
CHAPTER 5 

GEOCHEMISTRY OF CORDILLERAN METAMORPHIC CORE COMPLEXES 

By 

Stanley B. Keith and Stephen J. Reynolds 

INTRODUCTION 

The crystalline cores or basement terranes of the regions 
designated as metamorphic core complexes in this report are com-· 
posed of a wide variety of crystalline rocks. On many geologic 
maps , these crystalline rocks are depicted as a single map unit 
(generally "undifferentiated gneiss") and are commonly assigned 
a Precambrian age (for example Wilson and others, 1969; Dickey 
and others, 1980). More detailed work reveals that t hese crystal
line terranes are far from homogenous; rather, the terranes 
consist of a heterogeneous assembl age of plutonic, metamorphic 
and mylonitic rocks that are largely Mesozoic through mid-Cenozoic 
in age. Processes considered characteristic of metamorphic core 
complexes (see Chapters 1, 2 and 4) are entirely post-Paleozoic. 
These processes include plutonism, metamorphism, and mylonitization 
which together have produced a lithologically variable crystalline 
core or basement terrane. The crystalline r ocks formed by these 
processes have been locally overprinted by penetrative fracturing 
and chloritic alteration that accompanied movement on mid- to 
late Cenozoic, low-angle normal faults (dislocation surfaces) . 
We consider plutonism, metamorphism, mylonitization and subsequent 
dislocation to be processes intrinsic to core complexes; their 
presence is an essential prerequisite to use of the term 'meta
morphic core complex.' Consequently, the following discussion of 
geochemistry of Cordilleran metamorphic core complexes focuses on 
these four intrinsic processes. The discussion emphasizes the 
geochemistry of plutonic rocks because we consider plutonism to be 
the most important influence on uranium geochemistry of the core 
complexes. 
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It is important to point out that the above intrinsic 
processes display a diversity of temporal and spatial distri
butions that are by no means restricted to areas designated 
as metamorphic core complexes. Accordingly, conclusions 
discussed in this chapter regarding uranium geochemistry are 
equally applicable to many areas in the North American Cordillera 
not included in core complexes. For example, statements about 
geochemical aspects of 'core complex' plutons and mylonitic 
phenomena have many direct applications to other plutonic and 
mylonitic terranes throughout the North America Cordillera 
and the rest of the world. This chapter will not discuss the 
geochemistry of processes extrinsic to the evolution of meta
morphic core complexes because it was beyond the scope of this 
project. 

Many of the conclusions expressed in this chapter are based 
on geochemical analyses of samples collected in the context of 
this project. A description of sampling and analytical procedures 
is included in Appendix E along with lists of sample locations, 
lithologic descriptions, and geochemical analyses. 

GEOCHEMISTRY OF PLUTONIC ROCKS 

Plutonic Suites 

Embedded in the crystalline core of virtually every designa
ted met amorphic core complex area is an abundance of Mesozoic 
and/or Cenozoic plutonic rocks. Four major suites of plutonic 
rocks can be delineated within or adjacent to the core complexes: 
1) Jurassic alkali-calcic, biotite-bearing granitoids; 2) middle 
to Late Cretaceous calc-alkalic, biotite- and hornblende-bearing 
granitoids; 3) Late Cretaceous to middle Eocene peraluminous, 
muscovite-or two-mica-bearing granitoids; and 4) Eocene through 
Oligocene alkali-calcic, biotite-and/or hornblende-bearing grani
toids. Table 5-1 summarizes the salient mineralogic and geo
chemical characteristics of each suite and lists the name and 
location of major plutons sampled during this project. 
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Tectonic Setting of Plutonic Suites 

The Jurassic alkali-calcic granitoid rocks in core complexes 
are components of a magmatic arc which extended more or less 
continuously from north-central Washington southward through 
western Idaho, central Nevada, and California . From southeastern 
California, the a rc trended southeasterly into southern Arizona . 
This magmatic arc is presumably the result of an east-dipping 
subduction zone. Jurassic plutons are known to be present in or 
adjacent to core complexes in northeastern Washington, Nevada 
(Ruby Mountains and Snake Range), and the Papago Indian Reservation 
of southern Arizona (for example the Comobabi and Coyote Mountains). 
Other core complexes most likely evolved in areas that were 
located east of the Jurassic arc; these complexes therefore contain 
no Jurassic alkali-calcic granitoids. 

After 150 m.y.B.P. magmatic activity abruptly shifted westward 
and began forming the great coastal batholiths by approximately 
135 m.y .B.P. Core complexes south of the Snake River Plain lie 
well to the east of the coastal batholiths of California and 
western Nevada. In contrast, core complexes north of the Snake 
River Plain lie within regions of widespread middle to Late 
Cretaceous plutonism . 

Between 135 and 105m.y.B.P. plutons of calcic gabbro and 
tonalite were emplaced along the western margin of the coastal 
batholiths. After 105m.y .B .P. magmatism progressively shifted 
eastward and became less calcic and more alkalic (i.e. calc-alkalic). 
The gradual eastward migration of magmatism across Nevada and 
California greatly accelerated after 80 m.y.B.P. (Coney and 
Reynolds, 1977; Keith, 1978). Magmatism swept eastward across 
the southwestern United States between 80 and 45 m.y.B.P. 
The magmatic sweep evidently occurred earlier (approximately 100 
to 80 m.y.B.P . ) north of the Snake River Plain. During the 
magmatic sweep (both north and south of the Snake River Plain), 
plutonism in any given area was initially alkalic but became 
progressively more calcic with time . Plutons emplaced during the 
accelerated phase of the magmatic sweep generally belong to the 
second suite of plutons: the middle to late Cretaceous cal~
alkalic, biotite- and hornblende-bearing granitoids. Representa
tives of this suite include the middle Cretaceous (90 to 100 
m.y.B.P.) granodiorites of northeastern Washington, much of the 
Idaho Batholith (both the Atlanta and Bitterroot lobes), and 
Late Cretaceous calc-alkalic plutons which are widely distributed 
in and around core complexes of southern Arizona and southeastern 
California. Only the Nevada complexes seem to lack this plutonic 
suite. 
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TABLE 5-1 

MINERALOGICAL AND GEOCHEMICAL CHARACTERISTICS 

Suite 

Oligocene alkali-
calcic biotite 
hornblende granitoids 

Mid Cretaceous to mid 
Eocene peraluminous 
2-mica granitoids 

Mid to late Cretaceous 
calc-alkalic 
granitoids 

Jurassic .alkali
calcic granitoids 

Si02% 
range 

58-78% 

63-78% 
mostly 

68% 

50-77% 
Si0

2 

68-77% 

K57.5 
(87 /86 ~ Sr Sr i 

3,5-4.0? .706-.709 

Not .711-.734 
obtainable 

1.0-2. 4 .707-.709 

3.5-4.5? 

Notes: 1) K
57

•
5 

=· % K
2
0 @ 57.5% Si02 on a K20-Si02 

Harker variation diagram. 

2) 'AL' = molecular AL
2
o3 /Na2o + K20 + CaO · 

3) Modified Peacock classification (Keith, 1978). 

4) Number in parentheses is% of total population 
over 6 ppm uranium. 
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'AL'2 Alkali Character 

.8-1.1 Alkali-calcic 

.98-1.31; 
Whipples 
.98-1.06 
all others 

1. 05-1.31 

.8 -1.08 Calc-alkalic 

1.04-1.25 Alkali-calcic 



OF 'METAMORPHIC CORE' COMPLEX PLUTONIC ROCKS 

Mineralogical Summary U mode 
(Figure 5) 

Hornblende present in lower silica 2-2.5 
end members below 70% SiO

2 
Biotite 

present in all phases but diminishes 
above 70% SiO

2 
sphere and apatite 

are common accessories plagioclase 
An2O Zircon+ Allanite sparingly 

present. 

2 micas (biotite and celadonitic 
muscovite are common). Biotite 
l ocally only mica in rocks below 
71% SiO. Plagioclase is sodic 
( ..:'.. An

25
3 Garnet and rare monazite 

are accessories . 

Hornblende common in rocks below 
70% SiO . Biotite is common 
(up to !5%) in less silicic rocks. 
Plagioclase relatively calcic 
(>An

3O
). Sphene and apatite are 

common accessories. 

1-1.5 

1.5-2.O 
and 

3.5-4.O 

Biotite is only major mafic. sphene not 
and apatite are common accessories. obtainable 
Zircon and allanite sparingly present. 
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% of samples 
> 6 ppm U 

20% 

non Washing
ton= 21%; 
Washington= 

74% 

(5%) 

(35%) 

Plutons Sampled for This 
Study 

Pluton Complex 

Reef Granite 
Tortolita 
Catal ina 
Harrison Pass 
Skinner Canyon 

Wilderness 
Derrio Canyon 
Sunset Pass 
Tungstonia 
lJnnamed 

Leatherwood 
Chirreon· 
Granite Wash 

Santa Catalina Az 
Tortolita , Az. 
Santa Catalina Az 
Ruby, Nevada 
Kern, Nevada 

Santa Catalina Az 
Tortol ita , Az. 
.Harquahala, Az . 
Kern, Nevada 
Ruby, Nevada 

Santa Catalina Az 
Tortol ita, Az. 
Harcuvar, Az. 

Biotite Monz- Ruby, Nevada 
ogranite 
Coarse-grained Ruby, Nevada 
granite 



In almost every major segment of the core complex belt, 
calc-alkalic plutons of the second suite are intruded by a 
distinctive set of younger peraluminous muscovite-bearing grani
toid rocks which typically contain muscovite and garnet. For 
example, in northeastern Washington, the muscovite-bearing 
Phillips Lake Granodiorite is inferred to intrude the middle 
Cretaceous Starvation Flat Quartz Monzonite by Miller and 
Clark (1975). Similarly, muscovite-bearing quartz monzonite may 
intrude more mafic, calc-alkalic phases of the Idaho batholith 
(Hyndman and Williams, 1977). In several western Arizona complexes, 
Eocene(?) muscovite- and garnet-bearing pegmatite and granite intrude 
Late Cretaceous granite and granodiorite (calc-alkalic). Probably 
the best example of the superimposition of the second and third 
plutonic suites is in the Santa Catalina and Tortolita Mountains 
of southern Arizona. Keith and others (1980) have documented 
that Eocene muscovite-bearing granites (Wilderness and Derrio 
Canyon granites; both peraluminous) have intruded Late Cretaceous 
plutons of calc-alkalic quartz diorite and granodiorite. These 
and other relationships clearly indicate that the peraluminous 
intrusions consistently post-date the Cretaceous calc- alkalic 
plutons. Synthesis of published and unpublished geochronologic 
data from California and Arizona suggests that the Late Cretaceous 
to early Tertiary peraluminous, muscovite- bearing intrusions , 
like the slightly older calc-alkalic, biotite-hornblende intrusions , 
are younger to the east. We interpret these data as indicating 
that peraluminous plutonism followed the calc-alkalic magmatic arc 
as it swept eastward. We believe that the eastward sweep of 
both plutonic suites is a consequence of a flattening subduction 
zone. The earlier age (middle to Late Cretaceous) of peraluminous 
granitoids north of the Snake River Plain is by inference due to 
an earlier age of subduction-zone flattening. 

During the early Tertiary, subduction zones are postulated to 
have been gently inclined beneath all of the core complex belt . 
These gently-inclined subduction zones became steeper during the 
Tertiary, r esulting in a dramatic rapid return- sweep westward 
of high potassium calc-alkalic to alkali-calcic magmatism (Coney 
and Reynolds, 1977; Keith, 1978). The return sweep occurred during 
the Eocene in Washington, Idaho, and Montana, but was mostly 
Oligocene to Miocene in age south of the Snake River Plain. The 
fourth plutonic suite (the alkali-calcic, biotite- and/or hornblende
bearing granitoids) was emplaced during this westward retrograde 
sweep of the magmatic arc. Accordingly, plutons of this fourth 
suite are Eocene north of the Snake River Plain and generally 
Oligocene to early Miocene south of it. The fourth suite of 
plutons represents the final consolidation and p rograde metamorphism 
within the crystalline cores of the complexes. This event was 
commonly accompanied by final cooling of the crys talline cores to 
below K-Ar and Rb-Sr retention temperatures for biotite (less 
than 200°C). This cooling event is wel l-documented in the Okanogan 
and Selkirk complexes of northeast Washington. 
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Geochemical Comparison of the Plutonic Suites 

The previous section has delineated four 
plutons in the core complexes on the basis of 
and relative or absolute age determinations. 
indicate that each suite may be distinguished 
by geochemical characteristics, some of which 
Table 5-1 . 

Major Element Geochemistry 

major suites of 
mineralogic character 
This section will 
from the others 
are summarized in 

The four sui t es of Cordilleran granitoids may be divided 
fundamentally into two major series: peraluminous and metaluminous. 
Three of the plutonic suites have a metaluminous aspect: that is, 
molecular Al203 is less than the sum of molecular Cao, Na20 and K20. 
Metaluminous chemistry characterizes suites with wide silica 
ranges (45 - 75% Si02) but is especially prevalent in the lower 
silica ranges (generally below 65% Si02 ). Sphene and hornb l ende 
are typical minerals of metaluminous suites. Figure 5-1 graphically 
illustrates the metaluminous nature of the second (Cretaceous) and 
fourth (Eocene-Oligocene) biotite-hornblende suites and compares 
them with the mid-Cretaceous to Eocene peraluminous suite. Rocks 
of the second (Cretaceous) and fourth (Eocene-Oligocene suites) 
are entirely metaluminous below approximately 65% Si02 . Both 
fields are strongly coincident; the Eocene-Oligocene plutons are 
slightly more silcic and aluminous than their Cretaceous counter
parts. Samples of the Jurassic plutonic suite (not plotted) 
are all silicic ( greater 68% Si02) and peraluminous, but the 
suite probably has metaluminous roots. Cretaceous-Eocene peralumin
ous granitoids of the third suite overlap with the peraluminous 
end-members of the metaluminous suites but extend into the ver y 
strongly peraluminous region of the figure (above 'Al'= 1.2 on 
Figure 5-1). Garnet and muscovite are the characteristic minera
l ogic expression of this peraluminous nature. The Whipple Mountain 
granitoids extensively sampled by Anderson and others (1979, 
1980, written communication) may be transitional between metalumin
ous and peraluminous series. However, the uniformly high silica 
values (no samples below 65% Si02) and the presence of garnet and 
primary muscovite strongly suggest an affinity with the peraluminous 
suite . 

Both metaluminous and peralurninous suites may be subdivided 
on the basis of their alkali (especially potassium) contents. 
Keith (1978) utilized a modified Peacock classification to examine 
the space-time distributions of southwestern North American 
metaluminous granitoids. The same nomenclature is used here 
and is summarized in Table 5-2. The nomenclature is applied to 
cor e complex granitoids in Figures 5-2 and 5-3 . In this classifi
cation scheme, the Jurassic and Eocene-Oligocene granitoids fall 
in the alkali-calcic class with the Jurassic suite being slightly 
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Fi gure 5-1. Aluminum characteristics of selected Cordilleran granitoids. 
Symbols are as follows: Middle to late Cretaceous hornbl ende
biotite- bearing calc-alkalic granitoids (X); Cordil leran 
muscovite-bearing peraluminous granito ids (6); Whipple 
Mountain~ muscovite-bearing gr anitoids (6 ); Eocene- Oligocene 
biotite and biotite-hornblende- bearing granitoids (0 ). 
Data sources are included in Appendix A. Whipple Mountain 
data was provided by Lawford Ander son (1980, written 
communication) . 
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N I V, 
V, 

TABLE 5-2: 

NOMENCLATURE AND SELECTED CHEMICAL 

AND MINERALOGICAL PARAMETERS FOR METALillfINOUS IGNEOUS ROCK SERIES 

DISCUSSED IN THIS CHAPTER (AFTER KEITH, 1978) 

Depth to 
S\lltc type inclined 
this paper seismic 

zone in Km 

Calclc 80-120 

Cale• 120-220 
alkaline 

High-K 220-260 
cnlc-
alkallc 

Alkali- 260- 390 
calcic 

Alkalic >390 

IS!0 slope character K57• 5 
@ 40-65% Si02 index* 

8 index• 

0. 0- . 3% K20 per o. 4-1.2 43-56 
5% Sl02 

0. 3-. 8% K20 per l. 2- 2. 4 39- 49 
5% Si02 

o. 5-. a% K2o per 2.4-3.0 38-1-1 
5% s102 

>0. 8% Kt per 5% 3. 0-4. 4 31-13 
Si02 @, 5-55% generally 
Si02; at 55-60% <39.5 
s102 slope may 
flatten and approach 
0; at 60% SiO? slope 
may be 0 or negative 

very steep; 
near 1. 0% 

4.4- 6. 0 25-34 

K 0 per 5<;1, Si0~ 
· n'&ar GO% S102 s ope 
commonly reverses 
and is negative 

S index• 

0. 65-1. 5 

1. 3-3. 0 

2.·-1-3.2 

I. 8-6.0 
generally 
>2.3 

6. 1-1-1+ 

K2o, :-:a20 
{c ·l0-601 

s102 

0.25 

0. 25-.7 

0. G-. 9 

~ncr:illy 
near 1.0; 
may ,·ary 
between 
0.3- 2.0 

0.3- 1. 0 
gcncrnlly 
<0.8 

~a2o - KzO 

{I 50-GO'l 
Si02 

2. 5-4. 5 

3. 5-G. 5 

4.5-7.5 

4. 5-9. 0 

5. 5-13. 0 

Peacock (1931) 
alkali-lime 

index 

62-GS 
(calclc) 

5S- G2 
(calc-alkallc) 

57- 59 
(cnlc- alkallc) 

52- 58 
(alkall-clllclc) 

45- 52 
(alkallc) 

(Xa 0 + Kz0) 
• K57• 5 index= potash content at 57. 5% silica in a K20/SI02 Harker variation dl3gram; 9 index s S102 - 47 ~I 0 

Rittman (1960). 2 
3 

iron enrichment 
(on AMF diagram) 

strong 

lltUe or none 

little or none 

gener ally none 

moderate 

Selected 
AI2o3 content normatl\'c 

mineralogy 

Moderately 

Sdcct.cd 
modal 

mine rals 

Hornblende high (14-18%) 
qua rtz norm- and bintitc 
ativc @ rare.: no 
50-G0'k S102 fc!dspatholds 

high (15-19%) !llodcrat.cly Rictftc, horn-
quartz blcmk, :ind 
norm:itlvc orthopyro.,c nc 
@ 50-60% no fcldspatiloids 
Si0z 

high (15-19%) Weakly Cl lnopyroxcnc 
quartz and orthopyroxc,r,c; 
normative biotitc 

high and commonly common; lcucitc 
variable olivine norm- common: t rachytes 
(14. 5-21%) alive; some contain sanidl.nc 

arc ncphc-
line norma-
tivc @ 50-60% 
Si0z 

variable Olivine and/ Clinopyroxcnc; 
(8-20%) or ncpheline biotit.c rare; 

normath·e ncphcline or 
at less than an.~lcime; 
60% S!Oz trachytcs contain 

anorthoclasc 

(Na2o + K2oi2 
from from Suglmura (1968); S index= 

SiOz - 43 



more potassic and alkalic. Both these groups are much more potassic 
at a given silica content than the mid- to Late- Cretaceous meta
luminous granitoids which are classified here as calc-alkalic. 

The muscovite-bearing peraluminous granitoid suite is probably 
divisible into high and low potassium groups. Data contained in 
Castor and others (1977) indicates that the Washington muscovite 
granitoids are considerably more potassic than all other Cordilleran 
muscovite-bearing plutons. Importantly, K20/Na20 ratios in 
available Washington data are significantly greater than 1.0. 
K20/Na20 ratios in non-Washington examples are near or less than 
1.0, betraying a distinct sodic emphasis for the low-K group. 
Compared to the mid-to-Late Cretaceous metaluminous calc-alkalic 
granitoids (see Figure 5-2), the muscovite- bearing granitoids 
suite (exclusive of Washington) is l ess potassi~ at equi valent 
silica contents. Compared to world- wide peraluminous analogues, 
the Cordilleran low-K peraluminous granitoids exhibit significant 
differences(Figures 5- 4, 5-5, and 5-6). On a K20- Si02 variation 
diagram (Figure 5-4), most of t he Cordilleran low-K group have 
lower potassium contents than world-wide analogues at a comparable 
silica content . The more calcic nature of the Cordilleran low-K 
muscovi t e granitoids may be seen on a CaO-K20 variation diagram 
(Figure 5- 5) where at any given K20 content, Cordilleran low-K 
muscovite granitoids commonly contain more calcium than muscovite
bearing granitoids elsewhere in the world. On a Na20-CaO-K20 
t e rnary diagram Cordilleran muscovite granites a re clearly dis
placed towards the Na20- Ca0 join, indicating a more sodic character 
when compared to the global control group. An exception t o this 
are the high-K muscovite granites of northeastern Washington which 
plot entirely within the global control group on all three diagrams . 
Significantly, the Washington high- K granites also plot within 
the high-uranium portion (stippled area) of the global control 
group. Not surprisingly, the Washingt on muscovite-bearing granites 
are highly uraniferous: 

Uranium and Thorium Geochemistry 

Histograms of uranium and thorium contents in samples of 
each plutonic suite are displayed in Figures 5-7, 5-8, and 5-9. 
As predicted from major- element chemistry, significant differences 
are evident . In the metaluminous series, uranium and thorium 
values closely follow potassium content; that is, the comparatively 
low-K calc- alkalic mid- Cretaceous suite has lower uranium and 
t horium values than the more alkalic Jurassic and Eocene alkali
calci c suites. In particular, the Ruby monzogranite of the Jurassic 
group contains the highest thorium contents of any granitoid we 
sampled (an average of 64 ppm thorium as compared with the 17 ppm 
thorium value for average granite given by Taylor, 1964). 
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Figure 5-2. _ K20 - Si02 Harker variation diagram for selected 
Jurassic Cordilleran alkali-calcic granitoids. 
Symbols are as follows : Jurassic plutons in south
east Arizona (6 ); monzogranite, Ruby Mountains, 
Nevada ( Q ); granite, Ruby Mountains, Nevada (0 ); 
granitoid rocks of Kious Basin area, Snake Range, 
Nevada ($). 
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compared to world- wide analogues. For symbology, 
see Figure 5-4. 
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The low-K muscovite-bearing granitoids have the lowest 
uranium and thorium contents of any of the four plutonic suites! 
This observation clearly invalidates the common notion that all 
muscovite granites are uraniferous. However, the high-K 
Washington muscovite-bearing plutons as a group have the highest 
uranium contents of any plutonic suite in the core complexes. 
Despite a large difference in uranium content, both the low-
and high-K plutonic groups generally have low Th/U ratios 
(commonly less than 2); there is no significant difference in 
Th/U ratios between the two groups. In general, Th/U ratios 
appear to be lowest in the muscovite-bearing granitoids 
(typically less than 2), higher in the middle to Late Cretaceous 
calc-alkalic suite (approximately 4.5), and highest in the alkali
calcic suite (about 7). In general, the Th/U ratio increases 
with increasing potassium content. 

Uranium Favorability of Core Complex Plutonic Rocks 

We have found that uranium favorability criteria for core 
complex plutonic rocks closely parallels those established for 
world-wide peraluminous granitoids (see Chapter 4). These criteria 
appear to apply equally well to both Cordilleran metaluminous 
and peraluminous series. Chapter 4 established that for world
wide peraluminous (muscovite-bearing) granitoid~uranium and 
potassium content are closely related and that samples above 
approximately 4% K

2
o commonly contain greater than 6 ppm uranium. 

The same criteria appears to hold for granitoids in Cordilleran 
metamorphic core complexes (see Figure 5-10). 

In Cordilleran granitoids one can observe a conspicuous 
inflection point in uranium variation with potassium above 4% K20. 
Samples from 2-4% K20 all contain less than 6 ppm uranium while 
those above 4% KO commonly contain greater than 6 ppm uranium 
(especially the ~ashington muscovite granites). This relationship 
holds for both Cordilleran metaluminous and peraluminous series. 
Significantly, as in the global control group, no discernable 
variation of uranium with sodium was found (see Figure 5-11). 
Uranium favorability for each of the four major plutonic suites 
is summarized on K

2
0 - U variation diagrams (Figures 5-12, 5-13, 

5-14, and 5-15) using boundaries of K
2
o ~ 4% and uranium values 

2_ 6 ppm to _delimit favorable regions on the plots. From Table 
5-1 and Figure 5-14 it can be seen that the low-K peraluminous 
muscovite-bearing granitoid suite is the least favorable. In 
fact, none of the samples are favorable if the lithologically 
unusual garnet schlieren leucogranite sample from the Santa 
Catalina complex is excluded. The calc-alkalic homblende-biotite 
granitoid rocks are also unfavorable with only 5% of the samples 
plotting in the favorable region (see Table 5-1 and Figure 5-13). 
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In contrast, the alkali-calcic suites (Table 5-1 and Figures 
5-12 and 5-15) are much more favorable; 20% of the samples 
of the Eocene-Oligocene alkali-calcic granitoids plot in the 
favorable region while over 35% of the Jurassic alkali-calcic 
rock samples have favorable chemistry. However, the most 
favorable plutons of all are the northeast Washington high-K 
peraluminous muscovite-bearing plutons (Table 5-1 and Figure 5-14) 
with 74% of the samples (data extracted from Castor and others , 
1977) above 6 ppm uranium. Fully 50% of the Washington samples 
have uranium contents over 10 ppm. This compares to 15% for 
the Jurassic and 7% for the metaluminous Eocene-Oligocene alkali
calcic suites. It is uncertain whether the difference between 
the two alkali-calcic groups is statistically significant because 
we have only a limited number of samples from the Jurassic 
granitoids. However, the slightly higher amounts of potassium 
in the Jurassic suite should logically be accompanied by slightly 
higher uranium contents. 

We have made a further preliminary attempt to refine 
uranium favorability in the metaluminous Cordilleran granitoids 
by comparing intersuite alkalinity with intrasuite degree of 
differentiation and evaluating their effect on uranium and 
thorium content. We accomplished this by plotting uranium and 
thorium contents as a function of differentiation for individual 
suites. This compilation used Larsen Factor [1/3 Si0

2 
+ K

2
0-

(Ca0 + MgO + FeO)) to measure the degree of intrasuite 
differentiation. Intersuite alkalinity was determined by use 
of ~he_K57 5 

index(% K20 at 57 . 5% Si0
2 

on a Harker K
2

0-Si0
2 variation aiagram). The K valves are adapted to a modified 

Peacock nomenclature follo~ini Keith (1978). An attempt was 
also made to take tectonic setting into account. Generalized 
results of the preliminary compilation (74 igneous complexes 
inventoried in the literature so far) are presented in Table 
5-3. Uranium and thorium values for the 74 igneous complexes 
at a Larsen Factor of 10 are plotted against K57 5 

in Figures 
5-16 and 5-17. The compilation applies only to world-wide 
metaluminous rock series with enough silica variation to allow 
determination of the K57 5 index. Peraluminous series are too 
silicic (> 65% Si02) to allow determination of a K

57
• 
5 

value. 

The data in Table 5-3 indicate that for a given alkalinity 
(magma suite column on Table 5-3), the concentrations of radio
elements (U, Th, and K) within the magma suite increase with 
degree of differentiation. Also, with increasing intersuite 
alkalinity, the overall uranium and thorium contents systemati
cally increase. Indeed a complete spectrum of increasing 
uranium and thorium contents with increasing intersuite alkalinity 
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Suite 
Designation 

Calcic 

Calc-alkalic 

TABLE 5-3: 

URANIUM-THORIUM VARIATION 

WITH INTRASUITE DIFFERENTIATION AND INTERSUITE ALKALINITY 

IN METALUMINOUS IGNEOUS ROCK SERIES 

Number of K57.5 Increasing Differentiation 
Complexes LARSON FACTOR 
Inventoried -10 0 10 20 25 

1 2 2 2 2 2 
19 .98 1 . 23(.87) .47(1.4) .62(2.4) 1.29(4.7) 2.14(6. 9) 

(.25-1.2) 

17 1. 69 . 36(1.8) .90(3.3) 1.96(6.2) 2.16(13.7) 4 . 4 (18 . 4) 
. (1.2-2.4) 

High potassium 10 2. 71 .8 (i.d.jl.53(6.2) 2.63(8.4) 3.58(12. 2) 4.i (19.2) 
calc-alkalic (2.4-3. 0) 

Alkali-calcic 18 3.68 1.2 (3 . 8) 2.0 (6.7) 2.82(9.35) 5.33(16.9) 8.6 (25.3) 

Alkalic 

Notes: 1) 

(3. 0-4. 5) 

10 5.52 1.6 (6.6) 2.65(13.7)4.11(19.9) 8 . 3 (27.9)11 . 2 (47.6) 
(4.5-9.3) 

Number on top is the average K57 5 
value for the igneous suit es inventoried; 

number in parentheses are range of K57 5 values for the igneous suites 
inventoried. • 

2) Numbers in parentheses are K57 _5 values . All uranium and thorium values 
are in ppm. 

3) i.d. = insufficient data . 
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exists from calcic to alkalic suites. This chemical relationship 
holds in a general way regardless of tectonic setting although 
igneous rocks in continental regions have somewhat higher thorium 
contents than igneous rocks in oceanic regions of the same 
alkalinity (Figure 5-17). 

Suites that contain greater than 6 ppm uranium at some 
point in the differentiation sequence are not present below 
K57 5 = 2 . 5. Significantly, few of the igneous rocks in suites 
witn K57 5 values less than 2.5 have K20 values greater than 4.0. 
Average uranium abundances of 6 ppm or greater appear in highly 
differentiated phases of the alkali-calcic (Larsen factor equals 
25) and alkalic (Larsen Factor equals 20 and 25) suites. We 
consider these rocks especially favorable for potential uranium 
mineralization. 

Metaluminous plutons sampled in core complex areas (refer 
to list on Table 5-1) show no significant departure from the 
global metaluminous data base (as generalized in Table 5-3) . 
Our data indicate that uranium and thorium content of a plutonic 
rock in a core complex is a function of tha t rock's suite t ype 
or alkalinity (particularly its potassium content). Potassium
uranium data for Cordilleran peraluminous muscovite granites 
plot in two distinct areas relative to their global counterparts 
(Figure 5-10). The Cordilleran low-K peraluminous granitoi ds 
generally contain markedly lower uranium content than global 
relatives of comparable K2o content. In contrast, northeast 
Washington peraluminous granitoids are clearly separated from 
the low-K peraluminous suite by their higher K

2
o and uranium 

cont ents; they plot largely within the uran i f er ous part of the 
global field . 

Summa r y 

In summary, we are strongly impressed with t he influence 
of pot assium content on uranium geochemistry of plutonic rocks 
in core complexes in particular and in igneous rocks throughout 
the world in general. Regardless of aluminum character, suite 
alkalinity, or degree of dif f erentiation, uranium v alues of 
greater than 6 ppm will almost invariably not be present unless 
K20 content in an igneous rock exceeds 4%. To wit, a K20 threshold 
of greater than 4% is a necessary condition for uranium favorability 
of igneous rock. 
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follows conventions outlined in Table 5-2 . 



GEOCHEMISTRY OF METAMORPHIC AND 

MYLONITIC ROCKS 

Introduction 

Metamorphic and mylonitic rocks are widely present in 
Cordilleran metamorphic core complexes. As discussed in 
Chapter 4, it is important to consider metamorphism and 
mylonitization when evaluating the uranium favorability of 
metamorphic core complexes. The influence of metamorphism 
and mylonitization on the uranium content of rocks is partially 
discussed in the geological literature , but an insignificant 
proportion of this literature deals directly with core complex 
areas. Because of this deficiency of existing pertinent litera
ture, we have collected geochemical samples of metamorphic and 
mylonitic rocks in the Ruby, Buckskin, Harcuvar, Harquahala, 
Tortolita, and Santa Catalina complexes (see Appendix E). 
In addition, we have examined the radioactivity (total gamma 
count via scintillometry) of these and many other complexes 
(see sections on uranium favorability of individual complexes 
in Appendix D). 

In the Santa Catalina and Tortolita complexes of Arizona, 
we collected geochemical samples along traverses from non
metamorphosed to metamorphosed rocks and from nonmylonitic 
to mylonitic phases of the same rock unit. The following 
discussion of geochemistry of metamorphic and mylonitic rocks 
is largely concerned with these detailed sample traverses. 
The results of these traverses are most enlightening, but addi
tional traverses in other, more uraniferous core complexes are 
needed to substantiate our conclusions and to indicate how 
applicable these conclusions are to the rest of the complexes. 

Metamorphism and Mylonitization 

Among geologists that have studied the core complexes, 
there has been much disagreement concerning the relative impor
tances of metamorphic and mylonitic processes (for example, see 
Keith and others, 1980 for a summary of metamorphic versus 
mylonitic characterizations of rocks in the Santa Catalina com
plex, Arizona). Some workers regard foliation in "gneissic" 
(sensu lato) rocks as a relict of pre-metamorphic sedimentary 
layering. An alternative view dating back to Lindgren (1904) 
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in the Bitterroot complex of Idaho and Montana is that the 
foliation in these rocks is the result of mylonitization 
imposed on an originally homogenous and commonly granitic 
protolith. Metamorphic core complexes contain foliated rocks 
with both types of origins; metamorphosed sedimentary rocks 
predominate some complexes (for example the Albion Range of 
Idaho and the Buckskin Mountains of Arizona), while mylonitically 
deformed plutonic rocks prevail in others (such as the Bitterroot 
Mountains of Montana and the Santa Catalina and Tortolita Mountains 
of Arizona) . Due to the fact that our detailed sample traverses 
are from the mylonitically dominated Tortolita and Santa Catalina 
complexes, we will be largely concerned with the effect of 
mylonitization on the geochemistry of granitic rocks. In this 
context, we have made an attempt to distinguish the geochemical 
changes due to mylonitization from those related to pre-or 
synmylonitization plutonism. To this end, we have chosen two 
areas that may represent end members of this probable plutonic
mylonitic continuum: L) a traverse from virtually undeformed to 
highly deformed varieties of Precambrian Pinal Schist and 1.4 b.y.
old granite in the northeastern Tortolita complex; and 2) a 
traverse through the banded gneiss complex of the Santa Catalina 
forerange where 1.4 b.y. -old granite has been lit-par-lit injec
ted by horizontal sills of Eocene Wilderness granite (Keith and 
others; 1980). The Tortolita traverse probably represents the 
mylonitic, non-plutonic case; any gains or losses are probably 
related to the mylonitic process alone. In contrast, the Santa 
Catalina forerange traverse probably represents a plutonic
dominated case where intense plutonism may have been accompanied 
by mylonitic deformation. We will examine the mylonitic non
plutonic traverse first. 

Tortolita Mountains Traverse 

Geologic Setting 

We have sampled in the northeastern Tortolita Mountains 
because geological mapping (Banks and others, 1977; Keith and 
others, 1980) has revealed a complete spectrum of intensities 
of deformation. In this mountain range, we were able to collect 
samples along continuous traverses from nonmylonitic to mylonitic 
1.4 b.y. -old Oracle Granite. In the same area we collected 
Pinal Schist that has retained its original Precambrian lithology 
and structure, and a schistose band of probable Pinal Schist 
which has been affected by intense Mesozoic-Cenozoic deformation. 
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The traverse (see Figure 5-18) from Oracle Granite to 
mylonitic derivatives encountered the following gradational 
sequence of rocks (from north to south): 

1) unfoliated, biotite-rich Oracle Granite with minor 
chlorite and sericite; 

2) cataclastically deformed Oracle Granite that contains 
abundant chlorite and locally exhibits discrete, non
penetrative zones of foliated rock; and 

3) muscovitic granitic gneiss derived from Oracle Granite. 
The major mica is probably paragonitic muscovite. 

The transitions between the three rock types are completely 
gradational; the transition zones contain lithologies and 
structures of both adjoining rock types. 

The second suite of samples are from: 

1) Precambrian Pinal Schist just outside of the complex; 
and 

2) a schistose band of probable Pinal Schist within the 
complex in contact with the mylonitic Oracle Granite 
that we sampled (see Figure 5-18); the band experien
ced Mesozoic-Cenozoic deformation and metamorphism. 

The contact between the muscovite granitic gneiss and the 
schistose band has been described as gradational by Banks (1977, 
1980) who suggested the schistose rock represented a more highly 
comminuted mylonitic •rersion of the granitic gneiss and Chirreon 
Wash granodio~itic pluton to the south. Based on Rb-Sr trace 
element and isotopic data and sharp contacts with the mylonitic 
muscovite-bearing Oracl e Granite, Keith and others (1980) 
consider the problematic schistose band to be Pinal Schist 
that has been deformed and recrystallized (probably during intru
sion of the late Cretaceous Chirreon Wash granodiorite pluton). 
Chemical data generated during this study provides additional 
support for the Keith and others Pinal Schist postulate. 

Geochemistry 

Selected geochemical data· fo~ the Precambrian Q~acle Granite 
and Precambrian Pinal Schist from the no+theastern Tortolita 
Mountains, Arizona are plotted in Figures 5-19 and 5-20. Geochemical 
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data for mylonitic versus nonmylonitic Oracle Granite reveal 
a variety of distinct chemical changes (Figure 5-19). Silica 
contents of deformed Oracle Granite (chloritic and muscovitic 
phases) are conspicuously higher than those for undeformed 
Oracle Granite. Contents of Na, Mg, K, and Sr are comparable 
among undeformed and chloritic phases, indicating that these 
four elements experienced insignificant chemical changes. In 
contrast, Na and Sr are strongly enriched in the muscovitic 
phases while Mg and Kare distinctly depleted in these phases. 
Calcium contents progressively decrease from undeformed to 
chloritic, and muscovitic phases. Other elements (Ce, Zn, V, 
Li, Y, Sc, Ni, P, T, Mn, and possibly U) are also variously 
depleted in the deformed muscovitic phases relative to undeformed 
Oracle Granite. Contents of Rb, Cr, and Th do not exhibit any 
major changes between the three phases. Uranium contents also 
show no significant gains or losses as a function of deformation 
and metamorphism. The uranium contents of deformed-metamorphosed 
Oracle Granite are comparable with those for undeformed 1.4 b.y.
old granitoids of Arizona and New Mexico (Figure 5-21). Thus, 
we conclude from this data, that the imposition of profound 
textural and mineralogical changes was not accompanied by 
significant depletion or enrichment of uranium in these samples. 

Selected geochemical data for the older Precambrian 
Pinal Schist are summarized on Figures 5-20. On each diagram, 
in Figure 5-20, analyses of "unmodified" Pinal Schist (left 
side of diagrams) are compared with samples of Pinal Schist that 
have been modified or overprinted by core-complex deformation 
and metamorphism. The data reveal that "modified" Pinal Schist 
has lower contents of Sc, Zr, Li, V, and Zn relative to "unmodified" 
Pinal Schist. More limited major-element data suggest depletion 
of Fe, Mg, and Na during the metamorphism and deformation. These 
losses are compensated for by conspicuous gains in silica . Trends 
of other elements are less obvious. The data indicate that Pinal 
Schist and its deformed-metamorphosed derivatives are all charac
terized by high chromium contents, indicating a low mobility of 
chromium. The relatively high amounts of chromium seem unique 
to Pinal Schist and may be a useful tracer for identifying Pinal 
Schist protolith in other schistose metamorphic rocks which have 
been confused with Pinal Schist but were derived from other 
protoliths such as 1400 m.y. granitic rock. 

Like many of the other elements, uranium and thorium values 
in the Pinal Schist seem little affected by 'core complex' meta
morphism. Uranium and thorium data of "unmodified" schist show 
little systematic changes with respect to the "unmodified" Pinal 
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Schist control sample (Figure 5-20). Indeed uranium contents 
of "modified" schist samples show little departure from uranium 
values typical of Pinal Schist phyllite lithologies throughout 
southeast Arizona (Figure 5-22). For these samples, we conclude 
that contents of uranium, thorium, and chromium, were unchanged 
during metamorphisms. 

Sant a Cat al ina Traverse 

Geologic Setting 

One of the best examples of core-complex plutonic, meta
morphic and mylonitic phenomena is spectacularly exposed in 
the Santa Catalina Mountains of southeast Arizona. Numerous 
workers have studied various aspects of the geology of the 
mountain range (see summaries and references in Keith and others, 
1980; Davis, 1980; Banks, 1980; Shakel, 1978; Creasey and others, 
1977). The following discussion of the geology of the range is 
based on the synthesis and interpretation of Keith and others (1980). 

The plutonic geology of much of the Santa Catalina Mountains 
(see also Appendix D) can be viewed in terms of a stacked sill 
complex that consists of five major lithologic pseudo-strati
graphic assemblages which have gently inclined tabular forms 
and boundaries, (see Figure 5-23). The five assemblages are 
described below from structurally lowest to highest levels . 

Seven Falls Foliated Biotite Granite. A leucocratic foliated 
biotite granite named the Seven Falls Gneiss by Petersen (1968) 
is exposed at the lowest structural level of the Wilderness 
stacked sill complex. We hereafter refer to this unit as the 
Seven Falls foliated granite. Chemical analyses and modal data 
for the Seven Falls foliated granite are presented in Tables 
5-4 and 5-5 respectively. 

Forerange banded gneiss complex. A banded gneiss complex 
overlies the Seven Falls foliated granite throughout the Santa 
Catalina forerange. This gneiss complex consists of alternating 
light-and dark-colored lithologies which are interlayered on a 
wide variety of scales. The dark components are rich in biotite 
(20%) and are predominantly composed of mylonitically deformed 
Oracle Granite (1.45 b.y. B.P. emplacement age). Keith and 
others (1980) have interpreted most of the light-colored components 
of the gneiss complex as sills of Eocene Wilderness that were 
injected in lit-par-lit fashion into darker phases of 1.45 b.y. 
B.P. Oracle Granite. Petrographic data (Sherwonit, 1974; see Table 
5-4) indicate that Wilderness equigranular biotite granite sills 
which are structurally low in the banded gneiss complex are more 
biotite-rich than those higher in the banded gneiss complex. 
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TABLE 5-4: 
MODAL MINERALOGY 

OF THE 'WI LDEP.NE~S SILL COMPLEX 

Potash 
Quartz Plagioclase Feldspar Biotite Mu scovi te Opaques Garnet Others Reference 

Marsha 11 Gu lch pegmatite 25 35 37 (m) t1inor Minor Minor Minor Minor Matter 
part of Lenmon Rock leuco- (An07-12) (1969) 
granite 

Control Road pegma t ite 35 31 29 (m) Mi nor More than Minor Minor Minor Md tter 
part of Lemmo11 Roc k 1 euco- (An07-12) above ( 1969) 
granite 

Caseco pe~~a tite - 20 42 27 Tr 6 4 Matter 
about 30 m below upper con- (An07-13) (1 %9) 
t act of Wi lderness Grani te 
with meta-Apache Group 

Apli t e - sam~ locat ion as 19 32 43 Minor 4 Ma tter 
above (An07-13) (1 969) 

Wi lder ness Granite - 28 29 27 (m) 4 7 1 1-?* Pil kington 
various locations within (An20-25l (n111gnetite) (1962) 
upper half of ~ain s ill; 
average of 10 analyses 

• •Eas t f ork gne iss - 31. 3 26.6 + 29.7 (o) 7.4 4.5 0.2 0.4 Sherwonit 
layer j ust b~ low base of (An20-2s> (1974) 
m,, i11 wn,1 .. r!1C':.S G,..lnit~ 
sil i ~ ,~V•.> ··11·;e nf 7 ,,:~11:,- --,n . 

• •Thimble Peak gneiss- 32. 9 33.6 + 26.6 4 .1 2.4 0.2 0.2 Sher,1on i t 
avera9e of 16 analyses (f,n20-2sl ( 1974 ) 

**Sabino llarro·•s gnc i ss - 31.6 36.8 + 28.2 1. 7 1.6 0.1 Shen1onit 
l i9ht bands ; average of (An20-2s l ( 1974) 
8 dnJlysc~ 

••G ibbons Mt. gne i ss - 29. 9 35.S + 26.0 7.7 0.3 0.4 0.2 Sherwon i t 
average of 7 ana lyses (An20-2!i) ( 1974 l 

**Soldie r Canyon gne iss - 30.4 37.8 + 25.7 4.2 0.6 0. 3 0.2 Sherwonit 
1 ight bands ; average of (An25-30) (1 974 ) 
15 ana lyses 

••seven fal l s gne i ss ; average 29. 1 41.3 ♦ 21 . 8 7.2 0.1 0.3 0.3 Shcn,oni t 
of 7 analyses (An25-30) ( 1974) 

*Included under "others" by Pilkington ( 1962) . 

+"An" values arc from Pe terson ( 1963) . 

**Terminology for ~neiss units in Santa Ca ta lina forerange is from Peterson ( 1968). 
These uni t s are inter preted by us as injection sheets on lower l evels of the 
Wi l drrness sill complex. 

m - raicrocl ine 

o - or·thoclase 
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TABLE 5-5: 
AVERAGE CHEMICAL .COMPOSITION OF COMPONENTS 

WITHrn THE WILDERNESS GRANITE STACKED SILL COMPLEX 

increas'ing structural level 

MAIN RANGE SILL 

Lower Portion Upper Portion 
3 Foliated Two-mica Lemmon Rock Garnet Element or 4 Seven Falls 

Element Oxide Foliated grani~ biotite granite granite leucogranite schlieren 
nl n n n n 

Si02 
64.88 1 70.6 1 74.06 13 75. 2 2 70.63 1 

AL203 16,6 1 14. 5 1 14.67 13 13.1 2 13.5 1 
Fe2o3 .81 1 1: 012 

1 .50 10 . 29 4 1.51 l · 
FeO 1.t,2 1 . 682 1 .39 10 .195 4 1.39 1 
MgO .59 1 .32 1 .19 13 .06 2 .17 1 
CaO 3.14 1 1. 81 1 1.3 13 .44 5 . 25 1 
Nat 5.61 1 3.51 1 3 . 92 13 4 . 04 2 2 . 08 1 

N 

I K2 2.09 1 4.23 1 3 . 62 13 4 . 48 5 1.92 1 
\0 1 I-' P205 .14 1 .10 2 .041 13 . 09 2 • 03 

u ·• 90 1 .90 2 2 1.37 14 2 3.5 2 28 . 5 1 
Th 6 1 6.5 2 <.4 . 8 14 <: 2. 5 2 50 1 
Sc 4 1 5 2 3.3 14 < 5.0 2 9 1 
Ti 2200 1 2050 2 7.70 15 110 4 280 1 
Hn 350 1 345 2 4 .70 15 19.80 5 34,000 1 
y 10 1 11. 5 2 7.6 14 8.5 2 270 1 
Ce 76 1 52 2 <37 14 < 25 2 53 1 
Nb < 4 1 4 2 < 8.5 14 <. 72 2 24 1 
Ba 1100 1 2050 2 13 . 75 15 482 2 21 1 
Li 27 1 14.5 2 26 14 128 2 32 1 
V 35 1 21.5 2 7. 14 2 1 <2 1 
Cu 7 1 9 2 15. 15 19 . 5 2 4 1 
Zn 72 1 81.5 2 65. 15 155. 5 260 1 
Cr 6 1 6. 5 2 7. 14 19.5 2 5 1 
Ni 4 1 6 2 < 4.5 14 12 2 <4 1 
Be 2 1 1 2 2.1 14 7.5 2 2 1 
Rb 70 1 121 12 378 7 
Sr 760 1 490 2 320 25 28.3 7 10 1 

Notes: 1) n= number of samples 
2) Less than sign (<) indicates some samples for the element 

in question were below the detection limit for that element. 
3) Element analytical values are in ppm. 
4) Element oxide values are in weight percent. 



Pegmatitic Wilderness phases contain muscovite only in 
the upper two-thirds of the banded gneiss complex and are more 
biotite-rich in the lower third . We believe the forerange 
banded gneiss complex extends northward beneath a large higher
level sill of Wilderness granite in the Santa Catalina main 
range as a large, tabular, highly injected sheet (refer to 
Figure 5-23). 

Main Range Wilderness Granite Sill. A batholithic, laccolithic 
sill of Eocene wilderness granite overlies the banded gneiss 
complex. This 2.5 Ian-thick intrusion exhibits an asymmetrical 
laccolithic geometry. The Wilderness laccolithic sill is composed 
of equigranular granite and interlayered pegmatite, aplite, and 
alaskite. Throughout most of the laccolithic sill, the equi
granular granite contains biotite, muscovite, and garnet. 
However, near the base of the laccolith, the equigranular granite 
contains biotite and sparse garnet, but EE_ muscovite. We will 
refer to the gradational zone between the main two-mica phase 
and the structurally lower, biotite-only phase as the "muscovite
in boundary". Pegmatites, aplite, and alaskite within the 
Wilderness main range laccolith generally contain muscovite and 
garnet. Modal analyses and average chemical data for the main 
range laccolithic sill are presented in Tables 5-4 and 5-5 
respectively. 

Lemmon Rock Leucogranite. Late-stage pegmatite, aplites, 
and leucogranites are especially abundant near the top of the 
main range Wilderness laccolith. In many places, alasko-pegmatitic 
rocks form a leucogranite "cap" named Lemmon Rock leucogranite 
by Shakel (1978). This "cap" grades downward into the main range 
laccolithic sill of equigranular two-mica granite and intrudes 
upward into the late Cretaceous Leatherwood quartz diorite and 
younger Precambrian Apache Group. Garnet is locally abundant 
and in places forms spectacular "railroad track" bands of garnet 
schlieren. Representative modes and chemical analyses of the 
Lemmon Rock leucogranite and the lithologically unusual garnet 
schlieren leucogranite are presented in Tables 5-4 and 5-5 
respectively. 

Sedimentary "cover" and Leatherwood Quartz Diorite. The 
uppermost of the five major pseudostratigraphic assemblages is 
composed of Precambrian Apache Group sedimentary rocks, Pre
cambrian diabase, Paleozoic sedimentary rocks, and sill-like 
apophyses of Late Cretaceous Leatherwood quartz diorite which 
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have chiefly intruded between the Apache Group and Paleozoic 
sedimentary rocks. The sedimentary rocks are highly meta
morphosed directly above their contact with the underlying 
Wilderness granite laccolith and adjacent to the quartz diorite 
sills; they are less metamorphosed up structural section to the 
north. 

Mylonitic Deformation 

Rocks in five major pseudostratigraphic assemblages locally 
exhibit a gently inclined mylonitic foliation. The banded gneiss 
complex of the forerange, and the lower half of the Wilderness 
granite laccolith are generally mylonitic; rocks higher in the 
mountain range are generally not mylonitic (see Figure 5-23) . 
In the context of this project, James DuBois has examined many 
thin-sections of mylonitic and undeformed phases of Wilderness 
granite, (see Appendix E), and has established the following 
generalized deformation sequence in muscovite-bearing, equigranular 
phases of the Wilderness pluton: 

1) quartz recrystallizes, becoming amoeboid; 
2) quartz becomes finer-grained and feldspars become 

somewhat rounded; 
3) quartz forms streaked lenses, and coarse green muscovite 

begins to break down to fine-grained, white muscovite; 
fine-grained biotite also develops; feldspars become 
cracked both parallel to and perpendicular to the 
foliation with quartz filling the fractures; 

4) biotite forms foliated laminae through the rock which 
are wrapped around feldspar grains; feldspars become 
more rounded; pressure solution deposits of quartz 
form adjacent to feldspars, forming small augen; and 

5) total rounding of feldspars takes place; biotite becomes 
very fine-grained and layers of biotite form continuous , 
millimeter-scale bands through the rock; magnetite and 
sphene appear intergrown with the biotite; chlorite 
develops on the biotite. 

This general sequence mainly applies to the muscovite-stable, 
equigranular phases of Wilderness granite above the "muscovite-in" 
boundary in Figure 5-23. 

- -----------
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Mylonitically deformed Oracle Granite in the Santa Catalina 
forerange banded gneiss complex comprises the distinctive 
mesocratic augen gneisses (informally referred to as 'dark bands'). 
Where the coarse-grained augen gneiss is concordantly inter
layered with the Wilderness leucocratic component, contacts are 
commonly marked by a zone of mylonite schist. Some of the 
leucocratic sills or light bands are completely encased in a 
sheath of mylonitic schist. Zones of mylonitic schist may vary 
from one to several meters in thickness; away from the contact, 
they progressively grade into coarse-grained augen gneiss. In 
thicker exposures of augen gneiss, there are comparatively non
rounded, rectangular 'box car' crystals of potassium feldspar ; 
these are typical of undeformed Oracle Granite. Biotite is the 
only mica present in the dark component of the forerange banded 
gneiss. However, muscovite becomes common and locally is the 
dominant mica in areas of mylonitic Oracle Granite that are 
intruded by equigranular muscovite-bearing Wilderness phases. 
K-feldspar augen in the deformed Oracle Granite are enveloped 
by a fine-grained matrix of feldspar and quartz. Foliation 
surfaces are undulatory and contain alligned aggregates of 
biotite and recrystallized quartz. Elongate aggregates of quartz 
with sutured boundaries or with ribbon textures are common within 
the plane of foliation and are expressed as a rod-like lineation 
which resembles "hot" slickensides. 

Geochemistry 

Our detailed sampling in the Santa Catalina Mountains was 
designed to evaluate several unresolved geochemical questions. 
In the forerange banded gneiss complex, we were interested in 
how the geochemistry of the Oracle Granite was affected by 
mylonitization and/or lit-par-lit intrusion of Wilderness Granite 
sills. Our sampling within phases of the Wilderness Granite was 
meant to evaluate the geochemical effects of three processes: 
1) magmatic differentiation; 2) partitioning of elements between 
co-existing equigranular granite and late stage, water-rich, 
pegmatitic phases; and 3) mylonitization. We also collected 
samples of metasedimentary rocks (see Appendix E) near the top 
of the Wilderness laccolith to examine how (or if) they were 
geochemically modified by the adjacent intrusion. 

On Figure 5-24, selected geochemical data are plotted as a 
function of structural position in the Wilderness Granite stacked 
sill complex. Sample localities are shown in Figure 5-23. 
The data indicate that distinct geochemical changes occur vertically 
in the pluton . Rocks in lower structural levels have low contents 
of Si02 , K20, and MnO, and high contents of CaO, FeO, Fe2o3 , V, 
Ti02 , and Sr relative to rocks in upper structural levels. Intri
guingly, variation patterns of N~O and K20 are virtually mirror 
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images of one another; that is, parts of the pluton which 
are relatively sodium-rich are potassium-poor, and vice-versa. 
Uranium contents show a tendency to increase upwards towards 
the top of the pluton. These variation patterns are interpreted 
by us to reflect progressive differentiation of the Wilderness 
intrusion . 

Comparison of analyses of co-existing equigranular granite 
and coarse-grained pegmatites indicate how different elements 
were partitioned between the magma (which ultimately crystallized 
to form equigranular granite) and its water-saturated phases 
(which solidified into aplite and pegmatite). Pegmatic phases 
at any given structural level in the Wilderness pluton are consis
tently enriched in Mn and Nb, and depleted in Si and K as compared 
to co-existing equigranular counterparts. Conversely, equigranular 
phases are consistently enriched in Ti, V, Li, Ba, Sr, Mg, Ca, 
Ce, Zn, and Fe relative to cospatial pegmatites. Sodium contents 
reveal no systematic partitioning between equigranular and pegmatitic 
phases. Uranium is strongly enriched in the pegmatites relative 
to equigranular phases; this affirms uranium's affinity for hydrous 
fluids. In contrast, thorium is relatively enriched in the 
equigranular phases. 

Geochemistry of rocks in the forerange banded gneiss complex 
reflects the combined results of plutonism, metamorphism, contact 
metasomatism, and mylonitization. In order to evaluate the 
relative effects of these processes, we have plotted geochemical 
analyses of light-colored (Wilderness Granite) components of the 
forerange banded gneiss within the overall differentiation 
framework of the entire Wilderness stacked sill complex (Figure 
5-24). When compared to the overall differentiation trend, 
Wilderness components of the forerange banded gneiss commonly 
exhibit a distinct departure. In particular, Wilderness phases 
of the banded gneiss are strongly depleted in Na, Ti, Zn, V, Sr, 
Ca, Fe, Mg, and Al relative to the overall differentiation trend. 
These phases are strongly enriched in Si0

2 
and K20 relative to the 

predicted differentiation trend. No systematic aepletions or 
enrichments are exhibited by analyses of Cu, Ba, Y, and importantly, 
U or Th. Dark components of the forerange banded gneiss (mylonitic 
Oracle Granite) are markedly depleted in K

2
o and enriched in Na

2
0 

compared to nonmylonitic control data from outside of the Santa 
Catalina forerange (See Figure 5-25). In contrast, contents of 
uranium, thorium and mo.st other elements are similar for samples of 
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nonmylonitic and mylonitic Oracle Granite ; these data indicate 
that only the alkali elements (Na and K) were sufficiently 
mobile during mylonitization to undergo detectable geochemical 
changes (See Figure 5-25) . 

Mylonitic samples of Wilderness Granite from the main range 
laccolithic sill are not markedly displaced from the inferred, 
overall differentiation trend (See Figure 5-24). This documents 
that mylonitization of the main range Wilderness laccolithic sill 
did not result in any major geochemical changes. 

Geochemical Comparison of Mylonitic Rocks 
From the Tortolita and Santa Catalina Complexes 

It is instructive to compare the geochemical changes that 
accompanied mylonitization in the Tortolita Mountains against 
those in the Santa Catalina Mountains. Table 5-6 summarizes 
the gains and losses undergone by rocks during mylonitization in 
both mountain ranges . In general, mylonitization was accompanied 
by gains of SiO2 and losses of Li, Fe , P7o5 V, Mn, and possibly 
Ti. Contents of U, Th, Rb, Ba, Cr, and Y were unchanged by 
mylonitization. However, the interrelationship between potassium 
and sodium contents is provocative. In the northeast Tortolita 
Mountains, loss of potassium in mylonitic Oracle Granite i s 
accompanied by probable potassium gain in the adjacent recrystal
lized Pinal Schist band. Gain of sodium in the muscovite-bearing, 
mylonitic Oracle Granite is matched by sodium loss in the adjacent 
recrystallized Pinal Schist. Similarly , in the Santa Catalina 
forerange, gains of sodium and losses of potassium in mylonitic 
Oracle Granite are complemented respectively by sodium loss and 
potassium gain in the leucocratic injection sheets of Wilderness 
Granite. 

Conclusions and Speculations 

Based on detailed sampling of mylonitic and metamorphic rocks 
in the Tortolita and Santa Catalina complexes, we offer some 
general conclusions regarding how mylonitization and metamorphism 
has affected protolith geochemistry . Geochemical data from both 
complexes suggests that intense mylonitization of various inter
layered lithologies was accompanied by the addition of silica. 
This may indicate that mylonitization occurred in the presence of 
a silica-rich fluid. Mylonitization evidently resulted in depletion 
of Fe, Ti, P

2
o

5
, V, and Mn. Perhaps the silica rich fluid scav

anged the deforming rock for these elements. The data may indicate 
that Na and K were exchanged between adjacent lithologies during 
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FeO 

MgO 

cao 

Na
2
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Mn 

Ti 

u 

Th 
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Cc 
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Li 

V 

cu 

Zn 

Cr 

Iii 

Rb 

Sr 
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TABLE 5-6: 

COMPARISON OF CAINS AND LOSSES IN MYLONITIC ROCKS 

FROM THE SANTA CATALINA AND TORTOLITA COMPLEXES 

TORTOLITA COMPLEX SANTA CATALINA COMPLEX 

Chloritic Muscovitic Mylonitic Mylonit ic Mylonitic 
Mylonitic Mylonitic Oracle Wilderness Wilderness 

or Recrystallized Oracle Oracle Granite Granite Granite 
Oxide Pinal Schist Granite Granite Forerange Forerange Main range· 

+++l +++l +++l +?l +++l 01 

0 

0 0 0 

0 0 0 

0 -t+ -t+ 0 

+? 0 -t+ 0 

0 0 

0 0 

---? +? 0 

0 0 0 0 0 

0 0 0 0 0 

0 0? 0 0 

0 0 0 

0 -t+ 0 0 0 

0 0 

0? 0 

--? --? 0 0 0 

0 0 

0 0 ++ 0 

0 0 0 

0 0 0 0 0 0 

0 0 +++ 0 0 

Symbols 1n column nre defined OS f o llows: +++. Jorge gain; ++ • gain; + • slight 8ain; 
0 • no chttngc; - • slight loss; -- • loss; and --- • large loss. 

300 



intense mylonitization. 

In contrast, areas where a single rock type experienced 
only moderate to weak mylonitization, the data reveal no 
systematic geochemical changes due to mylonitization. Thus, in 
these areas (such as the main range sil l of Wilderness Granite 
in the Santa Catalina main-range), mylonitization was fundamen
tally isochemical. Local ultramylonite bands in the Wilderness 
pluton, however, contain numerous prominant bands of ribbon 
quartz. Thu~ zones of strongmylonitization in homogeneous 
granitic rocks may have undergone silica addition and iron, 
phosphorous, vanadium, and manganese depletion. At present, 
we have no chemical data to confirm this speculation. 

In all types, uranium and thorium contents were not affected 
by mylonitization, possibly because both elements are largely 
tied up in refractory accessory minerals that resist myloniti
zation. A partial test of this hypothesis is provided by 
comparison of fluorometric and neutron-activation uranium 
analyses for some moderately to highly uraniferous rocks 
(Table 5-7). The table indicates that uranium values deter
mined by neutron activation are consistently higher than those 
determined by fluorimetry. This is probably due to the fact 
that some uranium was not taken into solution during the acid
leach phase of fluorimetry. In effect, fluorimetric analyses 
may reflect only the loosely held or acid-leachable uranium; 
it is this uranium that would most likely be redistributed by 
mylonitization. Uranium which is detected by neutron activation 
but not fluorimetry may largely reside in refractory accessory 
minerals; this uranium would be relatively immobile during 
mylonitization. The high ratio of neutron activation/fluorimetric 
analyses for many of the Tortolita and Santa Catalina samples 
may indicate that most uranium is indeed tied up in refractory 
accessory minerals. Therefore, mylonitization in the Santa 
Catalina and Tortolita complexes had little effect on uranium 
contents. However, for increased credibility, this preliminary 
conclusion must await testing by detailed sampling of mylonitic 
and nonmylonitic phases of highly uraniferous protoliths. 
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TABLE 5-7: 

COMPARISON OF URANIUM CONTENTS IN SELECTED ROCK TYPES 

FROM THE SANTA CATALINA AND TORTOLITA COMPLEXES 

Rock Type 

Eocene-Oligocene alkali-calcic 
suite 

catalina quartz monzonite 
Tortolita quartz monzonite 
Tortolita quartz monzonite 
Aplite in Tortolita quartz 
monzonite 
Reef Granite 
Reef Granite 

Mid-Cretaceous to mid- Eocene 
peraluminous 2-mica suite 

Derrio Canyon granit e 
Derrio Canyon granit e 
Wilderness granite sill 

complex 
Seven Falls granitic gneiss 
Biotite granite (lower main

range sill) 
2-mica granit e (upper main

range sill) 
Lemmon Rock leucogranite 
Garnet schlier en in Lemmon 

Rock leucogranite 

Mid-Cretaceous to late Cre
taceous calc- alkalic suite 

Leatherwood quart z diorite 
Leatherwood quartz diorite 
Chirreon Wash granodiorite 
Chirreon Wash granodiorite 
Chirreon Wash granodiorite 
(mylonitic) 

1400 m.y. granitoids 

Oracle Granite 
Oracle Granite (mylonitic) 
Oracle Granite (mylonitic) 

1700 m.y. Pinal Schist 

Pinal Schist (unmodified) 
Pinal Schist (modified) 

BY ANALYTICAL METHOD 

Sample 
Number 

155882 
155887 
155885 
155886 

155857 
155858 

155912 
155877 

155923 

155836 

155840 
155865 

155868 

155864 
155869 
155864 
155873 
155896 

155844 
155892 
155889 

155902 
155895 
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Uranium By 
Neutron Acti
vation (ppm) 

1. 7 
2.1 
2. 7 
6.7 

33.1 
11. 7 

1.1 
0.8 

0.9 

1.1 

1.05 
3.60 

28.50 

4.2 
5.0 
3.6 
4.2 
3.5 

4.9 
4.8 
4.00 

3 . 5 
4.00 

Uranium By 
Fluorometric 

(ppm) 

1.1 
0.76 
0.86 
3.5 

0.33 
0.25 

0. 46 
0.25 

0.5 

0.45 

0.25 
2.19 

o. 64 

0.87 
1.7 
2.3 
2.4 
1.8 

4.4 
2.42 
0.91 

1.98 
1.99 



GEOCHEMISTRY OF DISLOCATION 

ZONES 

Introduction 

At the outermost margins of many metamorphic core complexes 
is a zone of brecciation, jointing, and faulting that ranges in 
thickness from ten to nearly a hundred meters. The zone of 
highly fractured and brecciated rocks grades progressively down
ward into structurally intact (non-brecciated) rocks that comprise 
the crystalline core of the complex. The zone is capped by a 
one to two meter thick ledge of microbreccia. The top of the 
microbreccia is a polished and slickensided, low-angle fault 
surface. Above the fault or dislocation surface rest a wide 
variety of non-mylonitic Precambrian through mid-Miocene rocks. 

The zone of brecciation is inevitably accompanied by extensive 
retrograde metamorphism and/or hydrothermal alteration and 
mineralization. Extensive chloritization is the most common 
mineralogical consequence and lends the highly fractured rock a 
punky green appearance that has prompted the frequent use of 
the term 'chloritic breccia.' Less commonly, hydrothermal fluids 
have deposited hematite, pyrite, chalcopyrite, chrysocolla, gold, 
and locally uranium in the dislocation zone. The passage of 
hydrothermal or "retrogressive" fluids through structurally dis
rupted and therefore permeable dislocation zones must result in 
some geochemical changes. The widespread occurrence of iron and 
copper mineralization along the dislocation zones of west-central 
Arizona attests to the potential economic significance of such 
geochemical changes. 

Field relationships and timing constraints indicate that the 
chloritic breccia phenomena postdate much, if not all, myloniti
zation. In Arizona complexes, the formation of the chloritic 
breccia may have occurred from several to over 40 m.y. later 
than mylonitization. Also, some chloritic breccias clearly overlie 
non-mylonitic crystalline basement as, for example, the chloritic 
breccias in the western Whipple Mountains of southeast California 
described by Davis and other (1980). 
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It is also becoming apparent that the chloritic breccia 
phenomena is almost exclusively associated in space and time 
with mid-Tertiary low-angle normal fault phenomena. These 
faults have commonly rotated large areas of mid-Tertiary 
volcanic and sedimentary sections on low-angle normal faults 
that merge downward into the regional low-angle surface that 
contains the chlorite breccia and microbreccia phenomena 
discussed above. This overall process of low-angle listric 
faulting, wholesale block rotation, chloritic brecciation, and 
micro-brecciation we refer to as dislocation. We refer to the 
regional low-angle fault surface formed or reactivated during 
this period of faulting as a dislocation surface. We restrict 
the term dislocation to movements associated only with the 
early to mid-Tertiary age low-angle normal fault motions and 
not to any earlier pre-Tertiary movements that may have 
occurred on these low-angle surfaces. 

Geochemistry 

There is only minor pertinent data available on the 
geochemistry of dislocation zones. Petrographic analysis 
of samples collected on traverses from biotite-stable mylonitic 
rocks into chloritic breccia and microbreccia document pro
nounced mineralogical changes (Reynolds and Rehrig, 1980; 
Reynolds and Sanders in Davis, 1978), but do not reveal whether 
the bulk geochemistry of the rocks was changed by formation 
of the chloritic breccia. Geochemical samples of chloritic 
breccia collected from the Buckskin Mountains in west - central 
Arizona during this project reveal that significant geochemical 
changes have occurred. 

Buckskin Mountains Traverse 

In the northeastern Buckskin Mountains, near Alamo Dam, 
there are excellent exposures of the Whipple~Buckskin-
Rawhide Mountain dislocation surface and underlying chloritic 
breccia and mylonitic gneiss (Figure 5-26). Here, the disloca
tion surface is offset by a northwest-striking, northeast 
dipping reverse fault. Highly deformed and metamorpposed 
Paleozoic rocks are present in small fault slivers along the 
dislocation surface. 
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EXPLANATION 
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We sampled various lithogies in the underlying Buckskin 
mylonitic complex and compared their geochemistry with 
mylonitic rocks that were affected by the 
chloritic breccia and dislocation sur face (Figure 5-27). We 
also sampled some Paleozoic calc-silicate sedimentary rocks to 
obtain additional perspective. Compared to the underlying 
mylonites, samples of the chloritic breccia, dislocation surface, 
and Paleozoic calc-silicate rocks are relatively enriched in 
V, Zn, Li, Cr, Ni, Zr, U, Th, and Cu. In particular, the 
uranium contents of the chloritic breccia, dislocation surface, 
and Paleozoic calc-silicate rocks are respectively 2, 3.5, and 
12 times those of underlying mylonitic rocks. If sample No. 
155809 is omitted, Ba, P, Mn, Fe, Mg, Y, Ce, Sc, and T are 
also depleted in the mylonitic basement compared the chloritic 
breccia, dislocation surface, and calc-silicate samples. The 
samples in the dislocation zone are strongly depleted in sodium 
and probably depleted in aluminum and strontium. No systematic 
pattern of relative change was observed for potassium. Thus, 
in the Buckskin Mountains (at Alamo Dam) we conclude that the 
dislocation process is a mineralizing process; U, Th, Cu, Zn, 
Fe, V, Li, and Cr, have evidently been introduced into the dis
location zone. 

Limited major element data on the microbreccia of the 
regional Whipple-Buckskin-Rawhide dislocation zone are available 
(T.L. Heidrick and J. Wilkins, 1980, personal communication). 
The data indicate that the major element composition of the 
flinty microbreccia is probably unrelated to lithologic varia
tions in upper plate crystalline rocks above the dislocation 
surface. Relative to enclosing rocks, formation of the micro
breccia was accompanied by minor losses of AL o

3 
and Na

2
o with 

corresponding gains in K
2
o and total iron contents. Heidrick 

and Wilkinsbelieve the overall composition of the microbreccia 
largely reflects the calc-alkalic composition (sensu lato) of 
presumed original calc-alkalic parent. The gains and losses 
found by Heidrick and Wilkins agree with most of our findings 
(see above). We suggest that relatively uniform composi-
tion of the microbreccia may alternatively reflect compositional 
and tectonic homogenization of a once more variable crystalline 
basement terrane. The final development of this chemically 
homogeneous microbreccia would have occurred during mid-Miocene 
dislocation. We interpret gains and losses reported above 
as a reflection of hydrothermal circulation within the disloca
tional zone during its formation in mid-Miocene time. 
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Radioactivity 

We have completed several scintillometer traverses from 
mylonitic basement terrane rocks across overlying chloritic 
breccias and dislocational surfaces. Scintillometer data from 
the Rincon, Buckskin, and Picacho complexes of Arizona indicate 
that total counts in mylonitic basement are approximately equal 
to those from chloritic breccias and microbreccias within the 
dislocation zones. The data, however, do not permit us to 
evaluate whether uranium has been significantly remobilized by 
the dislocational process. Our limited geochemical data in the 
Buckskin Mountains of west-central Arizona however, suggest 
that the uranium fraction of the scintillometer data may be 
significantly different in the dislocational zones as compared 
to their underlying crystalline basement. Thus, scintillometry 
alone cannot document differences in uranium distribution 
between the crystalline basement and the overlying dislocation 
zones; therefore, scintillometry across any of these transitions 
from crystalline basement to dislocation zone must be accompanied 
by uranium geochemistry. 

Conclusions and Speculations 

Our geochemical data in the Buckskin complex is limited 
but may have significant implications for uranium distribution 
in core complex regions because it suggests that in at least 
one area, the dislocation process is a favorable uranium concen
trating process. It is important that elements that are present 
in anomalous amounts (U, Cu, Fe, and Zn) occur in economic 
quantities along the dislocation surface elsewhere in the 
Buckskin, Rawhide and Whipple Mountains of west-central Arizona, 
and southeasternmost California. For example, copper and gold 
have been extracted from low-dipping, tabular bodies along the 
dislocation surface at the Copper Penney, Planet, and Swansea 
Mines in the Buckskin Mountains and at Copper Basin in the 
Whipple Mountains. Anomalous concentrations of uranium in the 
Buckskin-Rawhide-Whipple dislocation surface are present in the 
Fools Peak and Red Hills areas of the Rawhide Mountains (see 
Appendix D). 

Interestingly, of the complexes we sampled, elements com
paratively depleted in the underlying mylonites (Fe, Mg, 
P. Mn, Li, V, Ti, Zn, Cu, Ni, and especially U and Th) were all 
found enriched in the chloritic breccia and closely associated 
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dislocation surface. This pattern may reflect the effect of a 
hydrothermal fluid that scavanged the above mentioned elements 
from the underlying mylonitic and crystalline rocks in the 
underlying basement and then redeposited them in anomalous 
amounts at or near the dislocation surface. Generation of 
these hydrothermal fluids may have been triggered by thermal 
contrasts that existed during rapid uplift of the region in 
mid-Miocene time. In this concept, hydrothermal fluids are 
self-generated by convection that occurred in response to thermal 
contrasts induced by rapid relative uplift in mid-Miocene time 
(see Chapter 4). Rapid uplift would also cause the widespread 
resetting of radiometric K-Ar and fission-track ages in 
crystalline basement underneath the dislocation zone. 

Alternatively, the heat source for the hydrothermal fluids 
may have been mid-Miocene alkali-calcic magmatism that was 
widespread throughout the region. The magmatism may have 
generated metalliferous fluids that scavanged other elements 
from the crystalline basement as they circulated towards the 
structurally inviting dislocation zone. The regional metal
logenic copper-gold (and mino·r uranium) char act er of the mineral 
deposits is consistent with an association with alkali-calcic 
and alkalic magmatism elsewhere (for example, mid-Miocene 
mineralization in the Vulture, Kofa, Oatman, and El Dorado 
Districts of western Arizona and southernmost Nevada). 

In this view the widespread resetting of radiometric K-Ar 
and fission-track ages in crystalline basement beneath the 
dislocation zone results from the introduction and circulation 
of these hot fluids through the crystalline basement beneath 
the dislocation zone. Perhaps, generation of the hydrothermal 
fluids was a combination of the above mentioned processes. In 
any case, we are convinced that the dislocation process in the 
Whipple-Rawhide-Buckskin Mountains of west-central Arizona and 
southeasternmost California was associated with regional circula
tion of hydrothermal fluids that produced a regional scale chloritic 
alteration and local metallization in areas at or near the 
regional dislocation surface. The presence of similar highly 
chloritized breccias in other core-complex areas suggests that 
the dislocation process and associated hydrothermal fluid flow 
was a major Cordilleran-wide, Tertiary process. Our limited 
data in one area suggest that this process is capable of mobili
z ing and redistributing uranium in potentially economic amounts. 
This process might be particularly effective in areas character
ized by a uraniferous crystalline basement (such as the Kettle 
complex of Washington). Clearly, more research into the dislo
cation process and its affect on uranium distribution may have 
profound economic implications. 
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