CHAPTER 4
A CONCEPTUAL BASIS FOR THE OCCURRENCE OF URANIUM IN
CORDILLERAN METAMORPHIC CORE COMPLEXES
By
Stephen J. Reynolds

INTRODUCTION
As discussed in previous chapters, the evolution of Cordilleran metamorphic core complexes entails numerous processes, some
of which operated simultaneously while others were sequential but
integral components of a prolonged geologic history. In order to
properly evaluate the uranium favorability of the complexes, all
processes that were active
within them must be examined to determine whether they are capable of concentrating uranium. Those
that are should be identified and individually scrutinized to
evaluate their possible role as agents of mineralization. Table
4--1 lists the most important of the processes that are known or ·
hypothesized to have occurred during evolution of the core complexes. The o l dest events typically recorded in rocks of the
crystalline core of the complexes include plutonism, metamorphism,
metasomatism, and anatexis. In structurally high levels of the
core, these are overprinted by pervasive mylonitization. Along
the margins of the core brecciation, cataclasis, chloritization,
hematite deposition, and hydrothermal alteration and mineralization are all spatially associated with the dislocation surface
(decollement). In rocks above the dislocation surface, listric
;.:c r;:i.al faulting, tilting, and syntectonic sedimentation, volcanism,
and mineralization. are common.
It is instructive to consider these core-complex processes
within the framework of a recent preliminary classification of
uranium deposits proposed by Bendix Field Engineering Corporation
(Hickle, 1978). Table 4-2 displays the classes of uranium
depos;i,ts . in _this cl-assification. The Bendix cla_ssification is based
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TABLE 4-1

PROCESSES THAT TYPICALLY OCCURRED DURING THE EVOLUTION
OF CORDILLERAN METAMORPHIC CORE COMPLEXES

Processes that occurred in rocks above the dislocation zone
tilting and rotation
listric-normal faulting
various other styles of deformation
syn-tectonic sedimentation, volcanism, and plutonism
Processes that occurred in the dislocation zone
faulting
brecciation
jointing
retrograde metamorphism
hydrothermal alteration and mineralization
chloritization
hematite deposition
Processes that occurred in the crystalline core
pluton emplacement
magmatic differentiation
pegmatite formation
metamorphism
metasomatism
anatexis
mylonitization
folding
faulting
boudinage formation
intrusion of dikes
final cooling
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TABLE 4-2

CLASSIFICATION OF URANIUM DEPOSITS PROPOSED BY MICKLE
Deposits in sedimentary rocks
Placer
Quartz-pebble conglomerate
Marine black shale
Phosphorite
Water
Lignite, coal, carbonaceous shale
Evaporative precipitates
Limestone
Sandstone
Deposits in and related to plutonic igneous rocks
Orthomagmatic
Pegmatitic
Magmatic hydrothermal
Contact metasomatic
Autometasomatic
Authigenic
Allogenic
Ana tee tic
Volcanogenic uranium deposits
Initial magmatic
Pneumatogenic
Hydroauthigenic
Hydroallogenic
Uranium deposits of uncertain genesis
Unconformity-related deposits
Monometallic
Polymetallic
Vein-type deposits in metamorphic rocks
Monometallic
Polymetallic
Vein-type deposits in sedimentary ro cks

This classification is discussed in Mickle (1978).
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on genesis and the nature of mineralization, thereby facilitating direct comparison of core-complex processes to those
responsible for uranium mineralization. Such a comparison reveals
the broad spectrum of uranium occurrences that are conceivably
present in Cordilleran metamorphic core complexes.
Uranium occurrences within and adjacent to the core complexes
are formed by two fundamental kinds of processes: those intrinsic
or extrinsic to the evolution
of the complexes. Intrinsic
processes can be grouped into four categories: plutonic, metamorphic, mylonitic and dislocation- surface- related. In this
chapter, the important aspects of each of these intrinsic processes are summarized, utilizing appropriate examples from various
Cordilleran metamorphic core complexes. This is followed by a
discussion of the relationship between each process and the geochemical behavior and geologic occurrence of uranium. Exemplary
deposits of uranium that were formed or at least influenced by
each process are provided, both from throughout the world and
from within the core complexes . The discussion of extrinsic
processes is, by necessity, less comprehensive because of the
infinite variety of both processes and resulting uranium occurrences that are incidental to the core complexes. Nevertheless,
an understanding of both intrinsic and extrinsic processes is
essential for constructing a conceptual basis for the occurrence
of uranium in Cordilleran metamorphic core complexes.
A CONCEPTUAL BASIS FOR THE OCCURRENCE OF URANIUM
RELATED TO PLUTONIC PROCESSES
Plutonic Processes in Cordilleran Metamorphic
Core Complexes
All Cordilleran metamorphic core complexes are characterized
by plutonic rocks of one type or another. Plutons constitute
a majority of exposed rocks in the crystalline cores of approximately half of the complexes . Some notable examples include the
Santa Catalina, Rincon, Tortolita, Coyote and Pozo Verde Mountains
of southern Arizona; the South Mountains of central Arizona; the
Kern Mountains of Nevada; the Bitterroot front of Montana and
Idaho;. and the Selkirk crest of Northern Idaho. Individual plutonic bodies range in size from true batholiths (for example the
Santa Catalina, Bitterroot and Selkirk Mountains) to thin,
laterally discontinuous dikes which may nevertheless congregate
to f0':t1m remarkable swarms such as those in the Tortolita, South,
and Harquahala Mountains of Arizona and the western Whipple Mountains of California. Plutonic rocks in the complexes can be somewhat arbitrarily subdivided into five general groups: 1) muscovite
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or two- mica granite and granodiorite; 2) biotite- and hornblendebearing granitoid rocks of granitic to dioritic composition;
3) biotite-bearing, coarse- grained granite; 4) pegmatite and
aplite bodies; and 5) dikes of rhyolite, microdiorite, and all
compositions in between . .
Some of the most common plutonic rocks in the complexes are
muscovite-bearing or two-mica granites and granodiorites. Granites are generally leucocratic with minor amounts of biotite
and garnet, while in granodiorites the abundance of biotite
is greater, ordinarily exceeding that of muscovite. All muscovitebearing plutons in the complexes are characterized by extensive
pegmatitic, aplitic and alaskitic phases, especially near their
roofs where water saturation was most pronounced. The granites
and granodiorites have relatively high initial 87 sr/ 86 sr ratios,
indicating a significant crustal component within the parent magmas. Illustrative examples are the Eocene Wilderness granite
(Santa Catalina Mountains; Shakel, 1978; Keith and others, 1980),
Late Cretaceous muscovite granite of the Ruby Mountains, (Howard
and others, 1979) and granites of the Mount Spokane area of
the Selkirk Mountains (Weissenborn and Weiss, 1976) . Within
the context of this project, we have extensively studied and
sampled muscovite-bearing granites of the Ruby, Harcuvar, Harquahala, and Santa Catalina - Rincon - Tortolita complexes. Results
of major and minor element chemical analyses are discussed in
Chapter 5 and listed in Appendix E.
In contrast to these muscovitic granites, another suite of
plutonic rocks in the complexes contains hornblende, sphene, and
biotite, but no muscovite or garnet. These range in composition
from granite to diorite, and are in some cases markedly porphyri-·
tic. They occur as discrete plutons and have relatively diminished
apical pegmatite phases, although thin aplite dikes may be scattered throughout large parts of the plutons. Excellent examples
are the middle Tertiary Catalina Granite (Santa Catalina Mountains;
Shakel, 1978; Keith and others, 1980), Jurassic Kitt Peak granite
(near Coyote Mountains; Haxel and others, 1980), middle Tertiary
Harrison Pass Granite (Ruby Mountains; Howard and others, 1979),
and the Silver Point and other Eocene granites of northeastern
Washington (Miller and Engels, 1975; Pearson and Obradovich,
1977). The rela tionship between chemistry of these plutons and
their uranium content is described in Chapter 5.
Other plutonic rocks in the core complexes are simple biotite
granites and granodiorites that contain neither muscovite nor
hornblende . These granites are commonly porphyritic and have local
pegmatitic phases. At least some of the granites are Precambrian
such as the Oracle and equivalent 1.45 b . y. old granites of
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Arizona, (Silver, 1978) and probably also the Laclede and Newman
Lake augen gneisses of the Selkirk Mountains (Clark, 1967;
Weissenborn and Weis, 1976). A Phanerozoic analog is the coarsegrained phase of what has been collectively mapped as Jurassic
granite in the Ruby Mountains (Howard and others, 1979).
Exposures of pegmatitic and aplitic rocks are widespread
throughout every Cordilleran metamorphic core complex. In
some cases, these are demonstrably phases of one of the three
types of plutonic rocks discussed above. The muscovite granites,
in particular, are especially notorius for their extensive pegmatites, aplites, and alaskites. There are other pegmatities in the
complexes that are not easily relateable to any individual pluton,
but are instead probably general products of intense metamorphism,
metasomatism, or anatexis. Included with those of uncertain
genesis are some pegmatites in the forerange of the Santa Catalina
Mountains (Keith and others, 1980), in the eastern Harquahala
and Harcuvar Mountains (Rehrig and Reynolds, 1980), the northern
Snake Range (Hose and Blake, 1976), the Angel Lake area of the
East Humboldt Mountains (Snelson, 1957), and the Wildhorse
Canyon region of the Pioneer Mountains, Idaho (Dover, 1969).
Dikes are present in all core complexes and are exceptionally
abundant in some. In Arizona, distinctive microdiorite dikes
occur in major swarms in the Tortolita, South Mountains, White
Tank, and Harquahala-Harcuvar complexes. Dikes of other compositions including granodiorite and granite are also prevalent
constituents of these swarms. Similar swarms are widespread
along the Colorado River in California (Davis and others, 1979,
1980). Dikes such as these are much less numerous in core complexes outside of Arizona and California.
Uranium and Plutonic Processes
The distribution of radioelements in a layered earth model
has been reviewed by Gabelman (1977) utilizing meteoritic abundances, models of terrestrial lithologies, and heat-flow data. He
concludes that probably more than half of the earth ' s uranium
has been transferred to the crust, with magmatic and pneumatolitic
processes being the primary agents of transport. It follows that
plutonism is fundamental in governing the worldwide distribution
of uranium and other radioelements. Numerous papers have
examined the general relationship between uranium and plutonism
(Adler, 1977; Bohse and others, 1974; Gabelman, 1977; Heier and
Lambert, 1965; Heier, 1973; Klepper and Wyant, 1956; Kostov, 1977;
Larsen and others, 1956; Larsen and Gottfried, 1961; Lyons, 1964;
Marjaniemi and Bassler, 1972; McKelvey, 1956; Neuerburg, 1956;
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Nishimori and others, 1977; Ragland and Billings, 1967; Rogers
and Ragland, 1961; Sorenson, 1977; Zagruzina and Smyslov, 1978).
These articles treat in detail much of the information summarized
below.
Within a plutonic rock, uranium and thorium may reside in
a number of mineralogical and structural sites (see Neuerburg,
1956; Sorenson, 1977). Much of the uranium and thorium occurs in
receptive accessory minerals (such as sphene, zircon, apatite,
epidote, allanite, and monazite), microinclusions of radioactive
minerals (i.e. uraninite), and concentrated along structural defects and grain boundaries of major rock-forming minerals. It
has been demonstrated that much of the uranium in plutonic rocks
is only weakly bound to the rock and is situated favorably t o be
leached by dilute acidic solutions. Therefore, plutons are excellent source rocks because they readily release uranium which can
subsequently be redistributed to form various types of uranium
deposits,
Due to their large ionic radii and high valence, uranium
and thorium do not readily substitute isomorphously into the
major rock-forming minerals during magma tic crystallization.
Also, the concentration of both elements is probably too low in
most magmas to permit the extensive crystallization of minerals
in which either element is the principle phase. As a consequence,
both uranium and thorium are preferentially partitioned into the
residual melt during crystallization and are therefore relatively
enriched in more differentiated rock types such as granite and
syenite. In a normal magmatic differentiation series, the last
rock to crystallize (i.e. the late magmatic residuum) should be
the most uraniferous.
The abundances of uranium and thorium, like those of the
major elements, reflect the degree of differentiation of i gneous
rocks. No detailed information is available regarding the relationship between uranium content and magmatic differentiation in
plutonic rocks of the core complexes, except that included in
Chapter 5 of this report. However, certain granitoid rocks in
the complexes exhibit similarities to the Peninsular batholith of
southern California, for which the re is abundant whole-rock and
uranium geochemical data (Larsen and Gottfried,1961; Larsen, 1948).
Figures 4-la and 4-lb indicate the relationship between uranium
content and variation in major element abundances of average plutonic rocks in the Peninsular 1:atholith of southern California.
The diagrams verify that uranium will generally be concentrated
in plutonic rocks that are high in K, Si, and K+Na, and low in
Ca, Mg, Fe, Al, and Ti. For those elements that vary in a
linear fashion with differentiation (i.e. Si and Ca), the
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10

horizontal axes of the g raphs are essentially linear scales of
differentiation or fractional crystallization. Viewed in this
manner, the variation lines or " curves" for each element explicitely reflect the interrelationship of
uranium abundance
and differentiation. Importantly, most of the curves suggest
that uranium content increases exponentially with differentiation
(i.e. toward the left on the calcium line). The shape of the
curves is that predicted by numerical trace-element mode ls (Shaw,
1970; Hanson, 1978) for an element that is preferentially partitioned into the r esidual melt during progressive crystallization
or Rayleigh differentiation.
Trace element models using
this data and equations contained in the papers .E_efer ncrd above
require.that the bulk distribution coefficient (D=~°x Kd, .
1
1
where X is the weight fraction of a given mineral i and Kd is
the mineral/melt distribution coefficient of a trace element
for mineral i) of uranium be very close to zero. In other
words, the models suggest that a very large proportion of the
uranium remains in the mel t during fractional crystallization
and that because of the exponential n a ture of the curves, latestage residual melts could contain very high uranium contents .
This is a very important concept to consider in evaluating the
uranium potential of plutonic rocks both within and outside of
the core complexes. It predicts that late in the differentiation
sequence, the uranium contents of the magma will increase dramatically for relatively small degrees of fractional crystallization.
The implications of this will be evident in discussions below
that document that for even relatively "differentiated" rocks like
muscovite granites, the degree of frac tionation, as revealed by
major element abundances, has a strong influence on uranium con~
tent.

1

Another inference that can be drawn from Figure 4-la is
that high uranium contents do not strictly correlate with high
sodium contents. This observation is congruent with others
made during this project concerning muscovite granites of the
core complexes that have very low uranium abundances but relatively
high sodium contents. The geochemistry of these peculiar Cordilleran muscovite granites is discussed in detail in chapter 5.
Rock type, like major element chemistry, may be an indication of the uranium favorability of plutonic rocks (Castor and
others, 1977; Nishimori and others, 1977). For example, many
riebeckite-bearing, peralkaline granites and syenites are anomalously uraniferous (Sorenson, 1977). On the opposite extreme of
alumina saturation are peraluminous muscovite granites, some of
which are likewise uraniferous (such a s the Hercynian two-mica
granites of France; Cuney, 1978). The extent to which all
riebeckite- or muscovite-bearing granites are anomalously high
is uranium content has not been adequately discussed in the
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literature. Evaluation of the favorability of muscovite granites
is especially critical in assessing the uranium potential of Cordilleran metamorphic core complexes since nearly every complex
contains muscovite granites. For this reason, the world
literature was extensively surveyed in order to amass as much
chemical, isotopic, and mineralogic data as possible on muscovite
granites and their peraluminous kindred. The results of this
survey clearly indicate that the uranium contents of some muscovite
granites are very high (over 20 ppm) while others are exceptionally
low (less than lppm). The relationships between contents of
uranium verses those of major elements for this world data base
are depicted on Figures 4-2 to 4-7. The figures reveal that uraniferous muscovite granites have K20 and K2o+ Na20 contents that
exceed critical threshold values of 4.2 and 7.5 percent, respectively. Also, a vast majority of uraniferous muscovite granites
have less than 1.5 percent Cao. Although not presented here, data
on other major and minor elements such as MgO, MnO, Ti0 2 , Rb, Sr,
and Rb/Sr also exhibit critical threshold values on similar plot 9 •
Of the figures included here, only Na20 (Figure 4- 3) does not
display a clear threshold for all the data. If the low Na 2o rocks
from Australia are deleted from the diagram, there is no correlation of Na20 and uranium. Earlier in this section, evidence was
presented concerning a similar lack of correlation for metaluminous rocks of the southern California batholith .
The diagrams also disclose that 6ppm may be a natural division between rocks of "normal" versus anomalously high uranium
abundances. Interestingly, the 6ppm cut-off is one and a half
times the 4ppm value often quoted as average for granites.
Utilizing this 6ppm division, Figures 4-8 through 4-1.5
are element-element plots of anomalous (greater 6ppm) versus
"normal" (6ppm or less) peraluminous granitic rocks. On most of
these diagrams, the anomalous granites are consistently
segregated into a confined portion of the total granite field.
The overlap between the uraniferous and "normal" groups is minimized on the K20-CaO, K20-Na20, and K20-CaO-Na20 plots. Potassium content is clearly the best discriminating factor between
the two groups . Except for the silica plots, the remainder of
the figures are also useful in distinguishing the groups. These
plots represent a standard, known data base to which other muscovite granites may_ be compared to evaluate their uranium favorability. Muscovite granites of the Cordilleran metamorphic core
complexes are compared to these graphs in Chapter 5 to provide
insight on their favorability. As discussed in that chapter,
many muscovite granites in the core complexes have chemical compositions that predict that they will have low uranium contents, an
inference verified by radiometric and uranium analyses.
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Research on the dependence of uranium content on wholerock chemistry has also been extended to include other types of
igneous rocks. The results, as more fully discussed in Chapter 5,
are analogous to those observed for peraluminous rocks . Specifically, rocks with high potassium contents or alkaline tendencies
are most favo rable. Several granites in the core complexes
which have high uranium contents are metaluminous with high potassium contents. The chemistry of these granites contrasts strongly
with that of the low-potassium, low-uranium peraluminous muscovite granites of the Arizona and California core complexes.
Throughout the world, there are highly uraniferous plutons that
are peralkaline (alumina undersaturated) rather than peraluminous (alumina oversaturated). One such pluton is the Bokan
Mountain granite of Alaska, (Mackeve tt, 1963), whose chemistry
plots within the fields of uraniferous muscovite granites on the
figures provided earlier in this section. The tectonic setting
and genesis of the Bokan Mountain granite are drastically different
from_ those for the uraniferous muscovite granites, yet both share
similar chemical attributes, except for alumina saturation. Therefore, the diagrams presented earlier
may be
equally applicable, with slight modification, to other types of granites. Both
granite types also share another important characteristic: they
represent extreme end members of the alumina saturation continuum,
albeit opposite ends.
In addition to whole-rock chemistry, volatile content of
magmas, especially that of water, is highly influential in
determining the behavior of uranium during magmatic crystallization. Feldspar and quartz, two of the principal constituents of
granitoid rocks, are stoichiometrically anhydrous, so their
crystallization causes a progressive enrichment of volatiles in
the melt. Eventually, the magma may become saturated in and
begin exsolving volatiles (second boiling)(Burnham, 1967; Jahns
and Burnham, 1969; Luth and Tuttle, 1968; Holland, 1972; Whitney,
1975). Uranium will under normal cir cumstances be partitioned
into the exsolved hydrous fluids which are also enriched in alkali,
halogen, and large-ion lithophile elements. As pointed out by
Neuerburg (1956), if a magma crystallizes as a closed system
(retaining any exsolved hydrous phase), then the final plutonic
rock will contain most, if not all, of the magmatic uranium. Many
uraniferous pegmatites in the apical, water-saturated parts of plutonic complexes (see Heinrich, 1958 ; Nishimori and others, 1977;
Mathews, 1978b) clearly represent magmas which, upon crystallization, retained their uranium-rich, hydrous fluids. Conversely,
if the uranium-rich hydrous fluids are able to escape the magma
prior to crystallization of prime uranium receptors, then most
of the magmatic uranium may be lost along with the fluids. Subsequent to leaving the crystallizing pluton, these escaping fluids

206

may form either magmatic-hydrothermal or contact-metasomatic
uranium deposits.
Uranium Occurrences Related to Plutonic Processes
Mathews (1978a, b) has proposed a classification of uranium
occurrences in and related to plutonic rocks that is based on a
genetic theory of the behavior of uranium in the magmatic environment (Table 4-3). He has also discussed the geologic characteristics of each class of occurrences and how these char acteristics
may be utilized t o evaluate the uranium favorability of plutonic
rocks. These favorability criteria are directly applicable
to the evaluation of the extensive plutonic terranes that are
present in the Cordilleran metamorphic core complexes. In order
to facilitate this application, those classes of uranium occurrence that are actually related to plutonic processes are briefly
summarized below with emphasis given to those favorability criteria or geologic characteristics that are most relevant to the
core complexes. For each class, world-wide examples are provided
and any uranium occurrences within the core complexes that are
possible analogs are specified. Since the potential for the
various types of occurrences is not equal within the core complexes, the comparative favorabilities of each class will be discussed. Classes of uranium occurrences described by Mathews
(1978a) that are not explicitly related to plutonic processes
are discussed in later, more appropriate sections of this chapter.
For example, uranium occurrences that are formed in plutonic rocks
by groundwater are included in the section on extrinsic
processes.
Orthomagmatic Class
According to Mathews (1978a, p. 19), orthomagmatic uranium
occurrences " consist of syngenetic disseminations of uranium and
uranium-bearing minerals formed during the orthomagmatic stage
of magmatic crystallization. They are products of late-stage
magmatic differentiation and develop through liquidous crystallization of uranium and uranium-bearing minerals." Orthomagmatic-class uranium occurrences are generally found in plutons
that are leucocratic, porphyritic, and that commonly contain sodic
minerals such as riebeckite and aegerine (in rocks of appropriate
composition). The plutons have alkaline and peralkaline affinities and may either be quartz- or feldspathoid-bearing. Uranium
occurs as disseminated minerals such as uraninite, betafite,
coffinite, brannerite, uranothorite, and xenotime . Albitization
is common both to the pluton itself and to its wall rocks.
Contents of uranium in the plutons are high (over 10 ppm), as are
Si02, Na20, K20 and total alkalis. Th/U ratios are typically well
within the range of estimates for the " average" plutonic rock.
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TABLE 4- 3

CLASSIFICATION OF URANIUM OCCURRENCES
RELATED TO PLUTONIC ROCKS
Mode of Formation

Class
Orthomagmatic Class (310)

Formed during the orthomagmatic
stage of crystallization

Pegmatitic Class (320)

Formed during the pegmatitic
stage of magmatic differentiation

Magmatic-Hydrothermal Class (330)

Formed during the hydrothermal
stage of magmatic evolution

Contact-Metasomatic Class (340)

Formed by contact metasomatism

Autometasomatic Class (350)

Formed by autometasomatism

Authigenic Class (360)

Formed authigenically by postmagmatic processes

Allogenic Class (370)

Formed allogenically by postmagmatic processes

Anatectic Class (380)

Formed by Anatexis

This classification is discussed by Mathews (1978a) .
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Mathews gives Bokan Mountain, Alaska and the bostonite dikes of
the Colorado Front Range as prime examples of this class of
occurrence.
There are few if any peralkaline granites similar to Bokan
Mountain within the confines of the Cordilleran metamorphic core
complexes. Alkalic plutons near the Okanogan and Kettle complexes
of Washington that were sampled by Castor and others (1977) do not
have
high contents of uranium. Most Eocene granites of
Montana and Idaho are somewhat alkalic and exhibit approximately
twice the radioactivity of the Cretaceous Idaho batholith (Bennett,
1980;Swanberg and Blackwell, 1973). Several, such as the Bighorn
Crags granite of east- central Idaho, have high uranium contents
and are associated with uranium mineralization . Eocene plutons
skirt the western and southern fringes of the Bitterroot dome and
are present both within and adjacent to the Pioneer complex. It
is unknown whether any of these Eocene granites have enough uranium contents to be considered significant orthomagmatic- class
uranium occurrences. Syenites and other alkalic plutons are
present near the core complexes of the Papago Indian Reservation
of Arizona (Haxel and others, 1980). The uranium content of
every one of these Jurassic plutons is unknown but those evidently
sampled by Marjaneimi and Bassler (1972) are not anomalous.
While sampling in the Ruby Mountains of Nevada, I observed
that a certain monzogranite phase of what has been collectively
mapped as Jurassic granite was consisteatly more radioactive
(up to 500 cps) than any other granite measured during the remainder of the project . The granite is characterized by high alkaline
contents (mostly potassium) and uranium abundances that average
over 8ppm and are as high as 13.8 ppm (by neutron activation).
Petrographic examinations by James DuBois (1980, personal communication) indicate that the granite contains abundant accessoryminerals such as allanite. Although no uranium mineralization is
presently known to be genetically related to the granite, the
presence of the granite verifies that uranium-rich, alkali-rich
plutons do indeed exist within the core complexes.
Pegmatitic Class
Mathews (1978a, b) indicates that pegmatitic and aplitic
uranium occurrences are formed by pegmatitic fluids derived
by water saturation during late-stage magmatic evolution. With
magmatic crystallization, uranium becomes progressively concentrated in residual melts and upon water saturation of the magma
(second boiling) will preferentially enter the hydrous fluid
phase. The resulting uranium-rich fluid may induce crystallization of a uraniferous pegmatite. Factors influencing the uranium
content of the pegmatite include the uranium content of the
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original magma, the , pre-saturation crystallization history
(especially whether uranium is removed from the magma by crystallization of uranium-rich phases), and the specifics of the pegmatite fluid (i.e. the extent of pre-solidification volatile loss).
Uraniferous pegmatites tend to exhibit sodic mineralogies, and
contain fluorite and hematite, and logically are associated with
plutons that are anomalously radioactive. Uraniferous pegmatites, like uraniferous granites, are characterized by high
abundances of Si0 2 , K20, Na 2o and total alkalis; and low contents
of Fe, MgO, and CaO. However, in contrast to muscovite granites,
Mathews (1978b) states that uraniferous pegmatites are generally
undersaturated in aluminum (subaluminous to peralkaline), although
the two have identical characteristic trace constituents (Li, Be,
Mo, W, Th, U, Zn, Sn, Ta, and Nb). Albitization is commonly
present both in the pegmatite and its wall rocks. Examples of
pegmatite-class occurrences are in the Bokan Mountain granite
of Alaska, the Bancroft district of Canada, and Crocker Well,
Australia. Additional information on uranium in pegmatites is
contained in Page (1950), Mawdsley (1952), Heinrich (1958),
Little, (1970), Nishimori and others (1977) and Mathews (1978b).
Within Cordilleran metamorphic core complexes, pegmatitic
occurrences are one of the most important classes of deposits.
The best examples are the numerous uraniferous pegmatites that
pervade the crystalline core of the Kettle complex (see Huntting,
1956; Weissenborn and Moen, 1974). The pegmatites locally have
muscovite and garnet, indicating that they are probably peraluminous, not alumina undersaturated like the "typical" uraniferous
pegmatite described by Mathews (1978b). The pegmatites are interlayered with high-grade biotite schist, biotite gneiss, amphibolite, quartzite, and a variety of metasedimentary rocks. Some
mineralized pegmatites are mylonitic and others have been brecciated and weakly stained with iron oxides. Uranium mineralization is evidently in the form of uraninite and uranophane
(Huntting, 1956) and is commonly confined to the pegmatite itself,
although there are a significant number of localities where the
adjacent metamorphic rocks are also mineralized adjacent to the
contact. The pegmatites of the Kettle complex should serve as
the type-example of pegmatitic-class uranium occurrences within
the core complex belt. The Kettle complex is undoubtedly the
most favorable core complex for a pegmatitic uranium deposit .
Besides the Kettle area, uraniferous pegmatites are also
present in the City of Rocks of the Albion Range, Dawley Canyon
of the Ruby Mountains, and in several localities in the Selkirk
Complex. These areas are favorable for pegmatitic uranium
occurrences, but much less so than the Kettle complex . In most
of the remaining metamorphic core complexes, pegmatites are not
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favorable for pegmatitic ·class uranium deposits by virtue of
of their profound lack of uranium occurrences, low radioactivity,
and association with plutons of low uranium contents. For example,
the Eocene Wilderness muscovite granit e of the Santa Catalina
Mountains of southern Arizona has a roof-zone of abundant pegmatites, aplites, alaskites, and garnet schlieren (Keith and
others, 1980). Only the garnet schlieren have anomalous radioac tivity and uranium contents, indicating the strong affinity
of uranium for garnet. The res t of the pegmatites, aplites, and
alaskites have characteristically low radioactivity and uranium
contents (less than 4 ppm). This can be attributed to the fact
that the Wilderness granite, parent pluton for the pegmatites
is also very low in uranium content (frequently less than 1 ppm).
Simply, the muscovite granite had too little uranium to have
permitted any significant concentration in the late-stage, watersaturated, residual melt. This demonstrates the importance of
the uranium content of the pluton to which the pegmatites are
genetically related . Clearly, uranium-poor granites are unfavorable for pegmatitic uranium, even if such granites have extensively developed pegmatitic phases. The unique geochemical evolution
of the Wilderness granite has additional implications for its
uranium favorability, as discussed more fully in chapter 5 .
Magmatic-Hydro thermal Class
Occurrences of this class are formed by hydrothermal solutions that are generated during the final stages of magmatic
crystallization (Mathews, 1978a, b). They consist of veins that
are associated with uraniferous plutons, pegmatites, and dikes.
Uraninite and (or) pitchblende, the characteristic uranium
minerals, are variably accompanied by quartz, base-metal sulfides,
fluorite, carbonate minerals, and precious metals . Silicification,
chloritization, argillization and the deposition of hematite
are the usual attendant alteration fea;ures. Veins at Radium Hill,
Australia and t he Boulder Batholith of Montana are examples
given by Mathews for this class of occurrence.
Magmatic-hydrothermal uranium occurrences are undoubtedly
present within Cordilleran metamorphic core complexes. Uranium
ve:i:ns .. · are found in many localities, but confidently ascribing
their origin to magmatic-hydrothermal fluids is not always easy.
In the Harcuvar Mour.tains, minor amounts of uranium accompany
copper and gold mineralization at the Doland and Bonanza Mines.
Both occurrences are situated near microdioritic dikes which are
constituent s of a regional mid-Tertiary swarm. The copper, gold,
and uranium may have all been deposited by the same magmatichydrothermal f luids.
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There are also mineralized localities in the IdahoMontana-Washington complexes which might be magmatic-hydrothermal
class occurrences. For example, on the south flank of the
Bitterroot complex, uranium is present in quartz veins which
might be related to Eocene intrusions of the area. In northeastern Washington, pitchblende occurs in stringers which cut
quartz veins that contain molybdenite and other sulfides at the
Spokane Molybdenum Mine which lies south of the Kettle complex,
near the Midnite Mine (Wiessenborn and Moen, 1974). Additional
magmatic hydrothermal occurrences could be given, but they are
fairly insignificant, like most deposits of this type within the
core complexes.
Contact-metasomatic Class
Contact-metasomatic uranium occurrences form by the reaction
between uraniferous magmatic emanations and country rocks adjacent
to a uraniferous pluton (Mathews, 1978a, b). Alternatively,
some uranium may be remobilized from the country rocks and concentrated near the host rock-pluton contact. This class of occurrence is generally found in high-grade metamorphic terranes
proximal to silicic plutons and pegmatites. Uraninite and thorianite are the most common primary minerals and zones of albitization, sericitization, silicification, and argillization may be
extensively developed. At the Mary Kathleen deposit of Australia
(the clearest example of this class), uranium mineralization is
associated with a garnetiferous skarn developed near granitic
plutons. Another example suggested by Mathews is the Wheeler
Basin area of Colorado where uranium resides in biotitic lithologies of amphibolite-grade metasedimentary rocks that were
intruded by uranium-rich pegmatites and granites.
No outstanding examples of this type of occurrence are
obvious within the metamorphic core complexes. Mineralization
in some areas of the Kettle complex is contained in metamorphic
rocks and carbonate units adjacent to uraniferous pegmatites and
granites, but the origin of this mineralization is uncertain,
Some of these occurrences may have been formed by uraniferous
fluids that were released by the pegmatites during intrusion and
crystallization. There are additional areas in the core complex
belt that appear to be favorable for this type of deposit, yet
have no reported occurrences. In the Ruby Mountains of Nevada,
uraniferous biotite granite has intruded a series of interlayered
quartzites and calc-silicate rocks. During this project,
numerous outcrops of both metasedimentary rock types were measured
for total gamma counts but none were anomalous. Chemical analyses of samples of quartzite, calc-silicate rocks, and interlayered
metasedimentary and pegmatitic units verify that uranium contents
are low, generally less than 2 ppm (Appendix E), In the Kern and
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Snake complexes of Nevada, radioac tive plutons such as the Skinner
Canyon granite intrude calcareous, argillaceous, and quartzitic
sequences, but no occurrences have been reported. Tungsten
mineralization occurs in this area and also in the Pioneer
complex of Idaho and the Harquahala Mountains of Arizona but
was evidently not accompanied by uranium . The presence of favorable conditions for contact-metasomatism in the core complexes
suggests that this class of occurrence might indeed exist, although they have not been clearly recognized or described.
Autometasomatic Class
Autometasomatic uranium occurrences are the product of
metasomatic reactions between late-magmatic, hydrous fluids
and previously crystallized plutonic rocks (Mathews, 1978a, b).
The late-stage magmatic fluids may be uranium-rich or may simply
remobilize uranium within the plutonic body. Uranium minerals
such as uraninite, coffinite, pyrochlore and thorianite are
concentrated in altered plutonic rocks adjacent to structures that
acted as conduits for mineralizing fluids. Fluorite , hematite
and sulfides commonly accompany the uranium mineralization. There
is a strong tendency for this type of occurrence to be associated
with epizonal, subaluminous to peralkaline intrusives that contain high contents of magmatic uranium. Bokan Mountain, Alaska
and the Lireui complex (Jurassic ring dikes) of Nigeria are
examples of this class of deposit. Both areas are characterized
by highly albitized, peralkaline intrusives.
There are no obvious autometasomatic class uranium occurrences within the confines of the Cordilleran metamorphic core
complexes. There are numerous granites in the core complexes
that have somewhat alkalic chemistries, but few if any of these
are peralkaline . There are no reported areas of extensive
albitization or other type of autometasomatism in the complexes.
Alkaline intrusions are present in Washington near the complexes,
but these are not notably uraniferous (Castor and others, 1977).
Eocene granites in Idaho such as those near the Bitterroot
and Pioneer complexes are epizonal, fairly radioactive, and
associated with molybdenum, tungsten, tin, and uranium mineralization (Bennett, 1980), but do not contain evidence of widespread
albitization or any other autometasomatism. The Cordilleran
metamorphic complexes are not highly favorable for this class of
uranium occurrence.
Anatectic Class
This class of uranium occurrence is found in pegmatite,
alaskite, and aplite that are believed to have formed by
crystallization of melts that were produced by ultrametamorphism
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and anatexis (Mathews, 1978a, b).

Uranium mineralization occurs

as uranium- rich quart20-feldspathic sills. dikes, and lenses
within migmatite complexes, with uranium being generally in primary minerals such as uraninite and uranothorite. Secondary
uranium minerals are abundant and even predominant in some
localities. Alteration in adjacent high-grade metamorphic rocks
is negl igible, but evidence of metasomatism of the rocks is
frequently present. The Rossing deposit of Namibia, Africa is
cited as the example of an anatectic deposit (Mathews, 1978a).
Rossing is situated on the flank of a major gneiss dome (see
Chapter 2) of late Precambrian age. Mineralization occurs both
as primary uraninite in alaskite and as secondary minerals in
country rocks and the alaskite.
Cordilleran metamorphic core complexes locally exhibit
some evidence of ultrametamorphism and anatexis. Migmatites
are common in the complexes as are muscovite granites whose
initial 87 sr/ 86 sr ratios require a crustal component in the
parent magmas. However, it is doubtful that most of these
major granitic plutons represent in-situ anatectites.
Instead, t he evidence suggests that they have risen some
distance out of their source region. There are two areas in the
core complexes that may contain anatectic occurrences. Uraniferous pegmatites of the Kettle complex may represent partial melts
of uraniferous sedimentary rocks. Anatexis is especially
suggested for those uranium occurrences that are located in small,
isolated pods and lenses of granitoid rocks of minimum- melt compositions. These possible in- situ anatectites contrast strongly
with the numerous uraniferous pegmatites that are more continuous
and cross- cutting. Uranium occurrences in the Green Creek metamorphics of the Albion Range may partly owe their origin to
anatexis. This could only be verified by detailed field work
and exhaustive geochemical scrutiny. A few uranium occurrences
in other metamorphic core complexes might be anatectic, but the
most favorable areas for this class of deposit are those previously
mentioned.
Summary of Conceptual Basis for the Occurrence of
Uranium Related to Plutonic Processes
The profusion of plutonic processes that exist in Cordilleran metamorphic core complexes dictates that a wide variety of
plutonic-related uranium occurrences will also be present. The
most favorable plutonic rocks for any type of plutonic-related
uranium occurrence are invariably highly differentiated and
characterized by high alkali content
especially potassium.
Favorable plutons will also have low contents of elements such
as calcium and magnesium and may either be silica- saturated or
unsaturated. During magmatic crystallization, uranium will

become progressively partitioned into and enriched in the residual
melt or any exsolved hydrous fluids. Extremely differentiated
intrusions formed by solidification of such late-stage melts
may have very high uranium contents. Uraniferous hydrous fluids
exsolved and emanated by these magmas are potential metasomatic
and hydrothermal mineralizers. Much of the uranium in plutonic
rocks may be readily leachable, creating a
potential for the
formation of a variety of ground water-related post-magmatic
uranium deposits (discussed in later sections).
Uranium occurrences in the core complexes are generally spatially and genetically related to highly differentiated plutonic
rocks. Of the classes of occurrences discussed earlier in this
chapter and by Mathews (1978a, b), the core complexes are
especially unfavorable for only two; orthomagmatic and autometasomatic. These two classes of deposits are characteristically
associated with peralkaline rocks, few or none of which are
located in the core complexes. Cordilleran metamorphic core
complexes are, as a species, favorable for pegmatitic, magmatichydrothermal, contact-metasomatic, and anatectic uranium occurrences. Each complex may have potential for different combinations of the occurrence types, and as summarized in Chapter 6 _
the over-all favorability of individual complexes ranges to both
ends of the possible spectrum.
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A CONCEPTUAL BASIS FOR THE OCCURRENCE OF URANIUM
RELATED TO METAMORPHIC PROCESSES
11etamorphic Processes in Cordilleran Metamorphic
Core Complexes
Every Cordilleran metamorphic core complex contains extensive exposures of metamorphic rocks. In some complexes like
the Snake Range of Nevada and the Buckskin Mountains of western
Arizona, metamorphic roc ks constitute a majority of the exposed
crystalline core. However, in a large number of complexes,
classic
metamorphic rocks are subordinate to plutonic rocks
which range in texture from undeformed to strongly mylonitized.
These latter, plutonic-dominated complexes are best exemplified
by the Santa Catalina, Rincon, Tortolita, Picacho and South
Mountains of Arizona, the Bitterroot Mountains of Idaho and Montana
and the Selkirk crest in Idaho. In all the complexes, plutonic
rocks are at one place or another foliated and rendered into rocks
that might be called gneiss or schist. Commonly, the foliation
within such plutons is mylonitic in character. Mylonitization
will not be discussed in this section, but is instead dealt with
ext ensively in the next section of this chapter. The present
section deals wi th nonmylonitic metamorphic processes in general,
and specifically with regional,high-grade, progressive metamorphism. Retrogressive metamorphism is discussed in another section
of this chapter that is concerned with processes that are related
to the formation of the dislocation surface.
Nonmylonitic metamorphic rocks within the Cordilleran
metamorphic core complexes are similar to typical metamorphic
rocks found throughout the world. They are diverse with regard to present-day lithologies and to inferred original protoliths. In a majority of the complexes, gneiss is the prevalent
metamorphic rock. Compositional banding of alterna ting melanocratic and leucocratic lithologies occurs on a wide variet y of
scales. For example, within the Whipple Mountains of California
and the Harcuvar Mountains of Arizona, layers dominated by
biotitic or amphibolitic lithologies alternate with leucocratic
units on a scale of tens or hundreds of meters. A similar largescale interlayering of varying lithologies is demonstrated by maps
of the Ruby (Howard, and others 1979), Kettle (Cheney, 1980),
and other complexes . Within these large-scale layers are countless, smaller- magnit ude compositional bands which may mimic the
larger layers, but on a scale of centimeters. The term banded
gneiss, which is commonly applied to this type of rock, refers to
a wide variety of lithologic sequences with a variety of origins .
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So-called banded gneiss of the Santa Catalina forerange in
Arizona has a dark component of mylonitic Precambrian granite
interlayered with thick sills of a light-colored, Tertiary
granite. In the Harcuvar Mountains of western Arizona, dark
components of "banded gneiss" consist of amphibolite, biotiterich schist, foliated metadiorite and granodiorite. Leucocratic
phases of the gneiss include simple quartz-feldspar pegmatites,
sills of Tertiary(?) muscovite granite and Cretaceous(?)
biotite granite, and numerous types of variably foliated granitoid
rocks of uncertain age and origin. In the Ruby and East Humboldt
Mountains of Nevada, sills of granite alternate with quartzite
and metacarbonate units. Clearly, the types of lithologies
referred to as "gneiss" are numerous, both within an individual
complex and between different complexes.
Schist is also a common rock type within the core complexes.
In some cases, such as the Albion-Raft River and Pioneer complexes,
these schists are derived from sedimentary protoliths by classic
progressive metamorphism. In at least several complexes,
including the Santa Catalina-Rincon- Tortolita complexes, it can
be demonstrated that apparently "normal-looking" schists have
been formed by mylonitization of originally granitic protoliths.
Since the mode of formation of these latter mylonitic schists is
much different than those that result by progressive metamorphism,
they will be discussed separately in the next section. Caution is
advisable in interpreting the origin and protolith of schists
within the core complexes.
Mineralogy of the gneisses and schists in the core complexes
is generally indicative of an amphibolite grade of metamorphism.
Accordingly there is commonly evidence for the mobilization,
redistribution and segregation of chemical components. Locally,
there must have been significant metasomatism and partial melting
(anatexis), both of which result in major geochemical changes in
the rock being affected . These changes extend to minor and trace
elements (including uranium) as well as major elements. Progressive metamorphism influences the abundance and mineralogical
disposition of uranium in rocks and is capable of liberating
uraniferous hydrous fluids which might act as metasomatic or
hydrothermal mineralizers. If partial melting (anatexis) occurs,
uranium partitions into the accumulating melt, thereby enriching
it and transforming it into a potential source of plutonicrelated uranium occurrences.
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Uranium and Metamorphic Processes
Uranium Abundances of Metamorphic Rocks
Metamorphism is a dominant process within the deeper levels
of the crust and is also, under the proper circumstances
(such as in the core complexes) able to affect rocks at comparatively shallow crustal levels. Numerous studies of metamorphic
rocks have provided insight about the lithologies and processes
that characterize the subterranean crust
(see for example
Fahrig and Eade, 1968; Fahrig and others, 1967; Heier, 1965,
1973; Heier and Adams, 1965; Lambert, 1971; Lambert and Heier,
1967, 1968a, 1968b; Mehnert, 1968; Sighinolfi, 1971; and many
additional references in Appendix B ). These studies have yielded
models for the vertical distribution of lithologies, structures
and geochemical abundances within the crust. Almost all of the
geochemical models emphasize the importance of metamorphism and
anatexis for accomplishing the upward transfer of incompatible
elements, in general, and radioelements (U, Th, and K) in
particular. The resultant effects of these two processes are
recorded in the radioelement content of metamorphic rocks of the
world, including those in the core complexes. There is significant variation in these contents, both on a local scale and
between different regions of the earth. For example, average
uranium and thorium values for samples of the Bear Province of
Canada (including both metamorphic and plutonic rocks) are 8.1
and 35 . 7 ppm respectively (Eade and Fahrig, 1971), while nearly
all samples of a widespread plagioclase gneiss in western Greenland have less than one ppm uranium and less than 15 ppm thorium
(Kalsbeek, 1976). Uranium deposits of the Rum Jungle complex of
Australia lie within a region whose crystalline basement is
characterized by anomalously high uranium and thorium contents as
compared with typical crystalline rocks of the world (Heier and
Rhodes, 1966). The average uranium and thorium contents of
metamorphic sialic basement in the world are given by Rogers and
Adams (1969) as 3 . 5 and 10.9 ppm respectively. These compare
with average values of 3.6 ppm uranium and 19.0 ppm thorium
for granite as given by the same authors. Regions of the earth,
like the Rum Jungle complex, that are underlain by uraniferous
metamorphic rocks will be more favorable for uranium deposits
than regions which are not . Applyi~g this concept to the Cordilleran metamorphic core complexes would suggest that a firstorder approximation of uranium favorability is provided by uranium
contents of their metamorphic rocks. As discussed in Chapter 5,
this would predict that the Kettle complex is t he most favorable
for uranium deposits.
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As would be expected, different met amorphic rock types
have correspondingly different radioelement abundances. Listed
below are average radioelement contents for a limited number of
samples for three rock types in the Spruce Pine study area of
North Carolina (Galipeau and Ragland, 1978).
Rock Type
Amphibo lite gneiss
Hica gneiss
Mica schist

U(ppm)
0.65
1.15
2.5

Th(ppm)

K(%)

Th/U

4.1

1.5
1.6

4.4

7.7
10.9

4.9

3.0
4.5

Our observations in the Cordilleran metamorphic core complexes
also indicate that mica schist and amphibolite gneiss generally
have higher and lower radioactivity , respectively, than typical
quartzo- fel dspathic gneiss. Predictably, a charat teristically
low radioactivity has been observed for mafic gneiss in other
areas around the world (Burwash, 1979; Smithson and Brown, 1977;
Zagruzina and Smyslov, 1978).
Major element chemical composition is inextricably linked
to lithology and therefore also partly determines the uranium
and thorium content of metamorphic rocks . In one study of metamorphic rocks
thorium was found to correlate positively with
aluminum, ferric iron, magnesium, titanium and several trace
elements; and negatively with silica, calcium and phosphorous
(Aparicio and Bellido, 1976). Several other studies have documented positive correlations between the incompatible elements
U, Th, K, Rb, Pb, and Ba (Lambert and Heier, 1968; Sighinolfi,
1971; Burwash, 1979) .
Mineralogical and Structural Setting of Uranium in
Metamorphic Rocks
Uranium resides in a variety of mineralogical and structural
sites within metamorphic rocks. Many minerals found in metamorphic rocks also occur in plutonic rocks, and it is probable
that the affinity of a given mineral species for uranium is
similar for the two classes of rocks. Therefore, data on
uranium abundances of minerals in plutonic rocks (Larsen and
others, 1956; Larsen and Gottfried, 1961; Klepper and Wyant, 1956;
Sorenson, 1977) can provide insight into the mineralogical
distribution of uranium in metamorphic rocks. A certain amount of
uranium in plutonic rocks is present in isochemical substitution
positions within accessory minerals such as sphene, zircon,
epidote, and garnet. These same minerals might be expected to
be prime uranium receptors in metamorphic rocks. Some uranium
in plutonic rocks occurs associated with major rock- forming
minerals (Larsen and Gottfried, 1961), but because quartz and
feldspars have such low tendencies for incorporating uranium
into their crystal lattices (Dostal and Capedri, 1975), much of
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this uranium is probably located in s tructural defects and along
grain boundaries (Neuerburg, 1956). Biotite and muscovite grains
in plutonic rocks generally have higher uranium contents than
quartz or feldspar, but this uranium may also occur within
structural defects or else as inclusions of uranium-bearing
minerals such as uraninite. This tendency for uranium to be
associated with the micas is also evidently applicable to metamorphic rocks, because we have observed that mica schists are
commonly the most radioactive type of metamorphic rock in the
core complexes.
Two important studies of the distribution of uranium
within metamorphic rocks have been recently published (Wilson,
1977; Dostal and Capedri, 1978) . Both indicate that uranium
in amphibolite-facies rocks exhibits a very nonuniform distribution
within the rock and that much of the uranium occurs along grain
boundaries and in structural defects including fractures, cleavage
planes, kink bands and fold hinges. Uranium shows a preference
for structures within micas in one case (Wilson, 1977) and
amphiboles in the other (Dostal and Capedri, 1978). Relatively
high concentrations of uranium are associated with biotite,
mostly either as included uranium-rich accessory minerals or as
grain-boundary deposits. The data suggests that very little of
the uranium in the micas is actually accommodated within crystal
lattices. Opaque minerals in the metamorphic rocks commonly
have high uranium contents, as does garnet . A large proportion
of the uranium in the samples examined by Wilson (1977) exchanges
with water, even under low temperatures and from minerals with low
concentrations of uranium. In marked contrast with this, uranium
in granulite facies rocks (Dostal and Capedri, 1978) is more
uniformly distributed, occurs almost exclusively in refractory
accessory minerals, and would probably not exchange with water.
The amount of uranium in structural defects within the granulitic
rocks was extremely low or not detectable. Several logical
conclusions from these results are that most of the structurally
controlled uranium was lost from the rock during granulite
metamorphism (Dostal and Capedri, 1978) and that the loss of this
uranium may account for a majority of the uranium loss for the
whole rock. Another implication from these studies is that
uranium in amphibolite-facies rocks, such as those in the core
complexes, is apt to be readily redistributed by either metamorphic
or post-metamorphic meteoric fluids.
Influence of Progressive Metamorphism on Uranium Content
Metamorphic grade has a profound influence on the abundances
of U, Th and Kin metamorphic rocks. In most of the world's
shields, it has been documented that granulite facies rocks have
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much smaller concentrations of U, Th, and K than lower grade rocks.
Heier and Adams (1965) give the following average uranium and
thorium contents for different grade metamorphic rocks.
Metamorphic Grade
Epidote amphibolite
Amphibolite
Low-grade granulite
High-grade granulite

U(ppm)
3.45
1.22
0 . 88
0 . 39

Th(ppm)
26 . 48
9.39
4.09
0.93

This data clearly reveals that both uranium and thorium contents
decrease with increased metamorphic grade. The influence of
metamorphic grade on uranium content is most pronounced and best
documented for the transition between granulite and lower grades
(Dostal and Capedri, 1978; Fahrig and others, 1967; Gasparini and
Mantovani, 1979; Heier, 1965, 1973, Heier and Adams, 1965;
Lambert, 1971; Lambert and Heier, 1967, 1968b; Smithson and
Brown, 1977). The amount of uranium in granulites is extremely
low, generally within the range from 0.5 to 1.0 ppm. This is
significantly less than the typical uranium abundance for amphibolite and lower grade rocks, indicating that the granulites
have been depleted in uranium as well as other incompatible
elements. Heier and Adams (1965) show evidence that lowgrade granulite facies rocks have on the average about twice
as much uranium as high- grade granulite rocks. They also indicate
that lower grade amphibolite facies rocks have more uranium
than high-grade amphibolite facies rocks. Although it is
intuitive that uranium would be lost with progressive metamorphism
and dehydration, not all studies have suggested that uranium is
indeed remobilized and expelled from rocks during sub-granulite
grades of metamorphism (Petrov and others, 1972, Dostal and Capedri,
1978). Atherton and Brotherton (1979) interpret variations in
the uranium contents of metamorphic rocks in Scotland as reflecting
difference provenences rather than being the result of movement
of uranium during metamorphism. However, the data of Heier and
Adams (given earlier in this section) clearly demonstrate that
the average uranium and thorium abundances of metamorphic rocks
increase systematically from low to high grades. Russian and
eastern European authors (see for example Kostov, 1977) also
report lower uranium and thorium abundances in higher grade rocks,
which Yermolayev (1973) attributes to the mobilization of thorium
and uranium.
Finally, remobilization of uranium is supported by
the observation that rocks in ancient shields are on the average more
depleted than those of ·younger orogenic regions (Lambert and Heier,
1967, 1968a), presuambly because the former have been subjected to
a succession of metamorphic events.
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The dependence of uranium content on metamorphic grade
has important implications regarding the favorability of Cordilleran metamorphic core complexes because metamorphic rocks in
the core complexes are almost universally
amphibolite grade .
Metamorphic conditions within the complexes have probably been
sufficient to mobilize and redistribute uranium, but not high
enough to deplete rocks to the low uranium and thorium concentrations typical of granulites. The amphibolite facies rocks might
therefore be favorable hosts for "metamorphic" or " metasomatic"
uranium deposits. Attainment of granulite conditions would be
extremely detrimental to the possible formation of uranium
deposits via metamorphism of originally uraniferous protoliths.
Rocks of amphibolite grade are also more favorable uranium
source- rocks than are those of granulite grade because the uranium
in the former is commonly structurally controlled and readily
leached, while the relatively small amount of uranium present in
granulitic rocks is largely tied up in refractory accessory
minerals.
Behavior of Uranium During Progressive Metamorphism, Metasomatism
and Anatexis
There are many mechanisms by which rocks undergoing progressive metamorphism might be depleted in uranium (Lambert
and Heier, 1968; Smithson and Heier, 1971; Sighinolfi, 1971;
Yermolayev, 1971, 1973; Wilson, 1977, Dostal and Capedri, 1978).
With the rise of temperature, rocks first probably lose any
uranium that occurs within hydrous pore fluids. With further
temperature increase, uranium-bearing fluids will be liberated
via desorption from the surfaces of rock-forming minerals. Under
metamorphic conditions, dissolution of uraniferous grain-boundary
deposits and of principle uranium-bearing minerals (including
micas and accessory minerals) would mobilize uranium. The
breakdown of biotite might be especially important because it
commonly contains inclusions of uraninite and other accessory
minerals. Recrystallization of minerals could liberate uranium
through some type of self-purification process. Alternatively,
recrystallizing or newly forming minerals such as sphene might
scavenge uranium and therefore deplete interstitial fluids
(Lyons, 1964; Yermolayev, 1973).
The behavior of uranium is intimately related to the
presence and behavior of a fluid phase. Reactions involving
dehydration are prominent in progressive metamorphism and liberate
much water from the structure of hydrous minerals. Uranium has
a strong affinity for hydrous fluids and will be readily partitioned into such fluid phases (McKelvey, 1956; Smithson and Heier,
1971). The hydrous fluids also tend to become enriched in alkali
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elements and certain base metals, especially in the presence of
chloride (Orville, 1963; Burnham, 1967; Holland, 1972; Stern and
Wylie, 1973). If these fluids remain within the rock from which
they were evolved, then that rock will experience minimal
depletion. However, these low-density fluids will probably
tend to rise away from their metamorphic parent rock, which
will consequently be depleted. Such ion-charged hydrous fluids
are potentially capable of later hydrothermal or metasomatic
deposition of uranium, alkali elements and base metals. Metasomatism may be a particularly important process for increasing the
uranium content of metamorphic rocks. Under favorable conditions
and in receptive host rocks, there is likely to be significant
influx and redistribution of radioelements during metasomatism
(Yermolayev, 1973; Berezina and others, 1976; Grebenchikov and
others, 1977). For example Berezina and ot hers (1976) describe
metasomatites that are 30 to 50 times more radioactive than
associated typical metamorphic rocks. In addition to displaying
anomalous radioactivity, the metasomatic rocks also exhibit
a more irregular distribution of uranium and contain a larger
proportion of structurally controlled uranium than adjacent
metamorphic rocks. Conceivably, metasomatism within the core
complexes could either directly form ore bodies, or else simply
modify metamorphic rocks into more favorable sources of leachable, structurally controlled uranium.
Under high grades of metamorphism (ultrametamorphism), rocks
begin to undergo partial melting or anatexis (see discussions in
Brown and Fyfe, 1970; Fyfe, 1973; Lambert, 1971; McCarthy and
Kahle, 1978; Mehnert, 1968; Shaw, 1970, 1978; Sighinolfi, 1971;
Stern and Wyllie, 1973; White and Chapple, 1977; Wyllie, 1977;
Yermolayev, 1973) . The first melt produced by anatexis will
consist of low-temperature melting fractions and will be compositionally similar to late- stage products of magmatic differentiation. The first melt is uniformly of a granitic composition,
irrespective of the starting composition of the metamorphic protolith. Uranium and other incompatible elements will be preferentially partitioned into the granitic melt, leaving a residuum that
is depleted in these elements. Partial melting may, therefore,
be an efficient mechanism for depleting rocks to the low abundances
of uranium, thorium and other incompatible elements that are
typically observed in granulites. Whatever uranium lost by the
residual fraction or restite will be incorporated into the
granitic melt, thus greatly enriching it . Magmas formed by
anatexis of uraniferous protoliths would have high uranium contents and as such be potential hosts or mineralizing agents for
a variety of plutonic-type uranium deposits. Uraniferous pegrnatites of the Kettle complex may owe their origin to the partial
melting, either in-situ or at depth, of uranium-rich sedimentary
protoliths.
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Uranium Occurrences Related to Metamorphic Processes
A large proportion of the world's uranium reserves lies
within metamorphic rocks of Australia, Canada, and Africa.
Several distinct types of uranium occurrences exist within metamorphic rocks including: 1) unconformity-related, 2) vein-type,
3) plutonic-related, and 4) metamorphic- related. Presently the
genesis of the first two types is uncertain (Mickle, 1978;
Mathews, 1978c, d), and their relationship, if any , to metamorphic
processes cannot be ascertained. · Due to this uncertainty,
a brief characterization of the two will be included in this
section, realizing that they may be related only indirectly to
metamorphic processes. A discussion of the third type (plutonicrelated occurrences) is contained in an earlier section of this
chapter and will not be repeated here. Metamorphic-related
occurrences are described below in relative detail because
they are potentially very important classes of occurrences within
the Cordilleran metamorphic core complexes.
Unconformity-related Uranium Deposits
Unconformity-related deposits are a recently recognized
class of deposits that have received much attention, both within
exploration and research circles (Kalliokoski and others, 1978;
Mathews, 1978c, d; Hegge and Rowntree, 1978; Dahlkamp, 1978;
Hoeve and Sibbald, 1978). As the name implies, these deposits
are spatially associated with major unconformities, generally of
Proterozoic age (Robertson and others, 1978). They are preferentially located in structural features such as faults, breccia
zones, and fractures within metamorphic rocks and their unconformably overlying cover. The deposits have limited vertical
extent on either side of the unconformity and are characterized
by pitchblende, base-metal sulfides and arsenides, chlorite and
hematite. They may contain very rich ore (averaging as high as
several percent U303 in the Nabarlek deposit of the Alligator
Rivers area of Australia; Minobras, 1979) and exceptionally large
reserves of uranium. The Koongara and Ranger ore bodies of the
Alligator Rivers area of northern Australia, and the Rabbit Lake
and Key Lake deposits of northern Saskatchewan are excellent
examples of unconformity-related
mineralization (Mathews,
1978c, d).
No unconformity-related deposits are known to exist in the
Cordilleran metamorphic core complexes and the likelihood of
finding such deposits is not great. Major unconformity-related
ore bodies of the world are of a restricted age range (midProterozoic, 1.5 to 2 .0 b.y.B.P.) and unconformities of such an
age in the complexes are rare. The Okanogan is very unfavorable
for this type of mineralization because it evolved in an area that

224

is probably not underlain by Precambrian continental crust .
Several other complexes are equally unfavorable since they do
not have any older Precambrian rocks exposed within them
(Ruby, Kern and Snake complexes). Most complexes are unfavorable
because they do not contain any known Precambrian unconformities
of the proper age (White Tank, Harquahala, Harcuvar and adjacent
compl exes of western Arizona and southeastern California) or
else are largely composed of plutonic rocks of Mesozoic and
Cenozoic age (South Mountain, Coyote, and Pozo Verde complexes).
It is possible that the Selkirk, Bitterroot, Alb ion, Raft River,
and Catalina complexes have mid-Proterozoic unconformities, but
whether any contain significant unconformity- related mineralization
is presently unknown, but doubtful. The closest possible example
within the core complex belt is the Precambrian Farmington Canyon
complex which is exposed in Utah outside of the core complexes
and
is discussed briefly by Kalliokoski and others (1978)
within the context of unconformity- related deposits . Rocks
similar to the Farmington Canyon units might b e present in the
Raft River- Albion core complexes where older Precambrian rocks
are documented. Uranium occurrences in the Green Creek metamorphics of the Albion Range could conceivably be unconformityrelated. However, the metamorphic core complexes are as a
species not likely to be host to significant unconformity- related
occurrences of uranium.
Vein- type Uranium Deposits
Vein-type uranium deposits have been placed with deposits
of uncertain genesis by Bendix (Mickle, 19 78). This type of
deposit occurs in structurally controlled sites adjacent to
steeply dipping, major fault systems (Mathews, 1978c, d). Most
of the l arger veins a r e found in metamorphic rocks of Proterozoic
age and cousist of pitchblende eith er alone or in association with
a variety of sulfides, arsenides and other minerals. Mineralization includes Co, Ni, Cu, and Ag in the deposits of the Echo
Bay- Eldorado mines a r ea of the Northwest Territories . The deposits
are commonly strongly influenced by wall-rock lithology adjacent
to the vein with carbonaceous, chloritic, and carbonate units
being favorable hosts. Hydrothermal alteration of the wallr ocks produces chlorit e, hematite, quartz, and carbonate minerals.
The Beaverlodge area of Saskatchewan and t he Echo Bay- Eldorado
Mines a rea of the Northwest Territories are given by Mathews
(1978c,d) as examples of this deposit type.
Within the Cordilleran metamorphic core complexes there are
occurrences of uranium in veins, but it is unclear whether these
are similar to those described above. In the Fools Peak a r ea of
the Rawhide Mountains, Arizona, high-grade uranium mineralization
is present in veins that are associated with hematite and silicification. The veins discordantly cut mylonitic fabric of Tertiary(?)
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age and are therefore Tertiary.
Uranium mineralization is
present in small veins in theHarcuvar Mountains to the south
where it is accompanied by copper and gold. The mineralization is
probably magmatic-hydrothermal due to its spatial and possible
genetic relation wit h microdiorite dikes that intrude amphibolite-grade metamorphic rocks and nearby foliated granites.
Metamorphic- related Uranium Occurrences
The recent classification of uranium deposits proposed by
Bendix (Mickle, 1978) has major classes of sedimentary, plutonic,
and volcanic deposits, but does not contain a class that is
produced by conventional metamorphism. As discussed earlier in
this section, metamorphism is a process that is capable of concentrating and redistributing uranium well before the anatectic
stage. This is especially emphasized by geologists from parts of
the world outside of the U.S. Those uranium occurrences that owe
their origin to metamorphism would reasonably be assigned to a
metamorphic-related class. There are a sufficient number of
uranium deposits throughout the world whose origins can be
reasonably ascribed to metamorphism, that a metamorphic-related
class is justified. The composite characteristics and selected
examples of metamorphic-related deposits are given below.
This class of occurrences is potentially very important within the
Cordilleran metamorphic core complexes.
Metamorphic uranium occurrences in the present usage,
are those occurrences in which metamorphism had a significant
influence on the distribution, concentration, or mineralogical
constitution of uranium. Metamorphism, in some cases, was directly
responsible for the redistribution and concentration of uranium
while in other cases, it merely resulted in the isochemical
reconstitution of uranium that was already concentrated in the
protolith prior to metamorphism. Metamorphic uranium occurrences
must, by definition, be disposed in metamorphic rocks and owe
their origin to metamorphism, rather than subsequent processes,
whether they be plutonic, hydrothermal, or meteoric. Metamorphicrelated uranium occurrences are most common in amphibolite-grade
schist, gneiss and migmatite, although greenschist- grade occurrences
are also reported in the literature. Uranium mineralization
exhibits a preference for rocks rich in biotite, and to a lesser
extent muscovite, arnphibole and garnet. Hematite and chlorite
are locally abundant as are pyrite, chalcopyrite, and graphitic
or carbonaceous material. Uranium generally occurs either alone
(predominantly as crystalline uraninite or pitchblende) or in
association with base metals, generally copper. Evidence of
redistribution of major and minor elements is common and metasomatisrn and anatexis have locally taken place.
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There are many examples of metamorphic-related uranium
occurrences throughout the world and some excellent ones within the western U.S . In the Kulu Himalya, uraninite mineralization in pelitic schists has been interpreted by Narayan Das
and others (1971) as being the result of metamorphic processes.
They propose that uranium which was originally fixed by adsorption
on argillaceous clays was mobilized and concentrated in the early
stages of metamorphism. With further metamorphism, uranium
continued to recrystallize and be mobilized and concentrated,
resulting in the segregation of uraninite along foliation planes
in the schist. Chalcopyrite, galena , pyrite and quartz are
associated with the mineralization. To the south in India, uranium
mineralization occurs in the Singhbum shear zone (Banjeri, 1962;
Law, 1970). Host rocks for the mineralization consist of migmatite, mica schist, augen gneiss, and a variety of other metamorphic
rocks. There is a close relationship between structural deformation, migmatization, and ore localization, indicating that
mineralization was synkinematic as well as synmetamorphic. Uraninite and copper mineralization have been attributed by Banjeri
(1962) as products of migmatization within the shear zone.
In North America, Lang (1952) has described migmatites in
Canada that have thin bands of uraninite-bearing pegmatite, biotitic schist, and gneiss. In Colorado, disseminated uranium
mineralization is present in migmatized gneiss and mixed gneiss
and pegmatites of the Wheeler Basin (Young and Hauff, 1975).
Uraninite mineralization is concentrated in parts of the host rock
that are rich in biotite. It has been suggested that remobilization and concentration of uranium took place during metamorphism,
probably during the intrusion of an adjacent radioactive pluton
of Silver Plume Granite (Young and Hauff, 1975) .
There are several important deposits that are difficult to
confidently either include or exclude from the metamorphicrelated class.
These include Mont Laurier in Quebec (WynnEdwards, 1969; Allen, 1971; Kish, 1975), Chalebois Lake in
Saskatchewan (Mawdsley, 1952, 1955; Beck, 1969, 1970), Crocker Well
in Australia (Whittle, 1954; Campana and King, 1958), and Rossing
in Namibia (Von Backstron, 1970; Armstrong, 1974; Berning and
others, 1976; r ishimori and others, 1977). All the above deposits
are associated with metamorphic rocks and are characterized by
abundant pegmatites. For these deposits, it has been proposed
that mobilization of uranium and pegmatitic melts (or fluids) was
a result of metamorphism, ultrametamorphism, or anatexis. The
deposits could thus be classified as anatectic, pegmatitic, or
metamorphic-related. However
these deposits are classified,
they represent examples of the type of deposits that might be
found in Cordilleran metamorphic core complexes.
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Within the core complexes, the archetypical metamorphicrelated deposit is the so-called Graeber Lease of the northeastern
Kettle complex (U and W uranium in Huntting, 1957). In this
deposit, high- grade uranium mineralization is contained within
a unit of amphibolite-grade, biotitic schist and gneiss. The
ore horizon displays a pervasive mylonitic fabric and is locally
pyritic . This deposit may represent a metamorphosed protolith
that had an originally high uranium content, or else is the result
of concentration of uranium by metamorphic and mylonitic
processes. This deposit has profound implications for the uranium
favorability of the core complexes in general, and the Kettle and
Selkirk complexes in particular. The Kettle complex has a myriad
of pegmatites which are anomalously radioactive. It is possible
that these pegmatites were produced by the partial melting of an
originally uraniferous protolith. In any event, it is clear
that the Kettle complex is very favorable for metamorphic-related
occurrences of uranium. In the remainder of the complexes, there
are only minor occurrences of increased radioactivity that may
have been formed by metamorphic processes. During our field
work and sampling in the complexes, we have consistently observed
higher radioactivity and uranium contents in metamorphic rocks
that are rich in biotite than in adjacent quartzo-feldspathic
gneiss or foliated granite. In addition, amphibolitic rocks are
systematically lower in radioactivity and uranium content than
other metamorphic rocks. These observations are congruent with
those of geologists around the worldtli~tbiotitic rocks, especially those that are also garnetiferous, are favorable hosts for
metamorphic-related uranium.
Summary of

Conceptual Basis for the Occurrence of

Uranium Related to Metamorphic Processes
Evidence of metamorphic processes abounds in Cordilleran
metamorphic core complexes, suggesting that metamorphism may be
highly influential in governing the occurrence of uranium in the
complexes. Uranium in metamorphic rocks resides in a number of
mineralogical and structural sites, with a large proportion being
concentrated in structural defects and along grain boundaries.
Mica schist and garnetiferous migmatite tend to be more radioactive than amphibolite or typical quartzo-feldspathic gneiss.
Uranium content of metamorphic rocks decreases with increasing
grade, indicating that rocks are depleted in uranium by progressive metamorphism. Progressive metamorphism occurs largely
by a series of dehydration reactions that result in the formation
of an interstitial hydrous fluid. Uranium, alkali elements, and
certain other chemical constituents will generally be partitioned
into the fluid phase. If the evolved fluid is driven from the
parent rock, it will result in a net depletion of that rock.
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Fluids thus liberated could be highly uraniferous and elsewhere
form metasomatic or hydrothermal uranium deposits. If with
increased grades of metamorphism partial melting occurs, uranium
will be concentrated in the accumulating melt to potentially
form a variety of plutonic-related uranium deposits . Of the
classes of uranium occurrences found in metamorphic rocks,
metamorphic core complexes are, as a group, not highly favorable
for unconformity or vein-type deposits. In general, the core
complexes are favorable for metamorphic-related uranium deposits,
with the Kettle and Albion complexes being most favorable.
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A CONCEPTUAL BASIS FOR THE OCCURRENCE OF UR.Ai.~IUM
RELATED TO MYLONITIC PROCESSES
Mylonitic Processes in Cordilleran Metamorphic Core Complexes
Mylonitic rocks are inevitably present within Cordilleran
metamorphic core complexes, in some cases comprising a majority
of the exposed crystalline core. The mylonitic fabric is
manifest primarily in a gently inclined mylonitic foliation that
contains a conspicuous, penetrative lineation. Microscopically,
mylonitic rocks in the complexes are characterized by brittlely
deformed feldspars and recrystallized quartz that occurs in sutured
aggregates (for further descriptions see Davis and others, 1980;
Reynolds and Rehrig, 1980) . These rocks are similar to photographs of hand specimens and photomicrographs of protomylonite,
mylonite, mylonite gneiss, and mylonite schist as presented in
the classification of Higgins (1971).
Mylonitization generally results in a decreased mean grain
size via comminution of brittle minerals and recrystallization
of susceptible minerals such as quartz. In several complexes, it
has been observed that mylonitization was accompanied by only
minor reequilibration of protolith mineral assemblages (Reynolds
and Rehrig, 1980; Davis and others, 1980). In these complexes,
mylonitization occurred under such conditions that few new mineral
phases were formed. As a consequence, the bulk of the minerals
in the mylonitic rocks are relicts from t heir previous plutonic
or metamorphic history. Where present, synkinematic, equilibrium
mineral assemblages indicate a range of pressure-temperature
regimes from greenschist to amphibolite grade (Davis and others,
1980; Anderson and others, 1979).
Mylonitic rocks in the core complexes are generally
accompanied by and interlayered with abundant quartz veins. The
veins ordinarily consist of a simple quartz mineralogy, although
locally they also contain minor feldspar, sericite, iron oxides
or sulfides. In many cases, the quartz veins exhibit a mylonitic
fabric similar in orientation and physical characteristics to that
in adjacent mylonites. In at least two areas, it has been
reported that mylonitic rocks contain numerous quartz veins while
the nonmylonitic protoliths contain few, if any, such veins
(Chase, 1973; Reynolds and Rehrig, 1980) . Clearly, the quartz
veins are a result of mylonitization, an inferrence supported by
microscopic evidence of extensive recrystallization and remobilization of quartz.
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Uranium and Mylonitic Processes
The ability of mylonitization to recrystallize, remobilize
and redistribute quartz suggests that it is also capable of remobilizing major and minor elements, including uranium.
Protolith mineralogy may be extremely important in governing
the mobility of uranium during mylonitization. A variable proportion of uranium in plutonic and metamorphic rocks resides in refractory accessory minerals. Some of these minerals exhibit
relatively inert chemical behavior during mylonitization and
would be expected to neither lose nor gain uranium. On the other
hand, minerals like epidote that are more chemically reactive
under mylonitic conditions (Higgins, 1971) could either lose
or gain uranium, and thereby respectively enrich or deplete
the uranium content of any adjacent interstitial fluid. Significant amounts of uranium could accumulate in the interstitial
fluid during mylonitization if original uranium-bearing minerals
were converted to minerals that are less receptive to uranium.
In many cases, a majority of the uranium in a rock is
associated with grain boundaries, structural defects and intergranular fluids. This uranium would be readily scavenged by
fluids liberated during mylonitization. If the rock retains
these fluids, it will undergo little net change in uranium content.
However, if the rock loses these fluids in large enough quantities,
it will experience a significant net loss in uranium. Such
liberated fluids might conceivably form metasomatic or hydrothermal uranium deposits in peripheral receptive lithologies.
The observed geochemical changes that accompany rock
deformation have been discussed for several areas outside of the
core complexes (Fyfe, 1976; Kerrich and others, 1977; Beach,
1976; Hanson and others, 1969). Hanson and others (1969) examined
the chemical changes undergone by a shallow granite porphyry
that was overprinted by a post-emplacement, low-grade, cataclastic
(mylonitic) event. Their data indicates that the deformed granite
experienced losses of sodium and strontium, coupled with gains
of magnesium and water. Silica and aluminum contents were
evidently unchanged by deformation. In contrast, Kerrich and
others (1977) discovered isochemical behavior for an adamellite
that had been deformed in a shear zone under high temperature
(amphibolite-facies) conditions. Chase (1973) reached a similar
conclusion for major elements in granitic rocks of the Bitterroot
metamorphic core complex of Idaho and Montana. These
studies
are exemplary of the literature's discord regarding the geochemical changes produced by deformation.
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The literature is equally ambivalent regarding the effects
of deformation on the uranium content of rocks. Dmitriyev and
others (1977) studied the behavior of uranium during mylonitization and more brittle cataclasis and discovered that certain
Russian blastomylonites have the same uranium content as the
protolith, with uranium being concentrated in accessory minerals
and structural defects . Uranium contents evidently increased
with the initiation of "brittle" deformation because cataclasites
and "mylonites" have an order of magnitude more uranium than do
the protoliths and blastomylonites. In the "mylonites" uranium
is concentrated in melanocratic bands composed of epidote, chlorite, sphene, and leucoxene that formed by reaction of biotite.
Yermolayev (1973) likewise indicates that uranium concentration
increases with cataclasis .
In contrast with this, a study of some mylonitic rocks in
the Owens Valley region of California found that blastomylonites
have significantly greater uranium and thorium contents than do
mylonites (Cupp and Mitchell, 1978). In a regional study of the
Precambrian basement of western Canada, Burwash (1979) reports
that mylonitic rocks have the same uranium abundances as other
rock types.
As part of our evaluation of Cordilleran metamorphic core
complexes, we have sampled traverses from mylonitic to nonmylonitic
phases of the same rock unit. In the South Mountains of central
Arizona, rubidium and strontium abundances of undeformedand mylonitic granodiorite are similar .
Strontium isotopes of the two
phases are also statistically indistinguishable . Scintillometer
readings are identical for the two phases, indicating that mylonitization has not resulted in significant redistribution of radioelements. All these observations are congruous with microscopic
evidence for only subtle mineralogical changes besides imposition
of a mylonitic texture.
Sample traverses across mylonitic " f ronts" in the Tortolita
Mountains are discussed in detail in Chapter 5. They indicate
that mylonitization of both granitic and metasedimentary protoliths
has caused net gains of silica and sodium, with losses of other
elements such as potassium, magnesium, and iron. Abundances of
uranium and thorium exhibit no change between mylonitic and
nonmylonitic rocks . These results are similar to those obtained
for the Santa Catalina Mountains which document that uranium
contents and total gamma measurements show no variation between
mylonitic and nonmylonitic parts of a single muscovite granite
pluton. However, in all the above cases, we were only able to
sample rocks that have relatively low uranium contents. It is
possible or even probable that these samples do not exhibit
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behavior analogous to more uraniferous rocks. Only sampling in
the Kettle, Selkirk, or other complexes which contain mylonitically deformed, uraniferous rocks will resolve this uncertainty.
Uranium Occurrences Related to Mylonitic Processes
Throughout the world, many uranium deposits are associated
with mylonitic rocks. For instance, Von Backstrom (1974)
discusses uranium occurrences which he classifies as "shear zone
and breccia deposits". In one such deposit in India, uranium
and copper mineralization occur within the Singhbum shear zone
(Banjeri, 1962; Law, 1970). The zone of crushing and mylonitization cuts migmatite, mica schist, and various other metamorphic
rocks. Uranium mineralization in the form of uraninite, autunite,
and torbernite shows a spatial preference for rocks rich in
apatite, m&gnetite, tourmaline, chlorite, and biotite. Banjeri
(1962) indicates that a close relationship exists between structural deformation (including shearing), migmatization, and ore
localization. If so, this may be an example of a deposit formed
by fluids that were generated during shearing. Nishimori and
others (1977) likewise indicate that uranium mineralization in
the Beaverlodge area of Canada is partly the result of remobilization of uranium during mylonitization. At Les Herbiers Mine
in western France, uranium mineralization (uraninite and coffinit_e )
is present in a mylonitic zone within mica schist and Hercynian
two-mica granite (Minobras, 1979). Hercynian granites of the
region are characterized by anomalous contents of uranium and
could easily be the source of the uranium, especially since
uranium in the granites is readily leachable (Cuney, 1978) A
similar situation is present in the southern Appalachian Mountains,
where uranium mineralization is locallized in shear zones that cut
granitic and metamorphic rocks which may be the source of the
uranium (Penley and others, 1978). Among other excellent examples
of this type of deposit are those found in shear zones near Owens
Valley, California (Cupp and Mitchell, 1978) and in the Badger
Flats-Elkhorn thrust area of Colorado (Gallagher, 1976).
Within the Cordilleran metamorphic core complexes, the best
examples of uranium in mylonitic rocks occur in the Kettle complex. Uranium is associated with uraniferous pegmatites and
adjacent biotitic schist and gneiss. Mylonitic fabric is common
in both the pegmatites and metamorphic rocks . At the Graeber
Lease in the northeast margin of the complex, (listed as the U and
W mine in Huntting, 1956) high-grade uranium mineralization is
distributed along a mylonitic zone within pyritic, biotite schist
and gneiss. This deposit might serve as the most lucid corecomplex example of uranium mineralization within mylonitic host
rocks. The Kettle complex is evidently the most favorable of
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the Cordillera by virtue of its high-background pegmatites and
locally uranium-rich metamorphic rocks. There are no other
localities within the core complex belt that are as important
or as favorable as those in the Kettle complex.
Summary of Conceptual Basis for the Occurrence of
Uranium Related to Mylonitic Processes
Mylonitic rocks are widely exposed in Cordilleran metamorphic core complexes and have been derived from a wide variety
of plutonic and metamorphic rocks. Field and microscopic
observations indicate that mylonitization is accompanied by
recrystallization and remobilization of quartz and other minerals.
In some cases, mylonitization has resulted in the redistribution
of both major and minor elements. Uranium, because of its known
high mobility, is probably also redistributed by mylonitization
under favorable circumstances. Mylonitic rocks derived from
plutonic and metamorphic rocks are hosts to uranium mineralization
throughout dispersed regions of the world. In a significant
number of cases, the country rocks cut by the mylonitic zones
are characterized by high radiometric signatures and anomalously
high background contents of uranium. It is possible that uranium
mineralization in some of these areas was deposited by uraniferous
fluids which were liberated by mylonitization. In any event,
the most favorable mylonitic zones should be those that transgress
country rocks of anomalously high uranium content s. The Kettle
complex is the most favorable of the core complex belt due to its
high-background pegmatites and known uranium occurrences within
mylonitic rocks.
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A CONCEPTUAL BASIS FOR THE OCCURRENCE OF URANIUM RELATED
TO DISLOCATION SURFACES
Dislocation Surfaces in Cordilleran Metamorphic Core Complexes
The dislocation surface (decollement) is without a doubt
one of the most intriguing features of Cordilleran metamorphic
core complexes. It is a remarkable planar or curvi-planar
structural discontinuity that dominates the landscape over large
regions. It is perhaps most dramatic in the Whipple Mountains of
southeastern California where it is a low-angle surface that
separates a basement of light-colored mylonitic gneiss from
overlying volcanic and sedimentary rocks of middle Tertiary age
(Davis and others, 1979, 1980). The dislocation surface is so
conspicuous that it is clearly visible on high-altitude photographs and satellite imagery. In this area, as elsewhere in the
core complex belt, the surface is planar on the scale of an outcrop, but arched or warped when viewed within the perspective of
an entire mountain range. In most complexes, the actual surface
is polished, slickensided and heavily stained with iron oxides.
It is underlain by a resistant ledge of microbreccia which has
a variable thickness that averages approximately one meter.
Newly broken surfaces of the microbreccia have a distinct gray,
resinous or flinty appearance. Both on outcrop and microscopic
scales of observation, the microbreccia generally reveals no
planar fabric. Instead, the rock is a jumble of microscopic
angular fragments derived from lithologies characteristic of the
footwall. Below the microbreccia ledge is a shattered rock
most aptly described as chloritic breccia. As the name implies,
this rock is characterized by a green color due to ubiquitous
chloritic alteration.and is dissected by a myriad of anastomosing joints, fractures, and microfaults.
Some fracture surfaces
exhibit numerous slickensides, while others reveal none. Hematite
epidote, and limonite are common associates of the breccia, and in
western Arizona and adjacent California, chrysocolla, chalcopyrite,
specular hematite,and pyrite are present in such abundance that
mines produced copper, iron and locally gold ore from the zone.
Down structural section, the brecciation and chloritic alteration
gradually die out into structurally intact rocks which commonly
possess a mylonitic fabric.
Above the dislocation surface rest a variety of sedimentary,
volcanic, plutonic and metamorphic rocks, with the latter two
types being less common than the former two. These upper plate
rocks generally lack the mylonitic fabric that is so characteristic
of lower plate rocks,and in many localities, the dislocation surface separates amphibolite-grade metamorphic rocks of the footwall
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from nonmylonitic, completely unmetamorphosed middle Tertiary
rocks of the hanging wall. Upper plate rocks are typically cut
by listric normal faults which either merge with or terminate
against the basal dislocation surface. A variant of this overall
theme occurs in the Snake Range of Nevada where a marble tectonite
intervenes between locally shattered footwall rocks and overlying Paleozoic carbonate rocks which are unmetamorphosed but
highly brecciated and faulted ((Misch, 1960; Coney, 1974).
Additional descriptions and photographs of representative lithologies of the dislocation zone are contained in Reynolds and
Rehrig (1980), Davis and others (1980), and Davis (1980).
Uranium and Dislo cation Surfaces
There is essentially no literature available that discusses
the relationship between uranium and dislocation surfaces of
Cordilleran metamorphic core complexes. Instead, inferences
regarding uranium behavior in the dislocation zones must be
formulated strictly from our currently limited geological
understanding of the zones . Articles which discuss the relationship between uranium and retrograde metamorphism, brecciation,
hydrothermal alteration, and other topics relevant to the corecomplex dislocation surfaces are included in Appendix B.
The wide variety of processes associated with formation
of dislocation surfaces in the .complexes insures that the distribution of uranium will be at least partially modified during
this formation. Of fundamental importance in this regard is the
ubiquitous alteration or retrogressive metamorphism that is
responsible for the whole-scale conversion of biotite to chlorite
i n brecciated rocks immediately below the dislocation surface.
This chloritic breccia also generally contains abundant epidote,
hematite, and other alteration products, which indicates that
hydrothermal fluids pervaded the permeable breccia zone during or
after its formation. The affinity of available uranium for these
fluids . suggests that it will be redistributed by their passage.
Uranium that occurs in grain-boundary deposits and structurally
controlled sites will be most easily scavenged by these fluids.
The breakdown or alteration of uranium-bearing minerals will also
liberate uranium into the interstitial hydrous phases. This
might be especially important for minerals such as biotite that
frequently contain microinclusions of primary uranium minerals
(for example, uraninite). Alternatively, newly forming minerals
such as epidote might expropriate uranium from the adjacent fluid.
Hydrothermal fluids within the dislocation zone were evidently rich in other chemical constituents, as indicated by the
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local abundance of iron and copper minerals in the zone. The
predominance of chrysocolla over chalcopyrite a nd hematite over
pyrite either reflects a well oxygenated environment during
deposition of the hydrothermal deposits, or else a very thorough
secondary (supergene) modification of original sulfide ores.
In any event, the hydrothermal f luids were clearly mineralizers
that were also probably capable of redistributing uranium. The
presence of similar mineralization within upper plate rocks
indicates that such fluids were not restricted to the chloriti c
breccia, but were able to penetrate above the dislocation
surface.
Geochronologic studies in several of the complexes suggest
a possible origin for the hydrothermal fluids. Potassiumargon ages of lower plate mylonitic rocks are locally the same
age as movement on the dislocation surface. This demonstrates
that lower plate rocks were still hot (over 200° C) during
dislocation and therefore could have been heat sources that
triggered convection of hydrothermal fluids. Viewed in this
perspective, hydrothermal alteration and mineralization are concentrated along the dislocation zone because it was a permeable
interface between hot lower-plate rocks and cooler, potentially
water-saturated, upper-plate rocks . Verification of this intuitive
reasoning would require an extensive program of geological, geochemical, geochronological, and petrological research that is
beyond the scope of this project. Chemical analyses for a limited
number of samples of chloritic breccia and the dislocation zone
are discussed in Chapter 5 and listed in Appendix E. Results of
more detailed scintillometer traverses through the dislocation
zone are included in Appendix D for individual core complexes.
The chloritic breccia and dislocation zone may be less
important as actual ore horizons than as permeable channels for
uraniferous ground waters. Meteoric waters could leach uranium
from uraniferous core lithologies and subsequently be funneled
down the hydraulic gradient of the shattered and permeable chloritic breccia zone. Uranium would be deposited by these oxygenated
waters upon encountering reducing conditions at the water table,
in pockets of sulfides in the zone itself, or most likely in
favorable upper-plate lithologies that are in contact with the
zone. Phenomena such as weathering and ground-water redistribution of uranium are discussed further in the section of this
chapter that is concerned with processes extrinsic to the core
complexes.
Movement a long the dislocation surface was ordinarily
accompanied by tilting of upper-plate rocks. This t i lting has
modified the geometry and orientation of previously formed
uranium deposits, resulting in their eventual erosional
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unroofing and subsequent discovery. For example, the Anderson
Mine in the Date Creek Basin of western Arizona (Otten, 1977) is
located in uraniferous lacustrine units that are probably underlain at depth by a dislocation surface and that owe much of
their present southwest dip to syn-dislocation tilting. Nearby
uraniferous l acustrine units in the Artillery 11ountains are likewise situated in an area whose structural complexity a nd present
geometry were highly influenced by t ectonism tha t accompanied
dislocation.
There is evidence that dislocation, listric normal faulting
and tilting (rotation) of upper-plate rocks resulted in the formation of basins, within which were deposited locally thick
sequences of syn-tectonic elastic rocks. If contemporaneous
volcanism provided uranium-rich ash to the basins, or if the
source of the elastic debris was uraniferous, the sedimentary
rocks of the basins might host ei ther sandstone or lacustrine
uranium deposits. For instance, the timing of deposition of
the Anderson Mine sequence is suspiciously close to that documented for dislocation, listric normal faulting, tilting, and
potassic volcanism in the immediate vicinity. The present Date
Creek Basin and Anderson Mine sequence may occupy an area which
was a basin during dislocation. The locally uraniferous,
Eocene Tiger Formation of the Pend Oreille River region of
Washington may also have accumulated in a basin formed as a
consequence of rotation of upper- plate rocks during dislocation
along the Newport fault (Miller, 1972).
Uranium Occurrences Related to Dislocation Surfaces
There is a worldwide association of uranium mineralization
with zones of structural disruption . For example, vein- type
uranium deposits like those in the Beaverlodge district of
Saskatchewan are localized in mylonitic, brecciated an~ fractured
metamorphic and granitic rocks. Chlorite and hematite are
generally present in both vein-type and unconformity- related
deposits. In various kinds of uranium occurrences, copper and
iron sulfides are abundant. Clearly, uranium mineralization is
commonly associated with geological attributes that are exhibited
by dislocation surfaces of Cordilleran metamorphic core complexes.
Worldwide examples of uranium occurrences in dislocation surfaces
cannot be confidently identified, because there is the possibility
that dislocation surfaces (as the term is used by Reynolds and
Rehrig, 1980; Rehrig and Reynolds, 1980) a re features unique to
the core complexes. However, there is a suf ficient number of
examples of occurrences related to dislocation surfaces within the
core complexes, that this type of deposit may be characterized .
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The Buckskin, Rawhide, and Artillery Mountains of westcentral Arizona contain several excellent examples of uranium
mineralization localized within the dislocation zone . At
the Red Hills prospect of the Rawhide Mountains, l ocally highgrade uranium mineralization is present in brecciated gneiss
and limestone at the dislocation zone . Uranium minerals are
accompanied by chrysocolla, quartz, barite and fluorite . In
the adjacent Fools Peak area uranium occurs in altered and brecciated crystalline rocks near the dislocation surface. Limonite
and hematite are abundant, as they are in many exposures of the
dislocation zone throughout west-central Arizona. In this entire
region, including nearby parts of south-eas tern California, the
dislocation zone is commonly mineralized with hematite, chrysocolla, copper and iron sul fides, barite, calcite and manganese
minerals.
In the Santa Catalina Mountains of southern Arizona, significant uranium mineralization occurs at the Blue Rock ~.ine on
the eastern flank of the range. Uranophane and autunite are
present in association with fluorite, hematite, limonite, and
copper minerals. Several occurrences in this area occupy lowangle fault zones that separate an imbricate stack of rocks
ranging in age from Precambrian to Tertiary. Mylonitic rocks
are present below the lowest fault, but it is not clear whether
all the features characterisitc of dislocation surfaces are
represented or whether this important occurrence is indeed an
example of uranium mineralization related to a dislocation
surface.
Other examples of uranium occurrences related to dislocation
surfaces are present in Washington and northern Idaho. Weis and
others (1958), report mineralization in a brecciated pegmatite
in northern Idaho that is fairly near the Newport fault
(dislocation surface). In addition, some exposures of chloritic
breccia in this area and along the margins of the Kettle complex
are of anomalous radiometric s i gnature. These occurrences demonstrate the potential for significant uranium mineralizaiton in
the dislocation zone.
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Summary of Conceptual Basis for the Occurrence of
Uranium Related to Dislocation Surfaces
Dislocation surfaces are profound structural discontinuities
in Cordilleran metamorphic core complexes that separate a core
of plutonic, metamorphic, and mylonitic rocks from an upper
plate of various nonmylonitic lithologies. The actual dislocation surface is regionally curvi-planar, highly polished, and
heavily stained with iron oxides. Rocks immediately below the
dislocation surface are chloritic, shattered and dissected by
numerous anastomosing joints. Upper plate rocks above the dislocation surface are cut by listric normal faults and are commonly
steeply tilted and locally mineralized. The dislocation zone
could contribute uranium to rising hydrothermal fluids or could
act as a permeable channelway for meteoric waters descending the
hydraulic gradient away from the crystalline core of the
complexes such as those in northeastern Washington. Supergene
leaching of uraniferous core rocks could contribute uranium to
these fluids transforming them into potential mineralizers.
Therefore, as suggested by Cheney (1980), the margins of the core
complexes may be fertile ground for a relatively new class of
uranium occurrences : those related to dislocation surfaces.
The Kettle, Selkirk, Albion, Rawhide, and Santa Catalina complexes
are the most favorable because they contain possible occurrences of this type and because at least the first three are
characterized by numerous uranium occurrences of various other
types.
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A CONCEPTUAL BASIS FOR THE OCCURRENCE OF URANIUM RELATED TO
PROCESSES EXTRINSIC TO CORDILLERAN METAMORPHIC CORE COMPLEXES
Processes Extrinsic to Cordilleran Me tamorphic Core Complexes
The processes summarized in the foregoing sections are integral components in the tectonic evolution of Cordilleran
metamorphic core complexes and can be thought of as intrinsic or
essential to the complexes . In contrast, there is a spectrum of
processes that are unrelated to actual tectonism in the complexes.
These processes are extrinsic or incidental to the core complexes,
but are nevertheless perfectly capable of redistributing uranium
into various types of deposits. Prior to formation of the complexes,rocks which ultimately became amalgamated into the crystalline cores experienced geological histories that entailed numerous
events. Uranium concentrations formed during these earlier
histories would have been drastically modified by the superimposed
plutonism, metamorphism, metasomatism, and mylonitization that
accompanied activity in the core complexes. Conversely, rocks
which eventually became incorporated into upper-plate positions
may have been influenced only by tilting that accompanied
listric-normal faulting and dislocation. Original uranium distributions in these rocks may have been preserved largely intact, but
reoriented by the tilting. Therefore, upper-plate rocks could
conceivably contain pristine occurrences of any class of uranium
deposit identified by Bendix (Mickle, 1978).
Subsequent t o their tectonic evolution, the core complexes
were subjected to numerous other processes such as weathering,
erosion, and ground-water circulation. These near-surface
processes indiscriminately affect rocks of the core, dislocation
zone and upper plate. Several complexes have highly uraniferous
rocks in their core that would be exc.ellent sources of uranium
for surficial redistribution. In the Basin and Range province,
block faulting has created potential traps for this uranium in

graben that typically flank at least one side of the core
complexes. Uranium occurrences in the basins could be an important
consequence of the interaction between core complexes and processes that are extrinsic to their evolution.
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Uranium Occurrences Related to Processes Extrinsic to
Cordilleran

Metamorphic Core Complexes

Pre- and Syn-tectonic Occurrences
Cordilleran metamorphic core complexes evolved in a wide
variety of regional geologic settings . Complexes in Nevada and
Utah were formed within a region characterized by thick sequences
of carbonate and elastic rocks that were deposited in a late
Precambrian to Paleozoic continental shelf . In contrast, complexes
in Arizona are situated in areas that were cratonic during the
entire Paleozoic. Further divergence is exhibited by the Okanogan
complex which originated among late Paleozoic-early Mesozoic
"oceanic" terranes. These differences in regional geologic
setting insure that there will be considerable lithologic variation in rocks affected by evolution of the core complexes.
Accordingly, there are many possible types of uranium occurrences
that could have existed in these lithologies prior to formation
of the complexes . A brief discussion of some possible types of
pre- or syn-tectonic occurrences is included below, but much
additional information on each type is contained in Mickle and
Mathews (1978).
Incorporated into the cores of the complexes are an assortment of igneous and metamorphic rocks. Metasedimentary rocks in
the complexes have typically been derived from protoliths that
are Precambrian to lower Paleozoic in age. The existence of
Precambrian rocks in the cores of many complexes indicates the potential for types of uranium deposits that a r e age-specific to the
Precambria~ Quartz-pebble conglomerate uranium deposits are restricted to lower Proterozoic rocks that contain pyrite and uraninite of probable detriatal origin. Cordilleran metamorphic core
complexes have a low over-all favorability for this class of
deposit because they are generally deficient in lower Proterozoic
quartz-pebble conglomerates . Only the Bitterroot, Raft River,
and Albion Mountains have even the slightest potential for deposits
of this type. The same probably applies to unconformity-related
and vein-type deposits which are also evidently restricted to
Precambrian rocks.
Metamorphosed Paleozoic sediment ary rocks locally accompany
Precambrian rocks in the core of the complexes. More commonly,
however, Paleozoic strata are unmetamorphosed and situated in
upper plate positions . In either case, they could have originally
contained marine black shale or phosphorite class uranium occurrences, both of which are typically Paleozoic in age throughout
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the world. The Kettle, Pioneer and Ruby !1ountains would be most
favorable for these two classes of deposits by virtue of their
proximity to the inferred Paleozoic continental shelf-slope
break.,which is the characteristic depositional setting fo r both
types.
Mesozoic and Cenozoic sedimentary and volcanic rocks are
only rarely incorporated into the crystalline cores of the
complexes, but instead are generall y situat ed in fault slices
above the dislocation surface. These upper-plate rocks could
contain a variety of uranium occurrences such as those found in
sandstone, lacustrine, and volcanogenic lithologies. The Kettle,
Selkirk, Albion, western Arizona, and Catalina complexes each
contain occurrences of at least one of these types and are therefo r e somewhat favorable for additional deposits. In areas where
plutonic and metamorphic rocks are present in the upper plate,
any class of plutonic or metamorphic deposit could exist.
Uraniferous granites that occur above the Newport fault (dislocation s urface) of the Selkirk complex are illustrative of this
potential .
Post-tectonic Occurrences
Subsequent to their nain tectonic activity, metamorphic core
complexes continued to be affect ed by numerous processes. Af t er
the crystalline core of the complexes were exposed by final arching,
they were subjected to intense physical an d chemical weatherins.
Much of the uranium in plutonic and amphibolite-g r ade metamorphic
rocks is easily l eached by surficial waters and could be redistributed by these ground waters internally or externally to the
complexes . Authigenic uranium occurrences would be formed if
uranium is leached and redeposited within the same rock unit
(Mathews, 1978a, b). Authigenic occurrences are characterized
by secondary uranium minerals such as autunite that fill and coat
structures in the minera lized host. Mineralization, which may
be very high-grade, is usually not accompanied by significant
alteration or gangue minerals . The Daybreak Mine and other occurrences of the Mount Spokane area of the Selkirk metamorphic core
complex a re type-examples of this class . In this area, metaautunite coats fractures and cl eavages in pegmatitic and alaskitic
muscovite granite . Numerous occurrences similar t o these are
present in other metamorphic core compl exes . The Selkirk comp lex
of northeastern Washington and northern Idaho has an exceptionally
high proportion of this type and it is extremely favorable for
additional deposits. Othe r complexes are less favorable, but
they a lso contain fair potential for authigenic uranium occurrences.
This may be one of the most important classes of uranium occurrences
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Post- dating tectonic activity in the complexes is Basin and
Range block faulting that formed basins peripheral to the complexes that are capable of trapping uranium. Evaporite deposits
and modern dayplayasare located adjacent to some complexes,
suggesting the possibility of calcrete-type uranium. Uraniferous
ground waters shed f rom the complexes might form sandstone-type
deposits in the permeable basin fill. Only drilling in the
basins adjacent to uraniferous complexes can evaluate the potential
for such deposits.
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