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Missing roots and mantle "drips": Regional Pn .and teleseismic 
arrival times in the southern Sierra Nevada and vicinity, 
California 

Craig H. Jones 1 and Hiroo Kanamori 
Seismological Laboratory, California Institute of Technology, Pasadena 

Steven W. Roecker 
Department of Earth and Environmental Sciences, Rensselaer Polytechnic Institute, Troy, New York 

Previous seismological studies have placed the source of the uplift of the Sierra either within the crust, sug
gesting a Mesozoic age for the source of the uplift, or in the upper mantle, consistent with late Cenozoic cre
ation of the buoyant material producing the uplift of the range. We deployed 16 temporary seismometers in the 
high part of the southern Sierra Nevada to augment the permanent Southern California Seismic Network and 
record arrivals from regional and teleseismic earthquakes. Arrival times of P waves from 54 teleseisms 
recorded at these stations are advanced by over a second by a high-velocity body in the upper mantle west and 
northwest of Lake Isabella. Inversion of the arrival times indicates that this "Isabella anomaly" is of limited 
north-south extent (about 40-60 km), has compressional velocities about 4-5% higher than its surroundings, and 
probably extends from about 100 to 200 km depth. The limited north-south extent of the "Isabella anomaly" 
indicates that it is unrelated to the Sierra; we speculate that it is the downgoing part of a small scale convection 
system similar to that inferred beneath Southern California. This inversion does not clearly reveal either a large 
crustal root or a substantial low-velocity body in the upper mantle beneath the Sierra. Although the presence of 
either degrades the fit to the arrival times and requires high-velocity material beneath the low-velocity material 
of either root, Bouguer gravity anomalies require low---Oensity material under the Sierra. Assuming that arrival 
times from earthquakes 150-350 km north and south from the southern Sierra come from a common refractor 
(the one-layer structure), the upper mantle P wave velocity (Pn) beneath the High Sierra is about 7.6-7.65 km/s; 
if the arrivals from north and south are from different refractors (the two-layer structure), material with a P 
wave velocity greater than -7.2 km/s (the "7.x" layer) would lie under a nearly flat interface from more normal 
crustal velocities and be separated by a north-dipping interface from underlying mantle with velocities about 
7.9-8.1 km/s. The P n velocity beneath the region immediately to the east is significantly greater (7.9-8.0 km/s) 
than that of material at equal depths under the Sierra. For the one-layer structure, further assuming that mean 
crustal velocities are uniform along north-south lines, we find little dip on the Moho in the area; using the ar
rival times from earthquakes to the south, we infer a depth of 33 ± 5 km for the Moho beneath the southern 
High Sierra. This structure of a thin to normal crust over a low-velocity mantle can be reconciled with earlier 
observations that were used to infer a thick crust under the Sierra. By considering the Bouguer gravity 
anomaly, the surface geology, refraction profiles in this region, and our own observations, we suggest that 1/3 
to 112 of the modem elevation in the range is supported by lateral (east-west) density contrasts in the crust; the 
remainder is supported by density contrasts in the uppermost mantle or lateral variations in the thickness of the 
"7.x' layer. Our interpretation is that the southern Sierra overlies mantle lithosphere that has been thinned and 
warmed in response to regional lithospheric extension in Neogene time. This part of the upper mantle might 
have provided the melt that migrated to the east and produced volcanics in the southwestern Great Basin; deple
tion of the upper mantle might have increased the seismic velocity and decreased the density of material about 
60-100 km beneath the southern Sierra. 

INTRODUCTION 

Most of the relief on the Earth's surface can be understood in 
the framework of plate tectonics. However, the causes of defor
mation in areas such as the Cordillera of the western United States 
remain enigmatic because significant uplift has occurred without 
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compressive tectonism and its attendant thickening of the crust. 
Some of the most spectacular deformation in the western 
Cordillera is in the southwestern Great Basin, where Death 
Valley, the lowest point in North America, lies about 100 km from 
the southern High Sierra Nevada, which contains the highest peak 
in the western United States. The recent and continuing deforma
tion in this region provides an opportunity for detecting geophysi
cal signatures directly related to this deformation and not masked 
by subsequent defonnation. In this paper we report the results of 
a passive seismic investigation of the structure of the crust and 
upper mantle of the southern Sierra Nevada and adjoining areas 
and discuss the implications for deformation processes in this re
gion. 
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Geology 

Physiographically dominating its surroundings, t1'e Sierra 
Nevada is unusual in many respects (Figure I). Although volumi
nous intrusions formed the range's crust in the Mesozoic, the 
modern day heat flow observed over most of the range is well be
low the global average [e.g., lAchenbruch and Sass, 1977; Saltus 
and lAchenbruch, 1991], though some portions of the range have 
heat flows more characteristic of the Basin and Range to the east 
[Saltus and lAchenbruch, 1991]. In the tectonic chaos of the 
Cenozoic western United States, the Sierra has been relatively 
undisturbed by internal faulting and has risen largely as a block. 
The >2 km uplift of the range relative to sea level was accom
plished not by contractional strain or voluminous volcanism 
[Christen.sen, 1966; Huber, 1981] but within a tensile stress 
regime (e.g., Jones and Dollar, 1986; Lockwood and Moore , 
1979). Although Jacking throughgoing active faults, the southern 
Sierra is among the most seismically active regions of California 

[Jones and Dollar, 1986]. In short, the range is full of contradic
tions. 

The bedrock geology of the range bas been examined exten
sively over the past few decades. Two facts are of primary impor
tance to this study: (1) intrusive rocks grade from very silicic to 
ultramafic from east to west across the range [Oliver et al., 1987, 
1993; Saleeby, 1981], and (2) middle to lower crustal plutonic 
rocks crop out in the southernmost Sierra and Tehachapi 
Mountains [Pickett and Saleeby, 1993; Ross, 1989; Sharry, 1981). 
The former relation probably reflects the presence of a late 
Paleozoic or early Mesozoic suture between continental and 
oceanic basement in the western foothills of the Sierra [Saleeby, 
1981]. The cause of the latter observation remains unknown, but 
the unroofing of the southernmost Sierra must have been essen
tially completed before onlapping sediments were deposited in the 
Eocene [Goodman, 1989; Goodman and Malin, 1992; Nilsen, 
1987; Reid, 1988]. 

Regional Earthquakes Producing P n Arrivals 
and older refraction lines indicating a thick crust 
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Fig. 1. California and Nevada with the locations of seismic profiles used in inferring a thick crust in the southern Sierra Nevada. 
Small dots are temporary stations deployed in the summer of 1988; outlined area is shown in Figure 2. 
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Fig. 2. Topographic map locating temporary and pennanent stations in the southern Sierra Nevada. China Lake (a playa) is just 
northwest of station CLC. Topographic contours are at 305 m (1000 feet), 1220 m (4000 feet), 2130 m (7000 feet), 3050 m 
(10,000 feet), and 3960 m (13,000 feet). The Sierra Nevada fault lies at the eastern base of the Sierra Nevada. All four Sierran 
stations used by Pakiser and Brune [1980] within the map area are shown (note superposition at stations ISA and mnk). 

The bulk of the modem elevation of the range was developed 
over the past 10 m.y., as inferred from preserved paleodrainages 
in the west central Sierra [Christensen, 1966; Huber, 1981; Huber, 
1990] and sediments southwest and southeast of the range 
[Bartow and Pittman, 1983; Cox and Diggles, 1986; Loomis and 
Burbank, 1988]. The detailed history of the uplift remains in dis
pute; Unruh [1991] prefers the uplift to be mostly within the past 
5 m.y. from tilted beds in the eastern San Joaquin Valley, while 
Dumitru [1990] infers from fission track lengths within the 
batholith that unroofing of the upper 2-3 km of the Sierra began 
15-30 m.y. ago. 

The southern Sierra continues to be tectonically active: both 
the 1872 Owens Valley and the 1952 Arvin-Tehachapi earth
quakes exceeded M:::: 7 (Figure 2), while several smaller events 
(M;::: 6) have occurred in the range proper in 1868, 1946, and 
1983-1984 [Chakrabarty and Richter, 1949; Jones and Dollar, 
1986; Townley and Allen, 1939]. Fault plane solutions for the 
1983-1984 Durrwood Meadows events indicate that normal 
faulting dominates in the modern Sierra [Jones and Dollar, 1986]. 

Extensional tectonism formed the rugged land in the Basin and 
Range east of the Sierra from Oligocene (?) time [Cemen et al., 
1985] to the present, though most extension in the Death Valley 
region occurred since some time in the Miocene [Schweig, 1985; 
Wernicke et al., 1988; Wright and Troxel, 1984]. Estimates of 
total Cenozoic extension across the Death Valley region between 
the Spring Mountains and the Sierra Nevada range as high as 165 
km [Wernicke et al., 1988]. 

The nearly 10 km of Mesozoic and Cenozoic sediment beneath 
the flat San Joaquin Valley [Hackel, 1966] record a history com
parably active to the rugged Sierra. From Mesozoic to Oligocene 
time, marine and near-shore sediments transgressed from the 
western San Joaquin Valley east and south onto the basement of 
the Sierra Nevada to their present eastward extent [Reid, 1988]. 
Extensional tectonism disrupted the southernmost San Joaquin 
Valley in latest Oligocene through middle Miocene time 
[Goodman, 1989; Goodman and Malin, 1992; Goodman et al., 
1989; Hirst, 1986] with the intensity of deformation decreasing 
northward [Olson et al., 1986; Rentschler and Bloch, 1988]. 
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Tectonic subsidence seems to have occurred throughout the San 
Joaquin Valley from this time forward, though apparently most of 
the subsidence in the southernmost San Joaquin Basin occurred 
during extension in the early Miocene [Goodman, 1989] while 
subsidence farther north apparently continued or accelerated 
throughout the Neogene [Maxon and Graham, 1987; Rentschler 
and Bloch, 1988]. This Neogene subsidence in the main San 
Joaquin Basin (north of Bakersfield) has been attributed to the 
passage of the Mendocino Triple Junction [Graham and Williams, 
1985; Zandt and Furlong, 1982] and thrust loading of the western 
San Joaquin Valley accompanied by weakening of the lithosphere 
in the San Joaquin Valley and Sierra Nevada [Rentschler and 
Bloch, 1988]. 

Because relief across this region exists in near isostatic equi
librium [Oliver and Robbins, 1982], a mass deficit must exist un
der the Sierra that is large enough to isostatically support the 
range. The two principal hypotheses presented to date are that the 
range is compensated by an Airy-type crustal root [e.g., Lawson, 
1936) or that it is underlain by low-density mantle [e.g., Crough 
and Thompson, 1977]. 

Despite decades of study, the location of the mass deficit com
pensating the southern Sierra Nevada remains controversial (see 
Jones [1987] for a more detailed summary). Proponents of a 
crustal root point to two longitudinal seismic refraction profiles 
along the range [Eaton, 1966; Pakiser and Brune, 1980], the 
likely existence of thick crust beneath the Mesozoic arc, and 
gravity profiles constructed using constraints from the seismic 
profiles [Bateman and Eaton, 1967; Oliver, 1977]. Those propos
ing a low-velocity upper mantle note observations of low seismic 
velocities from a teleseismic study extending north from Mono 
Lake [Mavko and Thompson, 1983], surface wave phase velocities 
[Crough and Thompson, 1977], and low Pn velocities observed on 
refraction profiles across the range LCarder, 1973]. Although the 
two hypotheses need not be mutually exclusive, the interpretations 
of the several refraction profiles (the most direct observations of 
the lower crust and upper mantle in the region) have differed radi
cally and are discussed more below. 

Previous Seismic Investigations 

The strongest evidence for a thick crust under the Sierra 
Nevada comes from an active refraction profile [Eaton, 1966] and 
an unreversed passive profile [Pakiser and Brune, 1980] along the 
axis of the range (Figure 1). Eaton originally identified a P n phase 
at both ends of the profile with apparent velocities of 7.7 km/s 
near Mono Lake and 8.1 km/s near China Lake. These velocities 
and the travel time intercepts led him to infer that the Sierran crust 
was more than 50 km thick and the P velocity of the underlying 
mantle was 7.9 km/s. Prodehl [1979] reanalyzed the same seis
mograms and reached a somewhat different conclusion in part be
cause he could identify neither the P n phase near China Lake nor 
phases from a high-velocity lower crust; the difference produced 
a thinner crust (33 km near China Lake) and an undetermined Pn 
velocity. Using arrivals from the 1966 Truckee earthquake (M = 
6.5) and its aftershocks recorded at horizontal-component sensors 
placed within the range, Pakiser and Brune [1980] made the only 
measurements of seismic velocities along the axis of the range 
(Figure 1). This sparsely recorded, unreversed profile produced 
apparent P n velocities of 7. 7 km/s as far south as their station NEL 
(Figure 2), but they interpreted the observed apparent Pn velocity 
of 8.6 km/s between NEL and ISA (Figure 2) as reflecting a 
southward thinning of the crust. Thus Pakiser and Brune inter
preted their results as manifestations of a thick (50-55 km) crustal 

root, thinning south of about 36°30'N, above mantle with a Pn 
velocity of7.9 to 8.0 km/s. 

One alternative to a thick crust is a normal crust overlying 
low-velocity upper mantle; this structure is largely based on 
seismic refraction profiles transverse to the range. These profiles 
used nuclear explosions at the Nevada Test Site (NTS) as sources; 
one profile near 37°N was partially reversed by an earthquake in 
Monterey Bay [Carder, 1973; Carder et al., 1970]. Arrivals in 
the western Sierran foothills were too early to be consistent with a 
crustal root; this led Carder [1973] to infer that the Sierran crustal 
thickness was normal to slightly thin and that low-velocity (7.6-
7 .7 km/s) upper mantle was present and was, in a sense, a seismic 
root to the Sierra. Although this interpretation was disputed by 
Pakiser and Brune [1980], later reanalysis supported Carder's in
terpretation [Bolt and Gutdeutsch, 1982], though that analysis 
failed to resolve the discrepancy between the transverse and longi
tudinal profiles. 

Other seismic studies generally support the presence of low
velocity mantle but are not conclusive. Low phase velocities of 
surface waves traveling down the Sierra led Crough and 
Thompson [1977] to suggest a low-velocity upper mantle, but 
these surface waves might reflect velocities beneath both part of 
the volcanic Cascade Range along the path and the Basin and 
Range just east of the path. Mavko and Thompson [1983] found 
that teleseismic arrival times observed north from Mono Lake 
were consistent with lower P wave velocities in the mantle be
neath the higher parts of the Sierra, but their network was too 
sparse to resolve the depth of the anomalies they inferred. 
Previous inversions of teleseismic arrivals in southern California 
produce structures beneath the Sierra with very limited resolution, 
but these inversions have tended to show the presence of higher 
velocities in the mantle beneath the Sierra than elsewhere in 
southern California [Humphreys et al., 1984; Raikes, 1980]. 

Faced with the ambiguous and conflicting results of earlier 
studies, we attempted to locate the mass deficit supporting the 
Sierra Nevada by using a temporary network of seismic stations in 
the southern Sierra that augmented the permanent Southern 
California Seismic Network. Observations of teleseismic P wave 
arrival times and upper mantle P wave refractions from regional 
earthquakes are evaluated to constrain the thickness of the crust 
and the velocity structure of the upper mantle. These efforts also 
encompass attempts to constrain the location of high-velocity ma
terial previously noticed. Reconciling our observations with pre
viously gathered data indicates that roughly half of the elevation 
of the Sierra is supported by density variations within the crust 
and that the remaining half (representing the difference in eleva
tion between the High and southernmost Sierra) comes from den
sity variations in the upper mantle or, perhaps, the existence of an 
exceptionally high-velocity lower crustal root. 

DATA COLLECTION 

We deployed one Kinemetrics DR-200, six "LBS" ("Land 
Based Seismometer," a prototype instrument designed as a terres
trial equivalent to ocean bottom seismometers (OBSs)), and 10 
Kinemetrics DR-100 seismic recorders in the southern Sierra 
Nevada in the summer of 1988; all but one (station pmt) recorded 
all three components of ground motion (Table 1 and Figure 2). 
Sample rates varied from 25 to 240 samples per second (sps). The 
temporary network spanned the entire width of the southern topo
graphic margin of the High Sierra with a typical spacing of 15 km 
(Figure 2). This spacing and the network 's width were designed 
to distinguish changes in the thickness of the crust from lateral ve-
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TABLE 1. Locations of Temporary Stations 

Station Latitude (N) Longitude (W) Elevation, m Station Delay, s Seismometer/Recorder 

arc 36° 00.74' 118° 19.91' 2614 -0.02 three L4s/DR100 
bar 36° 31.17' 118° 31.68' 2972 -0.04 L4-3D/LBS 
bkr 35° 50.78' 118° 31.32' 2265 -0.02 S6000, then L4-3D/DR100 
bla* 36° 05.79' 118°16.62' 2556 three L4s/DR100 
bib* 36° 05.79' 118° 16.62' 2556 L4/DR100 
bmd 35° 52.38' 118° 19.33' 2454 -0.01 three L4s/DR100 
ccr 36° 36.40' 118° 45.36' 2195 0.01 Ranger, then three Rangers/DRlOO 
cdg 36° 47.32' 118° 40.48' 1494 S6000/DR100 
cha 36° 27.51' 118° 24.51' 2082 -0.03 L4-3D/LBS 
cou 36° 21.92' 118° 17.66' 2731 0.07 L4-3D/LBS 
jhn 35° 57.85' 118° 32.62' 1460 -0.01 three L4s/DR100 
jun 36° 34.88' 118° 24.67' 2510 0.00 L4-3D/LBS 
mnk 36° 27.26' 118° 36.40' 2362 -0.01 Ranger, then L4-3D/DR100 
ndl 36° 05.81' 118° 28.88' 1829 -0.05 three L4s/DR100 
pmt 36° 01.69' 118° 11.61' 2256 0.02 L4/DR100 
twr 36° 20.87' 118° 24.75' 2109 0.02 L4-3D/LBS 
wil 36° 14.27' 118° 25.00' 2009 0.03 L4-3D/LBS 
wmd 36° 11.94' 118° 34.52' 2615 0.00 three Rangers/DRlOO 

* These trial stations were deployed during only the first week of the experiment. 

locity variations in the mantle. Because the depth of a velocity 
anomaly is constrained by rays traveling in different directions 
through the same space (Figure 3), we anticipated that our combi
nation of station spacing, array size, and teleseism locations would 
permit us to resolve the extent of velocity anomalies between 
about 20 and 150 km depth. 

All of the temporary stations were deployed on crystalline 
bedrock of the Mesozoic Sierra Nevada batholith, which produced 
excellent signal-to-noise ratios (Figure 4). This allowed the event
triggered temporary instruments (except the DR-200) to record a 
total of 300 teleseisms, 136 of which were recorded by five or 
more stations. More than 1000 regional and local earthquakes 

(a) 

(b) 

Fig. 3. Cartoon illustrating a cross section through anomalous rays from 
buried velocity anomalies that would be produced by (a) a simple, roughly 
spherical anomaly and (b) an anomaly elongated with depth. Darker rays 
are more anomalous (have greater travel time residuals). Note that the 
smoothest horizontal gradients in travel time anomaly occur at the mean 
depth of the anomalous body. The patterns of circles at given depths 
illustrate the idea behind the "pauper's tomography" in Plate 2. 

were also recorded. The internal clocks on all instruments were 
calibrated to WWVB radio with an estimated accuracy of about 
10 ms. Electronic records from the permanent Southern 
California Network were preserved for over 400 teleseisms de
tected either by key stations in the Southern California Network or 
by the temporary network. All seismograms of the permanent 
network were timed relative to WWVB and were sampled at 62.5 
or 100 sps. 

Vertical Component Seismograms 

Sea of Okhotsk, z=645 km 
14August1988, origin 10:56:57.6 Z 

1 3 5 7 
time from picked arrival (s) 

9 

Fig. 4. Seismograms from the temporary (top four traces) and permanent 
arrays. Stations cou and wil used land based seismometer (LBS) recorders 
with the low-end boost of Roberts [1989]. Tic marks on seismograms 
denote predicted Jeffreys-Bullen arrival times. Horizontal axis is time 
after the picked first arrival. 
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stations 
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Fig. 5. Teleseisms analyz.ed in this paper. Azimuthal equidistant projection centered on the southern Sierra Nevada; outer limit of 
the plot is 100° from the center; inner circles are at 30° increments. Size of the circles is in proportion to the number of stations 
recording the earthquake. 

We used a low-pass filter with a comer frequency of either 5 
or 10 Hz in the amplifier of the D R-100 recorders to prevent alias
ing and improve the detection ofteleseisms. The DR-lOOs' seis
mometers all had a 1-Hz natural frequency except for the 2-Hz S-
6000. The LBS recorders utilized L4-3D seismometers but con
tained a circuit to amplify low frequencies, providing an effective 
frequency response down to 0.1 Hz [Roberts , 1989]. Stations of 
the permanent network used L4 seismometers with a 30-Hz low
pass antialiasing filter. 

A subset of 54 of the teleseisms were selected for this analysis. 
These events provide good azimuthal coverage and avoid the 
strong azimuthal bias of the complete set of teleseisms (Figure 5). 
Seismograms from each event were timed by eye relative to the 
trace with the best signal-to-noise ratio through the use of an in
teractive code that superimposed each trace in tum on the refer
ence trace. Each arrival was assigned an integral quality code 
from 0 to 4 that corresponds to an estimated uncertainty of 0.05, 
0.1, 0.2, 0.3, and 0.4 s, respectively; there were 676 quality O 
picks, 316 quality 1, 157 quality 2, 106 quality 3, and 72 quality 4 
picks. The wavefonns recorded by the permanent stations and the 
DR-lOOs are all nearly identical for at least the first second after 
the P arrival, greatly improving the quality of our picks of arrival 
times compared with picks made without reference to a common 
waveform. To pennit direct comparison with the DRIOO wave
forms, the recordings from the LBS instruments were filtered us
ing a causal three pole Butterworth filter with a passband of 0.5 to 
20 Hz. This passband yielded seismograms very similar to those 
from the other instruments. To determine if the use of this filter 
biased the arrivals, we compared arrival times derived from the 
filtered seismograms for some of the more impulsive earthquakes 

to times picked directly from the unfiltered seismograms. No sig
nificant difference between the two sets of arrival times was 
found. 

QUALITATIVE DISCUSSION OFTIIE 

TELESEISMIC ARRIVALS 

Residuals calculated from the arrival times of teleseisms 
clearly demonstrate the presence of several large velocity con
trasts within and near the southern Sierra; locations of the most 
significant anomalies can be inferred from a simple examination 
of these residuals. These residuals are calculated by first deter
mining variations in travel times below a depth of 270 km using 
Herrin travel time tables [Herrin, 1968], then by calculating the 
travel times through a local one-dimensional (1-D) structure that 
combines the upper 240 km of the mantle structure of the Jeffreys
Bullen (J-B) velocity structure [Jeffreys and Bullen, 1940] with a 
30 km thick crustal structure modified from structure A of Jones 
and Dollar [1986] for the southern Sierra (Table 2). The J-B 

TABLE 2. One-Dimensional Seismic Velocity Structure 
of the Southern Sierra 

P Wave Velocity, km/s 

5.80 
6.25 
7.80 
7.92 
8.03 
8.16 
8.29 
8.42 

Top of Layer (km below mean sea level) 

- 3 
0 

30 
70 

110 
150 
190 
230 
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structure approximates the upper mantle structure under southern 
California without resorting to poorly resolved low-velocity zones 
inferred in regional studies [Burdick and Helmberger, 1978; Iyer 
and Hitchcock, 1989; Walck, 1984, 1985]. Rays were traced to 
the stations at their proper elevation. 

To remove systematic variations due to local, upper crustal ve
locity perturbations, we derive station corrections from the arrival 
times. Usually we would average the weighted travel time resid
uals calculated at each station to obtain the station correction. The 
large anomalies (-1 s) clearly related to long-wavelength sources 
in the upper mantle (discussed below) would tend to bias these 
corrections from those solely reflecting local upper crustal veloc
ity perturbations; therefore we have instead averaged the residuals 
remaining after a single pass of a least squares inversion designed 
to remove the effect of smooth, long-wavelength structures. This 
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appears to have succeeded as the resulting corrections lack long
wavelength patterns (Figure 6). Corrections are near zero for the 
temporary stations, which were on crystalline bedrock, but be
come significant in the vicinity of Indian Wells Valley (Figure 2), 
where residuals tend to reflect both sedimentary fill under some 
stations and upper crustal velocity anomalies previously imaged 
by Walck and Clayton [1987] from local earthquake travel times 
and associated by them with magmatic systems in the area. 

Arrivals from earthquakes to the west contain the largest 
anomaly in the region (Plates le and 1/), a group of residuals up to 
1 s early relative to surrounding residuals. This anomaly, here 
termed the "Isabella anomaly" for the many observations made at 
station ISA, has long been recognized but has never been well lo
cated [Aki, 1982; Hadley and Kanamori, 1977; Humphreys et al., 
1984; Humphreys, 1985, 1987; Raikes, 1980). The anomaly is ob-

Number of Station 
stations Corrections (s) 

0 1 I 0.20 to 0.30 

I 0.15 to 0.20 

,Ji I 0.10 to 0.15 • 0.05 to 0.10 

I o.oo to 0.05 

~r I 0.00 lo ·0.05 
3 El -0.05 to -0.10 
4§ -0.10 to -0.15 

D 2 !! -0.15 to -0.20 
1 I -0.20 to -0.30 

Do 

+ 36° 
D 

• B 

• ~ g 

118° 

Fig. 6. Station corrections employed in this study. Symbol sizes and fills are proportional to the magnitude of the correction. 
Circles denote stations with local delays, and squares are stations with advanced arrivals of teleseisms. 
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Travel Time Residual (s) (GSC set to 0) 
Plate I. Teleseismic residuals for groups of earthquakes in different backazimuths; direction of travel of seismic waves is 
indicated by heavy arrows. Residuals from several events have been averaged together. To remove the source origin time, station 
Goldstone (GSC), southeast of our map area (Figure I), was set to zero residual to permit comparison of these maps with Raikes' s 
[1980] maps for all of southern California (but we do not use the crustal corrections that she used) . For those events where 
Goldstone did not yield a clear arrival, we chose to make our residuals at stations ISA, CLC, and BMT (Figure 2) match those for 
similarly located events studied by Raikes [1978, 1980], Stations FRI (on the northwest comer) and BNP (on the top edge) are off 
of the map (as indicated by the small arrows) but have been plotted at their proper latitude and longitude, respectively. 
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served farther south for earthquakes with more northerly backaz
imuths (Plates lg and th); simply projecting the edges of the 
anomaly back toward the source gives an indication of the north
south extent and position of the causative velocity anomaly. 

Arrivals from other azimuths do not present such a dramatic 
pattern of residuals, especially in the High Sierra. If the High 
Sierra is supported by either a crustal root or density variations in 
the crust, we would expect to see delayed arrivals at the High 
Sierra stations from most azimuths because low-density materials 
commonly have low velocities. If the High Sierra is supported by 
a low-density, low-velocity feature in the mantle, we would ex
pect delayed arrivals to be observed at stations on the far side of 
the Sierra from the source. Examination of the arrivals does not 
consistently reveal either pattern; most noticeably, arrivals from 
earthquakes located due north or south (Plates ld and lh), which 
are least affected by the "Isabella anomaly," fail to indicate the 
clear presence of any low-velocity material under the Sierra. 
However, the pattern of residuals observed for earthquakes to the 
north is strikingly different from that for events to the north
northwest (Plate lh vs. lg). Stations in the Sierra in the northern 
part of our network have near zero residuals for events to the 
north-northwest, but these same stations have strong negative 
residuals (about 0.5 s earlier) for the events from the north; thus 
the early arrivals in the Sierra from the earthquakes to the north 
might indicate the presence of a very deep (>200 km) velocity 
anomaly to the north that might mask shallower, lower velocities. 
This difference between the north-northwest backazimuths and the 
northerly backazimuths suggests that two different velocity 
anomalies might be responsible for the notably early arrivals at 
ISA from these azimuths, instead of a single broad high-velocity 
anomaly under the Sierra as suggested from earlier studies [e.g., 
Raikes, 1980}. A similar explanation might account for the differ
ences seen between two easterly backazimuths (Plates la and lb). 

The anomaly patterns can be presented in a second manner 
that both demonstrates how well these arrivals sample the Earth 
beneath the study area and provides a simple method of discerning 
the major velocity anomalies under the network. We determine 
the point at which each ray between every earthquake-receiver 
pair crosses a fixed depth; we then map these points, coloring each 
point to reflect the anomaly observed for that ray as cartooned in 
Figure 3. As for the residuals in Plate 1, we have fixed the resid
ual at GSC to zero. Any anomalies near GSC will thus bias the 
residuals from arrivals in certain backazimuths and can thus create 
artifacts in this image; previous work using the entire southern 
California network indicates such effects are minimal [Humphreys 
et al., 1984; Raikes, 1978, 1980]. These plots can be interpreted 
as maps of relative velocity perturbations if all observed residuals 
were caused by anomalies at a single depth. The difference in co
herence of an anomaly at different depths provides some insight 
into the depth of the anomaly; in the absence of other anomalies, 
the depth at which an anomaly is most coherent is probably a good 
estimate of the depth of that anomaly (Figure 3). 

Once again, the "Isabella anomaly" is dramatically illustrated 
by these "pauper's tomographic plots" (Plate 2) and cross sections 
through these plots (Figure 7). The early arrivals defining the 
anomaly appear to be best focused between depths of 110 and 190 
km, where the scatter in residual among adjacent rays is mini
mized to about 0.2 s; at 70 km depth the edges of the anomaly are 
very incoherent with a mixture of residuals differing by as much 
as 0.8 son the south edge. At depths of 190 km and greater the 
anomaly becomes less tightly focused but remains fairly coherent 
owing to the absence of large variation of the azimuths of rays at 
any given point. By analogy with Figure 3, it would seem that the 

center of the Isabella anomaly is probably somewhere near 150 
km depth. 

Patterns under the Sierra Nevada in this simple backprojection 
reinforce the impression that a significant localized low-velocity 
body is absent beneath the Sierra, particularly at shallow depths 
(Figure 7e). Simple interpretation of Plate 2 and Figure 7 is hin
dered by the presence of the large high~velocity body so clearly 
evident to the west, but the locus of generally later arrivals along 
and east of the crest at 70 km depth is fairly incoherent (scatter 
among neighboring rays is about 0.6 s) and appears to terminate 
northward at Owens Lake. The plot of residual versus distance 
along the crest (Figure 7 e) indicates that the dominant pattern is 
for more delayed arrivals to be observed to the south, which is op
posite that expected from the increased elevation to the north. At 
greater depths the delayed arrival anomaly does become more co
herent and shifts west under the range; at 150 km depth there are 
delayed arrivals clustered under the High Sierra and under the 
southernmost Sierra. At these and greater depths these clusters 
are formed largely of arrivals observed at stations in the Coso area 
from earthquakes to the northwest, west, and southwest. 

Although we lack sufficient coverage east of the Coso region 
to make very definitive conclusions, an interesting pattern exists 
to the east of our network. The advanced arrivals observed in the 
Coso region from events to the east (Plate lb and le) tend to focus 
at depths of 70 to 110 km beneath or a little west of the southern 
end of Panamint Valley near the Garlock fault (Plate 2). There is 
also a small collection of early arrivals clustering near the northern 
end of Panamint Valley. These clusters are rather puzzling if they 
do represent high-velocity material at approximately these 
locations because there seems to be no correlation with the surface 
geology. The generally early arrivals observed from events to the 
east might not reflect mantle with a higher velocity than that near 
GSC but could reflect generally thinner or higher velocity crust 
east of the Coso area. 

The relatively simple presentation thus far strongly suggests 
that a large high-velocity body about 100 to 200 km beneath the 
foothills of the Sierra Nevada is responsible for the early arrivals 
observed in the southern Sierra from events located to the west. 
To isolate other anomalies from this large body we have con
ducted a series of inversions using the arrival time residuals pre
sented above. 

INVERSION OF TELESElSMIC ARRrv ALS 

Technique 

We use the arrival times of P waves from teleseismic events 
recorded at the regional array to determine the three-dimensional 
seismic velocity structure beneath the array. The technique used, 
based on the method of Aki et al. [1977}, is similar to that used by 
Shedlock and Roecker [1987) and Abers and Roecker [1991] with 
some additional modifications discussed below. The crust and 
upper mantle above a depth of 270 km is parameterized as a set of 
contiguous volumes of possibly irregular shape; each volume has a 
constant slowness. To solve for perturbations to the initial set of 
slownesses, we use the nonlinear method described by Taranto/a 
and Vallete [1982] as summarized in the formula 

(1) 

where Pk is the vector of slowness at the kth iteration, Po is the 
initial slowness model, Gk is the matrix of (demeaned) partial 
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Cross Sections of "Pauper's Tomography" 
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Fig. 7. North-south sections through the "pauper's tomography" of Plate 2. Vertical axis is travel time residual an.d horizontal 
axis is distance along section lines either (a-d) through the "Isabella anomaly" or (e-h) along the axis of the Sierra. As with Plate 
2, distances are calculated from the positions of rays at depths of70 km (Figures 7a and 7c), 110 km (Figures 7b and 7fJ, 150 km 
(Figures 7c and 7g), and 190 km (Figures 7d and 7h). Note that for the "Isabella anomaly," the scatter of residuals at a given 
horizontal distance tends to be minimized at depths of about 110-150 km. The section along the Sierra yields a pattern of 
decreasing delays to the north in the shallowest section (70 km), but the extreme scatter of residuals suggests that these arrivals are 
strongly affected by anomalies at other depths. 

Plate 2. "Pauper's tomography" for the southern Sierra Nevada. Each point represents the intersection of a single raypath with a 
depth of (a) 70 km, (b) 110 km, (c) 150 km, and (d) 190 km beneath the southern Sierra Nevada. The color of each point reflects 
the travel time residual associated with that ray, as shown in the histogram at the bottom. Note that the zero incidence of the 
histogram is not at the histogram base (there are very few points with residuals> 0.7s). Residuals have been normalized so that 
station GSC is zero. Note the greater area mapped than in Figures 2 and 6 or Plate I. In the northeast quadrant, the rightmost 
valley (between parallel faults) is Death Valley, the next valley to the west is Panamint Valley, and the Caso region is west
southwest of Panamint Valley (also see Figure 1). The north end of Panamint Valley lies at the north end of the fault defining its 
western side. Brackets indicate the position of the sections in Figure 7. 
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derivatives at the kth iteration, cdd is the data covariance matrix, 
Cpp is the model covariance matrix, g is the relati_on used to calcu
late the travel time (the forward problem), and d is the vector of 
demeaned travel time residuals. 

In applying this formula, we presume that a priori data uncer
tainties (as summarized in Cdd) are uncorrelated, but that a priori 
model uncertainties may be correlated. In other words, we pre
sume that heterogeneities exist in the Earth that will cause arrival 
times to be systematically delayed or advanced at stations that are 
sufficiently close together. We model this correlation using the 
covariance function 

priori estimates of the variance of model parameters. In general, 
we found that significant results were insensitive to the starting 
structure and only weakly affected by the characteristic dimen
sions of the CPP matrix. Some significant variations were caused 
by the choice of parameterization, where "significant" means an 
anomaly present in one parameterization but absent in another, 
and where an anomaly is a group of three or more contiguous 
blocks differing from the one-dimensional (1-D) velocity structure 
by more than one standard deviation. Although such variations 
are associated with differences of several percent in the a posteri
ori data variance and thus might reflect a true improvement of one 
structure relative to another, it is difficult to evaluate the signifi
cance of these differences in the absence of an exhaustive investi

(2) gation of different parameterizations. This is particularly true 

where dij and zijare the horizontal and vertical distances between 
the centers of blocks i and}, respectively, f...h and i\..zrepresent the 
characteristic horizontal and vertical dimensions of the hetero-
geneity, and cr is the a priori uncertainty in the strength (i.e., size 
of the slowness anomaly) of the heterogeneity. In practice, the ef
fect of incorporating this term into the inversion is to impose a de
gree of smoothness on the solution, particularly where large con
trasts are not strongly demanded by the data. When using this 
term, we normally choose 11h and t'1z to be 40 km, which is based 
on the width of robust anomalies clearly visible in the raw residu
als (e.g., Plate 2). The value of cr is more arbitrary as it represents 
an a priori estimate of the variance of the block velocities; we pre
sume that a proper value would correspond to a velocity standard 
deviation of about ± 4%, which is approximately the scatter in the 
P 11 velocities and upper mantle velocities inferred from body 
waves [Burdick and Helmberger, 1978; Iyer and Hitchcock, 1989; 
Walck, 1984, 1985]. 

Our use of the smoothing effect of the CPP matrix is limited by 
numerical instabilities probably introduced by the multiple inver
sions of Cpp in our current formulation of the inversion (1). These 
instabilities are expressed as divergence of the inversion and gen
erally become more significant as the characteristic dimensions 
become larger, the a priori model uncertainty (a) becomes larger, 
and as the number of parameters grows. Comparison of results 
with and without the off-diagonal terms of cpp indicates that for 
our data and choice of parameters, the smoothing effect of these 
off-diagonal terms is pronounced in the crustal layer(s) (0-30 km) 
and decreases with depth to the point of not affecting the results 
below about 110 km. 

Our inversion minimizes the variance 

when elements of the parameterization include not only the posi
tion and orientation of block boundaries but also the choice of 
constant velocity blocks versus constant velocity gradients be
tween nodes and the applicability of the simple scheme for tracing 
rays in the presence of large velocity contrasts. 

One method of dealing with errors introduced by either the 
choice of parameterization or inaccuracies in tracing rays is to use 
an a priori theoretical variance to account for scatter in the obser -
vations produced by errors in the parameterization used [e.g., 
Roecker, 1993; Tarantola, 1987, p. 158]. This term is added to 
the a priori data variance (Cdd in (1)). Adding 0.1 s to the esti
mated a priori data variances does, in fact, significantly reduce the 
differences between structures with differing parameterizations, 
and experience indicates that the statistically significant anomalies 
remaining are relati vcly independent of the parameterization cho
sen. This improved agreement among different parameterizations 
does, of course, increase the overall variance somewhat for any 
given parameterization (e.g., 0.00980 to 0.0146 s2 for the parame
terization with the smallest variance (Plate 3; Table 3)), but this 
increase is small compared with the overall decrease in variance 
from that of the 1-D structure, 0.0570 s2. Adding this term to 
compensate parameterization errors also increases the a posteriori 
standard errors from about 1 % of the velocity to about 1.5% and 
reduces the magnitude of the diagonal elements of the resolution 
matrix by about 30%. 

The structure presented in Plate 3 has the lowest variance of 
the inversions described above; however, many of its 589 free pa
rameters are unnecessary to account for most of the observed 
residuals. To separate the important anomalies and present them 
without the clutter of the full inversion, we have constructed a 

where n 0 is the number of observations, n1 is the number of free 
parameters, resi is the demeaned residual calculated from obser
vation i, and w; is the weight assigned observation i. Note that be
cause the residuals have been demeaned, the mean residual term 
usually present in the calculation of the variance is zero. On oc
casion, we will mention the rms as a measure of the fit to the 
travel times without reference to the number of degrees of free
dom in the structure. This rrns is the square root of the variance in 
(3) with n1 set to zero. 

much simpler parameterization using "metablocks" (39 degrees of 
freedom; variance= 0.0172 s2) that encapsulates features common 
to most of the inversions with several hundred degrees of freedom 
(Figure 8; Table 3). Although this parameterization is not unique, 

C
3) it has the property that removing any of the degrees of freedom 

remaining will increase the variance; thus all of the variations in 
this inversion most likely represent some real variation in the 
earth, though our choice of boundaries might not be entirely cor
rect. In examining both structures, note that this inversion con
strains only lateral variations in velocity referenced to some one
dimensional structure. Thus comparisons between layers should 
be made with care. 

We conducted several different inversions, varying the starting 
structure, parameterization (both block size and grid orientation), 
characteristic dimensions of the model covariance matrix, and a 

Results 

The purpose of the inversions is to identify important velocity 
anomalies and constrain their location and intensity. We espe
cially seek to locate velocity perturbations that might be associ
ated with the isostatic compensation of the Sierra Nevada. 
Constraints are established by comparing the different inversions 
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TABLE 3. Principal Statistics of Several Structures and Inversions 

Degrees of 
Structure/Inversion nns (s) 

Percent 
Decrease 

From 1-D Freedom Variance, s2 

Percent 
Decrease 
From 1-D 

1-D 
A priori crustal root 
A priori mantle root 

A Priori Structures 

0.2386 
0.2737 
0.2582 

0 
-14.7 

-8.2 

0.0570 0 
0.0749 -31.4 
0.0667 -17.0 

inversions Starting From 1-D* 

Completely independent blocks 
Completely independent blocks, but added 0.1 s to Cdd (Plate 3) 
Simplified parameterization (Figure 8) 

0.0738 
0.0902 
0.1293 

69.1 
62.2 
45.8 

589 
589 

39 

0.0098 82.8 
0.0146 74.3 
0.0172 69.8 

Inversions Testing a Priori Structures t 

1-D start, highly damped z < 50 km 
A priori crustal root, highly damped z.< 50 km 
A priori crustal root, highly damped 30 < z < 50 km 
A priori mantle root, highly dainped z < 70 km 
A priori mantle root, highly damped 30 < z < 70 km 

0.1088 
0.1134 
0.1043 
0.1133 
0.1024 

54.4 
52.5 
56.3 
52.3 
57.0 

494 0.0189 66.9 
491 0.0204 64.2 
592 0.0197 65.5 
446 0.0193 66.l 
530 0.0175 69.3 

Statistics are based on 1325 arrivals and 54 earthquakes. 1-D is one-dimensional. 
*Parameters for these inversions are 20 x 20 km blocks in layer 0-30 km depth and 27 x 27 km blocks in layers 30-70, 70-110, 110-150, 150-

190, 190-230, and 230·170 (e.g., Plate 3). Horizorttal arid vertical characteristic dimensions are Ah= A,= 40 km 
t Parameters for these inversions are 20 x 20 km blocks in layers 0- is, 15-30, and 30-50 and 27 x 27 km blocks in layers 50-70, 70-110, 110-

150, 150-190, 190-230; and 230-270. 

to identify anomalies common to all inversions with acceptably 
low variances, then considering the standard error and diagonal 
element of the resolution matrix of each anomaly. Generally, we 
prefer to interpret anomalies with resolution diagonals greater 
than 0.5 and with amplitudes exceeding one standard deviation; 
blocks with resolution diagonals > 0.5 are termed "better re
solved" below. Resolutions greater than 0.5 indicate that the 
anomalous values are derived more from the arrival time observa
tions than the a priori structure [Jackson and Matsu 'ura, 1985], 
whiie anomalies with amplitudes less than one standard deviation 
are not considered to be statistically significant. In addition, the 
off-diagonai terms of the resolution and covariance matrices indi
cate how distinctly a given block is resolved from any other block. 
Throughout discussions of velocity structures derived from tele
seismic arrival times we will refer to "low" and "high" velocity 
material; this refers to the velocity of the material relative to other 
material at the same depth. Low-velocity material beneath high
velocity inaterial, in this context, need not mean that there is ave
locity inversion; such an occurrence would depend on the increase 
of the velocity of the mean Earth structure with depth. For this 
reason, we quaritify velocity perturbations as a percentage differ
ence from the mean (or another bOdy) at that depth range, 

The better resolved region in the 0 to 30-km layer extends 
about 80 km north and 40 km east from Lake Isabella, with an
other equally resolved area just east of the Sierra in the Coso re
gion (Plate 3); velocity pattenis irt these regions indicate that ve
locities consistently are lowest in the High Sierra and greatest in 
the area around Lake Isabella with intermediate velocities in the 
Coso area. Although this pattern within the Sierra suggests that 
we have imaged some part of the low-density body supporting the 
High Sierra, both the presence of lower velocities under Coso than 
under the topographically higher Isabella region and the absence 
of this feature from simpler structures (e.g., Figure 8) indicates 
that these variations inight not be significant. 

The anomalies inferred to lie in the uppermoi>t mantle layer 
(30 to 70 Ian depth) differ sharply from those within the crustal 
layer. The better resolved region lies beneath and between the ar
eaS resolved at shallower depth and extends south to the Garlock 
fault. Within this better resolved region, the dominant contrast is 

between high-'velocity material roughly west of Lake Isabella and 
Itiwer-velocity material to the east with the boundary running 
roughly north-northeast from or slightly east of Lake Isabella. 
This contrast reaches or exceeds a magnitude of about 5%, or 
about 0.40 km/s. This pattern places the higher velocities in the 
upper mantle beneath the lower velocities inferred in the crust. 
. The relationship between the layers above and below the 
Moho deserves special attention as the discussion of compensa
tion of the Sierra focuses on these depths. Velocities in these two 
layers are coupled because of the steep incidence angles of the 
teleseismic rays at these depths; this results in poor resolution 
vertically but good resolution horizontally. Because blocks within 
the upper layer (0 to 30 km depth) are most strongly coupled to 
the blocks beneath them in the second layer (30 to 70 km), the pat
terns of anomalies in these layers might be combined with mini
mal effect on the variance. This was tested by running an inver
sion identical to that shown in Plate 3 except the velocities in the 
top layer (0-30 km) were forced to remain laterally constant. The 
variance of the resulting structure is identical to that for the struc
ture that allows 3-D variations in the crust. Velocities in the upper 
mantle (30-70 km) appear to combine the velocity variations in 
the top two layers in Plate 3, with the net result more closely re
sembling the pattern in the 30 to 70-km layer in Plate 3. This can 
be seen to some degree in the simplified inversion in Figure 8. 
Velocities below 70 km were nearly identical to those seen in 
Plate 3. 

The 110- to 150-km layer is the most symmetrically resolved: 
off diagonal terms of the resolution matrix are both small and of 
similar magnitude for blocks above or at the side of any given 
block. Most of the southern Sierra and Coso region is well re
solved, though the resolution starts to decrease from this layer 
downward as the number of hits per block decreases. This depth 
range is the shallowest in which the source of the "Isabella 
anomaly" is clearly evident. The anomaly can be produced in 
several ways; the most parsimonious (shown in Plate 3 and Figure 
8) is a single body, roughly 90 km in north-south exterit, extend
ing west from roughly the longitude of ISA for an unknown dis
tance, and with a velocity about 5% higher than its surroundings. 
Material with a velocity slightly (2%) lower than average seems to 
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Fig. 8. Inversion results for a very· simple parameterization constructed using the results of several different inversions· and 
examination of the "pauper's tomography" from Plate 2. 
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lie under the eastern High Sierra at these depths. Most inversions 
tend to place high-velocity material beneath the intersection of the 
Garlock and Panamint Valley faults between 110 and 150 km 
(e.g., the isolated high-velocity block to the east in the 110-150 
km layer in Figure 8), but that region is poorly resolved. 

The Isabella anomaly appears to extend down to depths be
tween 150 to 190 km, though its eastern edge appears to be 30 to 
50 km west of ISA. This apparent west dip of the eastern edge of 
the anomaly is probably more an artifact of the raypaths used here 
(which, at these depths, are mostly coming from earthquakes to 
the west; Plate 2) than a real feature, but the position of the eastern 
edge of the anomaly should accurately reflect the easternmost 
possible extent of the anomaly at these depths. The amplitude of 
the anomaly would once again be about 4%. 

The velocity structure below 190 km generally lacks consistent 
patterns from inversion to inversion and is poorly resolved; the 
velocity variations in these layers probably reflect a combination 
of real anomalies at these depths, anomalies outside our structure, 
and artifacts produced by the parameterization. Because azimuths 
of raypaths within any single block in these layers tend to be very 
limited (i.e., there are few crossing rays), depth resolution be
comes very poor. There seems to be some pattern of anomalies 
similar to that of the Isabella anomaly above; this might either be 
smearing of the Isabella anomaly downward, or the Isabella 
anomaly could extend to these depths but be poorly resolved. As 
indicated by the simple parameterization of Figure 8, the "Isabella 
anomaly" can be explained largely by velocity contrasts above 
190 km, so the velocity anomaly need not extend below 190 km. 

Tests of a Priori Structures 

Unconstrained inversions of the teleseismic data do not yield a 
simple image of an isolated low-velocity body under the High 
Sierra where a low-density mass must compensate the elevation of 
the range; to satisfy the teleseismic observations, any low-veloc
ity body probably overlies somewhat higher velocities. The pos
sible tradeoffs between layers, discussed above for the 0- to 30-
km and 30- to 70-km layers, prevents us from resolving the low 
velocity in the crust from deeper high-velocity material as imaged 
by the unconstrained inversion (Plate 3). This suggests that intro
ducing an a priori structure with low velocities under the Sierra 
might lead to a structure containing such low velocities but with a 
variance comparable to the best fit structure illustrated in Figure 
10. We test two possible structures: a thick crustal root, using the 
contour map of Mooney and Weaver [1989], and a "mantle root," 
using a velocity of 7.65 km/s from 30 to 70 km depth under the 
range north from 30 km north ofISA and 7.9 km/s elsewhere. 

As we would expect from the absence of a large cluster of de
layed residuals under the High Sierra in the "pauper's tomogra
phy," the variance associated with these two structures before in
version is substantially greater than the variance associated with 
the initial 1-D structure of Table 2 (Table 3). This clearly indi
cates that these a priori structures are unacceptable with respect to 
the teleseismic arrival times. As noted earlier, this could be a bias 
produced by the high velocities under the Sierran foothills; thus 
we wish to invert for an optimal velocity structure that preserves 
either the crustal or mantle root. Because other experiments have 
shown that a final velocity structure is independent of the starting 
velocity structure for a given parameterization if all blocks are 
equally damped, we invert one test structure by holding the upper 
50 km fixed for the crustal root and the other by holding the upper 
70 km fixed for the mantle root. After these converge to a solu
tion, we permit the upper 30 km to vary. As a control, we also in
verted a starting 1-D structure holding the upper 50 km fixed. Our 

parameterization is identical to that in Plate 3 except that we have 
subdivided the upper layers to form layers from 0-15 km, 15-30, 
30-50, and 50-70 km. The vertical interfaces in the layers above 
50 km are the same as those in the 0- to 30-km layer in Plate 3. 

Although these inversions do reduce the variance of the travel 
time residuals by about 65% from the variance of the 1-D struc
ture (Table 3), requiring the inclusion of either type of root pro
duces a variance about 30% greater than that of our best fit struc
ture of Plate 3. Indeed, both types of root fit the data no better 
than a 1-D structure in the upper 50 km. The substantially larger 
variance than that of the best fit structure (Plate 3) would lead us 
to reject the presence of either type of root, were there not other 
evidence of some such body, such as the Pn travel times and 
Bouguer gravity anomalies discussed below. If we assumed that 
one type of root or the other must exist, the results of this inver
sion would not permit us to choose one root over the other, though 
the mantle root does have a somewhat smaller variance. 

The freely inverted parts of the velocity structures produced by 
the inversion of both crustal and mantle roots are fairly similar. 
Both produce a strong high-velocity body beneath the base of the 
root, between 50 and 110 km for the crustal root and 70 to 110 km 
for the mantle root. The velocities under the roots are generally 3-
8 % higher than the region southeast of a northeast trending line 
through ISA. Differences between the crustal and mantle roots 
are few outside of the 30- to 70-km depth range: The velocities 
beneath the mantle root are somewhat higher than beneath the 
crustal root ( 4.5-8% versus 3-6% ), and the mantle root produces a 
larger low-velocity body under the High Sierra west of Owens 
Lake between depths of 110 and 150 km. Other than this intensi
fication of the low velocity between 110 and 150 km depth, both 
structures are very similar to that in Plate 3 below 110 km. 

Teleseismic observations are not compatible with the crustal 
and mantle roots previously proposed for the Sierra Nevada. Two 
hypotheses regarding compensation of the High Sierra are consis
tent with the teleseismic observations: either densities beneath the 
Sierra do not correlate with P wave velocity, or a low-velocity 
body near the base of the crust overlies a high-velocity body 
roughly coincident with the low-velocity body. To distinguish 
between these possibilities, we must tum to other observations. 

P n ARRIVALS AND TuE MISSING ROOT 

Because steep teleseismic rays can average structure verti
cally, analysis of teleseismic travel times cannot entirely rule out 
the possibility that a low-velocity body compensating the range 
somehow overlies higher velocity material, though it does rule out 
a low-velocity body lacking a companion high-velocity body. The 
analysis of regional upper mantle refractions (Pn arrivals) can 
provide good resolution between the upper mantle and the crust 
and can help separate low-velocity upper mantle from any high
velocity material that might underlie it. 

We were fortunate in recording several earthquakes about 200-
400 km distant from the center of our network. The three most 
interesting events lie north and south of the network: in the 
Garfield Hills (western Nevada), near Santa Monica, and south
east of San Clemente Island (Figure 1). These events provide 
clear Pn arrivals, thus constraining the Moho beneath the southern 
Sierra. 

The Garfield Hills earthquake provides the most startling re
sults, particularly in view of the earlier observation of Pakiser and 
Brune [1980] of an apparent Pn velocity of about 8.6 km/sin this 
same region between their two southernmost stations NEL and 
ISA from an event to the north-northwest near Truckee, California 
(Figures 1 and 2). We observe two very different apparent Pn ve-
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(a) Record Section: Sierra stations from Garfield Hills 
>--~ 

220 240 0 

220 400 

Distance (km) 

Fig. 9. (a) Record section of P n arrivals observed in the southern Sierra from an earthquake in the Garfield Hills (September 
19,1988, 02:56:31.74 UT, 38.459°N, 118.347°W, z = 10.4, Mv = 5.0, Mb= 4.5 [Lat, 1989]); reduction velocity of 7.8 km/s is 
used. Elevation corrections assuming an upper crustal velocity of 5.5 km/s and station corrections from Figure 6 have been 
applied. Seismograms from both the LBS stations and the permanent network have been filtered with a low-pass, three-pole 
Butterworth filter with a 10-Hz corner frequency. Heavy traces are for those stations within the backazi.rnuth ranges used in 
Figure 13. (b) Pn arrivals observed in the Coso region. (Station JAW, picked in Figure 10, not shown for clarity). 
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Fig. 10. (a) Reduced travel time plot of arrivals from the earthquake in the Garfield Hills (M"' 5.0) observed in the southern 
Sierra (backazimuths from 359° to 5°) and Coso/Indian Wells Valley (backazimuths from 349.8° to 355.7°). Error bars denote 
station corrections (see Figure 6). "Good" picks should be accW'ate to± 0.1 s; "poor" picks are usually accurate within 0.4 s. All 
picks were made on unfiltered seismograms. Solid and dashed lines are linear regressions through the Sierra and Coso picks, 
respectively. (b) Sarne as Figure IOa for an earthquake near Santa Monica (September 12, 1988 13:24:34.18 UT, 33.858°N, 
118.441 °W, z = 9.4, ML= 3.9). Short dashed line is an alternative fit suggesting that a small shadow zone exists around Lake 
Isabella with low P n (7 .63 km/s) velocities farther north. (Sierran stations have backazimuths from 176 .4 ° to 184 °; Co so stations' 
backazimuths from 195° to 205°). Gray lines indicate arrival times predicted for Moho depths and local P n velocities labeled at 
right. (c) Same as Figure lab for an earthquake southeast of San Clemente Island (August 20, 1988 18:15:27.89 UT, 32.503°N, 
117.907°W z"' 6.0, ML= 3.8). Short dashed line indicates fit through Coso stations north of the Garlock fault (Sierran stations 
have backazimuths from 167° to 176°; Coso stations' backazimuths from 179.6° to 185°). 
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locities: 7.48 ± 0.1 krn/s within the Sierra Nevada, and 8.13 ± 0.1 
krn/s to the east, in the Coso/Indian Wells Valley area (Figures 9 
and 10). We consider these arrivals to be Pn because of the mag
nitude of the apparent velocity, the great distance from the source, 
and the linearity of the arrival times over a considerable distance, 
though we will discuss the possibility that these arrivals are re-

fractions from an interface above the Moho. We here make the 
simplest interpretation of these data by assuming that the arrivals 
are normal refractions and not diffractions or "tunneling waves," 
so called because seismic energy traveling along an interface 
(such as a Pn phase) enters the medium above the interface at a 
sharp corner and then tunnels through that lower-velocity 
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medium. Our assumption can be judged by the overall consis
tency of our final interpretation. Because of the linearity of the 
arrival times and because of the 2-D control provided by the net
work geometry, we do not think these estimates are contaminated 
by energy traveling out of the plane between source and receiver 
for the arrivals shown in Figures 9 and 10. Other stations in other 
azimuth ranges do show erratic arrival times suggesting that they 
are contaminated by complex raypaths, particularly near the east
ern edge of the Sierra Nevada. 

Unlike the earlier study of Pakiser and Brune [1980], we can 
obtain an estimate of the true Pn velocity by using the two events 
to the south (Figure 10). The earthquake near Santa Monica was 
the better recorded in the Sierra; the rays that sample the same 
mantle as those from the Garfield Hills event arrive at stations 
north of ISA. Two interpretations are possible: first , the mean 
apparent Pn velocity is 7.80 km/s (solid line, Figure lOb) and the 
early arrivals about 10-20 km north of ISA reflect locally thin or 
fast crust somewhat south of ISA; second, the apparent P n veloc
ity varies, with a clear value of 7.63 beyond 20 km north of ISA 
and more uncertain values to the south, ranging from 7.8 to 8.3 
km/s. The arrivals near ISA are within about 40-50 km of the 
crossover from Pg (direct crustal phase) first arrivals to Pn ar
rivals; thus these arrivals, which have greater reduced travel times 
than arrivals to the north or south (Figure lOb ), might lie in a 
shadow zone produced by complex structure in the lower crust or 
upper mantle near the Garlock fault, a suggestion supported by the 
absence of similarly late arrivals at the same stations from the San 
Clemente earthquake (Figure toe). The San Clemente earthquake 
arrivals have a mean apparent Pn velocity of 7.70 km/s. 

The San Clemente earthquake was better recorded by the per
manent network than the Santa Monica event and so provides a 
better collection of arrivals in the Coso region (Figure lOc). The 
overall mean apparent P n in the Coso region was observed to be 
7.81 km/s, but this includes arrivals south of the Garlock fault. 
Considering only the arrivals north of the vicinity of the Garlock, 
the best fit apparent Pn velocity is 7.97 km/s. Only the rays 
reaching the three or four northernmost Caso stations sample the 
same mantle path as the rays reaching the three or four southern
most stations picked from the Garfield Hills earthquake (Figure 
lOa), so interpretations of the apparent velocities in the Caso re
gion in terms of a true upper mantle velocity are poorly con
strained. 

Using these velocities and fairly conservative uncertainties 

Mantle 

(0.1 km/s if no range is stated above), we estimate the Sierran P11 

velocity to be between 7.5 and 7.7 km/sand the P11 velocity be
neath Coso to be between about 7.8 and 8.1 km/s. Although our 
inferred P n velocity under the Sierra is unusually low, it seems too 
high for crustal materials, and the absence of first-arriving phases 
with greater apparent velocities to distances of about 400 km indi
cates that these velocities do not reflect a pillow of high-velocity 
material at the base of the crust (though such a possibility is con
sidered below). Thus we will term material which has velocities 
in excess of 7.5 km/s as mantle through the remainder of this pa
per. If the crust is laterally homogeneous, then the Moho would 
dip 0° to about 2° south under the Sierra. Because of both the 
limited reversal of mantle paths in the Caso area and the known 
presence of velocity perturbations in this area [Walck and 
Clayton, 1987], it is difficult to infer the N-S component of Moho 
dip. If the Moho dips away from Coso both to the north and 
south, true Pn velocities might be as low as 7.8 km/s, but if it is 
nearly flat, the true Pn would be greater than 8.0 km/s. 

We can formalize this estimate and use the total travel time 
from earthquake to receiver to estimate the crustal thickness near 
the receiver; this is more difficult than inferring Pn velocities or 
Moho dip because we must know the location, origin time, source 
structure, and mean mantle velocity along the raypath to estimate 
the crustal thickness. The travel time t is the sum of the time 
spent in the crust at the source (t5), the time in the mantle (Im), and 
the time in the crust at the receiver Ur): 

t=t + 1t ~+t 
s J v(x) r 

4 

(4) 

where v(x) is the P wave velocity at the top of the mantle at a dis
tance x from the earthquake and L 5 and Le are the positions where 
the ray enters and exits the mantle. If we separate the mantle path 
into discrete segments with a constant gradient in v and d (the 
depth of the Moho) between nodes (Figure 11 ), we can rewrite ( 4) 
as 

n-1 

t=t;+s1(l0 +fl1)+ I,-!si(li+lH) 
j=2 

+snC!ln- 1 +(1-f )fln)+sn+I fl11f (5) 

+ (1- f)d11 + fdn+I + h 

VcrCOSacr VeCosa, 

__L 

I 
h 

Fig. 11. Illustration of the parameterization used in the simple inversion to fit arrival times of seismic waves inferred to have 
refracted along the Moho. Seismic energy travels down from the earthquake at left to the mantle, where it is assumed to travel 
horizontally to an exit point from the mantle, where it ascends to the station h km above sea level. Moho depth and upper mantle 
P wave velocity are considered to vary linearly between values at nodes (large dots). 
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where lj ( = Xj - Xj-I) is the distance between nodes j and j+ 1, sj = 
llv(xj),f is the fraction of the distance from node n to node n+l 
where the ray exits the mantle (j = (Le - x,,)/(x,,+1 - x,,)), h is the 
station elevation, vcr and ve are the mean velocities of the crust 
below and above sea level, respectively, and acr and a. are the in
cidence angles within the crust above and below sea level, respec
tively, and 

4 t; =ts_ J _!::_"' (do - z)cos acr 
0 v(x) Ver 

(6) 

Note that the expression of total travel time in (5) is a linear func
tion of t;, s.r dj, and llv •. Thus we can construct a series of linear 
equations relating observed travel times to model parameters t;, 
sj, di, and live and invert this relation using (1). As for the tele
seismic inversion, we can recover resolution and a posteriori 
model vilriances. We can combine travel times from several 
earthquakes provided they lie along a single profile and the ar
rivals all are refractions from the same layer. 

We invert the arrival times from the Santa Monica, San 
Clemente, and Garfield Hills earthquakes for two different as
sumptions: (1) that all the arrivals from these three earthquakes 
are refractions from a common interface and (2) that the arrivals 
from the Santa Monica and San Clemente earthquakes are from a 
deeper interface with a higher velocity than that for the arrivals 
from the Garfield Hills earthquake. In the first case, we can solve 
both for mantle velocities and Moho depths, but in the second case 
we must fix either the geometry of the interface or the velocities. 

Assuming a common retractor from both north and south, we 
find that Pn velocities are best resolved between about x = 200 km 
and x = 275 krri (roughly from station ISA to Mount Whitney); 
this is easily understood from the ray geometries shown in the top 
of Figure 12. The Moho dips slightly south at -t.5°, the crust is 
about 33 ± 5 km thick (incorporating uncertainties from the earth
quakes' origin times and depths), and the mean Pn velocity is 
about 7.6 ± 0.1 km/s. The depths of the Moho at individual nodes 
are quite well resolved (resolution diagonals> 0.95), but the Pn 

resolutions do not exceed 0.6 for the parameterization shown in 
Figure 12. This is because Pn values of adjacent nodes are closely 
linked because of the geometry of rays; the mean P velocity of 7 .6 
from x = 200 to x = 275 km is much better resolved than is appar
ent from individual nodes; a different parameterization yields an 
estimate of7.62 ± 0.08 km/s from x = 200 to x= 275 km. 

For the case where arrivals from earthquakes to the north and 
south do not share a common refractor, we assume that the refrac
tor for earthquakes to the south has a velocity of 8.0 km/sand that 
the refractor for the earthquake to the north is at a depth of 31.4 
km and has a velocity of7.5 km/s; the crust above 31.4 km has an 
average P wave velocity of 6.1 km/s. From these assumptions, we 
find that the 8.0 km/s refractor must dip north -8°, deepening 
from 41 to 47 km going from station ISA (x = 200 km) north to x 
= 240 km; there is no control farther north (Figure 13). Changing 
the velocity of this refractor has only a minor change on its depth 
at ISA, but a change of ±0. l km/s changes the depth by ±2.7 km at 
x = 240 km. The nominal uncertainty on these depths is -0.5 km, 
which reflects their relative accuracy, but the absolute depth might 
vary by about 5 km owing to uncertainties in the earthquakes' 
origin times and depths. Decreasing the velocity of the upper re
fractor from 7.5 to 7.2 km/s reduces the thickness of that 7.x km/s 
layer by 25-30% and requires the upper retractor to dip to the 
north. 

We cannot conclusively reject either of the two scenarios dis
cussed above. At present, the assumption of a common refractor 

for arrivals from earthquakes to the north and south produces the 
simplest explanation of the data. If there are separate refractors 
from north and south we must explain our failure to observe any 
arrivals from the Garfield Hills earthquakes that are consistent 
with the presence of a layer with a velocity between 7.9-8.l km/s. 
Perhaps there is some shadowing of seismic energy that prevents 
significant energy from ehtering this higher-velocity layer, or 
perhaps the layer is laterally discontinuous and so fails to transmit 
seismic energy. These explanations seem increasingly less likely 
as the velocity of the shallower refractor is reduced from - 7.5 
km/s, because the lower the velocity of this layer, the thinner it 
becomes and the more steeply it dips to the north. This combina
tion greatly increases the chances of the deeper refractor producing 
first arrivals for the Garfield Hills earthquake. Because we cannot 
easily bound the mechanism that shadows the deeper refractor, we 
cannot fully bound the range of velocities of the upper refractor, 
but this argument suggests that velocities below 7.2 km/s are quite 
unlikely for this "wedge layer" between the upper and lower 
refractors. Examination of earthquake arrival times throughout 
the Sierra (M. K. Savage et al., Earthquake refraction profiles of 
the root of the Sierra Nevada, submitted to Tectonics, 1993, 
hereafter M. K. Savage et al., submitted manuscript, 1993) 
indicates that material with velocities between about 7.2 and 7.65 
km/s overlies a deeper 8.0 refractor in much of the range. 
Depending on the exact velocity of this material under the south
ern Sierra, this double refractor structure might be preferred de
spite its greater complexity. 

The first hypothesis of a single refractor with lateral gradients 
in the P wave velocity beneath the refractor fits the observations 
quite well; the weighted rms travel time residual for the structure 
in Figure 12 is 0.07 s. In contrast, if we assume the structure of a 
crustal root suggested by Pakiser and Brune [1980], the weighted 
rms travel time residual is 0.65 s (0.54 s if the mean is removed 
from the residuals for each earthquake). Even after allowing the 
inversion to adjust the P n velocities, the rms residual is 0.19 s, and 
the P n velocities would be below 7.3 km/s under much of the 
Sierra. If the arrival times are from a common refractor, we can 
confidently rule out the possibility that the there is a significant 
crustal root under the High Sierra. This assumption produces 
Moho depths comparable to those inferred by Prodehl [1979] and 
an estimated Pn velocity very nearly that inferred by Carder 
[1973]. 

Although the double refractor interpretation does differ sub
stantially from the single-refractor model, both share one central 
feature. Both models require velocities in excess of about 7.2 
km/s at depths of only about 32 km. In either model this "7 .x" 
layer must be at least about 20 km_thick under the High Sierra, a 
substantial departure from older interpretations. This "7.x" layer 
could be crust or mantle, but it seems likely that it is supports, in 
part, the elevation of the Sierra Nevada. 

INTERPRETATION AND DISCUSSION 

Sierra Nevada 

Analysis of the teleseismic and regional P n arrivals produces a 
picture of the Sierra Nevada at odds with the traditional view dat
ing back to Lawson [1936] of the mountains as a manifestation of 
a thick crust. The principal observations that constrained the in
ference of a thick crustal root were seismic refraction profiles. 
The large Bouguer gravity anomaly, while consistent with a thick 
root farther to the north [Oliver, 1977; Oliver and Robbins, 1982], 
does not by itself require a thick crust and will be discussed later. 

Two profiles paralleling the axis of the southern Sierra have 
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Fig. 13. Two-refractor interpretation of arrival times observed from regional earthquakes. Arrivals from the Garfield Hills 
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produced the only direct measurements of a thick crust (Figure 1): 

an active, reversed profile between China Lake and Mono Lake 
[Eaton, 1966; Prodehl, 1979], and an unreversed profile extending 
south from Truckee to station ISA [Pakiser and Brune, 1980]. 
While interpretations of these data differ somewhat, estimates of 
crustal thickness have ranged from 42 to more than 50 km. 
Interpretations of both profiles assume that the structure is later
ally continuous and that no energy travels out of the vertical plane 
between source and receiver. 

The sensors used in Eaton's [1966] profile were deployed 
along the east flank of the Sierra in Owens Valley south into the 
China Lake area (Figure 1). The Pn arrivals from the Mono Lake 
blast were recordeq south of Owens Lake into Indian Wells 
Valley. The arrivals we observed from the M = 5.0 event in the 
Garfield Hills clearly indicate that the east flank of the Sierra sep
arates higll (8.13 klills) apparent P n velocities to the east from low 
(7.5 km/s) apparent P n velocities to the west (Figures 9 and 10). 
Eaton's profile trends across this boundary at an oblique angle, 
suggesting the assumption used in interpreting this profile, that is, 
that the seislllic velocities in the upper mantle are laterally uni
form, is probably erroneous. The presence of profound lateral ve
lodty contrasts might also explain the different phase picks made 
by EaIOn [1966] and Prodehl [1979]. An alternative interpretation 
of this profile might be that the 7. 7 km/s apparent P n velocity near 
Mono Lake and the 8.1 km/s apparent P n velocity near China 
Lake are accurate estimates of the average P velocity under each 
region; this variation would largely explain the differences in the 
intercepts of lines fitting the Pn arrival times between the two 

endpoints of the profile, thus removing most of the justification 
for an extremely thick crust (>50 km) in the southern Sierra. 

Using travel times from aftershocks of an earthquake near 
Truckee, California to stations within the Sierra (Figure 1), 
Pakiser and Brune [ 1980) observed a mean apparent P n velocity 
of 7.7 km/s over a distance 60 to 260 km north of ISA, but they 
used the 8.6 km/s apparent P n velocity observed between NEL 
(Figure 2) and ISA to argue that the mean P n velocity is really 7 .9 
to 8.0 km/s. Our stations cover the same 60 km interval north of 
JSA, but we observed an apparent velocity of 7.5 km/s from our 
Garfield Hills event. The difference in backazimuth to the two 
sources (near 0° for the Garfield Hills event and about 330° for 
the Truckee earthquake) cannot account for the difference in ap
parent P n velocity if the 8.6 km/s observation truly reflects a dip
ping MoP.o. At least some of the arrivals from the two events 
must have traveled along a different refractor; an explanation con
sistent with each of the two refraction structures presented above 
is possible. lfthe arrivals from the Garfield Hills earthquake trav
eled along the Moho, then arrivals from the Truckee aftershocks at 
one or more stations must have traveled in higher-vefocity mate
rial. Numerous workers have dQcumented high upper mantle ve
locities (>-8.0 km/s) under the Great Valley [e.g., Holbrook GT!d 
Mooney, 1987; Oppenheimer and Eaton, 1984]; this led Jones 
[1987] to suggest that tbe ISA observation from the Truckee event 
is an out-of-plane refraction that traveled under the Great Valley. 
Altematively, the arrival at ISA traveled through a deeper, high
velocity body of uncertain geometry that was undetected by the 
arrivals from the closer Garfield Hills earthquake. Recent exami-
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nation of earthquake arrival times for events and stations in the 
entire Sierra Nevada suggest that this latter possibility could be 
the case (M. K. Savage et al., submitted manuscript, 1993), or that 
most of the arrivals studied by Pakiser and Brune travelled under 
some thickness of material with velocities between about 7.2 and 
7.65 km/s. 

If there is a 7.x km/s "wedge" layer under the Sierra, then the 
arrivals from the Garfield Hills earthquake might be from a shal
lower layer than !lffivals from the Truckee aftershocks. The origi
nal interpretation of the Truckee aftershocks included identifica
tion of arrivals with an apparent velocity of 7.2 km/s [Brune and 

Archambeau, 1967). Possibly these arrivals came from the same 
"wedge" layer as the Garfield Hills arrivals. An ongoing investi
gation into observations of arrival times of earthquakes within the 
Sierra Nevada indicates that material with velocities from 7.2 to 
7.65 km/s exists under much of the Sierra (M. K. Savage et al., 
submitted manuscript, 1993). 

Pakiser and Brune [1980] also noted that ISA had a later ar
rival than CLC to the east or WDY to the west and thus inferred a 
greater crustal thickness under ISA than to the west or ei\St. The 
earlier arrival at CLC mirrors our observations and can be ex
plained by the higher P 11 velocity east of the Sierra; the earlier ar
rival at WDY to the west probably has a similar explanation. Thus 
the earlier observations interpreted as products of a thick root un
der the Sierra are consistent with the thinner crust and lower P 11 

velocities documented here. 
The remaining refraction profiles are transverse across the 

southern Sierra and led Carder [1973) and Carder et al. [1970) to 
propose a thin crust under the Sierra underlain by a low-veloci~y 
upper mantle, The southernmost of their profiles lies just north of 
our array; Carder's [1973] original interpretation and the later 
variation used by Bolt and Gutdeutsch [1982) are in excellent 
agreement with ¢ e crustal thicknesses and upper mantle velocities 
that we infer in our "single retractor" structure. To date, there is 
no investigation of the possibility that a 7.x km/s layer is compat
ible with arrivals on these cross profiles, 

Thus all the seismological evidence from regional earthquake 
travel times and refraction profiles can be explained by a near 
normal Cf\lSt about 33 km thick under the Sierra underlain by 
rocks with P wave velocities between about 7.2 and 7.7 km/s to 
depths of at least 50 km. Our arrivals are incompatible with the 
structures proposed by Pakiser and Brune [1980] and Eaton 
[1966] for the sub-Sierran structure. In common with those older 
models, though, our inferred velocities are less than velocities at 
the same depths to the east and west of the Sierra. Our "single-re
fractor" structure fits all the observations available to date with a 
minimal complexity. This interpretation requires rocks with P 
wave velocities of 7 .6 ± 0.1 km/s at about 33 km depth; this veloc
ity is probably best considered a very low upper mantle velocity, 
perhaps representing very warm mantle containing some melt. 
Note that this interpretation does not rule out the presence of lay
ers with velocities near 7 .2 km/s at the base of the crust. An alter
native interpretation (the "two-refractor" structure) p.ermits the 
presence of rocks with velocities of - 7 .2-7 .5 km/s at about the 
same depth, and these rocks would then overlie a Moho(?) at 
abo1,1t 50 km depth with underlying mantle having a near normal 
velocity about 7.9-8.1 km/s. In addition to being more complex 
than the single-refractor model, this structure does not explain our 
failure to observe arrivals from the deeper refractor from the 
Garfield Hills earthquake. Because of the additional modifica
tions to this structure that are required to prevent observation of 
arrivals from this structure's -50-km-deep-Moho at our Sierran 
stations, we prefer the single-refractor structure. 

"Isabella Anomaly" 

Unlike the High Sierra, the western foothills lack spectacular 
relief but do lie over a large velocity anomaly in the mantle. The 
high-velocity body that we have dubbed the Isabella anomaly lies 
slightly west of our network; for this reason we cannot constrain 
the western edge of the anomaly and cannot put tight bounds on 
the top and bottom of the anomaly. The pattern of travel time 
anomalies does indicate a definite southern and northern edge to 
the Isabella anomaly (at least at its eastern end; Plate 2 and Figure 
7); this pattern is evident in the shape of the velocity anomaly 
produced by the inversion (Plate 3 and Figure 8). The anomaly 
appears to extend from about 110 km to 200 km depth, though the 
anomaly could extend to greater depth farther to the west. The 
overall pattern evident through several different inversions is that 
the anomaly 's amplitude is greatest from about 150 to 190 km 
depth and is somewhat less above that. The anomaly does not ex
tend above about 100 km depth unless low-velocity material is 
forced to exist near the. Moho under the Sierra. As discussed 
above, forcing a low-velocity root to exist causes the inversion to 
bring high-velocity material to the base of the root, though over a 
broader area than that defined below 100 km. 

The limited range of this high-velocity body was inferred by 
Al.i [1982] from his compilation of earlier tomographic studies 
over the whole state of California and reinforces our inference that 
the anomaly is local to the southern part of the San ioaquin Basin. 
More recent inversions of teleseismic observations at permanent 
stations in California have tended to confirm the limited north
south extent of the anomaly below 100 km depth, though these 
studies have poor resolution of the eastern side of the anomaly 
owing to the distribution of stations [Benz; and amdt, 1993; Biasi 
and Humphreys, 1992]. Unlike the anomaly under the Transverse 
Ranges [Hadley and Kanamori , 1977; Humphreys et al., 1984; 
Humphreys and Clayton, 1990; Raikes, 1980), this anomaly is not 
easily connected with any topographic feature or geologic event. 
The great north-south extent of the San Joaquin Valley, the Sierra 
Nevada, and the Coast Ranges all argue against an association ¢at 
was suggested by Humphreys [1987] between this limited 
anomaly and any of these features. The anomaly apparently has 
an east-west dimension similar to the east-west extent of the south 
dipping thrusts at the south end of the San Joaquin Valley [Biasi 
and Humphreys, 1992), but these thrusts lie about 100 km to the 
south and root away from the anomaly [e.g., Namson and Davis, 
1988; Goodman et al., 1989]. The only geological feature that 
could possibly be spatially associated with the Isabella anomaly is 
the Bakersfield arch, which overlies the northern edge of the 
Isabella anomaly. The arch separates the 12 km deep Maricopa 
subbasin [Goodman et al., 1989] from the main San Joaquin 
Valley and its 6-km-thick fill, and it contains the largest outcrop-
pings of Tertiary rocks in the eastern San Joaquin Valley. · 

Two clues suggest one possible interpretation of the Isabella 
anomaly. First, the velocity contrast between the anomaly and the 
surrounding mantle appears to decrease from about 190 km up to 
l 00 km depth; the anomaly might not exist at shallower depth. 
This indicates that the anomaly might represent cooler, denser 
material from the upper mantle that is now descending from near 
the base of the crust to depths of near 200 km. Seconcl, we ob
served a low-velocity body under the Tehachapi Mountains that is 
probably in the upper 100 km of the mantle. We suggest that the 
Tehachapi low represents low-velocity material replacing the 
high-velocity material now descending to form the Isabella 
anomaly to the north. 

We can further speculate that the process creating the Isabella 
anomaly started in the Miocene when the upper crust in the south-
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em San Joaquin Valley and the Tehachapi Mountains was ex
tended. During this time the sediments exposed near the edge of 
the modern basin were deposited at great depths (perhaps 2000 m 
below sea level; [Olson et al., 19861). After considerable vertical 
motions in the Miocene, the basin rebounded significantly 
[Goodman, 1989; Olson et al., 1986], perhaps caused by the 
transport of dense upper mantle from this region down and to the 
north. The significantly greater exposure of Tertiary rocks on the 
east side of the San Joaquin Valley south of and including the 
Bakersfield arch might reflect some continuing regional uplift of 
this region accompanying the thinning of high-velocity upper 
mantle below. The lower velocities in the upper mantle beneath 
the Tehachapi Mountains (Plate 3 and Figure 8, 30-110 km depth) 
might also reflect removal of older mantle lithosphere and subse
quent replacement with warmer mantle. This system of mantle 
downwelling and upwelling resembles that proposed by 
Humphreys et al. [1984] and Humphreys and Hager [1990] for the 
Transverse Ranges and Salton Sea to the south, but this system is 
smaller and has not produced crustal features comparable to the 
Salton Sea or Transverse Ranges. A somewhat similar interpreta
tion has been advanced by Zandt and Carrigan [1993], who prefer 
to derive the material within the Isabella anomaly from the north. 

The only noteworthy geophysical phenomenon at the surface 
that seems spatially associated with the Isabella anomaly is a 
paucity of seismicity. This absence of seismicity, combined with 
the coincident transition from extensional stress to the east to 
compressional stress to the west, led Mount [1989] to infer a point 
of isotropic stress in the vicinity of the Isabella anomaly. It is be
yond the scope of this work to explore mechanisms that might link 
a mantle velocity anomaly with such major transitions in the stress 
field in the crust, but we do note that Sonder (1990] has shown 
that a high-density body in the mantle can perturb the regional 
stress field in the crust. Thus it is possible that this anomaly does 
produce some effect on the crust, and should such a link be estab
lished it might be possible to constrain other information about the 
Isabella anomaly from this effect. 

The Isabella anomaly apparently represents some dynamic of 
the upper mantle not simply reconciled with the tectonics at the 
surface. Unlike the anomaly under the Transverse Ranges, this 
anomaly is not easily explained as the consequence of thickening 
of the lithosphere itself induced by the kinematics of the plate 
margin. The presence of this anomaly has not led to the construc
tion of mountains or the foundering of basins. This is somewhat 
surprising because the Isabella anomaly produces travel time 
residuals equal to or greater than those associated with the 
Transverse Ranges anomaly [e.g., Humphreys and Clayton, 1990]. 
If the Isabella anomaly does represent some large downward flux 
of cold upper mantle, then large motions of mantle in or below the 
lithosphere need not produce sizable tectonic features at the sur
face. 

lsostasy and Gravity 

The large Bouguer gravity low associated with the relief of the 
Sierra Nevada (Plate 4) has generally been attributed to an Airy
type crustal root beneath the range; disagreements have been lim
ited to the depth and size of the root and whether the range is in 
isostatic equilibrium [e.g., Oliver, 1977; Saltus and Lachenbruch, 
1991] or overcompensated [e.g., Kennelly and Chase, 1989]. 
Although interpretations of gravity are notoriously nonunique, 
gravity gradients provide minimum estimates of the depth of den
sity anomalies and the gravity anomalies themselves are the only 
direct observation of the density contrasts at depth responsible for 
support of topography. Because we have inferred that no sub-

stantial (>5 km thick) Airy root lies under the High Sierra, we 
here reexamine the gravity data to learn what constraints it places 
on the compensation of the Sierra. For completeness, we consider 
three simple end-member models of compensation that could both 
support the range and produce the observed gravity anomaly 
(Figure 14): a classic Airy root, lateral contrasts within the crust 
("crustal Pratt root"), and lateral contrasts within the mantle 
("mantle Pratt root"). By comparing the gravity anomalies calcu
lated from these idealizations with observed anomalies and by us
ing constraints from measured densities and surface geology, we 
show that a near-equal combination of the crustal "Pratt" mecha
nism with either of the other two can support the Sierra and satisfy 
the gravity measurements. 

East-west profiles across the Sierra have often been used to 
demonstrate the presence of an Airy root beneath the range [e.g., 
Oliver, 1977; Kennelly and Chase, 1989). This is curious because 
gradients on the west side of the Sierra are so steep that they re
quire substantial density contrasts in the upper crust [Kennelly and 
Chase, 1989; Oliver and Robbins, 1982]; thus even overcompen
sation at the base of the crust will not fit the observed anomaly 
without upper crustal anomalies. Our east-west profile across the 
Sierra (Figure 15) strongly indicates that lateral density contrasts 
in the crust (i.e., the Pratt crustal root) fits the observed Bouguer 
anomaly much better than either an Airy root or a Pratt mantle 
root. These latter models produce the residual high in the foothills 
and low in the High Sierra depicted on isostatic residual maps 
[e.g., Jachens and Griscom, 1985]; these residual anomalies have 
in tum led to the suggestion that the Sierra is overcompensated 
[Kennelly and Chase, 1989]. 

The necessity of shallow density variations in the Sierran 
foothills has long been noted, but most workers tend to use the 
thinnest bodies possible so that most of the gravity low along the 
Sierra might be explained by a large crustal root [e.g., Kennelly 
and Chase, 1989]. The choice of such thin density variations is 
largely arbitrary and seems contrary to geologic and geophysical 
inference. The density variations measured at the surface mirror 
the topography to a large degree [Oliver et al., 1987; Saltus and 
Lachenbruch, 1991) and are comparable to the 0.225 Mg m-3 

variation calculated for our Pratt root (Figure 15). These density 
variations mimic the structure of the Sierran crust, which is domi
nated by the juxtaposition of silicic plutonic rocks along the 
Sierran crest with mafic to ultramafic rocks exposed in the western 
foothills [Saleeby, 1981]. Because of the large-scale vertical 
transport of material in the Mesozoic magmatic arc [Saleeby, 
1990], it seems reasonable to assume that the gross variations in 
density observed at the surface extend down many kilometers into 
the crust. Gravity gradients associated with individual plutons in 
the upper crust indicate that these plutons extend down to about 
10 to 13 km depth [Oliver, 1977; Oliver et al., 1987, 1993]. A 
more diffuse density contrast below 10 km between the San 
Joaquin crust and the Sierran crust could exist, for the deep levels 
of the Sierran batholith exposed in the southernmost part of the 
range remain fairly silicic to paleodepths approaching 30 km, and 
densities rarely exceed 2.8 Mg m·3 even in these deep levels of 
exposure [Ross, 1989; Saleeby, 1990]. The bulk of geologic evi
dence along an east-west profile across the Sierra thus supports 
the possibility that much, or even all, of the gravity low of the 
Sierra comes from lateral density contrasts in the crust; the gravity 
data require that some of that low must be in the upper crust. 

Like the east-west profile, a north-south profile of the Bouguer 
gravity anomaly along the Sierran axis is best matched by a 
"crustal Pratt" compensation (Figure 16). However, the north
south gravity gradient is gentle enough that the causative density 
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Plate 4. Gravity map with profile locations (heavy, outlined, straight white lines). Faults (solid lines) and 304 m (1000 feet) 
contour (white line) are shown for reference. 

contrasts could be placed at or below the Moho. This latter possi
bility is reinforced by the absence of significant differences in the 
bedrock along the profile. Unlike the east-west profile, no dra
matic change in the surface geology accompanies the -120 mGal 
variation in the Bouguer anomaly south from the High Sierra 
(Figure 16). The paleodepths of exposed rocks increase only 
slightly, if at all, from the High Sierra to the Lake Isabella region 
[Ague and Brimhall, 1988], suggesting that the gravity anomaly 
does not originate in a shallow body increasingly denuded toward 
the south. Thus any of the three mechanisms could be operating 
along this profile; other information must be used to constrain the 
depth of compensation on this profile. 

Constraints from the seismic observations. It is along this 
north-south profile that the seismic experiment presented here 
provides the most information about the compensation of the 
Sierra Nevada. As all the stations in the Sierra north of 35°15' are 
located on crystalline rock, station corrections are small and arti
facts produced by sedimentary basins and other strong, upper 

crustal velocity contrasts are absent. Inversion of the teleseismic 
residuals produced generally lower seismic velocities in the crust 
toward the northern end of the profile (Plate 3). Although this 
pattern reflects the variation we expect for compensation of the 
Sierra, it is not significant, for as we noted earlier, an inversion 
where the 0- to 30-km layer is forced to remain uniform results in 
a structure fitting the arrival times as well as the best fit structure 
of Plate 3. 

Lacking good control from the teleseismic inversion, we must 
use constraints from the Pn observations. The pattern of low Pn 
velocities under the High Sierra and high P n velocities under Coso 
more closely resembles the 0- to 30-km pattern from the tele
seismic inversion than the 30- to 70-km pattern (Plate 3 and 
Figure 8). This, combined with the nearly uniformly thick crust 
between about 35°15' and 36°30'N inferred from the Pn observa
tions, leads us to infer that variations in the compensating mass 
under the Sierra along a north-south profile must lie in the upper 
mantle (or the "7.x" wedge layer). Further experimentation with 
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Fig. 14. Three idealized mechanisms for compensating a mountain range: the Airy root, "crustal Pratt" root, and "mantle Pratt" 
root. 
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Fig. 16. (a) North-south section averaging Bouguer gravity from 118°15' 
and 118°30'W. Compensating density variations as in Figure 15. Density 
variations for all the calculated gravity anomalies extend 55 km away 
from the profile line. Profile lines are located on Plate 4. (b) Topography 
and compensation variations along the north-south profile. 

alternate parameterizations for the teleseismic inversion indicates 
that, if the Sierran crust lacks any variations, the high velocities in 
the 30- to 70-km layer (Plate 3) could largely reside at depths 
closer to 50-80 km without increasing the variance over the 
structure in Plate 3. The 30-50 km depth range in this alternate 
structure lacks any significant velocity variations. 

Considering this information, it seems likely that some part of 
the variation along this profile comes from variations in the lower 
crust (the 7.x wedge) or the upper mantle. Neither teleseismic nor 
P n observations can rule out lateral variation in the crust, but the 
absence of a clear change in the surface geology likely to accom
pany a large crustal density variation north of about 35°15' sug
gests that such variations are likely to be much smaller than on the 
east-west profile. Additionally, Jones [1987] inferred from a dis
sected pediment surface that this part of the Sierra had been tilted 
up to the north in late Cenozoic time, which seems incompatible 
with a driving force emplaced in Mesozoic time. 

The difference in Pn velocities (or thickness of the 7.x wedge) 
between the Sierra and both Coso to the east and the Great Valley 
to the west suggests that a large low-velocity body probably lies in 
the mantle under the Sierra. To the west of the range, Pn veloci
ties are about 8.0 krn/s [Holbrook and Mooney, 1987; Mooney and 
Weaver, 1989; Oppenheimer and Eaton, 1984], and our observa
tions indicate P n velocities of 7.6 km/sunder the Sierra and about 
7.9-8.0 krn/s to the east. These observations mirror those made by 
Hearn and coworkers [Heam et al., 1991; Heam and Clayton, 
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1986] on the basis of tomographic inversions of regional Pn ar
rivals in southern California and the western United States. In the 
absence of partial melt, such velocity contrasts can be associated 
with density contrasts of the order of 0.03 to 0.10 Mg m·3 if ther
mal variations or phase changes are responsible for the velocity 
variations [Aki, 1982; Birch, 1961]; thus we shall assume that the 
7.6 krn/s material is about 0.10 Mg m-3 less dense than its sur
roundings. 

As noted earlier, the elevation and Bouguer gravity anomaly 
associated with the High Sierra are roughly halved going south to 
the Lake Isabella region; we infer that this portion of both the re
lief and gravity anomaly of the High Sierra is produced by density 
variations in the mantle. The other half of the relief and gravity 
anomaly probably comes from the density variations observed in 
the upper crust across the western foothills. The east-west gravity 
anomaly can be reproduced by a simple structure combining a 
mantle anomaly shaped as a rectangular prism between 30 and 70 
km depth, 110 km wide and 0.1 Mg m·3 less dense than the sur
rounding mantle with a lateral variation in the upper 15 km of the 
crust of about 0.2 Mg m·3, a value similar to that actually mea
sured by Oliver et al. [1987] (Figure 14). We will address the 
implications of this model for our teleseismic results after noting 
other evidence suggesting that part of the support of the Sierra lies 
in the mantle. 

Mantle anomalies and regional refraction results. Seismic 
structures derived from refraction profiles can be used to support 
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our inferred partition of the density anomaly that supports the 
Sierra. Recent U.S. Geological Survey seismic refraction profiles 
in the San Joaquin Valley provide good control on the crustal 
structure to the west [Holbrook and Mooney, 1987), but the 
structure iq the Sierra is poorly known at present. We have con
structeq two possible seismic velocity strucfi1res for the southern 
Sierra Nevada, one generally based on a structure suggested by J. 
Eaton and used by Jones and Dollar [1986) to locate earthquakes 
in the southern Sierra Nevada, the other based on Prodehl's 
[1979] 1-)) interpretations of seismic refraction lines running 
north and northwest from China Lake (Table 4). We require the 
two structures to have a total vertical travel time through the crust 
below sea level of 5.12 s (equal to 32 km thickness/ 6.25 km/s 
mean velocity), about the same as that inferred from. our analysis 
of the Pn travel times. These are also compare~ with two interpre
tations of the profile just east of Death Valley between NTS and 
Ludlow, California [Gibbs and Roller, 1966; Prodehl, 1979) 
(Table 4); we use the structure near the Ludlow end of the profile 
because it agrees more closely with the two-way travel time to the 
Moho of about 10 sin the Death Valley area [Serpa et al., 1988). 

Using a modified Nafe-Drake curve [Ludwig et al., 1970], we 
derive density structures from the velocity structures and find that 
the mean density in the Sierran crust appears to be about 0.1 Mg 
m·3 lower than in the San Joaquin Valley. This is only half of the 
difference necessary to support the range by density variations in 
the crust, as is illustrated by calculating the elevation at the top of 
each structure assuming a homogeneous mantle and local isostatic 
equilibrium. Holding the elevation of the San Joaquin Valley 
section at sea level, we find that this procedure produces approxi
mately the corr~t elevation (about 700 m) for the Ludlow-NTS 
line. The estimated Sierran elevations of I to 1.5 km fall 1 to 1.5 
km short of the smoothed elevation of the high part of the range 
(Table 4). This shortfall cannot be eliminated as Ion~ as a single 
velocity-density relation similar to either tl!is modified Nafe
Drake curve or a linear relation [e.g., Birch, 1961] is applied to all 
of the velocity structures equally. Alth()ugh systematic variations 
from these relatioµs are quite pos~ible (and even likely in the 
presence of ultramafic rocks), the modified Nafe-Drake velocity
density relation produces densities that in turn pro~uce gravity 
an9malics in good agreement with those observed over a seismic 
profile in western .Nevada [Thompson et al., 1989]; the velocity 
variations observed along that profile are comparable to the dif
ferences between the Sierra and the adjoining areas. Thus these 
refraction profiles over the region tend to support our inference 
that about half of the isostatic support for the High Sierra comes 
from below the upper 30 km of the crust. 

The existence of a "1.x" km/s layer at the base of the crust 
would reduce the discrepancy but not eliminate it. If the estimates 
from the two-refractor structure are used, adding a 15-km-thick 
7.5 km/s (3.09 Mgtm-3) layer to the base of the Sierran structures 
of Table 4 adds about 500 m to the elevatio11 supported by crustal 
buoyancy. An additional 250 mis added if the depth to t.l}e top of 
the asthenosphere is flat over the area. Only a few hundred addi
tional meters of elevation support would be required, but we note 
that the 7.5 km/s layer might be less buoyant if this material is 
mafic to ultramafic, for such rocks have a greater density than 
would be inferred from the Nafe-Drake curve [Birch, 1961). 

Reconciling low-density upper mantle to the teleseismic pbser
vations. We tested the possibility that a large low-velocity body is 
in the upper mantle beneath the High Sierra similar to that de
scribed above (see section on tests of a priori structures) and 
found that such a feature increases the variance of the teleseismic 
travel time residuals by about 20 to 30% compared with the best 

TABLE 4. Seismic Velocity Structures in the Vicinity of the 
· Soutltern Sie~ Nevada 

Bottom of Layer, k!D (Depth 
Below Mean S!:<t µvel) P Velocity, km/s Density, Mg/m3 

San Jo{l(]uin Valley [Holbrook and Mooney, 1987] 
(Southeastern end of profile)• 

3 2.2 2 .01 
5.5 6,1 2.72 
9 ~5 181 

12 6.6 2.84 
16 6.65 2.85 
29 7.2 3.01 

Southern Sierra Nevada (Modified From Work of J. Eaton, 
Cited by Jones and Dollar[1986])t 

1 3.5 2.3 
4 5.8 2.66 

22 6 .2 2.74 
31.8 6.9 2.91 

Southern Sierra Nevada (Modified from Prodehl [1979])* 
3.7 5.05 2.54 
D ~00 2S 
8.2 6.09 2.12 

10.1 6.17 2.73 
11.8 6.24 2.74 
22.4 6.0 2.69 
27.0 6.48 2.81 
31.1 6.72 2.87 

Ludlow toward NTS (Death Valley) [Prodehl, 1979P 
4.5 5.00 2.21 
7.3 6.05 2.71 
9.2 6.12 2.72 

14.1 6.22 2.74 
m2 'M D7 
22.9 6.45 2.80 
25. I 6.67 2.85 
26.5 6.99 2.95 
27.1 7.30 3.04 
28.3 7.65 3.17 

Ludlow toward NTS (Death Valley) [Gibbs a11d Roller, 1966}1 

0.9 2.50 2.10 
13.9 6.1 2.72 
26.9 6.8 2.89 

Densities inferred qsing relation of Ludwig et al. [1970). Mantle 
(lithosphere) density defined as 3.25 Mg m-3. Jn the footnotes, vis mean 
crustal velocity, j) is mean crustal density, CIE; is crustal isostatic 
elevation and L is the thickness of mantle lithosphere using relations of 
Lachenb:.Uch and Morgan [1990) and assuming an asthenospheric density 
of 3.20 Mg/m·3. 

• v = 6.37 km/s, j) = 2.82 Mg m-3, CIE ,. 0 m (= local mean 

elevation), Lm = 71 km 

t v = 6.21 km/s, j) = 2.77 Mg m-3, Mean Elevation= 2500 m, CIE = 

1440m,Lm=4km 

* v = 5.96 km/s, p = 2.72 Mg m·3, Mean Elevation= 2500 m, CIE = 

1640 m, Lm = 16 lcin 

§ ii= 6.16 km/s, p = 2.71 Mg m·3, Mean Elevation = 700 rn, CII~ = 

560 rn, Lm = 62 km 

II ii= 6.25 km/s, p = 2.77 Mg m·3, Mean Elevation = 700 m, CIE = 

260 m,Lm ::: 43km 

fit structure (Table 3). Introducing such a large low-velocity body 
into the upper mantle also increases the velocities of a high-ve
locity body beneath the low-velocity body. We can recqncile the 
low Pn velocities, low gravity anomalies, and relatively early t~le
seismic arrivals in two ways: (1) pla~ a low-c;iensity body in the 
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upper mantle (about 30-80 km depth) with strong seismic 
anisotropy, faster (by about 6%) for vertically traveling 
(teleseismic) rays than for horizontally traveling (Pn) rays or (2) 
place a low-density, low-velocity body in the upper mantle over a 
high-velocity body with unknown density. Certainly, comparing 
the P n results with the 30-70 km layer in the teleseismic inversion 
(Plate 3) lends credence to the possibility that the upper mantle is 
seismically anisotropic, and Savage and Silver [1993] have docu
mented large-magnitude horizontal anisotropy in the northern 
Sierra Nevada, but there is no good reason why a highly 
anisotropic medium would be buoyant and support the southern 
High Sierra. Thus we opt for an isotropic medium and option 2. 

We reconcile the seismic and gravity observations by choosing 
a structure with a low-velocity, low-density body in the uppermost 
mantle (30-(iO km) and a high-velocity body beneath it (60-100 
km) that has either the same or lower density than its surround
ings. Minimizing the thickness of the low-velocity upper mantle 
will best fit the teleseismic observations. The ctepth of 60 km was 
considered the shallowest both to provide an adequate thickness of 
buoyant material and to fit the lack of an observed first arrival in 
the P n observations from the high-velocity material below the 
low-velocity uppermost mantle. A simple density structure based 
on this interpretation can fit the observed east-west gravity varia
tions across the Sierra (Figure 17). This choice demands that the 
relation between seismic velocity and density in the uppermost 
mantle is not unique. Variations in the mean atomic weight of 
materials produces different velocity-density relationships· [e.g,, 
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Fig. 17. East-west profile across the Sierra Nevada (same as Figure 15) 
illustrating fit possible with a simple combination of lateral density 
contrasts in the crust and mantle. The mantle anomaly extends from 30 to 
70 km depth and is 0.10 Mg in-3 less dense than its surroundings. The 
crustal lateral density contrasts extend from sea level to 15 km depth. The 
intentional misfit near 20 km reflects the gravity anomaly associated with 
basin fill under Owens Lake. 

Birch 1961]; a mechanism for such variation is ~e depletion of 
upper mantle material through the derivation of melt {e.g., Jordan, 
1979; Dawson et al., 1990]. Experimental and theoretical studies 
of the velocity and density properties of residuum from mantle 
melt support the inverse correlation of velocity and density sug
gested here {Akimoro, 1972; Jordan, 1979]. The low Pn velocity 
under the Sierra inferred frorµ the single retractor structure and 
the moderate to high heat flow recently observed under the eastern 
Sierra near Lake Isabella indicates that the underlying mantle ei
ther is warmer than that to the west or became warm earlier than 
that to the west [Black and Braile, 1982; Saltus and Lachenbruch, 
1991]. Thus we suggest that the uppermost mantle unqer the 
Sierra is unusually warm and composed in part of melt 4erived 
from a volume beneath it; the depleted mantle would then have 
higher velocities but lower densities than the surrounding mantle 
(Figure 18). 

Implications of a possible second refractor. The preceding 
discussion has presumed that the single-refractor structure is cor
rect, but most of its conclusions would still apply if the two
refractor structure petter represents the southern Sierra. As 
before, higher-velocity material would have to lie under the low
velocity "7 . .x wedge" between refractors ip. order to reconcile this 
structure to the teleseismic observations. This interpretation 
differs most from that above if this "wedge" is considered to be 
within the crust and was formed in the Mesozoic. If so, and if the 
underlying mantle is relatively cool and thus presumably 
antibuoyant, this would be a modified version of the classic 
crustal root for the Sierra Nevada, but this inference is difficult to 
reconcile with recent heat flow measurements indicating an 
elevated heat flow in the southeastern Sierra [Saltus and 
Lachenbruch, 1991] and seismological and geological ob
servations indicating a close association between the tectonics in 
the Sierra and in tne Basin and Range [Jones, 1987; Jones and 
Dollar, 1986]. Additionally, if the mantle is antibuoyant beneath 
the Sierra, the isostatic calculations presented earlier would 
require the presence of a significant buoyant body that is not 
present within the seismic structure. An intriguing observation is 
the inference of a similar "double Moho." of 7.5 km/s material 
over 7.9 km/s mantle under the Wasatch front in Utah [Loeb, 
1986; Loeb and Pechmann, 1986; Pechmann et al., 1984; Smith et 
al., 1989]; if this has the same cause as the similar sub-Sierran 
structure, it suggests a Cenozoic origin for such a feature, because 
the Wasatch front area, unlike the Sierra, is not a batholith, but 
both are in similar tectonic environments on the margins of the 
Basin and Range. Thus our preferred alternative is ttJat this 
material, whether called crust or mantle, has been derived from 
the mantle in Cenozoic time and that, in some sense, this is the 
igneous "rift pillow" apparently absent from regions to the east 
[Beck and z.andt, 1991; Patton et al., 1991] (G. Zandt, et al., un
published data, 1992). The tectonic implications of this i11terpre
tation differ little from that of the "single refractor" structure, for 
it still suggests that uplift of the Sierra is due to the creation of 
warm, buoyant material beneath the range in the pa~t 10-20 m.y. 

Implications for the Tectonic History of the Sierra 

Partitioning the isostatic support for the Sierra between crust 
and upper mantle also tends to partition the µplift of the range be
tween Mesozoic and late Cenozoic time. Density contrasts in the 
upper C11)St were clearly in place by the close of the Mesozoic; in 
the absence of density anomalies in the mantle and assuming local 
ispstasy, we would expect the range to have had elevations be
tween about 1.0 and 1.5 km; it is quite possible the elevations 
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were somewhat lower because of the elastic strength of the crust 
[Chase and Wallace, 1986, 1988]. These paleo-elevations are 
similar to those inferred by Huber [1981, 1990] farther north and 
Christensen [ 1966 J in this region. Because low P n velocities tend 
to be associated with high heat flow [Black and Braile, 1982], the 
low heat flow over much of the Sierra through most of the 
Cenozoic [Dumitru, 1990; Saltus and Lachenbruch, 1991] indi
cates that the velocity and density variations inferred to lie in the 
upper mantle were acquired in only the past 10 to 20 m.y. 

The creation of a new low-density body under the High Sierra 
in late Cenozoic time obviates the need, suggested by Chase and 
Wallace [1986, 1988], for an extremely strong lithosphere through 
the Cenozoic to suppress a large, Mesozoic crustal root. 
Removing the large crustal root also simplifies the lithospheric 
history to the west, as inferred by Rentschler and Bloch [1988] 
from flexural models of the San Joaquin Valley through the 
Tertiary. They assumed an even thicker Sicrran crust than that 
used by Chase and Wallace and then found that to match the de
pqsitional history in the San Joaquin Valley, they needed to 
weaken the lithosphere on the west side of the Sierra starting at 
about 8 Ma. This weakening could reflect instead the addition of 
a load beneath the Sierra about this time; a generally weaker litho
sphere could be assumed for times before 8 Ma because there 
would not be a need for a strong lithosphere to suppress a large 
crustal root. This would tend to make the strength of the Sierran 
lithosphere about the same or somewhat weaker than that under 
the San Joaquin Valley to the west, a reasonable situation consid
ering the more quartz-rich (and thus weaker) rheology of the 
Sierra compared to that of the basement of the San Joaquin 
Valley. 

We infer that low-velocity, low-density upper mantle beneath 
the High Sierra lying over high-velocity upper mantle reflects 
derivation of melt from the upper mantle from beneath the Sierra; 
this implies that the mantle lithosphere has been greatly thinned 
beneath the Sierra (Figure 18). There are only some small vol
canic centers in the southern Sierra, but significant eruptions of 
volcanic rocks have occurred over the past 15 m.y. in the Basin 
and Range to the east. We propose that tpe melt derived from the 
upper mantle under the Sierra migrates up and east through the 
lithosphere, erupting in the adjoining Basin and Range. The pref
erential eastward migration of melt might be an effect of west 
dipping structural fabrics through the crust in this region [e.g., 
Wernicke et al, 1988] or could even be entrained in wholesale 
flow of the lower crust to the east, as suggested by Wernicke 
[1990, 1992) and Walker and Coleman [1991); migration of melt 
along a west dipping faull has been proposed in the Death Valley 
area from the analysis of reflection profiles across the area [Serpa 

et al., 1988). This kind of structure agrees with the inference that 
extension at this latitude is localized under the Sierra Nevada in 
the upper mantle and under Death Valley in the crust (Figure 18) 
[Jones, 1987; Wernicke, 1985]. 

CONCLUSIONS 

Teleseismic and P n travel times observed at temporary and 
permanent stations in the southern Sierra are inconsistent with the 
presence of thick (>40 km) crust under the southern High Sierra as 
previously envisioned. The travel time residuals of tclcseismic 
rays penetrating the crust and upper 60 km of the mantle beneath 
the High Sierra are not noticeaply late (Plate 2 and Figure 7), thus 
an isol::tted low-velocity, low-density body sufficient to support 
the southern Sierra does not exist under this part of the range. The 
most dramatic anomaly seen in the teleseismic residuals is from a 

large high-velocity body under the Sierran foothills somewhat 
west of our network; this body appears to extend from about 100 
to 200 km depth (Figure 18). The limited north-south extent of 
this anomaly indicates that it is not responsible for the large north
south physiographic features (the Sierra Nevada, the San Joaquin 
Valley, and the Coast Ranges) in the area. 

Although a small low-velocity body under the High Sierra was 
found in our best fit inversion of the teleseismic arrival times 
(Plate 3), a large body sufficient to support the range produces a 
significant misfit to the observations (Table 3); a velocity anomaly 
in the mantle ("mantle root") fits the observations only slightly 
better than a crustal root. We use arrival times of P n phases from 
earthquakes to the north and south to help distinguish among these 
structures. Assuming that these arrivals come from a single re
fractor, the crust is 33 ± 5 km thick under the High Sierra and the 
upper mantle P wave velocity is about 7.6 km/s. Pn velocities to 
the east are greater, perhaps 7.9-8.1 krn/s. If refractions from 
north and south are from different refractors, then a -20-krn-thick 
wedge of material with a P-wave velocity between about 7.2 and 
7.5 km/s could underlie the southern High Sierra, but because this 
structure requires complications not present in the single refractor 
interpretation, we prefer the single-retractor interpretation. 

We chose to reconcile the P ,,,, teleseismic, and gravity data by 
suggesting that the mass deficit supporting the southern High 
Sierra is present in both crust and mantle. In the crust, we infer 
from surface geology and gravity and density measurements that 
the upper 15 km of the crust beneath the Sierran crest is about 0.2 
Mg m-3 less dense than that beneath the foothills to the west 
(Figure 18). Because of the Pn observations and the Bouguer 
gravity anomalies, we infer that low-velocity, low-density upper 
mantle exists between about 30 and 60 km beneath the range north 
of about 36°N. Because of our teleseismic arrival times and the 
Bouguer gravity anomalies, we believe that high-velocity, low
density material lies under the low-velocity material to depths of 
perhaps 100 km. Low velocities might then lie under that material 
under the region west of Owens Valley. 

Our interpretation of these anomalies (Figure 18) is that they 
represent greater thinning of the mantle lithosphere beneath the 
Sierra than of that under the Basin and Range; this thinning corre
sponds to the deeper levels of crustal extension centered in the 
Death Valley region. This thinning of the lithosphere has caused 
the asthenosphere to approach the crust beneath the High Sierra. 
Melt derived from the upper 40-60 km of the asthenosphere has 
risen upward, leaving higher-velocity but lowercdensity residuum 
between 60 and 100 km depth. Mantle above this depth might not 
be substantially depleted but is probably quite warm, producing 
the low-velocity, low-density layer immediately beneath the crust. 
This forms the reservoir of mantle melt that migrates up and east 
toward volcanic centers in the western Basin and Range. Creation 
of this deformational system provided the buoyancy necessary to 
raise the High Sierra 1-2 km to its present elevation. 

To the west of the Sierra, the lateral contrasts in the crust were 
emplaced in the Mesozoic during the construction of the crust in 
this region. These contrasts provided the buoyancy to support the 
ancestral Sierra through much of the Tertiary. The substantial 
anomaly under the western foothills (the "Isabella anomaly") 
lacks any obvious connection to the tectonics at the surface de
spite the large velocity contrast (-+4%) with its surroundings. We 
have suggested that it is downwelling lithosphere, probably de
rived from the south but possibly also from the north. This pro
cess might have started in the Miocene, when extensional tecton
ism deformed the southern San Joaquin Valley and Tehachapi 
Mountains; this deformation might have introduced an instability 
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in the cold mantle lithosphere beneath the southern Sierra, per
mitting it to start to move downward. We have indicated a coun
terflow to this process under the Tehachapi Mountains; this is 
based on poorly constrained low velocities between about 30 and 
100 km depth. 

Acknowledgments. We thank all those who generously loaned equip
ment for this experiment: John Evans at the USGS in Menlo Park, Kei Aki 
at USC, Leigh House at Los Alamos National Laboratory, Marianne 
Walck at Sandia National Laboratory, Steve Park at UC Riverside, and 
Randy Keller at the University of Texas at El Paso. Wayne Miller, Jim 
Westphal, and Vic Nenow provided technical and material assistance. We 
are grateful to a large number of hard working volunteers who kept this 
network running, including Laura Anderson, Glenn Biasi, "Timber" Tom 
Fairbanks, Riley Geary, Marie Issa, Laura Jones, Scott King, Randy 
Mackie, Ada Nordby, Fritz Nordby, Steve Park, Michael Pauls, Scott 
Phelps, HC!en Qian, Paul Roberts, Kaye Shedlock, Anne Sheehan, Stuart 
Stephens, and Arree Thongthiraj. Steve Bryant helped save 8Jld later 
digitize analog recordings of the USGS/CIT network. The USFS (Sequoia 
National Forest) and everybody at the USNPS (Sequoia and Kings Canyon 
National Piir:ks) provided critical support. J. B. Saleeby, H. W. Oliver, 
and T. Heam provided copies of manuscripts before their publication, and 
S. Beck and G. Zandt provided information from unpublished work in 
Death Valley. Conversations with Saleeby, Oliver, L. T. Silver, B . 
Wernicke, J. Stock, A. F. Sheehan, J. Brune, M. Savage and many others 
in the Seismo Lab at Caltech helped refine the conclusions presented here. 
Comments by L. Sonder and P. Molnar on earlier drafts of this manuscript 
greatly improved the present paper. Reviews by H. Benz, G. Zandt, R. 
Hawman, and an anonymous associate editor sharpened our discussion of 
controversial data. C. Jones was a Weizmann Postdoctoral Fellow at 
Caltech during most of the experiment and analysis. Support for this work 
came from USGS grants 14-08-0001-01774 and 1434-93-02287 and NSF 
grants EAR-92-04748 and EAR-8915744 to Kanamori. Support for 
C.H.J. for final completion of the work came from NSF grant EAR-
9019322 to J. Brune and M. Savage. Publication support came from NSF 
grant EAR-9117730 to C. H. Jones. This is California Institute of 
Technology Division of Geological and Planetary Sciences contribution . 
5008. 

REFERENCES 

Abers, G. A., and S. W. Roecker, Deep structure of an arc-continent 
collision: Relocation of earthquakes and inversion for upper mantle P 
and S wave velocities beneath Papua New Guinea, J. Geophys. Res., 
96, 6379-6402, 1991. 

Ague, J. J., and G. H. Brimhall, Magmatic arc asymmetry and distribution 
of anomalous plutonic belts in the batholiths of California-Effects of 
assimilation, crustal thickness, and depth of crystallization, Geo/. Soc. 
Am. Bull. , 100, 9 12-927, 1988. 

Aki, K., Three-dimensional seismic inhomogeneities in the lithosphere 
and asthenosphere: Evidence for decoupling in the lithosphere and 
flow in the asthenosphere, Rev. Geophys. Space Phys. , 20, 161-170, 
1982. 

Aki, K., A. Christoffersson, and E. S. Husebye, Determination of three
dimensional seismic structure of the lithosphere, J. Geophys. Res., 82, 
277-296, 1977. 

Akimoto, S.-I., The system MgO-FeO-Si02 at high pressures and 
temperatures- Phase equilibria and elastic properties, Tectonophysics, 
13, 167-187, 1972. 

Bartow, J. A., and G. M. Pittman, 1be Kem River Formation, southeastern 
San Joaquin Valley, U.S. Geo!. Surv. Bu/I., 1529-D, 1-17, 1983. 

Bateman. P. C., and J .P. Eaton, Sierra Nevada Batholith, Science, 158, 
1407-1417, 1967. 

Beck, S. L., and G. Zandt, Seismological approaches to the study of 
crustal structure in the Death Valley extended tenain, paper presented 
at IUGG XX General ASsembly (IASPBI), Vienna, 11-24 August 
1991. • 

Be nz, H. M., and G. Zandt, Teleseismic tomography: Lithospheric 
structure of the San Andreas Fault system in northern and central 
California, in Seismic Tomography: Theory and Practice, edited by H. 
M. Iyer and K. Hirahara, pp. 440-465, Chapman and Hall, New York, 
1993. 

Biasi, G. P., and E . D. Humphreys, P-wave image of the upper mantle 
structure of central California and southe rn Nevada, Geophys. Res. 
Lett., 19, 1161-1164, 1992. 

Birch, F., The velocity of compressional waves in rocks to 10 kilobars, 2, 
J. Geophys. Res., 66, 2199-2224, 1961. 

Black, P. R., and L. W. Braile, P,. velocity and cooling of the continental 
lithosphere, J. Geophys. Res., 87, 10,557-10,568, 1982. 

Bolt, B. A., and R. Gutdeutsclt, Reintecpretation by ray tracing of a 
transverse refraction profile through the California Sierra Nevada, I, 
Bull. Seismol. Soc. Am., 72, 889-900, 1982. 

Brune, J. N., and C. B. Archambeau, A refraction line along the ax.is of the 
Sierra Nevada using aftershocks (abstract), EDS Trans. AGU, 48, 203, 
1967. 

Burdick, L. J., and D. V. Helmberger, The upper mantle P-velocity 
structure of the western United States, J. Geophys. Res,, 83, 1699-
1712, 1978. 

Carder, D. S., Trans-California seismic profile, Death Valley to Monterey 
Bay, Bull. Seismal. Soc. Am., 63, 571-586, 1973. 

Carder, D.S., A. Qamar, and T. V. McEvilly, Trans-California seismic 
profile-Pahute Mesa to San Francisco Bay, Bull. Seismol. Soc. Am., 
60, 1829-1846, 1970. 

Cemen, I., L. A. Wright, R. E. Drake, and F. C . Johnson, Cenozoic 
sedimentation and sequence of deformational events at the 
southeastern end of the Furnace Creek strike-slip fault zone, Death 
Valley region, California, Spec. Puhl. Soc. Econ. Paleonol. and 
Minerol., 37, 127-14I , 1985. 

Chakrabarty, S. K., and C. F. Richter, The Walker Pass earthquakes and 
structure of the southern Sierra Nevada, Bull. Seismol. Soc. Am., 39, 
93-107, 1949. 

Chase, C. G., and T. C. Wallace, Uplift of the Sierra Nevada of California, 
Geology, 14, 730-733, 1986. 

Chase, C. G., and T. C. Wallace, Flexural isostasy and uplift of the Sierra 
Nevada of California, J. Geophys. Res., 93, 2795-2802, 1988. 

Christensen, M. N ., Late Cenozoic crustal movements in the Sierra 
Nevada of California, Geol. Soc. Am. Bull., 77, 163-182, 1966. 

Cox, B. F., and M. F. Diggles, Geologic map of the El Paso Mountains 
wilderness study srea, Kem County, California, scale 1:24,000, U.S. 
Geol. Surv. Misc. Field Stud. Map, MF-1827, 1-13, 1986. 

Crough, S. T., and G. A. Thompson, Upper mantle origin of the Sierra 
Nevada uplift, Geology, 5, 396-399, I977. 

Dawson, P. B., J. R. Evans, and H. M. Iyer, Teleseismic tomography of 
the compressional wave velocity structure beneath the Long Valley 
region, California, J. Geophys. Res., 95, ll,021-11,050, 1990. 

Diment, W. H., and T . C. Urban, Average elevation map of the 
conterminous United States (Gilluly averaging method), U.S. Geol. 
Surv. Geophys. lnvest. Map, GP-933, 1981. 

Dumitru. T. A., Subnonnal Cenozoic geothennal gradients in the extinct 
Sierra Nevada magmatic arc: Consequences of Laramide and 
postlararnide shallow angle subduction. J. Geophys. Res., 95, 4925-
4941, 1990. 

Eaton, J . P ., Crustal structure in northern and central California from 
seismic evidence, Bull. Calif. Div. Mines Geol., 190, 419-426, 1966. 

Gibbs, J. F., and I. C. Roller, Crustal structure determined by seismic
refraction measurements between the Nevada Test Site and Ludlow, 
California, U.S. Geol. Surv. Prof Pap., 550-D, 0125-Dl31, 1966. 

Goodman, E. D., The tectonics of transition along an evolving plate 
margin-Cenozoic evolution of the southern San Joaquin basin, 
California, Ph.D. thesis, 225 pp., Univ. of Calif., Santa Barbara, 1989. 

Goodman, E. D., and P. E. Malin, Evolution of the southern San Joaquin 
basin and mid-Tertiary "transtensional" tectonics, central California, 
Tectonics, 11, 478-498, 1992. 

Goodman, E. D., P. E. Malin, E. L. Ambos, and J. C. Crowell, The 
southern San Joaquin Valley as an example of Cenozoic basin 
evolution in California, in The Origin and Evolution of Sedimentary 
Basins and their Energy and Mineral Resources, Geophys. Monogr. 
Ser., vol. 48, edited by R. A. Price, pp. 87-107, AGU, Washington, D. 
C., 1989. 

Graham, S. A., and L. A. Williams, Tectonic, depositional, and diagenetic 
history of Monterey Fonnation (Miocene), central San Joaquin basin, 
California, AAPG BulL,69, 385-411, 1985. 

Hackel, 0., Summary of the geology of the Great Valley, Bull. Calif. Div. 
Mines Geol., 190, 217-238, 1966. 

Hadley, A., and H. Kanamori, Seismic structure of the Transverse Ranges, 
California, Geo/. Soc. Am. Bull., 88, 655-666, 1977. 

Heam, T. M., and R. W. Clayton, Lateral velocity variations in southern 
California, II, Results for the lower crust from P n waves, BulL Seismol. 
Soc. Am., 76, 511-520, 1986. 

Hearn, T., N. Beghoul, and M. Barazangi, Tomography of the western 
United States from regional arrival times, J. Geophys. Res., 96, 16,369-
16,381, 1991. 



4600 JONES ET AL.: SEISMIC STRUCTURE OF THE SOUTiiERN SIERRA NEVADA 

Herrin, E., Seismological tables for P phases, Bull. Seismol. Soc. Am., 58, 
1193-1241, 1968. 

Hirst, B., Tectonic development of the Tejon and adjacent areas, Kem 
County, California, in South East San Joaquin Valley Field Trip, Kern 
County, California: Part II, Structure and Stratigraphy, April 18 & 19, 
1986, edited by P. Bell, pp. 1-8, Pacific Section Amer. Assoc. Petr. 
Geol., 1986. 

Holbrook, W. S., and W. D. Mooney, The crustal structure of the axis of 
the Great Valley, California, from seismic refraction measurements, 
Tectonophysics, 140, 49-63, 1987. 

Huber, N. K., Amount and timing of late Cenozoic uplift and tilt of the 
central Sierra Nevada, California-Evidence from the upper San 
Joaquin River basin, U.S. Geo/. Surv. Prof Pap., 1197, 1-28, 1981. 

Huber, N. K., The late Cenozoic evolution of the Tuolumne River, central 
Sierra Nevada, California, Geol. Soc. Am. Bull., 102, I 02-1I5, 1990. 

Humphreys, E. D., Studies of the crust-mantle system beneath southern 
California, Ph.D. thesis, 189 pp., Calif. Inst. Technol., Pasadena, Calif., 
1985. 

Humphreys, E. D., Mantle dynamics of the southern Great Basin-Sierra 
Nevada region (abstract), EOS Trans. AGU, 68, 1450, 1987. 

Humphreys, E. D., and R. W. Clayton, Tomographic image of the 
southern California mantle, J. Geophys. Res., 95, 19,725-19,746, 1990. 

Humphreys, E. D., and B. H. Hager, A kinematic model for the Late 
Cenozoic development of southern California crust and upper mantle, 
J. Geophys. Res., 95, 19,747-19,762, 1990. 

Humphreys, E., R. W. Clayton, and B. H. Hager, A tomographic image of 
mantle structure beneath southern California, Geophys. Res. Lett., 11, 
625-627, 1984. 

Iyer, H. M., and T. Hitchcock, Upper-mantle velocity structure in the 
continental U.S. and Canada, Mem. Geol. Soc. Am., 172, 681-710, 
1989. 

Jachens, R. C., and A. Griscom, An isostatic residual gravity map of 
California-A residual map for interpretation of anomalies from 
intracrustal sources, in The Utility of Regional Gravity and Magnetic 
Anomaly Maps, edited by W. J. Hinze, pp. 347-360, Society of 
Exploration Geophysicists, Tulsa, Okla., 1985. 

Jackson, D. D. , and M. Matsu'ura, A bayesian approach to nonlinear 
inversion, J. Geophys. Res., 90, 581-591, 1985. 

Jeffreys, H., and K. E. Bullen, Seismological Tahles, pp. 1-55, British 
Association for the Advancement of Science, Gray-Milne Trust, 
London, 1940. 

Jones, C.H., Is extension in Death Valley accomodated by thinning of the 
mantle lithosphere beneath the Sierra Nevada, California?, Tectonics, 
6, 449-473 , 1987. 

Jones, L. M., and R. S. Dollar, Evidence of Basin-and-Range extensional 
tectonics in the Sierra Nevada; The Durrwood Meadows swarm, Tulare 
County, California (1983-1984), Bull. Seismol. Soc. Am, 76, 439-461, 
1986. 

Jordan, T. H., Minerologies, densities, and seismic velocities of garnet 
lherzolites and their geophysical implications, in The Mantle Sample: 
Inclusions in Kimberlites and Other Volcanics, Proceedings of the 
Second International Kimberlite Conference, vol. 2, edited by F. R. 
Boyd and H. 0. A. Meyer, pp. 1-14, AGU, Washington, D.C., 1979. 

Kennelly, P. J., and C. G. Chase, flexure and isostatic residual gravity of 
the Sierra Nevada, J. Geophys. Res., 94, 1759-1764, 1989. 

Lachenbruch, A. H., and P. Morgan, Continental extension, magmatism 
and elevation; formal relations and rules of thumb, Tectonophysics, 
174, 39-62, 1990. 

Lachenbruch, A.H., and J. H. Sass, Heat flow in the United States and the 
thermal regime of the crust, in Geophys Monogr. Ser., vol. 20, The 
Earth's Crust, Its Nature and Physical Properties, edited by J. G. 
Heacock, pp. 626-675, AGU, Washington, D. C., 1977. 

Lat, C. N., Seismicity and tectonics of the Garfield Hills area, Nevada, 
M.S. thesis, 154 pp., Univ. of Nev., Reno, 1989. 

Lawson, A. C., The Sierra Nevada in the light of isostasy, Geo/. Soc. Am. 
Bull., 47, 1691-1712, 1936. 

Lockwood, J. P., and J. G. Moore, Regional deformation of the Sierra 
Nevada, California, on conjugate microfault sets, J. Geophys. Res., 84, 
6041-6049, 1979. 

Loeb, D. T., The P-wave velocity structure of the crust-mantle boundary 
beneath Utah, M.S. thesis, 126 pp., Univ. of Utah, Salt Lake City, 
1986. 

Loeb, D. T., and J. C. Pechmann, The P-wave velocity structure of the 
crust-mantle boundary beneath Utah from network traveltime 
measurements (abstract), Earthquake Notes, 57, 10-11, 1986. 

Loomis, D. P., and D. W. Burbank, The stratigraphic evolution of the El 

Paso Basin, Southern California-Implications for the Miocene 
development of the Garlock Fault and uplift of the Sierra Nevada, 
GeoL Soc. Am. Bull., 100, 12-28, 1988. 

Ludwig, W. J., J. E. Nafe, and C. L. Drake, Seismic Refraction, in The 
Sea: Ideas and Observations on Progress in the Study of the Seas, vol. 
4, New Concepts of Sea Floor Evolution, Part l, Regional 

Observations, edited by A. E. Maxwell, pp. 53-84, Wiley lnterscience, 
New York, 1970. 

Mavko, B. B., and G. A. Thompson, Crustal and upper mantle structure of 
the northern and central Sierra Nevada, J. Geophys. Res., 88, 5874-
5892, 1983. 

Mooney, W. D., and C. S. Weaver, Regional crustal structure and 
tectonics of the Pacific Coast states; California, Oregon, and 
Washington, Mem. GeoL Soc. Am., 172, 129-161, 1989. 

Mount, V. S., State of stress in California and a seismic structural analysis 
of the Perdido fold belt, northwest Gulf of Mexico, Ph.D. thesis, 230 
pp., Princeton Univ., Princeton, N. J., 1989. 

Moxon, I. W., and S. A. Graham, History and controls of subsidence in the 
Late Cretaceous-Tertiary Great Valley fore-arc basin, California, 
Geology, 15, 626-629, 1987. 

Namson, J. S., and T. L. Davis, Seismically active fold and thrust belt in 
the San Joaquin Valley, Central California, GeoL Soc. Am. Bull., 100, 
257-273, 1988. 

Nilsen, T. H., Stratigraphy and sedimentology of the Eocene Tejon 
Formation, western Tehachapi and San Emigdio Mountains, 
California, U.S. Geo/. Surv. Prof Pap., 1268, 1-110, 1987. 

Oliver, H. W., Gravity and magnetic investigation of the Sierra Nevada 
batholith, California, Geo/. Soc. Am. Bull., 88, 445-461, 1977. 

Oliver, H. W., and S. L. Robbins, Bouguer gravity map of California: 
Fresno sheet, scale 1 :250,000, 23 pp., Calif. Div. of Mines and Geol., 
Sacramento, 1982. 

Oliver, H. W., J. G. Moore, and R. F. Sikora, Internal structure and depth 
of the Sierra Nevada batholith, California, from specific-gravity and 
gravity data (extended abstract), in International Symposium on 
Petro genesis and Mineralization of Granitoids, December 7-10, 1987, 
Guangzhou, China, Program with Abstracts, pp. 491-492, Guangzhou, 
China, 1987. 

Oliver, H. W., J. G. Moore, and R. F. Sikora, Internal structure of the 
Sierra Nevada batholith based on specific gravity and gravity 
measurements, Geophys. Res. Lett., in press, 1993. 

Olson, H. C., G. E. Miller, and J. A. Bartow, Stratigraphy, 
paleoenvironment and depositional setting of Tertiary sediments, 
southeastern San Joaquin Basin, in South East San Joaquin Valley 
Field Trip, Kern County, California: Part II, Structure and 
Stratigraphy, April 18 & 19, 1986, edited by P. Bell, pp. 18-56, Pacific 
Section Arner. Assoc. Petr. Geo!., 1986. 

Oppenheimer, D. H., and J. P. Eaton, Moho orientation beneath central 
California from regional earthquake travel times, J. Geophys. Res. , 89, 
10,267-10,282, 1984. 

Pakiser, L. C., and J. N. Brune, Seismic models of the root of the Sierra 
Nevada, Science, 210, 1088-1094, 1980. 

Patton, H. J., S. L. Beck, and G. Zandt, Seismic investigations into the 
lithospheric structure under Death Valley, California (abstract), Eos 
Trans. AGU, 72 (44), Fall Meeting Suppl., 324, 1991. 

Pechmann, J. C., W. D. Richins, and R. B. Smith, Evidence for a "Double 
Moho" beneath the Wasatch front, Utah (abstract), Eos Trans. AGU, 
65, 988, 1984. 

Pickett, D. A., and J. B. Saleeby, Thermobarometric constraints on the 
depth of exposure and conditions of plutonism and metamorphism at 
deep levels of the Sierra Nevada batholith, Tehachapi Mountains, 
California, J. Geophys. Res., 98, 609-629, 1993. 

Prodehl, C., Crustal structure of the western United States, U.S. Geo/. 
Surv. Prof Pap., 1034, 1-74, 1979. 

Raikes, S. A., Regional variations in upper mantle compressional 
velocities beneath Southern California, part 1 of Ph.D. thesis, 309 pp., 
Calif. Inst. Teclmol., Pasadena, CA, 1978. 

Raikes, S. A., Regional variations in upper mantle structure beneath 
southern California, Geophys. J. R. Astron. Soc., 63, 187-216, 1980. 

Reid, S. A., Late Cretaceous and Paleogene sedimentation along the east 
side of the San Joaquin basin, in Studies of the Geology of the San 
Joaquin Basin, edited by S. A. Graham, pp. 157-171 , Pacific Section 
Soc. Econ. Paleontol. Minero!., Los Angeles, 1988. 

Rentschler, M. S., and R. B. Bloch, flexural subsidence modeling of the 
Tertiary San Joaquin Basin, California, in Studies of the Geology of the 
San Joaquin Basin, edited by S. A. Graham, pp. 29-52, Pacific Section 
Soc. Econ. Paleontol. Minero!., Los Angeles, 1988. 



JONES ET AL.: SEISMIC STRUCTURE OF THE S OUTIIBRN SIERRA NEVADA 4601 

Roberts, P. M., A versatile equalization circuit for increasing seismometer 
velocity response below the natural frequency, Bull. Seismol. Soc. Am., 
79, 1607-1617, 1989. 

Roecker, S. W ., Tomography in zones of collision: Practical 
considerations and examples, in Seismic Tomography: Theory a11d 
Practice, edited by H. M. Iyer and K. Hirahara, pp. 584-612, Chapman 
and Hall, New York, 1993. 

Ross, D. C., The metamorphic and plutonic rocks of the southernmost 
Sierra Nevada, California, and their tectonic framework, U.S. Geol. 
Surv. Prof Pap., 1381, 1-159, 1989. 

Saleeby, J. B., Ocean floor accretion and volcano-plutonic arc evolution of 
the Mesozoic Sierra Nevada, in The Geotectonic Developme11t of 
California, Rubey Volume I, edited by W. E. Ernst, pp. 132-181, 
Prentice-Hall, Englewood Cliffs, N. J., 1981. 

Saleeby, J.B., Progress in tectonic and petrogenetic studies in an exposed 
cross-section of young ( -100 Ma) continental crust, southern Sierra 
Nevada, California, in Exposed Cross-Sections of the Continental 
Crust, NATO Advanced Studies Institute, Series C, Mathematical and 
Physical Sciences, vol. 317, edited by M. H. Salisbury, pp. 137-158, D. 
Reidel Publishing Co., Norwell, Mass., 1990. 

Saltus, R. W., and A. H. Lachenbruch, Thermal evolution of the Sierra 
Nevada: Tectonic implications of new heat-flow data, Tectonics, IO, 
325-344, 1991. 

Savage, M. K., and P. G. Silver, Mantle deformation and tectonics: 
Constraints from seismic anisotropy in the western United States, Phys. 
Earth Planet. Int., 78, 207-227, 1993. 

Schweig, E. S., III, Neogene tectonics and paleogeography of the 
southwestern Great Basin, California, Ph.D. thesis, 207 pp., Stanford 
Univ., Palo Alto, Calif., 1985. 

Serpa, L .. B. De Voogd, L. Wright, J. Willemin, J. Oliver, E. Hauser, and 
B. Troxel, Structure of the central Death Valley pull-apart basin and 
vicinity from COCORP profiles in the southern Great Basin, Geol. Soc. 
Am. Bull., JOO, 1437-1450, 1988. 

Sharry, J., The geology of the western Transverse Mountains, California, 
Ph.D. thesis, 215 pp., Mass. Inst. ofTechnol., Cambridge, 1981. 

Shedlock, K. M., and S. W. Roecker, Elastic wave velocity structure of the 
crust and upper mantle beneath the North China Basin, J. Geophys. 
Res., 92, 9327-9350, 1987. 

Smith, R. B., W. C. Nagy, K. A. Julander, J. J. Viveiros, C. A. Barker, and 
D. G. Gants, Geophysical and tectonic framework of the eastern Basin 
and Range-Colorado Plateau-Rocky Mountain transition, Mem. Geol. 
Soc. Am., 172, 205-233, 1989. 

Sonder, L. I ., Effects of density contrasts on the orientation of stresses in 
· the lithosphere-Relation to principal stress directions in the 

Transverse Ranges, California, Tectonics, 9, 761-771 , 1990. 
Tarantola, A., inverse Problem Theory, pp. 1-613, Elsevier, New York, 

1987. 
Tarantola, A., and B. Valette, Generalized nonlinear inverse problems 

solved using the least-squares criterion, Rev. Geophys. Space Phys., 20, 
219-232, 1982. 

Thompson, G. A., R . Catchings, E. Goodwin, S. Holbrook, C. Jarchow, C. 
Mann, J. McCarthy, and D. Okaya, Geophysics of the western Basin 
and Range province, Mem. Geo!. Soc. Am., 172, 177-203, 1989. 

Townley, S. D., and M. W. Allen, Descriptive catalogue of earthquakes of 
the Pacific Coast of the United States 1769 to 1928, Bull. Seismol. Soc. 
Am., 29, 1-297, 1939. 

Unruh, J . R., The uplift of the Sierra Nevada and implications for late 
Cenozoic epeirogeny in the western Cordillera, Geo/. Soc. Am. Bull. , 
103, 1395-1404, 1991. 

Walck, M. C., The P-wave upper mantle structure beneath as active 
spreading centre; The Gulf of California, Geophys. J. R. Astron. Soc., 
76, 697-723, 1984. 

Walck, M. C., The upper mantle beneath the north-east Pacific rim; A 
comparison with Gulf of California, Geophys. J. R. Astron. Soc., 78, 
243-276, 1985. 

Walck, M. C., and R. W. Clayton, P-wave velocity variations in the Coso 
region, California, derived from local earthquake travel times, J. 
Geophys. Res., 92, 393-405, 1987. 

Walker, J. D .. and D. S. Coleman, Geochemical constraints on mode of 
extension in the Death Valley region, Geology, 19, 971-974, 1991. 

Wernicke, B., Uniform-sense normal simple shear of the continental 
lithosphere, Can. J. Earth Sci., 22, 108-125, 1985. 

Wemicke, B., The fluid crustal layer and its implications for continental 
dynamics, in Exposed Cross-Sections of the Conti11ental Crust, NATO 
Advanced Studies institute, Series C, Mathematical and Physical 
Sciences, vol. 317, edited by M. H. Salisbury and D. M. Fountain, pp. 
509-544, Kluwer Academic Publishers, Norwell, Mass., 1990. 

Wemicke, B ., Cenozoic extensional tectonics of the U.S. Cordillera, in 
The Geology of North America, vol. G3, Tiie Cordilleran Orogen: 
Conterminous U.S., edited by B. C. Burchfiel, M. L. Zoback and P. W. 
Lipman, pp. 553-582, Geological Society of America, Boulder, Colo., 
1992. 

Wemicke, B., G. J. Ax.en, and J. K. Snow, Basin and Range extensional 
tectonics at the latitude of Las Vegas, Nevada, Geo/. Soc. Am. Bull., 
JOO, 1738-1757, 1988. 

Wright, L. A., and B. W. Troxel, Geology of the northern half of the 
Confidence Hills 15-minute quadrangle, Death Valley region, eastern 
California: The area of the Amargosa Chaos, Calif. Div. Mines Geol. 
Map Sheet, 34, 1-31, 1984. 

Zandt, G., and C. R. Carrigan, Small-scale convective instability and 
upper mantle viscosity under California, Science, 261 , 460-463, 1993. 

Zandt, G., and K. P. Furlong, Evolution and thickness of the lithosphere 
beneath coastal California, Geology, 10, 376-381, 1982. 

C.H. Jones, Center for Neotectonic Studies MS 169, Mackay School 
of Mines, University of Nevada, Reno, Reno, NV 89557-0135. 

H. Kanamori, Seismological Laboratory, California Institute of 
Technology 252-21, California Institute of Technology, Pasadena, CA 
91125. 

S. W. Roecker, Department of Earth and Environmental Sciences, 
Rensselaer Polytechnic Institute, Troy, NY 12180. 

(Received May 9, 1991; revised April 21, 1993; 
accepted May 6, 1993.) 


