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ABSTRACT

Cenozoic magmatism of the eastern Great Basin, western
U.S.A,, produceda number of aluminous anorogenic (A-type)
rhyolites, many of which contain topazand are rich in U, Be,
Rb and F; such rhyolites couldbe called rare-metal rhyolites.
A smallgranitepluton that is chemicallyand temporallyequiva-

and the products of incremental episodesof equilibrium crys-
tallization (Group 2) accumulatedon the walls of the magma
chamber.

The genesisof the parental magmaprobably involvedpar-
tial melting ofgranulitesin the lower crust as the resultof the
decompositionofF-rich biotite. From trace elementmodels of

lent to theserhyolites is preservedin the Sheeprock Mountains batch partial melting, small degreesof melting (2.5% to 15%)

of west-central Utah. The pluton rangesfrom biotite mon-
zogranite to biotite-muscovitesyenogranite (IUGS). limenite,
magnetite, apatite, zircon, monazite fluorite, beryl, andthorite
are magmaticaccessoryminerals; in afew specimengopazand
muscovite are post-magmatic accessories. The pluton was
emplacedat a shallow level. Sparsegreisen-bordereftactures
contain Sn and W minerals. Thepluton has a Rb-Sr isochron
age 0f20.9 + 1.2 Ma with an initial ’Sr°Sr ratio of 07064.
Slight contamination of rocks collectedrom the pluton's mar-
gins is indicated by elevatedinitial Sr-isotoperatios.

Three geochemicalgroups can be identified within the tex-
turally varied but geochemicallyzonedstock. Group | consists
of highly evolvedspecimendgrom the core of the pluton with
high Rb/Sr (40-90) and low La/Yb”(3). Relativeto the other
two groups, Group 1 specimensare depletedn Th (50 ppm,
this and othervalues beloware maximums),Sr (20 ppm), Ba
(200 ppm), Zr (125ppm), Hf(9ppm), LREE(100xchondritic),
U, Ti, Fe, Mg, Ca, K, andP. Group 1 specimensre enriched
in Na, F (0.39 wt% maximum), Sc (3 ppm), Be (50 ppm), Li
(260 ppm), Ta (33 ppm), Nb (110 ppm), HREE (35 x chon-
dritic) and Y (60 ppm). Specimenfom Groups2 and 3 come
from a "collar" that partially surroundsthe core but the dis-
tribution of these two groups overlaps with one another.

The geochemical effectof weathering, assimilation, and
metasomatismare visible to varying degreesin the pluton;
nonetheless,most of the chemical variation appearsto be the

result of fractional crystallization. The compositions of Group

2 and3 producedivergent arrays orplots oftwo elementswith
different bulk partition coefficients(e.g Rb and Sr). This is
interpreted as resulting from the preservation of complemen-
tary liquid (Group 2) andsolid (Group 3) compositions. Trace
element modelssuggest that in situ fractional crystallization
producedthesetrends. The data suggestthat evolvedliquids
(Group 1) were displaced inwardswhile cumulates(Group 3)
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are inferred to be important inthe generation of the parental
magma; subsequenstrongfractionation occurredin the upper
crust. A geochemicallyanomaloussource is not requiredfor
the generation of granites like the Sheeprockgranite that are
rich in incompatible trace elements.

Introduction

Rare metd granites hawe bee identified as those with high con
centratiors of normally dispersd elemens sud as F, Li, Rb,
Cs Sn Ta, Nb, Zr, and REE (Tauson 1974 Kovalenkq 1978
the metallogenicall specializel granites of Tischendorf 1977)
Sudh granites occupy a specid plae in petrologt thinking
becaus of ther unique ard often extrene chemich features
Two fundamentail differert types of rare-meta granites exig
— ore peralkalire (agpaitig and the othe metaluminos to per
aluminots (plumasitt or Li-F). Ead type of granie has adis-
tinctive se of trace elemen characteristis and associate
minerd deposits The peralkalire granites are extremey enrichel
in some trace elements e.g Zr, Nb, LREE, wheres the
aluminows granites are enriche in Rb, Ta, U, and Sn In
general the® granites appea to be pat of the anorogerg groyp
of granites (A-type) identified by Loiselle ard Wones (1979 ard
Collins et al. (1982) In addition to sharirg the tectont settirg
in which they are produced both types of rare-meta granie
are enrichel in fluorine and chlorine From a review of vol-
cant glas analysesChristiansa et al. (1983 hawe pointed out
Iha silicic peralkalire magma are generaly Cl-rich (F/Cl <
3), wherea aluminols rare-meth granites or rhyolites are
enricha in fluorine (F/Cl > 3). The latter are the Sovid equiva
lent of the "Li-F geochemichtype' ard contras with the
agpaitc geochemichtype (e.g Kovalenkq 1978)

In this study, we hawe examine the rare-meth Sheeprok
granite from westen Utah, U.S.A, in an effort to formulae
amodé for the origin ard evolution of fluorine-rich aluminois
magmas We concluege tha the parenth magma of the
Sheeprok granie appeas to hawe bea derivad by smal degres
of partid melting of Rb-poa granulites of the lower continen
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FIGURE 1. Schematic geologic map (after Cohenour 1959, and Christie-Blick 1983) of the Sheeprock granite showing the distribu-
tion of the specimens collected for this study. Symbeols are used to distinguish the three geochemical groups discussed in the text.
Sample localities without numbers represent unpublished analyses. Locations mentioned in text include CJ — Copper Jack mine;
U — Utah mine; FD — Flying Dutchman mine; JC — Joes Canyon (samples from these localities have these labels); SLC — Salt

tal crust Decompositia of smal amouns of F-rich biotite in
high-grag metamorphs rocks controlled the degre of partid
melting Mog of the geochemichvariatin within the Sheeprok
granite is the resut of in situ fractiond crystallization with mar
gind accretiom of cumulae phases The® processe produce
a marked geochemichzonatia in the pluton defined by three
distinctive groups of specimensThe fractionatio of accessor
minerak played an importart pat in the trace-elemenevolu
tion of the magma

Geologic Setting

Late Cenozot magmatisn of the easten Grea Basin westen
U.S.A,, producel a numbe of aluminows A-type rhyolites
Thes rhyolites are pait of a bimodd (basalt-rhyolit¢ suite ard
are contemporaneauwith lithospherc extensia in the Bash
and Rang province Many contan topa ard are rich in Be,
U, Rb, Ta, ard F ard appea to be the volcant equivalens
of rare-methgranites (Christiansa et al., 1983 1986) The erup
tions of the® rhyolites hawe resultel in severd smal uranium
and fluorite deposis and an importart beryllium deposi within
the 21 Ma Spa Mountah Formation Utah (Lindsey 1982 Burt
et al.,, 1982) A smal pluton of chemicaly and temporaly
equivalen granie is preservd in the Sheeprok Mountains
abou 60 km to the northeas (Fig. 1).

The Sheeprok granite is only one of a numbe of igneows
complexe exposedalorg the lengh of the east-trendig Deep
Creek-Tintt minerd bek (Shave ard Stewarf 1976 Stewat
et al., 1977) This trend is marked by basemenhighs plutonic
ard volcant rocks aeromagneti highs ard by minerd deposis
generaly associate with the igneous rocks Although the plu-
tonic rocks are of a variey of ages (Precambrian Jurassic
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middle and late Tertiary) mog are Cenozoic Mid-Tertiary
intermediat to silicic pyroclastc rocks lavas ard plutors were
emplacé in a southwad migrating volcantc bek tha may hawe
been pat of a broad volcant arc relatel to lithospherc sub
duction a the continenth margn (Stewat et al., 1977 Lindsey
et al.,, 1975 Lipman 1980) A fundamenthchang in the natue
of Cenozot magmatisn occurrel approximatel 23 Ma (Beg
et al., 1980 ard was markel by the onsé of bimodd mafic
and rhyolitic volcanisn in westen Utah The® A-type granites
and rhyolites (mary of which contan topa2 are geochemicajl
distina from olde I(Caledonian)-typ (Pitcher 1983 ard S-type
granitoids of westen Utah ard easten Nevada Even befor
this chang in magma chemistry tectont extensio of the Gread
Bash in awest-southwesdirection was underwg behird a calc
alkaline volcanic arc, which by this time wasrestrictal to area
nea the coas (Zobadk et al., 1981, Eaton 1984) As aresut
of the developmenand growth of atransfon bounday at the
westen margh of the continent the extension directin change
to approximate} east-wessometine betwea 10 ard 6 Ma ag
and formed the presen fault-controll@ topograply of the Grea
Bash (Zobadk et al., 1981)

The Sheeprok granie is asmal pluton (ca 25 km?) expose
along the southwes flank of the Sheeprok Mountairs horg
in the easten Gred Bash of west-centra Utah (Fig. 1). The
pluton intrudes Late Proterozot quartzites slates phyllites and
diamictites as wel as Paleozod sedimentar rocks Portiors of
its margirs are coverel by Cenozot alluvium (Christie-Blick
1982 Cohenouy 1959) Severatypes of geologt information
sugges tha the pluton crystallized a a relatively shallov levet
the ladk of a regiond metamorpht aureole the presene of
miarolitic cavities the extrene variatiors in texture ard the
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presene of olde (Oligocene} volcant rocks very nea the con
tad of the pluton (Cohenouy 1959) If no fault separatethes
outcroys this lag bit of evidene suggest tha the pluton was
emplace less than one kilometre from the surface however
no volcantc rocks hawe bea identified tha could hawe eruptel
from the Sheeprok granie itself.

Alteration of the wall rocks is generaly we& althoudh sone
smal roof pendarg are intensey biotitized or pyritized The
intrusive contacs are generaly sharp but gradationh contacs
with the metasedimentgrrocks are found nea the southeats
margin The granie within a few ters of metres of the conta¢
in this area contairs apparentt primaty muscovite andalusié
is nat presemin thee rocks Becaus of the® obvious changs
which resultel from assimilation of countly rocks a the mar
gins of the pluton the border-phasrocks were nat the subjet
of detailel study

Analytical Methods

The specimen analyzel for this stud/ were the freshes
obtainabé from naturd outcrops road cuts ard mine dumps
within the pluton (Fig. 1). Ead rodk specima consistd of a
leag 3 kg of material Specimes selecte for chemich and iso-
topic analyss wete chose to represeh the spectrm of rock
compositiors on the bass of preliminay XRF analyss ard
petrography

Wavelengh dispersie XRF analyss of fusal glas disks was
usal to determire Si, Ti, Al, Fe, Mn, Mg, Ca Na, K, ard P
(Taggat et al., 1981) Energy dispersive XRF using rodk pow
ders was usal to determire Rb, Sr, Y, Zr ard Nb. Acid diges
tion ard inductively couplal plasma spectrometr were usal to
analyz for Mo (nat reportel becaus mod specimen containel
less than 2 ppm, the detectio limit), Be, ard Li (Taggat et
al., 1981) Fluorine ard chlorine were analyzel by a specifc
ion electroa technique C\ contens were a or belav the 0.01%
detection limit ard are not reported Othe trace elemens (Cs
Ba, Th, U, Ta, Hf, Sh Sc Co, ard selectd REE) were ana
lyzed by instrumenthneutra activation (Gordm et al., 1968)

Sr-isotofe determinatios were performel on ®Rb- ard ®'Sr-
spikad splits 'SrP%sr ratios have been normalizel to ®°Sr/f%sr
= 0.1194 The mea ¥'Srf®sr for the Eimer and Amend
standad was 0.708@ * 0.00@ (2 sigmg during the cours of
the study. Uncertainy in individud analyse (including sam
pling erron is taken to be 0.03%% a the 95% confidene level
Isotopic ard decy constans usal in all calculatiors are those
recommende by the IUGS (Steige ard Jager 1977) The
isochra regressia was dore usirg a modified versian of York
(1969) Analyticd uncertaintis for Rb and S concentratioa
(Table 1) basel on replicatel analyss are abou 1.3% (2 sigma)

TABLE 1. Rb and Sr isotopic composition of the
Sheeprock pluton, Utah

Rb Sr 875”865[
Sample (ppm) (ppm) 87gp/86s, 875865 (at 20.9 Ma)
SR CJ 172.7 327.0 1.528 0.70967 0.70922
SR51 4846 1206 11.63 0.70975 —
SR 101 5034 98.7 14.76 0.71034 —
SR 191 3272 422 22.46 0.71495 0.70828
SR4 3674 312 34.13 0.71772 0.70759
SR61 4565 38.7 34.15 0.71731 —
SR 161 596.2 50.0 34.53 0.71650 —
SR 201 5386 308 50.66 0.72125 —
SR 131 8419 210 112.0 0.73944 —

Analysts: K Futa and EH Christiansen

Petrography and Mineralogy

The Sheeprok pluton consiss of texturally varied granie rang
ing from biotite monzograng to biotite-muscovié syenogranite
The margind pha® (geochemichGrouy 3 describe below, Fig.
1) of the pluton consists for the mog part of fine-grainel
neary aplitic rocks but coarse-graing varians are also found
(e.g nea the southen margh in the v icinity of the Coppe Jak

Granite-Related Mineral Deposits

and Utah Cu-+ deposits) Coarse-graing biotite monzograni
is typicd of the iron-stainel collar (typicd Grouwp 2) surround
ing the plutons chemicaly distinctive core (Groyp 1). The
interior of the pluton generaly consiss of porphyritic granie
with large crystab of alkal feldspa and smoly quartz sé in
a finer graina iron-stainel groundmas of hypidiomorphc
plagioclase alkal feldspar quartz and interstitid biotite,
fluorite, ilmenite, arnd magnetite Notablke accessorginclude
zircon, apatite Th-rich monazite Nb-Ta\W oxides thorite ard
rare uraninie (the latter four identified by autoradiograph ard
microprole analysis Funkhouser-Marolf 1985) Changs in the
modes of the principd phase are minor in the pluton ard are
overwhelmel by the gred texturd variety. Shap contacs do
not separag the geochemichgroups althoud internad intru-
sive contacs are present Textures indicae the co-crystallizatio
of alkali-feldspar quartz plagioclase biotite and Fe-Ti oxides
throughot the pluton The® phass can be found as inclusiors
in the other. In addition zircon ard apatie ippea to hawe crys-
tallized early and are preset in all specimens Monazie has
been identified in all specimen excep SR-CJ as inclusiors in
silicates (generaly biotite) or as discree euheda interstitid to
othe grains In the specimen describd in this paper monazie
is subhedrhto euhedrhard is nat associaté with minerak that
are clearly the resut of secondar alteration (muscovite fluorite,
hematite topaz) ard we suggesthat it is a primary magmatt
phase Thorite, which we al interpréd as a magmatt phase
is found in specimen from all three geochemichgroups but
has been identified in only abou 50% of the specimensprob-
ably becaus of its low abundane ard the smal area of eah
thin section Detaik regardig the compositim and petrogra
phy of monazie ard thorite are recordel by Funkhouser-Mardl
(1985)

Alkali feldspa is commony perthitic and rarely shows the
tartan twinning of microcline Biotite ard plagioclag grairs are
commony but nat universaly altered in all three geochemich
groups Biotites hawe narrov rims of secondar white mica ard
the cores of sorre plagioclag grairs hawe bee sericitizel to vary
ing degrees Sericie plus fluorite after feldspa is a comma
associatio that is found throughou the pluton in extremey
minor quantities

Sub-sphericlarosettesof beryl are alo found within the core
of the pluton (Williams, 1954) The® rosetts may be as muc
as 50 cm in diamete ard are composd of bery crystals radk
ating from a comma centre chokel with oriental inclusiors
of Na-plagioclasequartz alkali-feldspay white micg ard fluid.
Sone rosetts are surroundd by a halo rich in alkai feldspa
or biotite. Williams (1959 suggeste tha thes rosetts grew
during late magmatt conditiors afte the magma becane fluid
saturated as indicatel by the coincidene of the distributiors
of rosetts and rare miarolitic cavities Somne of the miarolitic
cavities within the core of the pluton cary topa crystals The
presene of beny ard the high whole-rok concentratios of
Be (up to 50 ppm) sugges a strorg similarity with the Be-
mineralizel Spa Mountan rhyolite.

Pegmatitc pods (the larges 50 cm wide but mog less then
10 cm acros} are alo presehn throughou the intrusion Most
are composéd of quark or quartz-feldpar-muscovifdut sone
carly samarskitewolframite beryl, and ilmenite (Harris 1958)

Spare greisen-borderck veinles occu alorg fractures and
on the margirs of sone aplite dykes (Howell, 1987) The®
guartz-muscové or quartz-muscovite-topaalteration haloes
exterd only a few centimetre away from the fractures as indi-
catal by field, geochemicalard petrograpid studies Greisa
veinles are particulary comma in the outlier of the pluton
in Joes Canya which expose only the uppe ters of metres
of the pluton ard in the northwestem pat of the pluton Cas
siterite is rarely presenin the veinlets it has al® has been iden
tified in heay minerd concentrate from the streans tha drain
the pluton (H. Htay ard W.R. Griffitts, written comm, 1981)
Hematite wolframite galena ard sphalerié also occu within
the greisen veinlets We hawe found no evidene for albitiza
tion in our samplirg of the pluton
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FIGURE 2. Isochron diagram for samples of the Sheeprock
granite. Symbol size corresponds to + 2 sigma errors. Samples
CJ, 191, and 4 were not used in the regression of the isochron
as explained in the text,
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FIGURE 3. Fluorine and SiO, concentrations of samples from
the Sheeprock granite. Symbols are the same as those in Figure
1. Also shown is the field of compositions for other granitoids
from the Basin and Range province (Lee 1984; Christiansen and
Lee, 1986). Many Precambrian anorogenic graaites (] from the
region are also F-rich but are not as siliceous,

Electran probe analyse (E.H. Christiansenin prep) shav
that the hydrothermé white micas found in the greises are
ferriphengite-muscowit solid solutiors with molar Fe = 05 to
10 pa 24 (O + OH + F). The white micas contan low con
centratiors of TiO, (typically less than 0.3 wt%). Calculate
at 350°C log fH,O/fHF ranges from 39 to 49 The® micas
contah up to 2.5% F and hawe fluorine interceps (Munoz,
1984) tha cluste arourd 0.7. Igneows biotites hawe high
Fe/(Fe + Mg) ratis — 08 to 0.%5 — ard are relatively
aluminows (34 Al/24 O 4- OH + F). The biotites are also F-
rich (1.1 to 35 wt%). Thes values are similar to those found
in biotites from rhyolite vitrophyres from Spa Mountain Utah
Fluorine interceps for the biotites range from 0.7 to 1.7,
wherea chlorine interceps range from -4.4to -3.3. Accord
ing to Munoz (1984) the values are typicd of those found
in F-rich magmatt and hydrothermé biotites relatel to por-
phyry Mo ard Sn-W-Be deposits At 700°C calculatel log
(fH,O/fHF) range from 4 to 2.8, the loweg values come from
the core of the pluton

Geochronology and Sr-Isotope
Geochemistry

Armstrorg (1966 initially reportel a K-Ar (biotite) age for the
Sheeprok granie as 192 (+ 3 - 2) Ma usirg instrumentaneu
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FIGURE 4. An-Ab-Or (a) and Q-Ab-Or (b) ternary diagrams
showing CIPW normative compositions of the Sheeprock granite
in relation to the polybaric minima in the granite system as deter-
mined by Tuttle and Bowen (1958), Luth et al. (1964), and Whit-
ney (1975). The three geochemical groups are shown. Numbers
beside crosses indicate water pressure in kb at respective
minimum.

tron activation analyss of Ar. Armstrorg (1970 later modk
fied this value using mas spectrometd determinatio of Ar
on the sane specima to 174 + 0.3 Ma (recalculatd usirg new
decay constants)D.A. Lindsey (written coram, 1981 obtainel
a fission-tra& (zircon) age of 163 + 0.9 Ma for the intrusion
Rb-S isotop dat for the Sheeprok granie (Table 1) do
not fit a straigh line within the limits of analyticd precisim
(MSWD = 68.1) Regressio of all the data yields an age of
198 + 2.0 Ma ard an initial ¥’Sr/® of 0.70% + 0.002 in a
Modd 3 fit. Data for three specimen (CJ, 191, ard 4) plot dis-
tinctly aboe the trerd defined by the othe six specimensThes
three specimen come from a smal area nea the southeaster
marghn of the pluton, and contaminatio by assimilatio or reac
tion with the Proterozaot wal rocks seens probabé even thouch
they shawv no petrographt evidene of sud assimilation e.g
they hawe no muscovite Exclusia of thee specimen from the
regressio reducs the MSWD to 9.57, but a Modd 3 fit to the
datais still required The resultirg age is 209 = 12 Ma, ard
the initial 87Sr%68r is 0.706t + 0.00@ (Fig. 2). The relatively
large errors ard the Modd 3 fit suggestha even the remain
ing six specimen were nat isotopicaly homogenos a the time
of crystallization The effed of suth contaminatio on elementh
concentration is likely to be vety small De Paob (198) has
shown tha assimilation of wall-rocks by a magna may be obvi-
ous from isotopt studies but will be essentiall invisible in terns
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TABLE 2. Whole-rock chemical analyses of the Sheeprock pluton, Utah

Sample
Number

SiO,
TiO,
Al,O3
Fe,03
MnO
MgO
CaO
Na,O
Kzo
P,0s
Total
LOI
CIPWC
A/CNK
DI

F
Rb
Sr
Y
zr
Nb
Li
Be
Ta
Cs
Sc
Sh
Hf
Th
U
La
Ce
Nd
Sm
Eu
Th
Dy
Yb
Lu
Cr
Co

ClPw C
DI
LOI

AICNK
nd

11

76.9
0.07
12.6
0.89
0.03
0.10
0.49
3.37
516
0.02
99.63
0.56
0.63
105
95.77

3900
903
16
63
123
113
236

14
23

Group 1
21 121 131
76.8 76.7 76.8
0.06 0.07 0.06
12.9 131 12.9
0.87 0.88 0.91
0.02 0.02 0.02
0.10 0.10 0.11
051 0.37 043
375 3.62 3.58
453 4.92 4.61
0.02 0.02 0.02
99.56 99.80 99.44
0.51 0.64 0.66
0.95 120 129
108 110 111
9539 9582 95.36
3900 3100 3400
757 951 811
18 16 20
43 52 52
120 112 97
98 96 91
223 234 153
9 50 9
18 30 26
13 21 12
25 30 2.6
0.09 0.09 0.14
74 70 6.7
45 46 46
30 12 17
29.0 324 329
56.9 66.2 67.5
181 254 22.6
36 50 54
0.20 0.18 0.18
0.49 0.68 0.73
32 45 45
55 6.5 6.9
097 11 11
nd nd 26
0.36 0.39 0.44

- Not detected.
' = Analyses of Spor Mtn and Thomas Range, Utah, rhyolites from Christiansen et al. (1984).
Analysts: A. Bartel, EH. Christiansen, E. Brandt, H. Nieman, M. Malcolm, J. Budahn, and R. Knight.
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76.5
0.06

128
100
0.03
0.10
0.40
3.86
4.65
0.02
99.42
0.59
0.74
106
95.98

21
0.47

231

76.7
0.07
12.9
0.88
0.02
0.12
0.39
3.32
4.95
0.02
99.55
0.75
143
112
95.43

3500
921
11
54
109
94

0.47

FD

773
0.06

12.7
0.84
0.05
0.11
0.06
3.59
4.67
0.02
99.42
0.42
169
115
96.82

2500
958
11
21
129
101

0.52

51

74.6

99.60

16

Group?2
61 101 111
Weight Percent
774 755 76.9
0.17 0.28 0.18
124 12.8 12.2
126 146 0.99
0.02 0.03 0.02
0.19 0.31 0.20
043 0.73 0.60
3.04 3.34 3.08
494 497 5.24
0.02 0.08 0.02
99.87 99.50 99.43
0.69 0.45 0.55
132 0.79 0.42
11 105 103
94.75 934 95.0
Parts Per Million
1900 2600 3100
456 507 522
39 99 54
a4 33 33
159 186 139
71 69 57
67 98 20
14 13 27
14.6 14.2 10.0
51 72 49
2.0 29 21
nd nd 0.05
7.00 9.00 535
81.8 745 66.1
28.3 24.7 11.9
771 76.9 63.4
146 141 117
475 45.2 384
8.93 7.26 6.99
041 0.65 0.49
121 0.74 0.80
6.42 359 4.90
5.78 4.36 3.64
0.89 0.68 0.57
0.7 0.6 nd
0.88 12 0.75

161

76.6
0.17
126
121
0.03
0.20
0.26
3.10
5.26
0.02
99.45
0.69
139
112
95.52

2900
596
50
36
163
59
182
12
112
13
201
0.17
6.71
73.6
6.48
705
127
40.7
7.62
0.46
0.93
4.84
3.99
0.60
0.03
091

171

76.0
0.20
126
136
0.03
0.24
0.58
3.01
5.26
0.02
99.33
0.79
0.96
108
94.08

3000
524
68
42
165
56
105
46
105
6.8
213
0.11
6.31
713
9.05
62.9
118
415
745
0.59
103
5.85
4.30
0.63
nd
11

211

76.1
0.20
13.0

119
0.02
0.21
0.46
3.30

5.29

0.02
99.79
0.56
106

127
11
2.23
0.12
6.72
67.7
8.94
61.6
113
38.1
7.10
0.54
0.88
4.78
411
0 66
nd
0.96

Normative corundum calculated from fluorine-free analyses. Fe,O3/FeO ratios were calculated using Sack et al. (1980).
Differentiation index.
Loss on ignition at 1000°C for 4 hours.
Molecular Al,O4/(CaO +Na,0+K;0).

76.8

81

77.0
0.13
12.3
0.86
0.02
0.13
0.47
311
532
0.02
99.36
0.56
0.62
105
95.79

07

Group 3
191

77.6
0.08

123
0.83
0.01
0.12
0.39
3.15
5.05
0.02
99.55
0.51
1.00
108
95.94

0.2

201

77.1

99.66

95.34

nd
0.7

CJ

72.0

99.36

Topaz Rhyolites*

Spor Mtn Thomas R

74.2
0.05

135
129
0.06
0.11
0.61
3.95
4.86
0.00
100.00

0.79
105
94.15

75.9
0.10

12.7
107
0.06
0.14
0.80
3.78
4.92
0.00
100.00

0.0
0.98
94.54
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FIGURE 5. Variation diagrams showing incompatible element concentrations for the Sheeprock granite plotted versus Rb. Group
| — open diamonds; Group 2 — closed squares; and Group 3 — open squares.

of trace elemem abundance until large amouns of assimila
tion hawe occurrel (Lee ard Christiansen 1983) For example
assimilation of approximatel 1% of radiogent Proterozod wall
rocks of the sott intruded by the Sheeprok granie could raise
the Sr-isotog ratio of a Sr-rich specima like CJ from 0.70®
to 0.7070 Even les contaminatio could produe significart
isotopic changs in the Sr-poa rocks We, therefore sugges

. tha the trace elemem concentratios of al of the specimesn

are petrogeneticayl meaningful

The Rb-S age is somewha older than the K-Ar and fission
tradk ages for the Sheeprok pluton but it is indistinguishabd
from the radiometrc dates obtaine from the geochemicail
similar rhyolite laves ard tuffs of the Spa Mountan Forma

. tion which contan North Americas larges mineabé soure of

-

Be Lindsey (1982 reportal a K-Ar age (saniding of 212 + 09
Ma and a fission-trak age (zircon) of 215 + 11 Ma for this
distinctive volcant unit. Vent for the Spa Mountan rhyolite

. lie 60 km west-southwes of the Sheeprok pluton Thus

althoudh the Spa Mountan rhyolite did nat erug from the
Sheeprok granie magma its similar age ard geochemisir (see
below) suggestha a very similar magna developd approx
matel simultaneously

Geochemistry
Major Elements

Major elemem analyse ard partid CIPW norms are presentd
in Table 2. Analyses of two topa rhyolites are al® included
for comparisa — one from the 21 Ma Spa Mountan rhyolite
and the othea from the 6 to 7 Ma rhyolites from the Thoma
Range Utah The granites from the Sheeprok Mountairs are
uniformly high in SiO,, rangirg from 75% to 77.5°0 (recalcu
lated volatile-free ard normalizel to 100%) A coarse-graing
variart nea the southeasmargn of the intrusion contairs les
silica (e.g CJ has a silica contert of 72.6%) In addition the
specimes al hawe high Fe/Mg ard K/Na ratios ard totd alkal
contents ard low Ti, Mg, Ca ard P. Fluorine concentratioa
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in the Sheeprok granite are much highe than in mog granites
(Bailey, 1977) ard range up to 0.3% (Fig. 3). Biotite ard
fluorite are the mog importart mineralogich hoss of F. The
geochemich features of the Sheeprok granie revea its
similarity to topa rhyolites from the easten Grea Bash and
to aluminows anorogerg granites from othe pars of the
world (Christiansa et al., 1986) All of the specimes are
peraluminos ard contan 0.4% to 1.8 normative corundum
(Al1/(K + Na + Ca range from 1.8 to 1.15) CIPW norns
were calculatel using FeO/FgO; ratiocs adjustel by the
methal of Sak et al. (1980)

Normative feldspa compositios (Fig. 439 plot belov the 2 kb
cotectt determiné by Whitney (1975) and therefoe sugges
a low pressue of crystallization The positiors of the data points
in the Q-Ab-Or ternay diagran (Fig. 4b) indicae that the plu-
ton crystallizel a a wate pressue betwea 05 kb ard 1 kb.
This pressue estimaé ignores the role of fluorine on the com
position of granitic melts According to Manning (198) rela
tively smal amouns of fluorine shift the fluid-saturate mini-
mum (at 1 kb) towad more albite-rich compositions therely
mimicking the effed of increasd pressure It is difficult to esti
mat the magmatt concentratia of fluorine from a non-glasg
rock, but fluorine contens of the biotites indicae tha the melt
may hawe containe up to 10 wt% F. This estimae is base
on a biotite/glas partition coefficiert for F of 35 to 4 as deter
mined for the Spa Mountan rhyolite (E.H. Christiansen
unpubl data) According to Mannings (198) experimentsthis
mudch fluorine produce a shift in the minimum mek composi
tion analogos to tha producel by increasig H,O pressure
up to 2 kb in the absene of fluorine. Thus althoudh nat con
clusive al of the evidene is & leas consisten with field evi-
dene for crystallization & low pressure

Trace Element Composition

Concentration of a wide variety of trace elemens are shown
in Table 2. The Sheeprok granik is distinctive becaue of its

Recent Advances in the Geology of
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generaly high concentratios of sone incompatibé trae ele
ments Rubidium contens range from les than 200 ppm to
neary 10® ppm Likewise the granie is enrichal relative to
Cordilleran ard Caledonia I-type granitoics (Pitcher 1982
typicd of the Gred Basin in Y, Nb, Ta, Li, Be Cs U, ard
Th. Zirconium ard rare earh elememn (REE) concentratios are
similar to those in mary othe silicic rocks but heay REE
(HREE) contens are slightly elevated Elemens concentrate
in feldspas (Sr, Ba, Eu) ard mafic silicates (Co, Cr) are strongy
depleted All of the® features indicak tha the granik is highly
"differentiated or "evolved", in accod with the maja ele
mert evidene of high Si, and extrene depletiors of Ti, Fe Mg,
and Ca In mary compositionaregards the Sheeprok granie
is like the anorogert granites describe by Loiselle ard Wones
(1979) Collins et al. (1982) Andersa (1983) Stuckles et al.
(1983) ard DuBray et al. (this volume) It also beas geochem
ical similarity to the biotite-beariig Younge Granites of Nigeria
(Bovvden 1966 Olade 198Q Imeokparia this volume Ekwere
and Olade 1984) the "tin" granites of Alaska (Hudso anrd
Arth, 1983) evolvad portions of the greisenizd ard
Sn-mineralize Blue Tier Batholith (McCarthy and Groves
1979) the tin-specializé granites of the Souh Mountah
Batholith, Nova Scota (Chatterje et al., 1983 ard especialyf
to the Eurajok stok of Finland (Haapala 1977) Sovid geot
ogist would classif the Sheeprok granie as a "rare metd
Li-F" granie basedon its decidel enrichmenin Li, F, Rb, ard

Granite-Related Mineral Deposits
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FIGURE 7. Uranium and thorium content of the Sheeprock
granite as compared to granitoids from the Sierra Nevada
batholith. California (Dodge er al., 1982). An average U.S. grani-
toid (Stuckless and VanTrump, 1982) with the cross represent-
ing = 1S.D. is also shown.

Ta (Kovalenkq 1978) Figures 5 ard 6 shav variation diagrans
for some of the majar ard trace elementswhere incompatibé
elemens are plotted againg Rb ard compatibé elemens are
plotted again$ Sr. Figure 7 cleary shows the uranium ard
thorium-rich natue of the Sheeprok granie as compared to
I-type granitoics from the Siera Nevad batholih (Dodge et
al., 1982 ard avera@ U.S. granitic rok of Stuckles ard Van
Trump (1982)

The maja ard trace elemen compositios of the specimen
from the Sheeprok granit defire three geochemidagroups ard
indicate tha the pluton is chemicaly zonel (Figs 5 ard 6). The
three groups produe divergen arrays on plots of two elemens
that hawe differert bulk partition coefficiens (i.e. anh incom
patible vs a compatibé elememn — Fig. 8). At agiven contert
of an incompatibé element Group 2 specimen are enrichel
in the compatibé elements relative to specimen from Group
3. Groy 1 consiss of highly evolved specimes from the core
of the pluton The area tha Grouy 1 specimen were collecta
from is the exclusie hog of the bery segregatios noted above
A somewhalarge areatha includes this zore has been termed
the "white fade$ of the Sheeprok granie (Williams, 1954
H. Htay and W.R. Griffitts, written coram, 1981) Specimen
from Groups 2 ard 3 surrourd the core but are nat spatialy
distina from one another The® specimean were collectal from
the white facies ard the oute "red fades (iron-stainedl of the
pluton. The distribution of the red ard white facies as mappel
by Htay ard Griffitts does not correlag with the chemicé
groups defined here A contat betwea the two facies is not
visible on colour air phots or from ouw reconnaissarmc
mapping

Grouwp 1 specimen hawe high Rb/S ratios (40 to 90 ard low
La/Yby (ca 3). Grow 1 specimen are enrichel relative to
those of the othe two groups in Na, F, Sc (3 ppm — the® ard
othe concentratios listed belov are maximums) Be (50 ppm),
Li (260 ppm with one outlier & 420 ppm), Rb (960 ppm), Cs
(20 ppm with one outlier a 43 ppm), Ta (33 ppm), Nb (130
ppm), Y (60 ppm), Hf (9 ppm) ard HREE (Yby = 35). Rela
tive to Grouw 2 specimes thos from Grouy 1 are depletel in
Th (50 ppm — maximum) Sr (20 ppm), Zr (125 ppm), LREE
(Lay = 100) Ti, Fe Mg, Ca K, ard P ard haw relatively
low Nb/Taratios (3 to 5). As agroup the® specimen are al
depletel in U relative to Groups 2 ard 3 (Funkhouser-Marolf
1985) With the exceptios of the U and Th depletions thee
are comma geochemichatrends producel by the differentia
tion of aluminows high-silica magma (Hildreth, 1981)

The REE patterrs of specimes from the three groups are
grossy similar, but subtly distind (Figs 9 ard 10) Rocks from
the core of the pluton (Groy 1) are the mog depletel in Eu
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FIGURE 10. Anomalous REE patterns of 2 samples of the
Sheeprock granite which do not correlate with the geochemical
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cated by other element concentrations) are shown beside sam-
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FIGURE 9. REE patterns of 17 samples of the Sheeprock granite
divided into three geochemical groups.
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and LREE ard haw elevatel concentratios of Yb ard Lu.
Groups 2 ard 3 hawe REE patterrs tha largely overlg for ele
mens heavie than Tb, but are distinad in LREE concentrations
Group 2 specimes contan highe concentratios of LREE.
Specimes from both of the® groups contan highe totd REE
and especialf Eu contens than Grow 1 specimensSampé CJ
(Grouw 3) ard FD (Grouwp 1) are shown separatsl becaus they
do nat confom to the REE patterrs of othes from ther respee
tive groups CJ was collectel from asmal Cu-Zn+ mine dunp
(Coppe Jack but shows no petrographi sigrs of significart
hydrothermé alteration Specimen from this smal area are the
mod mafic of thoe analyzed FD is the only specime ana
lyzed that contairs topa visible unde a microscope If, as we
suspect topa crystallized as a resut of post-magmat altera
tion, then modification of REE concentratios might be
expecté (Alderton et al, 1980) This specima also has lower
Y contens than othes from the evolvad Growp 1 (21 ppm vs
the 54 ppm avera@ of the reg of the Groy 1 specimens)
(Yttrium is geochemicajf similar to the heavie middle RE ele
ments) However in ternms of maja and mog trace (Rb, Nb,
Sr, Zr, Ta, S¢ Th, ard U) elemen concentratios the speci
men is indistinguishal# from the othes in Groy 1. The low
fluorine conten of this specima resuls from its negligibke bio-
tite content

Petrogenesis of the Sheeprock Granite

The Sheeprok granie is geochemicall similar to rare-meta
granites and to topaz rhyolites The core of this pluton is typi-
fied by extremey high or low concentratios of mary elements
In addition it displays alarge internd compositionavariation
tha defines a crude concentré zonation The following sectim
addresse the origin of the internd variation ard the genes
of the magma itsef and is basel on modek of its isotopic and
trace-elemen composition

Recent Advances in the Geology of



Metasomatism

Metasomatt processe may be especialy effective in alterirg
the magmatt compositios of a variey of igneots rocks includ-
ing rare metd granites In fact the greisenizatio of the
Sheeprok granie is cleary the resut of post-magmat
metasomatismHypothetically the compositio of the fluorine
ard alkali-rich core of the Sheeprok granie could be attributed
to metasomatismHowever as shown below, metasomatis
was not responsil# for producirg the maja compositiona
groups ard trends describd above

Metasomatim of the Sheeprok granie producel narrov
(less than 5 cm acros} envelope of greise abou fractures in
the pluton The® envelops are obvios in the field and shav
anomalosg elementh compositiors and petrographt distinc
tions. Greisen-bordekveinles are widely space ard sheetd
greisen veinles are extremey rare It is therefoe unlikely tha
metasomaticayl alteral rocks would be collectal inadvertently
No albitization is presen in the rocks describd here

Bulk rodk analyss ard petrographi studies of greisenizd
rocks shav that metasomatism mobilized Na, K, Rb, Li, Feg
Zn, Pb, W, ard Sn (Howell, 1987) Thes elemens shav enrich
ment ard depletiors in the greisenizd rocks beyord those
explicabke by norma variation of the granite In contrast othe
elemens enrichal in the core of the pluton were not mobilized
by greisenizatio and were in effed decouplé from the mobile
elements Among the elemens analyzed immobile elemens
include Sr, Y, Zr, ard Nb. For the® elements specimen of
greisenizé granie had compositios tha were indistinguisha
ble from the surroundilg granite Nonethelessthe pluton as
a whole shows strorg correlatiors betwea elemen pairs that
respondd vety differenty to metasomatismThe strorg posk
tive correlation of alkalies (Li, Na, Rb, and Cs), tha were
mobile in this F-rich metasomati environmen with elemens
(Nb, Y, Sp tha were nat (Fig. 8), argue strongy againg
metasomadt alteration as having producel the compositiona
groups discussd above Likewise greisenizd rocks from the
Sheeprok Mountairs are consistent} rich in Fe ungreisenize
specimes from the evolval core of the pluton are poa in Fe
(Howell, 1987) In addition Ti, Ta, and Hf (nat analyzel in
the greisen} are widely regarde as beirg immobile in second
ary alteration environmend and yet they shav decidel com
positiond variatiors in the Sheeprok granie ard correlae with
"mobile" elements On the otha hand the observe elemen
trends (Figs 5 and 6) with enrichmerg of Rb, Nb, Ta, etc,
are vely similar to those sea in rhyolitic volcanc rocks whos
glasy groundmasseshav no evidene of metasomatis (Chris
tiansen et al., 1984) Instead the® elementhvariatiors can be
beg explaing by fractionation of observe minerals

Fractional Crystallization Model

We interpré¢ the geochemich trends ard the existene of
geochemich groups as indicating tha the Sheeprok granie
crystallized in situ. Specimen from the core (Groy 1) appea
to represenresidud liquid confined to the inne ard uppe pars
of a magna chambe tha was crystallizing by the accumula
tion of crystas (Grouy 3) on its walls. The chemicé characte
of the evolving liquid (Grow 2) is partially preservd perhap
as aresut of intermittert periods of equilibrium crystallization
of large (a the scak of a specimeh parces of magma Thus
"primitive" met compositiols appea to be preservd alorg
with crystd cumulate and residud "evolved' liquid.
Elementa variatiors of Rb ard S are shown in Figure 11
on which we ba® a discussia of the crystallization of the
Sheeprok granite The crystallizatioo modd shows the evolu
tion of the liquid and solid in a magna accordimg to the Rayleidh
fractionation law. The fraction of residu& liquid (O is indicatel
by tick marks on the curves Thus amek compositim tha plots
on the liquid evolution curve & f = 0.7 coexiss in equilibrium
with a minerd assemblag on the solid evolution curve a the
point labelled 0.7. This sott of crystallizatim model| which
emphasizs the role of granitic cumulates has bee usa by

Granite-Related Mineral Deposits
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FIGURE 11. The crystallization model shown here explains the
three distinctive geochemical groups as preserving liquid (Groups
1 and 2) and instantaneous solid (Group 3) compositions at differ-
ent stages in the crystallization of the pluton. £ is the fraction
of residual liquid. Rayleigh fractionation calculations were per-
formed to show the composition of evolving liquid and its instan-
taneous coexisting solid. The original magma was assumed to
have 400 ppm Rb and 245 ppm Sr with bulk partition coeffi-
cients of DRY = 0.4 and D% = 3.2.

McCarthy ard Hasy (1976) McCartty ard Groves (1979)
Tindle and Peare (1981) ard Lee ard Christiansa (1983 in
examinatios of the crystallization of granitod magmas A
hypothetic paren liquid was chos@ to hawe a Rb concentra
tion of 400 ppm ard S of 245 ppm Bulk partition coefficiens
(DY = 32 ard D™ = 0.9 were chose by an iterative proce
dure to produe@ curves tha pas through the extrems of the
compositionadata sud tha an envelog for possibé compoe
sitions is created

This differentiatim model was checkel by calculatirg the
proportiors of fractionatig minerak by a leag square mas
balan@ techniqe using only maja elements The® calcula
tions suggestha the fractionatirg minerd assemblag consiste
of 46% K-feldspar 27% quartz 21% plagioclase 5% biotite
and smal proportiors of Fe-Ti oxides and apatie (sun of the
squarel residuas was 0.035) This analyss agres with the trace
elemenn modd in suggestig tha a crystallization intervd of
approximatey 45% (Fig. 11) separate Growp 2 (paren} ard
Grow 1 (residug specimensThe calculatel maja elemen com
position of the cumulae (SIO, = 73.5% A1,0; = 13.99 is
broadly similar to the observed compositim of sampé CJ.
When combineal with crystal/liqud partition coefficiens for
siliceolrs magma (Mahoal ard Hildreth, 1983 Nas and
Crecraft 1985 Ewart 1982) the® minerd proportiors sug
ged tha the bulk partition coefficiert for Rb could range from
0.38 to 0.7 ard tha for Srcould range from 34 to 41 — very
close to our independenestimates Consideratia of the large
changs in D's as a function of both temperatug and smal
changs in mek composition (Lesher 1984 Na ard Crecraft
1989 implies tha the® two set of estimate D's are com
parable

In spite of its inheren assumptionsthe fractiond crystallr
zation modé appeas to explan sorre of the maja feature of
the evolution of the Sheeprok granite especiall the divergene
of Groups 2 ard 3 on compatibé vs incompatibé elemen plots
Specimes from Growp 2 appea to be mog like the origind
liquid from which the intrusion crystallized Specime CJ
(Group 3) appeas to be an eary cumulae from this magma
and is poa in incompatibé elemens and enrichel in the com
patible elements The separatia of suh materid drove the
residua liquid toward compositiors typicd of the core (Group
1) which is rich in Rb ard othe incompatibé elements nota
bly Be. Grou 1 specimen are the mog evolved If the bulk
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FIGURE 12. Zirconium versus hafnium variation diagram show-
ing covariation within each geochemical group.

D's ard initial compositiors chosa for the Rayleicgh fraction
ation modé are approximatey correct this grou has compe
sitions tha refled removad of 70% by mas of the origind
magma Crystd cumulats from this evolvel liquid also appea
to hawe been preservd in the Group 3 specimes which diverge
from Grow 1 toward low Rb concentratios a an approx
mately constah Sr content Such a patten is strongy indica
tive of cumulae processgin magna chambes (McCartty ard
Hasty, 1976) Specimen that plot betwea the liquid and solid
evolution curves can be explainel readily by the incomplee sepa
ration of crystallire materid from the evolving melt In addk
tion, sone scatte of the data abou the modé curves is proba
bly the resut of minor wall-rock assimilation secondar
alteration or weathering

The degre to which specimer from the Sheeprok granie
adhee to the trace elemen patterrs is testimoly to the applica
bility of the crystallization model Plots of incompatibé vs com
patible elemens (Fig. 8) consistentf shav a divergene in the
concentration of compatibe elemens betwea Groups 2 ard
3. This suggest that the elementh compositm of the pluton
was strongy controlled by fractiond crystallization and that
specimes with chemicd compositiors like cumulates and like
liquids were preservd during the solidification of the pluton
It follows from the fractiond crystallization modé tha plots
of elemens with grossy similar bulk crystal/liqud partition
coefficiens shoutl form linea arrays This featue is shown
in Figure 6. In the® diagrams the compositios of specimer
from Groups 2 and 3 overlg substantially This is predictel
from the modé becaus for the ca® of similar partition coeffi-
cients solid ard liquid evolution curves are nat readily distin
guishabé from one anothe — regardles of the initial concen
trations chosa for the model Linea variation trends sud as
thes are similar to thos interpretel as originating from the
separatio of restie from a granitc magna (Compstm and
Chappell 1979) Therefore attemps to determire the mechan
ism by which composition& variey arises in granitic plutors
shoul include a comparisa of elemeng with as much geochem
ical contras as possibé (i.e. elemens with substantialf differ-
ent bulk partition coefficients)

Accessoriinerals

The importane of trace or accessgr minerak in controlling
the compositio of the Sheeprok granites is well-displayel by
Zr and Hf variations The variatiors in thee elemens are
strongl controlled by zircon which (by mas balane calcula
tions) mug occu in amouns of only 0.2 to 0.04 wt% of the
specimens Figure 12 shows the covariation of Hf and Zr. The
three geochemiclgroups reman distind but the compositiors
of ead growp lie in semi-parallearrays with positive slopes but
differert Zr/Hf ratios Grouw 1 specimen hawe Zr/Hf ratios
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that range from 14 to 18 and specimen from Groups 2 an
3 vary from 20 to 28 The® trends are mog likely causd b
smal variatiors in the amoun of zircon in eat specime an
can be likened to mixing lines betwea zircon and granie
Nonethelessby consideriig growp averagesthe Zr-Hf varie
tions are consisteh with the interpretatio of Zr as acompad
ble elemen ard Hf as an incompatibé element This is the sd
of behaviou se@ in mary high-silica granitc magma (Hildreth
1979 1981)

RareEarth Elements

Acceptirg a fractiond crystallization origin for the chemic
variation in the Sheeprok granite we can examire sone impli
catiors for the mineraloge controk of the trends of specif
REE Othe investigatos hawe notal the difficulty of usirg RE]|
for granie petrogeneti modeb becaus of their occurrene i:
accessor phass (Fourcae and Allegre, 1981; Gromé ard Si
ver, 1983 Lee and Christiansen 1983) As a result the con
centratiors of the REE are vely sensitive to samplirg problem
becaus of the heterogeneaudistribution of minute quantite
of REE-rich minerals Nonethelesssone conclusios regad
ing the REE evolution of the Sheeprok pluton can be mace
For example the enrichmemn of LREE in the Grouwp 3 (cumnu
lateg specimen and the complementayr depletion of LREE ii
the core (Groy 1) specimenis indicative of a LREE-rich phas
in the cumulws minerd assemblag (Fig. 9). It appeas that thi.
phag accumulatd in the margh of the crystallizirg pluton arc
enrichal the solids in LREE relative to the evolving residwa
liquid. Converselythe Grow 1 specimen aie enricha in heay
REE (Fig. 9) relative to the cumulae groy ard thee mug hawv
behave as incompatibé elements

When first observe in silicic igneots rocks sud depletio
patterrs for LREE ard enrichmen of HREE were deemeé t<
be inconsistehwith an origin by crystd fractionation ard sevea
investigatos called on "liquid-staté' differentiatian (Hildreth
1979 Ludington 1981 Whalen 1983) Sud differentiation pat
terns are becomimy increasingt recognize as the nom for higl
silica rhyolites ard granites (e.g Baco et al., 1981 Christianse
etal, 1983;Crecrafte/a/. 1981; Miller ard Mittlefehldt, 1984
Keith, 1989 ard can be reasonaly modellel by the fractiora
tion of smal amouns of severh commm REE-rich phase
(Christiansen 1983 Michael 1983) For example Christianse
et al. (1989 point out tha fractionation of 0.04 wt% allanit
effectivey depletel La (halved after 75% crystallization ir
rhyolites from the Thoma Range Utah, but tha this amown
of allanitt did not redu@ HREE contents Likewise
Christianse (1983 explainel the LREE-depletio of the Bishg
Tuff as resultig from fractionation of 0.06 wt% allanite Ir
a similar manner monazie effectivey removes LREE frorr
differentiatirg silicic magma (Mittlefehldt ard Miller, 1983
We suggestha the fractionation of monazite which is the mos
importart REE-bearig pha® in the Sheeprok granie
(Funkhouser-Marolf 1985) was importart in the REE
evolution of the pluton Mass balane calculatiors demonstra
that the presene of les than 0.0l W< monazie in the frac
tionating minerd assemblag could deplee La from 80 ppn
to 30 ppm ove the inferred range of crystallization (f = 0.7
t0 0.295 betwea Grouw 2 and Groy 1 specimensin addition
the La and Ce contens of the specimes from Grow 3 (cumu
lateg relative to those of Group 1 suggetthat La, Ce and Nc
all behawe as compatibé elements However it is importan tc
note tha no specima analyzel here could be regardd as a
LREE-rich cumulae formed from the early liquids (Grow 2).
Sampe CJ, which otherwie appeas to be an eary formed
cumulate is poa in light REE (Fig. 10 ard no discree grairs
of monazie haw ye bee locatal in it with autoradiography
This specimers appareh depletion in monazie ard LREE may
not be representativeor the rock may hawe crystallizel befoe
saturatio with monazie occurred Eu ard HREE (as wel as
Ca, Fe Mg, Ti) concentratios are nat as sensitie to the abur
dane of this trae minerd so the cumulae natue of CJ is more
appareih when consideriig concentratios of thee elements
Therefoe it is importart to note tha Eu-variations controlled
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as they are by the fractionation of maja phass (the feldspars)
indicaie tha CJ with its high Eu contert has a compositin
appropria¢ for an early cumulae from Grow 2 "liquids" (Figs
8 ard 10). In addition othe Grouw 3 specimen haw highe
Eu contens than specimes from Groy 1 — as expecte for
feldspar-ricy cumulate derived from "evolved liquids". Enrich
mert of HREE is producel as a resut of ther more incompat
ible natue in accessor phass typicd of metaluminos to per
aluminows granitoids Of the accessgr minerak in the
Sheeprok granite only zircon has high partition coefficiens
for HREE As pointed out by Christianse et al. (1984) the
low abundane of zircon (generaly < 0.04 wt%) in
metaluminos granitc magma is not sufficiert to deplee evolv
ing liquids (or enrich ther cumulae counterpartsin HREE
Importan distinctiors betwea the behaviou of elemens con
trolled by accessgr minerak ard thos tha are controlled by
the maja minerak are apparent

U, Th, and Sc Behaviour

The recognitin of distind geochemiclagroups within the pluton
alo reveas severbimportart feature regardimg the behaviou
of Th ard Sc For many, indeal most silicic rocks increasim
differentiation is markel by increase in Th ard U contens (e.g
Stuckles et al., 1977) The ladk of enrichmen of the® elemens
in the core (Growp 1) of the Sheeprok granie implies tha thee
elemens were eithe mobilized by sone late- or post-magmat
proces or tha sone early crystallizing pha® removel U ard
Th from the residud melt We do not entirely rule out post
magmatt mobility of U. Indeed the scatte apparehon plots
like thoe in Figure 5 sugges substantib remobilization of
U probaby occurra during weatherig as RadJ ard U values
are poorly correlatel (Funkhouser-Marolf 1985) We regad
the mobilization of Th less likely unde subsolids conditiors
(Zielinski et al., 1981) The presene of euheda of thorite ard
Th-rich monazite which occuy mog abundany as minerd
inclusiors ard in the groundmas of specimen from the oute
parts of the intrusion (H. Htay ard W.R. Griffitts, written
comm 1981) sugget tha the depletion of Th in the evolvel
rocks may hawe occurrel due to remova of thee Th-rich
minerak from the melt (Funkhouser-Marolf 1985) Example
of the compatibé behaviow of Th from volcanc rocks are
provided by the Macusan glasse of Pewu (Noble et al., 1989
tha hawe low Th/Rb ratios and Th/U ratios (nea 1) implying
a magmaitt depletim of Th content The zone rhyolitic
volcantc systen a Pine Grove Utah, describd by Keith (this
volumé shows a negatie correlation of Th with generaly
incompatibe elemens (Rb and Ta). Monazie ard xenotine
hawe bee identified as majar carries of Th in the® rhyolites
The fractionation of smal quantities of the® phass could easiy
deplet the residu& mekt in Th.

On the othe hand Sc is generaly depletel during the
differentiatin  of silicic magma (Bacan e al., 1981
Christianse et al., 1984 Hildreth, 1981) However its highe
concentratia in the core of the Sheeprok granie (Fig. 5) sug
gess tha it behave here as an incompatibé element perhas
becaus of the pauciy of biotite (DS%ist 10-20—Hildreth
1977 5-20—Na& and Crecraft 1985 and magnetie
(Dscmt 9-10—Mahoad and Hildreth, 1983 1.5-16—Nak amd
Crecraft 1985) Hildreth (1979 ard Keith (1982 showel a simi-
lar magmatt enrichmen of Sc in rhyolitic magma as indicatel
by positive correlatiors with decidedy incompatibé trace ele
ments

Summary of the Crystallization Model

We interpré the geochemichvariety in the Sheeprok pluton
to hawe arise as the resut of the in situ fractiond crystalliza
tion of a granitc magna with A-type affinities. Early cumu
lates formed on the wall of the magma chambe (sone Grouwp
3 specimes — f = 0.7) are sparse} representé in the collec
tion describe here Becaus crystallization occurra alorg the
walls, residud liquids were displace inwards ard perhaps
upwards Collectal from within the outcr@ area of thee cumu
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lates are specimen tha appeato hawe preservd the composi
tions of relatively "primitive" liquids (Groyp 2 — f = 0.5
to 0.5) the® specimen were perhap formed during incrementh
episods of equilibrium crystallization They are generaly
coarse-grainedComplementar solids (Growp 3) ard liquids
(Growp 1) continua to form while the crystallire carapae of
the magnma chambe grev inwards Specimen from the core
of the pluton (Growp 1 — f = 0.40 to 0.29 representhe residud
or mog evolval liquids formed from this liquid line of descent
Their porphyritic characte ard the presene of miarolitic cavi
ties, pegmatitesard bery segregatios in the plutons centra
portion suggestha the magna becane fluid-saturate during
the crystallization of thee specimensMany of the late cumu
lates (Groyp 3 — f = 0.3 to 0.25 formed during this intervd
are aplitic, suggestig relatively large amouns$ of undercool
ing, perhap as a resut of a pressure-quethc inducel by
hydrofracturig of the county rocks upon fluid saturation
Some elememn mobility probaby resultel from granite-flud
interaction — e.g depletion of REE ard Y in ore specima and
redistribution of U in others However metasomati® does not
appea to explan the bulk of the geochemicladata Thin greiser
bordere veins formed from circulating fluids after the core
solidified ard atte$ to local mobility of Fe Cu, Pb, Zn, W ard
Rb (Howell, 1987) The isotopt heterogenejt of the pluton sug
gess tha minor assimilatiom of wal rocks occurred

Partial Melting Model

Previows investigatios of granitess and rhyolites from the
westen United States ard elsewhee hawe pointed toward a
crustd origin for mary silicic magma (e.g Farme and
DePaolg 1983 1984) We presehasimplistic batchpartid melt
ing mode that is consistehwith the Sr isotopic trace elemen
and fluorine dat for the Sheeprok granite

The generaly metaluminos natue of the rocks the moder
ate Sr-isoto ratios shallav levd of emplacementabsene of
boron metasomatismard only modera¢ wate concentratios
demonstrag tha the Sheeprok granite as wel as topa
rhyolites from the westen United States are not evolvad S-type
granites derived from partid melting of pelitic metasedimen
tary rocks (Clemens 1984) Sud strongy peraluminos two-
mica granites are found in the easten Gred Bash (Lee et al.,
1987 but they are temporally geochemically and isotopically
distind from the F-rich magma& describd hee (Lee ard
Christiansen 1983)

A maja constrain on the petrogenesi of the Sheeprok
granie is its relatively low initial 8’SrF®Sr of 0.7064 Othe late
Cenozot rhyolites from the easten Grea Bash hawe similar
87SrFesr ratios (Wilson et al., 1983 Christiansa et al., 1986)
If the granie was derived from the crust then it mug hawe comre
from a soure with arelatively low time-integratd Rb/S ratio
(0.06 to 0.1) becaus the basemenhunde the easten Grea Bash
appeas to be abou 2 Ga (Nelsm et al., 1983) This require
mert is in shap contras to the remarkaby high Rb/S ratios
of the Sheeprok granit itsef (ove 50). Lower to mid-crustd
granulites commony hawe low Rb/S ratios ard only moder
ately elevatel moden day ®’Srf%sr ratios (Ben Othman et al.,
1984 Jame et al., 198Q Clifford, 1974) In like fashion the
lower continentd crug (by analoy with high-gragt meta
morphic rockg is moderatel to strongly deplete in K, Rb, Cs
U, Th, Li, Be, Taard Y (Collers;m ard Fryer, 1978 Sherato
and Black, 1983 Conde et al., 1982) all elemens enrichel in
the Sheeprok granite We descrile sud a magnma soure as
depletedwhen compare to averag crusta values or to the
source of strongly peraluminos two-mica granites which we
regad as beirg derived from a differert pat of the continen
tal crust

We hawe usel Rb, Sr, ard U concentratios for granulites
compiled from the literature (Tarng/ ard Windley, 1977 Bar
bey ard Cuney 1982 Sherata ard Black, 1983 Sighinolfi et
al.,, 1981; Condk et al., 1982 lyer et al., 19894 ard estimats
of bulk partition coefficiens for thee elemens to construt
the trace elememn modebk of batch partial melting shown in
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FIGURE 13. Partial melting models showing the Rb and Sr con-
centrations in a melt produced by variable degrees of batch melt-
ing. Source concentrations and bulk partition coefficients are:

Model 1 Rb=30 ppm DRP=0.02 Sr=600 ppm D5 =2.5
Model 2 50 0.1 600 2.5
Model 3 50 0.02 600 2.5

Fractional crystallization (FC) curves of Figure 11 are also shown.
The hachured area indicates the general compositions of granu-
lites.
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FIGURE 14, Partial melting models showing the Rb and U con-
centrations in a melt produced by variable degrees of batch melt-
ing. Source concentrations and bulk partition coefficients are:

Model I Rb=30ppm DR"=0.02 U=15ppm DV=0.09
Model 2 50 0.1 L5 0.09
Model 3 50 0.02 1.5 0.09

Fractional crystallyzation (FC) curves for evolving liquids, shown
as dash-dot lines emanating from the partial melt curve at 400
ppm Rb, assume DR*=0.4 and DY =0.1. The hachured area
indicates the general compositions of granulites.

Figures 13 ard 14 Extendirg from the partid melting curves
are Rayleidh fractionation paths for liquids and instantaneos
solids constructd as in Figure 11. Thes fractionatio curves
pas through "parentd melt' compositios appropria¢ for the
Sheeprok granite Model 1 (Fig. 13 traces the compositia
of a liquid producel by variabke degres of batth partid
melting of a Rb-poo (Rb/S = 0.05 soure with a low bulk
Dro (an alkal feldspar and biotite-pod source) Approxi-
mately 5% to 6% partid melting of this sour@ produce a
magna tha could be parentd to the Sheeprok granie
(Rb =400 ppm Sr =245 ppm). For Model 2, much smalle
degres (2.5% to 3%) of partid melting are required This modé
assums a highe Rb contern (suc tha Rb/S = 0.083 ard
a highe bulk Dg, (simulatirg a sour@ tha containel approx
imately 15% alkai feldspa or with a maximum of 3% biotite
as constraind by the crystal liquid D's given by Nash ard
Crecraft 1985) A les stringert Model3 uses the low bulk Dgp
of Modd 1 ard the highe Rb concentratia of Modd 2. It
shows tha abou 11 % partid melting could produ® a magna
similar to tha parenté to the Sheeprok granite Below, we
justify a low Dgy as the resut of the decompositia of biotite
to produe melting

Similar partid melting modek basel on Rb ard U variatiors
were constructd to approximagé the concentratios of the
elemens in the Sheeprok granite We assumd the sour@ con
tained 15 ppm U (appropria¢ for mary felsic granulite3 ard
the Rb concentratios of Models 1, 2 ard 3. The buk D,
(0.09 wes chosa to simulak the effed of a smal amour of
zircon (Dy = 200 to 300 Hildreth, 1977 or anothe U-rich
accessor in the residue The low solubility of zircon in silica-
and alumina-saturatk igneots rocks (Watsam and Harrison
1983 ard the Zr content of high-gra@ metamorphd rocks (ca
100 to 40 ppm — e.g Sherata ard Black, 1983 Conde et
al., 198 — implying 0.Q2 to 0.08 wt% zircon) indicae tha this
value may be areasonald approximation Within the applica
bility of the assumptionsthe® modek al® require tha the
parentd magna for Sheeprok granie was producel by low
degres of partid melting (less than 12%) to explan the neces
saly enrichmen of uranium

Smal proportiors of partid melting are a naturd consequere
of the water-undersaturademelting of high-gra& metamorptd
rocks sud as granulites Smal amouns (general les than
10%) of biotite (or amphibolg persis in granulie grace meta
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morphic rocks from a variety of terranes but the relatively dry
nature of thee rocks kees the hydrows minerd contern low.
Many petrologiss (e.g Burnham 1979 suggestha decom
position of hydrows minerak provides the volatiles for partid
melting. The decompositia of the smal quantities of biotite
and amphibok tha persis$ in high-grag metamorpht rocks
would then of necessit only produ@ smal degres of melting
For example Burnhan (1981 has shown tha the decomposi
tion of 1 wt% biotite would yield approximatey 12 wt% sili-
cat mek with 33 wt% H,O plus F. Clemers (1984) usirg
Burnhams solubility mode| calculatel that decompositia of
20% biotite in a felsic granulie a 5 kb would produe 17%
partid melting with 4.6% H,O. A smalle amoun of biotite
would proportionate}l redu@ the amoun of melting Thus the
smal degre of melting requira by the trace-elemenmodek
could occu with the complee decompositia of 2% to 12%
biotite in the granite$ protolith. The decompositia of biotite
and its replacemenwith pyroxere would also lower the bulk
Dry betwea granie magna ard restie to the values usel in
Models 2 ard 3. In addition biotite-controlle partid melting
is consisteh with the aluminows natue of the magmas
However isotopc equilibrium betwe& mek ard the residuum
is requiral by the moderag initial 8’Srf®Sr ratics that charae
terize this pluton

Perhap just as importart as the incompatibé element-rit
natute of the Sheeprok granit is its enrichmen in fluorine.
The fluorine enrichmemh may also be explainal by the decom
position of biotite from high-grag@ metamorpht biotites ard
amphiboles As shown by Holloway (1977 see alo Holloway
and Ford, 1975 Manning ard Pichavant this volumég high
F/(F + OH) ratios increag the therma stability of thes
minerals Others hawe shown tha F/(F + OH) ratios in hydrows
mafic silicates increag with increasiy metamorplhd grade
extendirg to granulite facies (Fillipopov et al., 1974 Padovan
pers comm, 1989 or to the onsé of melting (White, 1966)
Thus althoudh the absolué amoun of biotite may decreas
with increasig grace of metamorphismit probaby become
more F-rich. The decompositia of smal amouns of F-rich bio-
tite would therefoe produ@ smal amouns of F-rich mek that,
becaus of the smal degre of melting would also be enrichal
in incompatibé elemens (Rb, U, Ta, Be, Li, etc.) Extendel
differentiation sud as tha modella in the previows section
would further elevae thee concentratios until volatile satu
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ration and consequenquenchig of the magna preventd fur-
ther crystallization

An alternative mechanim for the generatio of rhyolitic mels
with the typically high F/Cl ratios of aluminows anorogent
magma calls on the depletion of magmatt Cl as the resut of
the loss of a fluid phag (Christianse et al., 1983 1986
Burnham 1979) Fluids could be lost as the resut of satura
tion ard subsequenescap to the wallrocks or as the resut of
eruption In the ca® of the Sheeprok granit neithe of these
possibilities appeas likely. Judgirg from biotite compositios
the magna was relatively rich in fluorine, long before fluid satu
ration occurra as indicatal by the presene of miarolitic cavi
ties In addition no volcanc equivalens of the distinctive
Sheeprok magna hawe bee identified in spite of the preser
vation of olde volcant rocks in the immediat vicinity of the
pluton The absene of sud volcantc equivalens suggest vent
ing did nat occut

Conclusions

In spite of rece advance in analyticd and theoretich tech
niques the constructio of unique geochemicmodes for the
origin ard evolution of granitc magma is extremey difficult,
if nat impossible In mary cass we can a bes demonstrat
that it is possibé tha a specift rock evolved by a certan se
of geologt processesin this paper we haw attempte to ered
one sud possibé modé tha shows how the internd variation
of the Sheeprok granie aroe and how the parenth magna
was generated To do so we hawe made explicit assumptioa
regardimg the elementh composition of parenth materias ard
the bulk partition coefficiens tha goven their distributiors
betwea crystab and liquids.

Within the limits imposel by the uncertaintis in the®
assumptionswe hawe shown that relatively simple modes of
batc partid melting and fractiond crystallization cen explan
the geochemisyr of the Sheeprok granie and by analoy othe
aluminos rare-meth granites As a soure for the Sheeprok
granite we haw called upon partid melting of a depleted
"granulitic* protolith in the lower crust An importan require
mert of the modé is tha the amoun of partid melting remairs
smal (25°0 to 11%) The decompositia of smal amouns of
refractoy F-rich biotite will yield smal quantities of F-rich melt
The extensionhtectont settirg of the eastem Grea Bash (and
in othe area where A-type granites occu) may hawe bea a
prerequisié to the separatia of smal melt fractiors from crys
talline restite This sott of tectont settirg may haw al sd
the stage for the intrusion of hot mafic magma into the crust
Mafic magma may hawe actal as a hea soure for partid melt
ing. Subsequenhigh leve fractiond crystallization enhance
the depletiors ard enrichmend of sorme elements The preser
vation of cumulats on the walls of the pluton carries impor-
tant consequencefor interpretatios of the mechanim of crys
tallization of granitc magmas

Magmes rich in fluorine ard incompatibé trace elemens (e.g
Rb, Li, U) can be derived from high-gradé metamorphi rocks
that hawe relatively low concentratioa of thee elemens ard
low Rb/S ratios The ratios of elemen concentratia in the
probabé soure to tha in the evolved magna are in the orde
of 20 to 30 for incompatibk elements If the® enrichmerd alo
hold for economicalf importart elemens (Be, Ta, Sn W, Mo,
U, etc) then efficiet magmate accumulatios of sud elements
to protore statis are within reason Geochemicall "enriched
or anomalos crustd source are not requirel for the genera
tion of rare-meth granites such as the Sheeprok granite

Acknowledgments

This work was initiated while EHC was a Nationd Researt
Council-U.S Geologica Survey PostdoctoraResearka Assoct
ate Institutiond suppot was provided by the University of lowa
and the U.S. Geologica Survey In addition to those formally
acknowledgd in the text, we thark C.E. Hedge D. Lambert
Z. Petermanard J. Edie for assistane in sone of the analyti
cd work. Discussios with W. Griffitts were extremey valuable

Granite-Related Mineral Deposits

REFERENCES

ALDERTON, D.H.M., PEARCE J.A, ad POTTS P.J, 198Q Rare
earh mobility during granie alteration Evidene from southwes
England Earth Planet.Sci. Lett., V. 49, pp. 149-165.

ANDERSON J.L., 1983 Proterozoé anorogent granie plutonisn
of North America Geol. Soc.Am. Memoir., V. 161,pp. 133-154.

ARMSTRONG, R.L., 1966 K-Ar dating usirg neutra activatian for
Ar analysis Granitic plutors of the easten Grea Basin Nevaag
and Utah Geochim. Cosmochim.Ada, V. 30, pp. 565-600.

ARMSTRONG R.L., 197Q K-Ar datirg usirg neutra activation for
Ar analysis Comparisa with isotope dilution Ar analyses
Geochim. Cosmochim.Acta, V. 34, pp. 233-236.

BACON, C.R, MACDONALD, R. SMITH, R.L., and
BAEDECKER, P.A., 1981 Pleistocer high-silica rhyolites of the
Coo volcant field, Inyo County, California J. Geophys.Res.,
V. 86, pp. 10223-10241.

BAILEY, J.C, 1977 Fluorire in granitic rocks ard melts A review,
Chem. Geol, V. 19, pp. 1-42.

BARBEY, P, ard CUNEY, M., 1982 K, Rb, S, Ba U ard Th
geochemisir of the Laplard granulites (Fennoscandia)LILE frac
tionation controlling factors Contrib. Mineral. Petrol., V. 81,
pp. 304-316.

BEN OTHMAN D., POLVE, M.; ard ALLEGRE, C.J, 1984 Nd-&
isotopic compositim of granulites and constrains on the evolw
tion of the lower continenta crust Nature, V. 307, pp. 510-515.

BEST, M.G., McKEE, E.H., ard DAMON, P.E, 198Q Space-time
composition patterrs of late Cenozot mafic volcanism south
westen Utah ard adjoinig areas Am. J. Sci.,, V. 280,
pp. 1035-1050.

BOWDEN, P., 1966 Lithium in Younge Granites of northen Nigerig
Geochim. Cosmochim.Acta, V. 30, pp. 555-564.

BURNHAM, C.W., 1979 Magma ard hydrothermé&fluids; In, Barnes
H.L., ed, Geochemisy of hydrothermé ore deposits 2nd ed,
Jom Wiley & Sons 71-136

BURT, D.M., SHERIDAN, M.F., BIKUN, J.V., ard CHRISTIAN-
SEN, E.H., 1982 Topa rhyolites—Distribution origin, ard sig-
nificance for exploration Econ. Geol., V. 77, pp. 1818-1836.

CHATTERJEE A.K., STRONG D.F., and MUECKE, G.K., 1983
A multivariaie approab to geochemichdistinction betwea tin-
specializél and uranium-specializ# granites of southen Nova
Scotia Can. J. Earth Sci., V. 20, pp. 420-430.

CHRISTIANSEN, E.H., 1983 The Bish Tuff revisited Composi
tiond zonatiom by double-diffusie fractiond -crystallization
(DDFC): Geol Soc Am. Abstr. Programs V. 15 p. 390

CHRISTIANSEN, E.H., BIKUN, J.V, SHERIDAN, M.F., ard
BURT, D.M., 1984 Geochemidaevolutim of topa rhyolites from
the Thoma Ran® ard Spa Mountain Utah Am. Min., V. 69,
pp. 223-236.

CHRISTIANSEN, E.H., BURT, D.M., SHERIDAN, M.F., anrd
WILSON, R.T. 1983 The petrogenesi of topa rhyolites from
the westen United States Contrib. Mineral. Petrol., V. 83, pp.
16-30.

CHRISTIANSEN E.H. ard LEE, D.E.,1986 Fluorine ard chlo
rine in granitoics from the Bash and Rang province westen
United States Econ. Geol., V. 81, pp. 1484-1494.

CHRISTIANSEN E.H., SHERIDAN, M.F., ad BURT, D.M., 1986
The geoloy ard geochemisir of topa rhyolites from the westen
United States Geologich Sociey of America Specia Pape 205
82 p.

CHRISTIE-BLICK, N\, 1982 Uppe Proterozot ard lower Cambrian
rocks of the Sheeprok Mountains Utah Region& correlation ard
significance Geol. Soc. Am. Bull., V. 93, pp. 735-750.

CHRISTIE-BLICK, N., 1983 Structurd geoloy of the southen
Sheeprok Mountains Utah Regiona significance Geol. Soc.
Am. Mem., V. 157, pp. 102-124.

CLEMENS, J.D, 1984 Wate contens of silicic to intermedia¢
magmas Lithos, V. 17, pp. 273-287.

CLIFFORD, T.N., 1974 Reviev of African granulites ard relatel rocks
Geol Soc Am. Spec Pape 156 48 p.

COHENOUR R.E, 1959 Sheeprok Mountains Tooek ard Jud
Counties Precambna ard Paleozag stratigraphy igneots rocks
structure geomorpholog ard economé geology Utah Geol
Mineral. Survey Bull. 63, 201 p.

COLLERSON K.D., ard FRYER B.J, 1978 The role of fluids in
the formation and subsequendevelopmeh of early continenta
crust Contrib. Mineral. Petrol., V. 67, pp. 151-167.

COLLINS, W.J, BEAMS, S.D, WHITE, A.J.R, ard CHAPPELL,
B.W., 1982 Nature ard origin of A-type granites with particula
referene to southeaster Australia Contrib. Mineral. Petrol.,
V. 80, pp. 189-200.

319



COMPSTON W., ard CHAPPELL, B.W., 1979 Sr-isotoe evolu
tion of granitod sour@ rocks In, M.W. McELHINNEY, ed,
The Earth its Origin, Structue ard Evolution New York, Aca
demic Press pp. 377-426.

CONDIE, K.C., ALLEN, P., amd NARAYANA, B.L., 1982
Geochemistr of the Archea low to high-grae transition zong
southen India Contrib. Mineral Petrol., V. 81, pp. 157-167.

CRECRAFT, H.R, NASH, W.P, ard EVANS, S.H, 1981 Late
Cenozoc volcanisn at Twin Peaks Utah, Geoloy and Petrot
ogy: J. Geophy.Res., V. 86, pp. 10303-10320.

DEPAOLO, D.J, 1981 Trae elemen and isotopic effecs of com
bined wallrok assimilation and fractiond crystallization Earth
Planet. Sci. Lett., V. 53, pp. 189-202.

DODGE, F.C, MILLARD, H.T., and ELSHEIMER H.N., 1982
Compositionavariatiors and abundance of selecte elemens in
granitod rocks ard constituen minerals centrd Siera Nevad
Batholith, California U.S. Geol Surv. Prof. Pape 1238 24 p.

EATON, G.P, 1984 The Miocere Grea Basn of westen North
America as an extendimy back-ac region Tectonophysicsy. 102,
pp. 275-295.

EKWERE, S.J, and OLADE, M.A., 1984 Geochemistr of the tin-
niobium-bearig granites of the Liruei (Ririwai) complex Youn

ge granie province Nigeria Chem. Geol., V. 45, pp. 225-243.

FARMER, G.L., ard DEPAOLO, D.J, 1983 Origin of Mesozo¢ ard
Tertiary granit in the westen United State and implicatiors for
pre-Mesozai crustd structure 1. Nd and Sr isotopic studies in
the geoclire of the northen Grea Basin /. Geophys.Res., V.
88, pp. 3379-3401.

FARMER, G.L., ard DEPAOLQ, D.J, 1984 Origin of Mesozo¢ ard
Tertialy granit in the westen United States and implicatiors for
pre-Mesozai crustad structure 2. Nd and Sr isotopt studies of
unmineralizel ard Cu- ard Mo-mineralizel granie in the Precam
brian craton J. Geophys. Res.V. 89, pp. 10141-10160.

FILLIPOPOV, L.V., SAVIMOVA, Y.N., KAPITONOVA, T.A., ard
ANDREYEVA, T.P., 1974 Fluorire in Mg-Fe micas from grank
toids of variols magmatc formatiors in the folded bek of cen
tral Asia Geochem.Int., V. 11, pp. 185-194.

FOURCADE S, ard ALLEGRE, C.J, 1981 Trace elemens behavio
in granit genesis A ca® study The calc-alkalire plutonic associ
ation from the Querigdu Complex (Pyrenees France) Contrib.
Mineral. Petrol., V. 76, pp. 177-195.

FUNKHOUSER-MAROLFE M.J., 1985 The mineraloy and distri-
bution of uranium ard thorium in the Sheeprok granite Utah
M.S. thesis Univ. of lowa, lowa City, 60 p.

GORDON, G.E, RANDLE, K., GOLES G.G, CORLISS J,
BEESON M., ard OXLEY, S, 1968, Instrument& activatian
analyss of standad rocks with high resolutioy gamma ray detee
tors Geochim. Cosmochim.Ada, V. 32, pp. 369-396.

GROMET, L.P., ard SILVER, L.T., 1983 Rare earh elemen distri-
butions amorg minerak in a granodiorie and ther petrogenet
implications Geochim. Cosmochim. Actay. 47, pp. 925-939.

HAAPALA, |., 1977 Petrograph ard geochemisyr of the Eurajok
stock a rapakivi-granie comple< with greisen-typ mineralizatio
in southwestar Finland Geol. Surv. Finland Bull. 286, 128p.

HARRIS, D., 1958 The geoloy of Dutch Pe& area Sheeprok Range
Tooek County, Utah Brighan Young Univ. Res Studies Geol
Series V. 5, pp. 1-82.

HILDRETH, W., 1977 The magma chambe of the Bishg Tuff: Gra
dienss in temperaturg pressue ard composition Ph.D. thesis
Univ. of California Berkeley 328 p.

HILDRETH, W., 1979 The Bishg Tuff. Evidene for the origin of
compositiona zonatio in silicic magna chambers Geol. Soc.Am.
Spec. Paper, V. 180, pp. 43-75.

HILDRETH, W., 1981 Gradiens in silicic magma chambers Impli-
catiors for lithospherc magmatism J. Geophys.Res., V. 86, pp.
10153-10192.

HOLLOWAY, J.R, 1977 The effed of fluorine on dehydratio
equilibria. Geol Soc Am. Abstr. Programs V. 9, p. 1021
HOLLOWAY, J.R, ard FORD, C.E, 1975 Fluid-abseh melting of
the fluoro-hydroyy amphibok paragasi to 35 kilobars Earth

Planet. Sci. Lett., V. 24, pp. 44-48.

HOWELL, K.A.H., 1987 Mineralogy ard geochemisyr of greises
from the Sheeprok granite west-centrb Utah in preparation

HUDSON, T., ard ARTH, J.G, 1983 Tin granites of Sewad Penin
sula Alaska Geol. Soc. Am. Bull.,, V. 94, pp. 768-790.

320

IMEOKPARIA, E.G, 1982 Geochemistr ard relationshig to miner
alization of granitic rocks from the Afu Younge Granie Com
plex, Centrd Nigeria Geol. Mag., V.I19, pp. 39-56.

IYER, S.S, CHIYNDHURI, A., VASCONCELLOS M.B.A., ard
CORDANI, U.G,, 1984 Radioactie elemen distribution in the
Archean granulie terrare of Jequi—Bahia Brazil: Contrib.
Mineral. Petrol., V. 85, pp. 95-101.

JAMES,'D.E, PADOVANI, E.R, ard HART, S.R, 198Q Prelimi
nary resuls on the oxygen isotope compositio of the lower crust
Kilbourne Hole Maar, New Mexico. Geophys.Res. Lett., V. 7,
pp. 321-324.

KEITH, J.D, 1982 Magmattc evolution of the Pine Growve porphyy
molybdenun system southwestar Utah Ph.D. thesis Univer-
sity of Wisconsin Madison

KOVALENKO, V.I., 1978 The geness of rare metd granitoics and
related ore deposits in, Metallization Associate with Acid Mag-
matism V. 3, pp. 235-248. *

LEE, D.E., 1984 Analyticd data for a suite of granitod rocks from
the Bash and Rang province U.S. Geol Surv. Bull. 1602 54 p.

LEE, D.E. ard CHRISTIANSEN E.H. 1983 The granite problen
as exposd in the southen Snale Range Nevada Contrib.
Mineral. Petrol., V. 83, pp. 99-116.

LEE, D.E., KISTLER, R.W. FREIDMAN, 1., ard VAN LOENEN,
R.E, 1981 Two-mica granitess of northeastar Nevada J.
Geophys.Res., V. 86, pp. 10607-10616.

LESHER C.E, 1984 Soré fractionatia of silicate melts Bulk com
positionad contrd on minor ard trace elemen partitioning Proc
Conf. Open Magmatc Systems Dungan M.A., Grove T.L., Hil-
dreth W.,eds, pp. 96-98.

LINDSEY, D.A., 1982 Tertialy volcanc rocks and uranium in the
Thoma Rang and northen Drum Mountains Jué County,
Utah: U.S. Geol Survg Prof. Pape 1221 71p

LINDSEY, D.A., NAESER C.W. ard SHAWE, D.R. 1975 Age of
volcanism intrusion ard mineralizatiom in the Thoma Range
Keg Mountain and Deset Mountain westen Utah U.S. Geol.
SurveyJ. Res., V. 3, pp. 597-604.

LIPMAN, P.W, 198Q Cenozot volcanisn in the westen United States
Implications for continenté tectonics In, Continenta Tectonics
U.S. Nat Acad Sci, Washingta DC, pp. 161-174.

LOISELLE, M.G., ard WONES D.R., 1979 Characteristis ard ori-
gins of anorogerd granite Geol Soc Amer. Abstr. Programs
V. 11, p. 468

LUDINGTON, S, 1981 The Redskn Granite Evidene for ther
mogravitation& diffusion in a Precambria granie batholith J.
Geophys.Res., V. 86, pp. 10423-10430.

LUTH, W.C., JAHNS, R.H,, ard TUTTLE, O.F, 1964 The granitic
systen at pressure of 4 to 10 kilobars /. Geophys.Res., V. 69,
pp. 759-773.

MAHOOD, G, ard HILDRETH, W., 1983 Large partition coeffi-
cients for trace elemens in high-silica rhyolites Geochem. Cos-
mochim. Acta, V. 47, pp. 11-30.

MANNING, D.A.C., 1981 The effea of fluorine on liquidus pha®
relationship in the systen Qz-Ab-Or with exces wate a 1 kb;
Contrib. Mineral. Petrol., V. 76, pp. 206-215.

MANNING. D.A.C., ard PICHAVANT, M., 1983 The role of fluo-
rine and boron in the generatio of granitic melts In, Migma
tites Melting and Metamorphism Atherton M.P., Gribble CD.,
eds, Shiva Pub, Cheshire U.K., pp. 95-109.

MCCARTHY, T.S, ard GROVES D.I., 1979 The BlueTier Batholith
northeastar Tasmania A cumulate-lile produd of fractiond crys
tallization: Contrib. Mineral. Petrol., V. 71, pp. 193-209.

MCCARTHY, T.S, ard HASTY, R.A., 1976 Trace elemen distribu-
tion patterrs and therr relationshp to the crystallization of gra
nitic melts Geochim. CosmochimActa, V. 40, pp. 1351-1358.

MICHAEL, P.J, 1983 Chemicéa differentiaticn of the Bishgp Tuff
and otha high silica magma throudh crystallization processes
Geology, V. 11, pp. 31-34.

MILLER, C.F, ard MITTLEFEHLDT, D.W., 1984 Extrene frac
tionation in felsic magna chambers A produd¢ of liquid-stat
diffusion or fractiond crystallization? Earth Planet, Set. Lett.,
V. 68, pp. 151-158.

MITTLEFEHLDT, D.W., ard MILLER, C.F, 1983 Geochemisy
of the Sweetwate Wash Pluton Californig Implicatiors for
"anomalou$ trae elemen behavio during differentiation of fel-
sic magmas Geochim. Cosmochim.Acta, V. 47, pp. 109-124.

MUNOZ. J.L., 1984 F-OH ard CI-OH exchang in micas with appli
catiors to hydrothermé ore deposits Mineral. Soc. of America
Rev. in Mineral., V. 13, pp. 469-493.

Recent Advances in the Geology of



NASH, W.P, ard CRECRAFT, H.R., 1985 Partition coefficiens for
trace elemens in silicic magmas Geochim.CosmochimAda, V.
49, pp. 2309-2322.

NELSON, B.K., FARMER, G.L., BENNETT, V.C, ard DEPAOLO,
D.J, 1983 Sm-Nd evidene for a possibé Penokean-correlates
basementerrare in the easten Gred Basin EOS,No. 18, V. 64,
p. 331.

NOBLE, D.C., VOGEL, T.A., PETERSON P.S, LANDIS, G.P,
GRANT, N.K., JEZEK P.A. ard McKEE, E.H., 1984 Rare
element-enrichedS-type ash-flav tuffs containirg phenocryst of
muscovite andalusite ard sillimanite southeaster Peru Geol-
ogy, V. 12, pp. 35-39.

OLADE, M.A., 198Q Geochemichcharacteristis of tin-bearirg and
tin barren granites northen Nigeria Econ. Geol., V. 25, pp.
71-82.

PITCHER W.S, 1982 Granite type ard tectont environment In,
Hsu, K. J ed, Mountah building processesAcademc Press Lon-
don, pp. 19-40.

SACK, R.O, CARMICHAEL, I.S.E, RIVERS M., ard GHIORSQ
M.S., 198 Fernc-ferros equilibria in natura silicat liquids at
1 bar Contrib. Mineral. Petrol., V. 75, pp. 369-376.

SHAWE, D.R, ard STEWART, J.H. 1976 Ore deposi$ as relatal
to tectonis ard magmatism Nevad and Utah Am. Inst. Min-
ing Engin. Trans., V. 260, pp. 225-232.

SHERATON J.W, ard BLACK, L.P., 1983 Geochemisyr of Precam
brian gneisses Relevane for the evolution of the Eag Antarctic
Shield Lithos, V. 16, pp. 273-296.

SIGHINOLFI, G.P, FIGUEREDQ M.C.H., FYFE, W.S, KRON-
BERG, B.l., ard OLIVEIRA, M.A.F.T., 1981 Geochemistr ard
petrolog of the Jequé granuhtc complex (Brazil): An Archean
basemencomplex Contrib. Mineral. Petrol., V. 78, pp. 263-271.

STEIGER R.H., and JAGER E., 1977 Subcommissio on geochre
nology. Conventim on the use of decy constard in gec ard cos
mochronology Earth Planet. Sci. Lett., V. 36, pp. 359-362.

STEWART, J.H, MOORE, W.J, ard ZEITZ, |., 1977 East-wespat
terns of Cenozot igneows rocks aeromagneti anomalies ard
minerd deposits Nevad ard Utah Geol. SocAm. Bull., V. 88,
pp. 67-77.

STUCKLESS J.S, BUNKER, CM., BUSH, C.A.,, DOERING W.P,
and SCOTT, J.H, 1977 Geochemichamnd petrologica studies
of a uraniferos granie from the Granie Mountains Wyoming
J. Res. U.S. Geol. Surv., V. 5, pp. 61-81.

STUCKLESS J.S, ard VANTRUMP. G. JR, 1982 A compilati:n
of radioelemeh concentratios in granitic rocks of the contigu
ous United States Proc IAEA/OECD Symposim on Uranium
Exploratim Methods pp 198-208.

STUCKLESS J.S, VANTRUMP, G. CHRISTIANSEN E.H.,
BUSH, C.A, BUNKER, CM., ad BARTEL, A.J, 1983
Preliminay assessmenof the geochemisy ard minerd favora
bility of the postorogerd granites of the southeaster Arabian

Granite-Related Mineral Deposits

Shield Kingdam of Saud Arabia Sauda Arabia Dep Ministry
Minerad Resource open-fie repot U.S.G.S.-OF-03-6441p

TAGGART, J.E, LICHTE, F.E, and WAHLBERG, J.S, 198}
Methods of analyss of samples usirg X-ray fluorescene ard
induction-coupld plasna spectroscopyU.S. Geol Surv. Pro
Pape 125Q pp 683-687.

TARNEY, J, ard WINDLEY, B.F., 1977 Chemistry therma gra
dients ard evolutian of the lower continenta crust /. Geol. Soc.
London, V. 134, pp. 153-172.

TAUSON, L.V., 1974 The geochemichtypes of granitoics ard their
potentid ore capacity In, Metallization Associatd with Acid Mag
matism V. 1, pp. 221-227.

TINDLE, A.G., ard PEARCE J.A., 1981, Petrogenet modelirg of
in situ fractiond crystallization in the zonel Loch Doon Pluton
Scotland Contrib. Mineral. Petrol., V. 78, pp. 196-207.

TISCHENDORE G., 1977 Geochemichard petrographt characteris
tics of silicic magmatt rocks associate with rare-elemenminer
alization In, Metallizatiln Associatd With Acid Magmatism
Czechoslovaki Geologicd Survey Prague V. 2, pp. 41-92.

TUTTLE, O.F, ard BOWEN, N.L., 1958 Origin of granites in the
light of experimenthstudies in the systen NaAISi30g-KAISEO,-
SiO.-H,0: Geol Soc Am. Memoir, V. 74, 183 p.

WATSON, E.B., ad HARRISON, T.M., 1983 Zircon saturatim
revisited temperatue ard compositio effecs in a variety of
crustd magnat\pes Earth Planet. Sci. Lett., V. 64, pp. 295-304.

WHALEN, J.G, 1983 The Ackley City batholith southeasNewfound
land: Evidene for liquid-stae fractionation Geochim. Cos-
mochim. Acta, V. 47, pp. 1443-1458.

WHITE, A.J.R, 1966 Genes of migmatites from the Palme regimn
of Souh Australia Chem. Geol., V. 1, pp. 165-200.

WHITNEY, J.A., 1975 The effecs of pressure temperaturg and
XH, O on phag assemblagein four synthetc rodk compositions
J. Geol., V. 83, pp. 1-27.

WILLIAMS , N.C., 1954 Nonpegmati bery occurrence Sheeprok
Mountains Utah (Abst.) Geol. Soc.Am. Bull., V. 65, p. 1388.

WILSON, R.T., REHRIG, W.A., ard CHRISTIANSEN E.H., 1983
Silicic volcanis ard continent extension Implicatiors for the
nature of the crug in the westen U.S: Geol Soc Am. Abstr.
ProgramsV 15 p. 288

YORK, D , 1969 Lead squars fitting of a straigtt line with correlate
errors Earth Planet. Sa. Lett., V. 5 pp. 320-324.

ZIELINSKI, R.A.. PETERMAN, Z.E., STUCKLESS J.S,
ROSHOLT, JN , ard NKOMO, I.T., 1981 The chemic& ard
isotopc recod of rock-wate interactio in the Sherma Granite
Wyoming ard Coloradq Contrib. Mineral. Petrol., V. 78, pp.
209-219.

ZOBACK, M.L., ANDERSON R.E, and THOMPSON G.A., 198},
Camozot evolutin of the stake of stres ard style of tectonisn
of the Bash ard Rang province of the westen United States
Phil. Trans R Soc. Lond. A., V. 300, pp. 407-434.

321



