field. D. H. Kupfer

and L. T. Gro.se contributed data on the Silurian Hills and Soda
Mountains, respectively. The description of the Barstow to Victor-

ville area was prepared with the assistance of O. E. Bowen, Jr. The
data for the Cajon Pa.ss region were taken from a description by
L. F. Noble (1933). Guidance of a general nature was provided by
D. P. Hewett, who on many occasions has discussed geological fea-

tures of the Mojave Desert region with the writers. The strip maps
were extracted and modified mainly from advance sheets of the

latest edition of the Geologic Map of California, now being assem-

bled from many sources by C. J. Knndert. The interest and generous

assistance of each of these contributors is gratefully acknowledged.

The writers also are indebted to R. II. Jahns for a critical review of

the manuscript.

ROAD LOG
Los Angeles Civic Center to La Canada

In traveling northeastward from the Los Angeles Civic Center to

Pasadena via the Arroyo Seco (Pasadenas) Freeway, one pa.s.ses

through low hills underlain by folded and faulted marine satxlstone

and shale of the upper Miocene Pnente formation (Map 1). The
hills are flanked and locally capped by Pleistocene terrace deposits.

The Miocene rocks were deposited when the Tertiary sea extended
farthest into the region now occupied by the Los Angeles metro-

politan area, and are eijuivalent in age to some of the nonmarine
basin deposits in the desert region to be .seen later along the route

of travel.

For about 1.8 miles northeastward from the four-level grade sepa-

ration at the southern end of the Arroyo Seco Freeway to the north

slope of the Elysian Hills, the route crosses the south limb of the

west-trending Elysian Park anticline. The old Los Angeles City

oil field, some of whose derricks still remain, lies along a secondary
zone of folding and faulting in the anticline.

At 2 miles from the four-level grade separation, the freeway

crosses the Los Angeles River channel near its junction with the

Arroyo Seco. The steep northeast slope of the Elysian Hills has

been produced largely through undercutting by the Los Angeles

River. An effect of this cutting was the Elysian Park landslide of

1937, whose scar is still plainlj- visible a few hundred feet west

(left) of the freeway. Northeast of here, the freeway .enters the

Arroyo Seco, and for about 2..') miles the Puenle formation is ex-

posed along both walls of the canyon.

Turn right from the freewaj- at the Orange Grove Avenue turn-

off, and thence left on Orange Grove Avenue. Here the avenue
follows a small gully cut into a scarp that marks the trace of the

Raymond fault, a west-trending reverse fault with a steep northerly

dip. This fault can be traced easily for about 19 miles, and in the
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Pasadena area it is expressed by a scarp 75 to 100 feet hifjh in

Quaternary alluvial gravel of the Pasadena-Altadena fan. Within

four-tenths of a mile of the turn-off, Orange Grove Avenue emerges

onto the surface of the Pasadena-Altadena fan, and extends north-

ward up this gently sloping surface. At 1.0 mile from the turn-off,

a low hill on the left is a knob of lower Miocene conglomerate that

projects through the fan to form an outlier of the hills west of the

Arroyo Seco. About half a mile west of Orange Grove Avenue, the

Arroyo Seco is incised about 150 feet below the surface of the fan.

Old channels on the fan indicate that the drainage of the Arroyo

Seco once flowed farther east into the Rio Hondo and thence into

the San Gabriel River. The incision of its present course into the

Pasadena-Altadena fan is an effect of the diversion of this drainage

into the Los Angeles River.

Turn left one block north of Colorado Boulevard, and thence

eastward on Holly Street to cross the Arroyo Seco by way of the

Holly Street bridge. Here the channel is narrow, as it has been

superimposed upon a bedrock spur (largely diorite) that projects

eastward from the San Rafael Hills. The.se hills are essentially a

fault block that is bounded on the .south by the Eagle Rock fault,

a reverse fault that dips steeply northward. As this block appears to

have been tilted eastward, its ea.stern part probably is buried beneath

the Pa.sadena-Altadena fan. The hills are underlain mostly by the

Wilson diorite (Miller, 1934) of late Mesozoic ( ?) age, but also con-

tain a large septum of the San Gabriel formation, a metasedimentary

series that is older than the diorite and may be pre-Cambrian in age.

After cro.s.sing the Holly Street bridge, bear right and travel

northward along Linda Vista Avenue. Here the Arroyo Seco widens

to provide the site of the famed Rose Bowl. For several miles the

avenue lies on the surface of a terrace about 75 feet above the

arroyo floor.

From 1.7 to 2.2 miles beyond the bridge, roadcut exposures show

the Wilson diorite, which here is transected by many dikes of

aplite, pegmatite, and granite.

At Devil's Gate Dam, the Arroyo Seco is confined to another

narrow gorge because of superimposition of the stream channel

upon a formerly buried spur of crystalline rocks that extends east-

ward from the San Rafael Hills. The dam is used primarily for

flood control, but also contributes to water conservation because it

promotes infiltration in the ponding basin behind it.

From the vicinity of the dam, one looks northward to the steep

south face of the San Gabriel Mountains. This face is a fault scarp

whose bi ie marks the trace of the Sierra Madre fault zone, a com-

plex of many parallel and diverging breaks that in general are

reverse faults with steep northerly dips. North of Pa.sadena, the

scarp is nearly 5,000 feet high. Movement on the fault zone has been

recurrent, and began at least as early as Pliocene time. The most

recent movement is shown by small scarplets in the fans.

The cluster of large buildings at the foot of the mountains di-

rectly north of Devil's Gate is the .Jet Propulsion Laboratory, oper-

ated under contract by the California Institute of Technology for the

U. S. Army Ordnance Corps. The flat-topped hill behind the labora-

tory is locally known as Gould Mesa, and is an upfaulted mass com-

posted mostly of fan gravels that locally have been tilted northward

toward the mountains. Northwest of the dam, the route follows La
Canada-Verdugo Road, which lies to the west of two well-defined

terraces. Turn west (left) on Foothill Boulevard and thence north

on Haskill Street, which leads up the fan to the start of the Angeles

Crest Highway. Note the steepness of this fan near the mountain

front, as compared with the gentle slope of the Pasadena-Altadena

fan along Orange Grove Avenue, at a much greater di.stance from

the front.

La Canada to Soledad Pass

The right-angle right turn at the head of Haskill Street is in the

Sierra Madre fault zone. The part of the San Gabriel Mountains

traversed by the Angeles Crest and Angeles Forest Highways be-

tween this point and Soledad Pass is essentially an uplifted block

between the Sierra Madre fault zone and the San Andreas and

Soledad fault zones, and consists almost entirely of pre-Tertiary

crj'stalline rocks that locally are overlain by Quaternary alliivial

gravel. The pre-Tertiary rocks have been intimately fractured, and

their structure is very complex in detail.

In general, the southern part of the traverse shows two principal

types of rocks: (1) those of the San Gabriel formation of pre-

Cambrian ( ?) age, a complex composed chiefly of metasedimentary

rocks and metadiorite intruded lit par lit by granitic rocks, and

(2) granitic rocks of Mesozoic age that intrude the San Gabriel

formation. The northern part of the traverse is largely through

Mesozoic granodiorite and a pre-Cambrian anorthosite complex that

also contains related rocks ranging in composition from gabbro to

diorite (Miller, 1934). The anorthosite proper is readily distin-

guished by its chalky whiteness.

From the first turnout to the right and beyond the bridge, one

looks southward to the north side of the San Rafael Hills and

thence southwestward beyond the Montrose gap to the Verdugo

Hills. The disastrous New Year's Day flood of 1933 passed through

this gap. The north face of the San Rafael Hills is a fault scarp

that is overlapped by the fans sloping from the north. The Wilson

diorite is exposed in the roadcuts near the turnout.
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FloUHE 2. View north toward south slope of Josephine Mountain in San Ga-
briel Mountains. Abundant vegetation above and parallel to road marks trace of
8an (Gabriel fault. Lowe granodiorite above fault ; San Gabriel formation below
fault. Photo hy K. B. Jahnt.

At the turnout under the power-line crossing are the first of

several exposures that show alluvial gravel lyiag on bedrock. These

particular gravels may once have been part of a fan surface that

since was largely destroyed by erosion and faulting.

For a distance about 7.5 miles from the vicinity of the guard
station the route lies mainly within the San Gabriel formation. At
George's Gap, about 5.5 miles beyond the guard station, one looks

northward into Clear Creek Canyon of the Big Tujunga drainage
area. On the north side of the canyon (fig. 2) can be seen the contact

zone between the light-colored Lowe granodiorite on the upper two-

thirds of the slope and the brownish-weathering San Gabriel forma-
tion on the lower, less steep part of the slope. This contact marks the

trace of one of the principal breaks in the San Gabriel fault zone, and
is emphasized by the line of abundant vegetation that is fed by water
seepage along the fault. This fault zone is one of the major struc-

tural features of southern California and is believed to have a hori-

zontal displacement measurable in miles (Crowell, 1952). Clear
Creek Canyon and Red Box divide on the .skyline to the east have
developed by the relatively rapid erosion of crushed rock within

the zone.

At the bottom of the canyon turn west (left) from Angeles Crest

Highway onto the Angeles Forest Highway along the north side

of Clear Creek Canyon. About 2.5 miles from the road junction,

a small turnoff to the left affords a view of the steep-walled Big

Tujunga Canyon and of Dam No. 1. The Lowe granodiorite is ex-

posed in the nearby roadcuts and at the base of the slope on the

opposite (west) side of the canyon. Higher on the slope is the

darker-colored Wilson diorite. On the skyline to the north is the

timbered ridge of Mount Gleason, whose upper dark-colored slopes

consist of the dioritic faeies of the anorthosite complex. Some of

the nearer light-colored slopes are underlain by the anorthosite itself.

At a point 3.4 miles beyond the turnout that overlooks the dam,

a gravel-capped ridge crest is exposed. The gravel appears to have

once filled a gully, and to have proved more resistant to erosion

than the rocks on either side. The roadcuts in this area contain

excellent exposures of a migmatitic phase of the San Gabriel forma-

tion. About 0.7 mile beyond, at the far end of the Big Tujunga
Canyon bridge, the Wilson diorite is exposed.

Within 1 mile of the tunnel that lies a short distance beyond the

bridge, the road enters the anorthosite complex. Roadcuts about 0.7

mile from the tunnel show diorite that is a border phase of the

complex and contains consistently oriented inclusions. At points

farther along the road note the dark-colored masses in anorthosite.

These have been interpreted variously as dikes, inclusions, or segre-

gations. Note also the blotchy nuritic rocks that contain gigantic

crystals of hypersthene. Hills to the east (right) of the road, about

3 miles from the tunnel, contain brushed out lines, made to facilitate

magnetometer .surveys for ilmenite concentrations in the anorthosite

complex.

At the 4,900-foot summit between the Mill Creek and Aliso Can-

yon drainages, and for several miles on both sides of the summit,

the route passes over a large body of Lowe granodiorite that is cut

by numerous basic dikes. In the lower part of Kentucky Spring
Canyon and about 12 miles from the tunnel, rocks of the anorthosite

complex again appear in the roadcuts.

From this area, one views the upper and most easterly part of

the Santa Clara River drainage. The rounded ridge that forms the

highest part of the northwestern skyline is the Sierra Pelona (Map
2), which is underlain mostly by the Pelona schist, a formation that

generally is believed to be prc-Cambrian in age. Diorite and giiei.ss

of undetermined age form a belt on the lower south slope of this

range. Irregularly distributed in the still lower areas are andesitic

and ba.siiltic volcanic rocks of the Va.squez formation (Oligocene).

The foothills on the north flank of the San Gabriel Mountains, to

the viewer's left, are underlain by rocks of the anorthosite complex.

Soledad Pass to Mojave

The travi'lcr who proceeds eastward and northeastward through
Soledad I'ass will note the contrast between the nearly level .surface

of the Mojave Desert before him and the rugged topograph}- of the
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San Gabriel Mountains through which he has just passed. In this

area the San Andreas fault zone trends west-northwestward through

the foothills of the Sierra Pelona to the west and the San Gabriel

Mountains to the east, and marks the approximate boundary be-

tween the Mojave Desert region and the Transverse Range province.

This fault zone, which is one of the State's ma,ior structural fea-

tures, has been traced from Point Arena in northern California for

600 miles southeastward into the Imperial Valley area (Hill and

Dibblee, 1953). Movement along it has caused several major earth-

quakes, including the great San Francisco earthquake of 1906.

The channel that slopes northward from Soledad Pass once re-

ceived 'he northward drainage from Kentucky Springs Canyon,

which is followed by the lower part of the Angeles Forest Highway.

This drainage, however, has been captured by headward erosion of

the Santa Clara River, an intermittent stream that flows westward

through the Ventura basin to the sea near Ventura.

In the Soledad Pass-Palmdale-Pearland area (Wallace, 1949;

Noble, 1953; Dibblee, personal communication, 19.54) the San An-
dreas fault zone is as much as 3 miles wide and involves slices of

the Pelona schist (pre-Cambrian ?), granitic rocks, and several

types of younger sedimentary rocks. Within the zone most of the

Recent movement has occurred along a single break ordinarily desig-

nated as the San Andreas fault. In the area along the route of travel

this main break is flanked on both sides by belts of highly deformed
Tertiary nonmarine strata—the Punchbowl formation on the south

and the Anaverde formation on the north. These formations are each

about 1,500 feet thick and are conglomeratic and arkosic .sandstone;

but the.v differ from each other in that the Punchbowl formation con-

tains clasts of heterogeneous rock types, all apparently derived from
rocks south of the fault, whereas the clasts in the Anaverde forma-

tion are of granitic composition and apparently were derived from

rocks north of the fault. Although Punchbowl strata have yielded

Miocene vertebrate remains and Anaverde strata have yielded Plio-

cene leaves, the two formations may have been deposited at ditferent

places in essentially the same upper Miocene-lower Pliocene time

interval and have been brought into contact by horizontal movement
along the San Andreas fault.

The Tertiary and pre-Tertiary rocks are overlain by several hun-

dred feet of Pleistocene terrace deposits (the older Harold formation

and the younger Nadeau gravel). These generally are flat-lying, but

they have been involved in movements along the San Andreas fault

zone.

Northwest of the road at Soledad Pass are exposures of andesite

flow breccias of the Vasquez formation (Oligocene-lower Miocene).

The hill .southeast of the road is underlain by Mesozoic granitic

rocks. The west roadcut at the junction of U. S. Highway 6 with

Pearblossom Highway exposes the north-dipping coarse, pink, basal

conglomerate of the upper Miocene Punchbowl formation (Noble,

1953), which here is composed of volcanic debris derived from the

unconformably underlying Vasquez formation.

The general features of the San Andreas fault zone, which one

enters in the vicinity of the road junction, can be .seen best by

traveling 1.5 miles northeastward on Pearblossom Highway to Bar-

rel Springs Road, and thence we.st-northwestward to rejoin U. S.

Highway 6 near Tina Lake. Exposed in the roadcuts along this part

of Pearblossom Highway are nearly flat-lying Pleistocene conglom-

erates with clasts of schist and granitic rocks, as well as steeply

dipping arkosic sandstone of the Punchbowl formation. The angular

unconformity that separates these two formations is well shown

immediately west of the railroad crossing.

Barrel Springs Road lies on the principal break of the San An-
dreas fault. From the west side of the hill just northwest of the

road junction, one can look east-southeastward along the north

flank of the San Gabriel Mountains and see two prominent notches

in the far distance. The more southerly notch marks the trace of

the San Jacinto fault. The trace of the San Andreas fault pas.ses

through the other notch and follows a straight course northwest

through the San Gabriel foothills and through the small valley a

few hundred feet south of the observer to the north side of Palm-

dale Reservoir, where the prominent .south-facing fault scarp has

been used as a natural dam. Beyond the reservoir, the fault zone

is marked by the elongate Anaverde, Leonis, and Elizabeth Lake

Valleys.

The 60-mile segment of the San Andreas fault that is visible

from this point is a very straight, treneh-like feature flanked on one

or both sides by long, low fault scarps and in places containing

undrained depressions and sag ponds. No high scarps, character-

istic of many faults with great vertical displacement, are present

along this zone of rupture.

The hill upon which the observer stands is on the north side of

the San Andreas fault, and lies within the belt of Tertiary rocks

noted above.

The hill is flanked by Pleistocene gravel (Harold formation) which

contains abundant clasts of Pelona schist and extends eastward for

a di.stance of about 10 miles north of the fault. The I'leistoceue

gravel (Harold formation) across the fault to the south contains

gigantic clasts and is devoid of Pelona schist. The schist debris on

the north side of the fault could not have been derived from nearby

hills as the nearest exposures of Pelona schist lie south of the fault

and about 3 miles to the west. Such differences in composition sug-

gest that Pleistocene deposits, juxtaposed on opposite sides of the
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fault, have been l)n)iiy;ht tojjether by horizontal movement. Altliiiu^;li

the movement cannot be measured accurately, it may have totalh'il as

much as 5 miles in late Pleistocene and Recent time (Noble, lfl.j:i).

A fault subsidiary to the main break of the San Andreas is well

exposed in a cut on the .south side of Pearblo.ssom Hiphway, abiiut

300 feet northeast of its junction with Barrel Springs Road. Here

the Pleistocene schist-bearing conglomerate on the west is in fault

contact with nearby vertical sandstone strata of the Anaverde for-

mation on the east.

The route of Barrel Springs Road toward Palmdale is flanked

by prominent fault .scarps and sag ponds that are characteristic

of the main San Andreas rift. An angular unconformity between

the steeply dipping Anaverde formation and a terrace capping of

nearly horizontal Pleistocene gravels can be seen near the top of the

mo.st prominent ridge north of the road. These .same two units, in

fault contact, are exposed in a roadcut on U. S. Highway 6 and a

few hundred feet northwest of Una Lake, which is the largest of

the sag ponds noted above.

For a distance of 19 miles from Palmdale through Lancaster to

Rosamond, U. S. Highway 6 traverses the nearly level, alluvium-

floored Antelope Valley. The depth of the pre-Tertiary basement

rocks has not been determined in this valley. That it probably is

great was shown in 1951 by an exploratory well drilled for oil in

Rosamond Dry Lake, which penetrated coarse sandy alluvial .sedi-

ments, and bottomed in them at a depth of 5,500 feet (Dibblee,

T. W., Jr., personal communication, 1954).

The broad features of the we.st-trending Rosamond Hills perhaps

can be best observed from near the point at which F. S. Highway
6 crosses the Los Angeles County-Kern County line. The hills con-

sist of Mesozoie quartz monzonite that is flanked on the south by

south-dipping strata of the Rosamond .series (Miocene ?) (Simp-

son, 1934).

In general, the Rosamond section is about 2,500 feet in maximum
thickness, and consists of a lower sequence of light-colored rhyolitic

tuff and an upper sequence of conglomerate rich in rhyolitic volcanic

debris. The rhyolitic tuff is cut by many intrusive plugs of reddish

rhyolite, and contains some rhyolite breccias that originated from

some of these pings. Thus the rhyolite and the tuff are at least in

part contemporaneous.

That some faulting has occurred along the south margin of the

Rosamond Hills is indicated by prominent scarps in the alhivium

at Willow Springs, south-southwest of the hills, and is suggested by

the straightness of the .south face and by the presence of a mueh
greater thickness of alluviiuu south of the hills than north of them.

The principal geological features of the Rosamond-Mojave area

are best seen from an alternate route that lies west of U. S. Highway

(i. From Rosamond travel west on Willow Springs Road for 3! miles,

and thence north on Tropico Mojave Road. The Tropico mine, on

tlie hill northwest of the road junction, was one of the few gold

mines still active in southern California in 19.54.

From the Tropico mine area northward to the crest of the Rosa-

mond Hills, Tropico Mojave Road traverses south-dipping tuffaceous

(light-colored) and conglomeratic (reddi.sh) units of the Rosamond

series. Near the crest the depositional contact between rhyolitic tuff

and the underlying quartz monzonite is well exposed. The shallow

prospect workings in this area have been developed along occur-

rences of the uranium-bearing mineral autunite (Walker, 1954),

along fractures in the tuff. This iiart of the Rosamoiui series con-

tains local basalt flows.

Soledad Mountain, which can be viewed to the north from the

crest of the Rosamond Hills, consists of a group of rhj-olite plugs

that are intrusive into both rhyolite tuff and breccias of the Rosa-

mond series, as well as the Mesozoie granitic rocks. The granitic

rocks are expo.sed out of view low on the northeast flank of the

mountain. The tuff, which contains a single basalt flow, underlies

the lower part of the south flank of the mountains. The intrusive

rhyolite of Soledad Mountain marks the center of an area of vol-

canism that has a radius of about 10 miles. Within this area are

numerous smaller rhyolite plugs, including those of the Rosamond

Hills, Tropico and Willow Springs Hills, and Middle Biiftes, that

project as rugged knobs above the smooth desert floor. On this floor

is an alluvial veneer, ordinarily a few tens of feet or less in thick-

ness, that lies upon Mesozoie granitic rocks.

Travel northward and eastward along the west flank of Soledad

Mountain to an outcrop of rhyolite, at the northwest tip of the

mountain. This is one of many satellitie plugs around Soledad

Mountain. Ijooking to the west, north, and northeast, one can ob-

serve a 25-mile segment of the trace of the Oarlock fault zone. This

trace pas.ses through a rift-like depression between Double Moun-

tain, the three-pointed peak on the western horizon, and an even-

crested lower ridge to the southeast. Farther northeastward the

fault is marked by a depres.sion that extends across II. S. Highway

466 near Tehachapi Pass, and thence along the base of the steep

southeast front of the Sierra Nevada, north of the town of Mojave,

to the base of El Paso Mountain still farther to the northeast.

The (iarlock fanlt zone lies within pre-Tertiary crystalline rocks

thriHighout the Tehachapi Mountains to the west.

Double Mountain consists of a (juartz diorite fades of the Meso-

zoie Sierra Xevada batholith. The lower ridge southeast of the Gar-

lock fault zoiu^ is underlain by granitic rocks that contain pendants

of Paleozoic ( ?) metamorphic rocks, and in places both rock types

are cut by many dikes of Miocene ( ?) rhyolite. In the low foothills
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FlGUBB 3. View of north face of Soledad Mountain, which consists of a group of Tertiary rhyolite plugs. Mine (tump and mill tailings of GnliU-n Queen mine in center.

of this ridge in the area northwest of Mojave, the granitic rocks are

overlain by about 2,500 feet of Pliocene (?) terrestrial and lacus-

trine sediments, which in turn are overlain unconformably by about

700 feet of Plei.stocene sands and coar.se gravels. The Pliocene strata

dip southeastward, and locally have been folded. The overlying

Pleistocene beds are involved in some of this folding.

Follow the road around the north flank of Soledad Mountain

(fig. 3). The rocky spurs on the northwest and north flanks of the

mountain are dikes of the same rhyolite that forms the main part of

the mountain. The granitic rocks, into which the rhyolite is intru-

sive, are exposed in a .saddle between the main mountain and a small

hill of rhyolite on its northeast margin.

The numerous workings in Soledad Mountain have been devel-

oped in gold deposits in breeeiated and sheared zones in the rhyolite.

The tailings pile and the largest mine dumps are those of the Golden

Queen mine, which was opened following discovery of a major de-

posit in 1933. Gold mining in this district, however, has been active

since 1894, and the total output is valued at about 12 million dollars.

Mojave to Garlock Station

Travel eastward to U. S. Highway 6, and thence northward

through Mojave (Map 3). An improved dirt road that parallels the

Los Angeles aqueduct passes near .some noteworthy features of the

Garlock fault, and permits a view of the western Mojave Desert and

Cantil Valley that is better than that obtained from U. S. Highway

6. This road, which this geologic guide follows for about 14 miles,

turns off U. S. Highway 466 about 4 miles northwest of Mojave. It

can be by-passed, if the traveler prefers to remain on U. S. Highway
6 in traveling northeastward from Mojave.

Northwest of the aqueduct road, and 1 to 2 miles beyond its

junction with LI. S. Highway 466, is a southeast facing scarp,

about 200 feet high, in the Quaternary fanglomerate. This scarp,

formed by vertical movement on a subsidiary fault that is parallel

to and a mile south of the Garlock fault, is one of the many breaks

that indicate recent movement along the Garlock fault zone. From
this locality a southeastward panoramic view of the western Mojave
Desert reveals two types of prominences. The small rugged hills arc

rhyolite plugs; the broad smooth domes are underlain by granitic

rocks. The granitic rock characteristically erodes to slopes of low

relief in the arid desert climate, and the domes are generally be-

lieved to have formed in the final stage of the erosion of desert

mountains (Davi.s, 1933). At lea.st some of the granitic domes in

the .southern California desert, however, appear to have been de-

veloped by warping (Sharp, Contribution 8, Chapter V). The Mo-
jave block has reached a stage of late maturity to old age, in the

classic terminology of the erosion cycle. This is in marked contrast

to the elevated Sierra Nevada block, which is in the stage of early

maturity.

An excellent northward view of the precipitous front of Piuoso

Ridge, the most southerly part of the Sierra Nevada, can be obtained
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Figure 4. Exposure of El Paso fault, a branch of the Garlock fault zone, east of Redrook station. IJght-coIored Tertiary and
Quaternary rocks on right are in fault contact with darker-colored Mesozoic granitic rocks on left. Sedimentary rocks of Pliocene

Ricardo formation are unconformably overlain by Pleistocene terrace deposits.

from the aqueduct road beyond the turnoff from Hiprhway 466. This

mountain ridge is composed of Jurassic ( ?) granitic rocks of the

Sierra Nevada batholith. The trace of the actual Garlock fault lies

at the base of the ridge. The lower .slopes of the ridge are cut by

numerous zones of gouge that trend parallel to the Garlock fault

and dip gently to steeply northwestward away from it. These are

thrust faults along which the mountain block has been elevated; they

form a part of the general Garlo<'k fault zone which here is as much
as a mile wide. Within the zone are .slivers of highly sheared biotite

schist and brecciated limestone, which appear as dark, blue-gray

streaks in lighter-gray granitic rock. Tinder favorable conditions of

lighting some white patches can be seen in .several of the saddles

on the crest of Pinoso Ridge. These are exposures of tuff and tuff-

breccia that rest upon the granitic rocks and form the base of a

3,00()-foot series of Miocene tuff, lavas, and sedimentary rocks that

dip northwestward into a large syncline.

About 3 miles from the aqueduct road turnoff, the zone of thrust

faults passes through the badlands of the lower slopes of Pinoso

Ridge. The zone here narrows to a width of about half a mile, and
the granitic rock has been severely sheared. It is transected by num-
erous parallel, steeply dipping layers of gouge. This zone converges

with the (Jarlock fault where the aqueduct road meets the foot of

the mountains about .'> miles from the turnoff. For a distance of an

additional 4 miles from this point, the road lies near the actual trace

of the Garlock fault.

Several .small washes that cro.ss this part of the fault from the

northwest have been offset to the northeast, indicating that the land

southeast of the fatilt has moved northea.stward in Recent time.

As the road approaches the mouth of Pine Tree Canyon, it passes

through a graben in which Quaternary alluvium has been dropped

down between two branches of the Garhx'k fault. The southea.st and

main branch maintains a straight northeastward course southeast of
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the road, and forms a low, northwest-facing; searp of Mesozoic gra-

nitic rock. The northwest branch, which borders the graben on the

northwest, lies at the base of the mountain front and follows it

northeastward across the mouth of Pine Tree Canyon.

Turn eastward (right) on the Pine Tree Canyon road and return

to U. S. Highway 6. The low, northwest-facing searp of the main

Garlock break is again crossed near the road junction. Northeast-

ward from this point the fault can be traced in the alluvium for

2 miles, and thence disajjpears. For a distance of about 8 miles from

its junction with the Pine Tree Canyon road, U. S. Highway 6 fol-

lows a northeastward course within the Garlock fault zone, and at

most places is within a mile of the north branch that bounds the

Sierra Nevada mountain front. Four miles from the Pine Tree

Canyon road junction, this fault is well exposed a few hundred

yards northwest of U. S. Highway 6, where it brings Mesozoic

granodiorite on the north against deformed Pleistocene gravels of

the valley block.

Four and three-tenths miles from the road junction and half a

mile southwest of the mouth of Jawbone Canyon, a north-trending

major fault is exposed on the mountain front north of the highway.

This break is the southern end of the principal branch of the great

frontal fault zone that borders the eastern face of the Sierra Nevada.

In the Jawbone Canyon area, it is a steeply dipping normal fault,

and has brought gray granodiorite of the Sierra Nevada batholith

on the west (left) into contact with brilliantly colored rocks of the

Pliocene Ricardo formation and overlying Quaternary terrace de-

posits (Samsel, H., personal communication, 1952).

The main route of this guide follows the C'antil Valley road, which

branches from U. S. Highway 6 about a mile beyond Jawbone Can-

yon, but a 9-mile side trip to the head of Redrock Canyon via U. S.

Highway 6 leads through an unusually scenic area in which the

Ricardo formation is well exposed. From the road junction to Red-

rock Station at the mouth of Redroek Canyon, a distance of about

2i miles, U. S. Highway 6 traverses hills underlain by folded sand-

stone strata of the Ricardo formation, and capped by Pleistocene

terrace gravels. The.se hills lie in a wedge within the Garlock fault

zone, and their dissection is attributable to erosion following late

Plei.stocene to Recent uplift of the wedge.

At the mouth of the canyon and just east of Redrock Station,

pre-Tertiary crystalline rocks on the north (left) are in fault con-

tact with folded sand.stone of the Ricardo formation and less de-

formed but considerably dissected Pleistocene terrace gravels (fig.

4). This branch of the Garlock fault zone, named the El Paso fault

by Dibblee (1952), here dips steeply northward. This fault forms

the steep .southeast front of the El Paso Mountains, and its trace

approximately coincides with the ba.se of the mountains for about

14 miles northward from Redrock station. This fault eventually

joins the main Garlock fault near the east end of the range.

For a distance of about 1 mile north of Redrock Station, the

drainage of Redrock Canyon has cut through a resistant ridge of

Mesozoic granitic rocks that form the western end of the El Paso

Mountains. On the northwest flank of this ridge the Ricardo forma-

tion rests with depositional contact upon- the crystalline rocks, and
the relatively soft beds of this formation have been eroded to form

an amphitheater that long has been a favorite location in the produc-

tion of western motion pictures (fig. 5).

The highway up Redrock Canyon traverses the Ricardo forma-

tion, which attains a maximum thickness of 7,000 feet between this

canyon and Last Chance Canyon, about 5 miles to the northea.st.

This formation consists of tuff, chert, siltstone, sandstone, and eon-

glomerate. Coarse cobble conglomerates of granitic and volcanic

debris predominate from Redrock Canyon westerly to the Sierra

Nevada, whereas finer-grained sediments and tuff are more abundant

to the east. The formation was deposited in a broad basin. The part

of the basin that lies between El Pa.so Mountains and the Sierra

Nevada subsided most rapidly and received the greatest thickness

of sediments (Dibblee, 1952). Basalt flows and tuff beds occur as

resi.stant, cliff-forming layers (fig. 5). Two prominent flows of basalt

extend across the canyon bottom near Ricardo Station. The Ricardo

formation has yielded a large assemblage of lower Pliocene mammal
remains, mainly from its upper part. In Last Chance Canyon the

Ricardo formation rests unconformably upon the older Tertiary Goler

formation (Dibblee, 1952).

A turnout, at a high point on the road and about 4 miles beyond

Ricardo Station, provides a splendid view of the western portion of

Indian Wells Valley, which is bounded on the northwest by the

southern Sierra Nevada and on the southeast by El Pa.so Moun-
tains. The Coso Range is on the distant skyline, just to the left of

the line of the road.

The Sierra Nevada, which here consists largely of granitic rocks

of the Sierra Nevada batholith, is bordered on the east by the frontal

fault .seen in the Jawbone Canyon area. Black Mountain, a high

point of El Paso Mountains to the east, is capped by Pleistocene

basalt that unconformably overlies tuff of the Ricardo formation.

In this area, the Ricardo formation contains pumice layers that are

mined for use as abrasive and light-weight aggregate.

Return to the Cantil Valley turnoff, and travel northeastward

alcmtr the flank of EI Paso Monntains. Cantil Valley, which can be

viewed from a point 1.3 miles from the turnoff, probably is a

down-dropped block between El Pa.so Mountains on the northwest
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and the Rand Mountains on the southeast. It is an undrained basin

whose lowest portion contains Koehn Dry Lalie. In Pleistocene time

thi.s basin was occupied by a shallow saline lake. The farm lands in

the western part of the valley have been recently developed, and
are irrigated with well water drawn from the higher parts of the

valley.

The southeast slope of El Paso Mountains consists chiefly of pre-

Tertiary igneous and metamorphic rocks. In the southern part of

the range these are maiidy Mesozoic plutonic rocks that are intrusive

into pre-Cambrian ( ?) schist and a thick northeast-dipping series

of Paleozoic sedimentary and metavolcanic rocks (Oarlock series).

The.se older rocks underlie most of the central part of the range.

On the northwest flank of the mountains is a section of Tertiary

rocks composed of the Ricardo formation (Pliocene), which was
seen in Redrock Canyon, and the Goler formation (Eocene to lower

Miocene), which underlies the Ricardo formation in the Last Chance

Canyon area. These formations dip northwestward, the Goler strata

moderately and the Ricardo gently. The Ricardo formation locally

is capped by the Black Mountain basalt, of Pleistocene age, which

likewise dips northwestward but at lower angles. These relationships

indicate that El Paso Range was elevated as a block on El Paso fault

and was tilted northwestward in mid-Tertiary time, again in late

Pliocene-early Pleistocene time, and once again in late Pleistocene

time.

El Paso branch of the Garlock fault zone continues northeastward

along the base of El Paso Mountains, but the break of most recent

movement lies within the valley and near the north side of Koehn
Dry Lake. The trace of this most recently active fault is indicated

by the prominent scarp in the alluvium northeast of the lake.

The Rand Mountains are underlain by pre-Cambrian (?) schist

that is exposed on their north flank, and intrusive into this meta-

morphic terrane are Mesozoic granitic rocks. The mountains have a

relatively .steep northwest front that is parallel to the Garlock fault

zone and may mark the position of a bounding fault. If this fault

exists, it shows no evidence of recent movement and its trace lies

largely hidden beneath alluvium.

At Saltdale, brine pumped from beneath the surface of the dry

lake is evaporated in ponds to yield commercial salt (NaCl). This

plant has been operated since 1920, but is shut down during unusu-

ally dry years. Two miles northwest of the Saltdale turnoff', the road

crosses a fos.sil sand bar, which was formed in the Pleistocene lake

that once occupied Cantil Valley.

Mcsquite Canyon, which drains into Cantil Valley at a point

about .5^ miles northeast of Saltdale, appro.ximately marks the base

of the Paleozoic section (Garlock series) that dips northeast and is

exposed along the front of the mountains for a distance of about

9 miles northeast of the canyon. This section is about 3.3,000 feet

thick, and consists mostly of chert, shale, limestone, and altered

volcanic rocks. It appears to be homoelinal, but possibly is involved

in isoclinal folding (Dibblee, 1952). Permian fossils have been found

in beds near the center of the section, and at least the upper half

of the section appears to be of this age. The exact age of the lower

half remains undetermined. In Mcsquite Canyon, the Paleozoic rocks

overlie a belt of schist that probably is pre-Cambrian in age (Dib-

blee, 1952).

Near the mouth of Mesquite Canyon, the road passes j\ist south

of a south-facing scarp in Quaternary rocks. It is about 2 miles long

and as much as 280 feet high. Northwest-dipping Pleistocene sand-

stone is exposed at its southwestern end, and several springs issue

from the base of the scarp.

At the settlement of Garlock, which is the type locality for the

Garlock fault and lies about 1 mile northeast of the turnoff to

Randsburg, this .scarp is joined at its northeast end by another scarp

that faces the mountain front. This north-facing scarp indicates a

several-hundred-foot movement northeastward of the land southeast

of the fault. The drag created by this movement has produced a

.series of northeast-trending tension grabens that appear as shallow

depressions in the alluvium northwest of the fault. These can be

seen to the left of the side road that leads from Garlock to Mcsquite

Canyon.

Another prominent northwest-facing scarp marks the trace of the

Garlock fault at the mouth of Goler Gulch, about 2 miles northeast

of the settlement of Garlock (Hulin, 1925) (Map 4). The recency

of the faulting is emphasized by the existance of a small undrained

depression at the base of the scarp. Although the depression drains

an area of .several square miles, it has received a relatively small

volume of detritus.

Garlock to Wildrose Canyon

From the junction of the Cantil Valley road with U. S. Highway
395, one can look southward at the gray slopes of the northern part

of the Rand Mountains, which consist mainly of the Rand schi.st

(pre-Cambrian), and at the town of Randsburg. Red Mountain,

which forms the high point on the horizon to the left of Randsburg,

consists of uonmarine sedimentary rocks capped by andesite, all of

late Tertiary age.

Randsburg was settled in 1895, following the discovery of gold in

the area. The gold deposits of this district were .subsequently worked

in numerous mines; by far the largest is the Yellow Aster, whose

tailings and dumps are prominent on the hillslope southwest of
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Randsburg. This mine, which was worked most actively during the

period 1895-1918, has yielded ore valued at $12,000,000 or more

(Tucker, et al., 1949). The gold occurs witliin or near ((uartz vein-

lets in a body of Jurassic (?) quartz monzonite that is intrusive

into the Rand schist (Hulin, 1925).

Silver deposits at Red Mountain and tungsten deposits at Atolia

also are in the northern part of the Rand Mountains, and are com-

parable to the gold deposits in commercial importance. Both of these

localities are south of Johannesburg on U. S. Highway 395, beyond

the limit of Map 4. The silver deposits are Tertiary in age. and occur

in siliceous veins that cut the Rand schist (Hulin, 1925; Wright,

et al., 195.3). They were discovered in 1919 and have been worked

mainly in one mine, the Kelly. Mining was most intensive during

the period 1919-29. The total output of this mine is valued at about

$16,000,000.

The Atolia deposits have been in almost continuous operation since

their discovery in 1904. They have yielded about 20,000,000 pounds

of WO.-), and remain one of the nation's principal sources of tung-

sten. Scheelite, the chief ore mineral, occurs in both vein and placer

deposits. The veins, some of which are world-famous for the rich-

ness of their scheelite concentrations, occur in quartz monzonite

and contain a quartz-carbonate gangue.

From the main route of this geologic guide, these three mining

areas are most ea.sily visited by means of a 10-mile side trip via

U. S. Highway 395. The Rand schist is well exposed in road cuts

on the approach to Randsburg.

In travelling northward on U. S. Highway 395, one passes through

dissected Quaternary terrace gravels and again crosses the Oarlock

fault zone about a mile from the junction of this highway with the

Cantil Valley road. From the vicinity of the turnoff at the crest of

the ridge, the fault zone extends eastward as a well-defined trough

that, for a distance of about 4 miles, generally separates Jurassic

(?) granitic Intrusive rocks on the north from sedimentary and

volcanic rocks of Tertiary and Quaternary age on the south. The

Lava Mountains, which are visible to the southeast (east of Johan-

nesburg), probably contain a northern extension of the Tertiary sec-

tion that is exposed at Red Mountain, El Paso Peaks, to the north-

west, are underlain by granitic rocks that are intrusive into the

upper part of the Paleozoic section of El Paso Mountains.

For the next 35 miles the rocks described in this road-log consist

almost entirely of these granitic intrusive types and Quaternary

rocks that locally cover them. Travel northward to the Searles Sta-

tion turnoff and thence eastward (right) for 3.7 miles to the Johan-

nesburg-to-Trona highway. Turn north (left) on this highway. The

view from the .south slope of Salt Wells Valley, about 8 miles from

the road junction, encompasses the southwestern part of the Basin

and Range province, which is characterized by mountain ranges

that trend north to north-northwest. The Sierra Nevada, which

border the Basin and Range province on the west, form the western

skyline. The broad Indian Wells Valley, occupied by China Dry

Lake, separates these mountains from the Argus Range toward which

the road to Trona extends.

The white floor of the southern part of Searles Dry Lake can be

seen to the northeast, across a south-trending spur of the Argus

Range. Visible successively eastward from Searles Dry Lake are

the Slate Range, Lower Panamint Valley, and the southern part of

the Panamint Range, which is dominated by Telescope Peak, the

high point on the eastern skyline. Most of the bedrock in the country

west of Searles Dry Lake consists of granitic rocks of the Sierra

Nevada batholith. The geological features of the Slate Range are

incompletely known ; and the many formations that comprise the

Panamint Range are discussed in connection with points farther

along the route.

In Pleistocene time, during intervals when the climate was much
moister than it is now, the region noted in the preceding paragraph

contained extensive lakes that lay along the course of the ancestral

Owens River (Gale, 1915; Blackwelder, Contribution 5, Chapter V).

Fed partly by this river and partly by streams from the bordering

ranges, lakes formed in Owen.s Valley (to the northwest and not

visible from the Salt Wells Valley area), Indian Wells Valley, Salt

Wells Valley, Searles Valley, Panamint Valley, and Death Valley.

The drainage from Indian Wells Valley flowed eastward through

the notch in the hills that is marked bj' the white buildings, and

thence down Salt Wells Canyon, which is occupied by the road to

Trona.

During the latest of the moist intervals the Owens River extended

only as far as Searles Valley, where it formed a saline lake about

16 miles long and 375 or more feet deep. Most of the detrital mate-

rial gathered by the river south of Owens Valley is believed to have

settled in China Lake, which occupied Indian Wells Valley. During
the desiccation of Searles Lake in the dry period that followed, saline

constituents crystallized to form a huge body composed mainly ^f

various salts of sodium, potassium, and boron. This body underlies

an area of about 32 s(|uare miles, and is about 71 feet in average

thickness. Another body of salts, representing an earlier period of

desiccation, is about 35 feet thick and is separated from the upper

body by a 10- to 15-foot layer of mud.

In an earlier moist interval that probably preceded the formation

of the lower crystal body, Searles Lake was more than 640 feet deep
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(Blackwelder, Contribution 5, Chapter V), and joined continuously

with China Lake in Salt Wells and Indian Wells Valleys to the west.

DnrinfT this interval also Searles Lake overflowed into Lower Paua-

mint Valley, which in turn overflowed into Death Valley by means

of an outlet at Wingate Pass at the south end of the Panamint

Range. Lake beds deposited at this time are expo.sed in Salt Wells

Valley and are diseontinuously exposed along Salt Wells Canyon.

Low on the south slope of the valley the road crosses a belt of

small tufa towers built on the lake bottom. They are most notice-

able near the junction with the road to Ridgecrest.

Travel northwestward to the bottom of the valley and down Salt

Wells Canyon, where patches of the Pleistocene lake beds lie >ipon

Mesozoic granitic rocks. Shore terraces, cut by the latest lake to

occupy Searles Valley, are exceptionally well preserved at the mouth

of the canyon and along both the west and east margins of the valley.

Five miles south of the highway is a remarkable group of calcarous

tufa pinnacles, as much as 100 feet high, that rest on a gravel bar

of this lake (Blackwelder, Contribution 5, Chapter V). When Searles

Lake overflowed into Panamint Valley, the connecting stream ex-

tended eastward and northward around the south end of the Slate

Range, which separates Searles Valley from Lower Panamint Valley.

The east face of the southern jjart of the Argus Range, which is

first seen from the spur that is rounded by the highway before it

trends northward along the margin of Searles Dry Lake, consists

largely or wholly of Mesozoic granitic rocks. Half a mile northw'est

of the spur is the plant of the Westend Chemical Company, which

since the mid-l!'20s has recovered soda ash and borax from the brine

of Searles Lake (Wright, et al., 195.3). The brine, as pumped from

wells near the center of the lake, is recovered from the interstices

of both the upper and lower crystal bodies.

At the town of Trona, about 4J miles farther north, Searles Lake
brine also is treated. Here, at the plant of the American Potash and
Chemical Company, are recovered various salts of sodium, potas-

sium, boron, lithium, and bromine, as well as boric acid and lif|uid

bromine. The treatment of brine at this locality was attempted as

early as 1914, and, during World War I, the present operator de-

veloped a process for the extraction of potash that was the fore-

runner of one of the operations of the present plant. Brine from the

lower body is treated by a carbonation process very similar to the one

employed by the Westend Chemical Company and yiehls sodium

carbonate and borax. Brine from the upper body is treated by a

cyclic process, which involves the fractional crystallization of salt

by heating, evaporation, and cooling, and yields potassium chloride,

potassium sulfate, sodium carbonate, sodium sulfate, lithium car-

bonate, and bromine chemicals.

From Trona the highw-ay extends northward and crosses the

northern part of the Slate Range near its junction with the Argus

Range (Map 5). From the quarry on the southwest slope of the

Slate Range, about 1 mile to the east (right) of the highway, the

Westend Chemical Company removes Paleozoic limestone, which is

calcined at its Searles Lake plant to obtain carbon dioxide for the

carbonation of the brine. Strata of probable tipper Paleozoic age,

and granitic rocks that intrude them underlie most of the northern

part of the Slate Range. These rocks are capped locally by Quater-

nary basalt, which is exposed in the roadculs near the divide at the

crest of the range.

From a turnout to the right and just north of the divide, one

obtains a fine panoramic view of Lower Panamint Valley and the

mountain ranges that bound it—the Argus Range on the west and

the Pananunt Range on the east. The steep west face of this part

of the Panamint Range culminates in Telescope Peak, and is cut by

numerous steep-walled canyons. The dirt road that extends eastward

across the dry lake leads to the ghost town of Ballarat, at the ea.st

edge of the valley. The patch of green vegetation to the .south (right)

of the townsite marks the position of Post Office Spring, and lies

at the mouth of Pleasant Canyon. The second canyon to the north

of Plea.sant Canyon is Surprise Canyon, which drains the south-

western slope of Telescope Peak. High in Surprise Canyon and

hidden from this view is the site of the old silver mining town of

Pamamint City. At the north end of the valley, the mouth of Wild-

rose Canyon can be seen in the area where the steep varicolored

scarp is flanked by the uniformly gray hills.

Ballarat, which served as a miner's supply center, was most active

in the 1890s, when its population was 400 to 500. The few remaining

buildings now are occasionally inhabited by prospectors. Panamint

City originated in 187.3, when rich silver ore was discovered in upper

Surprise Canyon, and it soon had a population estimated at 1,500.

AVithin 2 yeans, however, a limited ore .supply and smelting difficul-

ties caused interest in the mines to .slacken, and in July, 1876, a

cloudburst destroyed the smelter and most of the buildings.

The steep western face of the southern Panamint Range is both a

spectacular and puzzling feature. Although it generally is believed

to be the scarj) of a great fault along which the range was tilted

eastward in Plio-Pleistocene time, the reason for the smoothness of

much its lower slope is disputed. It has been suggested that this

surface approximates the zone of faulting and hence has been little

eroded (Maxson, 1950). Other investigators, in contrast, believe that

it is mostly a surface of erosion whose strike parallels that of the

fault zone, but whose dip is much less steep than that of the fault

zone. Curry (cited by Maxson, 19.50) has suggested that the Pana-

mint scarp is a stripped sole of a warped thrust fault.



22 GEOLOGY OP SOUTHERN CALIFORNIA [Bull. 170

AjDUJSiDno <joi;j3i DjOZoaiDd uduqujdo

3iozosai/\|

to -
o

Q. c:

< -2 '=> ^



Geologic Guide No. 1] WESTERN MOJAVE DESERT AND DEATH VALLEY REGION 23

':?m'

Figure 6. We.-.t fuie ..f raiuaiiin U:.i.i;.- .,.,•.,-.', 11..111 Lmwit l^n^.n...:.. \.i.;..., 1;.::.:..,:- .:: ,:,.i yunli-riKiry alhi,..i: i:.:- uxi.-iuls

from rieasant Canyon (left). Stee|i faiv on this tan is a partly eroded fault .scarp ahout r>(JO feet hich. Traces of Pleistocene lake

terraces faintly shown on upper parts of old fans. Old ghost town of Ballarat (B) at edge of more recent fan.

Whether or not the face approximates an actual fault .surface,

recent faulting along and near the west base of the range is clearly-

shown in the displacement of Quaternary alluvium (Max.son, 1950).

Isolated patches of fanglomerate cling to bedrock above the base of

the main scarp, and the alluvial fans are cut by scarps that lie

parallel to the main .scarp. An especially prominent fault scarp,

about 500 feet high, truncates the large alluvial fan at the mouth

•of Pleasant Canyon (fig. 6). Displacement by this fault has caused

the Pleasant Canyon drainage to cut deeply into the fan that it once

deposited.

Under favorable conditions of lighting, wave-cut lake terraces can

be seen on the upper surface of the Pleasant Canyon fan. The high-

est of these apparently were formed when Panamint Valley was

filled to overflowing and drained eastward into Death Valley by way
of Wingate Pas.s, which lies near the southern end of Lower Pana-

mint Valley and has about the same elevation as the highest terrace.

The rocks in the part of the Panamint Range that is visible from

the road on the northeast slope of the Slate Range have been studied

only in a general way (Murphy, 1932; Sears, D. H., personal com-

munication, 1954). This terrane is structurally complex, but it con-

sists mostly of Lower Cambrian and pre-Cambriati un'tasodimentary

rocks that dip eastward. It also contains bodies of intrusive rocks,

some of pre-Cambrian age and others of Mesozoic age. The upper

part of Telescope Peak is underlain by Lower Cambrian strata that

include the Noonday dolomite and Johnnie formation. The belt of

yellow and dark brown rocks low in the Pleasant Canyon area is

believed to consist also of the Noonday dolomite (Johnson, B. K.,

personal communication, 1954). Pre-Cambrian metascdimentary

rocks and various intrusive bodies form the remainder of this face

of the range. Some of the larger intrusive bodies can be distin-

guished by their light gray color. Continue northward through

Panamint Valley.

Wildrose Canyon to Furnace Creek Ranch

About 31 miles from Trona, at the junction of the road leading

northwestward to Upper Panamint Valley, the route of this road-

log turns northeastward toward the mouth of Wildrose Canyon. The

gray hills north of the canyon are underlain chiefly by moderately

deformed fanglomerate of the Nova formation. This section has been

designated as Miocene (?) in age (Hopper, 1947), but it closely

resembles the Plio-Pleistocenc Funeral fanglomerate of the Death

Valley area and may be correlative with it. In the Wildrose Canyon

area (Map 6) the Nova formation is unconformably underlain by

unnamed older Tertiary sedimentary rocks, not more than 300 feet

in maximutn thickness, which in turn rest with depositional contact

upon the prc-Cambrian rocks that lie south of the canyon.

Near the mouth of Wildrose Canyon a wide, down-faulted treudi,

commonly called tlie Wildrose graben, has been formed in Quater-

nary alluvium. This is one of the most striking examples of Recent

deformation to be viewed along the route. The steep, nearly parallel
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scarps that bound the prraben are as much as 200 feet hifih, and show

the beheaded ehanuels of intermittent streams that formerly drained

southwestward across the alluvial fan but since have been diverted

southeastward alonf; the floor of the {iraben. In approaching the

graben from the west, the road follows one of these beheaded

channels.

Well-exposed at the mouth of Wildrose Canyon are angular

unconformities between the Nova formation and nearly horizontal

Quaternary alluvium, and between the older Tertiary rocks and the

pre-Cambrian rocks. The older Tertiary formation is distinguishable

from the light gray Nova formation by its dark brown to orange

color. It consists chiefly of mudstone, sandstone, and volcanic ash,

and contains a thin basal member of fresh-water limestone.

From the base of the Tertiary section to the vicinity. of the char-

coal kilns, about 10 miles up the canyon to the east, the road trav-

erses pre-Cambrian metasedimentary rocks that lie beneath the

Noonday dolomite (lowermost Cambrian) (Sears, D. II., personal

communication, 1954). These pre-Noonday rocks were first described

by Murphy (1032), who assigned all but the highest (most easterly)

units to two formations—the Panamint metaniori)liic complex and

the Surjjrisc formation. To these he tentatively assigned pre-Cam-

brian and Lower Paleozoic ages, respectively.

Apparently the oldest and most highly metamorphosed rocks in

AVildrose Canyon are graiutic gnei.sses and irregular granitic intru-

sive bodies that are exposed in a window in the vicinity of AVildrose

Station. These rocks resemble the earlier pre-Cambrian (Archean)

rocks of the southern Death Valley region, and have been tentatively

correlated with them (Sears, D. H., personal communication, iri.')4).

The window lies beneath contorted carbonate rocks that appear to

mark the base of the thick overlying setiuence of stratified rocks.

The lowest formation of this sequence dips eastward, and is ex-

po.sed in the canyon walls for about 2} miles eastward from Wild-

rose Station. It is a monotonous unit composed mostly of mica schist

and micaceous (|uartzite that commonly is conglomeratic. These
rucks, although placed within the Panamint metamorphic complex
by Murjihy (l!):i2), are less metamorphosed than at Wildro.se Station

and have been tentatively dated (Sears, D. H., personal communica-
tion, H).^4 ) as later pre-Cambrian. Their total thickness is unde-

termined, but apparently is measurable in thousands of feet.

The base of the overlying Surprise formation (Murphy. 1932) lies

just ei.st of the Death Valley Monument summer headcpiarters. on

the side-road to the charcoal kilns and Mahogany Flat. From the

hcad(|uarters area Wildrose (^anyon widens eastward into a broad,

mature valley that appears to be a low-relief remnant of an erosion

surface that was developed before the Plio-Pleislocene uplift of the
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Figure 8. Eastward view of Death Valley from Mahogany Flat. Funeral Mountain.s (left) and Black Mountains (right)
Ranch at extreme left on floor of valle.v. Photo by Robert A. Cartti'r.

cppoMte i.le .if mll.-v. Fiirri Creek

Panamint Range (Maxsoii, 1950). The section exposed on both sides

of this valley is broken by faults that apparently cause some of the

strata to be repeated. In general, this area is underlain by east-

dipping sedimentary rocks of later pre-Cambrian and Lower Cam-
brian ages, and these locally have been intruded by Mesozoie ( ?)

granitic rocks.

A point on the road about IJ miles east of the headquarters, and
opposite the radio relay station, affords an excellent panoramic view

of the topographic and geologic features of upper Wildrose Canyon.
From here the road extends southeastward toward a double peak

on the skyline—Rogers Peak on the north and Bennett Peak on the

south. In a general way, the geological units are outlined by the

distribution of vegetation. The barren slopes on the skyline are un-

derlain by shale and (|uartzite of the Lower Cambrian Johnnie for-

mation, which is equivalent to the Hanaupah formation described

by Murphy (1932). The tree-bearing belt, containing pinon pines

and junipers and extending northward to the slopes of Wildrose

Peak on the opposite side of the valley, marks the approximate ex-

tent of the Lower Cambrian Noonday dolomite, which here contains

prominent quartzite members in addition to dolomite. Dark gray
interlayered conglomerate, shale, quartzite, and limestone that be-

long mostly to the Surprise formation are exposed on the treeless

area at the base of Wildrose and Rogers Peaks, as well as on the

ridges that border both sides of the valley. The ridge on the north

side of the valley is capped by two outliers of orange-colored Noon-

day dolomite, and low on its south flank is a belt of light-colored

Mesozoic ( ?) acidic intrusive rocks.

The beehive charcoal kilns, about 6 miles farther up the road, were
built during the period 1880-90 to .supply fuel for a smelter at the

Modoc lead-silver mine in the Argus Range, about 21 miles to the

west. The kilns were in use for only a few years.

The various members of the Noonday dolomite cross the canj'on

bottom in the vicinity of the kilns. Mahogany Flat, on the crest of

the Panamint Range, is reached by about U miles of very steep road
that extends beyond the kilns. The flat is noted for its fine stand of

pinon pines and for the spectacular view of Death Valley that it

affords (fig. 8). The Johnnie formation is exposed in cuts from
about 1,000 feet south of the charcoal kilns to Mahogany flat.

Return to the main Death Valley highway and travel northea.st-

ward toward Emigrant Pass. Here the road also lies within the belt

of later pre-Cambrian rocks. Visible from a point at the top of the

grade and about 2| miles from the summer headquarters are rotinded

hills on the western (left) skyline that consist of faiiglonierate of

the Nova formation. Patches of yellowi.sh brown rocks of the Noon-
day dolomite cap most of the near hills to the east (right). From
a point aboJt a quarter of a mile beyond the top of the grade,
Telescope Peak can be viewed to the southeast.

Roadcuts along another grade, about 5} miles from the summer
head(iuarters, expose conglomerate with elongate pebbles (fig. 9).

This rock apparently has been much more highly metamorphosed
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Vu,i UK it. Exposure of iirt*-* 'aiiii)riaii stretched-petible conglomerate on road

between Wildrose Canyon and Harrisburg Flat.

than the later pre-Cambrian rocks in upper Wildrose Canyon, but

it seems to be part of the Surprise formation (Sears, D. H., personal

commuiiifation, 1904).

North of Emigrrant Pass, the road traverses Harrisburg Plats,

another low-relief remnant of the old erosion surface that is repre-

sented by upper Wildrose Canyon. From Harrisburg Flat an 8-inile

side road leads eastward to Aguereberry Point, and affords a close

inspection of a part of the north-striking Lower Cambrian section,

as well as a superb view of Death Valley. One and a half miles from

the turnoff, the Aguereberry Point road passes just north of the

old towiisite of Harri.sburg, which existed briefly as a tent town

following a gold strike in 1905. It was named after Shorty Harris,

a prospector who has become an almost legendary figure in Death

Valley history (Caruthers, 1951).

At the narrow mouth of the small canyon about half a mile east

of Harrisburg, the road crosses a sill-like or laeeolithic body of

Mesozoic (?) quartz monzonite, which is exposed near the crest of

the Panamint Range for a strike distance of about 12 miles. Bast

of this body the road traverses units of the Noonday dolomite. The

wider part of the canyon still farther east is flanked by quartzite

and shale of the Jiihniiic formation, whi<'h is well exposed along

the road as it swings southward into a small side canyon. From here

to Aguereberry Point, on the crest of the range, the upper part of

the Johnnie formation, the Stirling quartzite, and the Wood Canyon
formation, all Lower Cambrian in age, are encountered successively.

Aguereberry Point itself is underlain by the Zabriskie quartzite, a

persistent marker near the top of the Wood Canyon formation.

As one looks eastward from Aguereberry Point down the east

slope of the Panamint Range, he views successively higher forma-

tions in the Paleozoic section. On the near ridge are east-dipping

carbonate strata of the Cadiz and Bonanza King formations, both of

Middle Cambrian age.

The brilliantly colored, layered rocks on the opposite side of

Death Valley are .sedimentary and volcanic rocks of Tertiary age.

These dip northeastward toward and beneath Furnace Creek Wa.sh,

which marks the boundary between the Black Mountains on the

south and the Funeral Mountains on the north. The southern part

of the Funeral Mountains consists of essentially the same Paleozoic

formations that form the east slope of the Panamint Range. The
Furnace Creek fault zone, a major structural feature, separates the

Tertiary rocks of Furnace Creek Wash from the Paleozoic rocks of

the Funeral Mountains. In the northern and central parts of the

Bla<-k Mountains, Tertiary rocks rest upon earlier pre-Cambrian

rocks, and the Paleozoic section is missing. As this section, which

probably was about 25,000 to 30,000 feet thick, appears to have been

eroded in late Mesozoic or early Tertiary time, the northern part

of the Black Mountains apparently rose a comparable distance dur-

ing this time interval. The geological features of this region will be

viewed more closely later in the journey. Return to the main road

and travel northward across Harrisburg Flats.

Another side road, which extends northeastward from the north-

ern part of Harrisburg Flats, leads to Skidoo, an idle gold-mining

camp that was most active during the period 1907-13. Its name is

said to have been derived from the then-popular "twenty-three

skidoo" expression, because the gold discovery was made on the

twenty-third day of the month. Water for the camp and a gold mill

was piped 22 miles northward from Panamint Canyon. The pipe was

removed during World War I, but its location is still marked by

.scars on the mountain slopes. The mines of the Skidoo area have been

developed along gold-bearing quartz veins in a northern extension

of the same granitic body that is traversed by the Aguereberry Point

road.

The granitic rock forms the eastern skyline as seen from the

Skidoo turn-off, and is flanked on the west by fanglomerate of the

Nova formation, which borders both sides of the road in the upper

part of Emigrant Canyon. Note the .southeast -dipping layer of white

tuff in this area. The contact between the Xova formation and the

underlying granitic rock is crossed by the road at a point abotit
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fanRlomeratp with cliff-forming basalt flow high on canyon wall.

half a mile beyond the gold mill. In this area also, the Nova forma-

tion overlies highly fractured and breeeiated Cambrian sedimentary

rocks that border the granitic roclts on the west.

From the vicinity of Emigrant Spring northward, east-dipping

basalt flows in the fanglomerate are exposed high on the west canyon

wall (fig. 10). Also interbedded with the fanglomerate at the mouth

of the canyon is a zone containing layers and lenses of monolitho-

logic breccias derived from Paleozoic sedimentary rocks. A .sedi-

mentary origin for these bodies is indicated by their conformable

contacts with the fanglomerate that enclosed them. Each lens ap-

pears to have formed as a debris flow, derived from brecciated source

rock that generally was composed of a single rock type. Similar

bodies of breccia, derived from a wide range of pre-Tertiary and

Tertiary source rocks, occur in upper Tertiary and Quaternary sedi-

mentary rocks in many parts of the Death VaHcy region. The mono-

lithologic breccia bodies of Emigrant Canyon consits of one or an-

other of the following rock types: dolomite, limestone, ([uartzite,

phyllite, and schist. Carboniferous fos.sils are abundant in many of

the clasts.

East of the junction of the Emigrant Wash road with State High-

way 190, the steep west face of Tucki Mountain is flanked by a low

belt of fanglomerate and basalt of the Nova formation. Tucki Moun-

tain, although .structurally complex in detail, consists in general of

east-dipping later i)re-Cambrian and Paleozoic .strata that form what

is probably the thickest and most complete pre-Tertiary section in

the Death Valley region, if not in the entire State. As one travels

northward and eastward around the north flank of the mountain, he

can observe successively younger formations. The rocks on the west

flank are largely later pre-Camhrian rocks ecjuivalent to most or all

of the pre-Noonday formations observed in Wildrose Canyon. How-
ever, the irregular ma.sses of gray rock, which are most abundant

low on the north and northwest flanks of the mountain face, consist

of dolomite of the Middle Cambrian Bonanza King and Cadiz for-

mations (L. P. Noble, personal communication. l!ir)4). These mas.ses

lie against the mountain face, and exist as relatively thin, west-

dipping slabs that apparently are blocks displaced by low-angle

faulting.

The northern part of the Panamint Range can be seen to the

north. Although this part of the range is not well known geologi-
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FlOXmE 11. View southward of Nova formation at mouth of EmiRrant Canyon. Re.sistant lensp.s of spdimentar.v oripin that fnrm liiw cliffs consist mostly of

monolithologic breccia derived from Paleozoic formations.

cally, it consists mainly of Middle and Upper Paleozoic rocks. It

apparently represents a structural element that is distinct from the

southern part. Note the large size and total relief (3,000 to 4,000

feet) of the Quaternary alluvial fan that slopes eastward from the

divide between the two parts.

Prom the vicinity of Stovepipe Wells resort, one looks southward

at east-dippiu" later pre-Cambrian and Lower Cambrian strata on

the north flank of Tucki Mountain. The yellowish-brown formation

expo.sed just west of the mouth of Mosaic Canyon is the Noonday

dolomite, at the base of the Lower Cambrian section. Successively

exposed east of the canyon are Lower and Middle Cambrian strata

of the Stirling quartzite. Wood Canyon formation (including the

Zabriskie quartzite member that appears as a prominent pink

stripe). Cadiz formation, and Bonanza King formation. The Johnnie

formation, which ordinarily lies above the Noonday dolomite, here

has been faulted out by a steeply dipping break whose trace approxi-

mately coincides with the canyon bottom.

Stovepipe Wells resort, a favorite stopping place for desert trav-

elers, derives its name from a well in the area of sand dunes to the

northeast and on the early trail between the mining camps of

Skidoo and Bullfrog, Nevada. As the well commonly was covered

by drifting sand, a stovepipe was driven in the sand to assist thirsty

travelers in finding it. These dunes are modest in size, but are

among the mo.st photogenic of California's desert features.

From a point about 2.5 miles east of Stovepipe Wells, an addi-

tional and higher segment of the Tueki Mountain Paleozoic section

can be seen. Between the ridges on the west and east are exposed

Middle Cambrian to Lower Ordovician formations (Bonanza King,

Racetrack, Nopah, and Pogonip). Note the west-facing fault scarp

in the alluvium northeast of the mountain, and the Tertiary volcanic

rocks in the low hills 3.0 miles east of Stovepipe Wells.

From these hills State Highway 190 trends eastward across the

axis of the great Death Valley trough, a topographic and structural

feature at least 150 miles long and perhaps much longer. Here the

road points eastward to the vicinity of Daylight Pass, which di-

vides the Grajicvine Range on the north from the Funeral Moun-

tains on the south. The part of the valley that lies north of the road

is not described in this guide, and its geological features arc less
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FiGCBE 12. Wood-burning steam tractor at Furnace Creek Ranch. Unsuc-
cessfully employed in attempt to replace 20-mule team in transportation of
borax.

well known than those of the part to the south. Of especial interest

in this northern area are the Ubehebe Craters and Death Valley
Seotty's Ca.stle. The craters are outstanding examples of volcanoes
that develop explosively and eject very little volcanic rock. Such
volcanoes, known as maars, characteristically have flat bottoms and
incon.spicuous cones.

Proceed along State Highway 190 southward along the east side

of the valley to Furnace Creek Ranch (Map 7). In this area the

highway traverses hills composed of deformed Tertiary sedimentary
rocks that probably are part of the Mio-Pliocene ( ?) Furnace Creek
formation. Although the hills are thoroughly dissected, they com-
monly are capped by Quaternary gravels that lie upon a nearly
planar erosion surface beveling the Tertiary rocks. Both the Ter-
tiary and Quaternary rocks are offset by northwest-trending faults

of the Furnace Creek fault zone.

From Boundary Canyon southward to the area northwest of the

lower part of F'urnace Creek Wash, the west face of the Funeral
Mountains is underlain by pre-Tertiary rocks that include meta-
morphic rocks of earlier pre-Cambrian (?) age, and Cambrian (?)
sedimentary rocks. For about 18 miles southeast of Boundary Can-
yon, the base of the mountains coincides with the trace of Keene

Wonder fault, which .separates the pre-Tertiary rocks on the east

from the Tertiary and Quaternary rocks on the west.

On the west side of the valley are the east-dipping Paleozoic

strata that form the east slope of the Panamint Range. Tertiary vol-

canic rocks are exposed low along the spurs, and large alluvial fans

head in the major canyons. The old Harmony Borax mill, which
lies just east of the highway and near the lower end of Furnace
Creek Wash, was constructed in 1882 near the site of the original

discovery of borax in Death Valley. From this mill, the famous
20-mule team wagons hauled about 2| million pounds of borax each

year to Mojave, 165 miles away. Cottonball borax (ulexite) was
gathered from the surface of the dry lake bed, dissolved, then crys-

tallized in vats. The heat for dissolving the borax was supplied by
burning mesquite that was gathered by the Indians. In the summer
months, the high temperatures of Death Valley prevented the crys-

tallization, and during this sea.son the operations were transferred

to the Amargosa Borax works south of Shoshone. The Harmony
operation was suspended about 1890. when eolemanite deposits were
opened up near Calico, in western San Bernardino County.

Furnace Creek Inn and Furnace Creek Ranch are the largest re-

sorts of the Death Valley area, and they form the major supply
center for the Monument. Talks on the natural history of Death
Valley are regularly scheduled at the ranch, and books on the area

can be purchased here. Pamphlets and general information on the

Death Valley area can be obtained at the Monument headquarters,

about 3.1 miles north of Furnace Creek Ranch.

Side-Trip to Dante's View

Dante's View, a high point on the crest of the Black Mountains,
affords a virtually unobstructed panorama of the entire length of

Death Valley and the east slope of the Panamint Range. It is reached

by traveling from Furnace Creek Inn 11 miles southeastward on
State Highway 190, and thence an additional l-'5 miles south and
west on a paved side road. For most of this trip the road follows

Furnace Creek Wash, which trends southeast and is underlain by
Tertiary and Quaternary rocks.

For about 10 miles .southea.st of Furnace Creek Inn, the wash sep-

arates the northern part of the Black Mountains on the .southwest

from the central part of the Funeral Mountains on the northea.st,

and northwest-dipping strata of the Mio-Pliocene { ?) Furnace Creek
formation and of the overlying Plio-Plei.stocene (?) Funeral fanglo-

mcrate are exposed in the wash. Paleozoic sedimentary rocks, which
compose the part of the Funeral Mountains that is visible from the

wash, have been brought into contact with these formations ami with
Quaternary alluvium by the Furnace Creek fault zone, one of the

major structural features of the Death Valley area. To the northwest
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this zone apparently joins with the Death Valley fault zone and the

area between the two apparently was depressed in Tertiary and
Quaternary time to receive sedimentary and volcanic rocks at least

13,000 feet in total thickness. Colorful and grotesquely eroded beds

of siltstone and sandstone are prominent in this formation for about

8 miles in the lower part of the wash, and can be seen best from
Zabriskie Point and the Twenty-Mule Team Canyon side road. The
rilling and convexity of the hill slopes are characteristic of the

weathering of fine-grained, poorly consolidated strata in an arid

climate.

Just south of Zabriskie Point is an excellent example of stream

capture. Here the headward development of Gower Gulch has re-

sulted in capture of the Furnace Creek drainage. To the northeast

of the highway are alluvium-capped terraces cut in rocks of the

Furnace Creek formation.

The northern end of the Greenwater Range, as seen from the

side road to Dante's View, consists essentially of borate-bearing

beds of the Furnace Creek formation and a capping of upper Plio-

cene ( ?) basalt. The old mining camp of Ryan, which is owned by

the Pacific Coast Borax Company, can be .seen on the west slope of

the range, and is reached by a short side road. The numerous mine

workings in the Ryan area have been developed in borate deposits

(principally colemanite) that occur as layers in the Furnace Creek

formation. These mines were active in 1914-28. after which the

company moved its operations to a depo.sit at Kramer, in Kern
County.

In the upper part of Furnace Creek Wash are di.ssected Quater-

nary fanglomerates derived from the bordering ranges. As the road

swings westward up the east slope of the Black Mountains, it passes

from the fanglomerates into light-colored Tertiary volcanic rocks

that probably are part of the Furnace Creek formation. The darker

rocks on the skyline to the northwest of the road, which form the

Dante's View promontory, are volcanic rocks of the Artist Drive

formation (Oligocene ?). Here the two formations are in fault

contact.

From Dante's View one can look to the Death Valley floor

which contains the lowest points in the United States (282 feet

below sea level). He can then look northwest to the distant skyline,

and see the crest of Mt. Whitney, the highest point in the United

States (14,495 feet).

The return to Furnace Creek Inn, by way of the same road,

affords a distant view of the Paleozoic rocks that compose the central

part of the Funeral Mountains. The prominent white band is the

Eureka quartzite of Middle Ordovician age. Normal faults that cut

these rocks cause some of them to be repeated.

Furnace Creek to Shoshone

For about 35 miles .south of Furnace Creek Inn the route of this

guide follows the road along the east side of Death Valley. For most

of this di.stance the road lies close to the base of the bold and youth-

ful west-facing escarpment of the Black Mountains. This escarp-

ment, which is 4,000 to 6,000 feet high and virtually barren of

vegetation, is one of the most scenic features of the Death Valley

region. To the west Telescope Peak rises 11,331 feet above the floor

of the valley and thus has the greatest relief of any single mountain

in the United States.

The geological features of the Black Mountains are exceedingly

complex and are not yet completely understood. As these features

and the problems of their origin can be mentioned only briefly here,

a familiarity with the more detailed discussions by Noble (1941),

Curry (Contribution 10, Chapter II), and Noble and Wright (Con-

tribution 7, Chapter IV) would add significance to this part of the

route. Here one travels along the western margin of a great fault

block, shaped in plan like a two-pointed wedge and including the

Black Mountains, the Greenwater Range, and .several north-trending

ridges east of the southern end of Death Valley.

This wedge, which is about 80 miles long and 25 miles in maximum
width, is bounded by two major fault zones—the Death Valley fault

zone on the west and the Furnace Creek fault zone on the east. The

wedge appears to have been raised many thousands of feet between

these two fault zones, as the thick section of pre-Tertiary sedimen-

tary rocks that once covered it appears to have been partly to wholly

removed during the mid-Mesozoic to mid-Tertiary interval. The

thickness of this cover probably was in the range of 25,000 to 45,0(X)

feet. The mo.st abundantly exposed rocks are those of an earlier pre-

Cambrian metamorphic complex.

In general the northern and central parts of the Black Mountains

consist of a core, composed of metamorphic rocks (earlier pre-

Cambrian) and intrusive igneous rocks (earlier pre-Cambrian to

Tertiary), that is diseontinnously flanked and locally capped by

masses of rocks of a wide range of types and ages.

Most of the ma.sses show a very complex internal structure, and

are compo.sed of irregular blocks and breccia bodies that range in

length from a few feet to thou.sands of feet. In the northern part

of the Black Mountains they consist almost entirely of Tertiary sedi-

mentary and volcanic rocks such as those seen from the road to

Dante's View. In the central part, later pre-Cambrian and Paleozoic

sedimentary rocks also are abundant, and earlier pre-Cambrian

metamorphic rocks are locally present in the masses that overlie

the core. They ordinarily rest with fault contact upon the core.
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The surface of the core is characteristically smooth and little

eroded, and has the form of broad, plunging anticlines and syn-

clines. As the anticlines resemble turtle carapaces in shape, the

name "turtlebaeks" has been applied to them (Curry, 1941). Three
turtlebacks have been recognized in the Black Mouutain.s, and can

be viewed along the route of travel. Each plunges northwestward,
and the western flank of each dips gently to moderately toward the

valley.

The disordered masses that overlie the turtleback surfaces have
been interpreted as remnants of one or more thrust sheets that have
been largely eroded from the cores. The surface of thrusting is

believed to have been thrown into broad folds by a warping of the

core of the range. The origin of these structural features, however,

is still a perplexing problem whose solution awaits additional

detailed study.

The western flank of the Black Mountains is cut by numerous
steep-walled canyons at whose mouths are almost perfectly formed
alluvial fans and cones. These fans contain a much smaller volume
of material than the huge coalescing fans, as much as 3,000 feet in

relief, that extend eastward from the Panamint Range. The notable

difference in volume of modern fan detritus suggests that the Black
Mountains escarpment is the younger of the two, and the difference

in the degree of erosion shown by the two mountain fronts is com-
patible with this age relation. Also, the Panamint fans are being
dis.sected, whereas the Black Mountains fans are not.

The fans along both sides of the valley contain linear scarps that

are roughly parallel to the bordering mountain fronts. Jlost or all

of these are fault scarps, although some may be attributable to

differential compaction of the alluvium. Normal faulting of much
greater magnitude occurs along the western margins of the turtle-

back surfaces, and along the intervening parts of the mountain
front. Recurrent uplift along these normal faults has caused many
of the canyons to be wineglass-shaped in cross section.

Travel southward from Furnace Creek Inn along the east Death
Valley road. A very fresh-appearing scarplet breaks the alluvium
on the east (left) side of the road for a mile or more south of its

junction with State Highway 190. The mountain front east of here

exposes northeast-dipping strata of the Furnace Creek formation,

which are separated from the alluvium of the valley floor by the

Artist Drive normal fault. About 4.r) miles from the junction, Ija.salt

of late Pliocene ( ?) age lies west of the fault and is exposed in the

low hills along the road. These hills show terraces cut by the waters
of Lake Manly, the most extensive of the Pleistocene lakes that

occupied Death Valley. Crude artifacts found on one of the.se ter-

races suggest that human beings dwelled there when the lake .stood

at that level (Clements and Clements, 1953).

An improved dirt road, which branches southwestward at a point

6 miles from Furnace Creek Inn, extends along the west side of

Death Valley to rejoin the east road about 37 miles farther south.

Of particular interest along this western route are the site of the

Eagle Borax works, the grave of Shorty Harris, and Bennetts Well.

In 1849 the Bennett party, a group of pioneers seeking a short cut

to the gold fields of California, was suffering from privation when a

halt was made at the spring now known as Bennetts Well. They
camped here while William L. Manly and John Rogers continued

on foot to find a route of escape from the valley. These men made
an heroic round trip in 26 days, and they then led the party to

safety. The words "good-bye. Death Valley" are reliably reported

to have been said by one of the departing group, and the valley was
thus named.

Eagle Borax works was the first borax plant constructed in Death
Valley, but it was operated only during the more temperate months
of 1881 and 1882, and never was commercially .successful.

Much of the thick section of brilliantly colored Tertiary volcanic

and sedimentary rocks that form the northern part of the Black

Mountains can be seen to the east of the junction of the two Death
Valley roads. The lower part of the main mountain front southeast

of Mushroom Rock is underlain by the Artist Drive formation

(Oligocene ?), which is composed of sedimentary and volcanic rocks.

The low hills in the foreground are underlain mostly by strata of

the Furnace Creek formation that have been dropped against the

Artist Drive formation along the Artist Drive fault.

Artist Drive loop, the entrance of which lies 4.3 miles south of

Mushroom Rock, is a scenic drive through the foothills of the Fur-
nace Creek formation to exposures of the Artist Drive formation

along the scarp of Artist Drive fault. A small natural bridge in

fanglomerate of the Artist Drive formation is reached by a 1-mile

side road about 2.4 miles south of the southern Artist Drive turn-

off. Less than a mile south of the natural bridge, the Artist Drive

formation b\itts into the northwest-plunging nose of the Badwater
turtleback. From the head of the natural bridge road, one has an
excellent view of the .smooth west flank of this t\irtleback (fig. 13).

Note the wineglass-shaped canyon cut into this flank.

For many years the small pool of saline water at Badwater. which

lies at 280 feet below sea level, was believed to mark the lowest point

in the United States, but recent topographic mapping by the I". S.

Geological Survey has established two lower points, both on the floor

of Death Valley aiul both at an elevation of 282 feet below sea level.

These lie 31 miles northwest and 4 miles west of Badwater.

In the vicinity of Badwater, and elsewhere along the west face of

the Black Mountains, jiati'hes of Quaternary alluvium, similar to
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those observed on the west face of the Panamint Range, cling to the

bedrock above the present alluvial surface.

A quarter of a mile south of Badwater, the Badwater tnrtleback

surface trends oblii|iiely southwestward into the Black Mountain.s,

and for an airline distance of about 7J niih's, between Badwater and
the mouth of Copper Canyon, the mountain front is underlain by
large blocks that are greatly disordered and brecciated. Some of

these blocks consist of pre-Cambrian ( ?) igneous and metamorphic
rocks, and others consist of Tertiary volcanic and sedimentary rocks.

The mountain front here is the eroded .scarp of a ma.ior normal fault.

The trace of this fault coincides with the break in slope between

the scarp and the bordering fans. Two Recent .scarplets that offset

the alluvium are prominent in the first fan southwest of Badwater,

and probably are subsidiary to the frontal fault. Tliis part of the

Black Mountains, one of the most precipitous slojies of the Cali-

fornia desert region, contains several wiiieglass-.shai)cd canyons. The
fans that border it are almost perfectly syunuctrical in plan.

Copper Canyon drains an embayment that is underlain by a rela-

tively uiuleformed, east-dipping section of Tertiary sedimentary and
volcanic rocks. These have been correlated chiefly with the Furnace
Creek formation (Noble, 1941), and the strata in one area contain
animal tracks tentati\ely dated as Pliocene (Curry, 1941). Along
their .southern border these Tertiary rocks butt with fault contact
against earlier pre-Cambrian gneiss. This contact marks the luirthern
and northeastern margin of the Co|)per Canyon tnrtleback. the nose
of which plunges northwestward and extends beneath Quaternary
alluvium and Tertiary rocks at a point .southeast of the mouth of
Copper Canyon. To the south, the .similarly plunging nose of the
Mormon Point tnrtleback, which also is composed of earlier pre-
Cambrian gneiss, can be seen at Mormon Point about 4} miles south-
west of tne Copper Canyon area.

The lower part of the main mountain mass between the two turtle-
backs is underlain by pre-Cambrian ( ?) diorite. The low hills that
flank tlie mountain mass consist of sandstone and fanglomerate, ami



34 GEOLOGY OF SOUTHERN CALIFORNIA [Bull. 170

[
[

Qal Alluvium

Q Continentol, salt deposits and volconic rocks

MAP 8

Explanation

uaternary

TQ, Ty, To Pho-Pleistocene, younger ond older

Tertiory continental sedimentary and volcanic

rocks

1^ ^1 KJgr Gromtic rocks

P.C Permian ond Cambrian manne

Tertiary

jMesozoic

|Poleozoic

A Algonkian metomorptijc rocks

S^ Archeon metamorphic rocks

2

Scale

Pre-
fCambrian



Geolofric Guide No. 1] WESTERN' MOJAVE DESERT AND DEATH VALLEY REGION 35

form an einbayment between Mormon Point and the southwest flank

of the Copper Canyon turtleback. These sedimentary roeks are but

slightly deformed, and are correlative with the Funeral fanglo-

merate. They are in fault contact with the older rocks and are

broken by several fault scarps, the most prominent of which extends

for about a mile southward from Mormon Point and borders the

highway on the east. The surface at Mormon Point is marked by

shore terraces that were cut by the waters of Lake Manley.

Westward and southwestward from Mormon Point (Map 8) is a

distant view of the general geological features of the southeastern

part of the Panamint Range. The most prominent formation is the

Noonday dolomite (Lower Cambrian), which is grayish yellow, dips

gently eastward, and caps the lower slopes of the range like icing on

a cake. It unconformably overlies dark-colored sedimentary rocks

and diabase of the later pre-Cambrian Crystal Spring formation,

the lowest unit of the Pahrunip series. These are the most westerly

of the known exposures of the Crystal Sjiring formation.

North of Six Spring Canyon the Noonday dolomite is overlain by
dark-colored strata that probably are correlative with the Johnnie

formation (Lower Cambrian). At the southern end of the range

Mesozoie (?) granitic rocks intrude the Paleozoic and earlier pre-

Cambrian rocks. Dark-colored Tertiary volcanic rocks form most

of the Panamint ma.ss .south of the most southerly large canyon,

and extend into the Wingate Wash area between the Panamint

Range and the Owlshead Mountains. They rest mainly on Mesozoie

granitic rocks, and thin northward. Wingate Wash marks the posi-

tion of a syncline in the Tertiary volcanic rocks. The overflow of

the Plei.stocene lake that once filled Panamint Valley drained east-

ward through Wingate Wash into Lake Manly.

Six Spring Canyon generally is believed to lie on the route first

followed in 1849 by Manly and Rogers, and later by the survivors

of the Bennett party whom they led from the valley. The 20-mule

teams, used in the 1880s to haul borax from the Harmony borax

works 165 miles to Mojave, .skirted the east side of the valley and
left it by way of Wingate Wash.

Today human activity in the southeastern Panamint Range cen-

ters about talc mining. Several large deposits of commercial talc

have formed as alteraticns of dolomite of the Crystal Spri;ig forma-

tion, and occur at or near contacts with bodies of pre-Cambrian

diabase. The principal workings are the Grantham (Warm Spring)

mine in Warm Spring Canyon and the Death Valley mine in Galena

Canyon.

From the vicinity of the Ashford mill site, one can look .southward

at the Owlshead Mountains, which are composed mainly of Mesozoie

/tt 'Mr

_v>j*-K^4y»:i. ^•3l-»-

FiiiiRF. 14. Mormon Point turtlehnrk in Ttlnck Mfnintains vifweil from west side of Doiith Volley. YmiMifuI ehnractcr

of mountain is shown Uy stiKht dissection, hoiir-Kiass canyons, and small size of alluvial fans.
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FlGlKF, !."(. Stn;ill, iierft'ctly fonnod alliiviiil fan at liast' of U!aclc Minintaiiis. south of Mormon Point.

(?) (iiiartz iiKiiiZDiiile. It has an iiitnisivo contact with northward-

dipping strata of the Crystal Spring formation, which form the

north fiank of the range. This formation is easily flistingnishcd here

by the black color of diabase sills hundreds of feel thick. Dark-

colored Tertiary volcanic rocks locally cap the crest of the moun-
tains. The badlands in the Confidence Hills, along the ea.st side of

the Owlshead Mountains, have been carved mainly in sandstone and
siltstone of Tertiary age.

The Mormon Point turtleback (fig. 14), by far the largest turtle-

back in the Wack Arountains, extends from the Jlormon Point area

southeastward for abo\it l-i miles to the Virgin S|)ring area, where

it has been termed the Desert Hound anticline (Xoble. 11141). I'nlike

the Hadwater and Cojiper Canyon turtlebacks, it is a doubly plung-

ing feature. Southeast of Jlormon Point, the highway l)arallels the

west flank of the Mormon Point turtleback. Kaidtcd and tilted Fu-
neral t'aiiglonierate ( Plio-Pleistocene) lies between the highway aiul

the mountain front. It contains basalt flows exposed in an aligned

group of black hills that are bordered on the southwest by a faidt

.scarp.

Shoreline Hill (fig l:j), a mile .southwest of the site of Ashford
mill and beyond the Amargosa Kiver channel, also consi.sts of basalt.

It is flanked by lower hills of Funeral fanglomerate. This hill derives

its name from ihf HUMicro\is well-dcvclop.-i| shore terraces cut upon

it by the waters of Lake Manly. The fanglomerate on each side of

the Amargosa River channel generally dips toward the channel,

which api)roximates the axial trace of a syndine (Noble, 1041 ).

In the X'irgin Spring area, east and northeast of the Ashford

mill site, structural features of the "turtleback" or "folded thru.st

fault" type were stiulied and first described in detail by L. F. Noble

(1941). Here he named the principal fault surface the "Amargosa
thrust." As in the area to the north, the fault separates an auto-

chthonous block, composed of earlier jire-Cambrian metamorphic
rocks and various igneous bodies, from o\erlying and irregularly

distributed masses, many of which appear to be remnants of a thrust

sheet. The overlying mas.ses consist of blocks and lenses that are so

diverse in composition and gcticrally are .so disordered in appearance

that the term "Amargosa chaos" has been applied to them by Xoble.

He has subdivided the Amargosa chaos into three phases: (

1
'i the

\'irgin Spring phase, ctmiposed almost entirely of blocks of later

prc-Cambrian aiul Cand)rian units, and ordinarily oriented in a

crude eastward-dipping imbricate str\ict\ire; (2) the Calico pha.se,

a nu)saic of fault blocks composed of brilliantly colored Tertiary

volcanic rocks, intricately broken up but iu)t everywhere entirely

chaotic; and (3) the Jubilee pha.se, another mosaic of blocks and
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breccia layers. About balf of the Jubilee phase is composed of gran-

ite breccia and Tertiary conglomerate, and the other half is com-

posed of various Tertiary sedimentary rocks, Cambrian and later

pre-Cambrian .sedimentary rocks, later pre-Cambrian diabase, and

earlier pre-Canibrian gnei.ss.

In the Virgin Spring area, as mapped by Noble (1941), all of the

occurrences of the Virgin Spring phase of the chaos overlie the auto-

chthonous block and are separated from it by the Amargosa thrust.

The Calico and Jubilee phases rest mostly on the Virgin Spring

phase. Their displacements by thrusting are probably much less than

that of the Virgin Spring phase, and they appear to have been em-

placed near the end or following the major movement on the Amar-

gosa thrust. The breccia masses of the Jubilee phase are now believed

to be largely of debris-flow origin.

As one travels southeastward from the Ashford mill site and

thence eastward on the Shoshone-Death Valley highway, he skirts

the southern flank and southeastward-plunging nose of the De.sert

Hound anticline. Ashford Peak, which lies east and northeast of the

mill site, is underlain by the thickest occurrence of the Virgin

Spring phase of the Amargosa chaos. Here the blocks that compose

the chaos are less di.sordered than in most other areas of exposure.

Sedimentary units of the Pahrump .series, apparently in their proper

stratigraphie order, underlie the main mountain front. The orange,

red, and yellow dolomite and purple shale, low on the mountain,

belong to the Crystal Spring formation, and the higher olive gray

rock is the Beck Spring dolomite. Grayish yellow Noonday dolomite

(Lower Cambrian) caps the mountain. These units dip eastward

and butt northward against gray earlier iire-Cambrian gneiss that

occupies the core of the Desert Hound anticline. The Amargo.sa

thrust, which marks the contact, dips gently to moderately south-

ward.

A southern projection of this large mass of Virgin Spring chaos

lies just south of the Shoshone-Ueath Valley liighway from half a

mile to li miles east of the road junction. The most westerly expo-

sures consist of dolomite and chert of the Crystal Spring formation,

and those to the east are of Beck Spring dolomite.

For the next 1| miles, the low hills nearest the road are underlain

by rocks of the Jubilee phase of the chaos, which appears to lie in a

structural basin and to rest mostly upon Virgin Spring chaos. Here

the Jubilee phase consists of red conglomerate of Tertiary age, to-

gether with lenses of breccia composed of granitic rock, various v(j1-

canic rocks, and older pre-Cand)rian and Cambrian sedimentary

rocks. A fault contact between the Jubilee phase and later pre-Cam-

brian gnei.ss to the south can be seen clearly from a point about 2

miles ea.st of the road junction. The red Tertiary conglomerate is

well exposed on the prominent point about three-rpiarters of a mile

farther east.

From the grade just west of Jubilee Pass is an especially fine

northwestward view of the southwest flank of the Desert Hound anti-

cline, the trace of whose axis lies about on the skyline and pa.sses

through Desert Hound Peak, the high point on the ridge. The
brightly colored rocks that border the ridge are part of the same mass

of Virgin Spring cliaos observed earlier from the Ashford mill site.

The contact between them and the underlying earlier pre-Cambrian

gneiss marks an eastward continuation of the Amargosa thrust.

Slightly deformed Funeral fanglomerate, containing interbedded

ba.salt flows, lies with depositional contact upon all three phases of

the Amargosa chaos. It occurs in a belt that extends about 4 miles

northward from the vicinity of Jubilee Pass. It is well exposed at the

pass, and lies north and northwest of the road for about 2 miles be-

yond the pass. The southeast -plunging nose of the Desert Hound
anticline extends beneath the fanglomerate, but shows no expression

in it, thereby indicating that the fanglomerate was dei>osited after

development of the anticline. Indeed, the fanglomerate appears to

have been localized in an irregular structural trough produced by the

folding.

As one travels eastward and down-grade from Jubilee Pass, the

gray mountain front before him and across Graham Wash consists

almost entirely of earlier pre-Cambrian metamorpliic rocks, mostly

granitic gneiss. A diabase dike (later pre-Cambrian ?) cuts these

ancient rocks on the northwest nose of the mountain. The brilliantly

colored ridge on the skyline to the north and northeast is underlain

mostly by Tertiary volcanic rocks that form the Calico pha.se of the

Amargosa chaos. Epaulet Peak is distinguished by a black capping

of younger basalt.

Excellent exposures of the Amargosa thrust near the southeast-

plunging nose of the Desert Hound anticline can be seen from an

unimproved but passable road that extends up Virgin Spring Can-

yon. The exposures lie at a distance of li to 3 miles from the junction

of this road with the Death Valley—Shoshone Highway, and this

junction is 1] miles east of Jubilee Pass.

The only roadside exposure of the Amargosa thrust along the main
route of tliis giiide is about 3 miles east of Jubile<> Pass. H<'re I'arlier

pre-Cambrian gneiss appears low on the clifi' south of the roa<l, and
is overlain by elongate blocks of Cambrian and later pre-Cambrian

rocks, prii}cipally dolomite, quartzite, jasperoid chert, aiul diabase.

At the contact the gneiss is thoroughly crushed through a thickness

of several feet.

Continue northeastward to Salsberry Pass Volcanic rocks similar

to those of the Calico phase of the Amargosa chaos underlie both
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FiGUBE 16. Shoreiino Hill, ut south end of Death Valley, showing strands cut hy Pleistocene Lake Manly in Pliocene ( ?) basalt.

peaks that flank the pass—Salsberry Peak to the northwest and
Sheephead Mountain to the southeast. The descent from Salsberry

Pass affords a northwestward view of Greenwater Valley, which is

bordered on the west by the Black Mountains and on the east by the

Greenwater Range. Patches of late Pliocene (?) basalt, which occur

along both sides of the valley, dip toward its center and indicate that

the valley coincides with a syneline that was developed at least partly

during Quaternary time. The southern end of the Greenwater Range
consists of a dome of granitic rock that is diseontinuously flanked by

masses of basalt. These patches of volcanic rocks dip away from the

dome and suggest that it is a deformational rather than an erosional

feature.

From the gentle, southwest slope of Greenwater Valley, the view

northea.stward, along the trend of the highway, includes the Dublin

Hills (Map 9) in the right foreground, the Resting Spring Range
farther east, and the Charleston Mountains of Nevada on the distant

skyline. As viewed southeastward, the dis.sected white beds of Pleisto-

cene Lake Tecopa outline the southern end of the Amargosa Valley.

Tecopa Hot Springs and tlie town of Tecopa lie on the far side of

the lake beds. Behind and to the left of Tecopa is the southern end of

the Xopah Range, which joins southward with the Alexander Hills.

The Kingston Range forms the skyline to the left of the Alexander

Hills.

The west part of the Dublin Hills consists of Tertiary volcanic

rocks, and Cambrian sedimentary rocks underlie the eastern part of

the hills. These rocks can be seen south of the road as it extends east-

ward to join State Highway 127 in Amargosa Valley. The steep west

face of the Resting Spring Range, which forms the east border of this

part of the valley, consists entirely of Cambrian strata. The mine

workings at the base of the range, which can be seen from the road

as it descends into Amargosa Valley, are in borate-bearing Tertiary

sedimentary rocks that probably are correlative with the Furnace

Creek formation. Also to be seen along this part of the road are the

most northerly exposures of the nearly horizontal lake beds that were

depo.sited in Pleistocene Lake Tecopa. Turn south (right) on State

Highway 127 and travel southward through Shoshone.

Shoshone to Baker

Shoshone is a small desert .settlement supplied with water by warm
springs at the east base of the Dublir. Hills. It was formerly a station

on the Tonopah and Tidewater Railroad, but since the removal of the

railroad tracks in 1941, Shoshone has flourished as a stopping point

for tourists and prospectors, and as a supply center for nearby mines.

Badland exposures of the Tecopa lake beds lie about Shoshone and

are traversed by State Highway 127 for a distance of about 11 miles

southward. Lake Tecopa, which occupied an irregular basin about

15 miles in diameter, was fed by the south-flowing Amargosa River

and had an outlet just south of the settlement of Tecopa. A down-

ctitting of the outlet led to the draining of the lake and to the present

state of dissection of the lake beds. The exposed beds consist mostly

of siltstone with subordinate layers of volcanic ash and bentonite

clay. Mo.st of the numerous trenches on the hills were made during

World War I by the U.S. Geological Survey as part of an intensive

but un.successful search for commercial concentrations of nitrates.

From the turnoff to Tecopa, about 5 miles south of Shoshone, one

can look across the lake and northea.stward to the southern end of
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Figure 17. View northeastward across AmarKosa Valle.v to southern part of Resting Spring Range, ^'alley unilerlain by di.ssecled,

nearly horizontal beds of Pleistocene Lake Teeopa. Stripped face of range consists of east-dipping Cambrian formations. Ruins of
Amargosa borax works in foreground.

the Resting Spring Range. The Nopah Range lies parallel to and
east of the Resting Spring Range. Both are east-tilted fault blocks.

The hills behind the Teeopa hot springs eonsist of strata of the Lower
Cambrian Stirling quartzite.

At the southern end of the Nopah Range, the dark hill with the

triangular profile consists of earlier pre-Cambrian gnei.ss. Lower
Cambrian Noonday dolomite, which form.s the base of a 23.000-foot,

east-dipping section of Paleozoic sedimentary rocks (Hazzard, 1937),

overlies gneiss on the east side of the hill. At the south end of the

Alexander Hills these two units are separated by a 7,000-foot section

of later pre-Cambrian rocks of the Pahrump series. A northward
transection of the Pahrump formations by the Noonday dolomite is

attributable partly to an angular unconformity and parth' to thrust

faulting.

The remains of the Amargosa bora.x works (fig. 17) lie on State

Highway 127 about eight-tenths of a mile south of the turnoff to

Teeopa. As noted above, these were active dtiring summer seasons in

the period 1882-90, as the summer heat in Death Valley caused a sus-

pension of the operation at the Harmony works. The nearest promi-

nence south of the Amargosa borax works is MeLain Peak, which
consists chiefly of east-dipping Lower Cambrian strata (Noonday
dolomite and Wood Canyon formation). The peak is flanked on the

east by a section of Pliocene ( ?) fanglomerate, several thou.sand feet

thick.

Another siilc-road to Teeopa joins State Highway 127 about 2

miles so.ithwcst of the borax works, A turnout near this junction

a(Tor<ls a westward view of the northern part of the Ibex Hills. On
the skyline to the north are the highly colored Tertiary volcanic
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rocks of Sheepliead Mountain. These are in fault contact with earlier

pre-Canibrian gneiss which forms the crest of the hills for about 5

miles south of the mountain. The varicolored rocks that compose the

east flank of this part of the Ibex Hills consist of east-dipping imbri-

cate slabs of later pre-Cambrian and Lower Cambrian strata. These

slabs are part of the Virgin Spring phase of the Amargosa chaos and
the contact between them and the underlying gneiss marks the trace

of an extension of the Amargosa thru.st.

Seen from Ibex Pa.ss near the Inyo-San Bernardino County line,

the southern part of the Ibex Hills forms the prominent skyline to

the west and consists mostly of units of the Pahrump series (later

pre-Cambrian 1 which dip steeply eastward toward the viewer. These

rocks are part of the block that lies beneath the Virgin Spring ehaos

in the northern part of the Ibex Hills. The crest of the hills is under-

lain by a quartzitic member at the base of the Crystal Spring forma-

tion. Successively younger units occur lower on the slope. The
prominent black band is a diabase sill along which deposits of com-

mercial talc have formed as alterations of carbonate strata adjacent

to the diabase. The diabase sill and the talc bodies are confined to the

Crystal Sjiring formation. The low spurs near the base of the hills

contain exposures of the Beck Spring dolomite (gray) and Noonday
dolomite (tan).

Ibex Pass lies between low hills composed mainly of debris derived

from Paleozoic and pre-Cambrian sedimentary rocks and from gra-

nitic rocks of undetermined age. This material apparently is part of

a Pliocene (?) fanglomerate, several thousand feet thick and per-

haps equivalent to the Funeral fanglomerate. Within the fanglom-

erate in this vicinity are layers of monolithologic breccia similar to

those observed in the Nova formation at the mouth of Emigrant
Canyon. Poorly sorted elasts of granitic rock compose virtually all of

the material in the road cuts just south of Ibex Pa.ss.

The area of low relief south of Ibex Pass extending for a distance

of about 4 miles, is underlain by fanglomerate and by Tertiary vol-

canic rocks.

The Saddle Peak Hills (fig. 18), which lie west (right) of the road,

consist of a thick section of rocks of the Pahrump series and are

capped by tan masses of Noonday dolomite. The red strata that un-

conformably underlie the dolomite are part of the Kingston Peak

View nnrthwpstwiir<l iit Snddl.- Pi-jik Ilills from State HiKhwny 127. Knst-(Iippinj; strata of Inter prc-Cambrian KiDgston Peak
formation (durkj ary cuppud by Lower Cambrian Noonday dolomite (light).
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formation. The road trends southeast around the northeast flank of

the Saddle Peak Hills, thence straight across the south end of Death

Valley. Low in the valley the road crosses the channel of the Aniar-

gosa River which flows through here only during the winter and

spring months. This river drains southward through Amargosa Val-

ley, and then follows a semi-circular course to drain westward and
northward into Death Valley.

The high west-trending range on the south skyline and to the right

of the road is the Avawatz Mountains, flanked on the north, north-

east, and east by prominent alluvial fans. The north to northeast face

of the Avawatz Mountains is underlain by earlier pre-Cambrian

metamorphic rocks and various intrusive rocks. The base of the north

face approximately coincides with one of the major branches of the

Garlock fault zone. Near the mouth of Sheep Creek this branch is

.ioined by the Death Valley fault zone, which extends southeastward

from the center of Death Valley.

The low north-trending hills east (left) of the road, which lie

athwart of the Death Valley trough, are the Salt Springs Hills. They
are underlain by east-dipping Lower Cambrian strata of the Johnnie

formation, Stirling quartzite, and Wood Canyon formation, and by

Mesozoic granitic intrusive rocks. The gap which the highway follows

through these hills probably once lay on the course of the Mojave

River when it flowed northward into Death Valley.

For about 2 miles southeast of the gap in the Salt Spring Hills,

State Highway 127 points toward the Silurian Hills (Map 10), which

border Silurian Dry Lake on the east. The low hills that form the

skyline between the Kingston Range on the north and the Silurian

Hills on the south are separable into three linear groups. The lower,

western group are klippen of foliated pre-Cambrian rocks that rest

unconformably on Tertiary sedimentary rocks. The middle and
higher group are part of a thick bed of Tertiary raonolithologic

breccia. The third group, not visible from the west, are klippen of

crystalline rocks. The klippen are remnants of a thrust plate 5 to 8

miles in diameter (Hewett, D. P., personal communication, 1954).

The Silurian Hills (Kupfer, Map Sheet 19) also are very complex

structurally. In general, they consist of plates of Paleozoic (?) car-

bonate rocks that have been thrust over a highly disordered chaos of

later pre-Cambrian sedimentary rocks and diabase. The hills also are

cut by a group of north-trending, high-angle faults that post-date the

thrusting. The ea.stward view acro.ss Silurian Dry Lake shows the

foothills, between the viewer and main hills, which are underlain by
southwest-dipping Paleozoic rocks. Most of the west slope of the

Silurian Hills proper consists of rocks of the Pahrump series that

overlie earlier pre-Cambrian metamorphic rocks exposed low along

thisba.se of the hills. On the southern (right) part of this face these

rocks are overlain by a thrust plate composed of steeply dipping

Paleozoic strata.

The low hills that lie east of the highway and extend south of the

Silurian Hills for about 12 miles consist largely to wholly of the Hal-

loran complex of early pre-Cambrian (?) metasedimentary and in-

trusive rocks as defined by Miller (1946). Other low hills that extend

along the west side of Silver Lake from the power line crossing to

Baker form the northeastern part of the Soda Mountains. These

mountains are bordered on the west by a major fault zone that trends

about N. 20° W. and is aligned with faults that lie along the east base

of the Avawatz Mountains (L. T. Grose, personal communication,

1954).

The most northerly of these hills is underlain by buff-colored dolo-

mite of lower Paleozoic (?) age and by late Mesozoic (?) quartz

diorite in which the dolomite occurs as a pendant. The dolomite is

highly deformed but is not appreciably altered. The next hill .south-

ward and the hills flanked with wind-blown sand consist of meta-

sedimentary rocks, chiefly quartzite and limestone, that probably are

late pre-Cambrian or lower Paleozoic in age (L. T. Grose, personal

communication, 1954). They are cut by low-angle thrust faults which

generally dip .southward. The thrust plates have been cut by a north-

trending system of vertical faults. The remaining exposures of bed-

rock between Silver Lake and Baker consist principally of Mesozoic

( ?) intrusive rocks that range in composition from granite to gabbro.

Baker to Barstow

Most of the hills and mountain ranges that border U.S. Highway
91 between Baker and Barstow, are underlain by Mesozoic (?) gra-

nitic rocks in which metamorphic rocks, probably both pre-Cambrian

and Paleozoic in age, are preserved as large pendants and septa.

In general, nonmarine sedimentary rocks of Tertiary and Quaternary

age underlie the basins and lower hills.

Baker is on the north side of Soda Lake, which is a remnant of the

Pleistocene Lake Mojave ; it is now a sink of the Mojave River, whose

headwaters are in the San Bernardino Mountains near Cajon Pa.ss.

The most northerly flow of the river in historic time has been into

Silver Lake, north of Baker. During some of the Pleistocene glacial

stages the river probably flowed into southern Death Valley.

The Providence, Granite, and Bristol Mountains, listed from east

to west, form the skyline south of Baker. The prominent sand dunes

southwest of Soda Lake, which are about 500 feet high, probably are

composed mostly of material transported into the region by the Mo-

jave River and thence carried to the dune area by prevailing west

winds. Strong cross winds move the material back and forth across the

valley. The hill north (right) of the highway and just west of Baker
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consists of a jumble of limestone and dolomite that is mostly, if not

wholly, of Carboniferous age. For the next 14 miles, the highway

crosses the southern end of the Soda Mountains, which here are

underlain by Mesozoic ( ?) granitic rocks. From 5 to 12 miles south-

west of Baker moderately deformed Pliocene ( ?) fanglomerates that

flank the mountains are exposed in roadcuts.

About 14 miles southwest of Baker, the highway descends the

southwest slope of the Soda Mountains into Cronese Valley which is

occupied by Cronese Dry Lake. Cat Mountain borders the lake on the

west (Map 11) ; Cave Mountain is south of the road. Both are under-

lain mainly by Mesozoic ( ) granitic rock. Cat Mountain derives its

name from the large, cat-.shaped hanging dune which lies on its east

slope. Cronese Valley is another sink of the Mojave River, whose

flowagc commonly extends northward and around the east side of

Cave Mountain.

Afton garage, 2.5 miles southwest of Baker, is near the ancient

shoreline of Manix Lake which in Pleistocene time covered an area

of at Iciist 200 square miles (Buwalda, 1914). For several miles south-

west of here, the dissected and only slightly deformed beds of Manix
Lake are exposed along the highway. The lake was fed by the Mojave

River and had an outlet through Afton Canyon to the south of Cave

Mountain. It occupied a basin in which fanglomerates previously

had been deposited As the basin became filled with sediment and the

outlet was downe\it, the lake drained and its beds were eroded. The

Manix Lake beds consist of clay and sandstone strata and are about

75 feet in maximum observed thickness. Immediately west of the

garage a side road extends southeastward (left) along a well-pre-

served gravel bar that marks the former position of the lake shore.

From a point 2 miles west of Manix to the Barstow area, the Calico

Mountains (Erwin, H. D., and Gardner, D. L., 1940) dominate the

landscape north of the highway. These mountains derive their name
from the brilliantly colored calico-patterned volcanic rocks that are

extensively exposed on their slopes. They are known historicall.v for

the bonanza silver deposits that were most actively mined in the

period 1882-96, and for the colemanite deposits which during much
of the period 1884-1907 were the world's principal source of borate

minerals.

In general the Calico Mountains consist of Tertiary volcanic and
sedimentary rocks that rest upon a basement of Paleozoic sedimen-

tary rocks and Mesozoic intrusive rocks. The layered Tertiary rocks

are 10,000 or more feet thick. The lower part of this section is un-

fossiliferous, but the upper one-third contains vertebrate fossils of

early upper Miocene age. The entire section is intruded by numerous
Pliocene (?) volcanic rocks that range in composition from calcic

andcsite to rhyolite. These plugs, which underlie about half the area

of the Calico Mountains, range from a few feet to 3 miles in diameter.

The Calico Mountains are structurally very complex, but in general

they form a southeastward extension of the northeast limb of the

Barstow syncline. a major structural feature that lies mainly north

of Barstow. The rocks are intimately faulted and have been elevated

along a major frontal fault zone.

Part of the Tertiary section of the Calico Mountains extends into

the low hills north of the highway and about 2 miles east of the

Calico Mountains. These Tertiary strata have yielded middle to upper
Miocene vertebrate fossils. The small prominent hill about 1 mile

west of Toomey and only a few yards north of the highway is a

north-facing fault scarp that marks an ea.stward extension of a

branch of the frontal fault zone that borders the Calico Mountains

on the south. The hill is composed of siltstone that apparently was
deposited by the Mojave River, as the onlj' nearby occurrence of

such material is in the present river channel. The frontal fault ex-

tends southeastward across the Mojave River and into the Ord Moun-
tains, and creates a water barrier beneath the Mojave River channel.

The Newberry and Ord Mountains (Gardner, 1940), which lie

south of the Mojave River and approximately opposite the Calico

Mountains, are underlain mostly by pre-Tertiary crystalline rocks.

About 3 miles west of Yermo (Map 12), the highway crosses low

hills underlain by Tertiary tuffaceous beds interlayered with various

sedimentary rocks that include the resistant limestone exposed near

the highway. They are intruded by sills of diaba.se and felsite. The
hills that adjoin these hills to the northwest are bordered on the

southwest by the Waterman fault, a major structural feature that

trends northwest. Continue on U.S. Highway 91 to Barstow.

Barstow to San Bernardino

The country between Barstow and Victorville shows isolated hills

and groups of hills which consist of pre-Cretaceous crystalline rocks

that project above a gently rolling alluviated surface. In general the

road follows a broad arc of the Mojave River. Of particular interest in

this area are the broad topographic domes that reflect a Quaternary

arching of Pleistocene alluvium. The area is traversed by several

northwest-trending faults, but fault scarps generally are not well

developed near the highway.

The only Tertiary volcanic rocks seen from this segment of the

route arc dacite plugs that form the prominent red knobs in the

Barstow area. The broad, relatively smooth surface south of Barstow

is \inderlain by slightly deformed I'leistocenc alluvium. The low hills

northwest of Barstow contain gneissic hornblende diorite intrusive

into limestone, quartzite, and mica schist of the Carboniferous Oro

Grande series.
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About 2 miles from Barstow the highway crosses the trace of a

fault whose northwestward extension is shown by the southwest-fac-

iii<; escarpment of the Hinkley Hills on the north side of the Mojave

River. This fault acts as a barrier to subsurface waters of the Mojave

River channel and forces the water table upward at the fault plane.

The Pleistocene alluvium, southeast of the highway between Bar-

stow and Lenwood, underlies a broad topographic rise whose summit
marks the axis of a broad, gentle anticline that trends northwestward

toward Lenwood. The Iron Mountains lie west of the river opposite

the Lenwood area. The most prominent peaks of the.se movintains con-

sist of black hornblende diorite (Mesozoic). The highly colored sur-

face that slopes toward the river is a dissected and exhumed pedi-

ment cut during middle Tertiary time. This surface is underlain by

the Hodge volcanic series (Paleozoic ?), which consists of rhyolite

and dacite flows and tuffs.

From a point on the highway about 4 miles .southwest of Hodge
can be seen the profile of a gentle rise in Pleistocene alluvium west

of the Iron Mountains. This rise is the surface expression of a broad

fold in the alluvium which has been produced by movement along

the Helendale fault in the bedrock beneath the alluvium. This fault

extends southeastward into the San Bernardino Mountains a distance

of nearly 50 miles, and is the principal fault in the Barstow-Victor-

ville area. Its trace is cro.ssed by the highway at a point about 6 miles

southwest of Hodge. The Helendale fault is expressed topographi-

cally in the escarpment that forms the northeast face of the Silver

Mountains, to the southeast of the highway. The Silver Mountains
consist almost entirely of metavolcanic rocks of the Sidewinder series

(Triassic ?).

The surface flow of the Mojave River generally disappears midway
between Helendale and Oro Grande and does not normally reappear

until it flows over bedrock in the floor of Afton Canyon about 50

miles to the northeast. It has been said that the Mojave River has one

of the most porous channels in the United States. Even from where
the river emerges from the San Bernardino Mountains, it most com-

monly flows beneath the surface until it rises over bedrock near

Victorville.

A prominent white scar high on the slope of the Silver Mountains

3J miles cast of Brymau marks the location of hydrothermal altera-

tion zones in volcanic rocks of the Sidewinder series. Dacite has been

altered along fractures to a very fine-grained mixture of sericite-

quartz which is mined and used as a nonmetallic filler.

About 3 miles south of the white patch, limestone is extracted from
numerous quarries on the flanks of Silver and Quartzite Mountains
and transported to kilns at Oro Grande and Victorville. where it is

used in the manufacture of cement. The limestone is part of the Oro

Grande series (Carboniferous) whose type locality is at Quartzite

Mountain. The series has a maximum measured thickness of 9,670

feet ; it consists of white crystalline limestone, fine-grained quartzite,

and mica schist. Twelve miles to the east the series is uneonforraably

overlain by the Fairview Valley formation (Permian), which consists

of 6,000 feet of metamorphosed siltstone, limestone, sandstone, and
limestone conglomerate, and supplies limestone for the cement plant

near Victorville.

Alluvial deposits of upper Pleistocene age are prominently ex-

posed along the west side of the Mojave River between Helendale

and Victorville. Quartz monzonite of probable middle Mesozoic age

is exposed east of the highway, from Oro Grande to the bridge 2

miles .south of Oro Grande. The quartz monzonite on the south slope

of Quartzite Mountain underlies a dissected pediment which has been

entrenched by the Mojave River at the Lower Narrows near the

bridge. The Upper Narrows has been cut through quartz monzonite

at Victorville.

From Victorville (Map 13) the route of travel extends southwest-

ward on U.S. Highway 91 across a nearly level, north-sloping surface

which is underlain by Quaternary fanglomerate and alluvium. This

is essentially the surface of a very large alluvial fan that once ex-

tended continuously to its source in the San Bernardino and San
Gabriel Mountains. Most of the streams that deposited the fan, how-

ever, have been captured by the headward erosion of Cajon Creek,

which flows southward between the San Bernardino Mountains on

the east (left) and the San Gabriel Mountains on the west (right).

The fan is separated from these mountain fronts by west and east

branches of Cajon Creek; it contains the channels of ancient streams

that once headed in the mountains. These channels are most promi-

nent on the higher slopes of the fan and are beheaded on the south-

facing Infaee Bluffs that extend both east and west from Cajon

Summit.

Cajon Summit (elev. 4,301) is on the rim of the Mojave Desert

and at the south boundary of the vast area of interior drainage of

which the Mojave Desert is a part. From the vicinity of the Summit
Lookout Station the observer can look to the north where the desert

floor slopes gently away from the rim of the bluff and merges with

pediments and alluvial fans of various mountain ranges. Cajon

amphitheater, which occupies the broad, low, brush-covered area

south of the desert rim, is occupied by tributaries of Cajon Creek.

The surface to the south (right) of the railroad summit, southeast

of the lookout station, is the westernmost extension of Horsethief

Canyon, a wide valley that once extended westward to the San

Gabriel Mountains and was occupied by a western tributary of the

Mojave River. After the valley was cut, its floor was partly filled with
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alluvial debris and it was subsequently truncated by the headward
erosion of Cajon Creek.

The brown Quaternary alluvium that caps the Inface Bluffs is com-

posed almost entirely of anfrular fragments of Pelona schist derived

from the San Gabriel Mountains. The debris was deposited before the

Cajon amphitheater was excavated, for the amphitheater lies between

the material and its sources.

Magnificent exposures of the Inface gravel of upper Pleistocene

age exist in highway cuts in the bluff below the summit. Here the

gravel is about 800 feet in exposed thickness and dips 25° to 30° N.

The Horsethief formation (Pleistocene), which is at least 1,200

feet thick and consists of nonmarine gravel and clay, lies unconform-

ably beneath the Inface gravel. In some places this formation rests

upon granite and in other places upon older sandstone. It is exposed

in a strip half a mile to 2 miles wide in the northern part of Cajon

amphitheater. It underlies all of the low area south of the summit
between the highway and Cleghorn Mountain.

The Cajon (upper Miocene) formation underlies several square

miles in the southern part of the Cajon amphitheater and occupies a

narrow belt adjacent to the San Andreas fault. It consists of about

9,500 feet of nonmarine strata, chiefly arkosic sandstone and con-

glomerate, but includes beds of shale and algal limestone. It is most

easily distinguished by a pale buff color and by its barren and pic-

turesque outcrops. Exposures of upturned sandstone of the Cajon

formation lie on both sides of the highway near Cajon Creek. Lower
Miocene marine sandstone and shale of the Vaqueros formation are

locally exposed in the area of Cajon Junction, and patches of Paleo-

cene conglomerate, sandstone, and siltstone of the Martinez (?) for-

mation occur near the highway northeast of Blue Cut.

Prom Cajon Summit southward to the San Bernardino plain the

route of travel lies within the San Andreas fault zone, which, in gen-

eral, occupies the belt of low relief that separates the San Bernardino

and San Gabriel Mountains. This belt is marked by a series of low.

parallel, even-crested ridges that slope gently .southeastward. These

ridges are underlain by Pelona schist and nonmarine sedimentary

rocks of the upper Miocene Cajon formation.

South of Cajon Junction pre-Mesozoic gneisses and metasedimen-

tary rocks underlie the Martinez (?) formation. Roadcuts along the

east side of the highway successively show strata of the Cajon forma-

tion, a Quaternary gravel, Martinez ( ?) strata, and granodiorite.

The Martinez ( ?) formation dips north and is apparently in deposi-

tional contact with the granodiorite.

About a third of a mile southwest of the granodiorite exposure

the road crosses the main break of San Andreas fault, which here is

marked by the marshy area left of the highway. Blue Cut, the high

roadcut just beyond the marshy area, contains highly shattered and
brecciated Pelona schist. The sharp bend in Cajon Creek at Blue C>it

is believed to be the effect of about a mile of horizontal displacement

along the San Andreas faidt (Noble, 1933). Numerous faults parallel

to the San Andreas cut the schist, and narrow bands of crushed

greenstone and gneiss are faulted into the steeply dipping schist.

Southeast of Blue Cut the road parallels Cajon Creek. The San
Andreas fault lies northeast of the highway and trends southeast-

ward along the base of the San Bernardino Mountains.

Scarps of the San Andreas fault in Quaternary terrace deposits

can be observed in side roads east of the highway below Blue Cut
Tower. Prom Devore one can follow several routes to Los Angeles,

all of which are parallel to the south flank of the San Gabriel Moun-
tains and traverse the extensive piedmont fans extending out from
the mountains.
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GEOLOGIC GUIDE THROUGH THE VENTURA BASIN AND ADJACENT AREAS, SOUTHERN CALIFORNIA

By Charles W. Jennings* and Bennie W. Troxel**

EsTRODUCTION

Between Los Angeles and Santa Barbara a great vari-

ety of geologic features vividly illustrates the stratigraphic

and structural characteristics of the Transverse Range prov-

ince of southern California. The Ventura basin, a particular-

ly complex unit in the geologic framework of this province,

is an elongate, east-trending trough in which a thick section

of sedimentary rocks has accumulated throughout most of

Tertiary time. Like most of the other units in the province,

this basin lies athwart the characteristic northwest structu-

ral trend of the Coast Ranges of California.

The area is underlain almost entirely by highly folded

sedimentary rocks, of Cretaceous to Recent age, that are in-

terbedded locally with volcanic rocks. The Cenozoic geolog-

ic record is unusually complete, and, within a 3-mile radius
of a single site in the basin (near Fillmore), one can see

rocks representing at least a part of every epoch since the

beginning of Eocene time. A 20,000 foot section of continu-

ous Pliocene and Pleistocene marine strata near Santa Paula
is believed to be the thickest in California, and one of the

thickest in the world.

The recency of folding is one of the most striking geo-

logic features in the Ventura !>asiii. Extensive thrust faults

and numerous folds exhibit the influence of compression as

the major factor in the development of the structures. Such

structural features can be viewed at many places in the Ven-

tura basin.

The route of travel for this field trip is more than 200
miles long, and was chosen to provide the best possible exam-
ples for observation and detailed examination of many out-

standing geological features. This route is illustrated on 25
adjoining strip maps (plus 2 maps for side trips) which are
annotated in order to emphasize significant details. The maps
are accompanied by a text in which the more prominent fea-
tures are described and discussed. Although the route is

best regarded as a continuous trip, its description has been
organized so that any part or parts can be used independently
of the remainder by those who cannot complete the entire trip

at one time.

Assistant Mining Geologist, California Division of Mines.
**Junior Mining Geologist, California Division of Mines.

The different areas traversed by the route of this trip

have been described under the following headings:
Los Angeles area
San Fernando Valley
San Gabriel Mountains
Soledad basin and eastern Ventura basin
Santa Paula -- Ojai Valley
Wheeler Hot Springs -- Ventura
Santa Barbara and vicinity

Western Santa Clara River Valley
Bardsdale -- Simi Valley -- Santa SusanaPass
Santa Monica Mountains -- Cahuenga Pass

In the itinerary of the log stops are indicated where one
can view geologic features and review the nature of the agents
that produced them. For example, at Stop 14 on the bank of

Santa Paula Creek, small-scale structural features in Plio-
cene sediments illustrate deposition in deep water by turbidi-
ty currents. A site in t he Santa Monica Mountains where
rhythmic bedding in siliceous shales is displayed possibly
indicates depositional control by climatic oscillations.

Many structural features--including thrust faults, innu-
merable folds, and unconformities- -also can be viewed. In

the San Gabriel Mountains a 'basement' complex of gneiss has
been folded and thrust over Pliocene sandstones. In the same
region, crushed and sheared rocks along the San Gabriel fault,

one of California's large strike- slip faults and part of the sys-
tem that includes the San Andreas fault, can be examined in

detail. Between Santa Paula and Ojai are excellent views of

the San Cayetano and Oakridge thrusts, which border the

Santa Clara Valley syncline on the north and south, respect-

ively. Deformation has been going on intermittently through-

out the region during the Tertiary and Quaternary periods,

so that many unconformities and marked lateral changes in

lithology characterize the sedimentary section. Within dis-

tances of a few miles, fades changes from coarse sandstone
and conglomerate to shale are well displayed in sections sev-
eral thousand feet thick. Deformation has continued to the

present time, so that at many places the modern topography
is being modified by diastrophism. Near Carpinteria, for

example, a thrust fault has brought Miocene rocks up over
terrace deposits of late Pleistocene age.
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DESCRIPTION OF GEOLOGIC FORMATIONS
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The formation of the Ventura basin probably was initi-

ated in Paleocene time. At that time the western half of

southern California was affected by a large downwarp that

permitted invasion by the sea and attendant deposition of ma-
rine sediments over a vast area. By the end of Miocene time

the San Gabriel, Santa Monica, Santa Ynez, and Topatopa

Mountains were developed, splitting the single basin into sev-

eral smaller ones, including the Los Angeles, Ventura, and

Santa Maria basins. Faunal evidence indicates that by early

Pliocene time, the central part of the Ventura basin was cov-

ered by a sea 5,000 feet deep. The basin continued to sink

even until Recent time, although at a reduced rate, until sed-

imentation exceeded the rate of subsidence and it became
filled.

The problems of stratigraphic interpretation and nomen-
clature in this region are among the most difficult in the

world. The selection of the formational names that are shown
on the following maps posed a formidable problem, and no

doubt those used will not be fully acceptable to all local in-

vestigators. In recent years the introduction of stage names
for divisions of the various Tertiary epochs has been invalu-

able for standardizing local correlations, and in the future,

when they have become better defined and more widely accep-

ted, these names should be of further aid. For the purposes

of this roadlog, it was deemed advisable to refrain from the

use of stage names, and instead to explain in the columnar
section (fig. 2) the variances in uses of the formational names

that appear on the strip maps and in the text of the road log.

The primary economic wealth of the Ventura basin,

aside from agriculture, is represented by petroleum. Figure

3 presents geologic and production data for the oil fields in

this basin.

Completion of this geologic road log was made possible

by the generous assistance of many people, whose contribu-

tions are gratefully acknowledged. The route of the trip was
suggested by John C. Crowell, and his assistance with the

preliminary field work and his criticism of the maps and man-
uscript were especially helpful. Among those who offered

constructive advice and who conducted the authors through

several of the field areas are: Cordell Durrell (Santa Monica

Mountains); D.V. Higgs (San Gabriel Mountains); E.L. Winter-

er (eastern Ventura basin); L.E. Redwine and T.L. Bailey

(Santa Barbara and Ventura areas); and R.H. Paschall, Spen-

cer F. Fine, H.H. Neel, and J.F. Curran (Santa Clara River

Valley and Ojai Valley areas). The work was frequently dis-

cussed with L.A. Wright and R.H. Jahns, who also read and

edited the complete manuscript.

Additional information and revisions of previously pub-

lished geologic maps have been provided by T.L. BaUey, R.H.

Jahns, W.R. Muehlberger, R.P. Sharp, Cordell Durrell, E.L.

Winterer, A.O. Woodford, and L.E. Redwine. In addition,

theses from nearby universities have yielded much useful in-

formation.



10 GEOLOGY OF SOUTHERN CALIFORNIA [Bull. 170

Figure 3. OIL FIELDS IN THE VENTURA BASIN

(includes Ventura district, Santa Clara Valley district, and part of Santa Barbara district)
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LOS ANGELES AREA

Los Angeles
City oilfield

MAP 1

The civic center of Los Angeles lies in low hills

between the Santa Monica Mountains on the northwest and

the Los Angeles Plain to the south. The hills consist of

south-dipping Miocene marine sandstone and siliceous shale

overlain by Pliocene marine sandstone, siltstone, and shale.

The Tertiary units are flanked on the south by considerable

thicknesses of Quaternary alluvium. Other hills that border the

basin contain similar sedimentary rocks and afford surface

outcrops of rocks that are encountered in wells drilled in the

basin. (A description and geological map of Los Angeles

basin Ir, included in the Geologic guide for the Los Angeles

Basin, southern California^ Guide number 3, this bulletin.)

The old Los Angeles City oil field, which is crossed

near the intersection of Figueroa Street and Sunset Boulevard,

is now nearly abandoned. Approximately a

thousand wells were drilled up to 1907, when
city restrictions curtailed further drilling.

The field lies along a narrow zone of minor
faulting and sharp folding in Tertiary rocks

on the south limb of the Elysian Park anticline, and extends 4

miles to the west. Production is obtained from an upper sand-

stone unit of the Puente form,ation (upper Miocene).
The Elysian Park anticline, a major northwest-trend-

ing fold, has pronounced topographic expression and can be

traced for 6 miles on the basis of surface data. It forms an

elliptical dome that plunges distinctly at

both ends. The axis of the fold can be

readily observed where it crosses Glen-

dale Boulevard and it also can be seen at

Pasadena Avenue. Rapid downcutting by

the Los Angeles River has kept pace with the upfolding of the

Elysian Park anticline, and thus the river is antecedent

where it crosses the axis of the fold.

On Riverside Drive, a few hundred feet northwest of

the Figueroa Street tunnels, is the site of the Elysian F'ark

landslide of November 1937. Evidence of downslope creep
of part of the hill was first noticed on Octo-
ber 28, 1937, when cracks appeared in the

asphalt of Elysian Park Drive, on the hill-

side above Riverside Drive. Gradual
movement, increasing daily, culminated in

a sudden slide of more than a million tons of rock and soil

on November 26, 1937. Both Elysian Park Drive and River-

side Drive had been closed to traffic prior to the landslide,

Elysian Park
anticline

Elysian Park
landslide
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Fig. k. Elyelan Park landeXlde of November 1937. Riverside Drive in foreground is covered and the viaduct has collapsed be-

neath the weight of the broken rock. Elyslan Park Drive area at the head of the slide subsided to form the steep cliffs. (Map 1.)

Photo courtesy of Los Angeles Times.
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and the public had been warned of impending danger.

Debris from the slide extended across Riverside Drive

into the Los Angeles River. A large segment of ElysianPark
Drive was removed by the slide, and 100 feet of the viaduct on

Riverside Drive was destroyed. Water, natural gas, and
power lines were sheared by the sudden movement. Nearly
$500,000 was expended to repair damage caused by the slide.

The viaduct was rebuilt, and was reopened to traffic a year
after the sliding took place.

The steep escarpment along Riverside Drive was formed
by the Los Angeles River. From just south of the point

where Riverside Drive crosses the axis of the Elysian Park
anticline, an exploratory oil well was slant-drilled under Ely-

sian Park, and at a depth of 1,338 feet, it penetrated Santa

Monica (?) slate of probable Triassic age.

Griffith Park, at the eastern end of the Santa Monica
Mountains, is underlain by Jurassic(?) granite, upper Mio-
cene shale, and middle Miocene sedimentary and volcanic

rocks. Granite in several stages of weath-
GriffithPark ering, a thick section of steeply dipping

Miocene shale, and basaltic dikes intrusive

into granite and middle Miocene rocks are exposed along

Crystal Springs Drive. From this road there is a good view
of the Los Angeles River and the Repetto Hills to the east.

SAN FERNANDO VALLEY

MAP 2

San Fernando Valley is about 20 miles long and 3 to 9

miles wide; it is bordered by the Santa Monica Mountains on

the south, the Simi Hills on the west, the Santa Susana and

San Gabriel Mountains on the north, and the Verdugo Moun-

tains on the east. The valley is drained by the Los Angeles

River, which heads in the Simi Hills and flows along the

north flank of the Santa Monica Mountains before swinging
south around the eastern end of this range. The San Gabriel

Mountains, which are about 2,500 feet higher than the Santa

Monica Mountains, contribute more alluvium to the valley

floor and consequently force the river to flow along the south

margin of the valley.

The Tertiary history of the San Fernando Valley area

has been complex. During Eocene and Oligocene time marine

and nonmarine deposition occurred near the northeastern part

of the vaUey. Folding and faulting along

. the northern part of the valley was followed
Geologic

jjy accumulation of middle and upper Mlo-
nistory cene sediments and middle Miocene volcanic

rocks to considerable thicknesses in the

valley area. Following further uplift, marine clastic sedi-

ments of Pliocene age were deposited along the northern edge

of the present valley. These sedimentary rocks grade up-

ward into nonmarine siltstone, sandstone, and conglomerate.

Pleistocene gravels are known to be 1,460 feet thick at

the eastern end of the valley, and probably are thickest along

the eastern and northern parts of the valley. Recent alluvium
covers a large part of the present valley.

The Verdugo Mountains, consisting of metamorphic and
igneous rocks, rise abruptly northeast of Burbank. The

mountains are bounded on the south by a
steep fault zone, and are separated from

Verdugo
^j^g main range of the San Gabriel Mountains

Mountains
^^ ^^^^ ^^j.^,^ ^^y ^^^^^j. {^ults and by a narrow
synclinal depression. Miocene volcanic

rocks and Miocene and Pliocene sandstone and conglomerate
are preserved in this depression.
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MAP 3

The pre-Cretaceous crystalline rocks at the northwest
end of the Verdugo Mountains are overlain by folded Modelo
(upper Miocene) sandstone and shale. Quaternary deposits

in and near Tujunga Wash, which is crossed by Glenoaks
Boulevard, have been the source of much of the sand, gravel,

and crushed rock used by the construction industries in the

Los Angeles metropolitan area. The deposits are part of a

huge alluvial apron that extends southwestward from the base
of the San Gabriel Mountains into San Fer-

Tuiunea nando Valley. Coarse boulder gravels lie

River Wash near the mountains, and fine-grained gravel
and sand occur farther downstream to the

southwest. The route of travel passes sev-
eral of the huge pits in which the material is being excavated
with power shovels and draglines. The large rock-crushing
plants beside the pits reduce the boulders and cobbles to
desired sizes, and the material is stored in high conical piles.

This area, together with a similar one on the fan of the San
Gabriel River to the east, yields more than half of the sand
and gravel used in California.

ThePacoima Hills lie at the western end of Hansen Dam.
As shown on Map 3, granitic rocks of pre-Cretaceous age are
exposed on the west side of the largest hill. Faulted against

these 'basement' rocks is a belt of nonmarine beds (lower

Miocene) from which vertebrate fossils have been recovered.
These beds are overlain successively by basalt and by clastic

sediments of the Topanga formation (middle
Miocene). The northern end of the Pacolma
Hills consists of Modelo (upper Miocene)
sandstone and shale. The alluvium extend-

ing from the Pacoima Hills to the San Gab-

riel Mountains covers several complex structural features.

Exploratory wells drilled for oil have penetrated an unex-

pectedly thin Tertiary section that overlies crystalline 'base-

ment' rocks.
Hansen Dam, which extends across Tujunga Wash east-

ward from the Pacoima Hills, is a compacted earth-fill struc-

ture built by the U. S. Army Engineers as a means of flood

control. The length of the dam along its crest is 9,050 feet,

and its height at the spillway is approx-
Hansen imately 100 feet. In 1938, several months
Dam before construction of the dam began, the

most destructive flood on record poured
down the ordinarily dry washes of Little

Tujunga and Big Tujunga Canyons and caused property da m-
age of more than 4^ million dollars. In contrast, run-off

Pacoima
HiUs
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from heavy rains in 1941 and 1943 was controlled by the flood-

control basin behind the dam and by the nearby Sepulveda
flood control basin to the southwest, so that damage and pub-
lic alarm were negligible.

SAN GABRIEL MOUNTAINS

From the valley floor the route of travel extends north-
wardup Little Tujunga Canyon into the San Gabriel Mountains,
which consist mostly of pre-Cretaceous granitic and meta-
morphic rocks, generally In fault contact with Cenozoic sed-
iments on the flanks of the range. The low foothills at the

mouth of Little Tujunga Canyon consist of
San Gabriel north-dipping sedimentary rocks of upper
foothills Miocene, Pliocene, and Pleistocene age.

They lie on the southwest limb of the Mer-
rick syncline. Oil wells, one of which has produced a small
amount of low gravity oil, have been drilled on smaller flex-
ures in Bartholomaus Canyon and Lopez Canyon to the west.

Approximately li miles upstream from the mouth of

Little Tujunga Canyon, prominent stream terraces are dis-
played on the right (east) side of the road. This series of

Pleistocene and Recent terraces truncates steeply dipping
strata of the nonmarine Saugus (upper Pliocene) formation,
and marks the positions of the canyon bottom as it existed
prior to each rejuvenation of the stream. The pinkish brown
and white sandstone and conglomerate exposed here in the
roadcuts and canyon walls are typical of the Saugus forma-
tion, and show characteristic cross- stratification and graded
bedding.

MAP 4

The axis of the Merrick syncline crosses the southern
edge of Map 4 , and the dips in the Saugus beds change abruptly

from northeast to southwest on opposite sides of the fold.

At Stop 1 the depositional contact of the red and white Saugus
beds (upper Pliocene) lying upon the 'basement' crystalline
rocks Is well exposed in the road cut. Note that the Saugus
here lies directly upon the crystalline rocks, and that the Pico
(Pliocene) and Modelo (Miocene) formations have been over-
lapped (see cross-section figure 5). Herethe 'basement' com-
plex consists of biotlte and hornblende gneiss with conspicu-
ous feldspathic layers and some amphibolite.

'Basement' Part of the complex contains marble and

complex graphite that are exposed to the west up
Llmerock Canyon, hence the gneiss proba-

bly was formed from a sedimentary sequence. The complica-
ted folds Indicate plastic deformation In association with plu-
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tonic metamorphism. These gneisses, common^ migmatic,
extend through a large part of the western San Gabriel Moun-
tains. They have been intruded by younger granitic rocks of

probable late Mesozoic age. The age of the original sedi-

ments representedby the gneiss may be Mesozoic, Paleozoic,

or pre-Cambrian.
The geologic structure in the vicinity of Little Tujunga

Canyon is shown in the cross section in figure 5. The late
Tertiary and Pleistocene history of this part of the San Gabri-
el Mountains can be summarized as follows:

(1) Deposition of the Modelo, Pico, and Saugus forma-
tions (Miocene and Pliocene) upon the 'basement' complex
with lapping of the younger sediments (Saugus) farthest to
the northeast. Rock types within the conglomerates suggest
that the San Gabriel fault was active during this time, and
that it probably played a part in uplifting the source area.

(2) During Pleistocene time the area was compressed
in a northeast-southwest direction, and the 'basement' com-
plex with its veneer of sedimentary rocks was folded. With
continued deformation the folds broke, and thrust faults such

as the Lopez fault carried the 'basement' rocks out upon
the Saugus formation. Folding of the crystalline rocks

probably was achieved by slip on the many joints and frac-
tures that are conspicuous in any good exposure.

S0U5US LOPEZ FAULT
TOfmation -, ^ ,^ ^ugos formonoo

jMerrick syncline

Son Fernondo
valley

Fig. 5. Cross section through south flank of San Gabriel

Mountains to San Fernando Valley.

For the next half-mile north of Stop 1 , the Little Tujun-

ga Canyon road follows the contact between the 'basement'

complex on the right (east) and the Saugus sediments on the

left (west). An excellent exposure of the Lopez fault is ac-
cessible by means of a dirt road on the west side of the high-
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way (Stop 2). Here the gneiss has been highly sheared and
fractured, and has been faulted against the Saugus (Pliocene)

formation. The contact, marked by a 2-inch

Lopez zone of reddish fault gouge and a much wider

fault zoneof brecciation, is sharp and can easily

be followed along the mountain front. Note

the steepening' of dip in the Saugus beds near the fault. Cob-

bles of anorthositeinthe Saugus formation probably were de-

rived from the large masses of anorthosite several miles to

the north in the higher parts of the San Gabriel Range. The

trend of the Lopez fault and its steep dip suggest that here it

is a tear fault with a large strike-slip component, and marks
the southeastern boundary of the Lopez thrust plate.

Continuing up Little Tujunga Canyon, the road crosses

the Lopezfault and then cuts through the 'basement' complex.

At the first hair-pin turn, eight-tenths of a mile from Stop 2,

is a good exposure of gneiss with steeply inclined layering.

Past this turn the road crosses the top of a bi'oad terrace and

thence crosses a part of the San Gabriel fault zone. Stop 3

provides an excellent view of the San Gabriel fault and of the
terrace deposits that lie unconformably upon both the Saugus
formation and the 'basement' complex. Due west, a saddle
on the skyline marks the course of the San Gabriel fault in
that direction. From this saddle the fault crosses the road in

San Gabriel the foreground, where it separates crystal-

fault line 'basement' rocks on the north from
Saugus conglomerates on the south. South-

eastward from Stop 3 the fault crosses the skyline through
another notch, and thence extends through the central and
eastern San Gabriel Mountains.

The San Gabriel fault is ordinarily defined by a frac-

tured and brecciated zone as much as half a mile wide. Its

course is nearly everywhere marked by canyons and saddles

that have been developed in the sheared rocks. The fault trends

in a northwesterly direction, subparallel to the San Andreas
fault, and has been traced for a distance of about 90 miles.

The matching up of source areas of anorthosite and norite

pebbles and cobbles in conglomerates and breccias laid down
along the fault in areas to the northwest suggests that there

has been a right lateral separation of 15 to 25 miles since late

Miocene time.

To the south, planed surfaces are clearly discernible

at several elevations, where they have been developed on the

Saugus formation. These surfaces are of two types: 1) stream-

cut, or erosional, terraces with very thin and discontinuous

veneers of sediment on the underlying rocks, and 2) surfaces

of stream-terrace deposits consisting of clastic rubble that

was laid down unconformably on eroded surfaces developed

on underlying Saugus or 'basement' ro cks.

Terraces Bothtypesof surfaces havebeen deeply dis-

sected, and now exist as remnants of much
more extensive surfaces.

From Stop 3 to the top of the grade (1.5 miles) the road-
cuts expose intensely sheared rocks of the 'basement' com-
plex. Several terrace remnants are in fault contact with the

crystalline rocks, and indicate deformation in late Pleisto-
cene or Recent time. Note that a gray-white granodiorite

lies in a wide zone between two branches of the San Gabriel

Fig. !-• Exposure of branch of San Gabriel fault showing

dark metamorphlc rocks faulted against light granodiorite.

Width of exposure Is about 25 feet. In San Gabriel Mountains

off Little Tujunga Road. (Map h, Stop 7).
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Tig. 7* Quaternary
lapping contact exhibits a buttresa type ul uncoiil'urmity. (otop 6, Map h)

.

The over-
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fault. Within the granodiorite are numerous aplite dikes and

masses of dark, nearly black, lamprophyres. In the canyons

to the west excellent topographic expressions of the main San
Gabriel fault can be seen. The top of the grade is the drain-

age divide between Little Tujunga and Pacoima Canyons (Stop

4). A sharp fault contact between dark-colored metamorphic
'rocks and the light-colored granodiorite is exposed on the

side of the mountain north of the road. Excellent exposures

of graphitic schist can be seen in a roadcut between the top

of the grade and the bottom of Pacoima Canyon (see Map

In the roadcut at Stop 5, a short distance northwest of

the trout farm on Pacoima Creek, is a fine display of numer-
ous dark lamprophyre and light aplite dikes cross-cutting the

granodiorite country rock. Exposed in the roadcut just a few
hundred feet from Stop S is a coarse, well-indurated conglom-
erate which is part of a sliver within the San Gabriel fault

zone. The conglomerate is distinguished by clasts of purple

and red volcanic rock and by cobbles derived from the 'base-

ment' terrane. The occurrence of Turritella pachecoensis in-

Older
sediments

dicates a Paleocene age. In this same road-
cut note that both the granitic and sedimen-
tary rocks are capped by a terrace deposit.

Several terrace deposits, lying unconformably on 'basement'

rock, can be viewed as the road continues downhill. The trace

of one of the main branches of the San Gabriel fault follows

the gorge to the left (west).

At Stop 6 a Quaternary terrace deposit in contact with

granodiorite exhibits a buttress type of unconformity in

which the nearly horizontal terrace sediments curve slightly

upward and abut against the steep face of the bounding crys-

talline rocks. Two-tenths of a mile northwest from Stop 6, in

the elbow of a hairpin turn in the highway, a branch of the
San Gabriel fault sharply separates dark metamorphic rocks

from the light- colored granodiorite. Thefault is easily traced

along the hills to the east, and the contact can be viewed
closely from a path leading from Stop ? .

Stop 8 affords a fine panoramic view of parts of Santa
Clara River Valley, eastern Ventura basin, and Soledad ba-

sin. The Santa Clara River drains the Ventura basin west-

ward for approximately 50 miles to the sea. The eastern part

of the general basin area is transected by the San Gabriel

fault, which separates the Ventura basin from the Soledad

basin to the east. The fault passes through the Placerita oil

field (silver-colored tanks near U.S. Highway 6), and contin-

ues northwestward into the mountains beyond Castaic.

East of the San Gabriel fault, in the Soledad basin, are

surface exposures of nearly 30,000 feet of mostly nonmarine

sedimentary rocks ranging in age from Paleocene through

Miocene. In general, these rocks form a southwest-dipping

homocline that is exposed northward and northeastward from
the San Gabriel fault to the Sierra Pelona,

View of and eastward to points near Soledad Pass,

Santa Clara not far beyond Map 5A. Nearly all of the

River Valley rocks in the portion of the valley visible

from this viewsite are norfmarine sand-

stone, conglomerate, siltstone, and tuff of the Mint Canyon

(upper Miocene) formation. Broad, flat Quaternary stream

terraces truncate the Mint Canyon beds along the banks of

the Santa Clara River. The Sierra Pelona, the dark-colored

ridge that lies due north across the valley, is composed of

pre-Cambrian (?) schist flanked on the south by the Vasquez

(Oligocene ?) and younger formations. West of the Sierra Pe-

lona is the Ridge basin, where more than 20,000 feet of sed-

imentary rocks form what probably is the thickest uninter-

rupted nonmarine Pliocene section in North America.

The route continues down Bear Canyon to Sand Canyon

and into the valley of the Santa Clara River. In the lower part

of Bear Canyon the road crosses a prominent south-dipping

fault that separates metamorphic rocks from norite (Stop 9 ).

The norite exposed in the footwall is a very coarse-grained

andesine-hypersthene rock, highly altered at this exposure.
Extensive ilmenite- magnetite bodies occur in the norite in

areas to the north and northeast. In 1927, when titanium min-

erals were first mined in California, some of the operations

were in this part of the western San Gabriel Mountains. Pro-
duction from these mines, however, was small.
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SOLEDAD BASIN AND EASTERN VENTURA BASIN

MAP 5

The Soledad basin, northeast of the San Gabriel fault,

was the site of nonmarine deposition during much of Terti-

ary and Quaternary time, but at least two marine invasions
reached this area--one in late Miocene time, the other in

Pliocene time. The low hills west of the Sand Canyon road
display both marine and nonmarine formations of Miocene

age, and these are in turn unconformably
Stratigraphy overlain by both marine and nonmarine

Pliocene formations. Several northwest-
trending folds extend through the hills

With the exception of the Castaic (upper Miocene),

Towsley (Mio-Pliocene), and the Pico (Pliocene) formations,

all of the units in the following chart (Fig. 8) are nonmarine
deposits that occur in the Soledad basin northeast of the San
Gabriel fault.

Vasquez formation:

The nonmarine Vasquez formation (Oligocene ?) crops
out north and east of the area of Map 5 and over a large part

of the area shown on Map 5A. The rocks are coarse, light-

colored sandstones and conglomerates which lie with deposi-
tional contact upon crystalline rocks. A distinct reddish col-

or becomes characteristic as the deposits increase in degree
of consolidation and commonly in coarseness, south and east
of Mint Canyon. Within the formation there are strong lithol-

ogic resemblances to the Sespe formation, which is widely
distributed in the Ventura basin to the west. The sediments
of the Vasquez formation were deposited in at least three
localized fault-block basins, probably during the Oligocene
epoch, and were severely deformed prior to deposition of the
overlying Tick Canyon (lower Miocene) and Mint Canyon
(upper Miocene) formations. Flows and sills of andesite and
basalt are interlayered with the Vasquez strata south and
east of Mint Canyon.

Tick Canyon formation:

The Tick Canyon (lower Miocene) formation consists
of reddish-brown clay, sUtstone, and sandstone, with a poorly
lithifled boulder to pebble conglomerate at the base. The bulk
of the section is fluviatUe, but certain evenly laminated fine-
grained beds are probably of lacustrine origin.

AKe
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mains. Older terrace deposits overlie the tilted Mint Canyon
sediments with pronouncedunconformity, and are in turn over-

lain by younger terrace deposits.

Castaic formation:

The Castaic formation (Crowell, 1954, this volume)
consists of fossiliferous sandstones and shales that were cor-
related with the Modelo formation by Kew (1924). In the Sole-

dad basin they are the only marine beds north of the Santa

Clara River Valley. It has been suggested that this formation
is interfingered with the Mint Canyon formation due to ma-
rine transgressive overlap, but the relations are not thoroughly

understood.

Towsley formation:

The Towsley formation is the oldest rock unit recogniz-

able on both sides of the San Gabriel fault in the vicinity of

the Ventura Basin. Thisformation, of late upper Miocene and

early Pliocene age, attains its maximum thickness along the

north slope of the Santa Susana Mountains. It generally con-

sists of a sequence of light-colored conglomerate and sand-

stone units interbedded with units of brown-weathering mud-

stone. The formation is about 4,000 feet thick near the Los

Angeles -Ventura county line, and thins eastward to about 1,500

feet. It is overlapped by the Pico formation (Pliocene) three

miles southeast of New hall. Shallow-water near-shore depos-

its of the formation are preserved east of Newhall, but else-
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where evidence from faunas andfrom sedimentary structures

indicates deep-water deposition of the coarse-grained rocks

by turbidity currents (Winterer and Durham, 1954).

Saugus formation:

The Saugus formation here is composed of nonmarine

gravels and sands that were deposited on a broad, westward

sloping floodplain or series of alluvial fans. Although these

beds are generally unfossiliferous, their marine analogues

to the west yield invertebrates of late Pliocene and early

Pleistocene ase.

Fine-grained fluviatile and lacustrine beds of the Mint
Canyon (upper Miocene) formation are exposed in roadcuts
southwest of Solemint Junction along U.S. Highway 6. They
are rather tightly folded. Dark-colored magnetite-ilmenite
sands, exposed at Stop 10, occur near the base of the Saugus
formation. The ilmenite probably was derived from the crys-
talline rocks of the San Gabriel Mountains, where masses of

magnetite and ilmenite are associated with the anorthosite.

The Placerita oil field is the most prolific of a series

of fields extending around the western end of the San Gabriel
Mountains. The discovery of oil here in April 1948 was fol-

lowed by a program of intensive drilling on town-lot subdivi-

sions after the Spacing Act of California was declared uncon-

stitutional in September 1949. The field thus was developed
by a large number of closely spaced well^

Placerita which led to a high initial production and

oil field rapid decline. Production is obtained from
two zones in Pico marine conglomerate,

sandstone, and siltstone. A poorly defined anticlinal nose,

flattened at depth to little more than a west-southwestward dip-

on the north and against the Whitney Canyon fault on the east,

ping homocline, is closed against the San Gabriel fault zone

From Stop 11, at the Placerita oil field, the trace of the

San Gabriel fault is shown by a scarplet on the rounded hills

southeast of the highway. The fault strikes northwest acr oss

the highway, and lies approximately between the two large

reservoir tanks on the north side of the road. The Whitney

Canyon fault intersects the San Gabriel fault in the Placerita

Fig. 9. Flat Quaternary stream terraces northwest of Solemint Junction as seen from U.S. llie;liwa.j o. LJn^erlying nonmarine

Mint Canyon (Miocene) beds have been subjected to several periods of planation by the Santa Clara River during Pleistocene time.

Part of the Sierra Pelona rises in the background. (Map 5).
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oil field, and trends southward, subparallel to the highway.

The trace of this fault is poorly defined in this area, but eas-

ily can be seen farther south.

Roadcuts along U.S. Highway 6, between the San Gabriel
fault and theNewhall turn-off, provide good exposures of crosa-

stratified Saugus deposits that dip northwestward and are un-

conformably overlain by much less indurated terrace grav-
els of similar composition. At Placerita Canyon a side road
leads to the site of the 'Oak of the Golden Dream', where, in

1842, gold was discovered clinging to roots of wild onions.
Farther up the canyon, wells that penetrated schist of the
'basement' complex have yielded small amounts of clear,
kerosene-like oil which is believed to have migrated into the
schistfrom oil-bearing strata infault contact with the 'base-

ment' complex.

MAP 5A

A side trip eastward into Soledad Canyon permits a

close inspection of crystalline rocks of the San Gabriel Moun-
tains, some of the older Tertiary strata of the Soledad basin,

and the major fault zone that separates the basin from the

San Gabriel Mountains on the south. About 4.7 miles east of

the junction of the Sand Canyon road with the Soledad Canyon road

(Map 5) is an exposure of white anorthosite intruded by dark

lamprophyric dikes. Anorthosite, rare else-
San Gabriel where in California, is extensively exposed
anorthosite jqj, many miles along the lower north flank

of the western San Gabriel Mountains. The
rock consists typically of light-colored plagioclase and small

percentages of chlorite, micas, and altered pyroxenes. Twin-
ning planes are evident in the feldspar crystals, which com-
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monly range from medium to coarse grained. Some of the

crystals attain dimensions of several inches. To the south,

across Soledad Canyon, is a good exposure of a fault that sep-

arates white anorthosite on the north from brown norite on

the south.

After passing through a tunnel cut through highly shear-
ed anorthosite and related rocks, one can observe similar

light-colored 'basement' rocks on the south side of the can-
yon. High on the north side of the canyon is the Vasquez for-

mation, here chiefly conglomerate with abundant cobbles and

boulders of anorthosite. Between this conglomerate and the

older rocks to the south is the Soledad fault, a major break
that dips northward and trends essentially parallel to the can-

yon. This normal fault is here concealed beneath Quaternary

terrace gravels, but it is plainly visible in a road cut a short

distance beyond the tunnel.

Farther east, near the mouth of Agua Dulce Canyon, the
road crosses Soledad Canyon, and for more than a mile be-
yond this point the Soledad fault can be seen low on the oppo-
site slopes. On the higher slopes are spectacular steep- sided
knobs of gray to pinkish brown Vasquez conglomerate, which
here contains clasts of both anorthosite and granitic rocks.
The strata dip westerly at low angles.

Approximately 5 miles east of the mouth of Agua Dulce
Canyon the Soledad fault crosses to the south side of Soledad
Canyon and is offset by several cross faults. Large roadcuts
provide excellent exposures of these breaks, along which an-

orthosite, Vasquez conglomerate and brec-
Volcanic la, and basaltic volcanic rocks are various-

rocks ly juxtaposed. A thick layer of volcanic
rocks appears on the opposite side of the

canyon where it is marked by low outcrops and somber brown-
ish slopes. Most of these rocks are basaltic to andesitic flows,
and some are markedly amydgaloidal.

The road crosses to the north side of the canyon imme-
diatelj beyond this area and passes through several deep cuts

in volcanic rocks and in highly sheared anorthosite. The trace
of the Soledad fault lies immediately north of the road between

this area and Ravenna, where it appears as
Parker a distinct line between white-weathering an-
Mountain orthosite and brown-weathering Vasquez
'ly^'"'^ strata. Immediately beyond and northeast of
diorite Ravenna, the lower part of the Vasquez sec-

tion, comprising sandstone, coarse conglom-
erate and breccia, and two thick layers of volcanic rocks, lies
with depositional contact upon the Parker Mountain quartz di-
orite. The trace of this contact passes through a prominent

saddle high on the ridge north of the road. Several abandoned
copper mines and prospects can be seen on the slopes of Par-
ker Mountain between Ravenna and Acton.

The canyon widens to a broad valley at Acton, immedi-
ately beyond the map area, and numerous gravel-capped ter-

races can be seen to the north and to the south. The hills that

rise above these surfaces are underlain by Mesozoic pluton-

ic rocks and Tertiary volcanic rocks. The road can be follow-

edafew miles farther eastward to its junction with U.S. High-

way 6, which extends through Soledad Pass into the Mojave
Desert region.

MAP 6

The oldest oil refinery in California, constructed in

1876, is just south of the town of Newhall, and has been partly

restored as an historical monument. The refinery had a daily

capacity of 20 barrels, and oil was hauled to it in wooden bar-

rels from Pico Canyon.

The Elsmere Canyon field was discovered in 1889. Here,

the oil accumulated in beds that lie against a northwest- strik-

ing fault that bounds the field on the north. Oil occurs both in

basal Pliocene beds and in underlying rocks of middle Eocene

age.

At Stop 12 large-scale cross-stratification within Pico

beds is unusually well exposed in the deep roadcuts. These
beds are believed to have been deposited under deltaic condi-

tions during Pliocene time. The coarse-grained debris

grades abruptly into fine-grained sandstone within a distance

of one-quarter to one-half mile to the west. The contact at

the north end of the series of roadcuts between massive sand-

stone and fine-grained sandstone is a thrust fault that dips

30 degrees to the southwest.

A small oil field, known as the Tunnel field, is located

on a faulted homocline east of the highway. Oil sand occurs

in marine beds of early Pliocene age, as well as in nonmarine
strata that lie between Pliocene and Eocene rocks. Accumu-
lation was controlled by faulting and by beds that pinch out in

an up-dip direction.

South of the Tunnel oil field, U.S. Highway 6 parallels

Fremont Pass. The vertical walls of this narrow pass through
which Captain Fremont led his early California forces, are

still discernible in the canyon a short distance of the highway.

West of the highway, at the base of the imposing cliff, is a

southwest -dipping thrust fault that involves Pliocene marine

strata on both sides.
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Stop 13 is slightly south of the northwest-trending axis

of the Weldon syncline, which lies parallel to Weldon Canyon.
Here oil-bearing sands of lower Pliocene age are exposed in

the roadcut east of Foothill Boulevard (Highway 157) and near
its intersection with U.S. Highway 6.

Continuing north along U.S. Highway 99, the route par-

allels the northeast flank of the Pico anticline, along which

there are several small oil fields. These include, from east

to west along the anticline, the East Canyon, Rice Canyon,

Wiley Canyon, Towsley Canyon, DeWitt Canyon, and Pico Can-

yon fields, and collectively are known as the Pico anticline

district of the Newhall oil field. Oil has been obtained from
several zones in the Monterey (upper Miocene) formation

,

but production is now very small. In 1850 oil from natural
seeps was crudely distilled in this area, and was used as

'burning oil' in the San Fernando Mission. This is believed

to have been the first commercial production of oil in California.

MAP 7

The Pico Canyon and Newhall-Potrero oil fields are

about 5 miles west of Highway 99, and are reached via the

Pico Canyon road. The road is private in the Newhall-Potre-
ro oil field. In the Newtiall-Potrero oil field

Newhall seven zones in upper Miocene strata contain

Potrero oil on the limbs of a long, narrow, asym-
oil field metrical, northwest-plunging anticline. Re-

verse cross faults that strike nearly due east
are encountered at depth. These faults displace strata from 50
to 300 feet.

A short distance north of the turn-off to Pico Canyon,
extensive terrace deposits of late Pleistocene age form the

level skyline across U.S. Highway 99.

Where the highway crosses the Santa Clara River, a
major south-dipping thrust fault, the Holser fault, is concealed
beneath the alluvium. North of the bridge, in road cuts on the

right (east) side of the highway, are steeply south-dipping non-

marine Pleistocene ( ?) gravels of the Saugus formation. The low
hills to the northeast are composed of conglomerate, sandstone,
and reddish-brown siltstone of the Saugus formation, and are
transected by the San Gabriel fault.

Approximately a mile north of Castaic Junction is the
Honor Rancho oil field, which is on property of the Los An-
geles County prison farm. This anticlinal field, discovered in
August 1950, has possible closure on the east against the San
Gabrielfault. Oil is obtained from two zones in upper Miocene
sti-ala.

About 3 miles southwest of Castaic Junction the axis of

the Del Valle anticline is crossed. It is on this anticline that

the Castaic Junction oil field is situated. The
Castaic discovery well reached an oil zone at nearly
Junction 12,000 feet in January 1950. Production is
oil field from upper Miocene strata. The oil traps

either are formed by strong cross-faulting

in the area between the Del Valle and Castaic Junction fields,

or are stratigraphic in nature, presumably in the form of lens-
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Fig. 10, Section across eastern Ventura basin.

Del Valle

and Ramona
oil fields

ing sands along the anticlinal structure.

The axis of a major syncline is crossed just before one

reaches Martinez Canyon. North and northwest of this canyon

are the Del Valle and Ramona oil fields. The Del Valle field

was discovered in September 1940, and yields oil from iOzones

in upper Miocene sandstone and conglomerate. The principal

structure is the southeasterly plunging Del

Valle anticline. The Ramona oil field lies

northwest of the Del Valle field, and yields

oil from three zones in upper Miocene strata.

In this field the oil has accumulated in the

Ramona anticline, but the traps are primarily stratigraphic.

Both anticlines are confined to the block between the south-

dipping Del Valle and Holser thrust faults. The trace of the

Del Valle thrust fault appears as a small notch in the low hills

north of Highway 126 and east of the Martinez Canyon road.

The northwest limit of the Newhall-Potrero oil field lies

south of the highway. A well in this field near the road is be-

lieved to have penetrated the Del Valle fault zone.

Toward the west the Santa Clara River Valley approxi-

mately coincides with the axis of the Santa Clara syncline,

which extends westward for several miles. In the brush-cov-

ered hills on the south side of the river, Pliocene and upper

Miocene rocks at least 10,000 feet thick dip steeply northward

towardthe center of the syncline. On the north side of Highway
126 the opposite flank of the Santa Clara syncline is exposed.

MAP 8

Looking to the southwest from the railroad crossing

(east side of Map 8), one can see, high on the north flank of

Oak Ridge, beds of white sandstone and brown siltstone of late

Miocene age. Just beyond the railroad crossing, upper Plio-

cene fossils have been found inroadcuts in the white sandstone.

Pliocene sandstone and conglomerate rise steeply north of

Piru, and upper Miocene sedimentary rocks have been thrust

over these by the San Cayetano fault.

Seven en-echelon anticlines form a chain approximately

20 miles long on the Oak Ridge uplift, which lies south of the

Santa Clara River between Piru and Santa Paula. These anti-

clines, from east to west, are called the Oak
Oak Ridge Ridge, Torrey, Wiley, Shiells, Bardsdale,
oil fields South Mountain, and West Mountain. All but

the Wiley are productive. The South Moun-

tain and Bardsdale fields are discussed in the text accompany-

ing Maps 19 and 20^ Commercial production began at the Tor-
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rey field in 1896, more than half a century before production
was developed from the Oak Ridge field in 1952.

Drag motion during thrusting of the south block of the
Oak Ridge fault probably led to development of the folds. In

the active fields on Oak Ridge, oil is obtained from several
zones in the Sespe (mainly Oligocene) formation except in the
Oak Ridge field itself, where the oil occurs in Miocene beds.
In the Bardsdale field oil also is obtained from Eocene strata.
The recent discovery of oil in new areas and from deeper sec-
tions in the Sespe formation in the old fields has prompted
new wUdcatting along the Oak Ridge thrust and has developed
renewed interest in the old fields along the fault.

The Santa Clara River Valley is a synclinal trough with-
in a graben that lies between two opposed thrust faults- -the
San Cayetano thrust on the north and the Oak Ridge thrust on

the south ( see fig. 1 1 ). The location of these
Santa Clara faults has been well established, even where
River Valley they are covered by Recent alluvium of the

Santa Clara River, because of the many pen-

etrations of the fault plane by oil wells. Near Fillmore the
surface traces of the two opposing thrust faults lie within a

mile of each other! The San Cayetano thrust dips as gently as

20 degrees in places; the Oak Ridge thrust is generally steep-

er. In some places, relative movement from the north along

the San Cayetano thrust has resulted in displacement of upper
Miocene strata over rocks of Pleistocene or Pliocene age, and

Fig. 11. Section across Santa Clara River Valley.
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indisplacement of upper Eocene strata over sedimentary rocks
of upper Miocene or lower Pliocene age. Along the Oalv Ridge
thrust fault, upper Eocene sedimentary rocks lie against low-

er Pleistocene sandstone, gravel, and clay. Note that these two
major thrust faults in the region dip in opposite directions!

The Santa Clara River Valley is one of the major areas

of citrus groves in California. Total value of the 1952 citrus

crop from Ventura County, essentially the Santa Clara River

Valley and Oxnard Plain, was approximately $38,000,000. One
of the largest ranches in the valley is the Sespe Rancho. Orig-

inally an 182£ Spanish land grant to Carlos Carrillo, it now
consists of 4,300 acres, about 1,300 of which are planted to

citrus. The rancho currently employs about 300 people.

MAP 9

It is just within the east boundary of Map 9 that the sur-

face traces of the San Cayetano and Oak Ridge thrust faults

are closest together. Confined between them, but hidden by

stream alluvium, is the axis of the Santa Clara Valley syncline.

Within a 3-mile radius of Fillmore, rocks that repre-
sent at least a part of every epoch since the beginning of Eo-
cene tiiae can be seen. To the nortliwest upper Eocene strata

overlie middle and upper Pliocene rocks and Pleistocene beds.

To the northeast are middle Miocene beds, and to the south,

on Oak Ridge, Sespe (Oligocene) beds are present.

Six miles north of Fillmore, along lower Sespe Creek,
is the type locality of the enigmatic Sespe formation. The
variegated red, maroon, green, gray, and white sandstones
and conglomerates of this formation are quite distinctive, and
can be seen at many places in the Ventura basin. The strata

are economically important as reservoir rocks for petroleum,

and the oil probably migrated into them from marine rocks

nearby. The formation extends in a nearly continuous belt for

at least 100 miles eastward from near Point Conception, San-

ta Barbara County, to Simi Valley, Ventura County. It also

crops out on Santa Rosa Island, in the central Santa Monica
Mountains, and in the Santa Ana Mountains, and its probable

correlative crops out in the Soledad basin and has been found

Type locality Sespe
on lower sespe creek.
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in well cores in the eastern part of the Los Angeles basin.

The predominance of granitic pebbles and the absence
or mere trace of ferromagnesian minerals suggest that the

eastern part of the Sespe formation was derived from an area
of granitic rocks, pro' ably from a higher area that existed

far to the east during Oligocene time. In the Lion Mountain
area and westward from it, the Sespe formation contains a

considerable amount of fragments derived
Sespe from Franciscan (Jurassic ?) rocks. The
formation color of the formation is attributed by some

geologists to the development of lateritic

clay soil under a prevailing tropical climate, but it has recent-
ly been pointed out that there is a noteworthy lack of fossil
plant remains to support the supposition of a tropical environ-
ment of deposition.

Fossil remains of land mammals, including oreodont,

rhinoceros, horse, and camel, have been collected from scat-
tered localities. The absence of marine fossils indicates that

little of the Sespe is marine, and the absence of fresh-water
invertebrate remains suggests that it is not lacustrine. The
mammalian fossils suggest that the Sespe formation was de-
posited during a broad time interval, extending from late Eo-

cene to early Miocene. Some geologists, however. now be-
lieve that these fossils could have been transported, and hence
that they do not necessarily represent the age of the strata in

which they now occur. Furthermore, the meager vertebrate
faunas are not diagnostic of the climate, environment, or mode
of deposition of the Sespe formation. The real nature of dep-
osition of these strata therefore is not clearly understood,and
it still remains a problem to be worked out as more evidence
is gatliered and evaluated.

SANTA PAULA-OJAI VALLEY

MAP 10

Several Quaternary terraces are clearly discernible

along the mountain slopes bordering the Santa Clara River

Valley, as is the well developed alluvial fan
Timber at the mouth of Timber Canyon. Timber Can-
Canyon yon has been filled with detrital material
fan derivedfromthe steep scarp of the San Cay-

etanothrustthat rises above it. This fan de-
posit is best observed from points on the opposite side of the
valley, where it can be seen in its entirety.

SANTA YNEZ MOUNTAINS
SULPHUR MOUNTAIN SANTA PAULA

(Miocene) CHEEK

Son Coyelono TOPATOPA MOUNTAINS
Terrace thrust SANTA PAULA RIDGE Timber Conyon fon

(Pleistocene) (Pliocene) (Eocene) (Oliqocttnc

)

SESPE CREEK

/ "m?^'^

Fig. 12. View n iith ri.-i-'s:; Santa Clara Klver Valley from the top ol" South Mountain. The valley is a y. : ;resslon be-
tween two oppoElng thrust faults. The San Cayetano thrust fault occurs along the change in slope below Santa Paula Ridge. Timber
Canyon fan Is outlined by the concentration of vegetation on its surface. (Maps 9 and 10).
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The California Oil Museum, on the corner of 10th and
Main Streets in Santa Paula, is housed in the building where

the Union Oil Company was founded in 189CI

Oil Museum The museum contains equipment used in the

early days of oil development in the region.

For 4 miles north along Santa Paula Creek, Highway
150 traverses, at right angles to the strike, an uninterrupted

homoclinal section of Pliocene and Pleisto-

Santa Paula cene deposits. The total thickness of this

Creek section is approximately 17,000 feet, of

Pliocene which about 12,000feet comprises Pliocene
section strata. In Adams Canyon, 2 miles to the

west, these sediments approach 20,000 feet

in thickness, and are believed to form the thickest section of

marine Pliocene and Pleistocene rocks in California, and one
of the thickest in the world.

The Pliocene sediments contain many structural fea-
tures that have been attributed to deposition in deep water by
turbidity currents. Such subsurface currents contain sediments
in suspension, and when once initiated flow along the floor be-
neath a body of still water owing to the greater density of the
mixture of water and solid material. Turbidity-current struc-
tures are particularly well exposed in the banks of Santa
Paula Creek at Stop 14 . Sandstones, in thin layers interbedded

with shale, are believed to have been first

Turbidity- deposited in a deep marine basin several

current miles from the shore, and then later trans-

structures ported into the central and deeper parts of

the basin by means of turbidity currents. Ec-
ological studies of Foraminifera in the Pliocene Pico forma-
tion indicate that these b^dswere deposited in marine waters
several thousand feet deep, certainly out of reach of near-
shore sedimentation, and for this reason the turbidity-cur-
rent origin for these beds appears most attractive. Examples
of most turbidity-current structures such as graded bedding,
load casts, pull-aparts, slump structures, convolute bedding,
and current bedding can be observed in the banks of Santa
Paula Creek.

Sulphur Mountain north of Stop 14 , is essentially a south-

dipping homocline of Miocene sediments locally overturned to

the north. These structural relations are
Sulphur shown in figure 14. The bold escarpment on
Mountain the south side of Sulphur Mountain, first in-

terpreted as a fault scarp, is now thought to

be an effect of differential erosion between resistant shale of

the Monterey formation and the softer underlying shale of the

'Santa Margarita' formation.

Convolute bedding
(2)

Graded bedding
13)

Current ripple bedding
(4)

Slump structure

(5)

After Kuenen 1953 6 Shrock 1948

Fig. 13. Diagram showing types of sedimentary structures
formed by turbidity currents.

(1) Load casts, pockets developed by plastic
deformation of a bed by a later load.

(2) Convolute bedding developed during deposi-
tion of the bed by hydrodynamlc pressure
combined with loading in the troughs.

(3) Graded bedding in which the texture grades
from coarse-grained particles in lower part
of stratum to fine-grained particles in up-
per part.

(4) Current ripple bedding where particles were
swept down slope by bottom turbidity flows.
Indicates direction of flow from left to
right.

(5) Slump structures due to horizontal movement
of beds after deposition.

On each side of Highway 150 are conspicuous alluvial ter-

races formed by the ancestral Santa Paula Creek, which flow-

ed southward. The various levels reflect periodic rejuvena-

tions of the stream, which now is actively cutting downwards.

Son CoyOttno Thruil

Fig. Ik. North-south cross section through Sulphur Mountain.
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The south-dipping Sisar fault, well exposed in the road-

cut at the junction of the east fork of Santa Paula Creek and

Sisar Creek, cuts the north slope of Sulphur Mountain, where

it brings the Monterey formation in contact with the 'Santa

Margarita' formation (fig. 14).

The San Cayetano thrust, traceable on the surface for

more than 30 miles, enters the region east of Timber Canyon,
crosses Santa Paula Ridge, and disappears beneath the alluvi-

um of Ojai Valley. It probably dies out in the south slopes of

Lanta Paula Ridge, where hard Eocene (Matillija) sandstone
of the upper plate forms a 2,000-foot scarp

San Cayetano above the softer 'Santa Margarita' (Miocene)
thrust and Pico (Pliocene) shales at the base of the

ridge. The Timber Canyon oil field is ad-
jacent to the thrust west of the Timber Can-

yon fan. Within the field the fault dips approximately 55 de-
grees north, and has a minimum vertical displacement of a-
bout 8,000 feet. That the San Cayetano thrust probably is still

active is shown by deposits of late Quaternary terrace gravels

which have been faulted and back-tilted toward their source.

MAP U
Oil seepages occur on the north side of Sulphur Moun-

tain and along the base of the Topatopa Mountains. The seep
at Stop 15 is reported to be the largest in California. Here
heavy oil, accompanied by sulphurous water, flows down the
side of the mountain from outcrops of fractured Miocene shales
between the Sisar and San Cayetano faults. In the early 1860's
several tunnels driven into the steep south slopes of Sulphur
Mountain penetrated oil sands below the surface. This marked
the first successful 'oil mining' in the western hemisphere.

It is estimated that more than 30 tunnels
Oil with a combined length of about 2i miles
'mining' were driven into the mountain. All the

work was done by hand, and the tunnels were aligned and light-

ed by the use of mirrors and reflected sunlight. Caving ground
and petroleum gases caused the deaths of several workers.
Individual tunnels generally were less than 1,000 feet long,

and a foot-board and a track ran their entire length. Also on
the floor was a gutter in which the oil and water flowed down
toaseparatingtank.lt is reported that one of these oil tunnels

yielded 000 barrels of oil per month when it was completed in

1889. A little oil still is being obtained from some of these
tunnels today.

rit;. 15. Lookiii,- ri'.irLri»'e3t a-russ Upper ijjai Valley towaras tne eastern end of the Santa Ynez Mountains. The foreground is
underlain by Miocene shales of the Monterey formation. White, north-dipping outcrops on the flank of the mountains in center of
photograph are overturned Eocene sandstones. (Matilija Overturn). The prominent ridge on the left of the photograph contains the
same strata dipping southward. (Map 11).
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The top of the grade west of Stop 15 provides an excel-
lent view of the precipitous ranges of the Santa Ynez Moun-
tains and the geologically complex area between this range
and Sulphur Mountain. In the towering cliff-front of the Santa
Ynez Mountains bordering Ojai Valley, the beds have been
folded and overturned so that they dip north. This structural

feature has been named the Matilija overturn, and is part of

the south limb of the intricately faulted anticlinal fold, nearly
40 miles long, that lies on the southern slopes of the Santa

Ynez Mountains. West of the Ventura River the beds again

have a normal southern dip. Eocene formations are involved

in the Matilija overturn. The prominent
Matilija white ledge exposed at the base of the moun-
overturn tains is the Coldwater sandstone; it is bor-

dered on the north by the older Cozy Dell

shale (see cross-section). The Cozy Dell shale is in turn bor-

dered on the north by the still older Matilija sandstone. High-

er in the mountains, above the Matilija sandstone, the Juncal

formation is locally upthrust along the Bear Canyon fault.

Near Sisar Creek, the Matilija structure is broken by the San

Cayetano thrust. The San Cayetano and Sisar faults converge

still farther to the east, and several faults between them sep-

arate wedges of Miocene and Pliocene rocks.

MATILIJA OVERTURN

Sisar Creek
stream
capture

Fig. l6. North-south section showing overturned Eocene
sectionand its relationship to rest of area.

At the east end of Upper Ojai Valley a fine example of

Recent stream capture is displayed in the Santa Paula Creek-
Sisar Creek- Lion Creek drainage system.
High terraces suggest that the waters of what
today is the East Fork of Santa Paula Creek
once flowed westward (see fig. 17, I). Santa
Paula Creek, eroding headward, captured

first the East Fork (II), and then Sisar Creek (III).

The structure of the rocks beneath Upper Ojai Valley
is obscured by terrace gravels, alluvial fans, and stream de-
posits, but well data indicate that it is essentially an east-
plunging faulted anticline that is bounded on the north and south
by thrust faults. At Dennison Park, near Stop 16 , the highway
crosses the axis of the Lion Mountain anticline (also known
as Black Mountain anticline), tl\e exposed core of which con-
sists of red beds of the Sespe (mainly Oligocene) formation.

Fig. 17. Stages in captiire of Sisar Creek by Santa Paula
Creek.

Stop 16 , on one of the turn-outs on Dennison Grade, pro-
vides an excellent view of Ojai Valley and the Santa Ynez
Mountains. Ojai Valley is a structural depression, and, like
Upper Ojai Valley, it is filled with Pleistocene and Recent

stream alluvium more than 700 feet thick.
Ojai Its structure is essentially synclinal, with
Valley overturned beds on each limb. The north

side of the valley is bounded by the steep
wall of the Santa Ynez Mountains. The overturned strata in the

mountainscanbetraced westward to the Ventura River, where
they are nearly vertical, and thence to points beyond where
they revert to a normal south-dipping attitude. The alluvial

fans emerging from the large canyons are excellent aquifers,

and furnish most of the water supply for Oj ai Valley.

WHEELER HOT SPRINGS - VENTURA

MAP 12

From Dennison grade the road passes through the town
of Ojai (pronounced 'Oh-hi', an Indian word meaning 'the

Moon'). West of Ojai turn right onto U.S. Highway 399 and
proceed north to Wheeler Hot Springs. This 5-mile trip pas-

ses through a steep canyon whose walls permit a close in-

spection of the upper Eocene section. This section is mostly
overturned as far north as the third tunnel in Wheeler Gorge,
wheretheroad crosses the Santa Ynez fault. The rocks tothe

north He in their normal stratigraphic position.
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Cretaceous conglomerate and interbedded dark shale

are exposed between the south portal of the second tunnel and

the third tunnel ahead. Note the rectilinear course of the creek

at the tunnels, where strong control has been exercised by bed-

ding and jointing in, the resistant rocks. Large loadclasts and

very thick graded beds are characteristic of the Cretaceous

strata. Excellent current bedding is exhibited by the thin sand-

stone layers within the Cretaceous shalfs just north of the

northern tunnel, and a Cretaceous ammonite has been uncov-

ered in these hard black shales.

The Santa Ynez fault, which is traceable for more than

60 miles, crosses the highway a short distance north of the

northern tunnel. Here overturned to the ver-

Santa Ynez tical, Cretaceous conglomerate and under-

fault lying black shale lie in fault contact with the

Cozy Dell (Eocene) formation. The strati-

graphic separation on the Santa Ynez fault at this locality is

estimated to be 8,000 to 9,000 feet.

Return to the mouth of the canyon of the upper Ventura

River and follow Highway 399 south through the valley of the

Ventura River to the coast. In this part of the route, conclu-

sive evidence of intermittent uplift in Quaternary time and of

continued deformation to the present time
Warped is provided by Quaternary terraces. These
terraces terraces, which may be seen at several lev-

els along the river, are warped so that they

are now inclined In a direction opposite to their initial sea-

ward slope. Recent diastrophism is also indicated by faulted

terraces and some Recent fault scarps. Terraces exist through-
out the length of the Ventura River Valley, and a sequence of

seven terraces is present in the area between Long Valley and
San Antonio Creek (see Maps 12 and 13 ).

MAP 13

South of the town of Oakview, the Oakview terrace wid-

ens to a mesa, and rises from an altitude of 500 feet at Oak-
.view to 550 feet at San Antonio Creek within a horizontal dis-

tance of less than a mile. This terrace is clearly back-tilted

and continues to rise for a distance of 2 miles farther south.

It can be recognized upstream and downstream from Oakview,
and can be traced from the Santa Ynez Mountains to the sea.

The creek is antecedent in that it maintained its course dur-
ing the warping.

Fig. 19. Profile of Oakview terrace.

To the east, across San Antonio Creek, is the site of

Philadelphia-California No. 1, considered to be the first well
drilled in search of oil in southern California. This hole was
drilled in the 1860's by the Scott interests of Pennsylvania
(see Map 13 ).

One of the most prominent structural features south of

Oakview is the doubly plunging Red Mountain anticline on the

west side of Ventura River. This fold involves mainly red
sandstone and shale of the Sespe (Oligocene) formation. The
south side of Red Mountain is bounded by the Red Mountain

thrust, which extends westwardfor 10 miles

Red Mountain and separates older Tertiary rocks from an

anticline extremely thick section of Pliocene marine

and thrust sedimentary rocks. East of the highway the

thrust swings northward and apparently dies
out as a tear fault. North of the Red Mountain thrust the Pli-

ocene section is very thin and incomplete, whereas 13,000
feet of conformable marine Pliocene strata lie with discor-

dance upon Pliocene beds south of the fault, and locally lie

with great angular unconformity upon older Tertiary rocks.

Lower Pliocene rocks were once deposited north of the Red
Mountain thrust, but were largely eroded away as a result of

mid-Pliocene orogeny.
From the Red Mountain thrust southward to the sea the

exposed strata are entirely Pliocene in age, except for a nar-
row strip of Pleistocene beds of the San Pedro formation and
the upper 1,000 feet of the Santa Barbara formation just north

of Ventura (Map 14). This extremely thick Pliocene section,

the same as that viewed in Santa Paula Creek, has been folded

into the Canada Larga syncline and the Ventura anticlinal sys-

tem, which includes the Ventura Avenue and Rincon anticlines.

This uplift is traceable for 18 miles from a point near Santa
Paula to I>unta Gorda on the coast northwest of Ventura (Map
IJ), where the anticline passes out to sea. The Canada Larga
syncline disappears beneath the Red Mountain thrust.

Numerous oil derricks, natural gas plants, compressor
houses, and storage tanks of the Ventura Avenue oil field dot

the steep slopes of the Ventura Avenue anticline on both sides
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of the highway and in the bed of the Ventura River, which cuts

across the axis of the fold. This field is now the second larg-

est source of oil in California. As early as 1903, nine wells

were drilled to a depth of about 400 feet from points in the

river bed, and supplied the city of Ventura
Ventura with natural gas for a short period. Gas es-

Avenue caping from a crushed zone near the area
oil field where the Ventura River crosses the axis

of the anticline later led to exploratory dril-

ling, and the discovery well. State Consolidated Oil Company's
'Lloyd' 1, was completed in 1916.

The early drilling, done almost entirely with cable tools,

was seriously hindered by high gas pressures that caused caving

holes, heavy flows of water, and blowouts. In 1930 heavy muds
and rotary drilling equipment were successfully used, and
subsequent development proceeded rapidly. Wells drilled to

14,000 feet bottom in rocks no older than early Pliocene, and
by mid- 1953 only one well, the Shell Oil Company's 'Taylor
No. 378', had penetrated the base of the Pliocene section. This
well, about a mile and a half west of the Ventura River, is in
Miocene beds at a depth of about 15,000 feet.

Eight producing zones have been recognized to date; sev-
eral are more than a thousand feet thick. Three major subsur-
face thrust faults in the crestal area of the anticline cause
some of the oil zones to be repeated, one of them as many as
four times. Productive limits of the field still are not com-
pletely defined. Many other thrusts have displacements rang-
ing from 20 to 500 feet, a;iJ they commonly serve as barriers

for accumulation of oil. The thrusts probably have been folded,

but none appears to extend to the surface. There are 900 wells
in this field, and the present production amounts to about
84,000 barrels daily. More than 448 million barrels of oil had
been produced to January 1, 1953.

Because the 40,000- to 50,000-foot section of Tertiary
and Quaternary rocks in the Ventura-Ojai region isessential-

ly conformable, the Ventura Avenue anticline and Canada Larga
syncline could not have existed until after deposition of San
Pedro strata in early Pleistocene time. The San Pedro beds,
containing Equus teeth, have consistent south dips of 35 to 60

degrees on the south flank of the Ventura
Pleistocene Avenue anticline, and clearly were involved

Coast Ranges in the main Coast Range (Pasadenan) oroge-

orogeny ny. Mai-ine terrace deposits that are nearly

horizontal or dip only 5 to 15 degrees south

rest with extreme angular unconformity upon
theSanPedroformation in the northern part of Ventura. These
deposits contain an upper Pleistocene vertebrate fauna includ-
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Ing Equus and mastodon remains. Thus, the main orogeny of

the Coast Ranges took place in middle Pleistocene time, after

deposition of the San Pedro formation and before deposition

of the terrace deposits that now are tilted.

The brief time involved and the recency of the folding

in the Ventura region constitute one of the most striking geol-

ogic features in the state. In addition, the occurrence of 4,000

feet of steeply folded lower Pleistocene marine strata and

13,000 feet or more of Pliocene sedimentary rocks is worthy
of particular note, as it seems to be unique in the United States.

MAP 14

Extensive landslides are common on the steep slopes
withinthe Ventura Avenue oil field, and have damaged or ruined
a large number of wells. Elaborate protective measures are
nowbeingusedtosafeguardwellsin or adjacent to these areas.
These efforts are concentrated on minimizing water percola-

tion into the slides, anc" removal of water

Extensive contained in the slides, or ooth. Several hun-

landslides dred nearly horizontal borings ('Hydrauger'

in Ventura holes),totaling more than 40 miles in length.

Avenue have been drilled in t'.,c slides to remove
oil field water from them. The most evident measure

taken to minimize water percolation is the

stripping of vegetation from the sliding ground. Some slides

are covered with oiled surfaces, several of which extend over

Fig. 20. Diagrammatic sketch showing method by which

water in landslide is drained utilizing massive sandstone unit

underlying slide.

as much as 160 acres. Some of them on the east side of Ven-

tura Avenue can be seen from the highway. Wells were dam-
aged by landsliding movement as long ago as 1S26, and old to-

pographic maps show that some of the slides were in existence

long before the oil field was discovered.

Especially severe damage to wells was caused by land-

sliding during the winter of 1941-1942. In one 8-hour period

a slide extending over an area of 60 acres moved 100 feet.

Twenty-three wells either were sheared off beneath this slide

or were so much distorted that their casing was badly bent and

production was cut off. All the wells were later restored to

Fig. 21. Landslide in Ventura Avenue oil field. Surface of slide covering approximately l6o acres, has been contoured and ollea.
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production by digging vertical shafts 25 to 130 feet through the

slide to reach the cut off parts of the holes. A massive sand-
stone bed below the slide-plane is now utilized as an aquifer

into which water is drained (see sketch, fig. 20) by drilling

vertical holes through the slide.

Additional 'Hydrauger' holes were drilled into the slide in a
nearly horizontal position to further drain the mass, and the

surface of the slide was scraped and oiled.

All of these precautions can only keep movement to a
minimum and widen the time interval between major slips. Re-
cent irovements in the slides of the Ventura Avenue oil field
are considered to be confined mostly to their upper parts, and
the continual work on combating these vast areas of sliding
ground is considered to be succassful.

From the landslide areas on top of the Ventura Avenue
oil field, ijroceedtothe city of Ventura by way of Hall Canyon
(see Map 14 ) or by way of Ventura Avenue. Hall Canyon pro-

vides a close view of part of the thick section of rocks that

overlie the producing zones of the Ventura Avenue oil field.

The Pliocene sedimentary rocks here consist of about 8,000

or 9,000 feet of alternating sandstone and

Hall shale, with a small thickness of coarse con-

Canyon glomerate. The foraminiferal species so

abundant in the conglomerate indicates a ma-

rine depositional environment in waters 1,000 feet to 2,500

feet deep.The coarse conglomerate in this series of fine-grained

sandstone and shale is believed to have been transported in sub-

marine landslides or sandy mudflows. Near the mouth of Hall

Canyon are south-dipping beds of the Santa Barbara formation

and San Pedro formation, which are truncated by prominent

terraces. Mastodont remains have been found in these ter-

races, and fossil horse teeth (Equus occidentalis ) have been

recovered from local terrace deposits exposed in streetcuts

in Ventura.
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The shoreline features at Pierpont Beach, just south of

Ventura, have changed markedly during the past hundred years.
Littoral currents force the Ventura River to

Ventura deposit most of its sand in the concavity of

shifting the shoreline between the deltas of the Ven-
shoreline tura and Santa Clara Rivers. Comparison of

U.S. Coast and Geodetic Survey field sheets

for 1855 and 1933 shows about 580 feet of seaward advance of

the shoreline during this time interval.

From Ventura the observer can next proceed along the

route proposed on Maps 15 through 25, or Maps 18 through 25,

or he can follow the briefly described route along the coast

via U.S. Highway 101 to Santa Monica.

VENTURA TO LOS ANGELES VIA COAST HIGHWAY

(ALTERNATE ROUTE)

U.S. Highway 101 Alternate (Roosevelt Highway), from
Ventura to Santa Monica, provides one of the many beautiful

coastal drives in southern California. From Ventura to Point
Mugu it crosses the Oxnard Plain, which is noted for its lima
bean ranches and citrus orchards. From Point Mugu to Santa
Monica the highway skirts a series of towering cliffs, marine
terraces, and beaches that display an unusually diversified

array of shoreline features.

The Oxnard Plain is the delta plain of the Santa Clara
River. Drill records show that the alluvium generally is a few
hundred feet thick, and overlies Pleistocene and Pliocene sed-

imentary rocks. Near Camarillo, about 9 miles northeast of

Oxnard, the surface of the plain has been
Oxnard Plain recently folded into elongate hills, and al-

luvium that antedates this folding can be
traced across their crests. Subsurface Pleistocene strata gen-
erally dip parallel to the surface of the hills. Intensive pump-
ing of ground water in this area has caused a lowering of the
water table to points below sea level, and subsurface sea water
is beginning to encroach inshore beneath the lush agricultural
lands.

Several submarine canyons head against the seaward edge

of the Oxnard Plain. The Hueneme Submarine Canyon, at the en-

trance to Port Hueneme, is approximately 13 miles long and

cuts into upper Pleistocene and older rocks. Some geologists

believe that such canyons are formed by erosion when sand,

which accumulates in the head of the canyon by the action of

longshore currents, slides seaward into deep water from time
to timfi. Other geologists believe that the submarine canyons

were cut subaerially during the geologic past, but this explan-

ation seems unlikely here because there is no record of a
suitable river during late Pleistocene and

Submarine Recent time, when much of the canyon cut-

canyons ting must have been done. Several sub-
marine canyons, similar to Hueneme, notch

the steep offshore scarp at Point Mugu, and a very steep and
rugged canyon is just off Point Dume.

Rocks of the Topanga (middle Miocene) formation are
exposed in highway cuts just north of Point Mugu. These con-
sist of sandstone and shale, and are cut by basaltic dilces and
sills that also are of middle Miocene age.

- 90- - ,---

Fig. 22. Hueneme submarine canyon.
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Looking seaward from Point Mugu on a clear day, one

can see two of the four Santa Barbara Channel Islands, as well

as San Nicolas and Santa Barbara Islands. The Channel Islands

are a seaward continuation of the Santa Monica Mountains,

which recently have been partly submerged leaving the higher

mountain peaks as islands. Remains of Pleis-

Channel tocene elephants have been uncovered on

Islands Santa Rosa Island. These were dwarf types

which probably were isolated on the island,

and degenerated through inbreeding. Wild boars roam the is-

lands today, and are a more recent acquisition. They were
brought to the islands in the domesticated state by early Span-
ish explorers, and subsequently became wild.

East of Point Mugu the deep highway cut exposes black
shale and fossiliferous sandstone of the Vaqueros formation.

These are intruded by basaltic dikes and sills. Sedimentary
structures in these rocks, such as graded and current bedding,

suggest deep-water deposition by turbidity currents coming
from the south. To the east along the highway, numerous rem-
nants of uplifted Quaternary marine terrace deposits rest with

angular unconformity on the strata of the Vaqueros and Topan-
ga formations. The wide uplifted marine terrace surface at

Dume Point, plainly visible from a distance, is underlain by
siliceous and diatomaceous upper Miocene shales (Modelo),

which are in fault contact with Topanga volcanics, sandstones,

and shales (middle Miocene) at the landward edge of the ter-

race bench.
The remaining 12 miles eastward to Santa Monica cros-

ses a region complicated by numerous faults and folds that are

in part concealed by dense vegetation. Highway cuts expose

sedimentary rocks of the Modelo (upper Miocene), Topanga
(middle Miocene), Sespe (Oligocene ?), and Martinez (Paleo-

cene) formations. The beds stand vertically in many places,

as back of Malibu La Costa.

SANTA BARBARA AND VldNITY

MAP 15

Stop 18, atop Lavigia Hill, affords a good view of geol-

ogic features in the region surrounding Santa Barbara. Sedi-

mentary rocks of middle Eocene to Recent age occur in the

vicinity of Santa Barbara, and extend eastward to Ventura and
westward to Point Conception. Marine Eocene strata for p.

most of the central part of the Santa Ynez Mountains, a prom-

inent unit of the Transverse Ranges, for their entire 75 mile
length. These mountains approximate the northern boundary of

the Ventura basin.

Nearly all of the geologic formations, folds, and faults

are roughly parallel to the trend of the Santa Ynez Mountains

in the vicinity of Santa Barbara. The mountains are bordered

on the north by the Santa Ynez fault, the same west-trending

fault that appears north of Wheeler Hot Springs, and along

which considerable lateral movement has occurred. Tertiary

sedimentary rocks of middle Miocene and earlier age are con-

tinuously exposed along the foothills and the

Santa Barbara main ridge of the Santa Ynez Mountains.

area strati- They are present but are not well exposed
graphy in the lower hills and beneath terrace de-

posits along the shore. They total about

14,[;00 feet in maximum thicknesswest of Santa Barbara, and
locally are complexly folded and faulted. In one area only,

about 3 miles west of Santa Barbara, do middle or lower Pli-
ocene rocks crop out. Elsewhere the Santa Barbara formation
(Pliocene-Pleistocene) lies with marked angular unconformity
on,jre- Pliocene beds. The older Pliocene beds have thus been
removed by erosion as a result of mid-Pliocene orogeny.

On the south flank of the Santa Ynez Mountains the Ma-
tilija. Cozy Dell, and Coldwater formations (upper Eocene) are
overlain by the red beds of the Sespe (mainly Oligocene) for-

mation. The Sespe formation also crops out in a few places
along the north side of the 'Mesa', immediately southwest of

the city of Santa Barbara. The type locality of the Santa Bar-
bara (Pliocene-Pleistocene) formation is near the beach and
east of Stop 18. Atop Lavigia Hill fossiliferous marine sand,
silt, and clay contain a megalauna that indicates a shallow-wa-
ter environment during deposition.

The structure of the south-coastal part of Santa Barbara
County consists mainly of an anticlinal arch, in the Santa Ynez
Mountains, modified by several minor folds and several major
faults. The faults are considered to be younger than the folds

because they offset some of them. The main faults trend west
or slightly northwest; another set trends nortlieast. The hor-

izontal component of displacement on faults west of Santa Bar-
bara probably equals or exceeds the vertical component. A-
long most of the faults the vertical component of displacement
amounts to several thousand feet, with the south side moved
relatively upward. The principal movement on these faults

occurred in middle Pleistocene time, and some of them are still
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active . On the south side of the Santa Ynez Mountains the

Montecito Overturn extends from north of Santa Barbara east-

ward to a point nearly due north of Rincon Point. The whitish

outcrops of the overturned (north-dipping) Eocene strata are

much more prominent than the red beds of the Sespe (mainly

Oligocene) formation that are present in the foothills. West
of Santa Barbara the beds are in their normal stratigraphic

position, and the Sespe formation is exposed much higher in

the mountains.

The Santa Barbara graben, a trough overlain by Recent
alluvium and terrace deposits, is the west-trending elongate

depression in which the city is located. It is bounded by Ri-

viera Ridge on the north and the 'Mesa' on the south. Quater-
nary terrace deposits, which lie upon Monterey shales in the

Riviera Hills, are truncated by branches of the Sycamore Can-
yon fault system on the north side of the graben. On the

'Mesa', warped marine deposits of the Santa Barbara formation
unconformably overlie Sespe red beds, and both sets of strata

are truncated on the north by the Mesa fault.

The construction of the Santa Barbara breakwater has

caused a large volume of sand to accumulate on the beach to

the west. The beach just to the east has supplied much of this

sand, but has been replenished by sand dredged from the har-

bor. Protective groins have been constructed on a sand- starved

beach farther east. As much as 1,000 cubic yards of sand per

day has been accumulated behind the breakwater. The beaches
as far east as Carpinteria have been affected by the construc-

tion of this breakwater.
At Stop 19, east of Santa Barbara, the roadcut shows a

30-degree angular unconformity between lower Pleistocene
nonmarine sand and gravel and the overlying nonmarine ter-

race deposits. This is another example of Recent deformation
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Fig. 23. View from Stop l" atop Lavigia Hill, looking northeast across the Santa Barbara graben (left foreground) towards the
Santa Ynez Mountains. In center of photograph the south flank of the Santa Ynez Mountains is bounded by the Arroyo Parida fault.
The high peak on the right is Rincon Mountain. (Map 15).

and deposition in the Ventura basin. From this hill can be seen
the cuspate spit that forms Sand Point near Carpinteria. This
is an unusual coastline feature in this part of the state, for the

entire accumulation of sand f ornninb the point appears to be an
effect of a wave shadow produced by submerged, resistant Mio-
cene rocks that crop out on the sea floor just off the point.

From Ortega Hill a few remaining pilings of the Sum-
merland oil field can be seen along the coast to the east. This
field, discovered in 1887, is one of the oldest in the state and
was the first to be developed in the open ocean; several other
offshore fields have since been developed in Santa Barbara and
Ventura Counties. In 1900 three hundred wells were producing
an average of 5 barrels per well per day from Pleistocene

and upper Pliocene beds at depths of 100 to

Summerland 800 feet. This is one of the few known occur-
oil field rences of oil production from Pleistocene

beds. Wells were drilled in 1928 to deeper
zones In Miocene strata, but these did not prove to be commer-
cial. Production gradually declined, and the field eventually

was shut down. The wells were drilled on a northeast-trend-
ing seaward-plunging anticline that is closed against a fault

near shore, ana yieldeda total of m.ore than 3 million barrels
of 14 to 22 degree gravity oil.

MAP 16

The Carpinteria Basin is the small alluvial plain sur-
rounding the town of Carpinteria. 'Carpinteria' is the Spanisli

name for carpenter shop, and was applied by Spaniards who
found Indians building tar-caulked boats here. Brea pits south

of town probably were the source of the tar

Carpinteria and evidently determined the location of the

Basin boat-building activity. These pits have yield-

ed fossil remains of Pleistocene vertebrates,

which were removed from the pits before they became the
site of the city dump. The brea pits were formed by oil seep-
ing upward from underlying Miocene shale into marine ter-
race deposits.

Sands and gravels of the Santa Barbara formation under-
lie much of the Carpinteria Basin, and are overlain by the non-
marine Casitas and marine Carpinteria formations (Pleisto-

cene), and by Pleistocene alluvium. The type locality of the

Carpinteria (upper Pleistocene) formation is southeast of Car-
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pinteria, and these beds contain a Pleistocene flora where
they are exposed along the sea cliffs. The Carpinteria forma-
tion is included as part of the Quaternary terrace deposits ou
Map 16 .

The Casitas formation stratigraphically underlies the

Carpinteria formation, and although more extensive in its oc-

currences, it is confined to the Carpinteria Basin area. It con-

sists of moderately deformed, red continental deposits that

are nearly 600 feet thick. They overlie the Pliocene- Pleisto-

cene Santa Barbara formation. The Casitas and Santa Barbara

formations are folded into a syncline in this basin, and the

Pleistocene alluvium has been warped and dips slightly south-

ward. The plain is surfaced with Recent alluvium deposited by

streams that extend over the plain.

The slough west of Carpinteria is a warped portion of

the Carpinteria plain in which marine mud and silt have been
deposited. The depression containing the racetrack, east of

Carpinteria, is a trough or sag pond along the trace of a south-

dipping fault that extends into the basin from Rincon Creek.
Tar steps east of the racetrack are formed by the migration

of oil from underlying Miocene strata upward along the fault

plane.

The deep roadcuts at Stop 20 expose folded and over-

turned shales of the Monterey (middle Miocene) and Santa

Margarita (upper Miocene) formations. These faulted beds

have been thrust northward over unconsolidated Pleistocene

sand, and indicate the recency of deformation in the region.

A thin veneer of younger terrace deposits overlies this struc-
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ture. From a parking area at Stop 21 an anticline in Miocene
strata can be seen in the sea cliff to the northwest. Much of

the low sea cliff, a short distance to the northwest, is made of

natural asphalt. This material was formerly mined.

By looking eastward toward Rincon Mountain (Map 17) the
observed can see a series of marine terraces that have been tilt-

ed seaward. Ten levels have been recognized, including the low
bench over which part of the highway extends. The highest lev-

el is 1,300 feet above sea level. Late Pleis-
Rincon tocene deposits on these terraces are only
Point slightly tilted, and they truncate, with dis-

terraces tinct angular unconformity, all older beds,
including lower Pleistocene strata. These

relationships clearly indicate that the latest major orogeny
occurred here in middle or late Pleistocene time. The Red

Mountain thrust fault lies jUst offshore from Rincon Point, and
extends eastward along the north flank of the Ventura anticline

(see Map 13).

MAP 17

The sea cliff east of Rincon Point offers a good expo-
sure of the overturned section north of the Rincon fault. North-
dipping Monterey (middle Miocene) shale, near the top of the
clttf, overlies Santa Margarita (upper Miocene) siltstone that
in turn lies on beds of early Pliocene age. Upper Pleistocene
deposits of the overlying terrace truncate the older rocks.
The large, dark brown, bare area, near the top of the cliff and
about one-third of the distance from Rincon Point to Punta

, f

^-^^^m^m

Fig Angular uiinonrrjrmi ty between steeply tilted upper Pliocene Pico strata • ' rlylng horizontal Pleistocene terrace

deposits. Sea cliff is about lA mile east of Punta Gorda on Coast Highway 101. (Map 17).
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Gorda, marks a vent where burning, oil-saturated Miocene
shale has scorched the surrounding rock. The pinkish and

reddish colors so common in this cliff are the result of burn-
ing shale. The vent emits a strong odor of burning oil and sul-

fur, which can be detected from points near the top of the cliff.

At times, and particularly after rains, white smoke or steam
rising from this area can be seen from the highway. This vent

may have been the site referred to as the 'volcano', which was
used as a landmark by early explorers of the California coast.

Local residents have long referred to it as such. However,
burning tar and oil in the Carpinteria pits may have been the

feature observed bv the explorers..
At the mouth of the first large ravine in the sea cliff

north of Punta Gorda is an exposure of the Red Mountain fault.

It is interesting to note that Pliocene beds (especially Pico)

are very thick south of the fault, whereas north of the fault

very few Pliocene rocks occur and the Pico is absent.

The sea cliff east of Punta Gorda affords a spectacular

exposure of the unconformity between a Pleistocene marine
terrace deposit and beds of the underlying Pico formation.

This exposure records the uplift and intense tilting of upper
Pliocene beds, their planation, and the subsequent deposition

of terrace material, all in a short interval of time (Stop 22 ).

The piers in the sea, southeast of Punta Gorda, lie near
the axis of the Rincon anticline. Several deflected holes have
been drilled from each derrick site on the piers. South of this

fold is the south-dipping Padre Juan thrust fault (also known
as the Javon, Padre, or Padre Canyon fault), which truncates
the Ventura Avenue anticline about one mile north of Pitas

Pleistocene terrftceo unconformably
lying on steeply dipping Plli

aedlnenta. Stop 22.
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Fig. 25. Crest of Ventura Avenue anticline exposed in the

stone and sandstone of the Pico formation. View is west towards

background. (Map 17).

Point. The block between the Padre Juan thrust and the Red

Mountain thrust is a graben.

The banks of Los Sauces Creek o'fer one of the most
complete stratigraphic sections in the area to those who wish
to walk up the canyon. Along the sea cliff, beds of the Pico

formation form the exposed north flank of the Rincon anticline.

These beds have been brought against strata of early Pliocene

age (commonly called 'Repetto') along the Red Mountain fault,

which here dips 80 degrees northward and has at least 12,000

feet of vertical separation. North of the fault lie shales of the

Santa Margarita (upper Miocene) and Mon-
Type sections terey (middle Miocene) formations. These
at Los Sauces strata form the overturned south flank of the

Creek complexly faulted and folded Red Mountain

anticline. North of the axis of this fold is a

tightly folded syncline. On its north flank is the unusually com-

plete and well-exposed type section of the Rincon shale (low-

er Miocene), a portion of which constitutes the type locality

of the Saucesian stage. Basal sandstone of the Vaqueros (low-

er Miocene) formation and red beds of the Sespe (Oligocene?)

formation occur north of and stratigraphically below the Rin-

con shale.

Three oil fields-lie near the route of travel on Map 17 .

The Rincon oil field is developed on the Rincon anticline, which
lies in the graben bounded by the Red Mouniain and Padre Juan
thrust faults. More than 38 million barrels of oil has been re-

San Miguelito oil field. Strata exposed are upper Pliocene silt-
Santa Barbara. The Santa Ynez Mountains are visible in the distant

covered from Pliocene sands since the discovery of the field

in 1927.

The Padre Canyon oil field lies east of the Rincon field

on a southeastward- plunging anticline. It also is in the west-
ward-trending graben that contains the Rincon anticline. Clo-
sure on the southeast end of the fold is afforded by its plunge

and by the Padre Juan fault. Closure on the west is not well

understood, but probably is formed by minor cross-faulting in

the vicinity of Javon Canyon by a structural terrace, or by both

features. Since 1931, more than 7 million barrels of oil have
been recovered from sands within the Pico formation.

The San Miguelito oil field is on the Ventura Avenue an-
ticline about 2 miles east of Pitas Point. The topography in the

fieldis very rugged, and points reach an altitude of 1,100 feet

only a short distance from the seashore. The Pico strata are

deeply eroded, and precipitous V-shaped canyons are common.
Because of the very rugged topography, many wells have been
directionally drilled. The oil has accumulated in Pliocene

strata, owing primarily to anticlinal entrapment. Three zones
the First, Second, and Third Grubb, were discovered in 1931,

1944, and 1949, respectively, and more than 31 million barrels

of oil has been recovered from them.
East of the Padre Juan fault, Highway 101, roughly par-

allels the Ventura Avenue anticline to Ventura (Map 14). Steep-

ly south-dipping Pico (middle and upper Pliocene) shale and

sandstone crop out near the axis, and are overlain conform-



Geologic Guide 2] VENTURA BASIN—JENNINGS AND TROXEL 49

ably by the soft clay of the Santa Barbara formation (Pliocene-

Pleistocene). Numerous landslides are present in this unit.

Eastward from the vicinity of the railroad overpass (see Map
14), boulder conglomerate, sand, and silt of the San Pedro
(lower Pleistocene) formation are exposed near the highway.

Of the many marine terraces seen on the slopes between
Rincon Creelc and the Ventura River, the best developed and

preserved are those just west of the Ventura River in an area

where five successive terraces are visible.

WESTERN SANTA CLARA RIVER VALLEY

MAP 18

The route of travel continues to the east end of the city

of Ventura (along Poll Street, one blocli north of Main Street),

thence eastward along Foothill Road at the base of the hills

in back of the city. The route roughly parallels the strike of

the Ventura Avenue anticline and skirts the northwestern

edge of the Oxnard Plain, which is at least in part a delta

plain of the Santa Clara River. Cuts on Foothill Road expose

terrace deposits and beds of the San Pedro (lower Pleistocene)

formation on the southern flank of the Ventura Avenue anti-
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cline. In the Santa Clara River Valley, near the mouth of Wheel-

er Canyon farther to the east, the road crosses the plunging

east end of this anticline.

The broad Santa Clara River Valley is covered mostly

by citrus groves, including the LimoneiraRanchwhich is prob-

ably the world's largest lemon ranch. The long rows of tall

eucalyptus trees that tower above the citrus groves serve as

windbreaks. The wind machines standing upright in the groves

are used to circulate air for prevention of frost damage.

In 1949, the Superior Oil Company drilled an 18,734

foot well on the Limoneira Ranch. At that time, this was the

world's deepest well, and it remained the deepest in Califor-

nia until May 1953, when Ohio Oil Company's well 'KCL A'

72-4, in Kern County, exceeded that depth.

MAP 19

At Santa Paula, turn right (south) onto Riverside Drive,

cross the Santa Clara River, and proceed eastward following

the river road to South Mountain. The oil field on the precipi-

tous slopes of South Mountain, is one of a chain of fields along

the Oak Ridge uplift, which is marked by a series of en eche-

lon anticlines. The north flank of the South Mountain anticline

is cut by the Oak Ridge thrust fault, here concealed by alluvi-

um, which has brought rocks of Oligocene and Miocene age

northward over strata as young as Pleistocene. The road on
the north side of South Mountain crosses steeply dipping and
overturned red beds of the Sespe formation. Wells here pen-
etrate the thrust fault at depth, and show that it has a dip of

55 degrees or more to the south; the displacement is mea-
surable in thousands of feet.

The South Mountain oil field is picturesque because of

the deep erosion that has beautifully exposed the variegated
rocks of the Sespe formation. Some of the derrick locations
are so inaccessible that drilling equipment had to be trans-

ported to them by way of specially construe-
South ted inclined railways. The first producing
Mountain well on South Mountain, completed in AprU
oil field 1916, recovered oil from zones in the Sespe

formation. Since then some wells have reach-
ed the top of marine sedimentary rocks of Eocene age, and
some have pierced the Oak Ridge fault and passed into young-
er sediments below. This is illustrated in the cross section
shown In fig. 26

Monterey

tU Mio,

Voquero^^
Basalt'

Vaauetes- ^^ g^^,
(Eoci

Fig. 26. Cross section througb South Mountain oil field.

The origin of the oil being produced from these rocks
poses a difficult problem. The oil generally is believed to have
originated in marine sediments, and to have migrated into non-
marine strata; some geologists, however, believe the oil might

be indigenous to the Sespe formation. If the
Origin of oil migratedfrom petroliferous marine strata,
oil from u may have been derived from the marine
Sespe shales of Eocene age that underlie the Sespe
formation (mainly Oligocene ) formation beneath South

Mountain. Some of the oil may have migrated
laterally from marine Eocene rocks that lie beneath the Santa

Clara syncline (see fig. 26), and some may have migrated up-

ward from Miocene or Pliocene rocks that lie below and on

the north side of the Oak Ridge fault. Countless tiny cracks
and joints in the shale beds between the source rocks and res-
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ervoir rock may have acted as channels for upward migration.

On clear days, a side trip to the top of South Mountain
affords a magnificent view of the Santa Clara River Valley
and the Santa Ynez Mountains. On exceptionally clear days,

generally following rainstorms, it is possible to see all four

of the Channel Islands and one or two of the Catalina group to

the south and west. On the distant skyline to the east, one can

see the San Gabriel Mountains dominated by

View from San Antonio Peak, more than 80 miles away.
South Directly north across the Santa Clara River
Mountain Valley rises the Santa Paula Ridge, com-

posed of Eocene sedimentary rocks. An ex-

tremely thick section of Pliocene rocks is exposed on its low-

er slopes, and the two units are separated by the San Cayetano

thrust, which dips steeply northward. The trace of the fault is

clearly shown by differences in rock types in the underlying

Pliocene and overlying Eocene rocks, by a break in slope, and

by differences in vegetation. The Timber Canyon alluvial fan,

directly below the San Cayetano thrust, is clearly observable

from this side of the valley.

Along the banks of Santa Paula Creek, west of danta Paula
Ridge, lies an intact section, nearly 20,000 feet thick, of Pli-

ocene and Pleistocene rocks. West of the creek is Sulphur
Mountain, along, narrow ridge topped by a flat upland surface
and flanked on the south by a steep escarpment. North of oul-

phur Mountain and Santa Paula Ridge are the higher Topatopa
Mountains, culminating in Hines Peak, elevation 6,700 feet, at

the eastern end of the range. Looking to the south, one sees
the broad Oxnard Plain and the abruptly terminated western
end of the Santa Monica Mountains. In the near foreground
rises the Camarillo Hills, which express a gentle anticline on
the edge of the Oxnard Plain. The flexure is of very recent

origin, for even the Quaternary alluvium is bowed gently on

the flanks of this anticline and the strata of the San Pedro for-

mation generally dip parallel to the surface of the hills.
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BcatdoK .«^ * BARDSDALE - SIMI VALLEY - SANTA SUSANA PASS

MAP 20

From South Mountain the route continues east through
the Bardsdale oil field at the mouth of Grimes Canyon. This
is another of the anticlinal fields that lie en echelon along the
north slopes of Oak Ridge. It is notable for its early discov-

ery (1891) andf or a very low rate of decline
Bardsdale in production. Some of the oldest wells in
oil field this field are still active, or are capable of

further production. The original output was
obtained solely from the Sespe formation. In 1936, additional
production was obtained from marine Eocene strata at depths
greater than 5,000 feet. Upper Eocene rocks are several thou-
sand feet thick at depth.

The Grimes Canyon road displays an excellent section

of Tertiary and Quaternary rocks that range in age from Oli-

gocene at the mouth of the canyon to Pleistocene at the crest

of Oak Ridge. Here the formations are much thinner than in

the Santa Clara River Valley to the north. During much of the

Tertiary period the area along Oak Ridge was intermittently

uplifted, or did not subside as rapidly as the terrain to the north.

The bright red color of part of the Monterey formation,
so conspicuous in Grimes Canyon about a mile south of the

Bardsdale field, is believed to have been caused by the burn-
ing of organic layers within the shale (Stop 23).

Locally the rock has been fused to an obsidian-like ma-
terial. Until recent years hot gases and smoke issuing from
a fissure in Miocene shale on the south slope of South Moun-
tain indicated that the shale was still burning in places. High-
er on the grade, the road traverses the Pico (Pliocene) for-
mation, which here is only about 500 feet thick. This forma-
tion thickens westward along the strike, and pinches out to the
east. The Pico formation is 14,000 feet thick on the north side
of the Santa Clara River Valley near Santa Paula Creek, just

a few mUes from here (Map 10 )! Cross-bedded sandstones,

stratigraphically above the Pico formation,

Grimes are exposed stUl higher on the grade (Stop

Canyon 24). Here the coarse nature of the sediments,

the prominent cross-bedding, and other struc-

uralfeatures typical of torrential deposition are very well dis-

played. A few miles to the west the Santa Barbara formation,

of nearly equivalent age, consists mostly of blue-gray silt that
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Fig. 27. Nat>iral burned and baked petroliferous shale of
the Monterey (Miocene) formation exposed In Grimes Canyon.
(Stop 23, Map 20).

grades into the coarse sand and eravel seen here. Such shal-

low-water features are in marked contrast to the deep-sea,
t\irbidity-flow features shown in the Pliocene sediments at Santa
Paula Creek and in the Cretaceous rocks at Santa Susana Pass,
San Fernando Valley (Map 23) . Note the peculiar, rusty brown
color banding in the prominent roadcut on the second hair-pin
turn. This banding commonly lies athwart the bedding, and is

attributable to the effects of percolating ground waters.

From the top of the grade southeastward to Moorpark
the road crosses a broad plain or terrace covered with a de-
posit of late Pleistocene sand and gravel. Just north of Moor-
park the road passes through a canyon cut into loosely con-
solidated sand and gravel of the San Pedro (Pleistocene) for-
mation. Turn left at Moorpark and proceed eastward into Simi
Valley.

MAP 21

In a steep roadcut, about 3.7 miles east of Moorpark,
red and white sandstone and siltstone of the Sespe formation
are exposed. The hilltop onthe right (south) of the road is cap-
ped by a Miocene basalt flow. An even more extensive mass
of basalt covers the hill that is just west of the town of Simi.

The Simi oil field lies on the Simi anticline, which close-
ly parallels the north side of the valley. The axis of this fold
crosses the highway about 29 miles northwest of the town of

Simi. South of the anticline, and roughly parallel to it, is a
prominent fault that follows the foot of the hills. This fault,
or others related to it, have modified the structure of the an-

ticline and may have influenced the accumu-
Slmi oil lation of petroleum in the oil field. The oil

field wells pass through the Sespe red beds near
the surface, and most of the production is

obtainedfrom the upper part of the underlying Llajas (middle

Eocene) formation. The production is small, but the oil, unlike

typical California Miocene and Pliocene oils, contains a high

percentage of paraffin. Approximately 50 weUs are being

pumped, and each yields about 2i barrels per day. The total

output of oil from the Simi field is more than 2| million bar-

rels.

The basal beds of the Sespe formation and the Llajas
formation (middle Eocene) are exposed east of the field. This
is the area in which the lower part of the Sespe formation has
been dated as upper Eocene on the basis of a meagre verte-
brate fauna. The Llajas beds are highly fossiliferous.
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MAP 22

Continue through Simi Valley toward Santa Susana Pass
at the east end of the valley. This valley is a synclinal depres-
sion, and formations ranging in age from Cretaceous to Pleis-
tocene are exposed on its margins. At Oil Canyon, on the north
sideof the valley, active oil seepages occur on outcrops of oil-
saturated sandstone.

At Santa Susana Pass the road traverses a thick section
of Cretaceous strata. Cuts east of the top of the grade (Stop

25) provide good exposures of structures,
'

Cretaceous attributable to turbidity flow, that are sim-
rocks in liar to those in the Pliocene strata at Santa
Santa Susana Paula Creek. Here can be seen convolute
Pass bedding, pull-aparts, flow clasts, and graded

bedding, which are attributable to formation
in deep water by submarine landsliding.

The silver-colored tanks and derricks visible on top of
the Santa Susana Mountains to the northeast, and overlooking
San Fernando Valley, mark the location of the Aliso Canyon
oil field. This field, structurally one of the most complex in

Aliso Canyon
oil field

and Santa Susana
thrust

California, has oil accumulated in both structural and strati-

graphic traps that are contained within a graben concealed be-

neath the Santa Susana thrust fault. The Santa Susana thrust,

one of the most significant faults in these
mountains, extends for several miles beyond
this area. Because the fault dips gently near
the surface, has been recently folded, and
is offset locally by tear faults, its trace is

very sinuous. The northern block has been
thrust southward on the Santa Susana fault for 18 miles along
the southern side of the Santa Susana Mountains, and the fault

has a minimum vertical displacement estimated to be about

8,000feet. The fault is nearly flat near the surface, but steep-

ens to almost vertical at depth. It is believed by some geol-

ogists to have been steep during its early history and to have
later developed a flat segment that roughly followed an erosion

surface. It was active as recently as Pleistocene time, as ter-

race deposits of that age are overridden by the thrust.

Another feature that demonstrates the recency of defor-

mation in this area can be seen from Stop 25 . This is a Pleis-

tocene terrace deposit that is visible along the south flank of
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Alito Canyon Oil Field
f.
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SANTA MONICA MOUNTAINS - CAHUENGA PASS

The Santa Monica Mountains, a low but rugged range

that bounds the Los Angeles basin on the north, extend west-

ward 50 miles from the Los Angeles River to the sea. The
range is structurally complex, although its eastern part is

mainly a westward plunging anticline. Modelo (upper Miocene)

sandstone and shale dip away from the crest of the mountains

on both flanks of the fold, and older, more highly deformed

rocks are exiJosed along its axis. The oldest rocks are meta-
morphosed sediments (phyllites and argillites) of the Santa

Monica (Triassic ?) formation. These have been intruded by

granite and granodiorite, probably during the Jurassic or Cre-
taceous time. Cretaceous and Paleocene rocks consisting of

marine and nonmarine conglomerate and marine sandstone

and shale, overlie the older rocks with steep angular uncon-

formity. Sespe (mainly Oligocene) red beds and Topanga (mid-

dle Miocene) sandstone, conglomerate, and volcanic flows and
sills are generally more concordant with the underlying rocks.

Shale of the Modelo (upper Miocene) formation is the youngest

stratified sedimentary rock exposed on Mulholland Drive.

On a short sidetrip to a roadcut on the east side of To-
panga Canyon Road (Stop 26) , 0.4 mile south of Mulholland
Drive, one can see an excellent exposure of rhythmic bedding
within the Modelo formation. Most apparent is the alternation

of dominantly dark and dominantly light zones of finely strat-

ified beds (see photo). These zones are corn-

Rhythmic posed of beds, an inch thick, of light-colored

bedding in sandstone and siltstone interlayered with
Modelo shale beds of dark-colored organic material,com-

posed mostly of diatom tests. These layers
represent rhythmic deposition of the two types of material.

Careful study shows that each in turn is composed of minute
laminae of alternating light and dark color. Such rhythmic bed-

''^^i^

Wik^
1

,w

SIMI HILLS SANTA SUSANA MOUNTAINS

Fig. 29. v -bedded sillce the Modelo
(Miocene) formation at Topanga Canyon hoaa m the Santa Monica
Mountains. Note sandstone dikes crossing the bedding planes of

the shale. (Stop 26, Map 23).

ding may represent climatic oscillations that affected the type

of deposition.

At Stop 26 sandstone dikes can be seen crossing the bed-

ding planes of the siliceous shale. These probably were form-

ed by the squeezing of sand or poorly consolidated sandstone

upward along joints and bedding planes in the shale.

East of Topanga Canyon Road, along Mulholland Drive,
beds of the Modelo formation are exposed for a distance of 4

SAN GABRIEL MOUNTAINS

i:r_jj Jar. F'^rnandj Valley from Topanga Canyon Road. Rocks In foreground are Modelo shales (upper
Miocene). Cretaceous strata in SImi Hills form prominent cliffs. (Map 23).
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miles. This formation is composed of fossiliferous, cherty,

siliceous sliale, punky diatomaceous shale, gray and brown
sandstone, and soft, earthy shale. Grit, sandstone, conglom-
erate, and phosphatic oolite occur as basal members of the

formation in this region. The Modelo formation commonly

dips gently to the north and rests unconform-

MulhoUand ably upon several older rock formations that

Drive form most of the Santa Monica Mountains.

Locally, the beds have been crumpled by

soil creep and small landslides. Many points along Mulholland

Drive provide panoramic views of the San Fernando Valley

and of the San Gabriel Mountains, Verdugo Mountains, Siml

Hills, and Santa Susana Mountains, which border the valley on

the north and west.

Map 23A is provided for those who wish to travel south
across the Santa Monica Mountains via Topanga Canyon Road
to Highway 101 on the coast. Complexly faulted and folded Ter-
tiary sedimentary and volcanic rocks are well exposed in the

steep canyon walls.

MAP 24

Brown conglomerates of the Chico ( Upper Cretaceous)
formation are overlain unconlormably by massive Modelo sand-
stone in the roadcut at Stop 27 . Here the oldest unmetamor-
phosed marine sedimentary unit in the Santa Monica Mountains
is overlain by one of the youngest formations in these moun-
tains. The conglomerate is typical of the rock that forms about
three-quarters of the Upper Cretaceous marine sediments in

this part of the range. It is composed of

Chico con- rounded cobbles of varicolored quartzite,

glomerate dense porphyritic granite, and basalt, chips
of black slate, and a matrix of micaceous

sandstone with a distinctive greenish brown tinge. To the south,

the Chico conglomerate is overlain, apparently conformably,
by fossiliferous Paleocene (or lower Eocene) shale and algal

limestone of the Martinez (?) formation. The Modelo forma-
tion (upper Miocene) overlaps all of these older sedimentary
formations with pronounced angular discordance.

Much of the surface structure shown on the north half of

Map 23A can be seen from Stop 28. See the labeled photograph

as an aid for identifying the surface exposures.

\-4 / /
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' f u Miocenel \\
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Fig. 31- Panoramic view west along crest of the Santa Monica Mountains from Stop 28. Map 2k, jn M-^lhu

Stop 29 is a short distance east of the approximate con-

tact between marine Upper Cretaceous rocks to the west and

nonmarine Upper Cretaceous rocks to the east. The nonma-
rine red conglomerate has a soft, clayey sandstone matrix,

and contains cobbles similar in composition but more highly

polished than those in the marine member. Although the con-

tact is poorly exposed, the nonmarine conglomerate is believed

to rest with depositional contact upon the Santa Monica forma-
tion (Triassic ?) to the east, and to grade upward into the

overlying indurated brown marine conglomerate.

The Santa Monica formation (Triassic ?), which covers

nearly one-fourth of the total area of the eastern part of the

Santa Monica Mountains, is exposed for about 2| miles east of

Stop 2S . It consists mostly of hard, dark gray and bluish gray

to black argillite that is fairly uniform in lithology. It also con-

tains light gray siltstone, quartzitic sandstone, and slate. The
slate has a well developed cleavage which generally is paral-

lel to the original bedding. At or near intrusive contacts with

Jurassic (?) granitic rock the argillite has been metamorphosed
to spotted slate, dark gray phyllite, and mica schist.

The granitic rocks, exposed in the road cut at Stop 30 ,

include light gray biotite granite, dark gray diorite, and are
so higiily disintegrated that they crop out as soft masses and
resemble a coarse friable sandstone. The rock is quarried
locally for road fill and related products. See figure 32 for de-

tails of faulting at this site.

Fig. 32. Diagrairanatic sketch of faulting in roadcut on
Mulholland Drive at Stop 30. The blocks of the Modelo forma-
tion between faults a and a ' have moved downward relative to
the adjacent rocks, and the block between faults b and b' has
been dropped farther.

The following paragraphs pertaining to Map 24 and Map
25 are intended as brief summaries of the geology along the

main roads that generally are used to return to the metropol-
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itan areas froir MulhoUand Drive. Roads to tlie north provide

access into oan Fernando Valley, and roads to the south pro-

vide access to Santa Monica, Westwood, and Hollywood.

Sepulveda and Beverly Glen Boulevards, north: Both
Sepulveda and Beverly Glen Boulevards cut through north-dip-

ping sandstone and siliceous shale of the lower part of the Mo-
delo formation. The white, diatoiuaceous shale of the upper
part of the Modelo formation easily can be distinguished from
the tan siliceous shale and sandstone of the lower part of the

formation, both by color differences and hardness.

Sepulveda Boulevard, south: Beneath the Modelo forma-
tion is a thick section of spotted slate and phyllite of the Santa

Monica formation. Approximately 2 miles south of the tunnel

at the crest of the mountains, the axis of the Santa Monica an-

ticline is crossed, but confirming dips in the strata are not

visible from the road. Slate on the south slopes of the moun-
tains is unconformably overlain by south-dipping: Modelo sand-
stone (south of Map 24), and conglomerate of the Topan^ja

(middle Miocene) formation is faulted against Modelo sand-
stone near the base of the mountains.

Beverly Glen Boulevard, south: Marine beds of the Mo-
delo formation, consisting of alternating sandstone and sili-

ceous shale, are exposed for nearly a mile south of the junc-
tion of Beverly Glen Boulevard with MulhoUand Drive. Mas-
sive conglomerate and sandstone of the Topanga formation,
dipping steeply to the north, underlie the Modelo formation

and are exposed as far as the southern edge of the village of

Beverly Glen. Small intrusive bodies of diabase, abundant in

the middle of the Topanga formation, are well exposed just

north of the village. Southward, the boulevard crosses a nar-

row band of Paleocene and Cretaceous rocks and then a thick

section of Santa Monica slate (Triassic ?).

MAP 25

Coldwater and Laurel Canyons, north: Both Coldwater
and Laurel Canyons offer good exposures of north-dipping
members of the Topanga formation, in which intrusive sills

and dikes of diabase are present. These rocks are overlain

by the Modelo formation near the foot of the mountains.
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Coldwater and Laurel Canyons, south: The Coldwater
and Laurel Canyon roads traverse the largest expanse of gran-

ite and granodiorite in the eastern Santa Monica Mountains.

Volcanic agglomerate in the Topanga formation can be seen

near the intersection of MulhoUand Drive and Laurel Canyon
Road.

MulhoUand Drive to Cahuenga Pass: Near the west edge

of Map 25 MulhoUand Drive trends approximately parallel to

the strike of the siliceous shale and massive sandstone of the

Modelo formation. The remainder of the route passes through

a thick section of the Topanga formation in which sills of dia-

base are present. Pillow structure exists locally within the

diabase, and volcanic agglomerates are interbedded with the

Topanga sandstone.
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GEOLOGIC GUIDE FOR THE LOS ANGELES BASIN, SOUTHERN CALIFORNIA
By BKNNit: \V. Tkoxel •

INTRODUCTION

General Statement. The term "Los Angeles basin" is applied in a

geofrraphie sense to the lowland area now occupied by Los Angeles

and neijjhboring cities. This lowland is about 50 miles long in a

northwest direction and about 20 miles wide. It is bounded on the

north by the Santa Jlonica Mountains, on the northeast by the Re-

petto and Puente Hills, on the east and southeast by the Santa Ana
Mountains and the San Joaquin Hills, and on the .south, southwest,

and west by the Palos Verdes Hills and the Pacific Ocean (fig. 1).

Downtown Los Angeles is at the northern margin of the basin, and
Santa Monica and Newport Beach are near its northwest and south-

east coastal margins, respectively.

The term "Los Angeles basin" is applied in a purely geologic

sense to the site of a former marine embayment that existed as early

as mid-Miocene time, when the encroachment of the sea apparently
was most extensive. This sea extended inland as far as Pasadena and
Pomona, covered the present lowland area and most of the area now
occupied by the hills that surround this lowland, and was connected
with another sea that occupied the Ventura basin to the northwest.

Marine sediments were laid down in the Los Angeles basin during
most of subsequent Tertiary time, and in some parts of the basin

during Pleistocene time. In this geologic guide the Los Angeles basin

is referred to in a geologic sense.

The route indicated on figure 1 is approximately 210 miles long,

and is confined mainly to the marginal areas of the basin. Accumula-
tive mileage from the starting point at the Los Angeles Civic Center
is indicated in brackets both on the strip maps and in the descriptive

text.

The general trend of the tour is eastward from downtown Los
Angeles through the Repetto and Puente Hills to Pomona, thence
southward along the Santa Ana Mountains to Tyaguna Beach, north-
westward along the Pacific coa,st to the Palos Verdes Hills, and
northward to Los Angeles.

Two days are recommended for the tour. The route from San
Pedro around the south and west slopes of the Palos Verdes Hills
and through the Baldwin Hills can be readily followed as a separate
trip if desired.

Achnoivlcdfinients. This geologic guide was prepared under the
direction of A. O. Woodford, who suggested the route of travel and

• Junior Mining Geologist, California Division of Mines.

provided the writer with many of the data contained herein. Geo-

logical data also were kindly furnished by J. E. Schoellhamer, J. G.

Vedder, and R. P. Ycrkcs. The writer was accompanied in the field

by Woodford on the Montebello to Pomona segment of the route, and
by Schoellhamer and Vedder on the Pomona to Newport Beach seg-

ment. The WTiter also is grateful for helpful criticism by A. O.

Woodford, L. A. Wright, and R. IL Jahns.

The strip maps are reproductions of parts of a large geologic map
that accompanies a report on the geologv' of the Los Angeles basin

elsewhere in this volume (Woodford, Schoellhamer, Vedder, and
Yerkes, Contribution No. 5, Chapter II). Numerous other publica-

tions, particularly U. S. Geological Survey Professional Paper 207

and California Division of Mines Bulletin 118, were used as sources

of information.

Stratigraphic Features. Marine Pliocene and Quaternary sedi-

mentary rocks have a known thickness of at least 10,000 feet in the

central part of the Los Angeles basin. During Pliocene and Pleisto-

cene time the basin became progressively shallower and smaller, and
foraminiferal studies indicate that the depth of the sea gradually

decreased from more than 4.000 feet to about 900 feet in the inter-

val from early to late Pliocene time (Natland, 19.52, p. 50). Marine
Pleistocene strata were restricted principally to the coastal margin
and ad.iaccnt parts of the basin, and they grade northward and ea.st-

ward into continental sediments. From 50 to 200 feet of lower Pleis-

tocene marine strata overlie upper Pliocene .strata in the West Coyote
area of the Coyote Hills.

Although the late Tertiary Los Angeles basin probably took form
in middle Miocene time, parts of the area it occupies received sedi-

ments during earlier Tertiarj- and also during late Cretaceous time.

This is shown by the existence of Upper Cretaceous and Paleocene
marine strata in the Santa Ana and Santa Monica Mountains. Eocene
marine strata in tlie Santa Ana Mountains, and Oligoccnc ( ?) conti-

nental .strata and lower Miocene marine strata in the Santa Ana
Jlountains, San Joaquin Hills, and Santa Monica Mountains.

The Upper Cretaceous, Tertiary, and Quaternary cover was de-

posited on a basement of metamorphic and igneous rocks. The
Catalina schist and associated rocks (Jurassic ?) underlie the south-
western part of the basin, and are exposed in the Palos Verdes Hills.

Pre-Cretaceous metasedimentary rocks, in part of Triassic age, are

exposed in the Santa Ana Mountains southeast of the basin, and in

the Santa Monica Mountains northwest of the basin. These mctasedi-

(1 )
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FiouBE 1. Index map of the Los Angeles basin and its morRins, showinE the loontions of strip maps, structure sections, principal

streams, and the general route of travel represented by the roiidlog.
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Tahle 1. Principttl geologic forniatioiix in the Ijoit Angeles hnsin, California.*

Sys-
tern
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Tiihlr 1. Prinripiil niolot/ic jormniinuH in the Los Atu/elcs hasin. Cnlifornia.*—Continued.

Sys-
tem



6 GEOLOGY OF SOUTHERN CALIFORNIA [Bull. 170

rocks eliaracterized by abundant chlorite, quartz, muscovite, and

albite, and particularly by the presence of glaucophane and law-

sonite. They are similar to the Catalina schist (Jurassic ?) on Santa

Catalina Island (Sohoellhamer and Woodford, 1951).

The surface of this Western bedrock complex is exposed at an

elevation of 1,000 feet above sea level in the Palos Verdes Hills,

but it lies mostly at depths of 4,000 to 14,000 feet below sea level

north of these hills. In the sedimentary cover, anticlines are draped
over bulges or ridges in the crystalline floor. Each anticline is an oil

field.

The Eastern shelf contains bedrock of pre-Cenozoic crystalline

rocks (the Eastern bedrock complex) at depths that ranpe from ap-

proximately sea level to at least 12,000 feet below sea level. These

rocks include great plutonic ma.sses that intrude metascdimentary

and metavolcanic rocks ranging in age from Paleozoic to Jurassic

(?). The intrusive rocks are mostly gabbro. quartz diorite, and
granodiorite. The eastern bedrock complex probably underlies the

main part of the Central Deep at depths greater than 20,000 feet.

Geomorphic Features. The geomorphic features of greatest in-

terest in the Los Angeles basin are those that illustrate the recency

of deformation. The elevation of the coastal areas in late Pleistocene

time is shown by the development of numerous wave-cut marine
terraces, particularly in tlie Palos Verdes Hills, the San Joaquin
Hills, and the Santa Monica area. The highest terrace yet recognized

is in the Palos Verdes Hills, and lies at an elevation of 1,300 feet

above .sea level. Most of the terraces are horizontal or nearly so, but
the lower terrace on the northeast flank of the Palos Verdes Hills has

been deformed by movement along the Palos Verdes fault. Mesas west

of the San Joaquin Hills dip inland beneath the alluvial cover,

and they may have been tilted during movement along the Newport-
Inglewood fault zone.

Relatively recent uplift is s\igge,sted by remnants of fluviatile

terraces along the larger streams of the Santa Ana Mountains.

Several of these terraces can be observed in Santa Ana Canyon.

Tlie streams of the Los Angeles basin, most of which head in the

San Gabriel Mo\intains, cut through ridges and hills that have been

uplifted while the streams maintained their cour.ses. Thus the Los

Angeles, San Gabriel, and Santa Ana Rivers seem to be antecedent

to the uplift of the Santa Ana-Santa Monica Mountains and the low

hills of the Newport-Inglewood fault zone. The wide channel of the

San Gabriel River across the Seal Reach oil field is an example of

continued erosion across a gradually rising surface. In some places,

as at Coyote Pass in the Repctto Hills, wintl gaps were formed when
uplift became more rapid than the rate of down-cutting by streams.

AGE ROCK UNITS

SANTA ANA MOUNTAINS
ond

SAN JOAQUIN HILLS

NORTH AND CENTRAL

LOS ANGELES BASIN

SANTA MONICA

MOUNTAINS

Rocks commonly colled Pico'

' Copistrano

Monterey

Repetto
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> Son Onofre

[
> Topango

> Topango
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Mortinei (7)

FlC.l'RE Inferred stratiKraphio relationships of Trrtiar.v fornmtions in the

Los Angeles ba.sin. Cnlifornia.
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FlGiRE :i. Generalized columnar sections in the Tvos Angeles hasin. California.
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Baldwin Hills
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FlOLRE 4. Structure section A-B across the nortlnvesteru part of the I.os Anjieles hasiu, California, from Playa del Key to the Repetto Hills.
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Table 2. Oil fields iti the Los Angeles basin, California.



10 GEOLOGY OF SOUTHERN CALIFORNIA [Bull. 170

Polos Verdes Hills
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Signal Hill
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FiousE 6. Index map of oil fields of the Los Angeles basin, California.
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stratigraphie traps, eommonly near the margins of the basin. The

Torranee and Wilrainfrton fleUis have yielded about 700,000,000

barrels of oil from a broad areh extendin;; along the northeast mar-

gin of the Palos Verdes Hills.

Table 2 provides data on the prin<'ipal oil fields in the basin.

ROADLOG
Los Angeles to Montebello

The first segment of the tour of the Los Angeles basin begins at

First Street and Broadway, proceeds northeast on Broadway to the

Hollywood Freeway, and thence eastward to and along the Ramona
Freeway.

Downtown Los Angeles is near the northern margin of the Los
Angeles basin. Outcrops in this area show a south-dipping section

of Pliocene marine sedimentary rocks that rest conformably on upper
Miocene marine shale and sandstone of the Puente formation. The
rocks of this section, covered to the south by Recent alluvium, form
the flanks of the west-trending Elysian Park anticline, a fold that ex-

tends througli the eastern part of the Elysian Park Hills and into the

Repetto Hills east of the Los Angeles River (Map 1).

The Los Angeles River is crossed east of the Los Angeles Union

Station. Here the river emerges from the Los Angeles Narrows be-

tween the Santa Monica Mountains (Elysian Park Hills) and the

Repetto Hills. Near the south end of the narrows the Los Angeles

River is probably antecedent, as it apparently has maintained its

course across the Elysian Park anticline during the development of

this structural feature in late Pliocene and Pleistocene time. Below
the narrows the river flows across the Los Angeles basin and into

the sea at Long Beach (fig. 1). In very recent geologic time, the

course of the river immediately south of the narrows has fluctuated

between its present channel and a more westerly one that lies north

of the Baldwin Hills. This alternate channel, now occupied by Bal-

lona Creek, reaches the ocean south of Venice.

The Repetto Hills, southeast (right) of the Ramona Freeway,

are a west-trending extension of the Puente Hills. They are underlain

by a thick homodinal section of south-dipping Pliocene and Miocene

sandstone, siltstone, mudstone, and shale exposed in roadcuts along

the freeway.

The San Gabriel Jlonntains. the most prominent of the Transverse

Ranges, can be seen from the Ramona Freeway. They are underlain

principally by plutonic rocks that range from pre-Cambrian through

Jurassic (?) in age, and from norite through granite in composition.

Several t.vpes of metascdimcntary rocks of pre-Cretaccous age also

are present. The bold-faced range has been uplifted ah)ng steeply

dii)ping reverse faults during late Tertiary and Quaternary time.

Most of the streams that cro.ss the Santa Ana-Puente Hills-Santa

Monica Mountains belt rise in the San Gabriel Mountains or in ad-

joining ranges to the east and west.

Coyote Pass, a wind gap through the Repetto Hills, is traversed by

Coyote Pass road, which is accessible by turning right (south) onto

Fremont Avenue from the Ramona Freeway [5.9]. A south-flowing

stream must have once extended through this pass and thence across

the lowland to the south, probably in late Pleistocene time. Later

the stream channel and adjacent hills were elevated more rapidly

than the stream could erode downward, and thus the wind gap was
formed. The pass traversed by Atlantic Boulevard half a mile east of

Coyote Pass has had a more complex history. Originally a water gap,

it was a wind gap for a short time and is now a water gap again.

Its present stream drains the north part of Coyote Pass.

The t.vpe .section of the Repetto formation (lower Pliocene) is

exposed along Atlantic Boulevard in the Repetto Hills. The forma-

tion consists of 2,000 to 2, .500 feet of micaceous siltstone and a little

interbedded sandstone, and rests conformably upon shale and silt-

stone of the Puente formation (upper Miocene). The top of the Re-

petto formation has been designated as the top of the highest of three

beds of coarse feldspathic sandstone (Reed, 193.3b, p. 31), but it is

currently assigned to higher levels by oil-company geologists. The
Repetto formation is distinguished from the conformably overlying

Pico formation (upper Pliocene), which is lithologically similar,

]irimarily on the basis of microfossils. The type Pico formation is in

the eastern Ventura basin, 25 or .30 miles to the northwest. Its lower

part contains characteristic Repetto microfaunas and is probably

of the same age as the upper part of tlie type Repetto formation.

At Stop 1 1 8.0] phenomena attributable to ancient ma.ss move-

ment of marine sediments are exposed in the cliff at the rear of the

parking area for the Floral drive-in theater. Contorted lenses of eon-

glomerate, containg I'ecten bellus and other Pliocene megafossils

that almost certainly are shallow-water forms, are surrounded by

and intermixed w-ith massive mudstone containing Pliocene Porami-

uifcra characteristic of deep-water environment. Isolated pebbles

and limestone concretions of irregular shape are scattered through

the mudstone. Slickensides are present at the base of conglomerate

lenses and around some of the isolated pebbles. These b<>ds and peb-

bles probably were first deposited in nearshore areas, and later either

slid or were transported by turbidity flows to the base of a steep

underwater slope. The mudstone, of deeper-water origin, apparently

was i'ohled and mixed witli the conglomerate during the downward
movement. The turhiility flows probably travelled in a southerly di-

rection, and may have been triggered by faidt movements. Although

these units of mixed rocks are not continuous for more than a few
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hundred feet, they appanMitly occur at about the same stratifjraphie

position in several localities, and have been used as a marker horizon

in the otherwise monotonous section of Pliocene siltstone and mud-
stone.

Mudstone from Pliocene strata north of the drive-in theater is the

raw material used at the brickyard south of the theater.

Proceed south on Medniek Avenue, thence left (east) on Third
Street and Pomona Boulevard. Follow Potrero Grande Drive north-

east through a thick section of fiat-lyinf; upper Pleistocene non-

marine sand and gravel in the Repetto Hills. Several roadcuts pro-

vide excellent exposures of these sediments.

Turn right (east) on Arroyo Drive [12.7]. At mile 13.3 a thick

section of upper Pleistocene nonraarine strata is exposed in the west

face of the quarry of the Owl Rock Products Company. These strata

constitute a large reserve of aggregate.

MonlebcIIo Oil Field. The Montebello oil field, north of the town
of Montebello, has yielded oil from four zones in Repetto (lower

Pliocene) strata, as well as from upper Miocene strata. The zones

are extremely lenticular, as are the sandstones and conglomerates

that constitute most of the Repetto formation in this area. The oil

ha.s accumulated along the crest of a west-trending, east-plunging,

elongate anticline.

Pleistocene sand and conglomerate, mostly of terrestrial origin,

flank the hills and locally occur on their summits. These .strata un-

conformably overlie the Pico (upper Pliocene) formation, here com-

po.sed of marine silt and fine sand that are exposed along the axis

and at the cre.st of the anticline. The upper Pliocene strata extend

only to a depth of about 800 feet in the Montebello oil field. The
Repetto (lower Pliocene) formation is 4,700 feet thick near the west-

ern end of the field and thickens to the northwest, but the total

thickness under mcst of the field is not known (Reese, 1943, p. 340).

A few wells have encountered Miocene strata at a depth of about

5,500 feet below sea level.

Proceed to Rosemead Boulevard, thence right (south).

The' Rio Hondo channel of the San Gabriel River is crossed near

its entrance into the Whittier Narrows, a gap between the Puente
and Rei)ctto Hills tjiat is shared by two branches of the San Gabriel

River. The Rio Hondo .swings westward below the narrows and .joins

the Ijos Angeles River near Downey (fig. 1). The other, or main,
channel of the San Gabriel River flows southward to the sea near
Seal P.each. About 4 miles .south of the Whittier Narrows the San
Gabriel River, during Quaternary time, planed off much of a rising

anticlinal fold in the Santa Pe, Springs area. During the final stage
of the uplift the river was deflected around the west margin of the

^ffri^'-^'r-^':"
•-VC ' "*

'iJT fi'Pjr

^S^.

FiGUBE 7. Conformiible contact between tiiip-Krnined

sandstone or siltstone and cnnKlomerate of the Sycamore
Canyon member of the Puente formation (upper Mio-
cene). Clasts of siltstone are included in the overlyinK
conglomerate.

fold, and the present slight topographic expression of the fold was

thereby preserved.

The narrows contain Recent alluvium tliat occupies a trough cut

ill upper Pleistocene alluvium. The older alluvium probably is part

of a fan that was dissected at its head below the narrows and then

was partly covered by alluvium in the present river channels.

Natland has suggested (Kundert, 1952, p. 7) that coarse detritus

in the Repetto foriiiafion of this area was transported through the

Whittier Narrows, and that here the main channel of deposition

during lower Pliocene time closely approximated the course of the

present San Gabriel River. He believes that this Pliocene channel

is marked by a belt of coarse sedimentary rocks extending from the

Whittier Narrows to Long Beach.
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PUENTE HILLS

San Gobriel valley

500 1000 2000 3000 !••!

Figure 8. Structure section E-F throuj;h the Pueute Hills north of Whittier, California, showing structure north of the Whittier fault.

An eartli-fill dam. constructed in 1954 across the Whittier Narrows

by the U. S. Army Enprineers. is a large flood-control structure.

At Beverly Boulevard [16.5] turn left (east) and proceed to Stop

2 (Map 2), near the crest of the Puente Hills on Turnbidl Canyon
Road.

The Puente formation, subdivided into four members, the La Vida,

Soquel. Yorba. and Sycamore Canyon, in ascending order, occurs

tliroughout the Puente Hills. The La Vida and Sycamore Canyon
members are exposed along Turnbull Canyon Road. Conglomerates
of the Sycamore Canyon member, expo.sed at Stop 2, are composed
mostl.A- of well-rounded pebbles and cobbles of crystalline rocks that

probabl.v were transported man.y miles, but the.v also contain frag-

ments of Tertiary marine .strata that are too fragile to have been

transported far by ordinary media. These clasts of marine strata

probably were derived locally and emplaced by submarine flows

of sand and silt. Graded bedding is featured in lenses of sandstone.

Tlie ba.se of one of the large conglomerate units rests with remarkable
conformity upon tbin-bedded siltstone (fig. 7).

Continue uphill to Skyline Drive, turn around, return to Painter

Avenue [24.8 1, and turn left (south) to Whittier Boulevard [26.4].

Whittier to Brea Oil Field

The route of travel from Wliittier is southeasterly along the south

flank of the Puente Hills. The red soil, common in this area and
typical of that developed on the older alluvium (Pleistocene), is ex-

cellent for agricultural purposes, especially for the growing of citrus

trees.

The Whittier fault zone extends through the Puente Hills south-

eastward from the Whittier Narrows to the Santa Ana River. It is

a ma.jor structural feature of the Los Angeles basin, and is en-

countered at several points along the route of the trip. In this area

the principal movement has occurred along the southernmost branch

of the faidt zone, which dips north at an angle of about 70 degrees.

The north side has been thrust up about 7,000 feet relative to the

.south side (ftg. 8). Stream offsets indicate that right-lateral dis-

placement of 4,000 to 5.000 feet also has occurred along the fault

zone 2 or 3 miles east of this area. The Tertiary strata north of the

fault zone have been closely folded and broken into elongate fault

blocks, whose principal axes generally are parallel to the main
fault zone. South of the Wliittier fault zone most of the Tertiar.y

strata dip southward in a gently warjied homoclinal sequence.

Whittier Oil Field. The Whittier oil field, on the southern slope

of the Puente Hills east of Whittier, is the mo.st westerly of the fields

that have been developed along the AVhittier fault zone. Several

smaller fields border the main productive area.

The oil is contained in several zones within the Repetto (lower

Pliocene) and Puente (upper Miocene) formations, which form a

south-dipping homocline. The homocline occurs on the down-dropped

block south of the Whittier fault zone.

The Coyote Hills rise south of Whittier Boulevard and east of

Whittier. They .show much greater relief than the Santa Fe Springs

area, although their structural evolution has been similar. They mark
the position of an anticline that wa.s continuously planed off by ero-

sion during much of its growth. During the later stages of growth,

the rate of uplift exceeded the rate of erosion, and the hills thus rose

as a nearly smooth-surfaced dome that only now is beginning to de-

velop a drainage pattern (fig. 9).

In the vicinity of the Brea-Olinda oil field, stream offsets indicate

a right-lateral displacement of at least li miles along the Whittier

fault zone (fig. 1(1). From Ihc intersection of Central Avenue and
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Brea Canyon Road [35.1] to 8top 3, the observer follows the course

of a stream offset along the fault.

Strata of the Repetto formation (lower Pliocene) underlie the hill

south of Stop 3. These beds dip steeply south near the fault zone,

but gradually flatten to the south. They contain microfaunas that

are generally believed to be indicative of deep-water environments.

Tightly folded beds of the Soquel and Yorba members of the Pu-
ente formation occur between branches of the fault zone at the Brea
oil field. Altho\igh the field has been productive for 55 years, its sub-

surface structure is not entirely known. JIany of the surface features

in the part of the oil field west of Stop 3 are attributable to land-

slides, which have hindered geologic interpretations in this area.

The strata north of the Whittier fault zone form a thick section of

the Puente formation, and include a minor amount of intrusive

volcanic rocks near the fault.

Brea Oil Field to Pomona

Three poorly expo.sed branches of the Whittier fault zone are trav-

ersed just north of Stop 3. Roadcuts expo.se upper Pleistocene non-

marine .strata ea.st of Stop 3.

North through the Puente Hills arc roadcut exposures of the

Puente (upper Miocene) formation, which elsewhere is mostly con-

cealed beneath surficial material in this area of rolling terrain

(fig. 11). The upper part of the La Vida siltstone, the lowest member
of the Puente formation, is exposed for the first mile, to the Diamond
Bar Ranch house, and thence the So(|Ucl sandstone appears in the

prominent cuesta northwest of the road. The overlying Yorba silt-

stone is exj)oscd along the north side of the strike valley beyond
mile 41, and the still higher Sycamore Canyon member (conglom-
erate, siltstone, and sandstone) is out of sight to the north. A minor
anticline in beds stratigraphieally near the top of the Soquel mem-
ber is expo.sed in the roadcut at mile 40.7.

Beyond mile 43 (Map 3) the road traverses a thinner and con-

glomeratic section of the Soquel member near its northeastern limit.

The.se strata are sharply upturned, and their south dips are in con-

trast to the nearly flat-lying sandstone beds that crop out in the hills

to the soutlieast. The beds in the two areas probably were deposited

contemporaneously. A few large boidders, some as much as 8 feet

in diameter, lie on the sandstone exposures and probably have been
weathered out of immediately overlying beds. The beds of conglom-
erate and sandstone probably are slightly higher in the Soquel sec-

tion than most of the beds exposed elsewhere in the area.

The Soquel conglomerate rests directly on andcsite flows and
breccias of probable middle Miocene age near the northern crest of

the hills (Stop 4), The volcanic rocks underlie most of the northern
slope of this part of the Puente Hills. These rocks exhibit flow band-
ing and breccia and are well exposed in roadcuts at Stop 4 (fig. 12).

The volcanic rocks here are about 700 feet thick. They thin to the

southeast and thicken to the northwest, and similar volcanic rocks

are as much as 3,500 feet thick beneath Covina (Shelton, 1954). They
are part of the Glendora volcanic .series, and perhaps are contem-
poraneous with the volcanic rocks in the Topanga formation (middle
Miocene) of the Santa Monica Mountains (see Durrell. 1954). Other
volcanic rocks of middle Miocene age are expo.sed in the Santa Ana
Mountains, the San Joaquin Hills, and in the Palos Verdcs Hills.

The Glendora volcanics lie uneonformably on Mesozoic plutonic
rocks that are exposed in grass-covered spurs along the north flank
of the Puente Hills east of Stop 4 (Map 3) and southwest of Pomona.
These intrusive rocks are similar to rocks of the Perris block (Lar-
sen, 1948), 25 miles to the east-southeast.

Pomona Area to Prado Dam

Continue northeast on Brea Canyon Road to Fifth Avenue, and
thence south along Garey Avenue [48.1]. Turn left (southeast)
and follow State Highway 71 to Merrill Avenue [53.7], turn left

(east) onto Pomona-Rincon Road [54.8], and follow this road south-
east to Euclid Avenue [58.9].

The San Jose Hills and the Puente Hills form the western and
southern margins of the San Bernardino Valley. Most of the vallcy
.soil is developed on alluvium derived from the San Gabriel Moun-
tains to the north, and is utilized for vineyards and citrus groves.

The southwestern part of the valley is underlain by at least 1,300
feet of continental Quaternary deposits and .several thousand feet

of marine sedimentary rocks of probable Pliocene and upper Miocene
age (Woodford et al., 1944).

The straight northwest boundary between the San Bernardino
Valley and the Puente Hills southeast of mile 53.7 is parallel to the
Chino fault, although the actual trace of this high-angle revcr.sc fault
is on the flank of the Puente Hills.

The fault trends southeast and dips steeply southwest. It places
Pliocene conglomerate on the northeast against upper Miocene
sandstone, siltstone. and conglomerate on the southwest. The road
crosses the fault at mile 60.5. The fault is concealed by alluvium just
east of Prado Dam (Map 4), and disappears beneath terrace de-
posits west of Corona.

The rolling terrain north of the intersection of Pomona-Rincon
Road and State Highway 71 [58.9] marks a series of dissected ter-

races of Quaternary gravel. Both the gravel and underlying Pliocene
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Map 3. Urea Canyon Road, Pomona to Frado Dam.
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Map 4. Santa Ana Canyon and western Santa Ana Mountains.
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FlGI'RE n. Air view iinrtheastwani from a puiiiT above Buena Park. The West Tnyoto oil field is at lower right. The Puente Hills

extend across the center of the view, and Brea Canyon is at the extreme rifiht. The hiph peak in the distant San Gabriel ^lountains is

San Antonio Mountain (Old Baldy Peak), altitude 10,051). Pacific Air Industries photo.

coiifrlomerates are exposed in roadeuts farther south alonp; State

Ilifrhway 71. The steep dips and jrreater deprree of induration of the

Pliocene sedimentary rooks distinguish them from Pleistocene strata

of similar lithology.

Siltstone of the Sycamore Canyon member of the Puente forma-

tion, containing many limestone concretions, is exposed in road-

euts about a mile north of Prado Dam. The Arena Blanca syncline,

a broad northwest-trending asymmetric fold, is traversed by the high-

way between Pomona-Rincon Road and Santa Ana Canyon. Both
flanks of the syncline are well exposed, and show Sycamore Canyon
strata overlain by Repetto sandstone and conglomerate (fig. 13). The
axis of the syncline is cro.ssed at a point approximately west of Prado
Dam. The fold probably is truncated by the Chino fault east of the

highway near the dam.

Santa Ana Canyon

The route down Santa Ana Canyon offers many features of

geologic interest. It is best to proceed slowly for the next few miles.

so that strata exposed in the numerous roadeuts can be identified

with the aid of Map 4.

The Santa Ana River, which forms the geographic boundary be-

tween the Santa Ana Mountains and the Puente Hills, probably

existed prior to their uplift, and maintained its course across them
during Quaternary time. English (1026, p. 65) has noted that the

cour.se of this antecedent stream lies north of the core of hard nieta-

morphic rocks of the Santa Ana Mountain.s, and has suggested that

the river was forced to swing northward around this core.

The four members of the Puente formation, in ascending order,

are the La Vida, Soquel, Yorba, and S.vcamore Canyon. These are

present on the south flank of the Arena Blanea syncline in the south-

eastern Puente Hills, but have not been differentiated south of Prado
Dam where the Puente (upper Miocene) rocks are only 1,000 feet

thick. Several stream terraces, developed on the Puente formation

south of Prado Dam, are clearly preserved.

Between Prado Dam and Stoj) 5 the observer travels southwest

along State Higliwaj- 18, through successively older rocks ranging
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Polos Verdcs Hills to luglcwood.

in a<re from Pliocene to Paleoeene. At Stop 5 [65.2] locally over-

turned eonplomerates of the Sespe formation (Olifrocene ?) are in

contact with finer-grained clastic rocks of the Silverado formation

(Paleoeene). About half a mile farther southwest along the road

the Silverado formation in normal attitude is faulted down against

strata of the Holz siltstone and Baker Canyon conglomerate mem-

bers of the Ladd (Upper Cretaceous) formation (tig. 13).

Many details of the local terrain can be seen from Stop 5. Scully

Hill, west across the river, is underlain by La Vida shale. In the

small canyon north of the hill, the Soquel sandstone has been

dropped down on the north along a fault (fig. 14). South of Scully

Hill the Topanga (middle Miocene) sandstone underlies La Vida

shale and is in turn underlain by the Sespe (Oligocene ?) formation.

Still farther south of Scully Hill, basement rocks of the Santiago

Peak (Jurassic ?) volcanics form a shallow, flat-topped mound that

is Hanked by Quaternary alluvium. These rocks are part of a land-

slide mass derived from the flat area near the crest of the hills to

the southeast (left above the road). Slivers of Holz shale and Sil-

verado formation are exposed beneath landslide debris of the Santi-

ago Peak volcanics south of the highway. Only a thin wedge of the

undisturbed Santiago Peak volcanic rocks is exposed along the road,

although this formation is much thicker to the south (Map 4). Older

rocks in this area, chiefly metasediraentary strata of the Bedford

Canyon (Triassic) formation, occur higher in the Santa Ana Moun-

tains.

Stop 5 is near the southeast end of the known extent of the 'Whit-

tier fault. Displacement here is many tliousands of feet, perhaps in-

cluding about 1.5,000 of strike slip and several thousand feet of dip

slip with downthrow to the north. The Elsinoro fault, wliich extends

southeast through the Peninsular Ranges nuire than 120 miles, is

aligned with the Whittier fault near the Santa Ana River. The re-

lationship of the two faults is not clear, and their connection has

not been definitely demonstrated. The Whittier fault is concealed

beneath alluvium of the Santa Ana River between Stop 5 and the

notch west of Scully Hill. The southeasternmost exposure of the fault

in the Puente Hills can be observed from Highway 18. It appears

just to the left of a small barren cut above an orange grove 1 mile

west of Scully Hill.

Continuing westward along Highway 18, the observer traverses

successively younger units of a nearly complete sequence of Tertiary

strata. In general, they form the south flank of a broad west-trending

syncline whose axis essentially underlies the Santa Ana River.

Quaternary stream-terrace deposits are common on benches that

have been cut into the Tertiary rocks at several levels along the Santa
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Map 11. Inglewood to Lcis Aiifjclcs.

Ana River. At mile 68.2 an exeeptionally thick and well-eemented,

very jrently dipping coarse coii<rl(iinprate of Pleistocene (?) apre is

exposed in a steep roadeut.

Clay, mined in the Santa Ana Mountains from red and mottled

beds within the Silverado formation, is stored in loading bins near

the highway. From here it is transported to Los Angeles.

At Stop 6 [70.5], the Sycamore Canyon member of the Puente

formation is made up of northwest-dipping graded beds, 1 inch to

6 feet thick. Individual beds commonly are coarse sandstone at the

base and siltstone at tlie top. Biotite-rich layers are present just

below the siltstones. The tops of the beds are rippled, and the coarsest

part of the succeeding beds fills the ripples, but is smooth topped.

The siltstones are commonly bent, broken, or shattered, and the

breaks are filled by sandstone. The entire assemblage is interpreted

as the product of turbidity currents flowing down .steep slopes into

deep waters.

Sharp folds in Repetto (lower I'lioeene) strata are exposed in the

readout [75.fl] south of the turnoff to Olive. South of this exposure

the Xorwalk fault is concealed beneath the alluvium that flanks

Burruel Ridge. The fault extends along the soutli flank of the ridge

for about 2 miles, and thence trends southward tln-o\igh the low hills

that flank the Santa Ana Mcjuntains mi tlie southwest (Maps 4 and

5). It flanks the Coyote Hills farther west. Sand and gravel are ex-

cavated for commercial u.se from Quaternary stream deposits along

tlie soutli flank of Burruel Ridge.

Burruel Ridge to Laguna Beach

At Stop 7 El iVIodeno volcanics rest on strata of tlie Topanga
(middle Miocene) formation and are overlain b.v the Puente (upper

Jliocene ) formation. Tliese volcanic rocks consist of flows, breccias,

and tutfs. A basal flow is overlain by tufl" breccia and palagouite tulT

that in turn are capped by a basalt flow. El Modcuo volcanics prob-

ably are correlative with tlie (jlendora volcanics, and have been pene-

trated by some wells drilled in the eastern part of the Los Angeles

basin.

For the next few miles the observer travels south across El Tore

plain to the north flank of the San Joa(|uiu Hills. The plain is the

southeast end of the topographic lowland of the Los Angeles basin.

To the east are the Santa Ana Jlouutains, whose anticlinal struc-

ture has been modifieil by intense block-faulting (see figs. 15, 16).

The anticlinal axis is near Santiago Peak, about 16 miles ea.st of

Tustin. The San .loaciuin Hills also are anticlinal with a northwest-

trending axis. El Toro plain is grossly synclinal, but the sub.surfaee

structure is very complex.
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FiGl'RE 10. View enst-southeast nlon^ the WhittiiT fnuK zone townnl tlio Snnta Aim Mountains. Miocene roclts crop out on the left. Pliocene rocks on the right.

Apparent stream offsets indicate movement of the hloclt on the right toward the observer. The dotted line indicates the route of the trip into Brea Canyon. Photo by

J, S. Shettun and li. ('. Frampton.
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Santa Ano Mts

Stop 5
Highway 18

-*N

Puente Hills

Higtiwoy 71

After C H Groy, Jr. 1953

Figure 13. GeoloRic section I-.I tlimugh the eastern end of the Tuente Hills .-ind the northern part of the Santa Ana Mountains.

upper Pleistocene marine terrace deposits. In late Pleistocene time,

therefore, the shore of the Pacific Ocean was northeast of the San

Joaquin Hills. As those hills rose, in even later Pleistocene and Re-

cent time, the course of Aliso Creek was extended southwestward. and

the stream cut down through the rising anticline.

Return to U. S. Highway 101 alternate, and proceed left (east)

to Stop 10.

The sea cliff between Laguna Beach and Salt Creek (Stop 10) is

noted for its excellent exposures of the San Onofre (middle Miocene)

breccia. Tliis formation, which is uncommon elsewhere in the Los

Angeles basin, consists of angular slabs, blocks, and chips of glaueo-

phanc .schi.st and related schists embedded in matrices of two types;

mc gray and sandy, the other red, brown, or gray, and earthy. It

circles the southeast nose of the San Joaquin Hills anticline just east

of lower Aliso Creek, and also is exposed in a nearly continuous

wi'si-dip|)iiig belt extending from a point about 12 miles east of La-

guna Bcacli southward to Occansidc, a distance of nearly Ii5 miles.

The two outcrop belts flank the depression that marks the position

of the Capistrano syncline. Rapid facies changes witliin tlie breccia

unit are common. In the sea cliff southeast of Laguna Beach, about

2,500 feet of gray, white, and red sandstone, shale, grit, and breccia

is composed chiefly of blue or green amphibole schist and related

schists of the Catalina type in fragments that range in size from

small flakes to slabs several feet in diameter. The contrast with other

conglomerates and breccias of the region is emphasized by the ab-

sence of quartz-bearing plutonic rocks. Si'bists of tlie Catalina type

are characterized by the abundance of albite and the presence of

glaucophane, crossite. and lawsonite in melamorphic facies of the

Franci.scan group (Jurassic ?). These rocks include a complex of

albitie, amphibolic, and chloritic schists, quartz schist, serpentine,

and other rocks that are exposed over half of Catalina Island and

in a small area in the Palos Verdes Hills. They are not known to

crop out northeast of the of the Newport-Inglewood fault zone.

N IO°W-^
La Vida
member

Soquel
member n

-1000

-200O
1000' 2000' 3000'

' ' 1 J
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After Woodford, Shelton
and Moron, 1944

Figure 14. OeoloRir seeiion K-I, thronsh Scully Hill

west of Stop Ti, Santa Ana Can.von.
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FIOUBE 17. View northeont from Temple Hills near Laguna Beach, California. I'hoto hv li. F. Yerkes, Dec. 8, 1953.



Geologic Guide 3] LOS ANGELES BASIN—TKOXEL 33

i^

FldTRF IS. Closf view of past-dippin;; MMiilrr.\ shale nverlyill;:

San Onofre breccia along sea cliff west I'f Salt Creek (Stop 10).

Woodford (1025. pp. 237-238) susfrests that duriii<r middle Miocene

time, a hi^h and steep-fronted landmass of crystalline rocks extended

from Newport Beach to Oceanside, slifrhtly seaward from the pre-

sent shoreline. A belt of piedmont alluvial fans, which bordered this

landmass on the east, is partially preserved as the San Onofre brec-

cia. The eastern extent of the breccia was probably marked by mud
flows laid down following torrential cloudbursts. A nearby shore

subjected to continual subsidence is postulated as the site for de-

position of the marine sandy phase of the breccia.

West

Sou Creek
Stop 10

west End
Dono Point
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Figure 21. Columnar jointing in middle Miocene basalt at Aba-
lone Point, 2 miles northwest of Laguna Reach.

columnar jointing is particularly evident in one dike (fig. 21) that

can be seen from vantage points along the highway [125.8].

Gently dipping shales of the Monterey and Topanga formations

underlie the broad terraces between Laguna Beach and Newport
Beach. The several levels of terraces developed on the western slopes

of the San Joaquin Hills are most plainly seen from points west of

the hills.

Shallow folds in the Monterey shale are exposed in cliffs along the

Newport Ray estuary. The Miocene strata are overlain by unusually

fossiliferous Pleistocene marine sand, silt, and gravel. Immediately

west of the overpass, west of Newport Bay [133.8], oil-saturated

shale and siltstone of the Monterey formation are unconformably
overlain by fossiliferous lower Pleistocene marine strata (fig. 22,

Stop 11).

From Newport Beach to Long Beach (Maps 7 and 8) the observer

travels parallel to the Newport-lnglewood fault zone, which extends

from Newport northwestward at least as far as Inglewood. The fault

zone is of economic importance because large reserves of petroleum

are trapped in folds along it. It is of geologic interest because it is

one of the principal fracture zones that traverse the Los Angeles

v/.

^.^ «
v,* _.<
^̂

/?/•
.* J

FiurRi-; 22. Fusslllferuu^ lower rieistoeene sand (light colored)

resting unconformabl.v upon oil-saturated Miocene shale (dark)

west of Newport Beach along north side of U. S. Highway 101
Alternate.

basin. It is a deepseated fault zone, probably separating basement

rocks of contrasting types. It has been the locus of movements that

have extended into historic times. The basement fault (or faults) is

represented in the overl.ying thick mantle of sediments by a series of

faulted anticlines en echelon, each the site of an oil field and shown
as such on figure 6.

The surface features along the Newport-lnglewood fault zone, such

as minor fault scarps and recently formed anticlinal hills, can be

observed at several stops along the remainder of this route. The topo-

graphic prominences related to the Newport-lnglewood fault zone

overlie closed anticlines or more complex structures that contain oil

pools.

Newport Oil Field. The Newport oil field, situated west of New-
port Bay on the Newport Mesa, is the southcasternmost oil field along

the Xewport-lnglewood fault zone. Three separate fields are within

the limits of the Newport oil field, the Newport Beach field, the

Mesa field, and a new offshore field discovered December 14. lil.")3.

This new oil field is tlie first to be fotntd since the tideland areas

were assigned to the State in 1953. The discovery well yielded 250



Geolofric Guide 3] LOS ANGELES BASIN—TROXEL 35

barrels per day from sands of probable late Miocene a<;e at a depth

of 4,445 feet, about 1.200 feet offshore.

The Newport Beach and Mesa fields (Parker, 1943, pp. 332-334)

occupy an area of about 7 square miles. They are underlain by
Quaternary sands that rest unconformably upon upper and middle

Miocene and upper Pliocene strata, also in unconformable relationship

to each other. The accunuilations of oil are in Miocene strata. Sub-

surface structural interpretations indicate that the principal clo-

sures are against faults beneath stratigraphic overlap of Miocene

beds, or on the crest of a broad, northwest-pluufiins anticline. Oil-sat-

urated sandstone dikes and sills in upper Miocene and upper middle

Miocene rocks complicate the interpretations of stratigraphy and
structure. An unconformable contact between Pliocene and Miocene

strata is exposed at the surface 2 miles northeast of the field, and
slightly tilted sands of early Pleistocene age rest unconformably on
strata of Tertiary age along the bay and on the south face of the

mesa.

Between Newport Beach and Huntington Beach, the route crosses

an extensive marshland that flanks the Santa Ana River. It is an
erosional feature cut into the coastal mesas by the river at a time

of lowered sea level.

Huniington Beach Oil Field. The Huntington Beach oil field, an-

other of the major fields along the Newport-Inglewood uplift, is di-

visible into four areas (Weaver and Wilhelm, 1943, pp. 329-331),

each of which is underlain by a separate structural trap. The Old

area lies farthest inland, and is underlain by a northeast-dipping

homocline truncated by a thrust fault that dips to the southwest

;

the Main Street area is underlain by a northwest-trending asym-

metrical anticline; the Surf area is underlain by a homocline closed

on the southwest by a fault that trends parallel to the main Hunting-

ton Beach fault ; and the Townsite-Tideland area is underlain by an

a.symmctrical dome whose long axis is parallel to the coastline and

lies about a quarter of a mile offshore.

The section includes about 700 feet of Pleistocene sand and gravel,

2,700 feet of Pliocene shale and .sandstone, and an undetermined

thickness of Miocene shale and sandstone. Middle Jliocene rocks were

encountered in one well at a depth of 9,0:54 feet; basement rocks

have not been penetrated.

Oil is recovered from several zones in Pliocene and Miocene strata,

the most productive being in the Tidcland pool of the Townsite-Tide-

land area. "Wells tapping the Tidcland pool are closely sjiaccd in long

rows that border the north side of the Pai'ific Coast Highway west

of the older fields of Huntington Beach. Drilling and servicing e(iuip-

ment is moved from well to well along tracks laid in a continuous

concrete mat. The wells have been drilled at low angles to bottom

sites situated as much as 4,800 feet otl'shore, and, in order to attain

proper subsurface spacing and to avoid previously drilled holes, the

courses of new holes arc charted before drilling. In usual practice

each new hole is confined to a pre-determined c.vlinder of ground

whose radius is .50 or 100 feet. After a slightly defiected hole is drilled

to a depth of 600 to 750 feet, its course is changed to a smooth transi-

tion curve at the rate of from 2\ to 3 degrees per 100 feet until the

angle calculated to reach the bottom-hole location has been attained

;

the hole is then finished with a straight course at a \iniform deflec-

tion angle. Several wells have deflection angles greater than 60 de-

grees from the vertical at measured depths of approximately 4,500

feet. One well course remained inside a cylinder of .50-foot radius

from surface to bottom (about 4,500 feet), and was less than 20 feet

away from the planned bottom-hole location.

Seal Beach Oil Field. The Seal Beach oil field (Map 8) lies mostly

within the flood plain of the San Gabriel River between Alamitos

Heights and Landing Hill, two low hills above the Newport-Ingle-

wood fault zone (fig. 23). Petroleum has accumulated in several zones

in lower Pliocene and upper Miocene strata between depths of 4,7.50

and 5,650 feet. Approximate!}- 3,200 feet of rocks of Miocene age has

been penetrated (Bowes, 1943, p. 325). These rocks are successively

overlain by 2,500 feet of lower Pliocene strata, 2,900 feet of upper

Pliocene strata, and 500 feet of lower Pleistocene strata. The prin-

cipal structural feature is an anticline whose axis is parallel to the

FiGVRE 2M. Skptph of nntpfptlmt phnnnol of the Snn Onhriol River acro.»;s the

Xewport-IiiRlewood zone of uplift at Seal Bench.
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north-northwest trend of the Newport-Inglewood zone of uplift. The
northeast limb of this fold is truncated by a fault.

Subsurface structures are reflected by the topography of the area.

Alamitos Heights and Landing Hill, 80 feet and 60 feet elevation

respectively, are remnants of a warped surface produced by episodes

of late Quaternary folding. The folding is characteristic of the uplift

along the Newport-Inglwood fault zone, which began in late Tertiary

time and has continued to the present. Hillslopes developed on lower
Pleistocene sediments are nearly parallel to the attitudes of the

strata, which indicates that folding has oecured in post-lower Pleisto-

cene time. The San (iabriel River is antecedent, and has maintained a
wide floodplain during the latest period of uplift (fig. 23).

The route of travel from the Seal Beach oil field to the Long Beach
oil field is via Pacific Coast Highway parallel to the Newport-Ingle-
wood fault zone. One mile west ofthe traffic circle turn right (north)

on Temple Avenue to Hill Street. On the northeast corner of this

intersection is the discovery well of the Long Beach oil field. This
well, Shell Oil Company's Alamitos No. 1, was completed March 23,

1921, with an initial flow of 590 barrels per day, and is still operat-

ing.

Proceed northward to Panorama Drive, thence west around the

north crest of Signal Hill to 23rd Street. From Panorama Drive one
can see across the Los Angeles lowland area to the hills that border

it on the north and east. Dominguez Hill, the site of the Dominguez
oil field, is on the Newport-Inglewood uplift ,5 miles northwest of

Signal Hill.

Long Beach Oil Field. The Long Beach oil field (Stolz, 1943, pp.
320-324), originally known a-s the Signal Hill field, has yielded

nearly 800 million barrels of oil from some 1,300 wells in an area of

only 1,400 acres. The average yield of .530,000 barrels per acre is

probably the highest of any oil field in the world. The close spacing

of the wells in this field is the result of drilling permitted on town
lots.

Signal Hill is one of the most pronounced topographic features

along the Newport-Inglewood uplift. From its top, the early Span-
iards are said to have signaled ships at sea. It i.s the surface ex-

pression of a narrow asymmetrical anticline that trends northwest.

The position of the anticline is best shown by the distribution of the

oil wells. The surface strata dip about 45 degrees on the northeast
flank, and probably are steeper near faults in the subsurface. Dips
are gentler on the southwest flank of the fold.

Pleistoceiu' strata, about 1,500 feet thick at the apex of the fold,

are underlain successively by 1,750 feet of upper Pliocene shale and
sandstone and by 1,850 feet of lower Pliocene sandstone and shale.

More indurated Miocene strata lie beneath the Pliocene strata either

unconformably or transitionally. Miocene sand.stone, siltstone, and
shale extend to a total depth of about 15,000 feet.

Deep drill holes have penetrated Catalina-type schist at 10,509 feet

on the northeast side of the Cherry Hill fault (Map 8 and fig. 5) and
at 14,700 feet on the southwest side of this fault, which indicates

a wedge of basement rocks in the anticlinal core of Signal Hill. The
wedge is bounded on the southwest by the Cherry Hill fault, and
probably is bounded on the northeast by another (subsurface)

branch of the Newport-Inglewood fault zone.

Downtowii Long Beach and points to the west are best viewed

from Panorama Drive at 23rd Street (Stop 12). The Wilmington
oil field, in the Los Angeles harbor area, is marked by the oil der-

ricks west of Long Beach. The Palos Verdes Hills, benched by num-
erous wave-cut terraces, are flanked to the north by the Torrance oil

field. Santa Catalina Island is visible (on clear days) beyond the

southeast end of the Palos Verdes Hills.

The Wilmington anticline, a .subsurface feature of the oil field,

was formed probably during mid-Pliocene time and shows practically

no signs of rejuvenation during either of the episodes of marked
uplift of the Palos Verdes Hills (late Pliocene and mid-Pleistocene),

nor during mid-Pleistocene folding at Signal Hill.

West-dipping lower Pleistocene sand is exposed in roadcuts along

23rd Street between Panorama Drive and Cherry Avenue. The sand
is bounded on the southwest by the Cherry Hill fault, which lies

near the base of the ridge extending along the southwest limits of

the oil fields. The terrace on the southwest slope of Signal Hill appar-

ently was down-dropped along the fault.

To reach the Wilmington oil field and Los Angeles Harbor, pro-

ceed south on Cherry Avenue to 21st Street, thence right to Alamitos

Avenue, and follow Alamitos Avenue through Long Beaeh to Ocean
Boulevard. Follow Ocean Boulevard w'est across the Los Angeles
River onto Seaside Boulevard and Terminal Boulevard beyond the

drawbridge.

The Los Angeles River (Map 9), now confined to an artificial chan-

nel, has overflowed into the harbor area during periods of flood.

Terminal Island has been enlarged in recent years by filling in the

area north of Seaside Boulevard. It is the site of .several important
installations, including the Naval shipyard south of Seaside Boule-

vard and the electrical generating plant of the Southern California

Edison Company on the north side of the boulevard west of the draw-

bridge. Since 1937, the area underlain by the Wilmington oil field

ha.s been subsiding rapidly. The point of maximum subsidence, which
now amounts to more than 18 feet, is slightly north of the Edison
buililing. Since subsidence began, dikes have been constructed to pre-
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Figure 24. Geologic section S-T across the eastern end of the Palos Verdes Hills.

vent parts of Terminal Island and adjacent parts of the mainland

from being inundated, as many of the areas are now below sea level.

The rapid subsidence began in 1937, shortly after the start of ex-

ploitation of the Wilmington oil field. Horizontal surface displace-

ments became noticeable a short time later. These generally involved

the movement of points toward the center of the subsidence. The sub-

sidence probably has oeeured mainly as a result of the lowering of

hydrostatic pressure in subsurface strata (Gillul.v and Grant, 1949).

The horizontal displacements are a result of lengthening and move-

ment of the surface as it is warped downward. It seems strange that

only tliis field has been the scene of such rapid subsidence.

Proceed north (right) along the Terminal Island Freeway from

Seaside Boulevard [159.1] to Anaheim Street, thence west (left)

to GafTey Street [163.9]. From the soxith ramp of Ileim bridge one

can see the difference in elevation between the sea water in Cerritos

Channel and the surface of Terminal Island. This difference is most

striking during periods of high tide.

Heim bridge, only recently constructed, already has subsided

several feet. Pillars beneath the bridge have been lengthened to keep

the structure in its proper position.

Wilmington Oil Field. The ^Yilmington oil field (Winterburn,

1943, pp. 301-305; 1952, pp. 19-22) has the highest annual produc-

tion rate of all California oil fields, as of 1954. It has yielded nearl.y

50 million barrels per year for the past several years. Oil is recovered

from six zones in Miocene and Pliocene strata and from one zone in

schist-bearing conglomerate that lies on a basement of Jurassic (?)

schist.

The field is on a well-ilcveloped northwest-trending anticlinal

structure that overlies a subsurface ridge of crvstalline basement

rocks. Five north-trending faults with throws of 1(1(1 to 200 feet di-

vide the field into six structural bloi'ks wliich are tliciuselvcs cut b.y

numerous minor faults. The principal faults are normal faults, and
with one exception they dip eastward. The amount of vertical dis-

placement on these faults varies considerably, but in general the

throw on a given fault is greatest near the crestal part of the anti-

cline, and diminishes as the fault is traced outward toward both

flanks. The faults act as barriers to the movement of fluids through

the sands, and each of the structural blocks is distinguished by oil of

a different gravity.

Geologic formations in the Wilmington field include basement

rocks of Jurassic ( ?) schist, 4,100 feet of brown shale and sand of the

Monterey (mostly upper Miocene) formation, 875 to 1,150 feet of

gray and green shale, sandstone, and siltstone of the Repetto (lower

Pliocene) formation, 1,000 feet of middle and upper Pliocene sand-

stone and siltstone, and 1,000 feet of Pleistocene and Recent sand,

gravel, and clay.

The Torrance oil field is immediately northwest of the Wilmington

field. It overlies the same basement ridge, and the two fields proba-

bly are connected by a productive structural saddle.

Palos Verdes Hills

General Features. The Palos Verdes Hills form an upland penin-

sula that is underlain mainl.v by marine sedimentary rocks of Mio-

cene, Pliocene, and Quaternary age. These strata rest upon a base-

ment of Catalina (Jurassic ?) .schist, which crops out in a small area

near the center of the hills. The hills are .ioined to the gently sloping

lowland of the Los Angeles basin b.v a neck, about 7 miles wide, that

is underlain b.v Quaternary alluvium. The topographic and geologic

features of the peninsula resemble those of the islands off the coast of

southern California, and during parts of Pleistocene time the hills

evidently did form an island. The hills are of particular interest for

evidence of late deformation provided bv tilted lower Pleistocene

beds and numerous well-developed upper Pleistocene terraces. The
area also .yields commercial quantities of diatomite and basalt and

sand.

The structure of the Palos Verdes Hills is anticlinal, and is fea-

tured by the draping of Tertiary marine strata over a subsurface
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i'li.t liK 25. Aerial view of wave-cut mariiM {•i r;i<::'- '!_ \' '.:. ind of the Palos Verdes Hills, south of Malaga Cove. A'iew is eastward across Pales Verdes Point,
in fort'Kround, toward San Pedro Hill, hi^'hcst point in the hilis. Stream channels were entrenched inland from the lowest exposed terrace in former cycles of erosion,
and are being entrenched at the sea cliflE at the present time. li. C. Frampion photo.

Son Pedro
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mitp member, 300 to 500 feet thick, is mostly diatomite, diatoma-

eeous shale, and diatoniaeeous mudstone. The Malaga mudstone

member consists essentially of 300 to 600 feet of radiolarian mud-

stone.

The Altamira shale member is the most widespread of tliese units.

Valmonte diatomite occurs locally along the crest of the hills and

along parts of their northeast and east flanks. Outcrops of the Malaga

mudstone are confined to small patches in and near San Pedro, along

the north side of the hills, and at Malaga Cove, the type locality.

Pliocene Rocks. Rocks of Pliocene age in the Palos Verdes Hills

are represented by 150 feet of siltstone assigned to the Repetto for-

mation (lower Pliocene). Upper Pliocene sedimentary rocks are not

present in the Palos Verdes Hills. The Repetto siltstone is exposed at

Malaga Cove and at other localities near the north border of the

hills, where it consists of .soft, massive, glauconitic foraminiferal silt-

stone. The strata diseonformably overlie the Malaga mudstone mem-
ber of the Monterey shale, and are uneonformably overlain by Pleis-

tocene .strata.

ricistoceiK Rocks. Sedimentary rocks of Pleistocene age are ex-

posed principally on the east and north flanks of the Palos Verdes

Hills. The lower Pleistocene rocks have been divided into three units.

In ascending order, these are the Lomita marl, Timms Point silt,

and San Pedro sand. They are overlain uneonformably by the Palos

Verdes sand (upper Pleistocene).

The Lomita marl consists of 60 to 70 feet of calcareous rocks, prin-

cipally marl and sand that include .strata composed of granular

calcareous organic remains such as shell fragments, Foraminifera,

and Bryozoa (Woodring, Bramlette. and Kew, 1946, p. 43).

The Timms Point silt is composed of 30 to 80 feet of brownish,

generally ma.ssive, sandy micaceous silt that apparently was sw-ept

across the Los Angeles basin from granitic areas to the north. It is

the least extensive of the three units.

The San Pedro .sand, the uppermost unit of early Pleistocene age

in the Palos Verdes Hills, is 175 feet thick. It is composed of evenly

bedded and cross-bedded sand with lesser amounts of gravel, silty

sand, and silt. Large open pits on the north flank of the Palos Verdes

Hills yield sand from this formation for industrial uses.

In central San Pedro the three lower Pleistocene units are pres-

ent in succession, but elsewhere one or more of them commoidy is

missing. The San Pedro sand, however, is found wherever lower

Pleistocene strata occur. The inferred relations of the Lomita marl,

Timms Point silt, and San Pedro sand are illustrated in figure 28.

The Palos Verdes sand (upper Pleistocene) is a marine terrace

deposit that rests uneonformably upon lower Pleistocene strata. It

Go f fey

Syncline

Goffey
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San Pedro

Second
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Timms
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San Pedro sand

-Lomita marl- Timms Pomt
silt

FiuuKi: l^N. Inferred relation.^ ni J.omita marl. Timms Point silt, and San Pedro
sand, San Pedro, California.

occurs on the youngest (lowermost) terrace in San Pedro and in

local areas on the north side of the Palos Verdes Hills. It ranges in

composition from fine-grained gray sand to coarse-grained sand and
gravel.

All of the terraces and terrace deposits are more or less completely

covered by nonmarine alluvium and coUuvium, mostly brown and
earthy, and strikingly different from the clean gray marine sands.

Gaffcy Street, San Pedro. South from Anaheim Street [1G3.9],

Gaffey Street follows an ancient stream channel cut across the arched

lower terrace. The stream channel was arched along with the crest

of the Gaff^ey anticline, which underlies the belt of low hills that is

crossed west of the Union Oil Company refinery. The depression

south of the low hills is underlain by the Gaffey syncline (Map 9).

Figure 24 illustrates the structure beneath this belt of Pleistocene

deformation, which overlies the deep-seated Palos Verdes fault along

the north flank of the hills. The Lomita marl (lower Pleistocene)

on the south flank of the syncline thins northward and pinches out

near the crest of the anticline. The San Pedro sand (lower Pleisto-

cene) overlies the marl in the .syncline, but rests upon Miocene shale

on the north flank of the anticline.

Proceed south along Gaffey Street to Second Street, thence left

(east) to Pacific Avenue.

Second Street, San Pedro. A complete sequence of marine Pleis-

tocene strata was once exposed in cuts along Second Street between

I'acific Avenue and Beacon Street, and the greater part of the sec-

tion still can be seen between Pacific Avenue and Mesa Street (Stop

13, fig. 2!)). The low-er Pleistocene units dip gently northeastward

above an unconformable contact with the Malaga mudstone. Upper
Pleistocene terrace deposits overlie all of the older units with distinct

unconformity. The Malaga mudstone (upper Miocene), which dips

gently northwest, consists of ma.ssive mudstone with lenses and con-
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cretions of limestone, and is associated witli minor amounts of silt-

stone. The unconformity between the Malapa mudstone and the Lo-

mita marl is present at the intersection of Pacific Avenue and Second

Street.

Alonfx Second Street (Stop 13, mile 167.0) the gently northeast-

dipping Lomita marl is about 50 feet thick, and consists mostly of

marl and calcareous sand (fig. 29). It is in turn overlain by a 78-foot

thickness of Timms Point silt, which extends eastward to the inter-

section of Second Street and Mesa Street. The massive, yellowish

brown silt contains a few fossiliferous layers that range in thickness

from 6 inches to 2 feet. The San Pedro sand is exposed on First

Street between Mesa and Center Streets. East of Mesa Street, on

First Street, the San Pedro sand is overlain unconforraably by the

Polos Verdes
St
E45T

Verdes
sand

Lomitc morl
| San Pedro sond

Timms Point silt

500

SCALE IN FEET

Figure 29. Section \V-X niong Second Street, San Pedro, California.

Palos Verdes sand (upper Pleistocene) and nonmarine terrace sand

and gravel. The unconformity between the nearlj' horizontal upper

Pleistocene strata (Palos Verdes sand and nonmarine terrace cover)

and the Lomita marl and Timms Point silt, is marked by conglom-

eratic and fossiliferous sand along Second Street between Pacific Ave-

nue and Center Street. Proceed south on Center Street to Third

Street, thence right (west) to Pacific Avenue. Turn left (south) and
continue to Stop 14 at the end of Pacific Street.

The three lower Pleistocene marine units extend as far south as

Ninth Street at Mesa Street, where they are overlappeil by terrace

debris. At Timms Point, about half a mile farther southeast, the

Lomita marl is 3 or 4 feet thick and lies between Timms Point silt

and Malaga mudstone.

Point Fermin. The Point Fermin landslide mass can be seen from

Stop 14, at the sovith end of Pacific Avenue. The movement of this

mass began in the fall of 1929, and continued during 1940 and 1941.

The landslide developed along the lOO-foot sea cliff, and affected an

area about 1,000 feet long that extends inland as much as 400 feet.

Here the Altamira shale (upper Miocene) dips gently .southward

and seaward on the south limb of the Point Fermin anticline. The
landslide occurred as a result of the slippery nature of the shale,

its seaward dip, and the undercutting of the cliff by wave erosion.

As the sliding progressed, the area was cleared of all habitants,

buildings were removed, and roads were closed. A main fissure as

much as 10 feet wide (fig. 30) and an irregularly fissured zone as

much as 100 feet wide were created by the landslide. These fi.ssures

have been filled artiflciallv with sand.

Figure 30. View westward across the Point Fermin landslide mass from the

parkinK area at the south end of Pacific Avenue, San Pedro.

F'oint Fermin to Malaga Cove. From Stop 14, travel westward

on Shepard Street to Pasco Del Mar, and along Pasco Del Mar to

Western Avenue west of Whites Point. Follow Western Avenue

northward for about half a mile, thence proceed west (left on Palos

Verdes Drive South) around the coastal margin of the Palos Verdes

Hills.

Bluish, schist-bearing sandstone of the upper part of the Altamira

shale (upper Miocene) is exposed in the first roadcut along Paseo
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FkH'eik ;il. Hiuish. schist-liearinK sandstone of the upper part of the Alta-

mira shale (upper Miocene) exposed alonp Paseii I)el Mar (Stop ITt) north of

Toint Fermin. Thin hi'ds of hrecciated Monterey shale appear in the upper part
of the exposure, IMeistoeene mesafossils are preserved at the ttase of the overlying
sediments near the top of the roadcut.

Del Mar [170.4] north of Point Fermin (Stop 15). These strata are

composed of };rains and flakes of ^lancophane sehist that probably

were derived from nearby bedrock masses of Cataliiia schist. They
are interbedd(>d with tan siliceous shale and brecciated shale (fig.

31). The sandstone is similar to the sand.v facies of the San Oiiofre

breccia observed near Lacuna Beach, and in tlie.se hills is restricted to

the vicinity of Point Fermin, where it forms a fairly thick section.

Westward along Paseo Del Mar and Palos Verdes Drive are many
features of scenic and geologic interest. Palos Verdes Drive is situ-

ated low along the south flank of the anticline of the Palos Verdes

Hills. The area is underlain by south-dipping strata of the Altamira

shale (middle and upper Miocene), which have been intruded by
basaltic volcanic rocks and are overlain unconformably by upper
Pleistocene terrace deposits. Unconformities between the shale and
the various terrace deposits are best exposed in sea cliffs. Most of

the route of travel between Point Fermin and Malaga Cove is along

terrace number two (fig. 26), which is the second youngest, the best

preserved, and probably the most extensive of the terrace group. At
several places the road climbs as high as terrace number five.

Numerous sea cliffs afford exposures that illustrate the gentle

dip of the Altamira shale toward the sea. Few beaches are present

between the points, principally because ocean currents probably de-

posit sand farther north or because the sand is carried seaward in

submarine canyons (U. S. Grant, pers. communication).

Wave-cut terraces on the south slopes of the Palos Verdes Hills are

utilized for farming, chiefly for the growth of flowers and row crops.

Santa Catalina Island, 22 miles to the southwest, commonly is visi-

ble from many points along Palos Verdes Drive. The isthmus sepa-

rating the northwest third of the island from the main portion

is less than 50 feet above sea level. The northwest half of the island

is underlain by Catalina schist of the glaucophane-schist facies. Mio-

cene volcanic rocks make up the ma.ior part of the south half of the

island. Soapstone deposits on the island were utilized by Indians for

carving pottery, and several mines have yielded lead, zinc, copper,

and silver intermittently since 1863. The island has been a popular

resort area.

Santa Barbara Island, made up of Miocene volcanic rocks, lies

25 miles westward from the northwest tip of Santa Catalina Island.

It can be seen on the horizon on very clear days.

Numerous bodies of middle Miocene basaltic rocks have been in-

truded into the lower and middle parts of the Altamira shale on the

south and west slopes of the Palos Verdes Hills. They are exposed

in roadcuts at Point Vicente and Bluff Cove.

Most of the basaltic rocks form sills that range in thickness from
a foot to several hundred feet. Ad.iacenf sedimentary rocks commonly
have been baked in zones ranging in thickness from less than a foot

to several feet. In many places both the basalt and the sedimentary

rocks were brecciated during the intrusion. Sandstone dikes that

contain basaltic debris are exposed in the sea-cliff north of Point

Vicente.

The basalt generally has weathered dark brown and has been
altered to a soft, powdery rock characterized by bright hues of yel-

low, pink, and lavender. Tlie fresh rock is dark gray. Interstitial opal

and cavity-filling dolomite, quartz, and barite are present in the

basalt. The rock is quarried from several open pits east of the land-

slide at mile 175.2.

The largest landslide mass in the Palos Verdes Hills underlies

Portuguese Bend [175.2]. Although several small landslide masses
flank the route of travel along Palos Verdes Drive, they are not

easily detected from the drive. The hummocky topography in the

Portuguese Bend area delineates much of the landslide. The incom-
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Figure 32. Steep-fronted wave-cut terraces on the northwest slope of the Palos Verdes Hills.

FiGl'RE Xi. Sea cliff at Miilana Cove as seen from west end of Palos Verdes Estates. Steejd.v diiiping Miocene and I'liocene strata are unnuifornialil.v overlain

b.v Pleistocene sand. Recent sand dunes form low bills alon;; the beach beyond Stop 17.

Non-marine lerroce cover^
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Fir.rRF. 'i4. Sen cliflF nt Malnjia Cove, northwest enil of the Pnlns Verdes Hills
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petence of tlip Altamira shale and the down-slope dip of the shale

have indueed movemeiit of tlie landslide masses alon<; water-soaked

layers.

West of Portuguese Bend the observer passes the Wayfarer's
Chapel [176.7], situated atop a small linoU north of Palos Verdes

Drive. The sides and roof of the chapel are jrlass.

From the south limits of Palos Verdes Estates one can see two

well-developed wave-cut terraces to the north (fijr. 32). The faces

of these terraces probabl.v are the steepest of any that have been pre-

served in the Palos Verdes Hills.

At Stop 10 [182.1] are excellent exposures of basaltic rocks. Here
the basalt forms a sill-like body lyiuR between strata of the Altamira
shale. Exposed in the roadcut is the intrusive contact, as well as

weathered and unweathered surfaces of the basalt. The basalt and
Altamira shale are folded in a pentlc anticline that trends eastward
from Bluff Cove.

In Bluff Cove, breccia that is similar to the San Onofre breccia in

composition is exposed in the crestal part of the Bluff Cove anti-

cline. These strata apparently are interbedded with Altamira shale,

and have been uplifted between two faults.

Proceed throufih Palos Verdes Estates, thence north to Calle Mira-

mar. Turn left (west) to Via Rivera and stop at tlie parkinfr area

at the public beach.

Malaria Cove (Slop 17). The sea cliff at Malaga Cove (tifr. 33) lies

athwart the belt of deformation tliat extends westward from San
Pedro across the north flank of the Palos Verdes Hills and marks
the position of the Palos Verdes fault. Here tightly folded Miocene
and lower Pliocene rocks are overlain by nearly flat-lyinpr strata

of lower Pleistocene and Recent age, and are truncated by faults

that trend west, or roughly parallel to the fold axes (fig. 34).

Approximately 200 feet of laminated diatomite and diatomaceous
shale containing phosphatie stringers and nodules is exposed about

1,500 feet .south of the north end of the cliff. These .strata are a part

of the V'almonte diatomite. They are conformably overlain by Malaga
mudstone, which is mainly massive radiolarian miulstone or fine-

grained siltstone about 325 feet thick. Phosphatie nodules and schist

and tpiartz pebbles occur at the base of the m\ulstone membei-. The
Repetto siltstone (lower Pliocene) disconformably overlies the Ma-
laga, and consists of about 100 feet of soft, massive, glauconitic fo-

raminifcral siltstone which is preserved in the syncline about 500 feet

soutli of the north end of the cliff. A landslide has obscured details

of the siltstone. Aiiproxinuitely 75 feet of sand and gravel of the

San Pedro ( ?) sand and 25 feet of nonmarine terrace sand occur at

the fop of the cliff.

Deformation of Miocene strata was slight in this area prior to late

Pliocene time, as indicated by the disconformity at the base of the

Repetto siltstone. Strong deformation took place in late Pliocene

time, however, as shown by the intense folding, faulting, and sub-

sequent erosion of Repetto and Monterey strata before deposition of

lower Pleistocene sand and gravel. The slight northward tilting of

San Pedro ( ?) sand indicates mild deformation during late Pleisto-

cene time (fig. 35).

Return to the main road and proceed north (left). At Elena Ave-

nue cross to U. S. Highway 101 Alternate and proceed north to La
Tijera Boulevard [195.1], thence right (northeast) to La Cienega

Boulevard [197.2], thence left (north) through the Baldwin Hills.

Malaga Cove to the Baldwin Hills

Sand carried inland by a prevailing west wind forms a 10-raile

ridge of dunes that extends between the Palos Verdes Hills and

Flot'RE 3r>. Ni'nrly vertical Mnlagn mudstonp (middlo nnd upper M
overlain li.v Kentl.v n<irth-<iii)piiii; Sun Peilro (?) snini (lower IMei.stoceiir

north end of MalnKa Cove.
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Playa del Rev (Map 10). The younfrest dunes are nearest the sea,

and are very steep-sided in places. The older dunes lie farther inland,

and are now stable and topographically more subdued.

The part of Los Angeles basin southwest of the Newport-Inglewood

fault zone is underlain by basement rocks composed of Jurassic ( ?)

schist, the surface of which is marked by ridges and valleys. The oil

fields southwest of the Newport-Inglewood fault zone are underlain

by folds draped over the ridges in the basement rocks.

Oil has accumulated in the folds as a result of up-dip migration,

and is recovered in several fields southwest of the Newport-Ingle-

wood fault zone. Locally (see table 2) oil has migrated from the Mio-

cene strata into fractured schist, and is recovered from the schist in

commercial quantities.

Baldwin Hills

The Baldwin Hills (Map 11) are the most prominent of the hills

that overlie the Newport-Inglwood fault zone, and also are the north-

westernmost topographic feature along this uplift. The hills are ap-

proached from the south across a south-sloping plain that probably

represents a segment of a late Pleistocene land surface. This surface

now culminates at the crest of the hills at an altitude of 513 feet.

The hills are underlain by a northwest-trending anticline that has

been modified by subparallel faults. The oldest rocks, sedimentary

strata of middle Miocene age, have been penetrated by wells at a

depth of 8,760 feet. They are overlain by upper Miocene, lower and
upper Pliocene, and Pleistocene rocks. Only upper Pliocene and

Pleistocene strata are exposed at the surface.

The steep north slopes of the Baldwin Hills contrast sharply with

their gentle south slopes. Uplift along a fault on the north flank of

the hills and erosion by the Los Angeles River in near-Recent time

probabl.v account for this asymmetry. North-flowing streams have

cut deeper and steeper-walled canyons through the hills than have

the south-flowing streams, and much of the drainage follows the sur-

face traces of faults. A southwest-facing scarp of the Inglewood

fault (Map 11) extends from the Baldwin Hills to a point beyond

the Hollywood Park racetrack, 3 miles to the southeast.

For about half a mile north of Slauson Avenue, roadcuts along La
Cienega Boulevard expose gently south-dipping upper Pleistocene

marine strata. They are underlain by lower Pleistocene marine strata,

which can be seen farther north. These beds rest conformably upon
upper Pliocene .strata on the southwest side of the Newport-Ingle-

wood fault zone, but are unconformable upon upper Pliocene strata

on the northeast side of the fault.

Inglewood Oil Field. The Inglewood oil field (Driver, 1943, pp.

306-309) occupies the central part of the Baldwin Hills along a mile-

wide strip that is parallel to the Newport-Inglewood fault zone. The

crest of the northwest-trending anticline has been dropped between

two faults; the position of the Inglewood fault, which bounds the

graben on the northeast, is marked at the surface by a soutliwcst-

facing escarpment. Vertical displacement of lower Pleistocene sedi-

ments along this fault amounts to about 275 feet, and a strike-slip

displacement of as much as 1,500 feet has been estimated on the

basis of well-core data. The fault that bounds the graben on the

.southwest has caused about 160 feet of vertical displacement.

The principal oil accumulations are within five zones in strata

that range in age from late Pliocene to middle Miocene. These zones

lie at depths of 1,4.50 feet to more than 5,000 feet below the surface,

at the crest of the fold. They include both the highest and lowest

stratigraphic horizons known to yield oil in the Los Angeles basin,

except for oil that has migrated into schist.

In the Baldwin Hills area, SO to 200 feet of Pleistocene sand, gra-

vel, clay, and conglomerate is underlain by 1,700 feet of sandstone,

shale, and siltstone of the Pico formation (upper Pliocene). They are,

in turn, underlain by 3,150 feet of interbedded shale and sandstone

of the Repetto formation (lower Pliocene). Only about 1,325 feet

of Miocene strata has been encountered. Paunal evidence indicates

that the lowest strata penetrated are of late middle Miocene age.
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GEOLOGIC GUIDE FOR THE SOUTHWESTERN PART OF THE LOS ANGELES BASIN, SOUTHERN CALIFORNIA
By OnviLLE L. Bandy • and Kenneth O. Emery t

The Palos Verdos Hills, in the southwestern i)art of Los Angeles
County, constitute a small but important uplifted area of the region.
Here is exposed a portion of the sedimentary sequence that forms
much of the subsurface stratigraphy of the Los Angeles basin, a part
of which adjoins the north side of the hills. The basin is further
bounded by the Santa Jloniea Mountains and the Puente Hills on
the north and northeast, by the Santa Ana Jlountains on the east,

and by the San Joaquin Hills on the south. The southwestern and
western boundaries are structurally high areas that coincide roughly
with the coastal area. Adjoining the south side of the Palos Verdes
Hills are two basins that are similar to the Los Angeles basin in

size and shape, but are not yet completely filled to sea level by sedi-

ments.

Basement rocks of the southwestern part of the Los Angeles basin
and the Palos Verdes Hills consist mainly of glauoophane schist and
associated metamorphic rocks of probable Jurassic age. ITnconform-
ably above this basement terrane are several thousand feet of Miocene
and Pliocene strata and a relatively thin surface veneer of Pleistocene
terrace sediments. Dune sands of both Pleistocene and Recent age
are present in the coastal area, and Pleistocene sands can be ob-

served in the Baldwin Hills and at many other places in the south-

western district.

The Miocene strata (Monterey formation) in the Palos Verdes
Hills have been divided into three members as follows: the Altamira
shale, 1,000 feet thick; the Valmonte diatomite, 500 feet thick; and
the Malaga mudstoue, which occurs only in the northern and eastern

parts of the hills, about 600 feet thick. The lowest member, the buff

to tan Altamira shale, is the most widespread of the three, and is

characterized by silty shales in the lower portion, cherty shales in

the middle portion, and phosphatic shales in the upper portion. It

also contains basaltic sills and tuffaceous beds. The Valmonte diato-

mite is a diatomaccous shale, buff to white; locally near .Walteria

and at the top of the hills it is a source of commercial diatomite.

The Malaga nuidstone is dark gray to buff, and is exposed near the

northern and eastern parts of the liills. Rocks of early Pliocene age

are represented by about 150 feet of bluish gray gUiuconitic and
foraminiferal siltstones that are disconformable above the Malaga
mudstone. These rocks constitute oidy a thin segment of the Repetto
silt.stone, which is very tliick in the adjacent sub.surface section of

• Associate Professor of GeoIoe>', University of Southern California,
t Professor of Geology, University of Southern California.

the Los Angeles basin just north of the San Pedro fault. Exposures
"f these siltstones occur only along the northern flank of the hills.

Lower Pleistocene marine sediments unconformably overlie the
older rocks, and are as much as fiOO feet thick in the Palos Verdes
Hills. The subdivisions of this lower Pleistocene section are: Lomita
marl, Timms Point silt, and the San Pedro sand. Although these
units occur in ascending order in .some areas, they represent con-
temporaneous facies elsewhere. Upper Pleistocene marine deposits
rest unconformably on the lower Pleistocene sediments in San Pedro,
and these, together with some nonmarine deposits, form eappings on
the many terraces and constitute the Palos Verdes sand.

Structural features of the Los Angeles basin include the centrally
located Newport-Inglewood uplift and other uplifted areas around
the margin and near the east boundary of the basin. Faulting and
uplift have involved upper Pleistocene sediments, and have influ-
enced the distribution of oil resources of the region. In the Palos
Verdes Hills, late Pliocene diastrophism produced considerable
folding of earlier strata, including prominent folding we.st of Point
Permin. Lower Pleistocene marine deposits also were folded and
faulted in mid-Pleistocene time, producing an angular discordance
of more than 22° between lower and upper Pleistocene deposits.
Thirteen marine terraces are recognized between elevations of 100
and 1,300 feet above sea level, and the lowest, or youngest, terrace
has been determined by the carbon-14 method to be "more than 30,000
years old. Broad valleys with gentle gradients characterize the sum-
mit of the hills, and suggest an old erosion surface that may have
been formed contemporaneously with the highest terraces.

Natural resources in the southwestern part of the Los Angeles
basin include extensive accumulations of oil in Miocene and Pliocene
strata, and water in Pleistocene .sands. Among the materials obtained
commercially in the Palos Verdes Hills are diatomite from the Val-
monte diatomite, sand and gravel from the San Pedro sand, flagstone
from the cherty and calcareous facies of the Jlonterev foriiiation,
and road metal from the basalts in the Altamira shale." The Lomita
marl was once mined for soil dressing and as a source of calcium
carbonate for poultry.

Acknmrlcdomcnts. The writers were assisted in tlic preparation
of this geologic guide by several per.sons who generously sup|ilied
geologic data and helpful suggestions. Of particular usefulness were
contributions from TJ. S. (irant of the University of California, Los
Angeles; W. 11. Holman of the Standard dil Company of California;
S. G. Wissler of the Union Oil Company; and E. 4. Zielhaiicr of the
Los Angeles Count.f Flood Control District.
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Miles

0.0

ITINERARY

Start from Statler Hotel at Figueroa Street and Wilshire

Boulevard, and go south on Figueroa Street. On Flower Street

(one block east), between Fourth and Fifth Streets, are good
exposures of Pliocene siltstones which dip 35°S. and are

covered by Pleistocene alluvium and Recent asphalt.

2.8 Turn right (west) on Exposition Boulevard past the Univer-

sitj- of Southern California.

4.3 Cross Western Avenue.

4.6 Jog left to Rodeo Road and contiiiuo west.

').!) Cross Crenshaw Boulevard.

7.1 Cross La Brea Boulevard. This area is Ballona Gap, a notch

that was cut through the Newport-Inglewood uplift by the

Los Angeles River during post-Pleistocene time. The channel
is now occupied by a small creek and by peat deposits atop

which some of the new housing units liave been built.

8.0 Turn left (south) on Moynier Lane and proceed up the north

slope of the Baldwin Hills. Moynier Lane becomes La Cienega
Boulevard in the southern part of the Baldwin Hills. An east-

west fault bounds the north side of the hills here, and to the

south nearly horizontal Pleistocene sand and gravel beds are

exposed in the roadcuts.

i).;i Stop at the Inglewood oil field. Tliis field, in the Baldwin
Hills, is on the Newport-Inglewood uplift, one of the major oil-

producing trends in the Los Angeles basin. The main producing
area lies within a northwest-trending faulted anticline, the

crest of which is a graben. The Inglewood fault, which bounds
the graben on the east, lies about half a mile east of the road.

Production is obtained from lower and upper Pliocene and
upper Miocene sediments, and is restricted to five main zones.

The upper and most prolific zone, the Vickers-Machado zone,

is encountered about 1,4'2;) feet below the surface west of the

Inglewood fault and about 1,200 feet below the surface east of

the fault. It embraces the lower 770 feet of the upper Pliocene

section and the upper 510 feet of the lower Pliocene section.

A second zone, the Riudge zone, is immediately beneath the
first and attains a maximum thickness of 1,000 feet. Produc-
tion usually is confined to the upjier few hundred feet becau.se

of the presence of bottom water. I'lie next zone, the Rubel
zone, lies directly beneath a fiO-foot shale bed at the base of

the Rindge zone, and it attains a maximum thickness of about
800 feet. Production from this zone also is usually restricted

to the upper few hundred feet because of biitloni water.
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In late years substantial prodnetioii has been developed
from a limited area beneath the Rubel zone, from sands known
as the Moynier zone, within the lower Pliocene and upper
Miocene (upper Delraontian) section. A still deeper prodncinfr
zone, the Sentous, is encountered at depths of more than fi,00n

feet, within the upper few hundred feet of a section of middle
Miocene sandstones and volcanics which esceeeds 3,000 feet

in thickness. This zone embraces the lower Mohnian and
Relizian ( ?), and is important commercially oidy in the north-
western part of the field. It is among the oldest, in a strati-

graphic sense, within the Los Angeles basin. The highest oil

zone (Viekers) is stratigraphically the youngest of the pro-
ducing zones in the oil fields of the basin. Total production
from the Inglewood field has been about 190,000,000 barrels

of oil ranging from 1.3° to 3S° gravity A.P.I. The average
monthly production for 1953 was about 400,000 barrels.

1 1 .3 Turn right (southwest) on La Tijera Boulevard.

12.6 Turn left (south) on Airport Boulevard.

14.0 Turn right (west) on Century Boulevard at north side of the
Los Angeles International Airport.

14.fi Turn left (south) on Sepulveda Boulevard (U. S. lOlA) and
drive under airplanes.

l.'i.fi Cross Imperial Boulevard.

1(1.4 Turn right (west) on Grand Avenue. For about a mile pass
through an area of Pleistocene sand dunes that is charac-
terized by rolling topography and brown soil.

17.1 Kl Segundo oil field, with Standard Oil Company refinery,

is on left. Recent dunes lie about a mile farther west.

The westernmost oil-producing structure in the Los Angeles
basin occurs along the coast in the vicinity of El Segundo and
Playa del Rey. A buried ridge of .sehi.st controlled the struc-

ture that governed oil accumulation. Producing zones are
lower Mohnian Miocene basal sediments which overlap the

.schist, and a fractured zone in the upper part of the schist.

Some faulting occurs here, but it does not cut the metamorphie
rocks and evidently has had no bearinu: on the oil accnmula-
lation. Depth of production is about fi.S.'iO feet at the crest

of the structure and about 7.7.50 feet on the southern edge
of the field. Production through 19.53 totaled more than
12,.'5nO,0OO barrels of I."i° to 28° gravity oil. Present uionDily

production is about fi.'OO barrels.

To the north of El Segundo is the areally larger Playa del

Rey oil field that extends from Playa del Rey northward across

the tidal marshes of Ballona Creek into the soiillierii part of
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the city of Venice. Production is obtained from a basal con-
glomerate and fractured schist and from superposed folded
sediments who.se anticlinal structure is largely the result of
deposition and compaction over an eroded ridge of the base-
ment rocks. A long erosion interval, prior to deposition of
Miocene sediments, is indicated by the dissected topography
of the buried schist ridge. Gradual submergence oceuiTed in

late Miocene time, with accompanying deposition of an apron
of schist-bearing clastic sediments around the ridge and in

depressions produced by the drainage. Next was deposited a

conformable series of dark brown phosphatic muds that are
now compact nodular shales. The schist-bearing clastic strata

and associated beds of .sandstone range from less than a foot

to 234 feet in thickness, and the overlying shales range from
00 to 308 feet in thickness. About 4,.500 feet of .sediments,

mostly shale and sandy shale of Miocene and Pliocene age,
lie above the nodular shales. Production of oil is from lower
Pliocene sands, and principally from the basal conglomerate
and fractured basement rocks that represent embayments
formed in the erosion cycle preceding the Miocene submer-
gence. Schist-bearing elastics and associated sandstones of the

southwestern plunge are now used for stand-by gas storage
for both commercial and residential consumption. Production
through 19.53 totaled about 57.000,000 barrels of 19° to 24°

!;ravit.y oil. Present monthly ]n-odMction averaws about 43,000
barrels.

Drive through town of El Segundo.

Pass through Recent sand dunes, part of a 10-niiIe-loMg trans-

verse dune complex that extends from Phiy;i del Rey to Re-

dondo Beach.

Curve to left (south) on Highland Avenue. Note the groin

across the beach; the accumulation of sand on the north side

of this groin indicates a ju'cvailing southward longshore cur-

rent. The beach has been widened by sluicing sand obtained

from dunes about 3 miles farther north.

Drive through Standard Oil Company tank farm.

Houses are built on dunes that are held in place partly by
Mcsemhryanihemnm . a succulent ground cover.

Turn left (east) on Manhattan Beach Boulevard.

Turn right (.south) on Morningside Drive.

Turn left (east) on Tenth Place

Turn right (south) on Vallev Drive.
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FiorRF. "11 wi'lls at .MiiiilKill;ni Itrac-li.

21.4 Stop ill iircii of West Coa.st Basin Bari-ifi- I'rojei't.

I'l-OKri'Ssive soa-water intrusion alon;;' an 11-mile coastal

reach of the West Coast "rouiul-watcr basin, from IMaya del

Rev lo Redoiulo Beach, has become critical because of a heavy

puiiipiiifr basin overdraft in excess of .j(),(l()() acre-feet annu-

ally. The field experimental barrier pro.ject, established and

operated by the Los Angeles County Flood Control District

under contract with the California State Water Resources

Board, was initiated to determine the feasibility of checking

the iidand encroachment of sea water in an area of receding

pressure levels, through the creation of a fresh-water pres-

sure ridge, approxiinatel.v 1 mile in length, adjacent and par-

allel to the Pacific- shore line at Manhattan Beach and Ilcniiosa

Beach.

The fresh-water barrier was created liy an iii.jeetion of

chlorinated imported water into the affected Silverado water-

bearing zone (upper and lower Pleistocene) through wells

spaced at 500-foot intervals some 2,000 feet inland and par-

allel to the coast line. The Merged Silverado a(iuifer was

found to be capped at or near sea level l)y a stratum of rela-

tively impervious silts and sandy clays. Localized strii)ping

of this cap b.v longshore currents and transverse channeling,

accentuated by the local i)attern of well pumping, probably

Miles

accelerated inland saline encroachment in the coastal reach

subject to investigation. The character of the coastal .sediments

was such as to re()uire that the injection wells be properly

sealed throughout the zone of relatively impervious sediments

capping the Merged Silverado zone. Maximum well acceptance

rates were obtained at gravel-packed injection wells.

From the initial down-coast pressure gradient of from 15 to

10 feet below mean sea level, a continuous pressure ridge was

created and sustained at an average of 3.5 feet above sea level

at inflows averaging approximately 0.5 c.f.s. per well. The

quantity of injected water re(|nired for maintenance of the

ridge was found to be less than anticipated. The fresh-water

ridge serves the dual purpose of preventing sea-water intru-

sion and of replenishing the West Coast ground-water basin.

Pressure pi'ofile gradients definitely show that any loss of

fresh water seaward is negligible.

Continue on Valle.v Drive.

21.9 Turn right (west) on Gould Avenue (becomes 27th Street).

22.2 Turn left (south) on Hermosa Avenue. The beach on right

beyond the houses is a part of Hermosa Beach.

23.0 Downtown Ileriuosa Beach.

23.8 Edison Power Comjiany.

24.3 Stop in area of wave damage.

In this area a breakwater built about 103!! for a boat harbor

has served to stop the southward movement of saiul along the

beach, by damming it on the north .side. Sand south of the

breakwater was partly carried northward into the (piiet water

behind the breakwater by wave refraction, and partly moved

southward to the head of Redondo submarine canyon, which

lies at the pier a quarter of a mile to the .south. Loss of saiul

South of the breakwater, coupled with lack of normal replace-

ment from the north, caused the beach lo become narrower

and narrower, and fiiuill.v to disappear entirely. Suhscquently,

waves who.se energ.y formerly was dissipated in crossing the

beach, struck the shore with great force, cutting it back and

removing a board walk and about 15 houses. In an effort

to remedy the situation, a seawall was constructed of quartz

diorite blocks quarried from localities in Riverside County.

Receutl.v almost every year has seen partial destruction of the

.seawall, followed by expensive repairs; final cure of the situa-

tion will recpiire either completion of the breakwater or re-

moval of the part that has been built.

24.5 Angle U]) the hill on Pacific Avenue in downtown Redondo

Beach.
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Figure 8. Fault in Malaga mudstone, which is in part ccmceaU-il liy Pleistocene

dune sand.
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Turn rifjht (southwest) on Esplanade. Note three or four well-

developed terraces on the we.st slope of the Palos Verdes Hills.

Jog around the left side of club building on Paseo de la Playa.

Parli in lot and jiroeeed on foot along the beach at Malaga

Cove.

The patli to the licaeli passes tliroutrh Pleistocene dune sand

atop a terrace that has been tilted to the north. The beach in

this area is well known for its deposit of black sand, which con-

sists largely of ilmcuite, magnetite, and epidote. The heavy

minerals form layers that alternate with light-colored layers

of ipiartz and feldspar to form a well-laminated deposit. Coni-

nioii on the surface are other licacli features such as swash

marks, rill marks, linguloid ripples, sand donu's. and sand boles.

Scattered about the beach are pieces of kelji, connuonly with

pebbles in their holdfasts that have been rafted from positions

half a mile or more offshore. Here and there are also many

])ebblcs and cobbles riddled by pelecypod and worm borings.

Noiimarine Pleistocene to Recent terrace deposits uncon-

formably overlie highly «leiornu>d strata in the sea cliff. Pro-

ceeding along the beach to the south, one encounters San

Pedro ( ?) sand, faulted and nearly vertical beds of the JIalaga
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FiGUKK !). Fault contact between A'almonte tlhito-

mite on the ri^'lit und Alala^'n mudtiitoTie on the left. Note
the steep dip nt' tin- niuiisliine and (he draK fohiiti^' in

the dintnmiti-.

mtidstone menilicr of tlio MDiiterry slialc, :i |iriiminoiit syiiclino

with Rppptto .silfstone in its core, and additional faultiMl and

folded beds of tlie N'almonte diatoniite nioniber and the Malaga

mudstone. Enoniioiis radiohirians occur in the Mala<;a mud-
.stone, and can be seen with the unaided eye. On the basis of

foraniiniferal evidence elsewhere in this member, it is thoiisht

to have been deposited in water several thousands of feet deep,

lliglily diversified foraniiniferal faunas occur in both the Val-

monte diatomite and the Repetto siltstone. Diatom beds, chert,

and idiosphatic layers characterize the Valmonte diatomite

~>:i

FiGfUK 10. Minor faults and imliricnte i>e<MinR in the

\*iilntonte diatomite.
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Figure 11. Dicjilitf cnmrry in the Valintmte dintoinile near Walterin.
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at this locality. When wet, the diatomaceous shale appears

black and the phosphatic layers appear light gray or brown.

Near the middle of the cove is a large landslide that con-

sists of shale with many small sliekensided surfaces. Ground-
water moving atop the slip plane escapes from tlie toe of the

slide in several small springs.

28.8. Pavilion near south end of Malaga Cove on Paseo del Mar.

Go south on Via Arroya from Pavilion. Note terraces crossed

by road.

29.0 Turn left (east) on Via Almar.

29.4 Turn left (east) on Palos Verdes Drive.

29.6 Turn left (north) on Palos Verdes Boulevard.

.'30.8 Turn right (uortlieast) on Elena Avenue.

31.0 Turn right (northeast) on Vista del Mar.

31.1 Turn right (east) on Pacific Coast Hi-hway (TI. S. lOlA).

31.8 Pass through section of Pleistocene sand dnncs in roadcut.

Dunes are being eroded by bulldozers and overlain by houses.

33.3 Cross Hawtliornc Boulevard. The Torrance oil field, spottnl

with old wooden derricks, is located to the northeast.

34.5 Turn right (soiitli) on Rolling Hills Road.

34.9 Angle right (southwest) on Crenshaw Boulevard.

:!5.!)
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I'K.I l!l IJ. Iti'c-iinil.ciu loills

WliiU'S IViiiit. Small oil spi'i'"

All.-

icciir

Mihs

4!).() Tiirji riyht (.soutJi) on Wrstcrji Avenue. Tliis i.s the siiutli euil

of one of the country's longest eity streets, 27 miles with

no t\iriis exeept near this end.

411.8 'I'lini left III! I'aseo del Mar. luid theuee rif;ht iin the road tci

AVhites Cove.

oO.O Stop at exposure of reeuiiibcut fuldin;;' in Altaiiiira shale.

A well-deveh)ped terrace is now beiu"; cut across tilted beds

in shallow water. Oil seeps exist in this area.

.")ll.:! Turn rif;ht (east) on Paseo del Mar.

51. !l Xote roadeut below fruns of Fort McArthur. Pebbles of glaneo-

phaue schist occur in this part of the Allaniira shale. Lar<;e

cobbles ami boulders of schist u]) to 4 feet loufr occur in the

side of the seadiff below the road.

52.1 Turn left (north) on Gaffey Street.

52.1 Turn risrht (east) on Shepard Street.

52..'^

52.4

54.!)

53.:?

55.4

Turn left (north) on Carolina Street and park.

"Walk south to the Point Fermin landslide. This slide began

in 1929 and moved for a period of several months. Movement
was recurrent in 1940 and again in 1941 during and after

extended periods of heavy rain. Altamira shales dip seaward

toward the steep sea cliff.

Turn left (we.st) on 40th Street.

Turn right (north) on (iaffey Street.

Turn right (east) on Second Street in San Pedro.

Stop at road cut just east of Pacific Avenue, which exposes

Lomita marl, Timms Point silt, and San Pedro sand. One of

the most famous Pleistocene fossiliferous marls of the world,

the Lomita marl, occurs here. Specimens include abundant
Poraniinifera and brvozoans. Above the Lomita marl is the

Timms Point silt, wbieli is sparsely fossiliferoiis at this local-

ity. The San Pedro sand has been removed east of this stop.

Uneonformably above the lower Pleistocene fornuitions is the

upper Pleistocene Palos Verdes formation, wliich contains

marine fossils at the base and grades upward into chocolate-

colored nonmarinc beds. The lower Pleistocene beds dip about
23° SE and form a Hank of the Gatfey s.vncline. Note bow
the gajicr clam {Sclii^othacrxx iiiittallii) in the Palos Verdes

formation has burrowed into the underlying Timms Point silt.

Turn right (south) on Mesa Street.

Turn right (west) on Fourth Street.

-"I^- 't^

FiGL'Ul-; IM. I'uint FiTiiiiii lainlsli'tr. Shih.s jin* u pjirl of llw icivi-riiini ..f V-.isv
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77.0

78.2

79.0

80.0

87.4

90.3

Angle left on San Pedro Street.

Turn left (west) on Rosecrans Avenue; Rosecrans oil field.

The Athens-Rosecrans oil field, discovered in 1924, has a

total cumulative production of 72,000,000 barrels as of Janu-

ary 1, 1954. Like Dominguez, the Athens-Rosecrans structure

is a complicated faulted anticline along the Newport-Inglcwood

fault trend. There are several producing areas with oil accum-

ulation controlled by cross faulting. The stratigraphy is simi-

lar to Dominguez, and the production comes from the lower

Pliocene and upper Miocene strata. None of the wells in this

area have gone deep enough to encounter basement rocks.

Turn right (north) on Pigueroa Street.

Athens oil field.

Pa.ss the University of Southern California.

End at Statler Hotel.
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GEOLOGIC GUIDE FOR THE NORTHERN PART OF THE PENINSULAR
RANGE PROVINCE, SOUTHERN CALIFORNIA

By Richard H. Jahns t

INTRODUCTION
Eoute of Travel. This geolofjic guide deals with parts of Los An-

geles, San Bernardino, Riverside, and San Diego Counties, in south-

ern California, and in effect is a sampling of the geology and mineral

deposits in the northern part of the Peninsular Range province. The
main route of travel, essentially an elongate loop (fig. 1), begins in

downtown Los Angeles, extends eastward to Pomona, and from there

extends .southeastward to Lake Henshaw via Corona and the Elsi-

nore-Temecula Valley. The return part of the loop trends in a gen-

eral northerly direction to the San Jacinto Mountains and San
Gorgonio Pa.ss, and thence westward to Los Angeles. The entire route

is approximately .320 miles long, involves travel over good roads, and
can be traversed without undue haste in 2 days.

Several points of special interest can be reached by means of short

side trips, about 87 miles in aggregate length, that are included in

the guide. An additional trip, 82 miles long, has the form of an
auxiliary loop through the Escondido-Ramona area, in San Diego
County.

Both the main tour and the side trips provide excellent oppor-

tunities for observation and study of fault phenomena, georaorphic

features, and a wide variety of rock types and mineral deposits.

Encountered along the main route of travel are the Elsinore and
San Jacinto fault zones, the Pala and Rincon pegmatite districts,

and the contact metamorphic deposits at Crestmore.

Form (if the Guide. This guide includes a general outline of

Peninsular Range geology, annotated road logs for all routes of

travel, and numerous maps, sections, and photographs that illustrate

the principal geologic features. General descriptions of several areas,

mining districts, and geologic units are included within the road

logs. A continuous series of seven strip maps shows the geology along

approximately half of the route, and three other mai)s provide sim-

ilar coverage for selected areas along the remainder of the route.

Cumulative mileages from the starting point at the Ijos Angeles

Civic Center are indicated for the main tour as followed in a coun-

ter-clockwi.se direction around the loop; the figures appear along the

margins of the road log and on the maps. Jlileages for the side trips

and alternate loops are taken from tlic respective junctions with the

main route of travel.

• Contribution No. 696. Division of the Geological Sciences. California Institute of
TechnoloBy.

t Professor of Geology, California Institute of Technology.
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nology, who contributed unpublished data on the San Gorgonio Pa.ss

and Crestmore areas, respectively; and Bennie W. Troxel of the

State Division of Mines, who compiled parts of the strip maps. The

writer was assisted in a final field check of the route by Troxel and

Lauren A. Wright.

GEOLOGY OF THE NORTHERN PENINSULAR RANGE REGION

General Features

The Peninsular Range province is a well-defined geologic and

physiographic unit that extends southeastward from the latitude of

Los Angeles to the southern tip of the Ba.ja California peninsula,

a distance of approximately 900 miles. It is bounded on the northea.st

by the Colorado Desert (Coachella and Imperial Valleys) and the

Gulf of California, and it extends southwestward beneath the Pacific

Ocean to form the continental borderland, parts of which appear as

Santa Catalina, San Clemente, and other islands. Only the northern-

most part of this extensive province is dealt with in the present

geologic guide ; this part includes the Los Angeles Basin and ad.join-

ing hills, the Santa Ana Mountains, the Elsinore-Temecula Valley,

the Agua Tibia Mountains, the Warner Basin and adjoining ranges,

the Perris and Anza Uplands, the San Jacinto Mountains, and San

Gorgonio Pass (fig. 1).

The altitude and relief of this region decrease in a general way

from east to west, and its coastal portion is marked by an irregular

fringe of lowland country. Beneath this coastal plain and the more

extensive lowland area of the Los Angeles Basin is a complex section

of sedimentary rocks that range in age from Upper Cretaceous to

Recent. Some volcanic rocks of Tertiary age also are present. The

inland areas, in contrast, are underlain chiefly by igneous and meta-

morphic rocks of Mesozoie age and by some metamorphic rocks of

probable Paleozoic age. Younger sedimentary rocks, chiefly nonma-

rine, are preserved in a few basins and valleys, and remnants of

volcanic rocks appear locally. Numerous faults have been recognized,

and some of them have lengths measured in tens of miles and known

displacements amounting to many thousands of feet.

( 3 )
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The geoloc;y of large parts of the region has been deseribed by

Dudley (1935), Ellis and Lee (1919), Engel (1933), Fairbanks

(1893), Eraser (1931), Jahns (1954), Larsen (1948), Mann (1951),

Merriam (194(i), Merrill (1914), Reed (1933), Sauer (1929), Waring

(1919), and Woodford, et al. (1954), and specifie areas and problems

have been discussed by these and numerous other investigators. For

more complete and detailed treatment of Peninsular Range geology

than appears in this guide, the reader should consult the papers and

reports that are listed at the end of the road-log descriptions.

The Geologic Section

The rocks in the northern part of the Peninsular Range province

can be grouped into two fundamental age divisiojis on the basis of

differences in lithology, structure, and degree of metamorphism.

The.se divisions are everywhere separated by a profound unconform-

ity, which reflects a major episode of diastrophism, igneous invasion,

and metamorphism that occupied a significant part of Cretaceous

time.

Older Rncl(s. The oldest exposed rocks in the region are schists,

gneisses, quartzite, and marble that in general represent original

elastic sediments and subordinate interlayered volcanic rocks. They
form sections as much as 22,000 feet thick in parts of the eastern

mountain ranges, but in most areas they appear as smaller masses

that are surroinuled or flanked by younger igneous rocks. A Paleozoic

age for this ancient terrane is suggested by two po.ssible fossil occur-

rences (Webb, 1939; Miller, 1944, pp. 21-25), and the rocks may
correspond in part to fossiliferous Paleozoic strata that are preserved

in the San Bernardino Mountains to the north.

Farther west, in the Santa Ana Mountains and adjacent areas, is a

great thickness of mildly metamorphosed .slaty rocks, schists, quartz-

ite, conglomerate, and limestone that are at least in part of Triassic

age. Known collectively as the Bedford Canyon formation (Larsen,

1948, pp. 18-22), the.se rocks appear to grade into metasedimentary

and metavolcanic rocks that have been termed Julian schist (Mer-

rill, 1914, pp. 638-642; Hudson, 1922, pp. 182-190) in areas to the

southeast. The relations between these two formations and the pre-

sumably older metamorphic rocks to the east and northeast are not

fully understood at the present time.

Resting unconforniably upon the Bedford Canyon formation in

the Santa Ana Mountains is a great thickness of slightly metamor-
phosed agglomerates, breccias, tuifs, and flows of andesitic to quartz

latitic composition. These are the Santiago Peak volcanics (Ijarsen,

1948, pp. 22-27). Associated with them, and perhaps related to them,

are hypabys.sal intrusive ma.sses of fine- to medium-grained, dom-
inantly porphyritic rocks.

Plutonic mas.ses of granodiorite and tonalite (quartz diorite),

known as the Stonewall granodiorite (Hudson, 1922. pp. 191-193),

are prominent in the area south of Lake Ilcn.shaw. Associated with

these intrusive masses are highly irregular bodies of in.jection gneiss

and other migmatitic rocks, which were formed by the addition of

igneous material to the Julian schist.

The youngest and by far the most widespread of the rocks that lie

beneath the great unconformity are plutonic types that represent the

southern California batholith (Larsen, 1948, 1954), a huge composite

mass that underlies much of the region. These rocks range in compo-

sition from gabbro to granite, but tonalites are most abundant. The
individual intrusive bodies range from plutons of gabbro, tonalite,

or granodiorite that are several miles in maximum exposed dimen-

sion (Map 10) to thin dikes of pegmatite and aplite (figs. 11,

12). In general the succession of intrusions appears to have been

gabbro —> basic tonalite -^ tonalite —> granodiorite —* qiiartz mon-

zonite —> granite; various dike rocks were emplaced during several

different stages.

The batholith is thought to be of early T'ppcr Cretaceous age,

mainly on the basis of stratigraphie evidence in Baja California

(e.g., Woodford and Harriss, 1938). It probably was formed from

a slowly differentiating parent magma of gabbroie composition (Lar-

sen, 1948, pp. 132-172). Successive injections of this magma probably

accompanied episodes of local to regional diastrophism, and yielded

many large and relatively uniform bodies of gabbroie to granodi-

oritic rock, as well as smaller bodies of rocks that represent a wider

range of composition.

ToU7iger BocJts. The rocks that lie above the great unconformity

of late Mesozoic age are mainly clastic sedimentary types. These are

dominantly marine in the coastal areas and almost wholly nonmarine

in the interior parts of the region. The oldest units in the sequence

are exposed in and adjacent to the Santa Ana Mountains, where

the basal part of the .section consists of Upper Cretaceous forma-

tions that are chiefly marine (Dickerson, 1914; Packard, 1916;

Popenoe, 1941, 1942; Woodring and Popenoe, 1945). These are over-

lain unconformably by marine and nonmarine strata of Paleocene

and Eocene age (English, 1926; Woodring and Popenoe. 1945),

which in turn are overlain by terrestrial beds of probable Oligocene

age. This nonmarine se(|uence grades upward into, and is in part

intertongued with, a .section of marine beds that has been referred

to the lower Miocene V'aqueros formation (Loci and Corey, 1932).

The younger marine strata are much more widely distributed, and

appear in numerous hills that lie within and around the Ijos Angeles

Basin (fig. 2). They form a thick section of middle Miocene to early

Pleistocene age (Daviess and Woodford, 1949; Eldridge and Arnold,
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PALOS VEBOES

Figure 3. JStnicturc section across :i part of the Los Angeles basin from the Palos A'erdes Hills northeast \v;inl tn the Puente
l:<rhocllhann'r and Woodford (lO'il).

lills. Modified shijhiitj from

1907; Kundert, 1952; Sehoellhamer, et al., 1954; Woodford, et al.,

1944), and are overlain in the lowland areas by fine- to coarse-

grained nonmarine deposits of Quaternary age. Volcanic rocks are

present in the middle Miocene part of the section (Shelton, 1946,

1954) ; these are mainly pyroclastic, and are andesitic and basaltic

in composition.

The geology of the younger rocks in the Los Angeles Basin and
ad.ioining areas has been summarized \>y Driver (1938) and by
Woodford, et al. (1954), and numerous specific features of occur-

rence are discussed farther on in this guide. Stratigraphic relations,

thicknesses, and brief lithologic descriptions are recorded in table 1.

-%•
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The oldest known Cenozoic rocks of the interior areas are non-

marine Miocene strata that crop out along the margins of the

Coachella and Imperial Valleys (Dibblee, 1954), as well as locally

in the area north of San Jacinto. These are overlain by fluviatile

and lacustrine beds of Pliocene age, which are referred to as the

Mount Eden and San Timoteo formations in the area west and north-

west of the San Jacinto Mountains (Axelrod, 19.')7, 1950; Eraser,

1931; Prick, 1921, 1933, 1937). Nonmarine deposits of Pleistocene

age are more widespread, and include the Bautista beds of the San

Jacinto River Valley and nearby areas (Frick, 1921; Eraser, 1931)

and the Temecula arkose of the Elsinore-Temecula Valley (Mann,

1951). Like the Pliocene deposits, these consist in part of fine- to

medium-grained, poorly consolidated sediments that were laid down
in separate vallej-s and basins, and in part of very coarse-grained,

moderately well-consolidated fanglomerates that represent old allu-

vial aprons formed along steep mountaiii fronts.

Sediments of late Pleistocene and Recent age are even more wide-

spread, and include fanglomerates, stream-terrace gravels, lacustrine

silts, and modern swamp, alluvial-fan, and flood-plain deposits. Laic

Tertiary or Quaternary volcaiusm in the Murrieta-Temecula area

is attested by several remnants of olivine basalt Hows that ajipear

mainly as mesa cappings.

The geology of the younger rocks in the interior areas of the prov-

ince has been summarized in greater detail elsewhere in this voluiuc

(Jahns, 1954), and their stratigraphic relationships in the area be-

tween Corona and Lake Ilcnshaw are outlined in table 2.

Structure

In broad structural terms, the northern i)art of the Peninsular

Range province is an uplifted and southwesterly tilted mass that is

separated into several large, elongate, northwest-trending blocks by

subparallel faults. These blocks are further sliced by lesser faults,

and most are also segmented by cross faults. Both dip-slip and strike-
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FlGrBK ~t. Westward view of a part of the Teuie.sca] trough, sliowiiig the
steep lower slopes c»f the Santa Ana Mountains. The traf f the (lien I\,v

South fault lies at the liase of this scarp, and the trace of Ihe Clen Iv.v North
fault is marked h.v a distinct linear scarplet that trends diajionall.v across the
view. This scarplet, developed in Quaternar.v alluvial-fan deposits, faces south-
westward aKainst the general direction of drainage on the valley floor. Sketched
from an air photograph.

slip (lateral) components of movement have been recognized along
most of the breaks, and several of the master faults show evidence

of major right-lateral displacements. Determination of the direction

and amount of net slip on any of these breaks, however, remains an
unsolved problem at the present time.

Most of the principal faults appear to have been intermittently

active during large parts of Cenozoic time, and have had an impor-
tant influence on the distribution, thickness, and lithology of the

younger sedimentary rocks. Adjacent fault blocks commonly have
had contrasting histories, which has complicated the problems of

stratigraphic correlation, especially in the interior parts of the prov-

ince. Some of the faults may well date back to lale Mesozoic or

earlier times, but the effects of pre-Cenozoic movements are difficidt

to distinguish from those of later movements.
Folding has been distinctly subordinate to faulting in most areas,

and even the regional structure of the pre-C'retaceous rocks is decep-

tively simple. In nearly all large areas of exposure the iiietanu)rphie

rocks are essentially hoinoclinal, with i)revailingly northwest to

north-northwest trends and steep southwest dips or moderate to steep

AGE
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were interrupted in middle Miocene time by major pulses of faulting

and uplift that caused fundamental ehaiifres in the pattern of drain-

age and the sizes and shapes of the sedimentary basins. Additional

pulse.s of milder deformation followed during upper Miocene and
Pliocene time. Severe diastrophism in late Pliocene and middle
Pleistocene times is demonstrated by major unconformities in both

marine and nonmarine sections. Much of the present landscape was
developed during the widespread middle Pleistocene orogeny, and
deformation in many areas has continued to the present time.

Geo morphology

The geomorphic history of the region is intimately related to the

history of movements within and between the major fault blocks dur-

ing late Cenozoic time. Many features of the modern landscape owe
their gross form and position more to recent diastrophism than to

the effects of erosion on contrasting types of rocks, but the known
interplay of diastrophism and erosion ordinarily is difficult to resolve

in detail.

In the higher interior areas are unusual (and commonly anomal-

ous) combinations of prominent ridges and peaks (figs. 2, 21, 22),

broad erosion .surfaces of low relief (fig. 21), narrow and steep-

walled canyons (fig. 22), longitudinal trenches, benches, and valleys

that are defined by zones of faulting (fig.s. 11, 22), and many wide
valleys and basins (figs, 2, 19). The broad upland surfaces appear
at various levels, and have prompted much argument as to whether
they are parts of a single, once-extensive surface of erosion that was
dislocated by faulting in Quaternary time (e.g., Bryan and Wickson,

1931; Miller, 1935), whether they were formed independently at

different levels (Sauer, 1929) and perhaps at different times, or

whether some of them are older features that Jiave been exhumed
from beneath a cover of younger Cenozoic rocks (Dudley, 1936).

Several of these surfaces show evidence of Quaternary upwarping,

and .several of the shallow basins appear to have been bowed down-
ward during late Quaternary time.

Recent alluvial fan.s are impressive features of the lowland areas,

and remnants of even more extensive Pleistocene fans are widely

preserved (figs. 11, 17). Many of these can be correlated with gravel-

veneered fluviatile terraces in adjacent canyons and valleys. Recent

uplift in the coastal areas is attested by wave-cut marine terraces,

some of which have been warped, tilted, or offset slightly by faulting.

Several anticlinal folds in the Los Angeles Basin have been formed
so recently that their structure is reflected by the present topog-

raphy, and the uplift of some evidently was so rapid that pre-exist-

ing streams were unable to breach them. Others are cut by antecedent

streams, and, on a much larger scale, the Los Angeles, San Gabriel,

and Santa Ana Rivers may well be antecedent to the uplift of the

Santa Monica Mountains, Repetto Hills, and Santa Ana Mountains.
Recent movements along faults are evidenced in several parts of the

region by scarplets in alluvium, sag ponds, anomalies in .stream pro-

files, offset drainage lines, and by historic records of numerous
earthquakes.

Economic Features

By far the most important natural resources in the region are .soil,

water, and petroleum. Extensive settlement and agricultural develop-

ment in many areas have led to full use of available sources of both

surface water and ground-water.s, and during recent decades it has
become necessary to import increasing quantities of water from
sources in other regions.

The sedimentary deposits of the Los Angeles basin have yielded an
enormous amount of petroleum, as well as sand and gravel, brick

clays, foundry and other specialtj- sands, diatomite. non-swelling

bentonite, and iodine that is recovered from oil-field brines. Tertiary

strata elsewhere in the region have been worked commercially for

glass sand, fire clay, china clay, gypsite, lignite, and optical-grade

calcite.

The rocks of the southern California batholith have been quarried

for dimension stone, aggregate, or rip rap in many areas, and the

pegmatite deposits of Riverside and San Diego Counties have yielded

commercial feldspar, quartz, and lithium minerals in addition to the

gem minerals for which they are best known. Deposits of amphibole
asbestos and magnesite occur in small bodies of altered ultraba.sic

rock in the San Jacinto Mountains and areas adjacent on the west.

The pre-batholith rocks supply very large quantities of limestone

for cement making, as well as the raw material for a substantial pro-

duction of roofing granules. Vein deposits in both igneous and nieta-

morphic rocks have been mined in .several districts for gold. lead,

zinc, copper, and tungsten, and with le.ss success for nickel, tin. and
molybdenum. Most of these districts are noted in the following road-

log descriptions.

ROAD LOGS

Los Angeles to Pomona—30.4 Miles

(Maps 1, 2, 3; Table 1)

The Los Angrlr.i Basin. The lowland area that lies between the

Pacific Ocean on the .southwest and the Santa Monica Jloiintains. the

elongate Repetto and Puente Hills, atul the Santa Ana Mountains on
the northeast is known geographically as the Los Angeles Basin

(fig. 1). It is about 50 miles long, as measured in a northwest-south-

east direction, and about 20 miles wide. Northwest of it lies the San
Gabriel Valley, from whose broad floor rise additional elongate hills
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Map 1. Tx>s Anpeles to El Monte. Qal—alluvium; Qft—older alluvial depo.sits ; Tpu—upper Pliocene depo.sits; Tr—Repetto formation; Tpsc—Sycamore Canyon
member of Puente formiition ; Ti).v—Vnrba member of Puente formation; Tp-sq—Soquel member of Puente formation; Tplv—La Vida member of Puentc formation.

See Table 1 for stratigraphic relationsbips and descriptions of these geologic units. Geology afivr It'oorf/orrf, et at. (I'J'y/i).
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Map 2. El Monte to San Jose Hills and Pomona. Qal—alluvium; Qft—older alluvial deposits; Qfg—fanslomerate ; Tpu—uppir rii"(ino ilijuisiis ; Tr

—

H.piito
formation; Tpsc—Sycamore Canyon member of Puente formation: Tpy—Y<irha member of l»uente formation; Tpsq—Soquel member of Tuente formation; Tplv

—

La Vida member of Puente formation; Tvnl—volcanic roclis ; Tt—Topanfa formation; JKp—plutonic igneous rocl<s. Sec Table 1 for stratiKraphic relationships
and descriptions of these geologic units, iieoloijy afttr ll'oorf/ord, et nl. (lOj-'i).
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Map 3. Pomona to Prndo Dam. Qal—alluvium; Qft—oMt-r nlluvini drixtsils; Tr—Ufpcttn formation; Tpsc—Sycamore Canyon member of Puente formation;

Tpy—Yorba member of Puente formation ; Tpsq—Soquel member nf I'm'ntc formation ; Tvol—volcanic rocks ; JKp—phi tonic ijjneous rocks. Sec Table 1 for

stratigraphic relationships and descriptions of these geologic units. Geology after Woodford, et at. (I'.h'i.'f).
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(fi^. 2). These two areas contain the greatest concentration of popu-
lation in the State.

The Los Aii>»eles Basin marks the site of a more extensive trough
of middle and late Cenozoic sedimentation to which the name Los
Angeles basin has been attached in a purely geologic sense. Both
marine and nonmarine deposits were laid down in parts of this area

during late Cretaceous and early Tertiary time, but it was first

defined as a single broad trough in middle Miocene time, when its

irregular surface was completely covered by a widespread marine
embayment. As the basin gradually subsided, to a much greater

extent in some places than in others, it received considerable thick-

nesses of marine sediments. Some parts of it were filled to points

above sea level by early Plei.stocene time, and from then on marine
sediments were deposited mainly in its southwestern parts.

The Cenozoic section of the Los Angeles basin is 10,000 feet or

more thick in all but the marginal areas, and geophysical evidence

indicates a thickness of slightly more than 40.000 feet in the central

deep, .southwest of the Puente Hills (fig. 3). In this area the Pliocene

.section alone is more than 10,000 feet thick. The basin filling is

dominantly fine to medium grained and clastic, but it represents a

great variety of .sedimentary environments, particularly in areas that

lay along and near the margins of the embayment. These and other

stratigraphic features have been summarized by Driver (1948),
Woodford, et al. (1954), and others.

The 40 oil fields in the Los Angeles basin have yielded more than
4 billion barrels of petroleum since 1880, which accounts for more
than two-fifths of the production from the entire State. Average
recovery in the proved fields has amounted to more than 100,000

barrels per acre, a remarkable performance that reflects the richness

of the accumulations, together with the occurrence of producing
zones at more than one stratigraphic level in most of the fields.

Most of the known accumulations are in strata of early Pliocene

and late Miocene age, and the remainder of the production is ob-

tained from U|)per Pliocene and middle Miocene strata, and from
fractured masses of older rocks. More than half of the oil produced
thus far has been extracted from two series of en echelon faulted

anticlines that extend northwestward across the basin (fig. 3). The
remainder has been obtained from other anticlines, fault traps, and
stratigraphic traps, chiefly in areas near the margins of the ba.sin.

0.0 Ktart of triji. Tjos Angeles Civic Center.

From First Street drive northeastward on Spring Street or

Brcjadway to Hollywood Freeway. Ahead and to left (north-

nortliwest) is Fort Moore Hill, which consists of upper
.Miocene marine siltstone and sandstone (Puente formation)

cap])('d by reddish brown Quaternary gravels. The Miocene
strata dip southward, and in downtown Los Angeles they are

overlain conformably by marine strata of the lower Pliocene

Repetto formation. Still farther south in the downtown area

are upper Pliocene marine strata. All of these rocks lie on
the south flank of the Elysian Park anticline, the axis of

which extends through the northeastern part of the Elysian

Park Hills and into the Repetto Hills east of the Los Angeles

River (Map 1).

0.3 Turn right (southea.st) onto Hollywood Freeway. The old

liOS Angeles Plaza lies about two blocks to the left (north).

Continue past Los Angeles Union Station and cro,ss floodplain

of the Los Angeles River.

1.1 Bridge over Los Angeles River. About IJ miles north of this

point the river issues from the Los Angeles Narrows, whence
it flows southward across a broad alluvial plain to discharge

into the ocean near Long Beach. Its channel has shifted con-

siderably during Recent time, and at lea.st once in the recent

past the river has flowed westward to empty into the ocean

via an alternate channel now occupied by Ballona Creek
(Map 1, fig. 1). The river probably is antecedent where it

crosses the Elysian Park anticline in the narrows, as it ap-

pears to have maintained its course while this fold was de-

veloping in late Pliocene and Quaternary time.

1.3 Turn left (northeast) onto Ramona Freeway (U.S. 60-70-99).

1.7 Roadcut exposures of upper Miocene sandstone and gray to

bluish gray siltstone (Yorba member of Puente formation),

overlain by late Recent rubble.

3.5 City Terrace district. The freeway skirts the northern edge

of the Repetto Hills, which are composed of light gray silt-

stone and subordinate sandstone, mudstone, and conglomerate

that are characteristic of the Pliocene section in the northern

part of the Los Angeles basin. The.se sedimentary rocks dip

moderately to steeply southward. The hills on the north (left)

side of the freeway are underlain by siltstone. diatomaceous

shale, and coarser-grained sediments of the Puente formation

(Yorba member 1.

Several of the roadcuts expose Quaternary gravels that

occupy a basin-like area about half a mile in diameter; this

depression is a part of a former line of drainage across the

hills, and well-defiMed wind gajis lie both north and south

of it (Map ^). The hills evidently were uplifted athwart the

prevailing direction of drainage in this general area, prob-

ablv in middle and late Pleistocene time. During its late
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stages this uplift must have been more rapid than the dowii-

euttingr of several of the streams, which Inus were forced to

abandon the channels that they had cut durin;; earlier stages

of the uplift. At least four well-defined wind gaps, or passes,

cross the Repetto Hills, and others are present in the hills

to the northwest.

5.1 Bricks in yard on the right (south) are made from siltstone

of the lower Pliocene Repetto formation. A few hundred feet

north of the freeway is the conformable contact between this

unit and the underlying Puente formation, three members
of which are exposed in the hills to the northwest. They dip

southward off the crest of an anticline that plunges gently

to the east (Map 1).

5.3 Large roadcut exposure of Repetto strata.

5.4 Angular unconformity between Repetto formation and Qua-

ternary gravels is revealed in the roadcut on right (south).

6.5 Edge of San Gabriel Valley. The hills that rise above the

valley floor are underlain by tine-grained Puente strata.

About a mile to the south is the head of Coyote Pass, a wind

gap through the Repetto Hills.

6.8 Atlantic Boulevard. About a mile south of this point is the

head of a gap through the Repetto Hills that was once occu-

pied by a through-flowing stream, but was later abandoned

and became a wind gap. It now is drained by a small, under-

fit, intermittent stream. Exposed along the west side of this

gap is the type section of the lower Pliocene Repetto forma-

tion (Reed, 1932).

The Repetto section, about 2,500 feet thick in this area,

consists chiefly of micaceous siltstone that rests conformably

upon diatomaceous shales of the Puente formation. It con-

tains an abundance of Foraminifera, many of which suggest

deposition of the sediments in waters at least 4,000 feet deep

(Natland, 1952). Conformably overlying the Repetto strata

is a section of upper Pliocene siltstone, with subordinate .sand-

stone and conglomerate. These beds, which underlie much
of the eastern Repetto Hills, ordinarily are distinguished

from the lithologically similar Repetto formation on the basis

of their contained Foraminifera. They have been correlated

by some geologists with the Pico formation of the Ventura
basin, about 30 miles to the northwest, but the two units

probably are only in part equivalent.

The upper part of the Pliocene section is featured in some

areas by nuiiicrnns isolated iii'bbles. as well as len.ses of con-

glomerate in which shallow-water niegafossils are preserved.

The siltstone that encloses these pebbles and lenses contains

Foraminifera characteristic of a deep-water environment.

This anomalous a.ssociation, together with abundant slicken-

sides, contortion, and local kneading together of the rocks,

suggest that masses of near-shore deposits were transported

down slope into deeper waters by sliding or turbidity flows

during deposition of the finer-grained parts of the section.

San Gabriel Monntahis. North of the Kaniona Freeway

the floor of the San Gabriel Valley extends gradually upward

toward the bold south face of the San Gabriel Mountains,

8 to 10 miles distant. This east-trending mountain mass is a

major element of the Transverse Range province, which

bounds the Peninsular Range province on the north. It is

lens-shaped in plan, is about 60 miles long, and rises to gen-

eral altitudes of 5,000 to 9,000 feet. On clear days Mt. Wilson,

with its observatory buildings and bristle of television trans-

mission towers, is visible in a northerly direction.

The range is essentially a gigantic horst that is bounded

on all sides by major faults, and consists of plutonie igneous

rocks of late Mesozoic age, together with a very complex series

of older intrusive and metamorphic rocks. It is transected by

several large faults, and by countless .shear and shatter zones.

Its south face is defined by the Sierra Madre fault zone, a

group of branching and en echelon breaks whose prevailing

dip is northward beneath the mountains.

Intermittent uplift of the range probably took place dur-

ing a large part of Tertiary time, and this great mass doubt-

less contributed much sedimentary material to the Los

Angeles basin. The last major ujilift probably dates from

middle Pleistocene time, and subsequent erosion has .scored

the range with numerous deep canyons. Higher parts of the

range, which lie to the northeast, may mark an axis of broad

transverse upwarping.

10.5 Turn right (south) onto Rosemead Boulevard (State High-

way 19).

11.2 Bridge over Rio Hondo. The San Gabriel River, one of the

major streams in the region, debouches onto the valley floor

from the mouth of a steep-walled canyon about 11 miles to

the northeast (fig. 1). It traverses a very large alluvial fan

(fig. 2), on whose surface it splits into two channels. The

more westerly of these, the Rio Hoiulo channel, drains south-
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Routhwestward to join the Los Anfieles River; the other, the

San Gabriel channel, drains soiithward to the ocean at Seal

Beach.

Both branches of the river flow throu<;h the Whittier Nar-
rows, about 2i miles to the south. This is a fjap, nearly 2
miles in width, that separates the Repetto Hills from the
Puente Hills farther east. It may well have been a channel-
like feature in lower Pliocene time, as sugg;ested by the dis-

tribution of coarse detritus in the Repetto formation (M. L.

Natland. in Kundert. 1952, pp. 7-8), but its present form is

the result of later trenchinfr. A wide, alluvium-floored trough
ha.s been cut into older alluvium that was deposited in the
narrows during late Pleistocene time.

Immediately west of the narrows is the Montebello oil field,

in which oil is obtained from lenticular zones in the Repetto
formation, and to a lesser extent from upper Miocene strata.

The main structural element in this field is an eastward-
plunging anticline, parts of which have been ruptured by
faults.

11.4 Turn left (east) onto Garvey Avenue.

14.0 Five Points ; cross Valley Boulevard.

14.9 Bridge over San Gabriel River. For the next few miles the

road crosses a broad alluvial plain that slopes gently and
uniformly southwest. To the south are the western Puente
Hills, which are underlain by upper Miocene and Pliocene

strata. A striking angular unconformity between upper
Pleistocene gravels above, and lower Pleistocene and upper
Pliocene strata below, is well exposed in the gorge cut by
San .lose Creek through the northern tip of these hills.

The Whitticr fault zone, a ma.ior structural feature of the

Los Angeles basin, extends along the .south flank of the hills

as a .series of anastomosing breaks. It dips northward, and
has had several thousand feet of reverse movement (fig. 3).

Evidence of large right-lateral displacements al.so has been
recognized (Kundert, 1952; Woodford, et al., 1954), espe-

cially in areas farther east.

Several oil fields are present along the south side of the

western and central Puente Hills. Most of the accumulations
are related to the Whittier fault, and the subsurface struc-

ture of the fields is locally very complex.

22.3 Bridge over Walnut Creek Wash. For about a mile beyond
this point the road traverses a dissected bench of reddish

brown older alluvium that is known in this area as the San
Dimas formation. It probably is late Pleistoeene in age.

23.9 San Jose Hills. These hills are essentially an anticlinal mass
of Miocene rocks, but their structure is complicated in detail

by numerous faults and .smaller folds. Most extensively ex-

posed is the upper Miocene Puente formation, which in the

Puente Hills has been divided into four members (Schoell-

hamer, et al., 1954). In ascending order, the.se are the La
Vida, So(juel, Yorba, and Sycamore Canyon (table 1). The
Yorba and Soquel members appear along the northwest mar-
gin and in the southern part of the San Jose Hills, and the

La Vida member is exposed in their higher parts. Ohh'r rocks,

chiefly the middle Miocene Topanga formation and volcanic

rocks, crop out along the crest and in the northeastern part

of the hills.

For the next mile, in the Covina Knolls section of the hills,

are roadcut exposures of thin-bedded La Vida siltstone and
sandstone. The effects of widespread recent slumping are

clearly visible, and mass movements of these fine-grained

rocks have been a serious problem to property owners in this

area.

25.2 Crest of hills. The roadcuts expose pebbly sandstone and peb-

ble to cobble conglomerate of the Topanga formation (Buz-

zard Peak conglomerate member), which is about 2.000 feet

thick in this area. Conglomerate is interbeddcd with much
finer-grained rocks in roadcuts beyond this point.

26.1 The highway here traverses an area of con.siderable land-

sliding, maiidy involving fine-grained beds of the Puente

formation (La Vida member). A large slide that once blocked

the road was by-passed for several years. Attempts have been

made to stabilize the larger .slides by means of broad excava-

tions and drainage of their source areas.

Preferential growth of prickly pear cactus outlines the

general distribution of sandstone and conglomerate beds on
the hillside to the north. To the south, the main mass of the

Puente Hills is visible across the valley oci'U|iied by San Jose

Wash.

26.6 Puddingstone Road. Middle Miocene volcanic rocks rest ujion

dacite porphyry, here inconspicuously exposed, and are over-

lain by La Vida .strata. Similar dacite porphyry is intrusive

into gneissic plutonie rocks of late Mesozoic age in a sjiiir of

these hills about 2 miles to the east-northeast.

26.9 Bear right (east) off freeway onto V. S. Highway 61).

Large roadcuts along the freeway expose light-colored,

compact, thinly laminated tuff and fine-grained tuff breccia

overlain by gently dipiiing voU'anic breccia that is darker.
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much coarser prraincd, and contains abundant fragments of

brownish to greenisli trray flow rocks. These are parts of a

thick volcanic series, known as the Glendora volcanies (Shel-

ton, 1946), that crops out extensive!}- in areas to the north.

The rocks of this series are mainly andesitic in composition,
and pyroclastic accumulations are dominant over intrusive

and flow rocks. The formation is as much as 3,oOO feet thick

beneath Coviiia, about 5 miles to the we.st, where it has been
penetrated by wells (Shelton, 1954).

The Glendora volcanies appear at or near the top of the

Topanga formation in .several areas, and probably are cor-

relative with the volcanic rocks of middle Miocene age in the

Santa Ana Mountains, Santa Monica Mountains, Palos
Verdes Hills, and other areas within or near the Los Angeles
basin.

27.9 Turn right (south) and continue on V. S. Highway 60, cross-

ing railroad tracks on overpass. Prom this overpass a large
quarry, developed in andesitic volcanic rocks, is visible to the
right (.southwest). Low on the slopes of the hills to the south,

these rocks 'rest unconformably upon quartz diorite of late

Mesozoic age.

28.6 Turn left (east) onto Fifth Avenue.

30.4 Pomona, Fifth and Garey Avenues.

Pomona to Corona—20.3 Miles

(Maps 3, 4; Table 1)

30.4 Pomona. Turn right (south) onto Garey Avenue (State
Highway 71).

For the next 13 miles the route of travel follows the mar-
gin of the broad San Bernardino Valley, which is bounded
on the southwest by a part of the Puente Hills known as
the Chino Hills. These hills are composed mainly of north-
easterly dipping upper Miocene strata. The adjacent part of

the San Bernardino Valley has the structure of a narrow,
elongate basin, the Chino basin, which is bounded on both
sides by northwest-trending high-angle faults whose positions

are outlined by sharp difl'erenees in ground-water levels.

This basin contains at least 1,300 feet of Quaternary fluvia-

tile deposits and several thousand feet of upper Tertiary
marine strata (Woodford, et al., 1944). The ba.sin and ad-
joining parts of the valley have been filled to the same
general level by Recent alluvium derived from the San
Gabriel Mountains to the north.

33.2 Sandstone and siltstone of the Pumtc formation ( Yorba
member) are exposed in roadcuts for 1.3 miles, beyond
which the road traverses the valley floor. This part of the

valley is used mainly for dairying and the raising of field

crops.

36.4 Turn left (east) and continue on State Highway 71.

37.4 California Institution for Jlen. Turn right (south).

41.1 Turn right (.south) onto Euclid Avenue Freeway (State

Highwa.y 71). From this point the highway crosses a low
terrace of upper Pleistocene gravels before dipping into the

shallow trench of Chino Creek. The eastern end of the Chino
Hills lies ahead, and the Santa Ana Mountains rise steeply

in the distance.

42.4 The freeway rises onto a dissected terrace of Quaternary
gravels, beyond which it cuts through coarse-grained clastic

strata of the Repctto formation. This formation is finer

grained farther south, where roadcuts expose siltstone with

abundant light-colored, cobble-size concretions.

44.2 The freeway crosses the Chino fault, a steeply dipping' re-

verse fault that separates Repetto strata on the northea.st

from finer-grained Puente strata on the southwest.

44.3 Large roadeut exposures of steeply dipping siltstone, sand-

stone, and conglomerate of the Puente formation (Sycamore
Canyon member). The siltstone contains many calcareous

concretions, and the fine-grained, dark-colored beds have been
contorted on a small scale by .slumping.

This upper Miocene section is overlain by Repetto strata

in the small canyon immediately to the south. Both forma-
tions lie on the northeast flank of the Arena Blanca syncline,

a large a.symmetric fold that plunges .southeast and is trun-

cated by the Chino fault.

45.1 Cliffs of Repetto sand.stone and conglomerate. Lenticular

bedding, cut-and-fill .structure, and sandstone dikes are

prominent; only the thin beds of siltstone are continuous
and of uniform thickness.

45.4 Axial region of the Arena Blanca syncline. The beds dip
very steeply, and the trough of the fold evidently has been
wrinkled sharply downward.

45.7 Steeply dipping Repetto strata in deep roadcuts. Siltstone,

.sandstone, and conglomerate are intertongued in a complex
way. and some of the relations suggest subiriarine slumping
and sliding (fig. 4). These beds continue east-soutlieastward
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across the caiiyoii of the Santa Ana River, and can be seen

in large roadcuts on the opposite side.

45.9 Prado Dam. Visible in a southerly direction from this point

are the rugged northeast face of the Santa Ana Mountains,

a bordering lowland area of great structural complexity, and

the head of Santa Ana Canyon (Map 41. Low on the main

slope of the Santa Ana Mountains, the Whittier fault zone

butts against or merges into the Elsinore fault zone, which

extends southeastward beyond this area for a distance of at

least 125 miles. The Chino fault, whose trace lies about a

mile northeast of the view point, represents the north-

western extension of the Elsinore fault zone.

Exposed in the longest roadcut to the southeast, on the

opposite side of Santa Ana Canyon, is the very steep, north-

east-dipping contact between the Repetto formation and the

underlying Puente formation, which in this area is only

about 1,000 feet thick. Nonmarine strata of the Oligocene ( ?)

Sespe formation are poorly exposed beyond the first main
ridge above the roadcut, and farther in the distance is a

much dissected area, not visible from this point, that is

underlain by the Paleoeene Silverado formation ( Map 4

;

tables 1. 2). A fault slice of Upper Cretaceous strata .sepa-

rates the Tertiary section from the Jurassic (?) Santiago

Peak volcanics, on which the main slope of the mountains

has been developed. Preserved on the highest ridge that

appears along the skyline are erosional remnants of Upper
Cretaceous strata that rest miconformably on the metavol-

canic rocks.

Santa Ana Canyon was cut by the Santa Ana River during

Quaternary time, and remnants of a once-continuous apron

of upper Pleistocene alluvial gravels are clearly preserved

in terrace segments on the south .side of the canyon. The
river is thought to have flowed through this area prior to

the last major uplift of the mountain mass, and to have

maintained its course by downcutting during the uplift. It

has been suggested (English, 1926, p. 65) that the river may
have been deflected slightly in a northward direction by the

core of hard crystalline rocks in the range.

Prado Dam is an earth-fill structure built for flood-control

purposes by the U. S. Army Corps of Engineers. It is 2,280

feet long and 106 feet high.

46.9 Grade separation. Continue on State Highway 71 and cross

Santa Fe railroad tracks.

47.6 Junction with U. S. Highway 91. Continue eastward across

a series of large alluvial fans into Corona. Located in an

area of citrus groves. Corona is known as "the Circle City"

because one of its main streets describes a perfect circle. 0.9

mile in diameter. This street was used for horse and auto-

mobile racing many years ago.

50.7 Corona, Sixth and Main Streets.

Corona to Elsinore—23.6 Miles

(Maps 4, 5; Table 2)

Santa Ana Mountains and Tcmcscal Trough. The north-

west-trending Santa Ana Mountains have a distinctly asym-

metric transverse profile, and both their steep northeast face

and their longer and more gently .sloping southwest flank

are gashed by numerous deep canyons. Most of the range

is composed of igneous and metamorphic rocks, chief among
which are the Bedford Canyon formation, tlie Santiago Peak

volcanics, and several representatives of the southern Cali-

fornia batholith (table 2). Sedimentary rocks of Upper Cre-

taceous to middle Miocene age dip oK the lower parts of the

range on its southwest side, and are preserved at progres-

sively higher levels toward its northwest end.

In general, the foliated rocks of the older sequence appear

to form a northeast- to ea.st-dipping homocline that is inter-

rupted in many places by masses of intrusive rocks and is

otherwise very complex in detail. A broad, northerly plung-

ing anticline is suggested by the distribution and attitude of

the metasedimentary and metavolcanic rocks in the north-

western part of the range. The younger structure of these

mountains, as revealed by the flanking sedimentary strata,

is essentially that of a large uplifted block, tilted to the south-

west and much broken by faidts; the part of the range imme-

diately southwest of Corona, however, may be gently anti-

clinal^Gray, 1954).

Flanking the Santa Ana Mcuintains on the northeast is an

elongate, trough-like depression that is drained by Temescal

Wash. It extends from Corona to Elsinore Lake, a distance

of about 18 miles, and is in part defined by fault zones of

the Elsinore system. Cenozoic sedimentary rocks and older

crystalline rocks are exposed on its floor, and the much higher

ground on both .sides consists almo.st whollj' of the older

rocks. Parts of this narrow trough are truly graben-like, but

much of it is bordered by faults on the southwest side only

(Maps 4, 5) ; it may well owe its present topographic position

as much to erosion of relatively soft sedimentary rocks as to

recent block faulting.
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In the area southeast of Corona the floor of the depres-

sion is about 3 miles wide, and is underlain by fault-bounded

slices of folded Tertiary strata. The principal fold is a mod-

erately tight syncline that may correspond to the Arena

Blanea syncline of the Chino Hills, on the opposite side of

the Chino faidt (Gray, 1954). Several of the faults in this

area probably extend northwestward beneath the alluvium

of the San Bernardino Valley, and may define parts of the

basin that lies immediately northeast of the Chino Hills.

50.7 Corona. Drive south on Main Street (State Highway 71).

52.1 Turn left (east), and continue on State Highway 71 through

an area of extensive citrus groves.

54.4 The highway enters the lower part of the Temescal trough.

This part of the valley is floored with alluvial-fan detritus,

mainly of late Pleistocene and early Recent age. Several low

mounds and ridges that project through this cover are under-

lain by southwest-dipping strata of the Puente formation.

The low hill to the left (northeast) consists of fine-grained

granodiorite porphyry.

55.3 Turn left (northeast) for side trip into Temescal Canyon.

Temescal Canyon Side Trip

(0.4) The road crosses a small creek and thence extends across a

thick, dike-like body of granodiorite that is a part of the

southern California batholith. This body is flanked by masses

of older and somewhat finer-grained granodiorite porphyry.

(0.9) Roadcuts in deeply weathered granodiorite porphyry.

(1.2) Quarry and plant of Minnesota Mining and Manufacturing

Company. The large (|uarry has been developed in the Temes-

cal Wash quartz latite porphyry, a fine-grained, dark-colored

intrusive rock that antedates the rocks of the southern Cali-

fornia batholith.

Roofing granules are produced in the plant, which was

erected at the site of an old quarry in 1948. The major output

is fine-grained material for processed roofing; additional

smaller amounts of coarse granules are produced for built-up

roofing. A ceramic coating is applied to the material in a

wide range of colors. The plant is the largest of its kind on

the Pacific Coa.st, and the product is shipped to points as

far distant as Vancouver, British Columbia.

Some of the very large quarry blasts in this operation have

furnished valuable data for seismological and other geophysi-

cal research projects.

About 2 miles east of this point is the Cajalco mine, from

which tin valued at about $60,000 was produced during the

period 1890-92. The ca.ssiterite occurs in veins and irregular

mas.ses of quartz and tourmaline that transect granodiorite

of the .southern California batholith. Few deposits have stimu-

lated as much activity and have yielded as proportionately

little tin as this and others in the vicinity.

Retrace route to State Highway 71.

55.3 Continue southeastward on State Highway 71.

55.5 The highway crosses a broad, low ridge that is underlain by

southwest-dipping sandstone and siltstone of the Puente for-

mation. These strata are flanked and overlapped by reddish-

brown alluvial-fan deposits of Quaternary age.

56.2 To the left (northeast), on the opposite side of the canyon,

is the remnant of a terrace cut on slaty rocks of the Triassic

Bedford Canyon formation.

56.5 Brick yard. Alluvial deposits are worked locally as a raw
material for bricks, but the principal source material for

brick and tile making in this valley is clay from the Paleoeene

Silverado formation.

57.1 Pits and plant of Owens Illinois Glass Company. The large

pits have been excavated in poorly consolidated, fine-grained

arkosic sandstone and subordinate pebble conglomerate of the

Silverado formation. These beds underlie a low ridge and

several small hillocks, where they are capped by patches of

Quaternary terrace gravels. The unconformity between the

two units is well exposed on the wall of an older pit that lies

immediately east of the road.

The sandstone, which contains about 40 percent of clay and

silt, is wa.shed and scrubbed in the plant on the east side of

the road. Biotite, magnetite, and other iron-bearing minerals

are removed magnetically. The product, a dean, high-silica

sand, is used mainly in the manufacture of bottles.

58.2 Turn right (west) for side trip on Bedford Motorway.

Bedford IVlotorway Side Trip

(0.2) The road rises onto a low, gravel-venciTcd ridge tliat is un-

derlain chiefly by coarsely clastic nonmarine beds of the

01igoceue( ?) Sespe formation.

(0.5) Terrace deposits that cap the ridge to the north have shed

coarse debris over the lower slopes, on which Sespe strata are
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poorly exposed. Beyond this point the road crosses a thin,

essentially vertical fault slice of Puente strata (Map 4).

(0.8) Forest Service gate. Proceed on foot for approximately 1

mile. Beyond the gate the Bedford Motorway and the canj-on

immediately southeast of it cross fault blocks of Sespe and
Silverado strata, which are in part concealed by as much as

80 feet of coarse, reddish-brown gravels of late Pleistocene

age. In this area the Chino and Gypsum fault zones converge
southeastward to form the Glen Ivy fault zone (Map 4). The
Bedford Canyon formation underlies the mountain slopes be-

yond the area of faulting.

Retrace route to State Highway 71.

58.2 Continue southeastward on State Highway 71.

59.1 Deadman Curve. The road skirts a projection of Quaternary
gravels. The brownish, smoothly rounded hills to the left

(northeast) are underlain chiefly by the Bedford Canj'on for-

mation. The pits farther east on these hills have been exca-

vated in patches of Silverado clay and sandstone that lie

upon the older crystalline rocks.

59.5 Turn right (southwest) onto Temescal Ranch road, along
which a considerable thickness of reddish-brown Quaternary
gravels is exposed.

60.2 Turn left (southeast) onto a gravel road and follow the traee

of the Glen Ivy North fault. This active break has distinct

topographic expression, and here has formed an anomalous
southwest-facing scarp in Quaternary gravels; this scarp lies

athwart the general direction of drainage in the area (fig. 5).

To the northwest the po.sition of the fault is marked by sad-

dles and aligned gullies in .several ridges. The trace of the

Glen Ivy South fault lies at the base of the mountain front to

the right (southwest).

60.7 Rear left on gravel road. The large white buildings ahead
and to the right are at Glen Ivy Hot Springs, on the trace of

the Glen Ivy South fault.

61.2 Turn left (northeast) and cross a canal, continuing on dirt

road to rc.join State Highway 71. The road crosses a linear

depression and sag pond of the (ilcn Ivy North fault.

61.4 Turn right (southeast) on State Highway 71.

61.7 Glen Ivy. The fault, which lies immediately .southwest of the

road, has some surface expression here, but its trace is partly
concealed by deposits of Recent alluvium.

62.5 Santa Fe Railway underpass.

63.9 Arkosic sandstone and conglomerate of the Silverado forma-
tion are exposed beneath Quaternary gravels in several rail-

road cuts. The Silverado strata have been faulted against

Temescal Wash quartz latite porphyry to the northeast, and
the trace of the fault appears about 100 yards from the road
on the left. The position of this fault to the southeast is

marked by springs, clusters of trees, and dense growths of

chaparral.

Temescal Wash swings around the hill northeast of the
road, where it occupies a gorge cut into hard crystalline rocks.

The stream appears to have been .superimposed from a cover
of Tertiary sedimentary rocks that once filled the valley to

much higher levels (Dudley, 1936).

64.5 Lee Lake.

65.0 The road traverses an area of di.sseeted alluvial-fan gravels,

which lie upon Silverado strata and locally lap against pro-

jections of older crystalline rocks.

67.3 Alberhill. This is an area of long-time clay mining, wholly in

residual and transported deposits that are parts of the Paleo-

cene Silverado formation (Hill, 1923; Sutherland. 1935). The
three main commercial products have been fire clays, refrac-

tory-bond clays, and red-burning common clays, and during
recent years the annual production has amounted to about

200.000 tons.

The low hill on the far side of the railroad tracks and im-

mediately west of the large brick and tile plant consists of

Santiago Peak volcanics, the formation that was weathered to

yield most of the clay in this area. The higher hills west and
.south of the plant are underlain by the older Bedford Can-
yon formation.

The large open pits southeast and southwest of Alberhill

have been developed in the basal part of the Silverado sec-

tion, which dips moderately southwest and rests mainly upon
the Santiago Peak volcanics and geTietically related intrusive

rocks. The general structure of the Tertiary strata may be
synclinal, but they have been much dislocated by faulting.

68.4 Alberhill clay mine. This is by far the largest mine in the dis-

trict. It was worked sporadically for lignite, chiefly by under-
ground method.s, during the period 1894-1902, and much
coaly material is visible on the dumps. In more recent years
open-cut operations have yielded large amounts of clays from
deposits whose general downward succession is as follows:
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20-38 feet.

0-9 feet.

4-6 feet.

1. Yellowish, blocky clay ; used mainly for sewer
pipe ln-20 feet.

2. Gray to white, blocky clay, .sandy in upper part

and locally carbonaceous near base; used

mainly fur tire brick and terra cotta

3. Lignite and li;;nitic coal with high ash content

4. Gray high-alumina clay, locally pisolitic. gen-

erally with conchoidal fracture; non-plastic

parts used in refractory wares, and plastic

parts used as refractory-bond clays

5. Pinkish to reddish brown, red-burning clay,

with local fragments of highly altered crystal-

line rocks ; used mainly for brick, sewer pipe,

and common tile 0-20-i- feet.

The lowermost unit is in large part residual, and its down-

n-ard gradation into metasedimentary rocks and rjuartz latite

porphyry is well exposed on the north .slope of tlie hill. The
other units consist entirely of transported material. All but

the uppermost of these units are illustrated in figure 6.

69. .3 The hill to the left (east) is underlain by stratigraphically

higher parts of the Silverado formation, chiefly arkosic sand-

stone with lenses of pebble conglomerate.

70.0 Summit of grade. About 0,2 mile ahead, the road crosses the

Glen Iv}- fault zone, which here is relatively narrow.

Elsinore-Temecula Troutjh. A well-defiued elongate val-

ley, known geologically as the Elsinore-Temecula trough, ex-

tends southeastward from the basin of Elsinore Lake to the

Agua Tibia Mountains, a distance of about 25 miles. It is 1

to 3 miles wide, and its northwestern part is bounded on both

sides by raucli higher ground. Structurally it is a graben

within the broad Elsinore fault zone, and thus is a south-

eastward continuation of the Teraescal trough. High-angle

faults are present on both sides of the valley, and several

other faults branch east-southeastward from its northeastern

margin.

The central part of the trough is underlain by as much as

3,000 feet of upper Pleistocene and Recent nonmarine de-

posits, which rest mainly upon pre-Tertiary crystalline rocks.

The structure is complicated in detail by numerous fault

blocks and slices, some of which contain sedimentary rocks

that may be Tertiary in age.

Krosional surfaces of low relief are preserved at several

levels in the southeastern extension of the Santa Ana Moun-
tains, southwest of the valley, and in the broad area known
as the Perris block, northeast of the valley. The history of

their development, which has not yet been deciphered to the

satisfaction of all geologists familiar with the region, is inti-

mately related to the history of the Elsinore-Temecula trough.

It has been discussed by Dudley (19:!6), Larsen (1948, pp.

5-1.5), and others, and only its latest chapters need be con-

sidered here.

It seems likely that a widespread mature surface had been

cut on the crystalline rocks of the region prior to mid-

Pleistocene time. Its continuity was interrupted by numerous
moiiadnocks, and older surfaces were present at higher levels.

Parts of this early Pleistocene surface are preserved on the

Perris block at a general altitude of 1,700 feet, and it may
be represented in the southeastern extension of the Santa

Ana Mountains by broad surfaces atr altitudes near 2,200 feet

(Larsen, 1948, pp. 10-12). The early Pleistocene San Jacinto

River probably flowed southwestward across what is now the

Elsinore-Temecula trough and past the southeastern end of

the Elsinore Mountains to the sea. The Temecula Creek-

Santa Margarita River drainage seems to have followed a

somewhat similar course in areas to the southeast.

Diastrophism in middle Pleistocene time developed the

Elsinore-Temecula trough along a pre-existing zone of fault-

ing, and in effect raised the Santa Ana Motintains and the

mountains to the southeast as a barrier against the general

course of drainage. The Santa Margarita River evidently was

able to cut downward in pace with this uplift, and developed an

antecedent gorge (Temecula Canyon) through the mountains.

The San Jacinto River, in contrast, was deflected along the

floor of the trough, and may well have flowed southeastward

to join Temecula Creek and the Santa Margarita River. Later

it probably was captured by Temescal Creek to the northwe.st.

One or more lakes undoubtedly occupied the floor of the

trough during parts of late Pleistocene and Recent time. The
present basin of Elsinore Lake is a result of Recent warping

and faulting, and is bounded on the southeast by a low di-

vide. During prolonged periods of wet years the basin fills

and discharges through the town of Elsinore into Temescal

Creek ; during drier periods the lake drops to levels well

below its outlet, and it is known to have disappeared com-

pletely several times during the period of historic record.

72.3 The highway skirts the northeast side of the Elsinore Lake

basin, and lies immediately above a recent fault scarp that

has been modified by wave action. The fault is a part of the

Glen Ivy zone. The hill on the left (northeast) is underlain

by schistose rocks and (piartzite of the Bedford Canyon for-

mation.
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Map 6. Elsinore to Murrieta Hot Springs and Temecula. Qnl—alluvium; Qft—older alluvial deposits; Qta—Temecula arkose ; TQ1>

—

lias:ilt : TQi\—older arkose;
Kcd—Kranodiorite, quartz monzonite, and Kranite; Kt—tonalite ; Kgl)—Kahbro and n(»rite ; TRbc—Redford Canyon formation. See Table - f"r stratisraphic rela-

tionships and descriptions of these geologic tlnits. Geology after Larsen (I9.'f8) and Mann (lOoI); modified hy R. U. Jahns.
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On the opposite side of the lake is the Willard fault zone.

This zone, together with the Glen Ivy zone and the north-

trendinf.' Lucerne fault, outlines the northwest end of the

Elsinore-Murrieta i;raben (Map 5).

74.2 The road crosses the surface outlet of Blsinore Lake.

74.3 Elsiuore, Graham Avenue and Main Street.

Elsinoreto Pala—34.8 Miles

(Maps 5, 6, 7; Table 2)

74.3 Turn right (southwest) onto Main Street.

74.7 Rome Hill, an uplifted slice of Pleistocene fanglomerate be-

tween the Wildomar and Willard faults, rises from the lake

plain on the opposite side of the basin.

76.2 Bridge over San Jacinto River.

76.8 Plutonic rocks of the southern California batholith (Cre-

taceous) form the hills to the left (east-northeast). Coarse-

grained granodiorite yields light-colored, bouldery exposures,

whereas gabbroie rocks weather to brownish slopes on the

lower hills farther east.

In the area between here and Perris, 10 miles to the north,

are numerous small gold mines and prospects. The minerali-

zation is in quartz veins, most of which cut tonalite and other

batholith rocks. A few others are in the older metamorphic

rocks. Production from the area has amounted to about $2.5

million, mainly in gold and some silver (Sampson, 1935).

78.2 Bear right (southwest) onto a paved road, and cross the lake

plain.

79.2 The road crosses the .small trench of a fault that extends

along the base of a low, elongate ridge of upper Pleistocene

alluvial-fan gravels. To the left (southeast), a similar up-

raised mass lies on the opposite side of the same active fault.

The road cros.ses a second fault about 0.2 mile beyond this

point.

These and other faults in the valley are effective ground-

water barriers, and several of them separate blocks of ground

in which the water levels are known to differ by 200 feet or

more.

79.8 Turn left (southeast) on a paved road.

80.1 To the left (northeast and east) is a distinct southwest-

facing .scarp (in the valley floor. It marks the trace of the

Wildomar fault. The Willard fault zone trends parallel with

the road at the right and only a few hundred feet away.

Much of its trace is buried beneath modern alluvium,' but

several anomalous cols and knobs on the low ridges probably

are surface expressions of the fault zone. These are present

for a strike distance of more than a mile.

81.9 Turn left (northeast) on the road to Wildomar.

82.4 Wildomar. Turn right (southeast) onto State Highway 71.

83.6 The hills immediately adjacent to the highway on the left

consist of arkosic sandstone and siltstone of the Pleistocene

Temecula arkose (Mann, 1951). This formation constitutes

the oldest known part of the exposed sedimentary fill in the

Elsinore-Temecula trough, and is overlain by younger and
less deformed fluviatile deposits that also are Pleistocene in

age. These are exposed in the dissected valley-bottom area to

the right (southwest).

84.9 The road jogs to the right around a spur of highly deformed

sandstone and conglomerate that are younger than the Te-

mecula arkose. The steep dips of the beds probably are the

result of drag along several subparallel breaks in the Wildo-

mar fault zone. The Willard fault zone is only about a quar-

ter of a mile to the right (southwest ) in this area, and its posi-

tion probably is marked by a Quaternary dike of nepheline

basalt that crops out along Murrieta Creek. The deepest part

of the graben thus is very narrow here, but it widens con-

siderably to the southeast.

The moinitain spur on the opposite .side of the valley con-

sists of tonalite, whose light-colored, bouldery outcrops are

in marked contrast to the brownish, smoothly sculptured

slopes underlain by the Bedford Canyon formation farther

southeast. About 4 miles due south is Mesa de Burro, a rem-

nant of an old erosion surface that is capped by olivine ba.salt

of late Tertiary or Quaternary age.

85.2 The small quarry about 0.2 mile to the left (northeast) ex-

poses a bed of white rhyolite tuff, which is underlain by

bluish clay and overlain by sandstone and fine-grained silt-

stone. The section dips about 35° southwest, and occupies a

narrow fault block. It might be of Jliocene age, as suggested

by Larsen (1948, p. 107), but more likely it is a part of the

Temecula arkose.

87.4 Murrieta. Several wells in this part of the valley provide

data that not only establish the positions of at lea.st six sub-

parallel faults within a stri|) about a mile wide, but plainly

indicate the grabcn-like structure beneath the valley floor.

As much as 2.500 feet of the Temecula arkose is present in

the deejiest block, where it is overlain by 300 to 500 feet of

younger Pleistocene deposits (fig. 7). The olivine basalt of
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Figure 7. Cross-section through the Murrietn area from Mesa de Burro to Hocrback Ridge, showing the general structure of the Murrieta gratien. This is a local

feature of the Elsinore fault zone, and dates from early or middle I'leistocene time. Baned in part upon data from Ltirsen (19-^8) and Mann (tit.'/I).

Mesa de Burro is an excellent index of the vertical com-

ponents of displacement in the faulted area, as it has been

penetrated in the subsurface and also crops out on Hogback
Ridge, about 3^ miles northeast of Murrieta (fig. 7). The
maximum vertical offset indicated by this basalt is about

4,000 feet.

87.6 Turn left (northeast) at corner.

88.2 Turn right (southeast) at corner.

88.7 Turn left (northeast) onto Murrieta Hot Springs road, which
traverses gently rolling country underlain by upper Pleisto-

cene valley fill (Map 6).

89.9 Cross U. S. Highway 395.

90.5 Temecula Hot Springs. The springs mark the trace of a

fault that extends eastward from the vicinity of Murrieta.

91.2 Murrieta Hot Springs. A group of subparallel, east-trend-

ing faults extends through this area, and separates strata of

the Temecula arkose from gabbroic rocks of the southern

California batholith on the north. The trace of the main
break lies immediately beyond the large cluster of buildings.

92.4 Turn right (south) onto Winchester Road.

94.8 Turn left (southeast) onto U. S. Highway 395, which crosses

the trace of the Wildomar fault at a very acute angle.

95.5 The southeast-facing scarp of the Wildomar fault is at the

left, and the trace of the fault is marked by several springs

that contribute water to the swampy ground crossed by the

highway.

96.7 Roadcut exposures of typical upper Pleistocene valley fill,

chiefly arkosic sandstone and pebble conglomerate that are

locally cross-bedded (fig. 8). This poorly consolidated mate-

rial is a part of the Pauba formation of Mann (1951), and

is younger than the Temecula arkose.

96.8 Temecula lies to the right (southwest).

97.9 About half a mile ahead and to the right (south) is the slot-

like upper end of Temecula Canyon, through which the ante-

cedent Temecula Creek-Santa Margarita River drainage

crosses the mountains that adjoin the Elsinore-Temecula Val-

ley. This rugged defile has been the scene of several spectacu-

'-wmM
FloT'BE S, Unudout cxpo-suri' (if piMirly consolidate*! iirkusic sandstone an<I

|K»l>l)|p conKlnmcrntc near Tompcula. This valley fill is late IMeistocene in age,

and is a part of the I'auba formation of Mann (IttOl).
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lar floods during; historic times. In 1884, for example, the

orifriiial San Diepo line of the Santa Fe Railway, which had
been built throu<ih the canyon only two years earlier, was
obliterated by flood waters that in places were more than 25
feet deep ; many of the ties and bridge timbers were encoun-
tered by ships 100 miles out at sea. After much of the line

was again washed out a few years later, it was abandoned in

favor of a more practical route along the coast.

The brownish hills northwest of the canyon are underlain
by schists and quartzite of the Bedford Canyon formation,

and tho.se to the southeast by coarse-grained granodiorite of
the southern California batholith.

98.0 Turn left (southeast) onto State Highway 71.

98.1 The Agua Tibia Mountains lie directly ahead.

Afjua Tibia Mountains. The Agua Tibia Mountains, which
rise to heights of slightly more than 6,000 feet, are approxi-

mately 20 miles long and 8 miles in average width. Their
southeastern end slopes into the Warner Basin, and their

northwestern end is separated from the Elsinore-Temecula
Valley by a foothills area of complex block faulting. This
rugged and bold-faced range is essentially an uplifted block

of pre-Tertiary crystalline rocks that is bounded on the south-
west by the Elsinore fault zone and on the northeast by the

Aguanga fault zone. These zones converge northwestward,
and merge to from the Elsinore fault system in the areas

beyond Murrieta.

The range is composed of plutonic rocks (chiefly tonalites),

older metamorphic rocks that probably are in part correla-

tive with the Bedford Canyon formation of the Santa Ana
Mountains, and a wide variety of injection gneisses and other
hybrid rocks. At lea.st three large faults are known to cut
the.se rocks within the main mountain block, and a cover of

Plei.stocene sedimentary rocks is preserved in several de-

pressed fault blocks at the northwest end of the range.

98.7 Bear right onto Temecula Road.

98.9 Bridge over Temecula Creek; bear left onto Pala-Temecula
Road immediately beyond.

99.2 The road traverses the smooth floor of Pechanga Valley,

which is flanked by dissected low benches of upper I'leisto-

cene fluviatile deposits. The low scarp on the northeast side

of the valley is associated with one of the principal faults

of the Elsinore zone ; this same fault extends through the

prominent saddle in the skyline ridge directly ahead. The
rolling hills between the valley floor and the main slope of the

mountains to the east and southea.st are underlain chiefly by
the Temecula arkose.

101.6 Turn left (northeast) onto a paved road thatextends up the

valley of Pechanga Creek.

102.1 A small knob of Temecula arkose lies to the right (south), at

the far side of the creek. The beds dip steeply southwest, and
probably have been dragged along one of the breaks in the

Elsinore fault zone. The arkose consists chiefly of quartz,

muscovite, and essentially fresh feldspars and biotite, together

with small pebbles of granodiorite. Analyses indicate that,

within the limits of sampling error, its bulk mineralogical

and chemical composition is the same as that of the grano-

diorite exposed on nearby hills. Evidently the .sediments were
derived mainly from disintegrated granodiorite, were not

transported far, and were laid down rapidly under condi-

tions that permitted little chemical weathering.

Retrace the route to Pala-Temecula Road.

102. G Turn left (.southeast) onto Pala-Temecula Road.

103.3 Some of the low, rolling hills in this area are underlain by
upper Pleistocene arkose, and others by granodiorite. It is

very difficult to distinguish the two rocks in areas of weath-
ered exposures.

KKiiitK 0. The Mis.Kioii Asistciicia nt I*nln, ns it nuppnrwl .'^Imrtly after the turn
of the present century. Photo fOurte.it/ of Mrs. Frank .1. .s'(i/morij».
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Figure 10. The detachod Iicil tower of tlip r<Toiistnic-if.I

Pala mission, iis it appears to<la.v.

104.0 Riverside-San Diego county line.

104.1 Summit. This pass is only about 250 feet above Temecula

Creek 4 miles to the northwest, but is more than 900 feet

above the San Luis Rey River, which is an equal distance to

the south. Pala Creek, a south-flowing tributary of the San
Luis Rey River, has carved a deep canyon and is working

briskly headward at the present time; it seems likely that it

will capture Temecula Creek and the drainage of much of the

Elsinore-Temecula Valley within a short period of geologic

time.

104.8 Roadside outcrop of Woodson Mountain granodiorite, one of

the principal rock types in the southern California batholith.

The coarse-grained rock here exposed contains an unusually

large number of inclusions, but otherwise is typical for this

area.

105.5 Pala Canyon is at the left (east).

105.9 Numerous roadeut exposures of Woodson Mountain grano-

diorite with well-developed planar structure that is empha-

sized by weathering. The structure is thought to be a result

of primary flowage during intrusion. The same rock is well

expo.sed on the opposite side of the canyon, where its out-

crops are markedly different in appearance from those of the

gabbro and norite on the upper slopes of Queen Mountain to

the south. The granodiorite is separated from the gabbroic

rocks by a screen of quartzite, schist, and fine-grained grano-

diorite that probably is in part of metasomatie origin.

The old dumps and two small buildings below and to the

right of the summit of Queen Mountain mark the position of

the Tourmaline King mine, one of the gem mines of the Pala

district.

107.5 Cross Pala Creek.

108.2 The road crosses the alluvial floor of the San Luis Rey River

Valley. Pala Mountain, a large mass of gabbroic rocks, lies

ahead ; the cliff-faced mountain ahead and to the right (south-

west) consists mainly of leucogranodiorite.

109.1 Pala. The outstanding feature of this small Indian settle-

ment is its mi.ssion, which is on the east side of the plaza.

Founded in 1815 as an a.ssistencia, or branch, of Mission San

Luis Rey, it was allowed to deteriorate in later years (fig. 9)

and was further damaged by a flood in 1918. It was subse-

quently restored in full (fig. 10), and still remains in .service.

It is the only one of California's mission establishments with

a detached bell tower.
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Map 8. Pala to Warner Basin and Mesa Grande. Numbered mines and quarries are as follows: (1) Tourmaline Kinp—tourmaline, quartz. (2) Tourmaline
Queen—tourmaline, quartz. l'.i) Wiiite Cloud—tourmaline, quartz. (4) (Jem Star—tourmaline, (juartz. (fi) Stewart—lepidolite, amlilyponite. tourmaline, (ft)

Douclass—tourmaline, quartz. (7) Oeean View—ber.vl, quartz. (S) Pala Chief—spodumene, tourmaline, beryl, quartz. (9) Senpe—beryl, lepidolite, quartz, tour-

maline. (K)) San Pedro—beryl, spoduniene, quartz, tourmaline. (11) VanderburK—spodumene, lieryl, quartz, t(mrnialine. (12) Katerina—spodumene, lepidolite,

(piartz, beryl, tourmaline. (].S) Farj;o—tourmaline, quartz. (14) El Molino—beryl, cjuartz. (l."i) Johnson {Mc(Jee)—dimen.sion stcme. (1(>) Mack—beryl. (17) Victor
—beryl, tourmaline, spodumene, garnet. (IS) Clarli—quartz, beryl. (191 Esmeralda—tourmaline, beryl, quartz. {20} Himalaya—tourmaline, beryl, quartz. (21) San
Diegt)—tourmaline, quartz. (22) Mesa Grande—tourmaline, beryl, quartz. (23) Kose Quartz—quartz, garnet.

Pala to Warner Springs—40.8 Miles

(Maps 7, 8,9; Table 2)

Pala Pegmatite District. The Pala distrift has been a

widely known source of gem and lithium minerals, and its

total recorded mineral output is valued at nearly $800,000.

Formal mining operations began in the eighteen-nineties, and
activities were greatest during the period 1900-1914. Lepido-

lite, tourmaline, and gem spodumene have been the chief

products, and small amounts of arablygonite, beryl, feldspar,

and quartz also have been mined. The di.strict has been

studied and described by several investigators, and the reader

is referred to the papers and reports of Waring (1905), Kunz
(UtO.'i), Merrill (1914), Schaller (1925), Donnelly (1936),

and Jahns and Wright (1951) for more detailed treatment of

its geology and pegmatite deposits than appears in the fol-

lowing paragraphs.

The district has an area of about 1.'! .S(|uare miles, and in-

cludes several small mountain masses on both sides of the

San Luis Key River. It is immediately southwest of Agua
Tibia Mountain, and is separated from it by a broad topo-

graphic bench that marks the trace of the Elsinore fault zone

(fig. 11). The district is underlain chiefly by granodiorite,

tonalite, gabbro, and norite of the southern California batho-

lith, and in .some places by older metamorphic rocks. At least

400 bodies of granitic pegmatite are exposed within its

borders.

Most of the pegmatite occurs as tabular masses that trend

north to north-northwest and dip gently to moderately west-

ward. They are remarkably persi.stent, with strike lengths of

as much as a mile, and they range from thin stringers to large

dikes with bulges nearly 100 feet thick. In several places they

occur as swarms of closely spaced, subparallcl dikes (figs. 11,

12). The dikes in some swarms branch anil converge along

their strike, and locally they form thick composite bodies in

which each member dike retains its identity (fig. 14).

The pegmatites are most abundant in the gabbroic rocks,

which are known collectively as the San Marcos gabbro (Mil-

ler, 1937; Larsen, 1948, pp. 41-53), and they appear to have

been emplaced along a single well-developed set of fractures.

These fractures are independent of the primary structural

features of the enclosing rocks, and they transect contacts

between major rock units; they may well have been subhori-

zontal at the time of pegmatite emplacement, and probably

were developed as contraction features while the rocks of the

southern California batholith were cooling on a regional scale.

Some of the pegmatite bodies are es.sentially homogeneous

in mineralogy and texture, but most are composed of units

that differ frtmi one another in lithology. Graphic granite is
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and musfovite, anil, less eomnionly. of lepidolite and tourma-
line. Similar mineral a^'pretrates oc-rur in the central parts of

many dikes, where they frenerally appear to have corroded

the surrounding' peprmatite zone or zones. These centrally dis-

l''lGl"KE 12. Dike ami pui-jillel strings of lin*'- to inediuin-^'rniniMl ])i>^'ni:ititf

in Itonsnil tonalitt', small <iiiarr.v west of Pala. The dike, nbo\it 2 feet in avi'ra;:*'

tliickiies.'i, eoniprise.s a !ianKiii;,'-waIl la.ver of K'^apliie jiranitf and a foot wall Ia.\fr

of Jine-Krained, aplitic rock.

the chief constituent of tiie (lutermost units, or border zones,

which generally are thin, discontinuous, and tine orained. It

aLso composes most of the adjacent, coarse-grained wall zones,

which ordinarily are the thickest and mo.st persistent of the

pegmatite units (fig. 13). In general, it is more abundant in

the hanging-wall parts of the larger dikes than in their foot-

wall parts, and it constitutes nearly the full thickness of

many smaller dikes.

Discoidal to highly irrcgidar masses of coar.se- and very
coarse-grained pegmatite form the innermost zones, or cores, of

many dikes. Some are comjjosed of quartz, perthite, or an
aggregate of these minerals, and others consist of quartz and
giant crystals of spodumene. Spodumene of gem quality oc-

curs wholly within the cores, and represents the relatively

small amount of this mineral that has escaped hydrothermal
alteration (fig. 15). Some of the cores are separated from
nearby wall zones by one or more intermediate zones, whiclj

form discontinuous or complete envelopes around them (fig.

13). The.se iniits are present mainly in the largest dikes, and
generally are rich in coar.se-grained perthite.

Fracture-filling units are widespread, and consist chiefly of

quartz, albite, fine-grained miiscovite, or combiiuitions of

these minerals (fig. 1.')). Fracture-controlled replacement
bodies are sujierimposcd upon the zonal pattern of nearly all

the pegmatites. They are comiaised mainly of ^dbilc, cpiartz.

ILL
"1 L r J T

-d ^ -i

_ ^^_^ -r-.^^.-^ -

Scale in feet

Ouartz- spodumene pegmatite, very coarse
grained.

[ V V V

I

Massive quartz,

h ^ " =1 Massive quartz with large euhedral crystals
\'^ "^^^

I of perthite.

I
<^ Ca*^ r^l Blacky perthite, very coarse grained.

r
I

Graphic granite, coarse to very coarse grained.

:-;-:| "Line rock": albite - quartz ~ perthite pegm.atite,
-=^ layered and fine grained.

Knii ui: KI. Mciilizcd sectiiins of iM'^iiiiititc dikes in the Vi\\i\ ilislrii-t. slit)\viii;:

l.vitical ziMial striicImT. A. Simply /.uiii'd diUt' willi liin'-^innin'i! lower luivl (Tniii-

ni.-iliin- Kin;:, T<nirm:iliiM' (^ti iii. M. Itul;;iii;,' diKr witli tiioit- iiuiiifroiis iiiiirr

/..iiics (nr.'jiii View. ]:! .Mi'Iiiiiil. (*. Uul^'iiiK diUi- with ci'iiiph-x z»'n:il slnu-tun-

I Sirwiii'l. \'jin(UTliur;:-KiiliTiiiJi I

.
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Workings of tlie tiejn Star mine appe.'ir t)elo\v tlie cliffs in llo- rii,'lit-han<i jiart of Ihe view. I'titifii- .Mr lutltisttivn phiilii.
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l-'li.i III : I 1 1
i phici'ini-lit ln:lsscs unci small fi-iHiun lillin.s

iif iilliil'' I ii::iii I 111 \rr,\ ("iiivr-iiriiiiH'ci qimrlz (ihirk). I'ala Chief iii l';ila

district. Aliiive this slriiifil r<H'lc is a Ia.\cr i»f "iiocket in'finiatilf" lliat has iiecii

wiM'lif'd fnr K*'iii spiMturiHMie, and c.viinscil in tlio liaclt of tlir sninll stoin' is cnarsi'-

;;raiii(>(l inTthitc-iiiiart/, iicKiiiatitf. ISt'hiw the striped rocli i.s aliiite-ciuartz-perth-

itc i)e;:matite with suhiirdinate muscovite and schorl.

posed units, which oominouly cnintaiu residual masses of

earlier niiuerals, include much of the district's so-called

"pocket pegmatite," a rock type composed mainly of fine- to

coarse-grained, subhedral to euhedral i|uartz, albite, potash

feldspar, iiuiscovite, lepidolite, and tourmaline.

All of the gem tourmaline, beryl, and quartz, as well as the

commercial concentrations of lepidolite and much of the gem
spodumene, occur in the pocket pegmatite. Very little open
space is present in this type of rock, and the few large cavi-

ties that do occur are partly or completely filled with a cla.v

through which gem crystals are scattered. The pocket pegma-
tite is largely restricted to cores and immediately adjacent

zones, and is found chiefly along the footwalls or in the foot-

wall parts of the cores.

Fine-grained granitoid rocks, composed mainly of ((uartz

and albite, are common in the footwall parts of many dikes

(fig. l.'i), and also occur elsewhere in some dikes. Several

varieties are essentially uniform in texture and structure.

Others, known collectively as "line rock," are strikingly

109.1

109.4

marked bj* alternating thin layers of garnet-rich and garnet-

poor pegmatite, or of schorl-rich and .schorl-poor pegmatite.

Layering in some of these rocks also is caused by distinct

variations in texture.

The Pala pegmatite bodies are thought to have been formed
b.y crystallization of liquid that was injected along fractures

during the final stages of consolidation of the southern Cali-

fornia batholith. The pegmatite zones appear to have de-

veloped from the walls of the bodies inward, probabl.v by
fractional crystallization and incomplete reaction with the

residual liquid. Many, if not all, if the relations in the central

parts of the most complex pegmatites seem best explained in

terms of progressive accumulation and late-stage crystalliza-

tion of mineralizing fluids, with aceompan.ving deuterie re-

placement of earlier-formed minerals (Jahns and Wright,

1951, pp. 44-45). In order to develop a few of the larger re-

placement bodies, material may have been derived from other

parts of the dikes. The origin of the line rock and other fine-

grained parts of the dikes is less clear. The.v appear to have

formed in part b.v replacement of earlier graphic granite, as

fir.st pointed out b.v Schaller (1925), but they are older than

many stringers, lenses, and pods of graphic granite that occur

within them.

Approximately 75 minerals are known from the pegma-

tites of the Pala district, and most of them still can be col-

lected by persons with patience and a practiced eye. Indeed,

the district has long been a hapjiy hunting ground for min-

eral collectors. Visitors should be cautious, however, in enter-

ing the old mines, as many of them are in poor or dangerous

condition. The underground workings of the Stewart and
Tourmaline Queen mines (Map 8) are badl.v caved, and
should be avoided entirely. None of the deposits .should be

visited without the knowledge and consent of the owners, who
have suffered in the past from the thoughtless actions of

some collectors.

Leave Pala, traveling west from the plaza.

Bridge over Pala Creek. Immediately beyond this bridge, a

small quarry exposes a pegmatite dike and several parallel

pegmatite-aplite stringers that transect medium-grained to-

nalite (fig. 12). This is the Bonsall tonalite. one of the must

extensive rock types in the Peninsular Range province (Hurl-

but, 19.35; Larsen, 1948, pp. 58-()7). It is younger than the

gabbroic rocks and older than the granodiorites of the sotith-

ern California batholilli, and contains numerous mafic streaks

and ovoid inclusions of partly digested gabbro. quartzite. and
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schist. A nearh- vertical dike of aplite is exposed near the

east end of the quarry.

109.7 Turn sharply left (east) onto Pala Road (State Highway 76).

110.6 Dumps of the Stewart mine are visible on the lower slopes of

Queen Mountain to the left (north). This and other mines

on Queen and Chief Mountains can be reached from Pala

over trails and unimproved roads, as shown on Map 8.

110.8 Junction with old road into Pala.

111.4 Bear left onto paved road for side trip to Iliriart Mountain.

Hiriart Mountain Side Trip

(0.35) Turn left (northea.st) onto narrow paved road.

(0.7) The broad surface of the late Pleistocene Afrua Tibia fan lies

to the rifiht (southeast). Ahead is Iliriart Mountain, a mass
of gabbro and tonalite whose slopes are ribbed by the out-

crop.s of numerous pegmatite dikes.

(1.0) Bear left on McGee Road. The road on the right leads to the

headquarters of George Ashley, mineral dealer and owner of

several mines on Hiriart Mountain.

(1.2) Workings of the Katerina (Ashley) mine are on the hillside

at the right (east). This mine has been developed in a thick

and very continuous series of juxtaposed pegmatite dikes,

which contain examples of all types of pegmatite found in

the district. The first known occurrence of the gem spodu-

mene kunzite was discovered on this propert.v, which has been

worked intermittently since 1902. Substantial quantities of

lepidolite and gem spodumene, quartz, and beryl have been

recovered from the mining operations.

Retrace route to State Highway 76.

111.4 Continue ea.stward on State Highway 76.

111.5 Numerous roadcuts beyond this point expose extremely

coarse-grained detritus that constitutes much of the large

Agua Tibia fan (figs, 11, 16). Termed the Pala conglomerate

by Ellis (Ellis and Lee, 1919, p. 70), these fan deposits were

derived principally from Agua Tibia Mountain and other high

areas to the north. Most prominent among them are bouldery

layers, some as much as 35 feet thick, that show little sorting

or bedding and evidently represent old debris flows. Exten-

sively fractured granodiorite within and near the Elsinore

fault zone probably was a major source of the detritus. The
deposits contain scattered vertebrate remains of late Pleisto-

cene age, and probably are in part correlative with tlic

younger arkosic fill of the Elsinore-Temecula trougli.

113.1 Surface of the Agua Tibia fan. This point provides an ex-

cellent general view of the Pala district, and especially of the

pegmatite dikes that crop out on the east sides of Queen,

Little Chief, and Hiriart Mountains (Map 8, figs. 11, 14).

Several boundaries between masses of gabbro and norite and
younger plutons.of granodiorite are clearly shown by differ-

ences in surface expression of these rocks (fig. 11). In this

area most of the gabbroic plutons contain numerous pegma-

tite dikes, but a few appear to be pegmatite-free.

The mass of fine- to medium-grained hornblende norite on

Slice Mountain, about H miles to the north-northeast (fig.

11), has been (piarried for dimension stone (Iloppiu and

Norman. 1950). This so-called "black granite," which is used

mainly for moniiments. is obtained from large boulders of

fresh rock that are surrounded by thoroughly weathered ma-
terial. Some of the residual boulders are parts of a surface

layer of creep debris, whereas others have not been moved
from the positions thej' occujiied prior to wcatliering of the

rock (fig 17).

^

VkwM'. ](i. K<i!i(icut rxposun' nt' llio cliiintif ih-hris-tinw ili'|Hisif.^ ili:'t <-<iMsti-

Mili* much of tlu' Af;iia Tilua fan, Tala district. Nrarly.all of ihr fnu'tm-iils iirt'

\\'(»)(l.soti .MnimlaiTi KraniMlioritc
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a few of the numerous dikes that are present in the areii

(Map 8). The geolog-y and mineral deposits of the district

liave been treated in detail by Ilanley (1951), and the com-

plex mineralogy of the Victor pegmatite has been described

by Kofrers (1910).

As in the Pala district, the pegmatite occurs maiidy as sub-

parallel dikes that appear to have been emplaced along re-

gional joints. In general they strike north-northwest and dip

at moderate angles in a southwesterly direction. Unlike those

of the Pala district, the Rincon dikes occur chiefly in jilutons

of tonalite, rather than gabbro.

Most of the dikes are mineralogically simple, and consist

of quartz, perthite. and albite with s\ibordinate muscovite

and some accessory garnet, schorl, and beryl. Lithium-bearing

minerals are present in only a few localities. The iiu)st abund-

ant types of pegmatite are graphic granite, (puirtz-perthite

pegmatite, massive quartz, and tine-grained, aplitic rocks that

include typical line rock. The dikes ordinarily consist of three

zones—a border zone, a wall zone, and a simple or segmented

core. Other units of fine-grained rock, or of lithium-bearing

pegmatite, occur locally. Few composite dikes have been rec-

ognized.

1199 Hincon. Rear left (east) on State Highway Tfi.

A .")-niilc side trip on the road to Escondido (bear right at

Rincon) provides excellent exposures of the Bonsall tonalite,

by far the most widespread rock type in this area. All grada-

tions between weathered and vinweatliercd rock can be seen

in roadcuts on the grade south of the San Luis Rey River

Valley. Residual masses of fresh tonalite are typically sur-

rounded by disintegrated material (gr\i.ss) in which original

textures and structures are remarkably well preserved (fig.

IS) ; these masses have been referred to as "boulders of dis-

integration" by T.,arsen (1948, pp. 114-117). Many of the

boulders represent the cores of original joint blocks, and

where they rise above the .surface of the ground they are

grouped in regular patterns that reflect the original pattern

of jointing.

120.0 State Highway 76 ascends the steep alluvial Ian of Yuinia

and Potrero Creeks.

1"2().3 .\ ridge of bedrock beneatli the surface of the fan in this

area is an effective ground-water barrier, and much water is

pumped from the basin above it for irrigation of avocado and

citrus groves.

The rib-like projections of many pegmatite dikes ap]>ear-

low on the slope of Mesa Mountain at the left (north).

ll'l i;

]2:i.2

124.:^

124.9

]2.').2

(1.1)

(1.(i)

(2.21

(2.7)

(.•i.2)

(:i.6)

(-1.0)

(4.7)



38 GEOLOGY OF SOUTHERN CALIFOKXIA
I
Bull. 170

(7.0) JuiK-tiou with Rid^se Road. Cdiitimie stiHij.'ht ahead on Ob-

servatiirv Hnad, wliioh passes throu^'h heavy stands of incense

cedar. Nuinprons roadcuts expose rocks of the Julian schist.

(10. :i) The road cros.ses a swale that marks the trace of the soutli

branch of the A^'ua Tibia fault, a longitudinal break that

lies within the range.

(10.9) The road crosses the north branch of the Ajrua Tibia fault,

whose freneral trace is marked in the area to the southeast by

elonfrate shallow depressions and by ali>rned >rulches and

canyons.

(11.7) Palomar Observatory. The main observatory buildiuf: houses

the telescope with the famous 200-inch mirror. The museum
and observation frallery arc open to visitors <laily from 8 A.M.

to 5 P.M.

Retrace route to State Highway 7().

12r).2 Continue eastward on State Highway 76.

127.2 Large cliff-making expo.sures of Wood.son Moiuitain grano-

diorite are visible on both sides of the San Luis Rey River

Canyon ahead and to the right (southwest). Several road-

cuts expose Bonsall tonalite and associated hybrid gneisses.

128..") The highway traverses an area in which very coarse-grained

landslide debris conceals most of the bedrock.

12!).4 Large roadcut exposures of thoroughly .shattered and sheared

rocks in the Elsinore fault zone. For the next 5J miles the

highway lies within this zone of severe disturbance, which

has controlled the general course of the San Luis Rey River

in this area.

]:!2.!l San Luis Rey Campgromid.

134. (i Turn left (north) for side trij) on Palomar Ridge Road.

Palomar Ridge Road Side Trip

(().().')
I Cross the San Luis Rey River and Elsinore fault zone. Hcn-
shaw Dam, a large earth-till structure, is at the right (east).

(0.")l Deep roadcuts expose shattered tonalite and granodiorite.

Wiirnir llasin. The Warner Basin, also known as the

\'alle de San Jose, is a broad, saucer-like depression about

I) miles in diameter (fig. 17). It is separated from the Me.sa

Grande upland area on the southwest by a very steep scarp

along the Elsijiore fault zone, and from Hot S])rings Motni-

tain on the northeast by less prominent scarps associated

with the Aguanga fault zone (^lap !)). The Agua Tibia

Mountains and Volcan Jlountain rise to the northwest and

southeast, respectively. The basin is transected b.v the Agua
Tibia—Earthquake \'alley fault zone, which bounds Volcan

Mountain on the northeast.

The floor of the basin, is underlain by alluvium and by

arkosic valley till of late Pleistocene age. The fill jirobably

is correlative in age with parts of the fill in the Elsinore-

Temecula trough. It rests upon jilutonic igneous rocks, some
masses of wliich project up through it as knobs and ridges,

and it evidently was laid down upon a very irregular surface.

In general it is thickest in the western part of the basin,

and gives way in an eastward direction to a thin and discon-

tinuous layer of gru.ss and residual boulders that lies directly

upon crvstalline rocks.

Sauer (1929, pp. 224-231) has divided the basin geomor-

jihically into two parts, a .southwestern area of Quaternar.v

aggradation and a slightly larger northeastern area in which

degradation has been the dominant process. The distribution

of the upper Pleistocene fill suggests that this view may be

somewhat oversimplified. Certainly the history of the basin

is intimately related to movements, including some of lateral

nature, along at least three ma,ior zones of subparallel fault-

ing, and some transverse downwarjiing may have been in-

volved, as well.
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Figure 19. A part of the Warner liasin mid Lake Ilcii^haw, v it-wed sou tln-astward fri)tn thf «'iui i»f the ARna Tibia Mountains. A dissected fill of upper
Pleistocene arkosic .sandstone and oonclomcrnte occupies much of the lowland area. Shorelines correspundiiig to higher stages of the lake are outlined by stripes

of vegetation in the middle distance. Volcan Mountain is at extreme riglit.
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Figure 20. l.iirti' l>oul<Icr.s of disintoRrnlion ro.stiiiK on ii smodh Ix'ilcccU .-urfmc, suuih t-iil.^ oi the Wiiriicr liiiMii. Tlir mck is iln' I.iikrvivw .Mouniiim loiKiiite



(It'oloiiic (iiiiile X(i. o] XORTIIERX I'EXIXSI'I.AK KAXdE I'KOVIXCE 41

(().()) Hroad view of tlip Warner Basin. Tlic tUmy of tl'(> valley is

oecupied mainly by a dissected fill of po(ndy <'onsolidated ar-

Uosie sandstone and eon^lonierate. Monkey Hill, a knob of

tonalite. rises above the floor near the southeast end of Lake

llenshaw. Abandoned shorelines of this reservoir lake are ont-

lined by enrvinp: stripes of vefjetation durin<; periods of low

water (fi<r. 19).

(2.0'l \'iew of the northern part of the Warner Basin and the

mountains beyond. The bonldery, lijrht-eolored slopes in the

distanee to the northeast are nnderlain by coarse-frrained

l.;ranodiorite and felsie tonalite. and the darker-eolored ridfres

are nnderlain by foliated rocks of possible Paleozoic ajie. The

belt of metamorphic rocks terminates nortliwestward at

Beanty Peak, visible near the left-hand end of tlic skyline

rid<;e.

(:i.LM Tnrn aromid and retrace route to State Ilif^hway 76.

134.6 Continue eastward on State Ilifrhway 76.

]:i.').2 The small hill to the left (east) is an uplifted slice of upper

Pleistocene arko.se within the Elsinore fault zone. For tlie

next -i miles the hiprhway traverses an irre^'ular alluvial apron

that skirts the southwest side of the Warner Basin. On the

rip:ht is the steep scarp, known locally as "The Drop Off,"

that marks the northeastern edge of the Mesa (irande upland

area.

]:i7.() Deep roadcut in foliated rocks of the Jidian schist. Bear

rijrlit (Uito old road for side trip to Mesa Grande.

Mesa Grande Side Trip

(0.2') Turn rifrht (south) onto a narrow road that ascejids The

Drop Off. Exposed in numerous cuts on the 2-unle f;rade are

schist, (jnartzite, and several varieties of hybrid gneiss, as

well as tonalite and ^ranodiorite that probably antedate thi'

southern California batholith.

(1.9) Dumps of the old Shenandoah mine arc at tin- ri^lit I iiurili-

west). This ijold mine, like numerous other small mines in

areas farther south, was developed in a lent iciihir ipuiriz vein

that cuts schist and irneiss.

(2.8) The road follows Seholder Creek, iu a t,\pical small valley

of the Mesa (irande country. To the ri^dit (north) is .\n^;cl

.Mountain, which consists of -rabbroic rocks and older foliated

tonalite. Several roadcuts expose this tonalite, whiidi has been

correlated by Merriam (1946) with the Sloui'wall f.'i-:

(liorite of the .Julian area to the southeast.

(4.;i) .Innctioii willi road to the unues on (!em Hill.

M(.i(i (Innidc I'cijiiiiililc District. The pcj;iuatitc deposits

<if the Mesa (irajide district, which occupies an area of about

2 s(|uare miles, have yielded an impressive amount of •^•em

tourmaline, as well as small (piantities of "rem beryl, irarnet.

and (puirtz. The Himalaya and San Die-ro mines, on (ieni

Hill, probably have been the world's foremost source of f;<'m

and specimen tourmaline. Activities in the district were great-

est during the priod 1902-12, and only a few mines have been

worked intermittently since that time. Des<'riptions of the

deposits have been published by Kunz (190.3), .Merrill (1914 i,

Schaller (1922), and several other investigators.

As in the Pala and Rineon districts, most of the pegmatite

occurs as subjiarallel dikes that trend north to jiorth-uorth-

west and dip moderately toward the west. At least 90 of these

dikes are present within the district. They are enclosed

maiidy by gabbroic rocks.

The internal structure and lilhohigic units of the dikes are

similar to those of the pegmatite bodies in the Pala district,

although their average thickness is much less. The gem min-

erals occur t.vpicall.v in pocket pegmatite, chiefly in the cen-

tral parts of a few dikes. In general, lithium-bearing varieties

of tourmaline are more abundant than in the Pala district,

whereas gem spoduniene is relatively rare.

The princijjal gem deposits can be reached by road, as

shown in Map 8, but travel over many of these roads by

ordinary automobile is not recommended. With few excep-

tions, the underground workings of the mines are badlv caved

in- are in ollierwise unsafe cimdition, ami they sho\dd not be

entered.

(4.7) Mesa Oraude school, anil .junction with road to mines west of

(lem Hill.

(.)..')) Mesa (iraiide. Retrace route to State Highway 76. or con-,

tinuc southeastward 6.9 miles to State Highway 79 and

thcui'e ").;{ miles northward to re.join the main i-onte of travel

at Morettis Corner.

l:j7.() Continue southeastward on State Highway 7li.

l:!.H.:j ,\lieail is the valley of Carrista (.'reck, which marks the trace

of the Elsiu<ire fault zone. The slopes of \'olcan ^loindaiu, on

the uoi-theast side of the valley, are nnderlain by toindite and

granodiorite that probably are older than tlie rocks of the

.southern California batholith.
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SIap 9. Wnrner Baxiii and adjacent areas. Qal—alluvium ; Qwa—arkosic liasin fill ; Kt—tonalite ; Kitli—Rabbro an<l norite ; Js—Stone-
wall granodiopite and associated schists, (luartzite, and hylirid Kneisses ; Trj

—

Julian schist. Sec Tabic 2 f'»r stratiKrnpliic relationships and
descriptions of these RcoIot;ic units. (ifoln{/i/ by U. If. ./nhtix titul Uirhard Mcrriam.
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Map 10. Rnmnnn-.Tiilinn ar«i. Qui—nlluviiun iiiid tornici' ilc|iosits (I'liMst iw ;ii»l Hrccnt I : Tii—I'owa.v coiiKlomorato (Koceno); Kwni—AViioilson MdUntniii

Knuiodidi-ito (Cretaceous); Khv— I,Mke Wolfnril Krauuilimite ( L'retiiiwms) ; Kr— Uiinn.iia tonalite ( CretnceDus) ; Kli—Bonsall tonalite (Cretaoeous) ; Kim—Lake-

view Mciuiitain tonalite I Cretaeeoiis) ; Kcv—(ireen Valley tonalite ( Cretaeeons ) ; Ksni—San .Marcos Kalihrn (Cretaceous); .Is—Stonewall Kranoiliorite and asso-

ciated schists, (jnartzite. ami lijbrid fjneisses (.Jurassic '.')
; Titj—.lulism schist (Trijissic V). (leolinjij hy litvhard Merriaiit.

l:i;i.'-2 :\loi-i'ttis ('(ifiici- ; I'uil (if .Stall' lliojiwiiy T(i. Tiiiii left l iinftli)

iiiitd State llioliwiiy I'.K

l:i!'.7 l!(iaik-tit e.xpusiii-o.s of \vi'll-l.)f<l(lcd iiiUiise ami cunoluiufrate.

These upper I'lei.stoeeue beds lie on tonalite tliat is exposed

iiiiiiiediatelv to tlie north. This erystalliiie rock, wliieh is a

part of the sotitheni California batholitli, weathers to form

slopes that locally are very smooth.

142.(1 Smooth slopes developed on felsie. ipiartz-ric li tonalite that

contains few inclusions. The rock in this jreneral area has

been correlated by T>arsen (1948. p. (iS) with the liakeview

Mountain tonalite of the Perris block to the northwest. ISiiul-

ders of disintefi'ration aj'e scattered over parts of the area

(fi^. 20), and arkosic S(^diments lap atrainst the bedr<ick in

the low hills to the left (northwest).

14:'. 1 .\n even terrace surface, underlain by njipcr I'leislocenc ilc-

posits, is visible directly ahead.

]4:i.() .InnctioJi with hifrbway to Borretro A'alley. The trace of the

A^'iia Tibia—Eartlnpiake \'alley fault zoiu> is crossed here.

Immediately beyond is a roadeut exposure of typical coarse-

L'fjiined. cross-bedded arkosic sandstone aiid eonp;lomerate.

14(1. S Conliniic' ahead leaslwiird) on the rcjad to A^ita Calietite.

147.(1 The road crosses a dejiositional contact brt\\ccn the basiii-

fillint; sediments and a complex of tonalite and more basic

intrusive rocks.

147.2 The A^uanpa fault zone is crossed here. The crystalline rocks

on the ridpe at the right (southeast) have been thoroughly

shattered and sheared. Continue up the canyon, kei'pinj.' on the

rio'ht-hand (upper) road.

148. .'i Ajiua Caliente. (.'ontiiuie around loop and return to Stale

Ilighwa.v 79 via the lower road.

149.7 Turn rioht (niu-th) onto State IIi;;h\vay 79.

149.9 Warner Springs.

Alternate loop from Pala to Warner Springs via

Escondido. Rarnona, and Julian—82.2 Miles

(Maps 8, 9, 10; Table 2)

This alternate route cxteiuLs tlirough a jiart of the I'eiiin-

.sular Kange province that is relativel.v unbroken by large

faults. It contains a wide variety of pre-Tertiar.v cr.vstalline

rocks, comprising numerous representatives of the .southern

California batholitli, as well as older plutonie. metasediinen-

tary, and metavoleanic rocks. The geology of large parts of

this arc;i has been described by Merri;im (194(i) atid by I,ar-
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.sen (1948), and several of the principal rock types also have
been tlisenssed in detail by Donnelly (1934), Hudson (1922),

Ilurlbiit (1935), F. S. Mil'ler (1937), W. J. Miller (1946), and
others.

Pala to II. S. Highway 395, via State Highway 76. The road

extends westward down the San Luis Rey River Valley,

which is bordered on the north by gabbroic rocks and some
tonalite, and on the .south by tonalite and light-colored gran-

odiorite. For the last mile of this segment of the route, the

valley is flanked by leucogranodiorite that crops out boldly.

San Luis Rey River to E.seondido, via U. S. Highway 395.

Numerous large roadcuts provide excellent exposures of

weathered and unweathered leucogranodiorite, Bonsall tonal-

ite, Woodson Mountain granodiorite, Santiago Peak volcanics,

and, near Escondido, San Marcos gabbro (see map in Larsen,

1948).

Escondido to Ramona, via State Highway 78. The route trav-

erses an area underlain chiefly by the Green Valley tonalite,

a medium-grained, medium gray, moderately mafic tonalite

which in general lacks the dark inclusions that are so abun-
dant in parts of the Bonsall tonalite. Much of the rock is

deeply weathered.

Ramona to Santa Y.sabel, via State Highway 78. The western

part of the area traversed is featured by a large ring-dike

com])lex involving several varieties of tonalite (Mcrriam,
1941 i, and the eastern part is underlain principally b.v older

tonalite, granodiorite, schist, and hybrid rocks (Map 10). Li

an area about 4 miles east-northca.st of Ramona are several

mines and prospects in pegmatite dikes that have yielded

small amounts of gem beryl, garnet, topaz, and tourmaline.

Santa Ysabel to .Tuliaii. via State Highway 79. Igneous and
nietamorpliic rocks that antedate the southern California

batholith are traversed on this .segment of the route. The
Julian district lies within a broad, northwest-trending belt

of schi.sts, (juartzite, and gneisses that constitute the type
Julian schist. These rocks ma.v be in part correlative with

the Triassic Bedford Canyon formation of the Santa Ana
Mountains to the northwest.

Gold valued at about .$6 million has been obtained from
(|uartz veins that cut the foliated rocks in an elongate area

that extends eastward and southeastward from the vicinity

of Julian, and in a small area on the south side of Cuyamaca
Lake, about 7 miles .south of Julian. The mining activities

were most vigorous <lnring the periods 1870-76 and 1888-93,

and only a small frai'tion of the total output frdui tlic dis-

trict represents work done since 1900. According to Don-
nelly (1934), the veins contain tourmaline, mica, pyrite. pyr-

rhotite, arsenopyrite, gold, and petzife. The veins are

typically interlayered with schist, are discontinuous, and
have complex detailed structure.

Some nickel mineralization is associated with gabbroic

rocks in an area about 3 miles .south-southeast of J\dian

(Hud.son, 1922; Creasey, 1946).

(60.7- Julian to Warner Springs, via State Highway 79. This seg-

82.2) ment of the route traverses an area underlain almost wholly

by pre-batholith plnfonic rocks and hybrid .schists and
gnei.sses before reaching the Warner Basin from the south-

east.

Warner Springs to Anza—35.2 Miles

(Map 9; Table 2)

149.9 Leave Warner Springs, traveling northward on State High-
way 79.

153.4 Gently rolling country underlain by the arkosic fill of the

Warner Basin.

154.5 The road crosses a ridge of tonalite, schist, and liybri<l rocks

that is bounded on the northeast by the so\ith branch of the

Aguanga fault zone. The San Luis Rey River, which drains

the broad valley to the north, cro.sses this ridge in a short,

steep-sided trench.

157.9 Upper part of Canada Aguanga. The trace of the north

branch of the Aguanga fault zone lies a few hundred feet

to the right (northeast). Its position is marked by several

springs and topographic sags. On the left (southwest) is a

wide apron of alluvial material that was deposited on an
irregular bedrock surface.

158.8 Holcomb Village. The broad floor of this pass between the

drainages of the San Luis Rey River and Temecula Creek

occupies the block between the north and south branches of

the Aguanga fault zone, here about half a mile apart.

I(i0.7 Huge ledges and boiddery exposures of coarse-grained horn-

blcnde-biotite tonalite. Tliis is the Lakeview Mountain tonal-

ite of the southern California batholith. and is very wide-

spread in areas to the north and northwest.

I(i2.7 The lower part of Dodge X'alle.v lies ahead, and beyond il is

the .steep scarp of the Agua Tibia Mountains. Near the crest

of the range, and about 3J miles due south of this point, is

the old Moinitain Lily (Ware) mine, in which gem tourma-

line ami topaz were once obtained from pockets in an irregu-

lar pegmatite dike.
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](i;i.!l ()<il< (irovf. This is the site of Camp AVri<^ht, which was

Dccupied by the V. S. Army from 1861 to 1866 to guard

eommunications between California and Arizona.

164.2 Site of the Oak Grove stajre station, which was opened in

1858 on the Butterfield Overland mail route from St. Louis

and Memphis to San Francisco. This stape lino was operated

for only three years.

Ahead and to the left (west-northwest) is a valley that

marks the trace of the Agiiaufra fault zone. Northwestward

from this area, Temecula Creek flows alternately throuf.'li

deep canyons cut in crystalline rocks and across broad val-

leys that have been alluviated by tributary draiuapre from the

northeast. The steep slopes of tbe Ap:ua Tibia Mountains are

underlain chietiy by schist and quartzite in this area, whereas

plutonic rocks are dominant in the lower hills and ridpes

north of the ranfre.

In the mountaiiious area about .j miles northeast of Oak

Grove are several mines and prospects that have been devel-

oped in .scheelite-bearinp: rock of eontaet-metamorphic oripin.

This tactite occurs between masses of calcareous motamorphic

rocks, possibly of Paleozoic ape, ami tonalite of the sonthei'u

California batholith.

167.8 San Diefjo-Riverside county line.

168.5 Aguanga Valley lies below and to the west. The lower part of

its floor, which is covered with alluvium, rises gradually

northward and northeastward into an area of terraces, be-

neath which are fault-bounded slices and blocks of tonalite

(Cretaceous) and Temecula arkose (upper Pleistocene). Most

of the faults trend west, and converge in this direction with

the Agnanga fault zone.

170.0 Apnanga. Turn right (northeast) on road to Anza.

170.2 Roadcuts for the next 0.4 mile expose Temecula arkose that

is cut by at least three subparallel faults with westerly

trends.

171.6 Exposures of reddish brown upper Pleistocene conglomerate

and sandstone. These strata dip about .") degrees to the west,

and lie upon a section of Temecula arkose that dips north-

west at slightly higher angles.

172.1 To tlie left (west) is Lancaster Valley, on the soutli side of

which a highly dissected area is underlain by the Temecula

arkose.

172..') A depositional contact between brownish upper Pleistocene

alhivial-fan deposits and underlying tonalite is exposed iu a

roadcnt. This tonalite, which crops out over a large area to

the north and northeast, is finer grained and contains less

hornblende than tlic typical Lakeview Mountain tonalite. It

has been termed the Aguanga tonalite by Mann (I'Jol).

173.9 Side road to Sage. The broad area of subdued relief to the

left (north-northwest) is typical of several upland surfaces

in the region between the Agua Tibia Mountains ai\d the

San Jacinto Mountains to the north.

]7li.4 The wide, alluvium-floored Coahuila Valley lies ahead. Its

surface rises southeastward to higher parts of the broad Anza

Upland, which are mantled by residual soil and accumula-

tions of disintegrated tonalite. Northward beyond the valley

is Coahuila Mountain, a large mass of schist and (piartzite

that encloses a smaller pluton of tonalite. This intrusive roek

crops out on the south and southeast sides of the mountain,

where it forms light-eolored cliffs that contrast sharply with

the more somber-appearing slopes that are underlain by the

metamorphic rocks (fig. 21).

Numerous pegnuitite dikes are present on and near Coa-

huila Mountain, chieHy within masses of tonalite and more

basic intrusive rocks. Dikes on the south side of the mountairi

have yielded commercial feldspar and quartz, and several on

its east side and on Little Coahuila Mountain to the north-

west have been worked for lepidolite and gem tourmaline,

beryl, and spodumene. Production from this area never was

large, and most (jf the uunes have been idle for many years.

18:i.5 Terwilliger Valley is ahead and to the right (southeast). It

occupies a part of the widespread Anza Upland, and its

alluvium-covered floor lies at a distinctly lower level than

several nearby surfaces of low relief that have been developed

on fine- to medium-grained tonalite and granodiorite. The

general level of this area is about 2,000 feet higher than that

of the Perris block to the northwest, and the problems of its

geomorphic development and correlation with ad.iacent areas

remain to be solved.

184.1 Exposures of highly sheared tonalite, which may mark the

trace of a fault that some geologists have postulated as a

bounding feature along the southwest siilc of Terwilliger

Valley.

185.1 Anza.

Anza to Banning—47.9 Miles

(Map 11, Table 2)

185.1 Continue eastward on the highway through Anza.
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FioirRK 21. ronhiiiln Mountain, viewed from tlie soiithenst. A pluton of tonnlito forms the iirominent, llRht-coIored cliffs, and the darker slopes are underlain by
older srhists and qunrtzite. The alhiviated floor of Coaliuila Valley, in the f«}reKrouud, rises in the distance to n broad surface of erosion developed on tonulite
and other crystalline rocks.
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Lookinit iloiintain rises as a distinct peak iHi-eetly ahead.
About 4i miles to the left (north) is Thomas Mountain, a
lar<.'e mass of felsie tonalite that is bounded on both its

northeast and southwest sides by major faults. IIii;h on the
southwest slope of this mountain is the pegmatite dike in

which ^'em tourmaline was first discovered anil mined in
California. The deposit was opened in 1872 and yielded some
excellent frem material, hut the mine has been idle for more
than half a century.

Sail Jacinto Fault Zone. The San Jacinto fault zone, one
of southern California's master breaks, diverfres from the San
Andreas fault zone on the north side of the San fiabriel

Mountains. It extends southeastward across the San Bernar-
dino Valley, alon^- the southwestern margin of the San Ja-
cinto Mountains, and throufrh the area west, south, and soutli-

east of the Santa Rosa Mountains into Imperial Valley. Its

known lenirth is approximately 180 miles.
lii places the fault zone consists of one or more simple,

well-defined breaks, especially where it cuts rocks of Tertiary
or Quaternary a<re. More iiPUTaliy, however, it comprises sev-
ei-al zones of subparallel to broadly anastomosing breaks
separatiufT masses of rocks that are profoundly shattered to
almost undeformed. These fault-bounded masses ran^re from
slivers and slices a few feet thick to friiiantic pinchiufr-and-
swellinj; slabs that are hundreds or even thousands of feet
in maximum thickne.ss (Map 11, fl<r. 22). Althoufrh they are
parts of the San Jacinto zone, the faults and fault zones that
define these larger masses are themselves major features, and
commonly are p-iyen individual names.

The pattern of ramifying faidts is especially broad in the
area southwest of the Santa Hosa Mountains, where at least
six major subparallel breaks are spaced half a mile to :i miles
apart. Indeed, the San Jacinto fault zone .seems to widen
southeastward into a series of very slightly diverging fa<dts
and fault zoiu's that are separated by blocks of es.sentially

unbroken rock, and hence loses its identity as a single zone
or even as a single braid of zones. The Elsinore fault zone
splits up in the same manner southeast of Elsinore, as does
the San Anilreas fault y.nni- in the area north and east of San
Bernardino.

The major bri'aks in the San Jacinto fault zone appear to

dip very stecpl.v, and the entire zone almost certainly is a
very deep-rooted feature. Although it has not been studied
in as miii'li ddail as the San Andreas fault zone (Xoblc,

l!l.')4l, it seems to be similar to it in many I'espects. There is

much evidence for vertical disjilacements both within and
along the zone, and evidence for large-scale lateral move-
ments has been reported from several areas ("e.g.. Dibblee.

1954). It seems probable that the San Jacinto fault zone is a

major right-lateral break who.se activities date back at least

to early Tertiary time, but no meaningful estimate of the di-

rection or amount of its net slip has been made as yet.

Some effects of the fault movements are beautifully ex-

pressed by elements of the present topography, which include

scarps and scarplets, elongate trenches, sag ponds, anomalous
benches and valleys, aligned gulches and canyon.s, and un-

u.sual patterns of drainage (fig. 22). Recency of movement
is attested by some of these features, as well as b\- oflfset

streams and records of numerous earthquakes.

188.0 The road enters the canyon of Hamilton Creek, which has

been carved in the San Jacinto fault zone. Many roadcut.s

expose profoundly shattered and sheared schists, gneisses,

and fine-grained tonalitic rock.s. Zones of trituration are

common.

188.8 The- rocks in this area have been so thoroughly brecciated

and crushed that they are readily eroded into badlands.

180.2 Roadcut exposures of .severely disturbed .schist that consti-

tutes a block between two major zones of rupture. Beyond
this are exposures of upper Pleistocene arkose.

181). i) Additional exposures of broken and sheared metamorphic
rocks.

1'I0.7 Sunnuit.

llil.O Turn left (northwest) onto State Highway 74. About D.l

mile to the left (southwest) is the trace of the Thomas Moun-
tain fault zone, which here lies within a terrane of plutonic

rocks but contains scmie slices of older metamorphic rocks.

To the southeast, in the upper end of Ilenu-t Valley, is a large

remnant of upper I'leistocenc arkosic deposits that once

blaidveted much of the valley floor. According to Praser
(lO.'jl, pp. .51.5-516), these deposits, which are as much as

500 feet thick, probably correspond to the Bautista beds in

the area southeast of San Jai-iuto (Krick. 1021 ).

For the next 4 miles the highway traverses an apron of

older alluvial-fan deposits that probably are in part correla-

tive with the arkosic deposits to the southeast. They are con-

cealed in many places beneath accumulations of younger
allinial debris.
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Map 11. San Jacinto fanlt zone and adjacent areas, east of Anza. Qal—altnvium and terrace deposits (Pleistocene and Uecent) : Ql)—Hantista beds (Tleis-

toceiie) : KtK—tonalite and granodittrite (Cretaceous)
; jiKm—metaniorpliic rocks, chiefly scliists and quartzite (pre-Cretaceons ;

possilily Paleozoic), dcolot/y hy

H. II. .Inhii.1.
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Figure 23. Roadcut exposure of coarse-grained tonalite, showing numerous
mafic inclusions and irregular dilies and stringers of pegmatite. Idjilwild-
Banning highway, on the west side of San Jacinto Peak.

137.4 The main mass of the San Jacinto Mountains rises ahead and
to the right (north-northeast). It consists chiefly of plutonic

roclcs in the tonalite ranpe, which probably are related to the

southern California batholith. Older schists, frneisses, marble,

and other metamorpliic rocks appear as scattered inclusions,

pendants, and septa, and also form one very lari;e mass that

crops out alonf; tlie crest and east slopes in the southeastern

half of the range.

Typical Lakcview Mountain tonalite is well exposed on the

opposite side of Ilemet Valley. This rock underlies nearly all

of the mountain slope, and is in contact with the older meta-

morphic rocks at and near the top of this .slope.

199.1 Ilemet Reservoir, at the left (west), occupies the lower end

of Hemet Valley. The elongate valley evidently owes its

anomalous form and position to the Thomas Mountain fault

along its southwestern margin, and possibly to another zone

of faulting near its northeastern margin. It may have been

occupied by a lake during a part of late Pleistocene time,

and it is now tapped by the deep gorge of the South Fork

that is

2 miles

of the San Jacinto River, mo.st of which has been excavated

along the Thomas Mountain fault zone.

200.6 Several roadcuts expose landside deposits that contain gigan-

tic fragments of plutonic rock. This material was derived

from the scarp of the Hot Springs faidt, a break

parallel to the Thomas Moinitaiu fault and about

northeast of it.

201.9 Keen Camp summit, elevation 4,917 feet.

203.6 Tin'ii right (north) onto Idyllwild-Banning highway.

207. (i Bear left and continue on the main road.

208.1 Idyllwild. Continue through town. For the next 12 miles the

road skirts the highest part of the San Jacinto Mountains,

passing through rugged country that is forested with oak

and pine.

Numerous roadctits expose medium- to coarse-grained felsic

plutonic rocks, chiefly the Lakcview ilountain tonalite. In-

clusions of more mafic rock are abundant in some areas, and
small, irregidar dikes of aplite and pegmatite are widespread

(fig. 23). Much of the tonalite is weathered to depths of 10

feet or more, and yields grus.s-covered slopes with numerous
boulders of disintegration. Transitions between weathered and
nnweathered rock are exposed in numy of the roadcuts.

211.0 Pine Cove.

213.6 Road to upper camp area.

217.7 Excellent view of San Jacinto Valley to the left (west).

218.2 Lake Fulmor. For the next 7 miles the road crosses an area

that is underlain chiefly by very light gray, medium-grained.

(|uartz-rich granodiorite.

222.3 First view of the San Gorgonio Pass area, with the San Ber-

nardino Mountains in the distance to the north. Hurley Flat

lies below and about 2 miles northeast of the view point.

224.2 Side road to Poppet Flat.

226.0 The road traverses a rugged area that is underlain by fine- to

medium-grained leucocratic tonalite that resembles the tonal-

ite of the Aguanga area to the south.

228. .3 Excellent panoramic view of the San tiorgonio Pass area

(fig. 24).

San Oorgonio Pass. San Gorgonio Pa.s-s is es.sentially a

deep, nearly flat-floored trench that separates two of the high-

est mountain ranges in southern California. It trends east-
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Figure 24. San Gorgonio Pass and the San Bernardino Mountain.^, viewed northward from the San Jacinto Mountains. A narrow and irrepular strip of

upper Tertiary and Quaternary rocks fringes the pass on the north, and is in fault contact with the gneisses and other crystalline rocks of the San Bernardino
Mountains beyond, i^ketch prepared hy Clarence R. Allen.

west, and is bounded on the south by the impressive scarp

of the San Jacinto Mountains. On its north side the foothills

of the San Bernardino Mountains occupy an area of great

topographic irregularity and complex .structure. Exposed

along the southern margin of this foothill area is a sequence

of nonmarine sedimentary rocks that reflects a history of

recurrent deformation and fluviatile deposition during late

Tertiary and Quaternary time. A thin unit of marine strata

attests the northwestward incursion of waters from the Gulf

of California area early in Pliocene time.

The pass and the foothills north of the pass occupy an area

in which faults of the northwest-trending San Andreas zone

and faults with the characteristic east-west trend of the

Transverse Range province intersect with and butt against

one another to form an intricate mosaic of juggled blocks and

.slices. Involved in this faulting are the crystalline rocks of

the San Bernardino Mountains, comprising plutonic types of

Mesozoic age and gneisses and schists that may be in part

much older. The dissimilar plutonic and metamorphic rocks

(if the San Jacinto Mountains seem to lie south of the zone of

major disturbance.

The Banning fault zone is the principal structural break

that is exposed within the pass area. It trends westward and

west-northwestward along the north side of the pass (fig. 24),

where it brings sedimentary rocks of Cenozoic age into con-

tact with the older crystalline rocks to the north throughout

the 2.')-mile interval between Whitewater Canyon and Yu-

caipa Valley west of Beaumont, and it probably extends still

farther west to the San Jacinto fault zone (Allen, 1954). It

is a vertical or steep reverse fault except in the vicinity of

Millard Canyon (fig. 24), where there is a zone of low-angle

thrusting from the north.

The break that has been termed the San Andreas fault in

the pass area extends in a southeasterly direction acro.ss Pine

Bench and Burro Flats, and thence appears to swing

abruptl}' south and butt into the Banning fault zone near

the mouth of Potrero Canyon (Allen, 1954). The Mill Creek

fault, Mission Creek faidt, and other members of the San
Andreas zone lie farther north within the area shown in fig-

ure 24. Allen (1954) has noted that the San Andreas fault

zone in the San Gorgonio Pass area is distinguished by sev-

eral unusual features, and that there is little evidence for the

very large-scale lateral displacements that have been deduced

in areas to the northwest (e.g., Hill and Dibblee, 1953; Noble,

1954).

At least a mile of vertical displacement along the Banning
fault since Pliocene time is indicated by the distribution and
thickness of sedimentary rocks south of this break (Allen,

1954), and right-lateral offsets of .somewhat greater total

magnitude are suggested by less direct evidence. Earlier dis-

placements may have been much larger. A fault similar to

the Banning fatdt |>robably bounds San Gorgonio Pass on

the .south, but its trace is buried beneath thick alluvial-fan

deposits of Quaternary age. The pass seems to owe its pres-
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eiit form much more to vertical displacements alonp faults

than to erosion. Warpiuff may well have been important also,

and even some of the Quaternary gravels in this area have

been gently folded. Repeated uplift of the San Gorgonio

Mountains is attested by unconformities within the Cenozoie

section, and by the i)resent relative positions of .several well-

defined terraces on the north side of the pa.ss.

231.!) Base of the grade. The road crosses the alluviated floor of the

pass. The Quaternary fan deposits derived from the San

Bernardino Moimtains dominate those derived from the San

Jacinto Mountains, and hence the longitudinal drainage

through the pa.ss area lies against the base of the latter range.

2.33.0 Banning, San Oorgonio Avenue and Ramsey Street (U. S.

Highway 60-70-99).

Whitewater Canyon Side Trip

(0.0) Turn right (east) onto U. S. Highway 60-70-99.

(1.0) The hills about 2 miles to the north (left) are underlain by

Pliocene or lower Pleistocene sedimentary and volcanic rocks.

The Banning fault separiites this section from coarse-grained

gneiss that crops out on the higher slopes.

(2.9) The mouth of Potrero Canyon is to the left (north). In this

area the San Andreas and several other fault zones butt into

the Banning fault zoiie, which itself is offset by a cross fault

about half a mile west of the canyon. The prominent hill 1^

miles ahead and to the left (northeast) is underlain by

Pleistocene fanglomerate.

(6.1) Cabazon. The Banning fault zone traverses the steep-sided

foothills about 2 miles to the north, where it includes large

slices of Pliocene or lower Pleif^toceue noinuarine strata that

are bounded on the south by, younger fanglomerate and on

the north by coarse-grained gneiss. .

Near the base of the San Jacinto scarp, about IJ miles

southeast of Cabazon, is the north portal of the Metropolitan

Water District tininel through the mountains to the San

Jacinto Valley. This 13-mile timncl is a part of the Colorado

River aijucduct to the Los Angeles and San Diego regions.

(8.8)' Side roail that extends northeastward to'thc mouth of Stubby

Canyon, where the Banning fault zone includes low-angle

thrusts along whidi gneiss and other crystallini' rocks have

moved southward over upper Tertiary and Quaternarj' sedi-

mentarv rocks. This zone of thrusting is traccdblc for a dis-

tance of approximately 2 miles eastward along the base of the

foothills.

(12.0) Junction with State Highway 111. Bear left and continue on

T'. S. Highway 60-70-59. Ahead and to the left (northea.st)

is Whitewater Hill, a large mass of Plei.stocene fanglomerate

that is separated by the Banning fault from highly deformed
gneisses to the north. The fault in this area dips to the north

at angles of 50 to 65 degrees.

(14.0) Bear left onto old road to Whitewater.

(14.3) Turn left (north) onto Whitewater Canyon road. Beacon
Hill, li miles to the east, is a ma.ss of Pleistocene fanglom-

erate that has been warped into a broad anticline.

(15.8) The Banning fault, which commonly has been termed the San
Andreas fault in this area, cros.ses Whitewater Canyon. Its

effect on ground-water distribution can be inferred from the

growth of vegetation upstream from its pro,iected trace on

the canyon bottom. The fault dips steeply north in this area,

and on the east wall of the canyon it separates Pleistocene

fanglomerate on the .south from gneiss that is overlain by de-

formed conglomerate on the north. This conglomerate prob-

ably is older than the rocks exposed on the south side of the

fault.

West of the canyon the fanglomerate on the south has been

faulted against profoundly crushed and .sheared gneiss and

schist. The fault zone is well exposed in the side canyon that

drains from the west, and can be ob.served by means of an

easy traverse on foot.

Retrace route to Banning.

Banning to Riverside—30.8 Miles

233.0 Leave Banning in a westward ilircction on T'. S, Highway
60-70-99.

234.2 About a mile to the right (north) is a large, well-defined ter-

race, the Banning Bench, which is capped by fanglomerate.

Beneath this coarse-grained deposit are north-dipping beds

of Pliocene or lower Pleistocene sandstone and conglomerate.

237.7 The road crosses Smith Creek, which Hows southward down
the eastern part of a broad alluvial fan and thence eastward

through San Gorgonio Pa.ss as part of the Coachella Valley

drainage. The western jiart of this same fan is occupied by

creeks that drain westward to the San Bernardino Valley via

San Timoteo Canyon. A small part of the fan .sovithwcst of the

vie\v point is drained by Potrero Creek, which Hows south-
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northernmost e.\posp<l reprpseiitatives of the southern Cali-

fornia batholith.

263.8 Riverside, Eifrhtli Avenue and Main Street.

Riverside to Los Angeles—58.3 Miles

(Maps 1, 2; Table 1)

263.8 Continue westward throufrh Riverside on U. S. Highway 60,

and skirt the unrtliern end of Mt. Rubidoux on the west side
of the eity.

265.0 Bridj!e over Santa Ana River.

266.0 Turn rifrht (northeast) onto Bloomin<rton Avenue. The main
mass of the Jurupa Mountains rises to the left (west).

266.8 Direetly ahead is the remnant of a once-prominent hill that
lias been (|uarried for nearly half a century by the Riverside
Cement Company.

268.4 Crestmore plant of the Riverside Cement Company.

The Crestmore Hills* The mine and quarries at the
Crestmore Hills, about 3 miles north of Riverside, have
yielded many millions of tons of limestone for the manufac-
ture of cement since the first quarry was opened on Chino
Hill in 1908 by the Riverside Portland Cement Company.
Quarryinj; operations later were extended to the north side of

Sky Blue Hill, the northeastern of the twin liills (figs. 26,

27), and the North Star, Lone Star, and Wet Weather quar-
ries were successively opened. During World War II the old

North Star and Lone Star quarries were nearly obliterated

by westward extension of the Wet Weather quarry. Rip rap
was taken from the Commercial quarry on the ea.st side of
Sky Blue Hill beginning about 1912, and not until recent
years has limestone from this opening been n.sed for the

mainifacture of cement. The Crpstnu)re mine, in which a mod-
ified block-caving system of mining eventually was employed,
was opened about 1!).S() beneath the floor of the Chino (|inirry.

between the two hills. Most of the production of limestone
at Crestmore during the past two decailes has been from
this mine.

The many (puirry exposures and mine openings, togelliei'

with tens of thousands of feet of diamond-drill cores. ha\e
presented an unusual opportunity for highly detailed studies
of the compositions, spatial positions, and time relationships
of the highly coni))lex rock ami mineral assemblages in this

small area.

Thin statement was kindly furnished by C. Wayne Burnliuni, ot the California
Institute of Technology.

The limestone at Cre.stmore occurs chiefly as two crudely
lenticular bodies. The lower or Chino limestone has been
exploited in the Chino quarry and the Crestmore mine, and
the upper or Sky Blue limestone has been worked in the
other quarries. These two bodies are parts of a thick .series of
predominantly siliceous metasedimentary rocks that prob-
ably are of late Paleozoic or early Mesozoic age. These meta-
morphic rocks trend slightly west of north and dip moder-
ately eastward in this area; locally beneath Sky Blue Hill,
however, both limestone bodies have been deformed into a
shallow .syncline that plunges eastward. A section of siliceous

metasedimentary rocks that probably did not exceed 200 feet

in original thickness separates the Sky Blue limestone from
the Chino limestone, and in general is conformable with them.

This section of older rocks occurs as a large screen in the
Bonsall tonalite of the .southern California batholith. which
is the principal rock type in the area west and south of Crest-
more. The tonalite also is present as sill-like bodies in the
siliceous rocks between the two masses of limestcme. Intrusion
was accompanied by considerable plastic deformation in the
upper parts of the Chino limestone and in the lower parts of
the Sky Blue limestone, and in places this deformation was
severe enough to pinch off the Chino limestone along an east-

we.st line in the southern part of the area.

Metamorphi.sm as.sociated with the intrusion of the Bonsall
tonalite consisted of: (1) conversion of the pure limestone
beds into a coarse-grained, white to gray i-alcite marble. (2)
conversion of the interbe<lded magnesian limestones into peri-
elase marbles that subse<|uputly were altered to predazzites.

(3) metasomatic alteration of about a foot of limestone at the
contact to a dio]iside-wollastonite-grossularite rock, (4) con-
version of the less calcium-rich siliceous sediments into feld-

spathie hornblende and biotite-bearing tpiartz gneiss, horn-
fels, and .schist, and (5) conversion of the more ealcium-rich
siliceous sediments into pyroxene liornfels and gnei.ss. and
locally into wollastonite-bearing gneiss and schist.

Hub.setpicntly. the part of this suite of igneous and meta-
sedimentary rocks that underlies Sky Blue Hill and the Com-
mercial <|uarry was intruded by a relatively small pipe-like
mass of aplitic quartz monzonite itorpbyry. The porphyry
magma appears to have entered the area of the (|uarrit>s from
the southeast, and to have been intruded uinvard and mu'th-
ward through the tonalite to the contact with metasedimen-
tary rocks, and thence mostly westward up the dip of these
rocks beneath the Commercial (piarry and Sky nine Hill. The
p(o-]ihyry does not appear to have I'xti'iuled more than about
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50 feet west of the present east face of the eaved area above

the Crestmore mine, nor inueli bej-ontl the south faee of tlie

Wet Weather (|Uarry. The intrusion of this ma<rma deformed
the h)\ver parts of the Sky Blue limestone into an eastward

pluiifrini; anticline, the axis of which lies somewhat soutli of

the ridire between the Commereia! and "Wet Weather quarries

(fi^'s. 2(i, 27).

In contrast to the minor metasomatic effects associated

with the Pionsall tonalite, nietasomatizinfi solutions from the

porphyry mafima. wliich were carryiufr mainly silica, alu-

mina, and iron, produced a silicate contact aureole in the

lower parts of the Sky Blue limestone that in places is as

much as 50 feet thick. Approximately the inner two-thirds of

this aureole consists principally of brown fjrossularite with

lesser but variable amounts of diopside and wollastonite. Ap-
proximately the iiuier half of the remaining- one-third of the

aureole consists mainly of idocrase. whereas the outer half is

characterized by monticellite. Important and hifrhly variable

amounts of other minerals associated with the monticellite in-

clude chondrodite. custerite, elle.stadite. forsterite, melilite,

merwinite, sjiinel, spurrite, tilleyite, and xanthophyllite. Ret-

roijradc liydrothermal alteration of all the mineral assem-

hlaires of the contai't aureole resulted in formation of many
hydrous minerals, anu)nK which are afwillite, chlorite, erest-

morcite, hillebraudite, hydromatrnesite, jurupaite (discred-

ited?), nontrouite, okenitef?"!. opal, riversideite (discred-

ited .'), and thaumasite.

Sub.sequent to its formjition, the silicate contact aureole

was intruded by ])eirmatites that oriprinated in the crystalliz-

inpt porphyry mayrnia. Some of the dikes are zoned, with

<|uartz cores that contain both wollastonite and calcite. Other
pe^matitic bodies consist predominantly of (puirtz and or

calcite. and commonly contain a variety of minerals in addi-

tion to the ma.ior constituents. These minerals include alla-

nite, apophyllite, axinite. centrallasite, clinozoisite, danbu-
rite, datolite. epidote, laiimontite. opal, phillipsife, prehnite.

sea polite, .stilbite. and zoisite.

271.4 I!l lin^'loM, Turn Icfl i west 1 onto V. S. IIi<;hway li)-W.

and cross tlu' hrnail alluvial plain of the San Bernardino
Valley.

278.2 The KaisiM- blast fnrnac-cs and steel iilaiit are to the i-ijrlil

(north). The princijial raw material for Ibis operation is

mafrnetite-hematite ore from contact metamorjihic deposits in

the Ra<.'lc .Mountains, in the eastern part of Riverside Counly.

Continue westward into Ontario via A Street.*

288.2 Ontario. Cross Euclid Avenue.

202.1 Pomona. Cress Garey Avenue and continue westward on Holt

Avenue.

204.2 Bear ri^ht onto U. S. Higrhway 60, and continue westward
into Los Anoreles by retracing the route outlined in the early

part of this log.

20."').2 Junction with freeway (T'. S. Highway 70-00).

•307.2 Bridge over San Gabriel River.

.322.1 Los Angeles Civic Center, and end of the route.
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