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ABSTRACT 

Radioactive granites in the southwestern United States tend to 
form distinct geochemical provinces, for which the resistant mineral 
zircon provides useful indices of primary igneous endowments, A 
large fraction of the uranium and thorium in these granites is con
tained in trace minerals, stoichiometric for the actinides (e,~. 
brannerite, coffinite, uranothorite), present at levels up to tens 

., 

of ppm. Secondary mobilization of uranium in radioactive rocks seems 
most dependent on the geochemical stability of these rare phases, es
pecially after their modification by radiation damage. U-Th-Pb iso
tope systematics provide several independent indications of the mag
nitude and timing of uranium transfers (1) within the granitic sys
tems in what we believe are important preparation processes, and (2) 
to sites outside the granites including potential secondary uranium 
ore deposits. , 

RESUME 

I.e s 9ranites radioactifs du sud-ouest des Etats-Unis ont tendance a 
f ormer des provinces geochimiques distinctes, pour lesquelles le 
Qlneral resistant zircon procure des indices utiles de la propriete 
l 9nee primaire. Une large fraction de l'uranium et du thorium 
dans ces granites est contenue dans les mineraux rares, stoechio
-triques pour les actinides (exemple: brannerite, coffinite, urano
thorite), qui sont present a un niveau de l'ordre de 10 p.p.m •• 
Le mobilisation secondaire de ! 'uranium dans les roches radioactives 
•olDble dependre surtout de la stabilite geochimique de ces phases 
~•rea en particular apres leur modification et leur deterioration 
s,.r radiation, Le systeme des isotopes U-Th-Pb procure plusieurs 
lndlcations independantes de la magnitude, et du temps de transfer 
1k l'uranium (1) dans les systemes granitiques de ce que nous 
ttoyons etre un processus important de preparation et (2) des lieus 
• n dohors des granites y compris des gisements d'uranium secondaire, 

'[' 
I 
l 



INTRODUCTION 

Radioactive granites (with primary uranium endowment in exceaa 
of twice crustal abundance) are found in the southwestern United 
States as local but sparse endmembers in major plutonic differentia
tion sequences, and more importantly, in what appear to be distinct 
geochemical provinces, initiated during the Proterozoic development 
of the continental crust. A major uranium anomaly region in the Pre
cambrian basement underlies much of the southern Colorado Plateau 
province [l, 2). This anomaly was recognized initially on the basla 
of unusual uranium concentrations in igneous zircons fr0111 ·more than 
100 samples of several generations of Precambrian ·plutonic and vol
canic rocks ranging in age from 1100 to nearly 1800 million years 
(my). The anomalous basement forms a NE-trending belt more than 700 
km in length from western Arizona to at least central Colorado, 
underlying many well-known Mesozoic sandstone-type uranium ore dis
tricts ( Figure 1). Uranium concentrations as high as 50 ppm ha9e 
been f.ound among the unmineralized granites. • 

A comparative investigation of the petrology, mineralogy, geo
chemistry, U-Th-Pb isotope systematics, and geologic setting of 
selected outcrops and plutons from within the southwestern margin 
of this radioactive basement and from outside it, is rePorted here. 
Initial observations on samples from elsewhere in the anomaly region 
suggest the observations and interpretations reported in this paper 
may be valid for the entire region. 
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SAMPLES INVESTIGATED 
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.. 

A large number of samples from the Lawler Peak pluton (25+ km2), 
Bagdad, Arizona (3), and the pluton of Granite Dells (12+ km2) Pres
cott, Arizona (4) have been compared with granite samples from outside 
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the anomaly region. Exterior samples (Fig. 1) include the Ruin 
granite on the edge of the province, north of Globe, Arizona: the 
granite of Marble Mountains, eastern San Bernardino Co., California; 
and the Rubidoux Mtn. leucogranite near Riverside, California. The 
ages of the first four granites have been established by . precise U-Pb 
isotope studies on cogenetic zircon populations. These rocks belong 
to a generation of 1400-1450 my old anorogenic granites widely dis
tributed in southwestern North America which have some similar geo
chemical and ' petrographic characteristics. They are usually quite 
siliceous (70-75 percent Si02), calc-alkalic to alkali calcic and 
commonly show rapakivi textures. However, they vary extremely in 
trace element endowment. The Rubidoux Mtn. leucogranite (5, 6) is 
recognized as a siliceous endmembe"r differentiate of the calcic Penin
sular Ranges batholith of southern California and Baja California. 
One of the most radioactive plutons in the batholith, it has an age 
of 118 :t 3 my. 

URANIUM AND THORIUM CONCENTRATIONS 
' 

Table I lists the observed uranium and thorium concentrations 
and Th/U ratios for a whole-rock sample from each of these granites. 
They are compared with the corresponding average values for the same 
elements in the composite zircon population from each rock. 

Table I. Observed Uranium and Thorium Concentrations in Selected 
2ranites from the Southwestern United States 

Granite u (eEm) Zircon Th {eEm) Zircon Th['.U 
Granite zircon Rock Granite &ircon RocJt Granite zircon 

Lawler .Peak 20.9 2500 120 26.7 750 28 - 1.28 .. • 30 

~ 38.9 5940 155 31.2 1330 43 0.80 0.23 

!!!!.!! 4.00 1350 34·0 · 27.4 n.d.* 6.8 .• n.d.* 

Marble Mtns 11.1 1240 110 167.8 1015 6 15.1 0.82 

Roubidoux Mtn 7.38 2150 290 23.9 580 24 3.24 .27 

*n.d. Not determined 

It may be noted that: (1) the rocks show a significant range of 
U and Th concentrations and a great range of Th/U ratios: (2) the 
zircon population values tend to correlate with the host rock concen
trations and Th/U ratios. It will be shown that the observed whole
rock uranium concentrations are not necessarily the primary igneous 
rock endowments, and we will return to consider the zircon : whole 
rock correlations. 

OBSERVATIONS ON ZIRCON POPULATIONS 

The zircon population in each granite consists of individual eu
hedral crystals, morphologically homogeneous, that may differ grain 
to grain by a factor of 5 to 50 in actinide concentrations. Many 
indi~iduals are internally zoned with respect to trace element abun
dances and may show a factor of 10 variation in uranium and thorium. 
The outer zones are generally more radioactive. In Figure 2, a zoned 
aircon from the Lawler Peak granite (2) illustrates this characteris
tic. Uranium varies from less than 1000 ppm in the center to over 
10,000 ppm in the outer zone. Thorium varies from 500 ppm to more 
than 20,000 ppm. Selected electron microprobe scans for U, Th, Hf, 
T, and P establish the considerable ranges involved. 

From extensive mineral separations, morphological, optical and 
•-ray atudies and isotopic and electron microprobe analyses, we have 
••tabl lshed that the compositionally heterogeneous populations are 
lftdl9enoua and normal. Each population as a composite reflects the 
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ELECTRON MICROPROBE SCANS OF A ZONEl> ZIRCON PROM LAWLER PEAK G 
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Figure 2 

INDEX abbreviations: A--Apatite1 F--Iron-rich fractures and halos1 
I--Manganilmenite; K--Microperthite1 o--Ouartz; T--Thorite1 z--Zircon 

variable growth experience of individual zircon nuclei in the pro
gressive crystallization of the parental magmas. Therefore compari
sons of trace element abundances of composite zircon populat•ions to 
those of their hosts must be placed in a careful context if they are· 
to be useful. 

The ratio of average uranium concentrations for a zircon popula
tion to the host-rock uranium concentration cannot be taken as an 
equilibrium distribution coefficient if zircon growth occurred through
out an extended crystallization history of a melt. To begin with, 
initial zirconium, uranium and thorium endowments of granites are 
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not well correlated. Further, trace .element concentrations in the 
residual melts of crystallizing granites change progressively, governed 
by a complex set of equilibrium partition factors and kinetic 
considerations. 

Nevertheless, we find 
the ratio 

evidence of a useful rough consistency for 
U{total zircon) 

U(bulk rocjc) 
if the bulk rock can be demonstrated to have· been a closed system 
since crystallization, For many calcic, calcalkaline, and even 
alkali calcic rocks this ratio approximates 150 :t 50, For thorium 
the corresponding ratio is 30 :t 15, 

When observed ratios depart widely from these values, we com
monly find isotopic evidence for post-crystallization open-system 
behavior for U and Th in the bulk rocks, In contrast, experimental 
and natural-system studies show that U and Th are strongly fixed in 
the zircon and are very difficult to mobilize from it. 

URANIUM AND THORIUM DISTRIBUTION IN PRIMARY MINERALS OF 
RADIOACTIVE GRANITES 

It is well known that some accessory minerals act as sites for 
the actinide elements in granites. Zircon, sphene, allanite, apatite, 
and monazite are known and used for this characteristic. In our in
vestigations of a number of radioactive granites we have observed: 

(1) The abundances of the common accessories and their characteris
tic U and Th concentrations are generally too low to account for 
a large fraction of the uranium . and thorium in the rocks. 

( 2) Mineral phases containing uranium and thorium as stoichiomet
ric components are present in rocks with as little as 4 ppm --: 
uranium and 15 ppm thorium, 

(3) Huch of the uranium and thorium in radioactive granites is hos
ted in trace minerals whose abundances are at levels of one to 
tens of ppm, such minerals may include thori te, uranothori te, 
coffinite, uraninite, brannerite and a variety of complex oxides 
of niobium, tantalum and titanium, and other rare _ minerals 
generally assigned to pegmatite and vein mineral - assemblages. 

To discern and identify these phases, it is usually necessary 
to perform careful mineral separations and study numerous thin-sec
tions on large samples ( 10-50 kg). Even such extended efforts may 
overlook species of very fine crystal size (<20 ~). 

As examples of the large variety of observed accessory minerals, 
including radioactive species ( indicated by asterisk), we list in 
Table II the assemblages identified thus far in samples representing 
three different facies of the Lawler Peak pluton. While several 
radioactive phases appear secondary, most are primary, Only zircon, 
monazite, and apatite occur at mu.ch above the 100 ppm level~ the 
others are typically less abundant by a factor of 2 to 20, 

Investigation of the other granites yielded similar results, 
also shown in Table II. Note the Dells granite possesses a rather 
different radioactive mineral assemblage than the Lawler Peak granite 
11, although both contain fluorite and have similar major element 
chemistries. The Ruin granite, nominally the least radioactive of 
these granites, contains brannerite. 

Textural studies of thin sections indicate that the more exotic 
radioactive species generally occur interstitially in close associ
ation or in contact with Fe-Ti-Mn oxides and the more common radio
active accessory minerals. Surprisingly, many of these species show 
-11-developed euhedral forms, suggesting growth against a liquid 
interface. At the same time their interstitial occurrences imply 
very late positions in the crystallization paragenesis. In Figure 
3, the well-developed forms of brannerite (B), xenotime (X), thorite 
(T), zircon (Z), and monazite (M) associated with apatite, epidote, 
-gnetite, and manganilmenite illustrate this point. 

Members of isomorphous accessory mineral series are intimately 
aaaociated, with both primary and secondary compositional zonation 
c:ocmon. Within the 0.6 x 0.9 mm field of Figure 3, from Lawler Peak 
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'!able II. Acoessoo! Mineral Assentllages in Sane Radioactive Granites 
the Southwestern U'lited States 

Lawler Peak Pluton Dells 
BiGrl201 LPgrll MuGrl203D 

~in Marble Rubidoux 
1'b.lnta1ns 1'b.lntain 

*Allanite 
**Anatase-"Ti92" 
*~tlte 

**B1otite 
B1snuth1n1te 

*81S11Ut1te 
*Brannente 
*<lieralite? 

**ailonte 
*O:>fflnite 
*Epidote 
Fayalite 

*Fe-Titanates 
Fluorite 
Gamet 

+ + + 
+ + + 
+ +. + 
+ + + + 
+ 

+ 
+ 
+ 

+ 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 

+ 

Cbeth1te after Pyrite + + + + 
Hornblende 
~thene ite 
~Ilnenite 

l'llscovlte 
*ihobate-'l'antalates 
Pyrite 
Fe-i6odoc:hros1te 

Scheellte 
Seric1te 

:ctte-Uraoothorite 
'l6urma1ine 

*Xenotune 
*Y..iiti-Fluorocarlxinate 

*Radioactive species; 
(blank) N:>t seen 

+ 
+ + + 
+ + + + 

+ + + + + 
+ + + + + 

+ + 
+ + + 

+ 
+ + + + 
+ + + 

+ 
+ + + + + 
+ + + + 

+ + 
+ + + 

+ + + + 
+ + 
+ + + + + 

*"Weakly radioactive species; +PresentJ 

I 

+ 

+ 
+ 

+ 

+ 

+ 
+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 

+ 

granite 11, members of four isomorphous series are present (7]: (1) 
In the tetragonal zircon series, euhedral zircon, xenotime and thor
ite are commonly epitaxially intergrown and contain appreciable mu
tual solid solution. Coffinite, the uranium-silicate member of the 
the series, occurs elsewhere in the rock. U and Th are both about 
9000 ppm in xenotime. Th/U is variable in the thori tes and Th is 
generally deficient due to alteration subsequent to radiation damage, 
(2) Monazites with variable cheralite ([Ca,Th] [P,Si]O4) component 
contain about 7 to 10 wt I Th and are the dominant Th site in the 
rock. ( 3) Epidote-allani te occurs along fissures and commonly con
tains irregular allanite cores. (4) Brannerite, of the brannerite
thorutite series, is the euhedral grain at the top of the figure. 
The uranium concentration is highest in the metamict central zone 
(~450,000 ppm) and lowest in the highly altered recrystallized outer 
zones (~50,000 ppm). 
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The differing stabilities and 
resistances to u, Th, and Pb loss 
of these heretofore-considered un
usual species has a significant ef
fect on the secondary behavior of 
the bulk-rock system. The u, Th, 
Pb mobility of the assemblage of 
the radioactive primary accessory 
minerals depends on their indivi
dual susceptibilities to radiation 
damage, annealing, and alteration 
and on their abundances in relation 
to the more commonly observed ra
dioactive species such as zircon, 
monazite, and xenotime. 

One of the important implica
tions of the diversity of species 
sites for uranium and thorium dur
ing primary crystallization of ra
dioactive granites is the complex
ity which is thereby introduced in
to the analysis of the potential 
for secondary actinide mobilization 
in each rock. With alteration of 
the physical chemical conditions of 
of crystallization, the stability 
of each radioactive phase must be 
e¥amined aod considered separately. 
The assemblage of primary phases 
need not, and generally does not 
respond, to subsequent changes in 
conditions as a coherent assemblage. 

ISOTOPIC STUDIES 

.t 

. ~ /;:\ ~ - .::~ , --
,,.,,,. ,.'- p' .. . . 

. 
x- - ~ -,; 

r. 

1 r j • 

From our recent work on the Lawler Peak granite pluton (5, 6, 7, 
8), we have summarized isotopic data on the mineral suite and bulk 
rock of granite 11 sample. In this investigation the mineralogical 
studies were integrated with mass spectrometric analyses of the 
U-Th-Pb isotope systems. (Analytical techniques are to be found in 
(2).) The isotopic techniques provide both precise concentration 
data from isotope dilution and extremely useful data on the isotopic 
composition of lead in each mineral and non-mineral site. These 
lead compositions can be used to reconstruct the characteristic 
ratios of uranium and thorium to initial lead, as well as the Th/U 
ratios which have prevailed during the radiogenic evolution of lead 
compositions at each site. As a consequence, they provide both a 
basis for age calculations and for detection of open-system behavior. 

The isotopic studies have required careful preparation of min
eral fractions by manual techniques. While our samples may not 
always be completely representative of the total range of variations 
in a given species, we believe we can estimate the approximate 
nature and extent of the bias. 

If all the phases and the bulk rock isotope systems were chemi
cally closed for the history of the sample and corrected for initial 
lead isotopic composition, each parent-daughter isotope system should 
yield isotope ratios and apparent ages in both the lead-uranium and 
lead-thorium systems which are in agreement with the zircon ages. In 
the case of the Lawler Peak granite 11 sample, the inferred zircon 
age is 1411 ± 3 my, using a discordia chord with a 228 ± 4 my lower 
intercept (Figure 4). A distinctly different discordia chord closely 
fits xenotime, monazite, complex opaque oxides, and brannerite frac
tions and yields an inferred crystallization age of 1411 ± S my with 
• lover intercept of 76 ± 2 my. From these relations we deduce a 
pri-ry crystallization episode 1411 my ago followed by two distinct 
dieturbance episodes at 228 and 76 my, in which isotope systems in 
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different mineral phases were ~pened to different degrees. 
Independent evidence for the 228 my episode is obscure but the 

timing is reasonable for the regional geological histocy of the Colo
rado Plateau margin. The younger disturbance event coincides with 
the emplacement of a major porphyry copper intrusive (Bagdad) less 
than two miles from the Lawler Peak granite 11 locality, suggesting 
the influence of its hydrothermal circulation system on the sample, 
The comparative c;;hemical instabilities of each of the radioactive 
phases is reflected in the failure of any of the uranium-lead isotope 
systems to fall on the Concordia curve in Figure 4. The sample was 
obtained from a blasted ledge and is reasonably free of obvious al
teration mineralogy. The sensitivity of these U-Th-Pb systems to in
ferred low-grade hydrothermal systems is manifest in Figure 5. None 
of the principal radioactive species yields concordant ages based 
on 206pb/238u or 208pb/232Th ratios. The bulk-rock system shows 
a concordant · 1414 my 20Bpb/232Th age and a 206pb/238u age 25 percent 
in excess of 1411 my. Man- less radioactive minerals tend to display 
excessive apparent ages, especially for the lead-uranium system, 

In the whole-rock system, agreement of the 208pb/232Th age with 
the zircon ages requires that there was no loss of lead relative to 
thorium and probably that neither radiogenic lead nor thorium migrated 
from the sampled bulk-rock system (on the scale of a meter). The ex
cessive lead-uranium age suggests 24 percent loss of uranium if lead 
was fixed. 

The principal radioactive minerals all have lost radiogenic 
lead relative to parent. However, for each species the actual sta
bilities of Pb, U and Th must be argued separately. For the weakly 
radioactive species, radiogenic leads are in excess for the observed 
parent isotopes i these surpluses must be explained in any model for 
secondary mobilization in the rock. . , 

Our investigations have shown that much of the radioactivity in 
these weakly radioactive . species is the result of secondary surficial 
interactions and exchange, or surface deposition. ,We have found a 
general correlation of trace element fixation with ferric oxide_.f.ilm- 
fixation on grain surfaces. Leaching with weak acids or even~- dis
tilled water can remove significant fractions of the radioactivity. 
For example, a 1 hour leach, with lN HN03 (aq.), 25°C, • of a biotite--· "- . 
chlorite separate from Lawler Peak-granite tl, removed 131 of the 
uranium and 391 of the thorium. Leaching magnetite under similar 
conditions removed 111 of the uranium and 13\ of the thorium. Ahot 
acid leach of the magnetite quickly removed 751 of the uranium and 
more than 901 of the thorium. 

These observations indicate that not only was uranium lost from 
the bulk sample volume, but a large fraction of the remaining uranium 
as well as thorium and radiogenic lead has been mobilized from primary 
mineral sites and transferred to crystal interfaces and fractures, 
It is indeed remarkable therefore that the thorium-lead system is 
balanced for the bulk-rock sample. Moreover, we have observed this 
balance in several samples. One must conclude that Th and Pb had mean 
mobilization path dimensions of µm to mm while U had a mean mobiliza
tion path which must have exceeded meters. 

The specific conditions which governed these differences in la
bility are still not completely clear. However, it appears that, be
low the soils and their zones of pronounced weathering, variable mobi
lity is a characteristic response. In this case it is apparently the 
response to two distinct low-grade hydrothermal events. In their pre
sent state with large fractions of uranium, th:>rium, an<l radiogenic 
lead in secondary sites, on the average, 401 of the uranium, 55~ of 
the th:>rium, and 451 of t·he radiogenic lead were easily removed by 
leaching from five "fresh" samples of the Lawler Peak pluton. Traced 
by the isotopic composition of the mobile leads, it appears the prin
cipal original sources of mobile uranium and thorium were the very 
radioactive, largely metamict, phases such as brannerite, coffinite 
and thorite. 

Electron microprobe analysis of 
common stoichiometric deficiencies. 
con and xenotime show little or no 

U and Th in these phases revealed 
In contrast, phases such as zir
evidence of such discrepancies. 
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Our best estimates of combined brannerite and coffinite abundances 
indicate that together they may represent 30 to 45 ppm of the rock. 
Brannerite displays great isotopic discordance with lead loss greater 
than parent loss (Fig. 4, 5). However, it was observed that the lower 
the daughter: parent ratio, the lower was the concentration of parent. 
This strongly suggests both lead and uranium loss occurred together. 
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Both from formal composition calculations and from observation of the 
most concordant systems, we estimate that the brannerite in this gran
ite originally contained more than 45 percent uranium. We observe a 
present average concentration of about 25 percent. It appears that 
about half of the brannerite uranium has been transferred to other 
sites in the granite or removed from the granite entirely, Similar 
considerations apply to the coffinite and thorite we have analyzed. 
We conclude that the rarer, most radioactive minerals in the Lawler 
Peak granite tl--brannerite, coffinite, and thorite, subjected to in
tense radiation damage in the long history of the granite--are the 
principal sources of mobile uranium, thorium, and radiogenic lead. 

The isotopic composition of the labile lead is remarkably uni
form in this granite and has a ratio of radiogenic 206pb: 208pb com
patible with dominant contribution from the uranogenic lead sites-

·approxi~a-tely five times as much lead as from the thorite. 

DISCUSSION OF SECONDARY U-Th-Pb MOBILIZATION IN THE LAWLER PEAK PLUTON 

The isotopic and mineralogic studies indicate that secondary 
mobilization of uranium may involve two distinct stages: (1) break 
down of primary minerals and release of uranium along with thorium 
and lead to immediately adjacent interstitial fractures and grain 
boundaries (movement on the scale of µm to mm), and (2) either time
related or subsequent time-independent migration of uranium away 
from the primary source on the scale of meters or greater mean path 
distances. 

As noted earlier, the Lawler Peak granite tl sample apparently 
lost 24 percent of its original uranium endowment. Comparable analy
tical data and calculations for a number of other samples from other 
lithofacies of the pluton suggest that they have lost 25 to more than 
80 percent of their initial uranium. The average loss is in excess 
of 50 percent for samples from the upper 400 m of exposed pluton, 
which we infer had an average initial uranium endowment of between 25 
and 30 ppm. These samples include drill core to depths greater than 
250 m. We conclude that as much as 4 to 6 " 105 tonnes of uranium 
may have been removed from the accessible 400 m, apparently by the hy
drothermal processes suggested earlier. Mineralogic evidence in the 
deeper parts of the drill cores supports deep-seated hydrothermal 
activity. 

Studies of uranium in modern deep soil profiles over this 400 m 
does not indicate that recent weathering has produced most of the 
mobilization effects. It appears that the potentially available 
uranium in the key primary minerals was preempted by the earlier 
hydrothermal episodes. Although some labile uranium is presently 
distributed on interstitial sites from which it is readily removed by 
mild leaching, it is a small fraction of the original endowment. 

COMPARISONS WITH OTHER PLUTONS 

The Dells granite, located within the Colorado Plateau near Pres
cott, Arizona, contains 39 ppm of uranium. Located in the same cli
matic zone, it has had a weathering exposure history similar to that 
of the Lawler Peak granite. It is removed from any known younger 
intrusive activity. It does not appear to have had a comparable 
hydrothermal history, although there is some spatially associated 
volcanism. The accessory mineral suite lacks brannerite but contains 
several different uraniferous niobates, Coffinite and thorite are 
present. All phases show significant internal isotopic disturbance, 
but the mean path distance for migration of U, Th, and Pb appears to 
be much less than the size of our bulk-rock sample. Isotopic con
siderations (Table III) and the ratio U(zircon) : U(rock), indicate 
the Dells granite has lost very little of its uranium and thorium and 
only ~10 percent of its radiogenic lead. Clearly weathering has not 
had much effect on the fresher parts of this pluton. One is led to 
infer that an important difference may be the absence of hydrothermal 
activity; i.e. a difference in geological history compared to the 
Lawler PeaK pluton. 
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The Ruin granite, like the Lawler Peak granite is found on the 
margin of the Colorado Plateau in the vicinity of several major por
phyry copper intrusives and their hydrothermal circulation halos. 
The Ruin granite appears much less radioactive than the Lawler Peak 
granite, containing about 4 ppm U and 27 ppm Th. However, the ave
rage uranium concentration of the zircon population, 1350 ppm, would 
suggest a primary rock endowment of 6-12 ppm. Examination of the 
bulk-rock isotope system [2] (Table III) reveals a more than twofold 
excess of uranogenic lead relative to present uranium, while the thor
ogenic lead is in excellent agreement with the thorium for the age of 
the granite. Brannerite is highly disturbed isotopically. Thus it 
appears that the Ruin granite has lost perhaps 60 percent of its ori
ginal endowment of -10 ppm of uranium, The similarity to the secon
dary uranium mobilization record of the Lawler Peak granite is stri
king. Presumably the parallels of both radioactive mineral assem
blage and geologic history determined this similarity. 

Table III, AJ2J2arent Whole Rock A9es from U-Th-Pb IsotOJ2! S:t:stems 

Inferred A~~arent A9es ~m:t:) 
Granite Zircon A9e 206pb 1Pb 20 Pb 208p6 

'ITlfu 'T3"5'u 7U"6p6 '2TITh 

Lawler Peak 11 1411 1784 1638 1453 1414 
:!:3 :!:50 :!:100 :!:50 :t:50 

~ 1400 1240 1303 1406 1324 
:1:10 :t:50 :t:100 :t:50 :t:100 

Ruin 1440 3051 2117 l398 1441 
:t:10 :t:60 :t:100 :!:50 :t:40 

Marble Mtns 1410 1495 1521 1554 1361 
:t:5 :t:60 :t:100 :t:100 :t:40 

Rubidoux Mtn ne 111 n.m.• n.m. 128 
:t:3 :!:6 :t:8 

*n.m.--Not meaningful 

The Marble Mountains granite is found in the Mojave desert in 
eastern Riverside County, California. With the exception of abundant 
uranothori te, it lacks the uranium minerals found in the previous 
granites. It has been cut by Mesozoic dikes although evidence of hy
drothermal circulation is not conspicuous. The criterion of U(zir
con) : U(rock) ratios suggests no major uranium loss. This is sup
ported by the bulk-rock U-Th-Pb isotopic systematics and apparent 
ages (Table III). We infer that the principal difference from the 
Lawler Peak lies in the lack of apparently susceptible mineral spe
cies such as brannerite and coffinite. 

Finally, the young granite in the suite, the Rubidoux Mtn. granite 
from southern California has apparently been a closed isotopic system 
since emplacement. The rock is unusually pristine with an Fe-rich 
mineral assemblage which would quickly reflect hydrothermal altera
tion. The U(zircon) : U(rock) index (~290) suggests that the gran
ite melt might have possessed as much as 15 ppm uranium. If this 
were the case then uranium loss must have occurred immediately upon 
crystallization in order to avoid leaving an effect on the internal 
U-Th-Pb isotope system of the cooled granite. We recognize only 
uranothorite [6) among the accessory minerals as a significant uran
ium site. It shows only slight isotopic disturbance. The nature of 
the radioactive mineral assemblage, its youth and lack of an obvious 
disturbance mechanism may explain its closed behavior. 

SOME GENERAL OBSERVATIONS AND CONCLUSIONS 

In the southwestern United States, a Precambrian basement anoma
ly is geographically associated with major Mesozoic sandstone-type 
uranium ore deposits. The anomaly is comprised of many granite plu
tons and associated volcanic accumulations of several generations 
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in which elevated original magmatic uranium endowment is reflected 
in unusual uranium levels ' in igneous zircons. Some of the plutons 
subsequently have lost significant fractions of their primary uranium, 
We have used zircons as initial indicators to select granites for 
sampling, mineralogic and isotopic studies. The radioactive granites 
contain much of their uranium in the form of trace minerals that are r 

stoichiometric for the actinides (e.~. brannerite, coffinite, urano
thorite, complex oxides of niobium, tantalum and titanium, etc.). 
The abundance of each of these species may be at the levels of one to 
tens of ppm. Their detection and evaluation requires careful proces
sing and examination of large samples. 

Our mineralogical and isotopic studies indicate that these highly 
radioactive species, subjected to intense long term radiation damage, 
are most susceptible to chemical and isotopic disturbance. Secondary 
redistribution of their contained uranium, thorium and radiogenic 
lead on the scale of µm to mm is found commonly in almost all samples. 
This is not neccessarily accompanied by significant uranium loss from 
the bulk rock. Such redistributions, however, make the bulk-rock 
systems vulnerable to removal of much of their uranium by subsequent 
events, thus serving as a type of preparation process. 

Surprisingly, deep ground water interaction and incipient wea
thering (as distinguished from active soil profile development) does 
not seem to have been an important factor in these samples. Hydro
thermal processes generally appear to be quite important in deter-: 
mining the magnitude of uranium transfers. 

Utilizing the U-Th-Pb isotopic systematics in the bulk rock and 
in each of the assemblages of primary radioactive minerals it is pos
sible to characterize the nature, timing and extent of alteration 
processes such as hydrothermal activity, regional metamorphism and 
weathering, This information can provide valuable insights into 
the magnitude of uranium transfers from the granitic systems, _and _ 
their potential role in providing uranium sources for secondary ore 
deposits. 
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• DISCUSSION 

S.H.U. BOWIE, CEC 

Dr. Silver introduced the concept of a geochemical uranium 
province. Such_a province can contain economic uranium deposits, but 
economic amounts of uranium are unlikely to be found outside a geo
chemical uranium province. 

I was particularly interested in the occurrence of coffinite 
and brannerite in granites. Thie is new to me and very important in 
deciding whether or not we are dealing with a relatively open or 
closed _ system. 

I cannot overemphasise the importance of the recognition 
of the uranium mineral phases in granites. 

L.T. SILVER, United States 

I accept these remarks as comments for which replies are not 
necessary. 

L.R. PAGE, United States 

le the coffinite an igneous mineral? 

L.T. SILVER, United States 

We argue from the textural position and the excellent 
crystal form that- the coffinite is a primary igneous mineral. Isotopic 
data will test this interpretation ~~ 
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