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Abstract

The late Archean (2.7-2.5 Ga) was a period of worldwide XK-rich
granite pluteonism. In this study three late Archean K-rich granites
(Middle Mountain, Dome Peak and Mount Owen plutons) exposed in the
Archean Wyoming Province were sampled and analysed in order to
understand their petrogenesis and tectonic setting. Middle Mountain
and Dome Peak plutons, part of the Bears Ear batholith, are exposed
in the northern Wind River Range where they intrude an older
migmatite-gneiss terrane. Contacts between the plutons and the
country rock are variable, from sharp to gradational over fifty
meters. Mount Owen pluton 1is exposed in the central Teton Range,
where it intrudes an older amphibolite-grade metamorphic terrane.
Contacts o©of the pluton are highly irregular, and grade
imperceptibly from quartz monzonite with inclusions of wallrock
into wallrock containing cross—-cutting quartz monzonite dikes. From
major element, trace element, and isotopic data, Middle Mountain
pluton 1is a granite with Dboth I-type and S-type source
characteristics, Dome Peak pluton is a quartz monzonite with both
I-type and A-type source characteristics, and Mount Owen 1is a
quartz monzonite with S-type source characteristics.

All three plutons are interpreted as crustally derived melts.
Petrogenetic modelling indicates that Middle Mountain pluton can be
generated by 40% partial melting of an older HREE (heavy rare
earth) depleted tonalite/trondhjemite  source, followed Dby
assimilation of amphibolite with up to 50% fractional

Ccrystallisation. The more REE enriched Dome Peak pluton can be



\Y%
generated Dby 20% partial melting of an older HREE depleted
tonalite/trondhjemite source, followed by up to 50% fractional
crystallisation. Mount Owen pluton can be generated by 40% partial
melting of an Archean greywacke followed by variable degrees of
assimilation of felsic orthogneiss,and up to 50% fractional
crystallisation. Their major and trace element geochemistry cannot
be used within the framework of Phanerozcic granitoid tectonic
discriminant diagrams to confidently determine their environment of
genesis.

The fragmented nature of Archean terranes makes it difficult
to reconstruct late Archean orogenic events. However, the worldwide
late Archean felsic plutonism may either represent the accretion of
magmatic terranes to form a supercontinent or gleobhal mantle
overturn with extensive upwelling of deep mantle plumes. In both
cases anatectic melting will occur in the lower crust to produce

granites.
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Chapter 1
Introduction

General Background

The formation of continents began in the Archean (4.6 Ga
to 2.5 Ga ago) . Proterozoic and Phanerozoic rock sequences can
be interpreted within the framework of modern plate tectonics
by direct analogy to present-day environments (Hoffman, 1980;
Windley, 1984). However in the Archean, the fragmentary nature
of the rock record, coupled with theoretical and observational
evidence (Richter, 1985; Bickle, 1982) that Archean mantle
temperatures were 200°C to 400° hotter than today render a
uniformitarian approach less tenable. Igneous—rock
compositions depend both upon the tectonic processes and
thermal state within the source region. One may therefore
expect a secular evolution of magmatic processes as global
tectonic processes change with cooling interior temperatures.

Many Archean igneous rocks are compositionally and
petrologically similar to modern igneous rocks. However,
distinct differences include:
1) Presence of komatiites derived from high temperature (>
1600°C) liquids with >20% MgO (Arndt, 1986).
2) Calc-alkali suites characterised by higher Ni, Cr and
highly fractionated REE contents (Taylor and McLennan, 1985;
Bickle, 1990).
3) The lack of undisputed Ocean Ridge Basalts (MORB) (Bickle,

1990) .
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4) The lack or paucity of alkali and alkaline volcanics and
plutonics (Taylor and McLennan, 1985; Bickle, 1990).

1) and 4) are taken as evidence of higher temperature
source regions and higher degrees of partial melting.

Three problems dominate Archean geology:
1) Discovering the tectonic systems by which the surface of
the Earth was constructed;
2) The rate of growth of continental crust with time; and
3) The origin of life.

This thesis study concentrates on addressing the first

issue.

Purpose of Investigation

The dominant crustal component in Archean cratons is I-
type HREE (heavy rare earth element) depleted tonalites
(Windley, 1984; Taylor and McLennan, 1985, Nisbet, 1987).
Minor amounts of potassic granites are known to occur in the
early and middle Archean, e.g. Mount Edgar batholith, Pilbara
craton (Collins, 1988), but it is not until the late Archean
2.7-2.5 Ga that voluminous amounts of K-rich granites occur
(Windley, 1984; Taylor and McLennan, 1986).

Much work has focused on the origin of HREE depleted
tonalites (Arth et al.,1978; Martin, 1987; Rudnick and Taylor,
1987) with partial melting of eclogite, garnet/hornblende
amphibolite and garnet granulite as viable sources. An

important constraint for these sources is the retention of
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garnet and/or hornblende in the source region to retain the
HREEs. Little work has focused on the origin of late Archean
K-rich granites, in part because it is only in the last ten
years that combined regional mapping and geochronology has
revealed their sizeable veolume in individual cratons. Notable
examples occur in the Slave (Kusky, 1989; Davies et al.,
1990), Pilbara (Collins, 1988; Bickle, 1989) , Dawar (Allen et
al., 1986; Oak and Friend, 1990) and Wyoming ( Peterman, 1979;
Stuckless, 1989) Cratons.

Most Archean cratons record a major period of crustal
growth, metamorphism, deformation, and plutonism around 2.7Ga,
with the final magmatic event being the emplacement of K-rich
granites. This worldwide event may represent
1) The final stabilisation of individual cratons;

2) The amalgamation of the Archean cratons to form a
supercontinent; or

3} Major hot spot-plume tectonics due to either the breakup of
a supercontinent similar to the breakup of Pangaea (Anderson,
1983), the incipient breakup of Laurentia in the late Early
Proterozoic (Hoffman, 1989) or core-mantle cooling causing
major instabilities (plumes) at this boundary.

The purpose of this study is to understand the origin and
petrogenesis of three late Archean granites exposed in the
Wyoming Craton, and to compare their geochemistry with post-
Archean granites and thereby determine any secular variations

in granitoid (crustal) evolution through time.



Regional Geology

The Precambrian rocks of the Wyoming Province occur in
the cores of major crustal blocks uplifted during the Laramide
orogeny from Late Cretaceous to Early Tertiary time. These
blocks (Figure 1.1) are separated by basins containing thick
sequences of Phanerozoic sedimentary rocks. The structural
relief on the surface of the Precambrian is locally as much as
12,500m. The boundaries of the Wyoming Province are 1ill
defined except along the southern margin in the Sierra Madre,
Medicine Bow and Laramie Ranges where Protorozoic rocks
overlie the Archean basement along the Cheyenne Shear Zone
(Karlstrom and Houston, 1984; Dubendorfer and Houston, 1986).
The known limits suggest a province as large as 5x10°km?.
Geological and geochronological data for the Archean basement
uplifts is summarised in Table 1.1.

The Wyoming Province can pe divided broadly into a
northern and southern region. In the northern region the North
Snowy Mobile Block separates an older high-grade
metasedimentary terrane exposed in the Madison and Gallatin
Ranges from a younger tonalite and tonalite gneiss terrane
exposed in the western Beartooth and Bighorn Mountains (Figure
1.1). The high-grade metasedimentary terrane is interpreted as
a passive margin sequence with later tonalites generated by
subduction of oceanic crust (Mogk et al., 1988).

The southern region including the Teton, Owl Creek, Wind

River, Granite, Sierra Madre, Medicine Bow, and Laramie Ranges
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are dominated by syn—- and post-tectonic granites (2.7-2.5Ga).

Local Geology

Wind River Range

The Wind River Range in western Wyoming is a Laramide uplift
approximately 200km long and 70km wide (Figure 1.1). The NW-SE
trending massif 1s composed almost entirely of Archean
granites and high-grade Archean gneisses, which were thrust to
the west over Paleozoic and Mesozoic sedimentary rocks during
the Laramide orogeny (Figure 1.2). The Wind River uplift is
the largest Laramide structure in Wyoming with maximum
structural relief between the Precambrian peaks and the
crystalline basement in the Green River basin to the east of
about 13km (Figure 1.2), (Hurich and Smithson, 1982). On the
eastern side of the range, Phanerozoic sediments rest directly
on the Precambrian basement. The Archean block was tilted
during thrusting so that there is a general increase in depth
of exposure as one goes from east to west across the range
(Mitra and Frost, 1981).

Estimates from reconnaissance mapping indicate that
approximately 80% of the range is composed of late Archean
granitoids (Worl et al., 1986). The remaining 20% of the area
consists of high-grade gneisses with a large supracrustal

cemponent into which the late Archean granites were emplaced.
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Teton Range

The Teton Range is a fragment of a large northwest trending
Laramide uplift that was sundered 1in late Pliocene or
Pleistocene time by a zone of major north-south normal faults
along which the eastern edge of the Teton block was uplifted
and the floor of Jackson Hole was dropped. The total vertical
displacement on the fault zone is estimated to be as much as
10km (Love and Reed, 19%68). The area of exposed Archean rocks
is only 450km? and the precipitous eastern face of the range
provides a nearly continuous vertical cross section with a
maximum relief of nearly 2100m. The oldest rocks comprise a
metamorphic conmplex of migmatite, heornblende gneiss,
amphibolite, trondhjemite gneiss and minor 1iron formation
(Reed, 1963). The metamorphic complex 1s intruded by an
unfoliated late Archean (2.49Ga) granite (Reed and Zartman,

1973) .
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CHAPTER 2
LOCAL GEOLOGY

2.1: Wind River Range

2.1.1: Previous Investigations

The first descriptive account of the Wind River Range was
made by St. John (1878) from the Hayden surveys of the
Territories. For an excellent review of subsequent
investigations prior to 1970 the reader 1s referred to
Anderson (198¢6) .

The Wind River Range includes the Bridger Wilderness,
Fitzpatrick Wilderness (formerly Glacier Primitive Area), Popo
Agie Primitive Area and the Wind River Reservation
Individual areas have been mapped on a reconnaissance scale.
The Popo Agie (1:62,500) by Pearson et al. (1971), Glacler
Primitive Area (1:62,500) by Granger et al. (1971) and the
Bridger Wilderness (1:100,000) by Worl et al. (1986). A few
detailed field studies (Link et al., 1985; Anderson, 1986;
Koesterer, 1986) have been done in the west-central Wind River
Range to unravel the geological history as exposed in the
older gneiss terrane. Two field based studies within the late
Archean granites were done, one in the southern Wind River
Range by Benedict (1982) who looked at the mineral potential
of the Schiestler Peak area and one in the northern Wind River
Range by Marshall (1987) who concentrated on the structure and

petrology of an Archean shear zone. These studies provided the
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basis of the geoclogical framework for this geochemical study

of the late Archean granites,

2.1.2: Summary of Archean History

In the west-central part of the Range detailed mapping in
the older gneiss terrane (Link et al., 1985; Anderson, 1986;
Koesterer, 1986) and geochronology (Koesterer et al., 1987;
Aleinikoff et al., 1989) has revealed an extensive Archean
crustal history. A summary of this early to late Archean
history taken from Koesterer et al. (1987) is cutlined below.
All unit abbreviations are modified from Worl et al. (1986)

and refer to Figure 2.1.

Early teo Middle Archean

1l: Deposition of oldest supracrustal rocks accompanied by
intrusion of layered basic and ultrabasic rocks.

2: Deformation, granulite facies metamorphism (M,):
Intrusion of older granitoids.

3: Intrusion of narrow porphyritic dikes (Victor dikes).
4: Deposition of Medina Mountain supracrustal rocks.

5:; Deformation to¢ form tight isoclinal structures,
amphibolite facies metamorphism (M, ), locally reaching

granulite grade.

Late Archean

6: Emplacement of Bridger and Europe Canyon pbatholiths



Wpg—BEARS EAR BATHOLITH
MIDDLE MOUNTAIN
PLUTON Wgd—LOUIS LAKE BATHOLITH

Bb-BRIDGER BATHOLITH
Og-OLDER ORTHOGNEISS
Mg-MYLONITIC GNEISS
Mi-MIGMATITE

Sp-SOUTH PASS GREENSTONE BELT

Figure 2.1: Geological map of the Wind River Range simplified
from Worl et al. (1986). The Bears Ear batholith (Wpg--2.5Ga)
intrudes an older (3.8-2.7Ga) complex of migmatite, granulite
to amphibolite orthogneiss and paragneiss including the
Bridger (Bb--2.7Ga) and Louis lake (Wgd--2.63Ga)
batholiths.
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(BB), accompanied by renewed or continued deformation,
extensive migmatisation, and formation of partial melts

in psammitic and pelitic rocks.
7: Emplacement of the late Archean Louils Lake (Wgd) and

Bears Ear batholiths (Wpg).

In the scuthern end of the Range the late Archean granites
intrude the South Pass Greenstone belt. The greenstone belt
clearly shows evidence of two episodes of folding and several

episodes of faulting (Bayley et al., 1973).

2.1.3: Age Constraints

Numerous geochronological studies have been carried out
on the wvarious rock types to Dbetter constrain ages of
metamorphism, deformation, and emplacement of the late Archean
granites, summarised in Table 2.1.

Barker et al. (1979) obtained Rb-Sr whole-rock ages of
2800-3000 Ma for orthogneisses in the northeastern part of the
Range (Paradise quadrangle, Wind River Reservation) .
Aleinikoff et al. (1989) obtained a conventional U-Pb zircon
age of 2670+13 Ma for the Bridger batholith, and a granulite
related to the intrusion of the Bridger batholith vyielded an
age of 2699+7 Ma. Ion microprobe data on xenocrystic zircons
in an early migmatite granulite yielded ages of 3.3, 3.65 and
3.8 Ga (Aleinikoff et al. 1989). Koesterer et al. (1987)

determined an Rb-Sr whole rock age of 2650+150 Ma for the
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Bridger batholith.

The Louis Lake batholith has been dated at 2642+13
(Naylor et al. 1970), 2630420 Ma (Stuckless et al. 1985) by
Ro-Sr methods and at 2642+13 Ma (U-Pb zicon, Stuckless et al.,
1985). The Bears Ear batholith has been dated (Rb-Sr whole-
whole~rock, U-Pb zicon and Pb-Pb whole rock) at about 2545130
Ma (Naylor et al. 1970; Stuckless et al. 1985).

A metavolcanic unit in the South Pass Greenstone belt

yields a Rb-Sr whole rock age of 2800+100 Ma (Peterman, 1982).

2.1.4: Description of the Late Archean Granites
Bridger Batheolith

The Bridger batholith (Bb) has an outcrop area of 24km by
32 km and it has been correlated with the Europe Canyon
granodiorite in the Medina Mountain area (Koesterer et al.
1%87). Both the Bridger and Europe Canyon Dpatholiths are
composite intrusions with irregular contacts. The bodies are
strongly foliated parallel to the regional foliation near the
contacts, but appear homogeneous in their cores.
Recrystallisation of feldspars is pervasive throughcout the
plutons and plagioclase grains are locally bent, suggesting
the bodies were ductily cdeformed in a solid state at high
temperatures (Koesterer et al. 1987).

In the field the Bridger batholith is a white to light
grey, medium grained, equigranular biotite—-quartzo-feldspathic

gneiss with wvariable composition (Plate 1). The dominant
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Plate 1

Hand Specimen from the Bridger Batholith

Bridger batholith: Characteristically this is a light grey
medium grained equigranular Dbiotite-quartzo-feldspathic
gneiss, with a foliation defined by biotite-rich and quartzo-
feldspathic-rich layers.
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Plate 2

Photomicrograph of the Bridger batholith

a) Plane light b) Crossed-nicols. Q=Quartz, Pl=Plagioclase
(Oligoclase) S=Sericite (feldspar alteration), Bi=Biotite,
Op=Opaques (ilmenite, magnetite), Sp=Sphene.
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phase is granodiorite based on modal analyses by Koesterer
(1986), with some tonalitic phases. The rock is composed of

plagioclase (25-50%), quartz (25-30%), microcline (5-15%),
biotite (3-25%) and hornblende (2-9%) (Koesterer, 1986).
Accessory minerals 1include magnetite, zircon, apatite,
allanite and sphene (Plate 2). Biotite defines a weak
irregular foliation. This unit contains numerous deformed
bodies of metagabbro, metadiorite and amphibolite (Worl et al.

1986) .

Louis Lake Batholith (Wgd)

The Loulis Lake batholith was first mapped and described
by Bayley (1965a,b,c,d) in the southern Wind River Range,
where it is exposed over an area of about 640km®. Like the
Bridger batholith, the Louls Lake batholith is a composite
intrusion and crops out in the southern and central part of
the Range (Figure 2.1), where it forms relatively uniform
granodiorite bodies with a weak to moderate foliation defined
by bioctite and hornblende.

The granodiorite is commonly grey, medium grained (Plate
3), with a monzonitic texture and anhedral microcline
enclosing euhedral plagiclase. Modal analyses (Bayley et al.,
1973; Benedict, 1982) show that it is composed of plagioclase
(An,,_,4, 25-60%), quartz (25-30%), microcline (15-9%), biotite
(2-25%) and hornblende (0-9%). Pigeonite was found 1in one

sample in the northwest corner of the Temple Peak quadrangle
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Plate 3

Hand Specimen from the Louis Lake Batholith

Louis Lake granodiorite: A whitish-grey medium grained
equigranular rock composed of plagioclase, quartz, pinkish
microcline, biotite and minor hornblende.
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Plate 4

Photomicrograph of the Louis Lake batholith

a) Plane light, b) Crossed—-nicols. Q=Quartz,
locally altered to

(oligoclase,
Bi=Biotite,

Op=0pagues

(ilmenite,

sericite),
magnetite),

Pl=Plagioclase
Mi=Microcline,
Sp=Sphene.
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(Benedict, 1982). In the west-central part of the Range,
orthopyroxene is present as relicts surrounded by
cummingtonite-biotite-hornblende reaction rims (Koesterer et
al., 1987). Accessory minerals include allanite, sphene,
zircon, apatite and magnetite. Low grade alteration has
affected most specimens. Plagioclase is commonly sericitised,
and mafic minerals are partly chloritised and epidote 1is
disseminated throughout the rock (Plate 4).

Lithologically the Louis Lake batholith is similar to the

Bridger batholith, but has not been so highly deformed.

Bears Ear Batholith

The Bears Ear batholith is a composite intrusion that
occurs throughout the Wind River Range (Figure 2.1). A body of
the batholith was first described by Naylor et al. (1970) from
the southern Wind River Range, who named it the Bears Ear
pluton, after Bears Ear Mountain, Subseguent workers in other
parts of the Range have variously called it the Popc Agie
batholith (Pearson et al., 1971), the Middle Mountain
batholith (Granger et al., 1971), and in the Bridger
Wilderness it corresponds to map unit Wpg (Worl et al., 1986).
Stuckless et al. (1985) in a regional geochronological study
of the late Archean granites gave the entire unit the name
Bears Ear batholith.

The unit is dominantly a quartz monzonite. Two distinct

lithologies occur forming individual plutons, although there
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are gradations between the two. In the northern Wind River
Range these two lithologies form two separate plutons, the
Middle Mountain pluton {(formerly Middle Mountain batholith of
Granger et al., 1971) and Dome Peak pluton (Figure 2.1). These
two plutons were chosen for detailed chemical analysis to
elucidate the petrogenesis cof late Archean K-rich granites.

In the southern Wind River Range, which is dominated by
exposures of the Louls Lake and Bears Ear batholiths, further
detailed mapping (1:24,000 to 1:5000) is needed to delineate
individual plutons before further geochemicai study 1is

carried out.

Middle Mountain Pluton

This north-trending pluton is approximately 20km wide and
30km long (Figure 2.1). The body is composed of granitic rocks
that are heterogeneous in texture but generally similar in
composition (Appendix A). Two distinct phases were observed
(Plate 5a and b), but there is no distinct separation between
these phases and they are intermixed throughout much of the
pluton.

The most characteristic rock type is a grey to pale-pink
biotite granite containing scattered, randomly oriented
microcline megacrysts .5 to 1.5c¢cm long. In scme places, the
porphyritic granite phase grades into a simple pegmatite phase
of quartz and microcline. A more equigranular grey granite,

similar in composition to the porphyritic granite is also
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Plate 5

Hand Specimens of Middle Mountain Pluton

Middle Mountain pluton: a) A grey to pale pink biotite
granite, containing scattered randomnly oriented microcline
megacrysts (.5-lcm long) in a groundmass of plagioclase,
quartz, microcline, and biotite. b) a more equigranular grey
granite of similar composition to (a).



a)
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Plate 6

Photomicrograph of Middle Mountain pluton

Plane light, b) Crossed-nicols. Q=Quartz,

(Qligoclase, locally altered to sericite),
Bi=Biotite.

Pl=Plagioclase
Mi=Microcline,
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Plate 7

Contact relationship between the late-granites and older
gneisses.

A sharp contact between Middle Mountain granite (MM) and
older amphibolite gneiss (AM). Multiple veins and dikes of the
granite have invaded the amphibolite. Xenoliths of amphibolite
(XM) occur up to 30m from the contact.
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Plate 8

Contact relationship between the late-granites and older
gneisses.

A diffuse contact between Middle Mountain granite and the
clder amphibolite gneiss on the northeastern margin of the
pluton, where pinkish fine grained granite both parallels and
Crosscuts the wavy foliation of the biotite-rich aggregations.
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abundant.

The Middle Mountain granite is composed of quartz (20-
30%), micreocline 1s commonly perthitic (20-50%), albite or
oligoclase is commonly clouded with sericite (15-40%) (Granger
et al., 1971) (Plate 6). Biotite can make up to 15% of the
rock, but may be sparse or absent. Hornblende occurs only
adjacent to amphibolite inclusions (Granger et al., 1971).
Accessory minerals include magnetite, zircon, allanite,
sphene, and apatite, and alteration products include chlorite,
epidote and sericite.

The contacts with the surrounding country rocks vary from
sharp to diffuse. Near Louise Lake on the northeastern margin
of the pluton the contact with the older amphibolite gneiss is
sharp with no evidence of a chilled margin (Plate 7). Along
the eastern margin, there is a migmatite zone characterised in
different places by lit-par-lit intrusion, partly assimilated
blocks of migmatite gneiss, and a network of granitic and
regmatitic dikes (Plate 8). The southern margin of the pluton
is terminated abruptly against a northwest-trending Archean

fault zone (Granger et al., 1971).

Dome Peak Pluton

The Dome Peak pluton mapped by Worl et al. (1986) and
named by the author after Dome Peak which is on the western
margin of the pluton is about 8km wide and 30km long. The

Pluton is dominantly a coarse grained grey porphyritic granite



29

Plate 9

Hand Specimen of Dome Peak Pluton

Dome Peak pluton 1is a coarse grained porphyritic granite,
composed of microcline megacrysts 1.5-5c¢m long, set in a
groundmass of plagioclase, gquartz, and biotite.
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Plate 10

Photomicrograph of Dome Peak pluton

a) Plane light, b) Crossed-nicols. Q=quartz, Pl=Plagioclase
(oligoclase), Mi=Microcline, Bi=Biotite.




they begin to merge with the groundmass of oligoclase (15-
40%) , quartz (20-30%), biotite (10-25%) and locally,
nornblende. Accessory minerals include magnetite, allanite,
zircon and apatite, and sphene which 1s megascopically
conspicuous (Plate 10). Locally, the megacrysts are aligned,
and the linear character is interpreted as flow stucture,

which 1s not apparent in the groundmass.
2.2: Teton Range

2.2.1: Previous Investigations

The Precambrian crystalline rocks of the Teton Range were
first described by members of the Hayden survey (Bradley,
1873; St.John, 1879), and Reed (1963) summarises previous
investigations. Up to the 1960’s the Precambrian rocks had
received little attention, although the surrounding Paleozoic
and younger rocks had been well studied. The Precambrian core

was mapped (1:62,500) by Reed (1973, unpublished).

2.2.2: Summary of Archean History

The oldest rocks in the Teton range are bilotite gneiss,
plagioclase gneiss, amphibole gneiss and amphibolite (Reed and
Zartman, 1973). Within these rocks there are concordant bodies
of strongly lineated quartz monzonite (Webb Canyen Gneiss).

31
(Plate 9) with megacrysts of microcline 8cm to lcm long where

|
Coarse metagabbro has intruded the layered gneiss sequence and
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is metamorphosed and deformed along with the enclosing rocks.
The deformed gneissic rocks display at least two generations
of folds (Reed, 1963). Earliest folds are rootless iscclines,
Superimposed on the early iscclines are more open folds with
diverse axial orientations, which may ke o©of severzal
generations. Mineral lineations are generally parallel to the
axes of the vyounger folds, suggesting their growth was
synchronous with the younger folding.

The deformed layered gneisses are cut by discordant
plutons and swarms of undeformed dikes of quartz monzonite and
associated pegmatite. This quartz monzonite, which makes up
much of the central part of the Te£on Range, 1s one of the
plutons analysed as part of this study. Reed and Zartman

(1973) named the pluton the Mount Owen Quartz Monzonite.

2.2.3: Age Constraints

There has been limited isotopic work on the Teton Range.
Rb-3r whole—-rock isochrons on the Webb Canyon Gneiss and
Rendezvous Metagabbro indicate that these rocks were
metamorphosed at 2875+150 Ma (Reed and Zartman, 1973). The
initial ¥3Sr/%Sr isotopic ratio of 0.7000 suggests that the
original rocks were probably not significantly older than the
metamorphic event.

The Mount Owen plutcon has a Rb-Sr whole-rock age of
2495+75 Ma and a high initial #8Sr/%Sr isotopic ratio of

0.7320 (Table 2.1) (Reed and Zartman, 1973).
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2.2.4: Mount Owen Pluton

The Mount Owen Pluton 1s a medium to fine grained
equigranular light coloured rock (Plate 11), consisting of 30-
40% guartz, 20~-30% microcline and/or microperthite, 25-35%
finely twinned unzoned sodic oligoclase, 5% or less biotite
and 1% muscovite (Reed and Zartman, 1973), (Plate 12).

The contacts of the pluton are highly irregular.
Xenoliths of wallrocks a few meters to several meters across
are common throughout the pluton, as the margins are
approached these become more abundant and one passes
imperceptibly from quartz monzonite and pegmatite containing
abundant inclusions of wallrock into wallrocks contalining a
myriad of cross-cutting dikes of quartz monzonite and
pegmatite (Plate 13).

Contacts of individual dikes are generally sharp, with no
evidence of local contact metamorphic effects on the wallrocks
and only local evidence of digestion of xenoliths. The pluton
was emplaced in rather brittle country rocks by some
combination of dilation of fractures and magmatic stoping,
without appreciable deformation of the country rocks (Reed and

Zartman, 1973).
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Plate 11

Hand Specimen of Mount Owen Pluton

Mount Owen pluton is a medium to fine grained whitish quartz
monzenite, composed of K-feldspar, plagioclase, quartz,
biotite, and minor muscovite.
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Plate 12

Photomicrograph of Mount Owen pluton

a) Plane light,

b)

Crossed-nicols.

(oligoclase, locally altered

M=Muscovite.

to

Q=Quartz,

Pl=Plagioclase

sericite), Bi=Biotite,
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Plate 13

Contact relationship between Mount Owen pluton and country
rocks.

Mount Owen quartz monzonite (MO-light colored) intrudes as a
veined network into older amphibolite gneiss (AM).
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CHAPTER 3

GEOCHEMISTRY AND CLASSIFICATION CF PLUTONS

3.1: Introduction

In classifying granitic rocks the "mineralogy and mode
remain of first importance" Pitcher (1987), as it is the
stability of the mineral phases that controls the nature of
both partial melting and crystal differentiation. The mode and
mineralogy described in the previous chapter for all plutons
analysed in this study, can chart evolutionary processes.
However magmas originating by mechanisms as diverse as batch
melting, fractional melting, assimilation and fractional
crystallisation, liquid unmixing and selective metasomatism
may evolve towards similar end members. From the availability
of a great variety of geochemical parameters further
constraints can be placed on granitoid genesis. Trace element
data can more precisely chart the consanguinity of rock types
and enabkle one to distinguish between different generative
processes (i.e. ‘ partial melt versus fractional
crystallisation) (Allegre and Minster, 1978; Hanson, 1878).
Trace element ratios, which are largely unaffected by crystal
differentiation processes, can be plotted to discriminate
granite composition 1in terms o¢f source rock and by

implication, tectonic environment (Pearce et al., 1984).
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3.2: Sampling and Analytical Methods

Previous workers (Pearson et al., 1971; Granger et al.,
1971, Stuckless et al., 1985; Worl et al., 1986) identified
the Bears Ear batholith as a late Archean K-rich granite in
the Wind River Range. In the first field season,
representative samples of the Bears Ear batholith were
collected from throughout the range. However, the batholith
was found to be a composite of distinct plutons, and for any
meaningful geochemical study one has to be able to delineate
individual plutcons. This is not possible in the southern Wind
River Range where the Bears Ear batholith and older Louils Lake
batholith are intermingled and detailled field mapping was
required to unravel pluton boundaries has not been done. In
the second field season, sampling was concentrated in the
northern Wind River Range where two of the distinct
lithologies of the Bears Ear batholith are exposed to form two
separate plutons (Middle Mountain and Dome Peak plutons).
These intrude an older gneiss terrane and the Louls Lake
batholith is absent. Samples of the older Bridger and Louis
Lake batholiths were also collected. Samples of the Mount Owen
Quartz Monzonite were collected from the Teton Range.

All samples were analysed for major and trace elements
using XRF and INNA techniques and the data are presented in
Appendix A. Sample localities are listed in Appendix B, and

analytical methods and precision are reported in Appendix C.
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3.3: Major Element Data
Late Archean K-rich granites

Middle Mountain Granite

The Middle Mountain granite 1s a true Ggranite
(Streckeisen, 1976) with  K,0/Na,0>1. The granite is
peraluminous (Figure 3.la) with high Si0, (72-76%), high K,0
and low to moderate Cal (Table 3.1), varies from corundum to
diopside CIPW normative, and plots 1in the granite field
(Figure 3.2a) on the Ab-An-0Or discriminant diagram of Barker
(1979) . The granite follows a calc—alkali trend (Figure 3.3a).
On Harker Variation diagrams (Figure 3.4) Ti0O,, Fe20, and CaO
show decreasing with increasing S$i0, content (R'=.88 TiO,,
R=.85 Fe,0;, R=.70 Ca0), whilst K,0 shows increasing with
increasing $i0Q, content (R=.80), implying the pluton has
undergeone some degree of fractional crystallisation. Three
samples BL-1, BL-4 and BL-5 form a separate grcup with lower
5i0, (68-70wt%) than the main trend (circled in Figure 3.4).,
These samples come from the eastern margin of the pluton,
where assimilation of the surrounding amphibolite gneisses may
have occurred.

The Middle Mountain granite does not readily fall into
either the I- or S-type classification for granites of
Chappell and White (1974), but shows features of each (Table

3.2). It has relatively high Na,0 and shows near linear

(*R=Coefficient of Determination, used in linear regressiocns)
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Table 3.1: Averaga major and trace element ceontents of granites from Middle

Mountain, Dome Peak and Mount Owen Plutons

Middle Mountain

42

Dome Peak

Mount Owen

Plutcon Pluton Pluton
r;ample n=19 STD n=13 STD n=12 STD
r_;71'.02 72.69 2.00 65.68 3.75 75.25 0.95

Ticz2 0.26 0.12 0.77 0.20 0.10 0.04
Al203 14.92 0.81 15.62 1.08 13.92 0.27
Fe203-T 1.86 0.72 4.5¢6 1.21 1.32 0.30
MgC 0.51 0.33 1.51 0.53 0.214 0.10
cao 1.46 D.66 3.31 1.00 1.57 0.36
Naz20 3.78 0.60 3.84 0.82 3.70 0.33
K20 4.76 0.87 4.07 0.98 4.67 0.47
MnO 0.02 0.01 0.05 0.02 0.02 0,01
P205 0.06 0.03 0.29 0.13 0.05 0.02
Lol 0.60 0.17 0.72 0.27 0.47 0.16
TOTAL 100.96 0.97 100.23 1.26 100,78 0.63
Rk 152.87 32.40 291.55 21.47 179,67 58.51
Ba 992.89 381.98 1385.2 808,69 487.54 207.06
Cs 0.89 0.47 0.25 0.20 4,25 2.93
Sr 191.71 95.06 490,51 174.43 £8.15 23.05
Pb 44,25 9.43 24.56 6.72 42.95 11.46
Th 45.84 15.38 46.53 22.83 23.41 11.77
U 6.01 3.04 2.02 1.03 3.58 0.96
Sc 3.13 1.05 8.80 1.84 2.63 0.44
v 21.51 13.32 73.53 20.10 6.26 2.74
Cr 7.14 6.51 20.49 16.84 9.65 6.53
Co 2.34 1.89 10.14 3.48 1.15 0.56
Cu BD 0 5.21 8.26 0.35 1.12
Zn 21,38 12.16 55.96 29.67 25.65 12.35
Ga 21.34 2.77 22.38 3.23 19,54 2.10
Y 18.22 14.90 35.00 5.42 38.93 35.14
Zr 173.25 63.21 356.21 51.19 96.65 45.79
Nb 7.28 3.13 12.92 2,31 10.37 6.70
HE 6.20 1.67 13.32 2.80 3.37 1.27
ILTa 0.45 0.23 0.70 0.21 1.11 0.54
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Sample Middle Mountain Peak Mount Owen
n=19 STD n=13 STD n=12 STD
La 70.26 20,12 167,68 43.51 30.80 l6.25
Ce 127,94 36.69 313.55 82,34 61.82 33.74
Nd 40.11 12.18 106.28 31.12 24.52 14.55
Sm 7.32 2.83 20,22 4,32 6.69 3.45
Eu 1.14 0.42 3.25 0.59 0.65 0.23
To 0.70 0.57 1.44 0.26 0.84 0.33
Yb 2,36 2,91 2.87 0.44 2.65 0.92
Lu 0.25 0.46 0.50 0.60 0.32 0.11
K20/Na2 1,32 0.42 1.13 0.3%6 1.28 0.23
K/Rb 264.02 51.31 368.06 58.15 233.87 59,21
Ba/Sr 5.75 1.75 2.88 1.50 B.56 2.41
Rb/Sr 1.13 0.81 0.22 0.09 4.01 2.71
La/Yb 40.68 14.08 58.76 13.22 12.25 6.32
La/Sm 10.13 1.89 8.25 1.01 4,94 z2.12
Eu/Eu* 0.60 0.30 0,57 0.09 0.37 0.21

Table 3.1 cont’d: Average major and trace element contents for granites from Middle
Mountain, Dome Peak, and Mount Owen Plutons.

BD=Below detection

STD=1 standard deviation of the mean
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Figure 3.2a: CIPW normative classification of granites from
Barker (1979). T=Tonalite, Tdj=Trondhjemite, Gd=Granodiorite,
G=Granite. a) Middle Mountain pluton, b) Dome Peak pluton and
c) Mount Owen pluton.
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Figure 3.2b: CIPW normative classification of granites from
Barker (1979). T=Tonalite, Tdj=Trondhjemite, Gd=Granodiorite,
G=Granite. a) Bridger batholith and b) Louis Lake batholith.
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Figure 3.3a: Ab-Or-Q normative plots to distinguish between
Calc-alkali (cA) trondjhemite (Tdj) trends from Barker and
Arth (1976). a) Middle Mountain pluton, b) Dome Peak pluton
and c) Mount Owen pluton



Figure 3.3b: Ab-Or-Q normative plots to distinguish between
Calc-alkali (CA) and trodhjemite (Tdj) trends from Barker and
Arth (1976). a) Bridger batholith and b) Louis Lake batholith.
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variation diagrams (I-type), but also has
Al1,05, na20+K,0+Cal)>1.1 and >1% CIPW normative corundum (S-
type) . Mesonorm data are shown on a Qz-Ab-Or plot, with a
compilation in the form of a grid for all existing minimum
melt points over a range ¢f pressures and Ab/An ratios from
Anderson and Cullers (1978) (Figure 3.5a). The compositions of
undifferentiated plutons can be utilised to determine depth of
fusion. Extremely differentiated plutons should depict a trend
toward an appropriate minimum for their level of emplacement.
The broad spread shown by Middle Mountain, with Ab/An ratios
from 11.7 to 3.5 would suggest that the magma has undergone
differentiation and possible assimilation of country rock
subsequent to it’s formation. The trend of the data points

would imply depths of emplacement around 4kb.

Dome Peak Pluton

The Dome Peak pluton is classified as a quartz monzonite
from the mode (Pearson et al., 1971). It is metaluminous
(Figure 3.1b) with moderate $5i0, (65%), high K,0 and moderate
Ca0 (Table 3.1). It is diopside CIPW normative, and plots 1in
the granodicrite to quartz monzonite fields on the Ab—-An-0Or
discriminant diagram (Figure 3.2b). It does not clearly define
either a calc-alkali or trondhjemite trend (Figure 3.3Db).

Cn Harker Variation diagrams, TiO,, Al,0,, Fe,0,, and Ca0
show moderate linear variations with Si0, content (R=.70 TiO,,

R=.82 Al1,0,, R=.70 Fe,0;, R=.81 Ca0), similar to Middle
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Mountain pluton (Figure 3.6). It 1s an I-type granite with
relatively high Na,0 (>3.2%), Mol Al,0,/ (Na,0+K,0+Ca0)<1.1, CIPW
normative corundum <1% (Table 3.2). Most samples have between
63-68wt% S51i0,, three samples (FL-1, FL-1A, FL-7) have slightly
lower Si0C, content (60-6lwt%) and these samples come from the
southern margin of the pluton, whereas all other samples come
from the interior. Another sample NFL-5 falls significantly
away from the main trend, with lower Ca0 and X,0. In this
sample, the feldspars are extensively sericitised and there
are small fractures filled with epidote suggesting the rock
has been altered, perhaps associated with 1later fault
movements.

Mescnorm data for the Dome Peak pluton plot over a wide
area on a Qz—-Ab-0Or plot (Figure 3.5b). There is a broad trend
as indicated, suggesting emplacement depths around 7kb. The
Dome Peak pluton is a coarse grained pluton implying either
crystallisation in the water vapor-undersaturated region with
longer temperature ranges of crystallisation (Whitney, 1988),
or slower cooling due to emplacement at greater depths. At
greater depths, heat loss by both convection and conduction is
slower, as the thermal gradient is less. The Middle Mountain
granite by comparison 1s relatively fine grained implying
rapid crystallisation over a short temperature range (Whitney,

1988) .
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Mount Owen Pluton

Mount Owen Pluton is classified as a quartz monzonite
from the mede (Reed and Zartman, 1873). The pluton 1is
peraluminous (Figure 3.1lc) with a narrow range of $Si0, (72-
76%), high K,0, low Ca0 and MgO (Table 3.1). It is a corundum
CIPW normative 2Z2-mica granite, plots in the granite field on
the Ab-An-Or granitoid discriminant diagram (Figure 3.2c¢), and
also defines a calc-alkali trend (Figure 3.3c). On Harker
Variation diagrams there is poor linear correlation between
Al,0, (R=..29), Fe,03 (R=.38), Mg0 (R=.08), K,0 (R=.07) and Si0,
content, although TiO, (R=.66) and Ca0 (R=.49) do show a
moderate negative correlation with $1i02 content (Figure 3.7).
It is a S~type granite with a relatively restricted SioO,
range, Mol Al,0,/ (Na,0+K,0+CaQ) >1.1, and >1% CIPW normative
corundum (Table 3.2).

The mesonorm data form a tighter cluster on a Qz~Ab-Or
plot than either Middle Mountain or Dome Peak plutons. The
trend of the data points would imply depth of emplacements
around 4kb (Figure 3.5b). The relatively shallow depth of
emplacement implied by the mescnorm data is supported by the
fine grain size of the pluton, which indicates rapid cooling
at shallow depth (Whitney, 1988). The veined network of quartz
meonzonite dikes with no evidence of chilled margins implyies
the pluton was emplaced in rather brittle country rocks (Reed

and Zartman, 1973).
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Older Granitoids
Bridger Batholith

The Bridger batholith has a variable mode and ranges from
tonalite to granodiorite (Koesterer et al., 1987) with
K20/Na20<1. It is metaluminous (Figure 3.8) with moderate $Si0,
content (Table 3.3), and plots in the <trondhjemite and
tonalite fields on the CIPW normative Ab-An-Or discriminant
diagram (Figure 3.2d), and weakly defines a trondhjemite trend
(Figure 3.3b). The Bridger batholith is an I-type granite,
with relatively high Na,0 content (»>3.2% in felsic varieties,
decreasing to >2.2% in more mafic types), and <1% CIPW
normative corundum (Table 3.2). On Harker Variation diagrams
there is a moderate linear correlation for TiO, (z..s0yr AL,0;
(r=.74) ¢ £€303 =72y, and MgO (R=.75) with 8$i0, content (Figure

3.9 .

Louis Lake Batholith

The Louis Lake batholith has a more restricted range of
composition than the Bridger batholith, and is dominantly a
granodiorite (mode-Bayley et al., 1973) with moderate S$SiO,
(Table 3.3). The grancdiorite is metaluminous with K20/Na20<1
(Figure 3.1d), and plots in the tonalite and granodiorite
fields on the CIPW normative Ab-An-Or diagram (Figure 3.2e).
The granodiorite does not clearly define either a calc~alkali
Or trondhjemite trend (Figure 3.3e).

On Harker Variation diagrams there is moderate linear
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rable 3.3:; Average major and trace alement contenta of granites from Bridger and Louis Lake
patholiths.

Bridger Louis Lake
Batholith Bathelith

sample n=12 STD n=15 STD

5102 65,44 3.61 64.84 2.40
7102 0.55 0.13 0.66 0.13
A1203 16.85 0.91 16.25 0.60
Fe203-T 4.15 1.07 4.85 0.82
MgC 1.58 0.64 1.90 0.35
cal 3.78 1.21 4.22 0.71
Na20 5.52 1.21 4.79 0.38
K20 1.72 0.67 2.21 0.49
Mno 0.05 0.02 0.07 0.01
pP205 0.21 0.08 0.27 0.06
LOI 0.80 0,49 0.64 0,25
TOTAL 100.64 0.88 100.69 0.49
Rb 55.72 20.06 55.64 13,37
Ba 619.14 332.11 1294,03 537.46
Cs 0.51 0.28 1.46 0,93
sr 550,22 245,34 769.19 90,72
Pb 14,17 4,31 17.73 4.25%
Th 7.84 3.40 9.03 2.89
U 1.15 0.78 2.02 1.30
Sc 5.83 3,11 8,03 2,12
v 66.77 17.83 85.32 12.39
Cr 13.18 5,37 19.43 8.45
Co 8.94 3.06 11.11 2.04
Cu 5.87 11.76 5.35 9.02
Zn 72.36 28.68 84,41 14,00
Ga 24.83 2.95 21.94 3.11
Y 15.40 8.21 18.47 5.97
ir 165.95 36.79 197.86 32.54
Nb 7.20 2.84 8,35 2.56
Hf 5.14 1.71 6.32 1.02
Ta 0.65 0.96 0.63 0.33
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Bridger Loulis Lake

Sample n=12 STD n=1% STD

La 42.16 20.10 52.31 9.85
Ce 83.30 38.89 108.49 19.25
Nd 34.73 16.09 48.15 9.38
sm 6.52 3.158 9.12 1.92
Eu 1.45 0.60 2.14 0.28
Tb 0.37 0.30 0.71 0.16
Yb 1.23 0.72 1.7% Q.47
Lu 0.23 0.26 0.27 0.17
K20/Na20 0.234 0.15 0.47 0.14
K/Rb 330.92 257.32 337.58 56.48
Ba/Sr 1.08 0.47 1.67 0.67
Rb/Sr 0.11 0.04 0.07 0.02
La/¥b 39,13 20.65 33,11 13.89
La/sm 6.47 2.10 5.73 2.35
Eu/Eu* 0.76 0.09 0.80 Q.25

Table 3.3 cont’d: Average major and trace elemant contents for granites from Bridgar and Louis Lakae

batholiths.

BD=Below detaection
STD=1 astandard deviation of the mean
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correlation between all the major elements and S5i0, content
(R=.86 Ti0,, R=.86 Al,0,, R=.92 Fe,0,, R=.91 MgO, R=.91 CaOQ,
R=,74 K,0) (Figure 3.10), implying that fractionation occurred
subsequent to the genesis of the magma. This is an I-type
granite with relatively high Na,0 content (>3.2wt%), Mol
Al,0,/ (Na,0+K,0+Ca0) <1.1 and CIPW normative corundum <1%
{Table 3.2)

The variation seen in both the Bridger and Louis Lake
batholiths in part reflects the composite nature of these
units. The samples cover a wide area (900 km® for éridger
batholith, 1000 km? for Louis Lake batholith) and represent

multiple plutons.
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3.4: Trace Element Data

Late Archean K-rich granites
Middle Mountain, Dome Peak and Mount Owen Plutons

Middle Mountain, Dome Peak and Mount Owen granites all
have high Ba/Sr ratios (Table 3.1), consistent with the
retention of plagioclase in their source, although K-feldspar
and biotite fractionation can also control this ratio (Hanson,
1978) . Their high K/Rb ratics are consistent with the evelved
nature of the granites. On Harker Variation diagrams (Figures
3.11-3.13) showing the abundances of some LILE (Ba, Rb, Sr)
and highly charged cations (Ce, Zr), Middle Mountain granite
cenly shows fair linear correlation for Zr (R=.64) with Si0,
content, Dome Peak shows good linear correlation for Sr
(R=.91), and Mount Owen shows moderate linear correlation for
Ce (R=.64). These data would indicate that fractionational
crystallisation has occurred in all three plutons subsequent
to their melting, which is in agreement with the major element
data. The scatter in some of the LILE plots 1s not suprising
as Ba, Rb, and Sr are relatively mobile. Scatter in Zr plots
may be due to entrainment of restite zircon.

Chondrite-normalised REE plots (Figure 3.14a-c,
normalising values from Evenson et al., 1978) show that Middle
Mountain and Dome Peak plutons have highly fractionated

pPatterns (La/Yb=40.68 Middle Mountain, La/¥Yb=58.76 Dome Peak)
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with moderate Eu anomalies (Eu/Eu"=.60 Middle Mountain,
Eu/Eu’=.57 Dome Peak), whilst Mount Owen pluton has only a
moderately fractionated REE pattern (La/Yb=12.25) but a
pronounced Eu anomaly (Eu/Eu’=.37). Dome Peak pluton 1is
substantially more enriched in REE than either Middle Mountain
or Mount Owen plutons.

Data for the three plutons are plotted on primordial
mantle-normalised graphs (Figure 3.15a-c, normalising values
from Hefmann, 1988). The elements are arranged in order of
increasing bulk partition coefficient (D) for mantle
mineralogies (Wood, 1979), modified from Brown et al. (1984);
This gives an indication of element fractionations that have
occurred since separation from the mantle. Middle Mountain and
Dome Peak plutons have high Th contents, and Mount Owen pluton
moderate Th content. Middle Mountain and Dome Peak plutons
both have pronounced Ta-Nb anomalies, a characteristic of
magmas generated in subduction zone environments (Pearce et
al., 1983). Mount Owen pluton has only a slight Ta-Nb negative
ancmaly for samples MO-3, RM-2 and RM-32, while most of the
samples show decoupling between Ta and Nb. Garnet and
clinopyroxene are two minerals both capable of fractionating
these elements, with Ta having about a 3-fold greater
cempatibiblity than Nb in both phases (Green et al., 1989).
This suggests that either garnet or clinopyroxene was present
in the source and contributed to fractionating these elements

in the melt. The decoupling however may reflect analytical
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error in determining Nb content, as the values in Mount Owen
pluton are close to the lower limit of determination for Nb
(3.0 ppm, Table Cl).

Mount Owen pluton also is depleted in Sr relative to
Middle Mountain and Dome Peak plutons. All three plutons have
P,0; and Ti0, negative anomalies due either to the retention of
P/Ti-rich phases such as apatite (P), ilmenite (Ti) and
magnetite (Ti) in the source, or by later fractional

crystallisation of these phases.

Older Granitoids
Bridger and Louis Lake Batholiths

Both Bridger and Leouis Lake batholiths have low Rb/Sr and
Ba/Sr ratios (Table 3.3) which implies that plagioclase
retention in their scurce was not a major factor in their
genesis, although subsequent fractionation of K-feldspar and
biotite could lower this ratio (Hanson, 19%78). On Harker
variation diagrams ncne of the trace elements show good linear
correlation with Si0O, for the Bridger batholith (Figure 3.16),
whilst for Louis Lake batholith the trace elements Rb and Zr
show fair correlation with Si0, (R=.61 Rb, R=.69 Zr). The
variability in the older granitoids suggests that the LILE
which are relatively mobile, have indeed been mobilised.

REE plots (Figure 3.18a-b) show that both the Bridger and
Louis ©Lake ©batholiths have fractionated REE patterns

(La/Yb=39.13 Bridger batholith, La/Yb=33.25 Louis Lake



75

1500 200
g 1000 T £ .
(=} (=) »
[ ) Q {1004 o
o] PR QO ) .'
D 500 - . © .
0 e 0 — :
60 64 68 72 76 60 64 68 72 75
Si0Z2 wi% Si0z wiz
100 1000
£ CL. e £ *oe
8 504 ¢ * % 500 ;
& N 0’ * . ®
0 . . , 0 g " -
60 64 68 72 76 60 64 68 72 76
Si02 wi% Si02 wiz
300
g
a 200 .
N o .
100 _—
60 64 B8 72 76
Si02 wit%
Figure 3.16: Harker variation diagrams showing the

distribution of some LILE (Ba, Rb, Sr) and highly charged

cations (Ce,

Zr) in the Bridger batholith.



76

3000 200
g- g- o o ao a =]
& 15001 s, g 100 1 o
] SR B o QL
m e Y O a
0 - - 0 . .
60 64 68 72 60 64 68 72
Si0Z2 wiz Si02 wi%
100 1000
g o 31 ’ CE:. o i
a 501 “5 8 800 1 .
E B & [37] o "
O , - 800 y -
60 54 68 72 &0 64 68 72
Sio2 wig Si02 wi%
300
g 3° . .
a 200 n“ﬂ“ PR
N
100 T , =
60 64 68 72
Si02 wiz
Figure 3.17: Harker variation diagrams showing the

distribution of some LILE (Ba, Rb, Sr) and highly charged
cations (Ce, Zr) in the Louis Lake batholith.



77

1000 5
E Bridger Bathobth a
j
1604
g I
£ N
=]
£ -
g
104
1 T T T T L i T 13 ¥ ¥ L] T T
la Cs Nd Sm Eu o Yo Lu
1000 3
E Bridger Bathoilh b
100 3
m -y
£ 3
k=] -
£ ]
=]
= =
E
103
1 T T T ¥ T T L] ¥ L T L] ¥ T T T
Lo Ce Nd Sm Eu ™ b Lu
1000 5
= Bridger Batholith c
] Ronge
100 3
] =
5 .
[
& ]
: and
R
105
1 T T T \J T 1) ¥ 1 1 L T ¥ T T
Lo Ce Nd Sm Eu o Yb Lu

Figure 3.18a: REE plots for the Bridger batholith. a) and b)

REE plots of representative samples,

c) Range of REE values.



78

1000
Louis Loke Bathafith a

ISR

100

T B 1R

XChondrite

—
(=]

Pd 11 b iddd

1000
Lou's Laka Bathoith b

L g Ity

I

100

(IR ERVEI]

xChondrite

—
(=]

IR ERINiI

[~ HL=13 -~ HL~15 =~ =15 -~ W17 |

1 T U T T T T
La Ca Nd Sm Eu Tb Yb Lu

1000
Louis Loka Bathoith
Ronga

L il

1

100

xChondrite
Lb iyl

IR EEE

la Ce Nd Sm Eu Tb Yo Lu

Figure 3,18b: REE plots for the Louis Lake batholith. a) and
b) REE plots of representative samples, ¢) Range of REE values



79

batholith) and slight Eu anomalies (Eu/Eu'=.76 Bridger
batholith, Eu/Eu’=.80 Louis Lake batholith) characteristic of
Archean trondhjemites and tonalites. They are slightly less
fractionated than Middle Mountain and Dome Peak plutons. The
range of REE values 1s more restricted for the Louis Lake
batholith than the Bridger batholith, reflecting the more
homogeneous nature of this batholith.

On primordial mantle-normalised plots (Figure 3.1%a-b)
the Bridger and Louis Lake Dbatholiths are less fractionated
than Middle Mountain and Dome Peak, with lower Ba, Th and HFSE
(high field strength elements, Ta, Nb, Hf, Y, Zr) and with
less pronounced Ta-Nb, P,0; and Ti0, negative anomalies. The
Bridger Dbatholith exhibits a greater range of values
reflecting both the composite heterogenous nature of this
batholith and possible element mobilisation during deformation
and metamorphism. Louis Lake batholith by comparison has a
relatively restricted range and has not been intensely
deformed like the Bridger bathelith. Both batholiths show
evidence of decoupling between Ta and Nb. In the Bridger
batholith SL-3 is enriched in Ta relative to Nb, whilst SL-2
and to a lesser degree SL-4, SL-7 and HL-7 are depleted in Ta
relative to Nb. For the Louis Lake batholith, LLB-6 and LLB-7
like Mount Owen pluton show decoupling of Ta and Nb which may
be due to the assimilation and partial melting of a garnet or
clinopyroxene-rich source. The depletion of Ta relative to Nb

in the Bridger batholith may be due to the retention and
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absence of melting of garnet in the source region, which has
been proposed by numerous authors as a model to generate HREE
depleted tonalites and trondhjemites (Arth et al., 1978;
Martin, 1987; Rudnick and Taylor, 1987). The decoupling may
also reflect analytical error in Nb concentration, which is
close to the lower limits of determination by X-ray

fluorescence (3.0 ppm).
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3.5: Tectonic Discriminant Diagrams

Granites carry a major and trace element signature
indicative of source region, which also generally
characterises tectonic environment. Utilising major and trace
elements, tectonic discriminant diagrams have been devised to
distinguish between distinct tectonic settings (Pearce et al.,
1984; Harris et al., 1986;). The fields on geochemical
discriminant diagrams reflect source regions and melting and
crystallisation histories rather than tectonic setting.
However, reasonable discrimination can be made for Phanerozoic
granites (Pearce et al., 1984) as distinct environments (such
as ocean ridge, subduction zones and continental rifts) have
distinct P/T conditions of granite generation. However caution
must be used in applying these diagrams in the Precambrian,
specifically in the Archean when the mantle was 200-300°%
hotter and similar tectonic environments may have had
different P/T conditions, reflecting the hotter mantle
temperatures.

Rb-Nb-Y discriminant plots distinguish between granites
generated in subduction zones (VAG) from those in collisional
(syn-COLG), ocean ridge (ORG) and within plate (WPG)
environments (Pearce et al., 1984). Rb-Hf-Ta plots further
separate collsional granites into syn—-collisional (II) and
post-collsional (III) groups (Harris et al., 1986). Middle
Mountain, Dome Peak and Mount Owen plutons all lie in the

volcanic arc and syn-collisional fields on Rb-Nb-Y plots
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(Figure 3.20). Their socurce region was not enriched in high
field strength elements (Ta, Nb, Hf, Y) and reflects a source
generated from a subduction zone environment. Some samples
from both Middle Mountain and Mount Owen plutons straddle the
VAG and syn—-COLG fields.

On Rb-Hf-Ta plots Middle Mountain pluton lies in the
volcanic arc (VA) field with a trend towards the syn-
collisional field (II) (Figure 3.21a). Dome Peak pluton lies
in the volcanic arc field (Figure 3.21b). Mount Owen pluton
forms two distinct populaticns, one in the volcanic arc (VA)
field, and one in the collisional fields (I and III) (Figure
3.21c) . The samples in fields II and III are located well away
from the pluton’s margins, and are interpreted to reflect
magma sources. The samples in the volcanic arc (VA) field come
from «close to the pluton’s margins and may reflect
assimilation of material generated in an arc environment (such
as older tonalite-trondhjemite orthogneisses).

The older Bridger and Locuis Lake batholiths lie in the
volcanic arc fields on both Rb-Nb-Y and Rb-Hf-Ta plots (Figure
3.22 and 3.23), which supports the model for their genesis as
partial melts derived from subducted oceanic crust (Martin,
1987) .

In Proterozoic and Phanerozoic terranes, A-type granites
with high $i0,, Na,0+K,0, Fe/Mg, Ga/Al, Zr, Nb, Ga, Y and Ce,
low Ca0 and Sr are recognised (Collins et al., 1982; Anderson,

1983; Whalen et al., 1987), thought to be generated by either
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Figure 3.21: Rb-Hf-Ta plot from Harris et al. (1986).
VA=Volcanic arc granites, WP=Within plate granites, II=Syn-
collisional granites, I11I=Post-collisional granites. a) Middle
Mountain pluton, b) Dome Peak pluton and ¢) Mount Owen pluton.
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Figure 3.23: Rb-Hf-Ta plot £from Harris et al. (1986).
VA=Volcanic arc granites, WP=Within plate granites, II=Syn-
collisional granites, 1IIIzPost-collisional granites. a)
Bridger batholith and b) Louis Lake batholith.



89

melting a F and/or Cl enriched dry granulite residue remaining
in the crust after the extraction of an orogenic granite
(Whalen et al., 1987) or melting a charnockite source
(Anderson, 1983). On plots employving Ga/Al against Y, Ce, Nb,
zr and Na,0+K,0, discrimination between A-type granites and
most orogenic granites (M, I, and S-types) is obtained (Whalen
et al., 1987). Figure 3.24 and 3.25 show selected <trace
element I-S-A grantoid discriminant plots for Middle Mountain,
Dome Peak and Mount Owen plutons. All three plutons straddle
the boundaries of I/S and A-type granites. For trace element
content (Zr, Ce, Y, Nb) Dome Peak shows the clearest
separation from the I1/8 fields, exhibiting A-type
characteristics (Figure 3.25b). But as stated earlier Dome
Peak pluton also is classified as an I-type granite (Table
3.2). This apparent contradiction in part reflects two
different classification schemes, the I/S-type classification
(Chappell and White, 1974) is based on major element and
isotopic data, whereas the A-type classification (Collins et
al., 1982; Whalen et al., 1987) is based on both major and
trace element data. Also, the sources and therefore the
geochemical signatures (major and isotopic) for A-type
granites can be both igneous and sedimentary (Whalen et al.,
1987) . The A-type classification in effect is superimposed on
the I/S-type c¢lassification.

The older granitoids, the Bridger and Louis Lake

batholiths, also straddle the boundaries between I/S and A-
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type granite (Figure 3.26-3.27).

3.6: Comparison to other Late Archean granites

and Post Archean granites

Mosf Archean cratons record a major episocde of K-rich
granitic plutonism between 2700-2500 Ma. Figure 3.28 shows the
range of REE patterns for some Late Archean granites from the
Wyoming craton (Laramie, Beartooth, Middle Mountain, Dome Peak
and Mount Owen granites), Pilbara craton (Shaw batholith) and
Zimbabwe craton (Salisbury and Chilimanzi granites). Data for
the Wyoming craton are from this study and Montgomery (1989),
for the Pilbara craton from Bickle et al. (1989) and the
Zimbabwe craton from K.C.Condie ( 1989, unpublished data). The
granites display a range of REE contents but the dominant
feature is their HREE depletion, although some of them like
the Mount Owen, Chilimanzi and Cooglegong granites have
flatter REE patterns. The Late Archean granites also have a
moderate range of major and trace element composition
reflected in the tectonic discriminant diagrams shown in
Figure 3.29 and 3.30. This indicates that the sources for
these granites were variable, but does not constrain tectonic
environment. The HREE-depleted granites may be generated from
an already HREE-depleted source such as HREE-depleted
tonalites (Arth et al., 1978; Martin, 1987; Rudnick and

Taylor, 1987), which are a dominant component of the Archean




95

1000 =y

3 . . a
3 —— loromie gronite
1 .. e Chilmonzl graniie
i - ——— Soisbury gronite
woe TSN ) -— - —— Baoriooth gronite
£ 3 Tty
5 N
] 4
) Yom e Tt I
105 ‘-.,“;5.;.;" R e
7 Lole Archean Gronites
B S e
1000 B
= ———— Gorden Creek Adomeliie
3 .. eeereeee | auco Adomelite
4  T™._ ~—=— Porphyritic Gronite
100
g 7
g ]
& -
10*:*
-1 Shaw Batholth
e & W Sm ™ ! w W
1000 5
100
=
-
g
&
o =
E

Figure 3.28: REE plots for late Archean granites. a) Laramie
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crust. Less depleted granites may be generated from partial
melts of undepleted tonalites and metasediments or by
fractional crystallisation from a more basaltic precursor
{Condie, 1981; Taylor and McClennan, 1985). To Dbetter
constrain the origin of individual granites combined stable
and radiogenic isctope data along with major and trace element
data are reguired.

The early to mid-Proterozoic was ancther major period
(1800-1300 Ma) of granite plutonism (at least in Laurentia).
Figure 3.31 shows the range of some 1650-1450 Ma granites
from the southwest U.S5.A. In Figure 3.3la the granites have
been divided by major and trace element content into five
groups (Condie, 1978). Only the High-Ca group (1.7-4.0wt%
Ca0), represented by the Priest pluton and Penasco pluton
(Figure 3.31b) have highly fractionated REE pattern. As can be
seen there is no longer a dominance of HREE depleted granites,
reflecting perhaps the lack of suitable source rocks (i.e.,
HREE-depleted Archean tonalites). The differences between
Archean and Proterozoic granites are less pronounced on a
Primordial Mantle normalised plot (Figure 3.32). The range of
LILE and HFSE in Middle Mountain, Dome Peak and Mount OQwen
plutons brackets the range of both 1680 Ma orogenic granites
(Puntiagudo Granite Porphry, Rana Quartz Monzonite) and the
1450 Ma anorcgenic granite (Penasco Quartz Monzonite). Apart
from the HREE depleted character of many Late Archean granites

their overall geochemistry is similar to the range of post-



99

10003 a
. Protorozoic Granites from N.Mexico
1005
o 3
5 4
c
5 4
é 4
104
3 Priest (High—Ca)
4 Mogddlena (High—Si, high REE)
- = —w= Siver City (High—5i. low REE}
| ~ ——— White Sonds (High-X, Hgh REE)
PRI Oscura (High—K, jow REE)/
1 T T T T T T L T T T T T T 1] L
la Ce Nd Sm fu Tb Yb Lu
1000 5
3 b
7 Proforozoic Granitss
= Northern N.Mexico
100 4
8 3
5 ’
£
o] 7 -
S o T T
O 1T e
x
103
i Puntiagudo granite
T =eeeee... Runa quartz monzonits
+ === Ponusco quartz monzonite
1 T T T T T T T T T T T T T T ki
la Cs Nd Sm Eu Th Yb lu

Figure 3.31: REE plots for Proterozoic granites.

a) Representative granites from the five subgroups exposed in
New Mexico from Condie (1978). b) Three granites from the
Picuris mountains, northern New Mexico.
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Archean K-rich granites.

3.7: Conclusion

The Middle Mountain pluten is a slightly peraluminous
granite, depleted in the HREE, enriched in Th, Ba, Sr,
moderately enriched in Z2r, with a mixed I/S-type signature. It
shows fair linear correlations between both major and trace
elements and Si0, content indicating some degree of fractional
crystallisation subsequent to magma genesis.

Dome Peak pluton is a metaluminous gquartz monzonite,
enriched in the REE with a relative depletion in the HREE,
enriched in Th, Ba, Sr, 2r, with a mixed I/A-type signature.
Like Middle Mountain pluton it shows moderate linear
correlations on Harker diagrams indicating some degree of
fractional crystallisation subsequent to magma genesis.

Mount Owen pluton is a peraluminous quartz monzonite,
with moderate enrichment in the LREE and a flatter HREE
pattern than either Middle Mountain or Dome Peak plutons. The
pluton has an S-type composition and shows moderately linear
correlations on Harker diagrams indicating some degree of
fractional crystallisation subsegquent to magma genesis.

On tectonic discriminant diagrams, all three plutons plot
dominantly in the Volcanic Arc-Syn Collisional fields. However

the central part of Mount Owen pluton has a collisiconal
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signature, lying in fields II and III on a Rb-Hf-
Ta plot, whilst closer to the margins the pluten has an
volcanic arc signature, plotting in the VA field. Althougth
the tectonic discriminant diagrams reflect the geochemical
signature of the source environment (Pearce et al., 1984),
they do not precisely constrain the environment in which these

granites formed.
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Chapter 4
Petrogenesis

4.1: Introduction

The final chemical and isotopic composition of granitic
magmas depends on a complex array of processes, which include
scurce composition, pressure, temperature, volatile phase,
magma underplating, and assimilation-fractionation cooling
processes. The producticon of voluminous granitic bkatholiths
requires substantial melting of crustal material at crustal
depths (Clemens and Vielzeuf, 1987). Although the processes of
granite genesis may be diverse, they tend to evolve towards a
similar end member (Pitcher, 1987), which can often result in

a non-unigque petrogenetic model.

4.2: Constraints on Petrogenetic Models

Numerous geochemical models were evaluated (partial melt,
fractional <crystallisation, assimilation and fractional
crystallisation) to constrain the petrogenesis of Middle
Mountain, Dome Peak and Mount Owen Plutons. Field observations
and isotopilic data combined with major and trace element data

{(Chapter 3) help to further constrain geochemical models.

4.2.1: Field Evidence
Middle Mountain, Dome Peak and Mount Owen plutons are all
relatively large (>100 km?) plutons lacking asscciated

intermediate and mafic rocks, which one may expect to see if
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fracticnal crystallisation from a more mafic parent was the
preferred petrogenetic model.

In the southern Wind River Range, which is dominated by
plutons of the Louis Lake and Bears Ear batholiths, the
contacts between individual plutons are often diffuse (Pearson
et al., 1971, this study), which raises the possibility that
the Bears Far batholith may in some places be a late stage
fractional c¢rystallisation product from the Louls Lake
batholith. Although this may be possible, there is clear
evidence around Atlantic Lake (S.E.Wind Rivers, Popc Agie
Wilderness) that the Bears Ear batholith intrudes the Louis
Lake batholith (Plate 2. ). It is also possible that the older
Bridger and Louis Lake batholiths have partially melted to
form the Bears Ear batholith. In the northern Wind River Range
neither Middle Mountain or Dome Peak plutons (phases of the
Bears Ear batholith) are associated with the Louils Lake
batholith, both are intrusive into the the older gneiss

terrane,

4.2.2: Major and Trace Element Constraints

From the Harker plots for both major and trace elements
(Figures 3.4,5,6,10-12) it is clear that all three plutons
have undergone varying degrees cof fractional crystallisation
subsequent to magma genesis. Although there is scatter in
these plots, all three plutons show an overall decrease ¢of Sr

and Ba content and increase in Rb and K with increasing 510,
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content, indicating that both plagioclase and K-feldspar +
biotite were crystallising phases. All three plutons show a
range in REE content (Figures 3.l4a-c) which is to be expected
if fractional crystallisation occurred.

The HREE-depleted pattern of Middle Mountain and Dome
Peak plutons 1is similar to the HREE-depleted pattgrn of
Archean tonalites and trondhjemites suggesting these as
possible source rocks, as partial melting of
tonalite/trondhjemite does . not fracticnate the REE
(plagioclase, K-feldspar and quartz do not fractionate the
REE) . However, accessory minerals (e.g. zircon, allanite,
sphene) can exert a considerable control on the slope of the
REE pattern (section 4.3.3.4, appendix G).

Mount Owen pluton has an S-type composition (Table 3.2),
with a flatter HREE pattern than either Middle Mountain or
Dome Peak plutons. On a Rb-Hf-Ta discriminant plot, samples
from the central part of the pluton lie in the collisional
field (Figure 3.21c). This suggests a metasedimentary
composition as a viable source rock for the pluton (Harris et

al., 198¢6)

4.2.3: Isotopic Constraints
There has been limited isotopic work in both the Wind
River and Teton Ranges. Table 4.1 is a summary of all

available isotopic data for the Wind River Range.
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Table 4.1: Summary of isotopic data for the Wind River Range

SAMPLE Rb sr YRb/*Sr '"sr/'sr IYsr/*sr Sample
GPA10? 156 144 3.37400 0.82410 0.69997 Middle Mountain
GPA12! 157 100 4.63900 0.87250 0.70183 pluton
GPAS! 233 109 6.32200 0.98040 0.74781 "
GPAG! 114 520 0.63600 0.72680 0.70340 "
GPALL! 172 69 7.42600 0.94850 0.67530 "
BW15! 118 359 0.85170 0.73800 0.7023% Dome Peak plutcn
Fpsg4-2? 59 578 0.29430 0.71336 0.70207 Bridger batholith
FP584-52 75 353 0.61690 0.72740 0.70364 "
FPsS84-102 112 372 0.87380 0.73441 0.,70090 g
BL83-227 135 1387 0.28170 0.71372 0.70292 “
BLB3-24? 49 1265 0.11110 0.70716 0.70290 "
BLB3-25% 106 300 1.02800 0.74412 0.70470 "
Sm Nd MING /NG Mgm/ NG jor

B1.83-22° 37 246 0.51084 0.09208 +0.62 Bridger batholith
BL83-242 20 117 0.51091 0.10372 -2.04 "
BL83-252 ) 43 0.51069 0.08852 ~0.44 "
BL83-21% 4 14 0.51074 C.0B358 "
RGWY-1? 2 9 0.5109¢9 €.10144 u
RGWY-2? 3 15 0.51115 0.10109 "
4CFg? 3 18 0.51076 0.10740 -6.28 Medina Mountain
4CF372 9 52 0.51109 0.10757 +0.29 Supracrustals
4CF53? 7 35 0.51096 0.11615 -5.27 "

U ppm Th ppm Pb ppm 206p} s 204pYy 297pp /29pp 208pps20ipp
GPA-1Y" 3 29 33 18.455 15.801 42,031
GPA~6'* 3 19 30 17.356 15,612 39,198
References: 1. Stuckless et al., 1985; 2. Koesterer et al., 1987.

*=Middle Mountain pluton
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The work of Aleinikoff et. al (198%) has demonstrated the
existence of 3.4Ga crust in the central Wind River Range. The
heterogeneocus Bridger batholith has variable initial Sr
isotopic ratios from 0.701 to 0.704 and initial &, values from
+3.95 to =-3.35 (Hulsebosch and Frost, 1989). 1Initial Sr
isotope ratios of 0.701 and g, values of +3.95 are close to
the depleted mantle values at 2.7 Ga, the U-Pb zircon age of
the Bridger batholith (Aleinikoff et al., 1989). The batholith
is interpreted as derived from depleted mantle with up to 30%
contamination from evolved older upper crust (Hulsebosch and
Frost, 1989). Stuckless et al. (1985) carried out an
extensive U-Pb-Th and Rb-Sr isotopic study of the Louis Lake
and Bears Ear batholiths. A1l isotopic systems indicate an age
of 2630 + 20 Ma for the Louis Lake batholith. The initial Sr
isotopic ratio is 0.7017 #+ 0.0005, which is within the range
for model Archean mantle Sr isotope ratios proposed by Hart
and Brooks (1977) and Peterman (1979b). The protolith for the
Louis lake batholith could be of mantle or crustal affinity
and of any age from earliest Archean to only slightly older
than the batholith (Stuckless et al., 1985). Apparent ages for
the Bears Ear batholith range from 2504 + 40 Ma to 2575 + 50
Ma. The initial Sr isotpic ratio of 0.7038 + 0.0018 is higher
than Archean depleted mantle (DM) ratio at this time (0.7011)
(Stuckless et al., 1885). These data rule out a depleted
mantle as a possible source for the Bears Ear batholith.

It is clear from this study that the Bears Ear batholith is
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made up of at least two petrographically and geochemically
distinct plutons (e.g Middle Mountain, Dome Peak) and may
represent a prolonged period of plutonism. In the southern
Wind River Range the individual plutons of the Bears Ear
batholith have assimilated extensive blocks of country rock
(e.g. around Deep Lake and Temple Lake). The Sr isotopic
data allow the Bears Ear batholith to be derived from the
older Louis Lake/ Bridger batholiths (Stuckless et al., 1985).
However the average U-Pb-Th isctopic values for the Bears Ear
batholith do not allow derivation from the Louis Lake
batholith. Stuckless et al. (1985) point out that the scatter
in ages may be explained by both a significant component of
inherited zircons, and multiple intrusive and metascomatic
events that occurred about 2545 + 30 Ma.

In conclusion, the isctopic data presented do not uniquely
constrain the protoliths for either the Louis Lake or Bears
Ear batholiths. The Bridger and Louis Lake batholiths are
metaluminous tonalites to granodiorite in composition and
appear to have a depleted mantle component (g, +3.95,
¥'sr/%Sr,;=0.701) at the time of emplacement. The Bears Ear
batholith is more evolved (¥ 5r/%sr,;=0.7038) and requires an
older more evolved (crustal) source. The stable 1isotopic
data support the above conclusion but again do not uniquely
constrain the pluton protoliths. The 8'®0 values for Louils Lake
Batholith range from 6.8 to 8.0 per mil (Stuckless et al.,

1985; Cheang et al., 1986). These only slightly overlap oxygen
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isotope values from the upper mantle which are restricted to
the range of 5.5 to 7.0 per mil (Taylor, 1978). Longstaff and
Schwarcz (1977) report oxygen isotope data for trondhijemite to
tonalite gneisses from 6.1 to 7.8 per mil. The Louis Lake
batholith is enriched in 80 relative to a mantle source, but
is similar to Archean mantle derived tonalite-trondhijemite
suites. The 80 wvalues for the Bears Ear batholith are only
slightly higher than the Louis Lake batholith (7.1 to 8.0 per
mil), which is to be expected if the protolith was an colder
tonalite-trondhjemite.

Table 4.2 is a summary of all the available isotopic data
for the Teton Range. The older gneisses into which the Mount
Owen Pluton was emplaced yield a high-grade metamorphic age of
2.9 Ga, with an initial Sr isctopic ratio (0.701), within the
same range as the mantle at 2.9 Ga. Reed and Zartman (1973)
conclude that the original rocks were removed from the mantle
only shortly before the episode of high-grade metamorphism.
The extremely high initial S$r ratioc of the Mount Owen Pluton
(0.7320 + 0.009) could not have been derived directly from a
depleted mantle source at 2495 Ma, the age of the pluton. This
coupled with the peraluminous nature of the granite rules out
fractional crystallisation from a depleted mantle source at
2485 Ma. None of the older rocks have initial Sr ratios as
high as Mount Owen pluton by 2.5 Ga, and hence it was not
derived by partial melting of any of the exposed country rocks

(Reed and Zartman, 1973). This 1s supported by field
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observations. There is no evidence of partial melting of the
wall rocks; rather Mount Owen pluton was emplaced into a

brittle regime at shallow depths.

4.3: Models

Partial melt and fractional crystallisation models were
evaluated to determine the origin of Middle Mountain, Dome
Peak and Mount Owen plutons. To quantitatively evaluate the
genesis 0of these three plutons the following equations were
used.

The behaviour of trace elements during batch
(equilibrium) partial melting is given by (Schilling and
Winchester, 1967; Hanson, 1978):

C,=C,/ (F+D (1-F)) (1)
where C, is the concentration of the trace element in the
melt, C, is the initial concentration of the trace element in
the source, D is the bulk distribution coefficient of the
trace element in the residue at the time of melt removal, and
F is the fraction of melt.

Trace element behaviour during fractional crystallisation
of the parent melt (C,) relative to the differentiated melt
(C;) is described by the Rayleigh fracticnation law (Rayleigh,
1896) as applied by Neuman et al. (1954):

C,=C,(F"™h) (2)
where F 1s the fracticn of melt remaining and D is the bulk

distribution ccefficient of the crystals being removed from
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the melt.

The two models outlined above, batch melting and
fractional crystallisation are relatively simple mocdels which
idealise the stages in generation and evolution of a magma. A
model which addfesses the extent to which magmas are modified
during ascent and emplacement is the assimilation fractional
crystallisation (AFC) model of De Paolo (1981), modified by
Reagan et al. (1887)

C,=C_F7*+ (xCa+yCi) * (1-F"?%) /z (3)
where Cl is the trace element concentration in the magma, C°
is the initial trace element concentration, Ca the trace
element concentration in the assimilant and Ci the trace
element concentration in the intrusive magma.

x=r,/ (r;=r,+r;—1)

y=r.,/ (r,—r,+r,—1)

z=(r,+r;+D-1) / (r;—r,+r,;—1)
r;=Assimilation Rate/Crystallisation Rate
r,=Extrusion Rate/Crystallisation Rate
r3=Intrusion Rate/Crystallisation Rate
D=Bulk partition coefficient for the crystals being separated.
For the case considered in the generation ¢f these plutons
r,=r,=0 and equation (3) becomes

Cr=C,F P+ (xCa (1-F™®))

The amount of material assimilated is a function of the
temperature of the magma and intruded rocks, and the

composition ¢f the intruded rocks. Assimilation is greatest



112

when the intruded rocks are near their melting point, and they
have a large proportion of a low melting fraction. Huppert
and Sparks (1985) estimate that a komatiite, with an eruptive
temperature of 1600°C, can assimilate up to 30% crustal
material. It is unlikely that more evolved, cooler felsic
magmas will assimilate more than this amount (Philpotts,
1990) .

All models were tested using the spreadsheet modelling program

MODULUS, developed by Knoper (1990).

4.3.1: Controls on Models

In determining the origin of any rock, it is important to
understand the effect of the intensive parameters on the
model. The following section and associated appendices
evaluates the effect of the more important parameters on any

one model.

4.3.1.1: Partition Coefficients (K,)

Almost all geochemical petrogenetic models are based on
the concept of an equilibrium partition coefficient (K,)
between the mineral and melt. The partition coefficient is the
ratio of the concentration of a trace element in the mineral
to the concentration of the trace element in the melt. The K,
value can vary with pressure, temperature and composition of
the phases (Allegre and Minster, 1978).

In Appendix D (Table Dl), the average range of felsic K,
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values for major minerals involved in granitic genesis are
given. In Table D2 the range of K, values for the REE in the
major minerals is given. The effect of the range in K, values
on REE concentration in a melt for a given batch melt model is
shown in figure D1. The higher K, values result in a lower
concentration of trace elements in the melt (Figure D1). The
effect of composition of both melt and crystals might be the
most important parameter for the quantitative use of partition
coefficients (Allegre and Minster, 1878), i.e. the increase of
D% p1ag/1iqg With Na content of plagioclase and with acidic aspect
of the melt has been observed (Schnetzler and Philpotts,1968;
Noble and Hedge, 1970). The effect of oxygen fugacity on Eu
partitioning and the Eu?*/Eu® ratio is well documented (Weill
and Drake, 1973). Under extreme reducing conditions, D, (Plag)
appreoaches the value of Dg (Plag) (Drake, 1975). The effect of
varying the Ky for Eu in plagioclase is shown in Figure D2.
The larger the K; value the more pronounced the Eu ancmaly and
from the work of Drake and Weill (1975) the more reducing the

conditions of magma genesis.

4.3.1.2: Source and Melt Modes

Not only is the compesition of the source of critical
importance in the above models, but the proportion and
compesition of major minerals in both the source and melt for
partial melt models and crystallising minerals for fractional

crystallisation models an important constraint on the
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composition of magma generated. This has been shown to be true
for the genesis of HREE depleted Archean tonalites (Barker and
Arth, 1976; Arth et al., 1978; Martin, 1987), where the
presence or absence of garnet and /or amphibole in the source
will control the concentration of HREE elements, as these two
minerals preferentially concentrate the HREE (Hanson, 1978).

In the case of partial melt models, Hanson (1978) has
shown that the K/Rb ratio of a granitic melt is dependent on
whether K-feldspar or biotite is a residual phase. If K-
feldspar 1s in the residue this would lead to a dramatic
reduction of the K/Rb ratio in the melt as Ky's for Rb are
quite small. Biotite as a residual phase could lead to either
a higher or lower K/Rb ratioc depending on the stability of
biotite (Hanson, 1978). In Appendix E the effect of varying

the source mode is evaluated.

4.3.1.3: Melt Fraction-F

The melt fraction (degree of partial melt) is an
important parameter in any petrogenetic model. Small degrees
(<1%) of partial melt will be enriched in incompatible
elements; however, the experimental work of van der Molen and
Paterson (1979) indicates that not until 30-35% melting in a
crustal environment is achieved will separation of melt from
the source occur. Wickham (1987) showed from both field
observations and theoretical calculations that low melt

fractions are wunlikely to be extracted to form large
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{kilometer—-size) bedies, because of limited separation
efficiency. He determined the critical melt fraction (CMF) at
which separation will occur as between 30-50% melt.

The experimental work (Arzi, 1978; van der Molen and
Paterson, 1979) was performed on fine grained equigranular
granitic rocks (0.5mm diameter) and the CMF value may be as
low as 20% for partially melted rocks in a source region with
a wide range in grain size (van der Molen and Paterson, 1979).

For this study melt fractions between 20-40% were
considered reasonable values based on the above studies.
Appendix F illustrates the effect on REE of changing F (degree
of melt) for a partial melt model. As can be seen (Figure F1)
the smaller the value of F the greater the overall REE

content.

4.3.1.4: Accessory Phases

In the genesis of granites accessory phases such as
zircon, apatite, allanite, sphene and monazite crystallise out
and trace elements that in more mafic systems behave as
incompatible elements Dbecome compatible and preferentially
enter these accessory phases. Because these minerals
preferentially concentrate REE and HFSE (high field strength
elements, Ta, Nb, Zr, Y, HEf) they can exert a significant
control on the slope of REE pattern (Hellman and Green, 1979;
Miller and Mittlefehldt, 1982; Watson and Harrison, 1983; Sawka

et al., 1984; Fujimaki, 1986; Rapp and Watson, 1986). For this
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reason in modelling granites, it is also important to monitor
the behaviour of thg LILE elements (Ba, K, Rb, Sr) in the
system even though these are relatively mobile elements and
are not controlled by accessory phases (Hanson, 1978).

As zircoﬁ, apatite, sphene and allanite are all observed
in thin section in both the older Bridger and Louis Lake
batholiths and younger Bears Ear batholith and Mount Owen
pluton, the effects of varying the modes in both source and
melt has been evaluated in Appendix G. Ménazite was also
evaluated, even though it was not observed in thin section.

In partial melt models, a gquestion “that has to be
addressed is whether these accessory phases contribute to the
early stages of partial melting. If they do not, then the
residue will be relatively enriched in REE and HFSE. The
experimental work of Watson et al. (1989) has shown that
accessory minerals tend to be situated at major phase grain
boundaries and are involved in crustal melting. Accessory
grains isolated from the melt inclusion within residual grains
are common, but their generally small size results in only a
minor contribution to the bulk rock budget. Susuki et al.
(1990) show that some of the REE, particularly the LREE are
concentrated at grain boundaries, and for small degrees of
melting the REE pattern will be controlled by the pattern of
that of the grain boundary phases.

On the basis of results in Appendix G coupled with

petrographic observations, sources and melt modes for the
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models were determined. Ultimately these are fine tuned to the
model (Appendix H). It should be emphasized at this point that
the Ky values for some accessory minerals are poorly known,

especially for sphene, allanite and monazite.

4.4.1: Results
Middle Mountain Pluton

As Middle Mountain and Dome Peak Plutons have similar REE
distributions to Archean HREE-depleted tonalites/trondhijemites
and isctopic and field evidence cannot unegquivocally rule out
the older Bridger and Louis Lake Batholiths as possible
socurces, their composition was first tested as a possible
source. Parameters used in the models to generate Middle
Mountain pluton are given in Appendix I.

Figure 4.la and b show that the range of REE and HFSE
for Middle Mountain pluton falls within the range generated
by 40% partial melting of the maximum and minimum values of
the Bridger and Louis Lake batholiths. Only TiO, and P,0
content of Middle Mountain pluton 1lie below the values
generated by partial melting the older tonalitic batholiths.
This may be due to either the retention of a P,0, and Ti0O,-rich
phase (i.e. apatite, ilmenite, rutile) in the source, or the
early crystallisation of these phases from the magma.

Harker diagrams of major elements (Figure 3.4) show that
subsequent to the formation of the magma, fractional

crystallisation has taken place. 40% partial melt of an
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batholiths. Range of REE values for Middle Mountain pluton
also plotted. Melting parameters given in Appendix I.
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average value of the Bridger/Louis Lake batholiths will
generate the lowest REE values of Middle Mountain pluton.
Then, simple fractional crystallisation (Kspar, plag, guartz-
Appendix I) can generate the range in LILE content (Figure
4.2). However partial melting followed by fractional
crystallisation will not generate the range in REE values
(Figure 4.3). On a Harker plot for La and La/Yb versus $iO,
(Figure 4.4a and b), it can be seen that in fact the REE do
not show any correlation with S$i0, content.

The variable La/Y¥b wvalues may reflect wvariable
assimilation of supracrustal (metasediments and metavolcanics)
and/or felsic orthogneisses with lower La/Yb ratios. The
pluton intrudes mafic amphibolites, therefore a mafic
assimilant was tested, where the assimilation
rate/crystallisation (r') was equal to 0.10. For a felsic melt
to assimilate mafic material a maximum assimilation
rate/crystallisation rate of 0.10 is considered a reasonable
value (Philpotts, 1989) (Appendix I, Table Il). As can be seen
Figure 4.5, the AFC model shows that the low La/Yb values can
be explained by variable degrees of contamination, whereas the
higher La/Yb values are more readily explained by simple
partial melting followed by fractional crystallisation.
Interestingly, the samples with the lower La/Yb values come
from the margins of the pluton, where it intrudes a dominantly
amphibolite gneiss terrane. These samples (BL-1, BL-4, BL-5)

also have lower 35102 values (< 70%), higher Fe,0, values
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Figure 4.5: La/Yb versus Yb plot, where;

Co= Source (Tonalite-Bridger/Louis Lake batholiths)

Cl= 40% partial melt of Co.

+ = Fractional crystallisation trend of Cl.

X = Assimilation fractional crystalisation trends of Cl.
raz rate of assimilation/rate of crystallisation.

Tick marks at intervals of 10% Model parameters given in
Appendix I.
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Co = Source (Tonalite-Bridger/Louis Lake batholiths).
Cl = 40% batch melt (BM) of Co.

+ = Fractional crystallisation (FXL) trend of Cl.
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Assimilation fractional crystallisation (AFC) trend.
VAG/syn~COLG=Volcanic are and syn-Collisional granites;
WPG=Within-plate granites; ORG Ocean ridge granites.

Tick marks at 10% intervals. Model parameters given in
Appendix I.
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(>2.5wt%) and Zr content, >200ppm (avg=173). On a Nb versus Y
tectonic discriminant plot (Figure 4.6) the spread in the data
cannot be explained by simple fractional crystallisation,
however additional assimilation and fractional crystallisation:
of amphibolite can generate the range of values. The AFC model

has little effect on the LILE content (Figure 4.7).

Dome Peak Pluton

The highest REE content of Dome Peak pluton cannot be
generated by 40% partial melting of the older granitcids
followed by fractional crystalllisation. However 20% partial
melting of the maximum and minimum values of the Bridger/Louils
Lake batholiths will generate the lowest REE content observed
for Dome Peak pluton (Figure 4.8a). The parameters used in the
models to generate Dome Peak pluton are given in Appendix J.

Figure 4.8b shows the range of HFSE, LILE and REE for
Dome Peak pluton lies within the range generated by 20%
partial melting of the minimum and maximum values of the
Bridger/Louis Lake batholiths. Partial melting (F=20%) of an
average value of Bridger/Louis Lake batholiths will generate
the lowest REE contents in Dome Peak pluton. A further 50%
fractional crystallisation (K-feldspar, plagioclase, gquartz)
can produce the observed LILE concentration (Figure 4.9) and
REE concentrations (Figure4.10) unlike Middle Mountain pluton.
Figure 4.1la and b, shows that for La and La/Yb versus $io0,

plots there is fair linear correlation for Dome Peak, and an
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plots for the range of melts produced by 20% batch melting of
the minimum and maximum values of the Bridger/Louis lake
batholiths. Range of REE values for Dome Peak pluton are also
plotted.




127

3000

DOME PEAK PLUTON
2500 A +
b -+
#F BM (F=40%)
2000 - 6‘\‘
g. Co
Q. 1500
3]
s
1000 A
500
0 bl
0 400 800 1200 1600
Sr ppm
Figure 4.9: Ba versus Sr plot of the fractional

crystallisation trend (FXL) of a melt (Cl), produced by 20%
batch melting (BM) of a tonalite source (Co-Bridger/Louis
Lake batholiths). Model parameters are given in Appendix J.
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74

120
DOME PEAK PLUTON

80 +*
g T
jo ¥ e -+ g
% + -+ -
=1

404 + +

+
0 1] T T T T T
60 62 64 66 58 70 72
SiD2 wi%

Figure 4.11b: Plot of La/Yh versus 8102 content for Dome Peak

pluton.

74



128

1000 ,
DOME PEAK PLUTON

| S T )

7] syn—COLG

WPG

X P,

100

Rb

BM (F=20%)
Co

g VAG , /

10 I T 1 I 1 1 T 1
10 | 100

Y+Nb
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Co =Source (Tonalite-Bridger/Louis lake batholiths)
Cl = 20% batch melt (BM) of Co
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AFC model is not needed to explain the major REE trend. Three
samples fall below the fractional c¢rystallisation trend
(Figure 4.10). The lowest is an altered sample (NFL-5) where
the feldspars have a milky white appearance, and the other two
may represent contamination by greenstone material with a
lower La/Yb value. On a Rb-Y-Nb plot, the trend can be

explained by simple fractional crystallisation.

Mount Owen Pluton

The Z2-mica peraluminous Mount Owen Pluton with a flatter
REE pattern than Middle Mountain and Dome Peak plutons,is
classified as an S-type granite (Table 3.2), with the
implication that it’s source was sedimentary rocks (Chappell
and White, 1974y . Miller (1985) has shown that weakly
peraluminous granites can be derived from both igneous and
sedimentary sources, and that most are derived from crustal
sources with a pelitic component. A metasedimentary source
seems likely for the Mount Owen pluton for the following
reasons:

1. The samples that come from the center of the pluton

all plot in the sedimentary source fields on a Rb-Hf-Ta

plot (Figure 3.21).

2. These samples all have >1.25wt% normative corundumn.

3. The high initial ¥'3Sr/%Sr isotopic ratio (0.7320-Table
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Table 4.2: Summary of isotopic data from the Teton Range

- Rock type Rb Sr Rb/Sr  ®'sr/%sr,
Biotite Gneiss 68 220 0.309 0.7049
Amhpibolite Gneiss 12 98 0.122 0.7019
Rendezvous Metagabbro 23 185 0.124 6.7019
Webb Canyon Gneiss 69 87 0.793 0.7127
Mount Owen pluton 201 44 4.57 0.7320

All data from Reed and Zartman (1973).
*=87gr /%35y at 2.5Ga.
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Figure 4.13: Plot of the REE element concentration produced by
40% batch melting of an Archean greywacke. The range of REE
element content for Mount Owen pluton is also shown. Melting
parameters are given in Appendix K.
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4.2) is characteristic of S-type granites because the
Rb/Sr ratio of pelites are much higher than those of
average crustal rocks (0.5-1) (Miller, 1985).

4. The rocks in which Mount Owen pluton is emplaced
had Sr isctopic ratios characteristic of a depleted
mantle source at 2.5Ga (Table 4.2), suggesting that there
was not an anomalous enriched mantle reservoir at depth

in the lower crust.

The pluton was modelled by partial melting an Archean
greywacke. The parameters used in the models to generate Mount
Owen pluton are given in Appendix K. Figure 4.13 shows that
the highest REE content observed in the pluton can be
generated by 40% partial melting of an Archean greywacke. The
range in REE content can be generated by subsequent fractional
crystallisation (up to 50%) with monazite as a crystallising
phase (Figure 4.13).

The range of LILE, however can not be accounted for even
by 50% fractional crystallisation (Figure 4.14). Likewise on
a plot of La/Yb versus Yb it can be seen that fracticnal
crystallisation can not generate the cbhserved REE
distributions (Figure 4.15).

The samples that do not follow the fractional
crystallisation trend all have lower Yb values, and variable
La/Yb values suggesting contamination by a felsic orthogneiss

with a low Yb relative to La/¥b content. An AFC model was
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Figure 4.14: Fractional crystallisation trend of a melt (Cl)
produced by 40% batch melting of an Archean greywacke (Co) on
a Ba versus Sr diagram. Tick intervals at 10% Model
parameters given in Appendix K.
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Figure 4.15: Plot to show the fractional crystallisation trend
of a melt (Cl) produced by 40% batch melting of an Archean
greywacke (Co) on a La/Yb versus Yb diagram. Tick intervals at
10% Model parameters given in Appendix K.
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tried where the contaminant is a felsic orthogneiss from the
Wind River Range (Aleinikoff et al., 1989), with a La/¥b ratio
of 32.2 and Yb content of 1.1 (Al-Appendix K). As can be seen
from Figure 4.16a neither fracticnal crystallisation nor an
AFC model with a rate of assimilation/fate of crystallisation
of up to .50 can generate all the data poecints. This is

considered a maximum assimilation/crystallisation rate, and a

more reasonable value would be .25 (Philpotts, 1990). Another

contaminant was tested (AZ2-Appendix K) with a La/Y¥b ratio of
76.4 and Yb content of .59, this corresponds to a composition
of the older granitoids (Bridger and Louis lake batholiths) in
the Wind River Range. The assimilants were chosen from the
Wind River Range as there were no detailed geochemical
analyses of felsic orthogneisses from the Teton Range.

One can generate the range of Mount Owen pluton with variable
rates of assimilation versus crystallisation (Figure 4.16b).
Figure 4.17a and b show the effects of the two AFC models (Al,
A2) on the Ba and Sr contents of the éluton. As can be seen,
the Mount Owen pluton data lie within the range of AFC and FXL
model trends can generate the data range. On a Rb-Y-Nb plot
most of the samples can be generated by variable degrees of
AFC. However, three samples (labelled) fall below the AFC and
FXL trends and Rb may have been lost from these samples
(Figure 4.18).

In conclusion, Mount Owen pluﬁon can be generated from a

felsic (metasedimentary) source with variable degrees of AFC
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139

involving heterogeneous orthogneisses.

4.5: Conclusion

Based on combined field <o¢bservations (lack of
intermediate-mafic associated rocks, size of plutons, cross-—
cutting intrusive relationships), isotopic data (i.e.
relatively high initial %'Sr/%Sr isotopic ratios for all three
plutons) and geochemical modelling, the preferred petrogenetic

models for the three plutons are as follows:

1) Middle Mountain Pluton: Partial melt (F=.4) of an older

HREE depleted tonalite/trondhjemite source (similar to the
Bridger and Louis Lake batholiths) followed by assimilation or
mixing with amphibolite (greenstone) and up to 50% fractional

crystallisation.

2) Dome Peak Pluton: Partial melt (F=.2) of an older HREE

depleted tonalite/trondhjemite source (similar to the Bridger
and Louis Lake batholiths) followed by up to 50% fractional

crystallisation.

3) Mount Owen Pluton: Partial melt (F=.4) of an Archean

metasediment (probably greywacke) followed by variable degree

of assimilation and up to 50% fractional crystallisation.
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CHAPTER 5

DISCUSSION

In the absence of any associated supracrustal rocks, it
is hard to uniquely determine the tectonic setting for the
late Archean granites in western Wyoming. Possibilities
include overthickening of continental crust in a collisioconal
setting (continent-continent, continent-arc, or arc-arc)
(England and Thompson, 1986), or in an extensional setting due
to either relaxation of overthickened crust or large scale
mantle upwelling (Anderson, 1983; White and Mckenzie, 1989).

In the Wind River Range, the older tonalite-granodiorite
Louis Lake Dbatholith is interpreted as intrusive into the
South Pass greenstone belt (Bayley et al., 1973). Harper
(1986) interpreted the greenstone belt as a dismembered
ophicolite. The metadiabase and pillow lavas are similar to
modern en:iched mid-ocean ridge basalts (Harper, 1986),
however there is no sheeted dike complex and assocciated gabbro
cumulates charateristic of Proterozcic and Phanerozoic
ophiolites.

In the Archean when the Earth’s mantle was up to 200-
300°C hotter (Richter, 1985), the environments of crust
formation may have been different than those observed today
and recorded in the Phanerozoic and Proterozoic record. The
higher heat flow could have been dissipated by:

l) Faster spreading (Bickle, 1978);
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2) Increased length of spreading ridges (Hargraves, 1986);
3) Thicker oceanic crust (Sleep and Windley, 1982); or
4) Increase in mantle plumes (Fyfe, 1978).

Each of these mechanisms of heat dissipation has a direct
bearing on crustal processes. Faster spreading will result in
the subduction of relatively hot and therefore buoyant crust
which will subduct at shallower angles (Coney and Reynolds,
1977), with a reduction in wvolcanic activity (Abbott and
Hoffman, 1984). Most of the igneous activity caused by
subduction of young oceanic lithoshpere is either siliceous
plutenism or bimodal tholeiitic-rhyolite volcanism (Abbott and
Hoffman, 1984). Increasing the length of ridges would result
in many smaller plates and micro-continental collisions may
have been more common in the Archean. Both (1) and (2) are
inefficient mechanisms to dissipate heat (Wilks, 1988),
although they may have operated locally. Wilks (1988) showed
that with thicker oceanic crust, tonalites could be generated
in oceanic-oceanic collisions and at the base of thickened
oceanic crust. Increases in the number of plumes is similar to
(3) above in that thickened oceanic crust is formed. The main
difference is that the plumes will erupt through either
continental or oceanic crust.

Today less than 5% of the Earth’s surface is covered by
plumes (e.g. Yellowstone, Hawaii, Iceland) (Fyfe, 1978). This
could have been much higher in the Archean. In the Yilgarn

Craton (Australia), the close temporal and spatial
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relationship Dbetween the greenstone sequences and the
granitoids indicates that all were formed in response to the
same thermal event (Hill et al., 19%90). There is a 20-30 Ma
time gap between the initiation of basaltic volcanism and the
onset of voluminous crustally derived magmatism. There is then
a further time gap of about 20 Ma between the older granitoids
and intrusion of younger K-rich granites. The entire thermal
event spans about 100 Ma. All time scales can be related to
the conduction of heat from a starting plume of anomalously
hot mantle (Campbell and Hill, 1988). The presence of a hot
plume 1is indicated by both the large volume of basaltic
volcanism and the presence of komatiites within the basaltic
sequence (Campbell et al., 1989).

Two plausible tectonic environments for the three late

Archean granites studied are outlined below.

1) Plume environment

Upwelling of mantle asthenosphere through older (middle-
late Archean) crust produced basaltic volcanism as seen in the
South Pass Greenstone Belt. Heat from the plume melted the
base of the thickened basaltic pile and/or the older crust to
produce the Bridger and Louis Lake Batholiths. The generation
of less dense felsic tonalites/granodiorites acted as a
barrier to the more dense mafic magmas, which ponded at the
base of the crust. Continued heat conduction into the lower-

middle crust melted the recently formed tonalites and older
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felsic crust to generate the Bears Ear Batholith and Mount
Owen Pluton. Middle Mountain and Dome Peak Plutons represent
the partial melt of an older tonalite source. Mount Owen
Pluton represents the partial melt of a middle-lower crust
dominated by metasediments. However to get metasediments to
these depths requires crustal thickening and it is possible
that during a thickening event (collision-overthrusting)
melting could have occurred.

The 1isotopic dates in the Wind River Range do not
adequately constrain this or any other model. However, the
southern Wyoming Province is similar to the central Slave
Craton in that it is dominated by late Archean granites.

Detailed field and isotopic data have revealed that the
central Slave Craton 1is a late granite greenstone terrane
consisting of an assemblage of metamorphosed volcanic, pluton
and sedimentary rocks (2670-2650 Ma) intruded by syn-post
tectonic granitoid rocks representing 65% of exposed crust in
the area, emplaced within a short time interval (30 Ma) (Davis
et al., 1990). These post-date the volcano-plutonic assmablage
by 40-70 Ma. The granites evolve from early tonalites and
quartz diorites through to late peraluminous grancdiorites and
granites.

The temporal and spatial relationship of the central

Slave Craton can be explained by an upwelling mantle plume.

2) Subduction =zone
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Although the South Pass Greenstone Belt has an enriched
mid-ocean or back—-arc basin signature the contact with the
younger Louis Lake batholith is highly tectonised and may in
fact be a fault contact (Bayley et al., 1973; Harper, 1986).
In this case the Bridger and Louls Lake batholiths are
interpreted as subduction derived melts, with subduction
taking place under a micro-continent (indicated by the
presence of c¢lder Archean crust in the central Wind River
Range) . As subduction prograded, secondary partial melts are
generated in the thickened accretionary wedges in the forearc
producing dominantly peraluminous S-type granites (Mount Owen
pluton) and 1in the overthickened magmatic pile producing
dominantly I-type true granites (Middle Mountain and Dome Peak

plutons) .

Discussion

At the end of the Archean all cratons experienced major
anatectic melting. This worldwide magmatism is not a unique
phenomena confined to the end of the Archean. In the middle
Proterozoic (1800-1300 Ma) Laurentia was intruded by K-rich
anorogenic granites, mafic dyke swarms and anorthosites
(Anderson, 1983). The granite plutonism followed 200-300 Ma
after a major periocd (1800-1700 Ma) of Jjuvenile crustal
accretion to the Archean cratons. Recent work in the Andes and
Antarctica (Kay et al., 1989) has revealed a vast region of

upper Paleozoic to Middle Jurassic (300-150 Ma) silicic
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magmatic rocks that erupted in-board of the Gondwana margin.
The magmas appear to be melts of crust that represent magmatic
terranes accreted to the continental margin of Gondwana 200~
300 My earlier.
The origin of both the Mid-Proterozoic and Paleozoic-
Mesozoic felsic plutonism is uncertain but two overlapping

models have been proposed.

1) Extension following a major veriod of crust formation.

When rapid convergence and terrane accretion ceases, a
compressive stress system is replaced by an extensional one
and extension related basalt causes melting in the lower crust
(Anderson, 1983; Kay et al., 1989). However, the time lag
between accretion and silicic volcanism indicates that heat
must be added to the crust. The source for this heat may come
from either of the following:

a) Cessation of subduction and resultant removal of slabs

from beneath continental margins will lead to higher

subcrustal temperatures as asthenospheric flow 1is
renewed, as in the Tertiary of the Western U.S.A. (Kay et

al., 1%89).

b) During stationary periods for supercontinents heat is

trapped in and beneath continents, leading to higher

geothermal gradients.

2) Formation of supercontinents.
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The amalgamation of all the continents to form one
supercontinent will act as a thermal 1lid over the mantle
resulting in the build up of heat beneath it (Anderson, 1982).
Eventually the mantle becomes hot enough to melt it’s way
through the continental lithosphere and.'produce extensive
basaltic volcanism followed by felsic volcanism and plutonism
as the base of the lower crust begins to melt (White and
Mckenzie, 1989). Hoffman (1989) has argued that one large
mantle plume was responsible for the Mid-Proterozoic

anorogenic magmatism.

However, the mid-Proteroczoic and Phanerozoic granite—
ryholite magmatism differs from the Late Archean magmatism in
that it follows at least 200 Ma after a major period of
crustal accretion. The Late Archean felsic magmatism where
isotopic are well constrained (Slave, Superior and Yilgarn
Cratons) follows within 50 Ma of basaltic volcanism. The short
time scale for magmatic events on individual cratons may be a
function of the higher mantle temperatures in the Archean, but
it also lends support to major deep mantle plume activity at
the end of the Archean due to core-mantle cooling effects (

) .

The Late Archean event 1is further complicated by the
scattered outcrops of Archean Cratons. By the mid-Proterozoic
the geological record allows us to better reconstruct the

position of continents and determine whether supercontinents
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were 1in existence. It cannot be ruled out that a major Late
Archean supercontinent was accreted at 23800-2700 Ma ago, and
that the Late Archean granites which span from 2600-2500 Ma
represent the collapse of this supercontinent by extension,

mantle upwelling and lower crustal delamination.
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Chapter 6
Conclusions
Middle Mountain, Dome Peak and Mount Owen plutons are all
intepreted as crustally derived melts. They each have distinct
geochemical signatures which reflect differences in their
source and the conditions of melting and cooling histories.
Middle Mountain and Dome Peak pluton both are depleted in the
HREEs, whereas Mount Owen pluton has a much flatter HREE
pattern.
Middle Mountain pluton has a mixed I/S-type composition
and can be generated by partially melting (F=.4) an older
tonalite/trondhjemite source followed by variable degrees of
assimilation of greenstone rocks along with up to 50%
fractional <crystallisation. Dome Peak pluton which 1is
significantly enriched in the REEs has a mixed I/A-type
composition and can be generated by partially melting (F=.2)
an older tonalite/trondhijemite with minimal degrees of
assimilation of surrounding country rock and up to 50%
fractional crystallisation. Mount Owen pluton has a S-type
composition and can be generated by partially melting (F=.4)
an older metasedimentary source followed by variable degrees
of assimilation of older greenstones and felsic gneisses along
with up to 50% fracticnal crystallisation.
The major and trace element geochemistry cannot be used

within the framework of Phanerozoic granitoid tectonic
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discriminant diagrams to confidently determine their
environment of genesis.

The worldwide Late Archean felsic plutonism may be due to
the accretion of magmatic terranes to older Archean crust and
the resultant formation of a supercontinent. With the
cessation of compressive accretion, an extensional
environment followed with localised asthenospheric upwelling
causing anatectic melting in the lower crust. Additional heat
may have been supplied by heat trapped in and beneath a
supercontinent. Alternatively, the end of the Archean may
represent a major period of mantle overturn with extensive
upwelling of deep mantle plumes, perhaps a result of core-
mantle cocling. These mantle plumes would, like 1localised
asthenospheric upwelling cause anatectic melting in the lower
crust. The plume model also can explain the presence of Late
Archean komatiites, which require partial melts generated at
depths in excess of 200km (Arndt, 1986). In all likelihood
given the diversity of tectonic processes operating on the
Earth today, it 1is probable that the Late Archean felsic
- plutonism represents both combined accretionary/collisional

plate tectonics and plume tectonics.
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Appendix A

Major, trace element and CIPW data for
Middle Mountain, Dome peak and Mount Owen plutons
and

The Bridger and Louis Lake batholiths

BD=Below detection
Oxides in wt%
Trace elements in ppm



MIDDLE MOUNTAIN PLUTON

SAMPLE RL~-1 RL-2 RL-3 RL~4 RL-5 RL-7 RL-8 MM-1
si02 " 70.98 74.36 T4.42 71.91 76,63 74.66 72.19 73.95
Ticz 0.36 0.19 0.21 0.32 0.04 0.21 0.30 0.12
A1203 15.37 14.64 15.45 14.82 14.05 15.2¢6 15.64 14.04
Fe203-T 2.10 1.5¢6 1.65 2,10 0.37 1.42 2.22 1.33
MgO 0.82 Q.47 0.50 0.85 0.20 0.51 1.09 0.086
caQ 1.92 1.02 1.42 1,53 0.80 1.32 0.78 1.03
Na2C 3.73 2.95 3.49 3,50 2.75 3.47 4.43 3.73
K20 4,45 5.97 5.01 4,77 5.95 4.91 4.26 5.32
MnO 0.04 0.03 0.03 0.03 0.02 0.03 0.03 0.01
P203 0.08 0.05 0,05 0.07 0.01 0.04 0.10 0.02
Lol 0.66 0.50 0.52 0.62 0.38 0.47 1.08 0.33
TOTAL 100.52 101.74 102.75 100.32 101.18 102,29 102,10 99.95
Rb 148 139 114 147 134 144 126 216
Ba B29 1121 1248 1234 368 894 1049 414
Cs Q.74 0.86 0.51 0.31 0.39 0.56 0.30 0.85
sr 205 147 220 189 66.0 187 129 69.7
Pb 35 49 39.4 47 52 41 24 55
Th 16 63 50 57 7.7 41 47 32
U 2.8 5.1 3.3 2.5 3.7 5,4 8.0 4.1
Sc 3.80 2,33 2.26 3.34 0.48 2.45 3.27 2.78
v 25.6 20.4 16.0 28,2 4.54 23.1 31.2 5.23
Cr 13.7 2.56 17.2 5.15 3.91 1.78 23.8 18.6
Co 3.6 2.0 2.0 2.8 BD 2.1 2.6 0.80
Cu BD BD ED BD BD BD BD BD
Zn 46 28 29 39 13 32 29 11
Ga 26.9 16,2 17.0 19.7 18.3 20.0 23.6 23.0
Y 18 15 10 14 6.6 10 13 33
ir 183 183 166 184 35 139 201 98
Nb 6.7 4.6 3.9 4.7 0.56 4.4 11 9.1
HE 6.2 6.8 5.7 6.7 1.5 5.0 7.5 4.3
Ta 0.33 0.20 0.15 0.30 0.41 0.18 0.25 0.50



MIDDLE MOUNTAIN  2LUTON
SAMPLE RL-1 RL-2 RL-3 RL-4 RL-5 RI-7 RL~8 MM-1
La 55.5 94.1 69.1 74.9 10.2 51,2 74.1 46.1
Ce ©104 165 122 131 17.0 1.9 128 101
Nd 33.0 51.9 36.9 41.8 4.84 29.5 38,6 26.9
sm 5.50 9.30 6.47 7.30 0.77 a.79 6.91 6.34
Eu 1.49 1.11 0.87 1.02 0.39 0.96 1.01 0.62
Tk 0.47 0.62 0.44 0.53 0,11 0.34 0.851 0.71
Yb 0.86 0.76 0.39 0.70 0.16 0.68 0.51 1.9
Lu 0.14 0.12 0.07 0.10 0.04 0.10 0.12 0.30
K20/¥a20 1.19 2,02 1.43 1.36 2.16 1.42 0.96 1.43
K/Rb 248.71 355.31 361.71 269,09 366.19 283.41 279,35 204 .41
Ba/Sr 4.03 7.60 5,66 6.53 5.59 4.79 8.11 5.95
Rb/Sr 0.7z 0.94 0.52 0.78 2.04 0.77 0.98 3.10
La/Yb 64,53 123.82 177.18 107.00 63.75 75.29 145,37 24.50
Eu/Eu” 0.82 0.42 0.47 0.48 1.56 0.69 0.50 0.32
CIPW NORM

c 26.97 30.99 30.38 29,07 35.52 31.44 26.52 29.55
C 1.14 1.57 1.78 1.29 l.64 1.90 2.54 0.32
or 26.33 34,85 28.96 28.27 34.87 28.49 24,91 31.56
Ab 31,860 24.66 28.89 29.70 23.08 28.83 37.08 31,68
An 8.95 4.68 6.57 7.16 3.87 6.17 3.18 5.00
Di - - - - - - - -
Hy 2.59 1.68 1.75 2.21 0.65 1.87 3.36 0.64
Mgn 1.53 1.12 1.17 1.53 0.27 1.01 1.59 0.97
Il 0.69 0.36 0.39 0.61 0.08 0.39 0.5¢ 0,23

Ap 0.21 0.11 0.11 0.16 .02 0.0¢ 0.23 0.05
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MIDDLE MOUNTAIN PLUTON

SAMPLE MM-3 MM-4 MM-5 BL~1 BL-2 BL-4 BL-5 GL-1
5102 73.56 74,63 72.53 69,54 72.3% 69,30 68,60 74.25
Tio2 0.20 0.14 0.17 0.50 0.26 0.41 0.54 0.19
Al203 13.66 13.69 14.50 16.55 15.19 16.24 16.03 14.19
Fe203-T 1.33 1.30 1.66 3.41 1.51 2.61 3.314 1.21
MgO 0.20 0.09 0.00 0.98 0.31 .70 0.99 0.11
Cal 0.88 0.82 0.84 2.75 1.23 2.54 2,89 0,91
Na20 3.32 3.45 2.99 5.06 3.38 4,45 4.68 3.84
K20 5.59 5.37 5.61 3.24 5.12 3.09 2.98 5.30
Mno 0.02 0.02 0.02 0.03 a.c2 c.03 0.02 0.01
P205 0.04 0.02 0.05 0.12 0.07 0,12 0.12 0.03
LOT 0.60 0.68 0.68 0.40 0.85 0.77 0.70 0.47
TOTAL 99.95 100.21 99.035 102.87 100.47 100.25 100.88 100,50
Ro 198 200 217 155 138 111 108 160
Ba 847 395 777 985 778 814 1271 930
Cs 0.71 0.50 0.71 1.89 0.78 1.59 1.35 0.55
Sr 102 82,5 87.9 256 151 287 335 160
Pb 43 52 51 30 41 38 38 63
Th 67 59 3% 34 42 39 37 55
U 9.1 14 3.8 4.7 7.4 4,63 3.22 9.67
sc 3.48 2.98 3.47 4.20 3.34 4,67 5.42 2.14
v 13.1 13.1 13.0 45.8 13.7 42.3 49.8 B8.78
Cr BD 1.78 BD 7.06 3.89 8.43 3.68 2.93
Co 1.5 1.0 1.3 6.4 2.1 4.6 6.0 1.1
Cu BD BD ED BD BD BD BD 2D
Zn 13 BD 13 31 8,4 18 38 5.7
Ga 19.9 22.0 21.5 26,1 21.6 24,2 23.8 21.0
Y 14 16 1¢9 23 14 29 19 11
Zr 159 1086 147 230 143 246 269 107
Nb 2.0 8,9 9.2 12 7.3 10 11 2.9
HE 6.4 5.5 6.3 7.8 5.3 7.4 8,2 4.5
Ta 0,35 0.46 0.31 1.1 J.66 0.75 0.72 0.39
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MIDDLE MOUNTAIN PLUTON
SAMPLE MM-3 MM-4 MM-3 BL-1 BL~-2 BL-4 BL-5 GL-1
La 89.9 80.5 90.2 52.8 67,5 70.3 78.71 75.05
Ce 178 185 173 90.2 122 125 130.88 146.51
Nd 51.9 56.5 54.4 26.8 42,1 40.4 39.70 45.01
Sm 10.3 10.4 12.1 4,76 7.22 7.72 6.54 7.44
Eu 1.07 0.95 0.98 1,17 1.00 1.39 1,55 0.91
Tb 0,58 0.80 0.91 0.50 1.3 0.86 0.65 0.45
Yb 0.81 1.0 0.72 1.9 1.2 1.9 1,54 0.70
Lu 0.07 0.06 0.11 0.30 0.15 0.28 0.21 0.08
K20/Nazo 1.68 1.55 1.88 0.64 1.43 0.69 0.64 1.38
K/Rb 234.12 222,94 214.48 172.61 268.02 230.07 228,63 274.87
Ba/Sr 8.31 7.22 8,78 3.84 5.15 2.84 3.79 5.80
Rb/Sr 1.94 .2.42 2,47 0.61 1.05 0.39 0.32 1.00
La/Yb 111.01 79.66 125.2¢6 28.09 57.73 36.98 51.11 107,21
Eu/Eu’ 0.37 0,31 0.28 0.80 0.41 0.58 0.78 0,43
CIPW
Q 30.99 32.12 32.25 19.01 28.97 25.26 22.23 29.45
C 0.65 0,76 2.14 0.01 1.70 1.25 0.14 0,35
or 33,43 31.88 33.70 18.38 30.386 18.35 17.58 31.31
Ab 28.43 29.33 25.72 41.10 30.40 37,85 39.52 32.48
An 4.15 3.96 3.90 12.34 5.67 11.88 13.53 4.32
Di - - - - - - - -
Hy 0.89 0.69 0.63 4,23 1.15 2.45 3.29 0.59
Mgn 0.98 0.95 1.22 3.77 1.10 1.90 2.42 0.88
Il 0.38 0.27 0.33 0.91 0.50 0.78 1.02 0.36

Ap 0.09 0.05 Q.12 0.27 0.16 0.28 0.28 0.07
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MIDDLE MOUNTAIN PLUTON

SAMPLE GL~-2 GL~-3 GL-4 AVG n=19

sio2 72.54 72,58 72,19 72.69 2.00
T102 0.28 0.33 0.24 0.26 0.12
Alz203 14,69 14,83 14.60 14,92 0.81
Fe203-T 2.38 1.87 2.01 1.86 0.72
Mgo 0.51 0.61 0.82 0.51 0.33
cao 1.28 1.91 1.81 1.4 0.66
Na20 4.39 4.22 3.87 3.78 0.60
K20 4.61 4.46 4.52 1.78 0.87
Mno 0.02 0.02 0.02 .02 0.01
205 0.08 0.05 0.04 0.06 0.03
eI 0.64 0.47 0.57 0.50 0.17
TOTAL 101.43 101.34 100.68 100,96 0.97
Rb 160 132 131 153 32.40
Ba 1711 1024 1975 993 381.98
cs 1.15 1.03 1,87 0.89 0.47
ST az4 277 262 191 95.06
Ph 54 a1 s1 44 9.43
Th 54 53 57 46 15.38
u 10 4.6 7.9 6.0 3.04
sc 2.28 3.00 3.84 3.13 1.05
v 3.75 26.09 29.59 21.51 13.32
cr 6.63 2.26 5.34 7.14 6.51
co 2.3 2.9 3.0 2.3 1.89
Cu BD BD BD _— _—
Zn 14 18 19 21 12,16
Ga 21.9 19.9 18.7 21.3 2,77
¥ 8.0 14 73 18 14.90
ar 173 192 304 173 63.21
Nb 5.0 7.9 9.8 7.3 3.13
HE 6.6 6.6 9.5 6.2 1.67
Ta 0.41 0.63 0.54 0.45 0.23



MIDDLE MOUNTAIN PLUTON

SAMPLE GL-2 GL-3 GL-4 AVG n=19 STD

La 75.5 78.7 101 70.3 20.12

Ce 134 141 174 127 36.69

Nd ‘ 41.2 45.0 55.8 40.1 12.19

Sm 5.44 6.22 13.7 7.32 2.83

Eu 1.38 1.22 2.52 1.14 0.42

Tb 0.27 0.37 2.86 0.70 0.57

Yb 0.66 1.1 14 2.4 2.91

Lu 0.10 0.16 2.17 0.25 0.46

K20/Na2¢ 1.0S 1.06 1.17 1.32 0.42

K/Rb 237,98 279.85 284.73 264.02 51.31

Ba/Sr 4.03 3,69 7.53 5.75 1.75

Rb/Sr 0.38 0.48 0.50 1.13 0.81

La/Yb 114,35 70.22 6.93 40.68 14.08
Eu/Eu’ 0.91 0.69 0.52 0.60 0.30

cipw

Q 25.56 25.85 27,07 27,98

c 0.36 - 0,15 1.03

or 27,03 26.13 26.68 27.91

ab 36.85 35.39 32.71 31.73

An 5.72 8.28 8.71 6.80

Di - 0.63 - -

Hy 2.03 1.64 2.69 2,50

Mgn 1.71 1.34 1.46 0.83

11 0.53 0.62 0.46 0.49

Ap 0.21 0.12 0.09 0.14



DCME PEAK PLUTON

SAMPLE NFL-1 NFi-2 NFL-3 NFL-4 NFL-5 NFL-6 NFL-7 PC-1
5i02 66.32 66.37 65,34 68.44 70.88 68.84 67.63 65.39
Tio2 0.82 0,75 0.76 0.72 0.60 Q.55 0.7C 0.58
Alz03 15.56 15.57 15,68 14.53 13.75 14.94 15.09 16.92
FaZ03-7 5.00 4.80 5.1S8 4,41 3.57 3.57 3.97 3.29
MgOo 1.76 1.52 1.69 1.29 2.09 1.28 1.14 0.%9
Ca0 3.81 2.93 3.52 2.90 0.7% 2.59 2.58 3.25
Nazo 4.01 3.33 3.86 3.61 6.87 3.79 3.38 3.95
K20 3.60 5.21 4.48 4.31 0.71 4.74 4.85 4.61
Mno 0.05 0.03 0.05 0.04 0.01 0.04 0.06 0.05
P20S Q0,27 0.28 0.24 0.21 0.16 0.15 0.23 0.22
LOI 0.59 0.97 1.00 0.67 1.31 1.02 0.70 0.47
TOTAL 101.78 101.73 101.74 101.13 100.70 101.51 100,32 99.71
Rb 90.3 88.3 100 107 26.3 102 125 93
Ba 13882 2540 1741 1174 93.0 1244 1207 1882
Cs BD BD BD 0.46 BD BD 0.29 0.20
Sr 474 432 446 320 80.1 301 327 609
Pb 28 14 24 31 6.6 28 29.4 27.3
Th 30 42 38 70 116 56.4 33.7 16.6
U 1.8 1.4 1.7 2.4 4.5 4.6 1.6 1.1
Sc 9.28 9.56 9.61 9.47 7.70 6.39 6.86 6.07
v 70.3 76.4 71.9 54.6 54.2 45.7 58.2 61.2
Cr 12.8 12.9 16.8 10.6 4.57 7.82 10.8 12.5
Co 11 9.9 11 8.6 4.1 6.3 7.2 7.5
Cu 4.1 22 22 BD BD BD BD BD
Zn 57 11 61 46 ND 17.6 49.4 52.8
Ga 22,1 22.1 17.4 20.3 20.6 20.2 20.4 20.6
Y 37.1 34.8 35.2 38,6 26.2 30.3 46.2 25.3
2r 400 378 403 379 308 294 367 219
Nb 13.1 9.3 11.8 15.5 17.4 13.7 15.6 9.1
Ef 16,3 12.3 15.6 13.2 9.7 14.8 9.9 11.2
Ta 0.83 0.5¢6 0.61 0.66 1.4 0.63 0.78 0.3%
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DOME PEAK PLUTON

SAMPLE NFL-1 NFL-2 NFL-3 NFL-4 NFL-5 NEL-6 NEFL-7 pc-1
La 170 219 183 198 101 148 118 111
Ce 326 416 351 368 177 248 2258 205
Nd 130 138 99,2 99.2 47.5 69.6 69.3 79.4
Sm 21.2 23.9 22,3 23.1 12.5 14.7 17.5 13.9
Eu 3.35 3,65 3.22 2,97 1.81 2.61 2.53 2.86
Tb 1.5 1.5 1.3 1.9 1.0 1.1 1.6 1.0
Yb 2.7 2.68 2.80 3.56 3.43 2.77 2.86 2.00
Lu 0.37 0.33 0.39 0.37 0.33 0.36 0.32 0.24
K20/Na20 0.90 1.57 1.16 1.19 0.10 1.25 1.43 1.17
K/Rb 330.55 489.67 370.11 333.32 223.41 383.43 319.66 411 .74
Ba/Sr 3.27 5.88 3;90 3.66 1.16 4.13 3.69 3.09
Rb/Sr 0.19 0.20 0.22 0.33 0.33 0.34 0.38 0.15
La/Yb 63.69 B1l.81 65.64 55.85 29.45% 53.48 41.50 55.67
Eu/Eu’ 0.55 0.54 0.50 0.44 0.49 0.61 0.49 0.71
CIPW NORM

Q 19.10 18.69 16.40 23.29 23.70 22.31 22.48 16.72
Cc - - - - Q.70 - .14 0.05
Or 21.02 30.55 26.28 25.35 4,22 27.6C 28,77 27,45
Ab 33.353 27.986 32.42 30.41 58,49 31.6C 28.71 33.87
An 13.66 12.06 12.06 10.66 2.68 9.61 11.34 14.80
Di 2.62 0,55 2.98 1.84 - 1.67 - -
Hy 4,33 4.73 4.18 3.42 6.07 3.30 3.81 3.29
Mgn 3.58 3.45 3.71 3.18 2.60 2.55 2.89 2.40
Il 1.54 1.41 1.43 1.36 1.15 1.03 1.33 1.11
Ap 0.62 0.60 0.35 0.48 0.37 0.34 0.54 0.51
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DOME PEAK PLUTON

SAMPLE PC-2 PC-3 pPC-4 PC-5 FL-1 FL-1A FL-7
5102 66.03 63.19 63.84 64,67 60.82 60.91 60.74
Ti02 0.82 0.80 0.77 0.67 1.11 1.10 1.03
Al203 16.21 17.24 17.02 16.50 15.37 15.386 16.67
Fe203-T 4.98 4.69 4,15 4.00 6.60 6.55 6.37
Mgo 1.52 1.46 1.34 1.14 2.56 2.51 2.1%
Cal 3.68 4.11 3.74 3.32 4.32 4.33 4.57
Na2¢ 3.98 4.24 4.04 4.56 3.45 3.43 4,23
K20 4.29 3.60 4.18 5.01 3.87 3.83 3,21
MnO 0.053 0.06 0.05 0.04 0.08 Q.08 0.09
P2C5 0.28 0.32 0.28 0.22 0.56 0,58 0.47
LOI 0.43 0.34 0.54 0.864 0.98 0.75 0.386
TOTAL 102.29 100.05 99.96 100.77 99.72 99.40 99.89
Rb 94.8 80.1 96.5 113 104 102 64.6
Ba 2144 1206 1174 2341 2225 2161 2321
Cs 0.28 0.36 0.28 0.37 0.59 0.53 0.38
Sr 562 597 372 572 757 745 708
Pb 28 28 30 30 25 23 16
Th 35 43 58 37 48 45 8.8
U 1.4 1.8 2.0 1.5 1.7 1.3 1.3
sc 7.97 10.5 8.13 6.8 12.0 11.9 10.3
v 69.8 61.2 74.8 57.1 106 103 98.6
Cr 23.3 13.7 1c.1 12.2 34.0 67.5 22.9
Co 9.5 8.2 9.6 7.5 15.8 15.8 12.6
Cu BD 3.9 BD 0.13 6.4 18.8 BD
Zn 65 67 59 48 104 100 98
Ga 21.2 24.3 23.6 20.8 28.7 22.% 30.3
Y 34.5 38.8 40.0 32.1 39.1 37.7 29.4
2r 405 314 364 338 385 367 417
Nb 13.1 13.6 14.9 13.1 9.73 12.1 11.7
HE 11.6 17.7 18.5 9.3 13.7 11.4 14.7
Ta 0.62 0.77 0.81 0.72 0.49 0.45 0.58



DOME PEAK PLUTON
SAMPLE PC-2 PC-3 PC-4 PC-5 FL~1 FL-1A FL-7
La 158 204 238 169 202 197 93
Ce 300 377 428 314 388 389 188
Nd 98.8 136 120 122 150 151 g§z2.2
Sm 18.9 24,6 24,6 19.1 25.4 25.2 15.9
Eu 3.53 3.86 3.37 3.48 3.94 4.03 3.59
b 1.4 1.7 1.6 1.32 1.6 1.7 1.1
b 2.52 3.20 3.18 2.42 3,52 3.06 2.31
Lu 0.29 0.39 0.39 0.29 0.32 0.32 27
K20/Naz20 1.08 0.85 1.03 1.10 1.12 1.12 0.76
K/Rb 375.46 372.62 359.50 367.77 306.16 310.16 412.18
Ba/Sr 3.81 2.52 2.05 4.09 2.94 2.90 3.28
Rb/S5r 0,17 0.13 0.17 0.20 0.14 0.14 0.09
La/Yb 63.07 63.84 75.04 70.20 57.47 €4.41 40.26
Eu/Eu’ 0.64 0.54 0.48 0.63 .54 0.56 0.78
CIPW
Q 16.83 14.39 14.97 11.48 14.48 14.88 12.04
C - - - - - - -
ox 24.89 21.34 24.84 29.57 23.1%6 22.94 19.06
Ab 33.06 35.98 34.38 38.53 292,56 29,41 35.97
An 13.45 17.43 16.05 9.74 15.21 15,41 17,10
D1 2.15% 0.74 0.56 4,23 2.22 2.12 2.08
Hy 3.92 4.45 4,01 1.80 7.07 6.99 6.07
Mgn 3.54 3.41 3.02 2,90 4.84 4.81 4,63
Il 1.53 1.52 1.47 1.27 2.14 2.12 1.97
Ap 0.64 0,74 0.68 0.51 .3 1.31 1.09



DCME PEAK  PLUTON
SAMPLE AVG n=13 STD
5102 65.29 2.93
Ti02 0.79 0.17
Al203 15.76 0.96
Fe203-T 4.74 1.04
Mgo 1.63 0.48
cao 3.36 0.92
Na2C 4.05 0.83
K20 4.03 1.04
Mno 2.05 0.02
P205 0.29 0.13
10T 0.72 0.27
TOTAL 100.71 0.90
Rb 92.7 22.40
Ba 1687 625.53
Cs 0.25 0,20
sr 500 181,05
Po 25 6.72
Th 45 24.08
u 2.0 1.05
sa 8.80 1.84
v 73.5 20.10
cr 20.5 16.84
Co 10.1 3.48
Cu 5.2 B.26
Zn 55 29.67
Ga 22.4 3.23
Y 35.0 5.42
Zr 356 51.19
Nb 12.9 2.31
uf 13.3 2.80
Ta 0.70 0.21



DOME PEAK PLUTON

SAMPLE AVG n=13 STD

La 168 43.51

Ce 313 82.34

Nd 106 31.12

Sm 20.2 4,32

Eu 3.25 0.59

Tb 1.4 0.26

Yb 2.87 0.44

Lu 0.50 0.60

K20/Naz2o 1.06 0.32

K/Rb 357.71 58.02

Ba/5r 3.36 1.63

Rb/5r 0.21 0.09

La/¥b 58.76 13.22
Eu/Eu’ 0.57 0.09

CIPW

Q 16.48

C -

Or 23.72

Ab 34.14

An 12.87

Di 1,51

Hy 6.27

Mgn 2.13

Il 1.50

Ap 0.67
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MOUNT OWEN PLUTON

SAMPLE GT-1 GT-2 GT-3 GT-4 GT=5 MO-2 MO-3 MO-5
$ic2 75.54 76.45 75.39 76.66 75.73 73.34 75.44 73.88
Ti02 0.06 0.07 0.06 0.07 0.07 0.19 0.14 0.17
Al203 13.98 13.98 13.96 ’13.79 la.00 13.82 13.54 13.76
Fe203-T 1.05 1.18 1.03 1.14 1.02 1.76 1.64 1.74
Mgo 0.28 0.30 0.24 0.25 0.24 0.48 0.16 0.25
Ca0 0.77 0.69 0,61 0.64 0.87 1.36 0.30 1.12
Naz20 3.70 3.53 3.69 3.87 3.32 4.04 3.22 3.35
K20 4.98 4,99 4,85 4.67 4.84 4.21 5.28 5.2%
Mno 0.03 0.03 0.03 0.04 0.03 g8.01 0.01 0.01
P20% C.07 0.07 0.08 0.04 0,07 Q.04 0.05 0.05
LOI 0.57 0.54 0.69 0.08 0.63 0.52 0.52 0.45
TOTAL 100.85 101.81 100.63 102.00 100,62 99.77 100.89 100,02
Rb 243 253 273 120 247 140 142 164,85
Ba 282 267 263 256 329 646 792 789.33
Cs 5.6 6.8 6.9 10.4 6.5 1.9 1.2 2,07
Sr 37.7 35,1 29.5 42.8 36.8 59.6 58,6 68.38
Pb 40 38 36 16 42 61 57 51.09
Th 15 17 17 17 17 43 34 48.61
o} 2.6 3.8 3.03 3.7 4.4 4.6 5.0 4.76
Sc 2,24 2.64 2.34 2,30 2.22 3.42 3.13 3.01
v 2.53 0.48 5.35 7.06 6.92 8.52 6.33 8.29
cr 7.73 20.7 17.1 12.7 14.7 10.5 1.6 10.32
co 0.74 0.5% 0.59 0.71 0.83 2.12 1.38 2.06
cu ND ND ND ND ND 3.9 ND ND
Zn 42 41 40 34 32 12 7.1 18.67
Ga 21.7 22.6 21.7 21.6 20.4 18.1 15.9 17.52
Y 26 31 27 45 39 45 36 l 11.79
ir 45 35S 56 160 68.1 133 126 185.10
Nb 8.5 9.8 10 30 10 10 10 4.0
HE 1.6 2.6 2.2 2.5 2.4 5.3 5.1 5.3

Ta 1.1 1.7 2.0 1.9 1.5 0.69 0.63 0.76
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MOUNT CWEN PLUTON
SAMPLE 61-1 61-2 GT-3 GT-4 GT-5 MO-2 MO-3 MO=5
La 17.0 18.2 16.9 19.6 18.8 60.0 39.8 62.7
Ce 38.1 38.7 37.4 43.0 41.5 126 88.5 127
Nd 13.8 16.9 12.0 19.3 19.4 52.7 35.9 52.2
sm 4.7 5.9 5.1 5.5 5.6 12.3 10.1 13.6
Eu 0.51 0.44 0.34 0.39 0.41 0.87 0.86 0.96
To 0.50 0.74 0.65 0.81 0.94 1.3 1.2 1.4
¥b 1.5 2.3 1.8 2.4 2.7 3.8 3.6 3.8
Lu 0.20 0.31 0.24 0.30 0.34 0.42 0.44 0.42
K20/Na20 1.35 1.42 1.31 1.21 1.48 1.04 1.64 1.57
K/Rb 170.12 163.06 147.07 321,45 162.09 288.42 306,32 264.43
Ba/Sr 7.49 7.53 8.95 6.00 8.95 10.85 13.52 11.54
Rb/Sr 6.45 7.23 9.29 2.81 6.74 2.36 2.44 2,41
La/Yb 11.33 7.91 9,23 8,13 7.04 15,92 10,97 16.51
Eu/Eu’ 0.34 0.24 0.21 0,22 0.22 0.23 0,27 0.23
CIPW NORM

Q 32,72 34.41 33,73 34,01 36.10 30.17 34,07 31.53
¢ 1.27 1.66 1.72 1.29 2.25 0.24 1.01 0.85
or 29.29 29.11 28.68 27.28 28.60 25.07 31.08 31.15
Ab 31.16 29.49 31,24 32.37 28.09 34.44 27.14 28,46
An 3.35 2.93 2.51 2,88 2.87 6.54 . 4,12 5.25
Di - - - - - - - -
Hy 1.18 1.27 1.08 1.14 1.05 1.80 1.01 1.24
Mgn 6.76 0.85 0.75 0.82 0.74 1.29 1.18 1.27
11 0.11 0.13 0.11 0.13 0.13 0.36 0.27 0.32

Ap 0.16 0.18 0.19 0,09 0.16 0.09 0.12 c.17



MQUNT OWEN PLUTON

SAMPLE RM-1 RM-2 RM=-3A  AVG n=11 STD
5102 75.15 74,36 75.68 75.25 0.95
Tio2 0.08 0.13 0,13 0,10 0.04
Al203 14,47 14,27 13.54 13.92 0.27
Fa203-T ' 0.95 1.41 1.62 1.32 0.30
MgC 0.05 0.17 0.29 0.24 0.10
cao 1.45 1.48 1.11 0.98 0.32
Naz20 4.36 3.9¢6 3.63 3.70 0.33
K20 3.77 4.02 4.51 4.67 0.47
Mno 0.02 0.01 0.02 0.02 0.01
P203 0.04 0.03 0.05 0.0% 0.02
LoI 0.38 0.35 0.41 0.47 0.16
TQTAL 100.70 100.39 100.95 100.78 0.63
Rb 115 12e l46 180 58.51
Ba 469 608 657 487 207.06
Cs 2.04 1.44 2.46 4.29 2.95
Sr 84.1 100 86.8 58.2 23,05
Pb 39 44 47 42 11.46
Th 14 18 16 23 11.77
U 3.1 2.2 2.30 3.58 0.96
S¢ 1.93 2.78 2.94 2.63 0.44
v 5.06 7.38 10.9 6€.26 2.74
Cr 10.93 BD BD 2.65 6,53
Co 0,66 1.5 1.5 1.2 0.56
Cu ND ND ND 0.35 1.12
in a.7 23 24 25 12
Ga 18.8 19.5 17.4 19.5 2.10
¥ 27 11 27 39 35
Zr 51 90 92 96 45.7%
Nb 4.3 B.1 8.4 10 6.7
HE 2.8 3.6 3.7 3.4 1.3
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MOUNT OWEN PLUTON
SAMPLE RM-1 RM-2 RM-3A  AVG n=11 STD
La 21.7 37.2 26.9 30.8 16.25
Ce 38.5 56.0 44.5 61.8 33.74
Nd 12.4 19.8 15,3 24,5 14,55
sm 3.20 3,63 3,80 6.69 3.45
Eu 1.01 0,71 0.67 0.65 0.23
Tb 0.71 0,35 0.52 0.84 0.33
¥b 3.8 1.3 2.1 2.7 0.92
Lu 0.51 0,11 0,27 0.32 0.11
K20/Ma20 0.86 1.01 1.24 1.28 0.23
K/Rb 271.74 263.15 254.72 233.87 59.21
Ba/Sr 5.59 6.06 7.57 8.56 2.41
Rb/Sr 1.37 1.26 1.69 4.01 2.71
La/Yhb 5.71 29.29 12.67 12.25 6.32
Eu/Eu’ 0.87 0.65 0.5% 0.37 0.21
cIew

Q 32.01 32.56 34.14 32.86

c 0.67 0.79 0.78 1.11

or 22.20 23,75 26.50 27.42

Ab 36.77 33.49 30.54 31.11

An 6.91 7.14 5.15 4,51

Dt - - - -

Hy .51 0.94 1.34 1.63

Mgn 0.69 1.02 1.17 0.59

il 0.15 0.25 0.25 0.19

Ap 0.09 0.07 0.12 .12



BRIDGER BATHOLITH

SAMPLE SL-2 SI-3 SL-4 SL-6 SL-7 SL-9 HL- HL-5
sio2 70.06 60.40 65,20 72.16 68.986 63.42 66,55 65,91
Ti02 0.37 0.71 0.50 0.28 0.42 0.64 0,52 0,51
Al203 15.84 16,85 17.13 15.31 16.08 17.31 17.21 16.63
Fe203-T 2.78 6.23 4,21 2.02 3.11 4,55 4.27 3.87
MgO 0.92 1.94 1.40 0.75 0.93 1.66 1.50 1.49
Ca0 2.66 5.00 4.17 3.28 3.45 4,49 4.25 3.98
Naz2C 4.70 4.68 5.54 5.67 4,85 5.44 5.12 5.79
K20 3.08 2.48 1.77 1.03 2.00 1.83 1.90 1.70
MnO 0.04 0.11 0.06 0.04 0,04 0.06 0.06 0.06
P205 0.13 0.43 .16 0.08 0,13 0.22 0.22 0.19
LCI 0.45 0.34 1.21 0.50 0,63 0.89 0.25 0.66
TOTAL 101.01 99.17 101.34 101.13 100,70 100.51 101.86 100.78
Rb 65.7 84,2 65,9 37.9 70.9 57.2 60.3 50.9
Ba 939 1205 494 147 434 602 1085 546
Cs 0.34 0.52 0.43 0.54 0.73 0.24 0.57 0.41
Sr 415 869 418 219 412 665 676 770
Pb 21 14 10.5 15 18 22 16 13
Th 10 13 7.6 6.0 7.7 9.7 15 5.4
U 1.2 2.4 0.81 1.4 0.64 Q.75 0.80 0.59
sc 1.80 10.5 92.50 3.56 2.52 7.33 4.96 3.77
A 60.0 101 65.7 3.t 43.1 84.8 77.7 59.9
Cr 2.9 18 21 7.4 13 20 14 9.3
Co 6.1 13 7.6 3.7 6.9 10 8.5 8.8
Cu 4.6 0.74 BD BD BD 0,36 2.1 BD
Zn 50 138 79 43 66 86 84 61
Ga 21.2 21.5 28,7 21.9 24.3 30.1 28.3 23.0
Y 9.7 38 14 8.8 8.8 21 11 12
2r 147 271 149 179 116 160 141 153
Nb 3.6 15 6.8 5.7 8.1 9.8 5.6 5.5
HE 5.0 9.1 4.5 6.5 4.0 5.0 4.7 5.3
Ta 0.11 1.4 0.23 0.33 0.25 0.49 0.30 0.28



BRIDGER

SAMPLE SL-2 SL-3 SL-4 SL-6 SL-7 SL-9 HL-4 HL-35
La 32.3 56.7 40.0 21.1 27.0 40.7 94.6 42
Ce 58.7 131.1 77.1 40,7 50.9 83.6 172.8 88
Nd 23.8 61.1 28.7 13.7 19.9 41.7 56.3 36
Sm 4,48 14.4 5.44 3.08 4.11 8.39 7.65 6.3
Eu 1.09 2,74 1.35 0.7% 0.98 1.94 1.72 1.4
Tb 0.35 1.4 0.48 0.30 0.37 0.75 0.52 0.45
Yi 0.85 3.4 1.0 0.71 0.47 1.4 .98 0.85
Lu 0,08 0.46 0.15 0.09 0.04 0.13 0.10 1.01
K20/Na20 0.65 0.53 0.32 0.18 0.40 0.34 .37 0.29
K/Rb 385.24 244,01 223.40 226.22 234.03 265.59 261.67 277.27
Ba/Sr 2.26 1.38 1.18 0.67 1.05% 0.91 1.60 0.71
Rb/Sr 0.16 0,10 0,16 0.17 0.17 0.09 0.09 0.07
La/¥b 38.09 16.93 38,46 29,72 57.53 28.26 96.53 49.55
Eu/Eu’ 0.83 0,63 0,83 0.81 0.80 0.78 0.78 .75
CIEW NORM

o] 23.87 11.38 15.62 27.39 22.85 13.48 18.12 17.48
o 0,33 - - - - - - -
Cr 17.92 14.83 10.45 6.08 11.58 10.86 11.05 9.84
Ab 39.54 40.07 46.81 47.68 41.03 46.20 42.64 47,97
An 12.15 17.83 16.62 13.20 15.43 17.48 18.08 14,07
Di - 3.56 2.41 1.97 0.42 2.76 1.01 3.25
Hy 3.14 5.38 3.73 1.54 3.98 4.19 4.58 3.28
Mgn 2.00 4.57 3.05 1.45 3.63 3.31 3.05 2.75
Il 0.70 1.36 0.95 0.53 0.78 1.22 0.97 0.95

Ap 0.35 1.01 0.37 0.18 0.30 0,51 0.50 0.43
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BRIDGER

SAMPLE HL-6 HL-7 HL-8 AVG n=12 STD
5102 62.12 65.74 65.28 65.44 3.61
TioZ 0.65 0.64 0.61 0,55 .13
Al1203 17.80 16.25 16.87 16.85 .91
Fa203-T 4.95 4.41 5.10 4,15 1.07
MgO 1.74 1.60 1.69 1.58 0.64
Cal 5.01 3.77 4.86 3.78 1.21
Na20Q 4.9€ 4.32 5.06 5.52 1.21
K20 1.51 1.60 1.58 1.72 0.67
MnC Q.06 0.06 0.06 0.05 0.02
P205 0.25 0.20 0.25 0.21 0.08
LOI 0.83 0.98 0.65 0.80 0.49
TOTAL 99.85 100.18 101.99 100.64 0.88
Rb 51.8 70.7 51.8 55.7 20.0¢6
8a 729 633 601 619 332.11
Cs 0.50 1.21 0.69 0.51 .28
Sr 843 662 624 550 245,34
Pb 13 11 12 14 4.31
Th 6,1 13 5.6 7.8 3.40
U 0.55 3.1 0.84 1.2 0.78
Sc 7.76 10.4 10.7 5.83 3.11
\ 72.9 65.4 78.6 66.8 17.83
cr 11.8 10.2 9.18 13.2 5.37
Co 10 14 12 8.9 3..06
Cu 0.67 23 39 5.9 11.76
Zn 86 81 78 72 28.68
Ga 26.2 22.9 22.9 24.8 2.9%
Y 10 2.6 22 13 8.21
Zr 165 172 190 165 36.79
Nb 8.9 3.3 7.1 7.2 2,84
HE 6.0 4.0 5.1 5.1 1.71
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BRIDGER

SAMPLE HL-6 HL-7 HL-8 AVG n=12 STD
La 49.6 85.4 57.5 42.2 20.10
Ce 97.8 1861 112 83.3 38.89
Nd 47.2 60.7 52.8 34.8 16.09
sm 8,30 9.73% 9.07 .52 3.15
Eu 1.94 1.53 1.94 1.45 0.60
Th 0.61 1.0 0.81 0.57 0.30
Yb 1.3 3.2 1.8 1.2 0.72
Lu 0.17 0.40 0.23 0.23 0.26
K20/Na20 0.30 0.33 0.31 0.34 0.15
K/Rb 241.24 188.33 252,97 330.92 257.32
Ba/Sr 0.87 0.96 0.96 1.08 0.47
Rb/Sr 0.06 0.11 0.08 0.11 0.04
La/¥Yb 37.358 26,94 32.86 38.13 20.65
Eu/Eu® 0.81 0.54 0.72 0.70 ¢.09
CIPW

Q 14,61 20.69 17.40 15.81

C - 0.05 - -

or 9.01 9.53 9,21 10.13

Ab 42,37 41.97 42.24 486.54

An 22.08 17.54 18.40 16.06

Di 1.12 - 3.04 1.03

Hy 5.3% 5.31 4.35 6.26

Mgn 3.62 3.22 3.65 1.86

I. 1.25 1.23 1.14 1.04

Ap 0.58 0.47 0.57 .49
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LOUIS LAKE BATHOLITH

SAMPLE LLB-2 LLB~4 LLB-5 LLB-6 Lie-7 LLB-8 LLB-9 LLB-10
si02 64,04 70.52 63.71 66.20 66.14 62.80 €6.22 67.18
Tio2 0.70 0.36 0.69 0.53 0.58 0.65 0.65 0.57
A1203 16.10 15.C5 16.64 15.52 15.77 16.98 16.21 15.79
Fe203-T 4.99 2.78 5.21 4.54 4.39 5.03 4.77 4.20
Mgo 2.20 1.14 2.26 1.71 1.67 2.06 1.75 1.54
ca0 4,15 2.69 4.61 3.92 3.63 4.47 3.99 3.62
Naz20 4.87 4.09 .08 4.69 4.49 5.15 4.61 4.53
K20 1.56 3.17 1.97 2.32 2,72 2.01 2.29 2.61
Mno 0.08 0.04 0.08 0.06 0.07 ¢.07 0.07 0.07
P205 0.30 0.11 0.31 0.25 0.24 0.30 0.27 0.23
LoT 1.33 Q.47 0.76 0.89 0.42 0.67 0.48 0.49
TOTAL 100.21 100.49 101.29 100.63 100.12 100,20 101.21 100.63
Rb 7.9 75.3 47.2 59.1 66.1 52.5 61.7 64.5
Ba 725 2874 1191 12686 1380 1264 1087 1233
Cs 1.27 2.11 1.99 1.96 2.35 2.48 2.25 2.37
Sr 637 775 B70 738 696 816 727 685
Fb 15 18 13 22 22 15 21 26
Th 11 7.% 9.5 9.7 12 5.6 13 13
U 5.5 2.3 2.5 2.4 2.3 2.7 2.5 2.6
Se 8.81 2.87 9.10 7.54 6.50 8.94 7.00 6.43
v 99.32 63.8 28.0 85.5 68.0 83.3 80.83 89.0
Cr 23.1 4.34 22.8 12.5 11.5 20.3 15.96 16.4
Co 11 6.1 13 8.5 13 13 10 9.2
Cu BD BD BD ND ND 1.9 ND ND
Zn 92 47 85 81 82 88 88 71
Ga 19.7 18.2 22.9 18.5 19.8 22.8 22.7 20.9
Y 20 3.8 21 22 le 14 21 21
ir 187 101 218 188 189 216 210 197
Nb 8.7 1.7 6.3 8.8 11 7.8 11 8.9
HE 6.0 3.6 7.0 6.6 6.6 6.1 7.0 6.1
Ta 0.48 0.31 0.4% .84 1.0 0.32 1.2 1.0



LOUIS LAKE
SRMPLE LLB-2 LLB-4 LLB-5 LLB-6 LLB-7 LLB-8 LLB-9 LLB-10
La 64.4 45.1 8.3 46.1 56.4 33.7 55.1 47.8
Ce 121 74.8 121 103 112 73.9 121.5 111
Nd 51.2 22.4 54,1 51.5 50.4 40.5 54.7 46.4
Sm 9.35 3.10 10.5 10.3 9.25 7.58 10.5 8.95
Eu 2.21 1.52 2.34 2.18 2.15 1.94 2.40 2.04
Tk 0.72 0.18 0.80 0.82 0.72 0.62 Q.82 0,74
Yb 1.9 0.59 1.8 2.2 1.9 1.1 2.0 1.9
Lu 0.24 0,06 0.25 0.27 0.26 0.21 0.30 0.27
K20/Na20 0.32 0.77 0.39 0.50 0.61 0.39 0.50 0,58
K/Rb 166.56 348.73 345,32 325.23 341.80 318.19 307.99 335.35
Ba/Sr 1.14 3.71 1.37 1.72 1.98 1.55 1.49 1.80
Rb/Sr 0.12 .10 0.0% 0.08 0.09 0.086 0.08 0.09
La/Yb 33.89% 76.44 32.03 21.15 30.0Q0 31,20 27.14 25.03
Eu/Eu’ 0.81 1.74 0.76 0.72 0.80 0.87 0.78 0.77
CIPW NORM
Q 18.1¢ 27.1% 14,30 20.12 19.80 13.32 19.69 21.08
C - 0,26 - - - - - -
cr 9.31 i8.72 11.58 13.74 16.12 11.94 13.42 15.237
Ab 41.62 34.60 42.74 39.44 38.11 43.79 38.68 38.20
An 17.64 12.62 16.69 14.66 14,89 17.36 16.64 14,99
bi 0.94 - 3.23 2.56 1.29 2.36 0.99 1.13
Hy 6.62 3.72 5,69 4.47 4.95 5.863 5.30 4.59
Mgn 3,65 2,02 3.76 3.30 3.19 3.66 3.43 3.04
Il 1.34 0.68 1.30 1.12 1.11 1.24 1.22 1.08

Ap 0.70 0.26 0.71 0.58 0,56 0.70 0.62 0.53
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LOUIS LAKE

SAMPLE LLE-11 HL-13 HL-13 HL-16 HL-17 5C-7 AVG 15 STD
5ic2 66.39 64.68 62.87 60.60 63.53 62.74 64.84 2.40
Tio2 0.%62 0.64 0.79 0.93 0.79 0.70 0.68 0.13
Al203 15.78 16.29 16.66 17.05 16.62 17.11 16.25 0.60
Fe203-T 4.34 4.66 5.37 6.33 5.28 5.96 4,85 0.82
MgC 1.72 1.83 2.16 2.55 1.9¢ 2.19 1.90 0.35
Cac 3.73 4.04 4.80 5.56 4.53 5.32 4,22 0.71
Na20 4.47 4.64 4.88 5.03 4.86 5.74 4.79 0.38
K20 2.61 2.66 1.91 1.60 2.06 1.44 2.21 0.49
MnC 0.08 0.07 0.07 0.09 .08 0.11 0.07 0.01
p20s .24 0.26 0.32 0.39 0.32 0.26 0.27 0.06
LOI 0.49 0.53 0.57 0.83 0.74 0,33 0.64 0.25
TOTAL 100,48 100.31 100.40 100.85 100.70 101.90 100.69 0.49
Rb 64.5 57.2 38.9 34 43.0 37.4 55.86 13.37
Ba 1235 1218 1702 1152 1455 326 1294 537.46
Cs 2.47 0.21 0.22 0.26 0.33 0.17 1.486 0.95
Sr 730 751 929 896 872 642 769 90.72
Pb 20 20 12 12 13 21 18 4.2%
Th 11 12 7.2 5.2 7.3 3.3 2.0 2.89
u 2.4 0.6€ 0.60 0.41 0.30 g.61 2.0 1.30
sc 6.80 8,24 9.11 10.4 8.29 12.14 8.03 2.12
v 84.9 68.9 75.1 103 94.7 99.9 85.3 12.39
Cr 24,2 17.5 22.8 24.6 13.9 42.2 19.4 8.45
Co 9.5 11 12 14 11 13 11 2.04
cu BD 286 1.6 24 5.2 16 5.4 9.02
an 72 79 24 102 100 100 84 14.00
Ga 19.2 21.4 21.7 23.8 24.8 30.7 21.9 3.11
Y 19 17 14 23 14 30 18 3.97
Zr 191 207 210 260 202 190 198 32.54
Nb 10 5.8 7.8 7.9 g8.9 13 8.4 2,56
HE 5.6 7.5 6.2 7.2 7.4 4.9 6.3 1.02
Ta 1.0 0.29 0.30 0.42 0.33 0,76 0.63 0.33




LOUIsS LAKE

SAMPLE LLB-11 HL-13 HL-15 HL-16 HL-17 sC-7 AVG STD
La 47.6 8.9 61.7 59.6 64.0 33.6 52.3 9.85
Ce 108 114 126 127 128 73.7 108 19.25
Nd 48,85 44,2 533.3 63.5 54.5 39.0 48,2 9.38
Sm 8.96 9.25 1c.0 11.5 10.0 B.36 9.12 1.92
Eu 2.11 1.96 2.43 2.59 2.35 1.72 2.14 0.28
Tb 0.70 0.71 0.78 0.88 0.75 0.78 0.71 0.186
Yb 1.8 1.5 1.8 1.8 1.6 2.7 1.8 0.47
Lu 0.27 0.17 0.20 0,24 0.20 0.38 0,27 0.17
K20/Na20 0.58 0.57 0.39 0.32 0.42 0.25 0.47 0.14
K/Rb 336.01 386.35 408 .38 388.36 397.15 320.72 337.58 56,48
Ba/Sr 1.69 1.62 1.83 1.29 1.67 0.51 1.67 0.67
Rb/Sr 0.09 0.08 0.04 .04 0.0s8 0.06 0.07 0.02
La/Yb 25.87 40.07 34.47 34.06 39.51 12.63 33.11 13.89
Eu/Eu” 0.81 0.73 0.83 0.77 0.81 0.69 0.79 0.25
CIPW NORM

Q 20.29 16.81 14.72 11,02 15.70 10.55 16.46

c - - - - - - -

Or 15.43 15.76 11.31 9.44 l12.18 8.38 13.01

Ab 37.83 39.35 41.36 42.50 41.13 47.82 40.38

An 15.29 15.80 17.94 19.19 17.46 16.41 16.25

Bi 1.32 2.07 3.05 4.64 2.35 6.35 2.33

Hy 4.97 5.01 5.47 5.95 5.12 4.3% 6.89

Mgn 3.158 3.39 3.90 4.58 3.83 4.28 2.17

Il 1.18 1.22 1.50 1.78¢ 1.50 1.31 1.25

Ap 0.56 0.60 0.74 0.90 0.74 c.s9 0.62
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Appendix B

Sample locations in UTM" coordinates

Middle Mountain pluton

Sample Grid Location Sample Grid Location
R1-1% 480608mN 60850mE || MM—1°¢ 480575mN  61300mE
RL-22 480625mN  60845mE || MM—-2° 480560mN  61290mE
RL-32 480632mN  60842mE || MM-3° 480525mN  61245mE
RI,-4? 480640mN 60842mE | MM—4° 480550mN  61250mE
RL-5% 480638mN 60870mE || MM-5°¢ 480625mN  61312mE
RL-62 480700mN 60950mE || BL—-1° 480062mN 61331mE
RL-7° 480710mN 60951mE BL-2° 480100mN 61331mE
RL-82 480715mN  60952mE | BL—-3P 480130mN 61335mE
GL-1° 480055mN  61460mE | BL-4° 440152mN  61352mE
GL—-2° 480112mN 61450mE | BL-5° 480212mN 61354mE
GL-3° 480435mN 61485mE | GL-5° 480535mN  61450mFE
GL-4° 480450mN  61465mE

a=samples from Simpson Lake 7.5 Minute Series, Wyoming
b=samples from Ink Wells 7.5 Minute Series, Wyoming
c=samples from Torrey Lake 7.5 Minute Series, Wyoming

* Universal Tranverse Mercator grid coordinates.



Dome Peak

Pluton
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Sample Grid Location Sample Grid Location
NFL-12 477754mN  59376mE pC-2° 478518mN 59277mE
NFL-2° 477724mN  59375mE PC-3° 478560mN 59260mE
NEFL~-32 477700mN 59327mE pC-4* 478590mN 59255mE
NFL-42 477675mN  59278mE pC-5* 478678mN 59255mE
NEL-5% 477675mN  59200mE FL-1°¢
NFL-6° 477665mN  59126mE || FL-1A°
NEL-7° 4775%0mN  59078mE || FL~7°¢
PC-1° 478490mN 59270nE

a=samples from Square Top Mountain 7.5 Minute Series, Wyoming.
b=gsamples from Kendall Mountain 7.5 Minute Series, Wyoming.
c=samples from Fremont Lake North 7.5 Minute Series, Wyoming.

Mcunt Owen Pluton

Sample Grid Location Sample Grid Location

MO-2° 484560mN  51695mE GT-2% 484895mN 51485mE
MO-22 484558mN 51728mE GT-32 484880mN 51480mE
MG-3° 484558mN  51750mE GT-4% 484875mN 51435mE
MO-42 484555mN  51775mE GT-5% 484890mN 51400mE
MO-52 484560mN 51800mE || RM—-1° 486180mN 50485mE
MO-62 484555mN  51835mE || RM-2° 486185mN  50485mE
GT-1° 484895mN  514S85mE RM-3° 486200mN  50445mE

a=samples from Mount Moran 7.5 Minute Series, Wyoming.

b=samples from Rammel Mountain 7.5 Minute Series,

Wyoming.




Bridger Batholith
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Sample Grid Locaticn Sample Grid Location
SL-1% 476685mN 60825mE SL-9° 476375mN  60700mE
SL-2° 476680mN 60827mE LL8* 476412nN  60650mE
SL-32 476675mN  60830mE LL12® 476390mN 60612mE
SL—-4° 476660mN 60825mE | HL-4° 475610mN 62298mE
SL-5° 476625nN  60810mE || HL-5° 475615mN  62280mE
SL-6° 476600mN 60812mE HL-6° 475630mN  62278mE
SL-72 476575nN  60808mE || HL-7° 475645mN  62270mE
SL-82 476515mN  60800mE || HL-8° 475660mN  62260mE
a=samples from Bridger Lakes 7.5 Minute Series, Wyoming.
b=samples from Halls Mountain 7.5 Minute Series, Wyoming.

Louis Lake Batholith

Sample Grid Location Sample Grid Location
LLB-1° 47296mN 6725mE LLB~9® 47116mN 6804mE
LLB-2° 47293mN 6724mE LLB-10° 47118mN 6807mE
L1LB-3% 47290mN 6726mE LLB-11° 47108mN 6806mE
LLB-4? 47267mN 6740mE HL-13° 475055mN  61885mE
LLB-52 47240mN 6749mE HL-15° 474950mN  61975mE
LLB-6? 47130mN  6790mE HL-16" 474945mN  61980mE
LLB-7° 47125mN  6802mE HL-17° 474920mN  61990mE
LLB-8% 47251mN 6744mE

a=gamples from Lander 1:100,000 Series, Wyoming.

b=samples from Horseshoe Lake 7.5 Minute Series,

Wyoming.
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Appendix C

Analytical Methods

Cl: Initial Sample Processing

Samples are hand~trimmed in the field to remove
weathering rinds. Due to the coarse grain size of some of the
granites up to 1.5kg of rock is sampled. Weathered fragments
if present, are handpicked and discarded during preliminary
crushing stages. Samples are then pulverised (-200 mesh;
<.004mm) in porcelain grinding disks. This grinding technigue
is preferred to eliminate possibilities of trace element
contamination (Ta) from tungsten carbide grinding equipment.
A sufficient quantity of each sample (0.5kg) is processed to

insure against effects of rock heterogeneities.

C2: X-Ray Fluorescence
a) Sample Preparation and Analytical Technique

Major element concentrations were determined by X-ray
fluorescence (XRF) on fused glass discs using an automated
Rigaku 3064 XRF spectometer. The fused discs are prepared
(following the methods of Norrish and Hutton, 1969) from
approximately 0.5 grams of powdered sample, about 2.7 grams of
Spectoflux~105, and several beads of NH,NO, (oxidising agent).
The mixture is then melted and heated in a Pt crucible for ten
minutes, then molded and cooled in a mechanical heating press.

Trace element concentrations for Rb, Ba, Sr, Pb, Y, Z2r,
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Table Cl: Information for X-Ray Fluorescence Analyses

Electron Operating Lower Limit Lower Limit
Element Shell KV Detection Determination
(ppm) {(ppm)
Si Ka 1,2 35 - 100
Ti Ka 1,2 35 - 100
Al Ka 1,2 35 - 100
Fe Ka 1,2 35 - 20
Mg Ka 1,2 35 - 100
Ca Ka 1,2 35 - 100
Na Ka 1,2 - 35 - 100
K Ka 1,2 35 - 100
Mn Ka 1,2 35 7.0 22
P Ka 1,2 35 - 100
Rb Ka 1,2 60 1.022 3.0
Sr Ka 1,2 60 0.94 3.0
Pb Ka 1,2 60 3.28 9.8
v Ka 1,2 50 - -
Ni Ka 1,2 50 0.68 2.0
Y Ka 1,2 60 1.08 3.2
Zr Ka 1,2 60 0.78 2.5
Nb Ka 1,2 60 2.0 3.0
Cu Ka 1,2 60 1.70 5.1
Zn Ka 1,2 60 2.04 6.1
Ga Ka 1,2 60 .90 2.70

-=not determined
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Nb, Cu, Zn, Ga, Ni, V, and Cr are determined by XRF from
pressed pellets. The pellets are prepared from about 8 grams
of powdered sample containing 5 drops of polvinyl alcohol
(binding agent) and pressed with a boric acid backing. The
pellet is then subjected to 10 tons of pressure under a

hydraulic press for five minutes,

b) Detection Limits

A list of measured energies, detection limits and lower
limits of determination are given in Table Cl1. Detection
limits describe the minimum concentration of an element needed
for qualitative analytical detection. Lower limit of
determination describes the minimum concentration of an

element needed for quantitative analytical determination.

c) Accuracy and Precision

Tables C2-C6 present individual values, mean and standard
deviation wvalues for standards run as unknown samples.
Accepted element abundances (Govindaraju, 1988) also are
given. Calculated accuracy (closeness of analytical value to
an accepted value, calculated as % deviation from the accepted
value) and precision (ability to repeat measurements,
calculated as coefficient of variation) is also presented.

For BCR-1 the precision for Sio,, TiO,, Al,0,, Fe,0;, MgoO,
Ca0, K,0 and P,0s is less than 1%, for Na,0 and MnO it is less

than 2% (Table C2). For GS-N the precision for Rb, Ba, Sr, V,



Table C2: Maijor

(XRF) and trace (INNA)
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element analyses of standard BCR-1 (basalt)

SAMPLE BCR1-A BCR1-B BCR1-C BCR1-D BCR1-E BCR1-F BCR-1H

5102 54.13 54.21 53.91 54.14 54,22 34.05 54.13
Ti02 2.26 2.24 2.27 2.24 2.25 2,26 2,27
Al1203 13.40 13.51 13.53 13.46 13.486 13.43 13.55
Fe203-T 13.16 13,17 13.15 13.17 13.17 13.186 13.186
MgC 3.73 3.71 3.72 3.77 3.68 3.76 3.76
Ca0 7.09 7.12 7.01 7.11 7.08 7.09 7.04
Na20 3.32 3.34 3.30 3.18 3.36 3.37 3.38
K20 1.71 1.7 1.71 1.70 1.72 1.72 1.73
Mno 0.19 0.18 0.18 0.19 0.18 0.18 0.18
P2053 0.36 0.36 0.36 0.386 0.36 0.37 0.36
LoT 0.62 0.62 0.62 0,62 0.62 0.62 0.62
TOTAL 899.96 100.15 99.76 99.94 100.09 100.01 100.18
Cs 0.9 0.87 1.0 0.9 0.9 0.9 0.97
Th 6.1 5.95 5.6 5.7 5.7 5.8 5.82
U 2.09 1.82 1.66 1.80 1.72 1.83 1.76
Sc 32,6 32.54 33.1 33.1 33.0 32,6 32,78
HE 5.2 5.15 5.2 5.3 5.1 5.1 5.20
Ta 0.82 0.81 0.78 0.76 0.76 0.74 .77
La 25,3 25.50 25.4 25.5 26.2 26.6 26,20
Ce 53.3 53.90 54.1 55.2 34.0 55.0 34.60
Nd 28.20 31.20 29.50 27.00 28.70 27.10 27.80
Sm 7.28 7.29 6.89 6.80 6.96 6.97 6.89
Eu 1.97 1.95 1.98 1.98 2.02 1.96 1.99
Tb 1.15 1.05 1.08 1.03 1.05 C.%¢ 1.02
Yh 3.38 2.9% 3.40 3.31 3.39 3.17 3.20
Lu 0.50 0.%0 0.51 0.51 0.49 Q.50 0.48
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SAMPLE BCR-1AP BCR-1BP AVG STD ACC A% E% n

sio2 54.10 54,14 94.11 0.09 54.06 0.1¢ 0.1l8 g

Tio2 2.25 2.27 2.26 0.01 2,24 0.76 0.55 9

Al203 13.47 13.50 13.48 0.04 13.64 1.18 0.33 g

Fe203-T 13.17 13.19 13.16 0.01 13.41 1.83 0.08 9

MgC 3.79 3.70 3.74 .03 3.48 7,35 0.92 9 é
|

CaQ 7.07 7.07 7.08 0.03 6.95 1.82 0.45 9 %
:

Na20 3.26 3.33 3.31 0.06 3,27 1.35 1.80 9

K20 1.70 1.71 1.71 0.01 1.869 1.28 0.47 9

Mno 0.18 0.18 0.18 0 0.18 2.26 1.90 9

22035 0.386 0.36 0.36 Q 0,36 0.19 0.70 9

LOI " 0.62 0.62 0.62 0 1.56 60.26 0 9 i

TOTAL 99.97 100.05 100.01 0.12 100.84 0.82 0.12 9

Cs 0.77 1.04 0.93 0.07 0.96 3.12 7.75 9

Th 5.76 5.79 5.80 0.12 5.98 2.95 2.04 9

U 1.67 1.62 1.79 0.14 1.75 2.03 7.80 9

sc 32.60 32.58 32.75 0.23 32.60 0.47 0.69 e}

HE 4.90 5.29 5.16 .11 4,95 4.20 2.11 9

Ta 0.79 0.76 0.78 0.02 0.81 4.12 3.15 9

La 25.00 26.20 25.7¢ 0.51 24.90 3.4% 1.96 9

Ce 53.70 54.10 54,21 0.58 53.70 0.95 1.07 9

Nd 28.70 27,70 28.43 1.24 28.80 1.27 4.35 9

Sm 7.20 7.10 7.04 0.17 6.59 5.8% 2.43 9

Eu 1.79 2.00 1.96 0.06 1.95 0.51 3.23 E

Th 1.08 0.%9 1.04 0.05 1.05 0.74 4.89 9

Yb 3.20 3.23 3.25 0.14 3.38 3.91 4,16 9

Lu 0.48 0,48 0.50 0.01 ¢.51 2.94 2,42 9

rable CT.Z cont o

AVG=Avarage value (Major elememnts in wt%, trace elememts in ppm)
STD=5tandard deviation of mean value at 1 confidenge interval
ACC=Accepted value {Govindaraju, 1989)

As=Accuracy [ (average-accepted)/accepted]x100

P%=Precision (STDx100)/AVG

n=number of samples analyzed
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Table C3: Trace element analyses (XRF} of standard GS-N (granite)

GS-N1 GS-N2 G5-N3 G5-N4 GS-N5 G3-N6

Rb 188 189 187 188 173 173

Ba 1439 1404 1394 1423 1388 1334

Sr 58% 583 584 585 577 573

Pb 49 51 50 50 48 48

v 65.3 70.0 63,6 67.4 71.5 66.8

Cr 49 19 51 50 48 51

cu 17 17 16 12 3.6 18

n 45 44 44 42 35 39

Ga 24,2 18.8 20.3 18.3 18.5 21.2

Y 23 21.7 22.32 21.29 17,91 17.42

ir 219 2le 217 218 209 209

Nb 21 21 21 21 29 23
G5-N7 AVG STD ACC A% P%

Rb 173 181 7.4 185 1,72 4,09

Ba 1403 1407 16.7 1400 0.50 1.19

Sr 582 581 4.6 570 2.00 0.80

Pb 58 51 2.8 53 4.09 5.57

v 69.6 67.7 2.6 65 4,22 3.81

Cr 48.6 59.8 0.94 55 10.20 1.90

Cu 4.3 13 5.8 20 37.04 45,97

Zn 37 41 3.8 48 15.26 9.22

Ga 22.1 20.5 2.01 22 6.84 9.80

Y 17 20 2.3 19 5.59 11,65

ir 209 214 4.2 235 8.79 1.95

Nb 24 22 1.4 21 6,98 6.11

AVG=Average value (All values in ppm)
STD=Standard deviation of mean value at 1
ACC=Accepted value {Govindaraju, 1989)
A%=Accuracy [ (average-accepted)/accepted}x100
P%=Precision (STD/AVG)x1Q0

n=npumber of samples analyzed

confidence interval
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Table C4: Trace element analyses (XRF) of standard AN-G (ancrthosite)

AN-G AN-G1 AN~-G2 AN-G3 AN-G4 AN-G5 AN-GE& AN-G7
Rb 2.7 2.5 2.4 1.9 2.7 2.2 2.4 0.9
Ba 36.8 24.8 23.1 29.% 36.8
Sr 77.2 77.9 76.8 77.1 7.2 75.8 74.9 77.2
Pb 5.2 7.7 6.5 4.4 5.2 4,2 8.4 4.0
" 72.3 82.6 5.9 77.4 72.3
Cr 74.6 68.5 63.4 64.8% 74,6
Cu 26.6 25.4 25.46 23 C.65 23 1.4 18
Zn 25 25 25 27 21 23 2.3 20
Ga 17.1 18.5 17.86 23.1 18.9 20.3 1.4 18.4
Y 8.7 9.0 8.0 8.7 3.7 9.9 .26 6.3
Zr 18.9 19.4 19.2 19.4 18.9 17.1 2.1 26.6
Nb 2.8 3.0 3.1 3.1 2.6 2.8 .31 1.3
AN-G8 AN-G3 AVG STD ACC A P n
Rb 0.9 2.7 2.00 0.94 1 46.8 99.6 10
Ba 31.4 4,70 34 15.0 7.7 5
Sr 75.1 76.1 76.5 0.97 76 1.3 0.7 1t
?b BD 0.4 4.6 2.6 2 56.4 129.3 10
v 76 3.8 70 56 8.7 S
Cr 69.1 4,79 50 6.9 3g.3 3
Cu 18 18 18 2.0 19 50 4.7 10
Zn 21 23 23 1.9 20 8.1 17 10
Ga 18.4 19.2 15.0 1.54 i8 8.1 5.7 10
¥ 9.5 7.0 8.4 1.0 B 12 4.8 10
Zr 27.9 27.1 22.3 4.26 15 19.2 48.3 10
Nb 3.1 3.2 2.8 0.54 2 13 40 10

AVG=Average value {All values in ppm)

STD=Standard deviation of mean value at 1 confidence interval
ACC=Accepted value (Govindaraju, 1989)

A%=Accuracy {{average-accepted)/accepted]}xl00

P%=Precision (STD/AVG)x100

n=number of samples analyzed
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Table C5: Trace element analyses (XRF) of standard NIM-G (granite)

NIM-G NIM-G NIM-G NIM-G NIM-G
Rb 325 326 323 325 315
Ba 103 103 97.2 99.7 10l
Sr 10.9 11.0 10.7 11.6 12.%
Pk 33 38 35 38 42
v BD BD 0.6 BD BD
Cr 1.6 3.3 3.6 3.6 3.4
Cu 4,2 3.1 5.6 6.7 2.1
Zn 51 55 56 53 35
Ga 27.9 29,1 28.9 29.0 29.5
Y 140 140 142 142 160
ir 267 269 266 270 247
Nb 48 48 48 48 46

AV STD ACC A% P% n
Rk 329 4.39 320 0.89 1.38 3
Ba 100 2.37 120 16.15 2.35 S
Sr 11.4 0.81 10 14.24 7.09 3
Pb 38 2.46 40 6.03 6.55 5
v 0.18 0.286 2 93.63 173.21 5
Cr 3.01 0.81 12 74.92 26.81 5
Cu 4.3 1.67 12 63.85 38.50 5
in 54 1.78 50 7.25 3.33 5
Ga 28.8 0.53 27 65.83 1.84 5
Y 143 3.54 143 0.13 2.48 5
Zr 264 8.69 300 12.03 3.29 5
No 48 0.79 53 10.21 1.66 5

AVG=Average value (All values in ppm)

STC=Standard deviation of mean value at 1 confidence interval
ACC=Accepted value (Govindaraju, 1989}

A%=AccUracy [(avarage-accepted}/accepted}x100

P%=Precision (STD/AVG)x1l00

n=number of samples analyzed

BD=Below detection




19%

Table C6: Trace element analyses (XRF) of standard W2 (diabase)
w2-1 W2-2 W2-3 W2-4 W2-5 W2-6
Rb 19.9 20.7 20.6 21.1 18.0 18.5
Ba 195 186 183 200 196 191
34 200 200 200 200 127 196
Pb 9.7 12 10 11 9.8 12
v 270 270 265 270 267 264
Cr 101 100 99.5 102 8z2.7 80.3
cu 84 84 8% 82 86 71
Zn 78 82 76 77 83 78
Ga 19.9 20.3 20,3 15.8 leg.1 19.9
Y 22 23 24 22 24 23
Zr 95 96 96 95 93 93
Nb 8.6 9.3 8.6 8.5 9.9 10
W2-7 AVG STD ACC A% P%
Rb 17.4 19,4 1.40 20 2.92 7.23
Ba 188 192 4.41 182 5.90 2.29
Sr 195 198 2.08 194 2.26 1.05
Pb 12 10 0.87 9 16.44 8.00
v 262 267 3.12 262 1.87 1.17
Cr 82.3 92.5 9.31 93 0.49 10. 06
Cu 71 81l 5.98 103 21.64 7.41
Zn 76 78 2.42 77 2.26 3.08
Ga 20.3 19.2 1.57 20 3.97 8,20
Y 24 23 0.79 24 3.02 3.41
Zr 93 95 1.38 94 0.70 1.45
Nb 9.4 9.2 0.58 8 16.29 6,27
AVG=Average value (All values in ppm)

STD=Standard deviation of mean value at 1

ACC=Accepted

value

(Govindaradu,

1989)

confldence interval

A¥=pccuracy [ (average-accepted)/accepted]x100
{STD/AVG)x100
n=number of samples analyzed

P&=Precision
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Cr and Zr is less than 5% For Pb, Zn, Ga and Nb it is less
than 10% For Y the precision is less than 15% (Table C3).

The poor precision of AN-G for Rb, Pb, Zn, Zr and Nb may
be due to the accepted values being close to the lower limits
of determination for those elements (Table C4). The precision
for NIM~G is less than 5% for Rb, Ba, Zn, Ga, Y, Zr, and Nb.
For Sr and Pb the precision is less than 10% V, Cu and Cr
show poor precision due to their accepted values being close
to the lower limits of determination for these elements (Table
C5). The precision for W-2 is less than 5% for Ba, Sr, V, 7Zn,
Y, and Zr. For Rb, Ph, Cr, Cu, Ga and Nb it is less than 10%
(Table C6).

As this study concentrated on the petrogenesis of
granites, the precision of the trace elements analysed by XRF
is reported for the two granite standards GS-N and NIM-G,
where the lower precision value 1s reported (i.e. higher
number) .

The precision for Rb, Ba, V, Cr, 2Zr is less than 5% Sr,
Pb, Zn, Ga, and Nb have precision less than 10% The precision

for ¥ is less than 12%

C3: Instrumental Neutron Activation Analyses
a) Sample preparation and analytical technique

Hf, Ta, Sc¢, Cr, Co, Ba, Cs, Th, U and eight REE (La, Ce,
Nd, Sm, Eu, Tb, Yb, Lu) are analysed by instrumental neutron

activation analyses (INNA) using a Nuclear Data 6600 gamma-ray
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Table C7: Information for instrumental neutron activation

Parent Daughter KeV Count Time Detection Determination
Nuclide Nuclide in days Limit-ppm Limit-ppm
Ba-130 Ba-131 373 7 2.0 25.0
496"
Ce-140 Ce-141 145" 7 0.12 1.5
Co-59 Co-60 1173* 7,40 0.05 1.0
1332
Cr-50 Cr-51 320° 7,40 0.3 1.0
Cs~133 Cs-134 605 7,40 0.04 0.5
736
Eu-151 Eu-152 245 40 0.02 0.15%
344°
779
1408"
RE-180 HE-181 482" 40 0.02 0.1
La-13% La-140 329" 7 - 0.9
487"
816
1596
Lu-176 Lu-177 208" 7 - c.04
Nd-146 Nd-147 91 7 - 2.5
531
$e=45 3c-46 889" 7,40 0.2 0.5
11217
8m=-152 sSm-153 103" 7 - 2.5
Ta-181 Ta-182 1189" 40 0.002 0.04
12217
1231
Th-159 Tb-160 299" 7,40 0,01 0.05
879
966"
1178
Th-232 Pa-232 3127 40 0.04 0.1
U-238 Np-239 228 7 0.017 0.¢2
278"
Yb-174 Yb-175 177 7 0.017 0.02
198

=preferred K&V
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spectometer connected to twin high-purity Ge detectors.
Approximately 300 milligram sample splits are sealed in
.polyvinyl containers and irradiated at the Annular Core
Research Reactor at Sandia National Laboratory, Albuquergue,
New Mexico. All samples are irradiated

Air blowing into the irradiation chamber should assure
that a constant neutron flux of 2.7 x 10" passes through each
sample. Two counts of released gamma rays are made 7 and 40
days after irradiation. Data for the elements Ba, U, La, Ce,
Nd, Sm, Yb and Lu are taken off the short (7 day) count, Eu,
Hf, Ta and Th are taken off the long (40 day) count, and Sc,
Cr, Co, Cs and Tb are averaged between the short and long
counts. Reference samples of fly ash standard NBS-1633 are
irradiated in triplicate; two are used as calibrating
standards and one is run as an unknown. The data is reduced
using TEABAGS (Trace Element Analysis By Automated Gamma-ray

Spectometry, Lindstom and Korotev, 1982) software.

b) Flux correction

During the irradiation there 1s ‘no control on the
absolute flux that each sample receives which could lead to
significant errors in individual instrumental neutron
activation analyses. Chappell and Hergt (1988) have shown that
for rock samples containing >3% total FeQ, the Fe content can
be determined by XRF with a precision close to 0.25%

(BCR1=0.08%). In INNA, the two strong Fe peaks at 1099 and
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1292 keV can be measured with comparable precision. The Fe
content determined by XRF can therefore be used to correct for
the effects of flux gradient. The corection factor is given
by; Fe,0,-T (XRF)/FeQ(INNA)xl1.111". For Ba, U, La, Ce, Nd, Sm,
Y¥b and Lu the FeO(INNA) value will be the average FeQO from the
short count. For Th, Eu, Hf and Ta the FeQ(INNA) value is the
average FeO from the leng count and for S¢, Co, Tb, Cr and Cs
the correction factor is the average of the short and long
correction factor. An example of this correction factor is
given in Table C7. All samples are corrected for flux
variation. For 90% of the samples the correction factor was
between 1.03-~0.97,.

*1.1111 conversion factor, FeO to Fe,0,~-T

c) Detection Limits
A list of parent nuclides, daughter nuclides, decay
energies, detection limits and lower limits of determination

are presented in Table C8.

d) Accuracy and Precision

Tables C2, C9-Cll present analyses of standards run as
unknowns. Also presented are the mean wvalues, standard
deviation, accuracy and precision. For BCR-1, the precision
for Th, Sc, HEf, La, Ce, Sm and Lu is <3% For Ta, Nd, Eu, Tb
and Yb the precision is <5% For Cs, and U the precision is

<10% (Table C2). For the Fly Ash run as an unknown the
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Table C8: Trace element analyses (INNA) of standard BCR-1(AP) showing uncorrected and corrected data {(ppm).

T-Day 40-Day Uncorrected Corrected Accepted

Cs-A Fa-1 .53 1.06 .774 .78 .96
FA-2 .94 1.02

Th-A/L FA-1 5.51 6.09 L=6.0 L=5.76 5.98
FA-2 5.62 5.91 A=5.78 A=5.69

u-s FA-1 l.66 1.67 1.69 1.75
FA-2 1.67

Sc-A FA-1 32.02 33.46 32.96 32.43 32.60
FA-2 32.37 33.47

HEf-L FA-1 5.20 5.63 5.28 5.07 4.95
FA-2 5.21 5.38

Ta-L FA-1 .17 .84 82 .79 .81
FA-2 .79 -802

La-$ FA-1 25,57 25.90 26.16 24.90
FA-2 26.22

Ce=-5 FA-1 §1.3 52.3 52.82 53.70
FA-2 53.2

Na-S Fa-1 23.8 23.8 23.84 28.80
FA-2 23.3

sm-§ Fa~1 7.09 ?.20 7.27 6.59
FA-2 7.30

Eu-o FA-1 1.94 2.10 2.07 1.99 1.95%
FA-2 1.95 2.04

Th-A Fa-1 .98 1.03 1.01 .99 1.05
FA-2 1.03 .98

Yh+$ FA-1 3.0 3.50 3.45 3.31 3.38
FA-2 2.81 3.39

Lu-35 Fa-1 .465 479 .48 .51
FA-2 .43

FeCwt$ FA-1 11.76 12.70 Fe,0,-T"
FA-2 12.24 12.486 13.41

s=valne calcUlated TIom SNOrL count, L=VAIUe calculated IFTom 1ONg COUNL, A=VAlué CalCUrdTEd ITom average of short and long

count.

FA-1/2 refers to value from either Fly ash standard L or 2.

Short count correction factor:13.41/{{(11.76+12.24)/2)x1.111]=1.006
Long count correction factor: 13.41/(({(12.70+12.46}/2)x1.111]=.96
Average count correction factor: (1.006+0.96)/2=.983

*=Accepted XRF value in wt% (Govindaraju, 1989),
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Table C9: Trace element analyses (INNA) of Fly Ash standard NB$1633a
FA-1 FA-2 FA-3 FA-4 AVG STD Acc A% 2%
Cs 9.44 10.8 10.92 10.68 10.46 0.59 10.42 0.38 S.69
Th 21.50 24.60 24.70 24.40 23.80 1.33 24.0 .83 .50
U 8.11 11.4 1.4 10.86 10.44 1.38 10.3 1.36 13.07
Sc 38.5 38.3 38.4 38.4 38.40 0.07 38.60 0,52 g.18
HE 7.19 7.24 7.33 7.63 7.35 0.18 7.29 0.82 2.43
Ta 1.70 2.08 2.02 2.03 1.96 0.15 1.93 1.55 7.68
La B1.2 80.48 78.5 79.5¢6 80.19 0.70 79.1 1.38 0.88
Ce 168 172 170.1 168.7 169.70 1.53 168.3 0.83 0.30
Nd 73.5 84.1 73.1 76.2 76.73 4,42 75.7 1.36 5.76
sm 15.3 17.7 17.4 17.35 16,94 .95 16.83 .65 5.64
Eu 3.56 3.53 3.8 3.6 3,37 0.03 3.58 0.28 .83
Th 2.23 z.52 2.65 2.72 2.33 0.19 2.38 6.30 7.41
Yo 6.93 7.06 7.54 7.37 7.23 0.24 7.50 3.60 3.35
Lu 1.03 1.08 1.06 1.07 1.06 0,02 1.08 1.85 1.76

AVG=Average value

Pix=Precision

(All values in ppm)
STh=Standard deviation of mean value at 1
ACC=Accepted value (Govindaraju, 1989)
A$=RAccuracy [ (average-accepted)/accepted]x100

(STDx100) /AVG
n=number of samples analyzed

confidence interval



Table Cl0: Trace element analyses

(INNA) of standard G-2 (granite)

G-22 G-2B G-2C AVG STD acc A% P%
Cs 1.42 1.36 1.41 1.40 0.03 1.34 4.48 0.63
Th 25.5 25.06 25.66 25.41 0.25 24.70 2.87 0.33
u 2.17 2.46 2.70 2.44 0.22 2.07 17.87 2.96
sc 3.41 3,40 3.45 3.42 0.02 i.s 2.29 0.21
HE g.96 8.60 9.01 8.86 0.18 7.90 12.15 0.69
Ta 0.86 0.85 0.88 0.86 0.01 0.88 2.27 0.48
La 87.% 89.0 90.70 89.07 1.31 89.0 0.08 0.49
Ce 168.6 165.0 170.30 167.97 2.35 160.0 4.98 0.47
Nd 56,90 48.40 58.40 54,57 £.40 55.0 0.78 2.89
sm 8.17 7.87 8.01 8.02 0.12 7.2 11.39 0.51
Eu 1.30 1.45 1.38 1.38 0.06 1.4 1.43 1.49
Th .47 0,50 0.47 0.48 0.01 0.48 0.00 0.98
Yk 1,10 1.06 1.24 1.13 0.08 0.80 41.25 2.27
Lu .10 .10 .10 0.10 0,01 0.11 3.09 0.01

AVG=Average value (All values in ppm)

5TD=Standard deviation of mean value at 1
1989)
A%=Accuracy [ (average-accepted)/accepted}x100

ACC=Accepted value (Govindaraiu,

P%=Preclsion (STDx100)/AVG
n=number of samples analysed

confidence interval
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Table Cll: Trace element analyses (INNA) of standard AGV-1
(Andesite)

AGVI AGV  AGV  AVG  STD  ACC A% PS  n
Cs 1.39 1.30 1.32 1.34 0.04 1.28 4.69 0.9 23
Th 6.5 6.06 6.45 6.34 0.20 6.50 2.46 1.03 3
U 2.09 1.95 2.1 2.05 0.07 1.92 6.77 1.12 3
Sc 11.96 11.98 11.99 11.98 0.01 12.20 1.80 0.03 3
Hf  5.40 5.47 5.49 5.45 0.04 5.10 6.86 0.24 3
Ta 0.90 0.84 0.89 0.88 0.03 0.90 2.22 1.00 3
La 38.3 39.3 38.34 38.65 0.46 38.00 1.71 0.40 3
Ce 71.4 69.8 72.5 71.23 1.11 67.00 6.31 0.52 3
Nd 32.6 32.00 32.90 32.50 0.37 33.00 1.52 0.38 3
Sm  6.60 6.20 6.58 6.46 0.18 5.90 9.49 0.95 3
Eu 1.62 1.65 1.63 1.63 0.01 1.64 0.61 0.25 3
Th  0.67 0.62 0.67 0.65 0.02 0.70 7.14 1.20 3
Yo  1.68 1.68 1.66 1.67 0.01 1.72 2.91 0.19 3
Lu 0,25 0.25 0.24 0.25 0,01 0.27 7.41 0.64 3

AVG=average value (All values in ppm)
STD=standard deviation of mean value at 1 confidence interval
ACC=Accepted value (Govindaraju, 1989)
3=Accuracy [ (average-accepted) /accepted]x100
P%=Precision (STDx100) /AVG
n=number of samples analyzed
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precision for Sc, Hf, La, Ce, Eu and Lu is <3% For Cs, Th, Nd,
Sm, and Yb the precision 1s <6% For Ta and Tb the precision is
<10% and for U <15% (Table C9). For G-2 the precision is <2%
for Cs, Th, S¢, Hf, Ta, La, Ce, Sm, Eu, Tb and Lu and is <3%
for U, Nd and Yb (Table C10). For AGV-1 (andesite) the
precision is <2% for all the elements (Table C1l1).

The reported precision for this study is taken from all
the standards analysed. For S¢, La and Ce the precision 1is
<2%, for Hf and Lu <3%, for Eu and ¥b <5%, for Th, Nd, Sm, Cs,

Ta and Tbh <10% and for U < 15%
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Appendix D

Distribution Coefficients

The distribution coefficient (K,) is the ratio of a trace
element in the mineral to the concentration of the trace
element in the melt. The majority of reported K, values have
been determined on volcanic rocks, where the groundmass matrix
is assumed to represent the melt. There has been limited work
on determining K, values for plutonic rocks as it is difficult
to determine the compostion of the melt from which a
particular phase separated. The effect of temperature on K,
values depends strongly cn the element and mineral considered.
However, for mest incompatible elements effects of
temeperature (1100-1300° for basaltic cases, 650-800°% for
granitic cases) are minor (Allegre and Minster, 1978).

Major element partition coefficients used in this study are
those presented in the program MODULUS (Knoper, unpublished).
These values correspond with the average range of published
felsic K, values (Table D1l). Table D2 shows the range in KD
values for the REE. Figure D1 shows the effect the K, values
have on a partial melt model. As can be seen the higher the K,
values the lower the overall REE concentration in the melt.

Figure D2 shows the effect of varying only the Ky (puselag) - The
maximum K, (Eu/Plag) results in a pronounced Eu anomaly and

indicates more reducing conditions (Drake, 1975).
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Table D1
K, valuas
Plag Kspvar Biot Opx Amph Qtz Cord
La .3 .05 .11 .1 .33 012 .9
Ce .25 .04 .32 .13 1.5 .006 .85
Nd .20 .025 .30 .22 4.3 .009 .92
sm .13 .02 .26 .27 7.8 .008 .86
Eu 1.5 2.0 .25 .17 5.0 .031 .32
Th .09 .01 .35 .65 12, . 007 .45
Yb .06 .01 .44 .86 8.0 .012 .97
Lu .06 .008 .33 .20 5.5 .002 1.19
Rb .06 .031 2,24 .003 .014 .012 0.0
Ba .63 5.0 5.6 .003 .044 .004 .62
Th .03 .01 .Q38 .11 .07 .006 1.85
y) .05 .008 .1 .12 .45 .014 1
K .19 1.4 3.5 . 001 .01 014 0.0
Ta .02 .001 1.2 .9 1.02 .007 .85
Nb .02 001 4.0 .8 1.5 0.0 .8
Sr 6.8 4.5 .12 .085 .022 0.0 1.3
P .01 .01 -1 .03 .00S 0.0 0.0
HE .06 .C05 44 .2 .34 018 1.2
Zr .04 .01 .79 .2 .72 0.0 1.0
Ti .05 .05 2.9 .4 7 L0153 1.0
Y .04 .1 1.3 1 8 0.0 1.0
Ref 1-7 1-3,8,9 2,3,5-7 1-3,5,7 1-3,7,10 5,10 11
References:
1. Nagasawa and Schnetzler, 1971; 2. Philpotts and Schnetzler, 1970; 3, Schnetzler and Philpotts, 197GC;
4. Sun et al., 19%74; 5, Nash and Crecraft, 1985; 6. Gromet and Silver, 1983; 7. Arth and Hanson, 1975;
8. Leeman and Phelps, 1981; 9. Long, 1978; 10. Cullers et al., 1973; 12. Reid, 1983




Minimum K, valuas

Table D2: Range of published K, values
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for the REE

Plag Kspar Biot Opx Amph Qte Cord
La .28 .03 .76 .10 .08 .012 .90
Ce .21 .018 .30 .13 .43 .006 .85
Nd .14 .009 .29 .20 1.03 .009 .92
Sm .11 L0112 .24 .25 1.61 .008 .86
Eu .89 1.8 .24 .18 1.39 .031 .32
Th .09 .01 .30 . 60 2.0 .007 .45
b .06 .01 .40 .80 1.89 .012 .97
Lu .06 .008 .30 .85 1.75 .002 1.18
Maximum K, values
Plag Kspar Biot Cpx Amph Qtz Cord
La .45 .15 15.1 7.7 40 .018 .9
Ce .34 .095 11.0 7.7 40.9 .018 .85
Nd .29 .09 5.7 4.46 52 .024 .92
Sm .23 .946 4.3 1.7 18.5 .017 .86
Eu 7.9 9.56 4.7 .84 5.9 .08 .32
Tb .18 .04 3.9 17 13 .026 .45
Yo .13 .04 3.0 17.1 8.7 .025 97
Lu .13 .04 3.4 2,5 6.3 .024 1.19
Ref 1-7 1-3,8,9 2,3,5=-7 1-3,5, 1-3,7,10 5,10, 11
References:

1. Nagasawa and Schnetzler, 1971; 2. Philpotts and Schnetzler, 1970; 3.
6. Gromet and Silver,
Cullers et z2l1.,

4. Sun et al,,

8. Leeman and Phelps,

1974; 5.
1981;

9. Long,

Nash and Crecraft,

1978;

198%;
10.

1973;

1933;

12. Reid,

7.

1983

Schnetzler and Philpotts,
Arth and Hanson,

1970;
1975;
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Figure D1: Effect of maximum and minimum K; values on the REE
concentration in the melt.
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Figure D2: Effect of varying only the KD(F.u/Plag) on the REE
concentration in the melt.
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Appendix E

Effects of source and melt modes on melt composition.

Table E1 lists three source and melt modes tested as
possible models for the genesis of the three granite plutons
studied (Middle Mountain, Dome Peak and Mount Owen Plutons:
ZA) Tcnalite mode, no orthopyroxene or amphibole present.

B) Felsic granulite mode, orthopyrexene but no K-feldspar in
the source.

C) Felsic granulite mode, amphibole but no orthopyroxene or K-
feldspar in the source.

For 40% partial melting there is virtually no difference
between a tonalite source mode and felsic granulite mode (OPX)
in the concentration of REE in the melt (Figure El). However
if amphibole is present in the source and is not a major phase
in the melt mode it’s presence exerts a considerable control
on the slope of the REE pattern. The light REE are still
enriched relative to the source (Co), but there is no longer
a Eu anomaly and the HREE are depleted relative to the socurce

(Figure E2).
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Table El1
A)
MELT* SQURCE MELT (F=.4) SCURCE
(F=.2)

OPX ——— - —— —_—
AMPH e - - —_—
PLAG 31% 57% 46% 653%
KSPAR 34% 8% ——— _—
BIOT % 10% 6% 12%
QTZ 30% 22% 45% 20%
MGT % 2% 1.5% 2.3%
B)

OPX 1% 4%

AMPH -—- -

PLAG 47% 62%

KSPAR - -

BICT 5% 7%

QT2 46% 25%

MGT 1% 2%

C)

OPX - ——

AMPH 2% 10%

PLAG 47% 48%

KSPAR -——- -

BIOT 5% o

QTZ 445 %

MGT 1% 2%

* from Hanson (1978)}.

A) Tonalite mode for F=.2 and recalculated for F=.4 as Kspar
is exhausted at 23% partial melting.

B) Felsic Granulite Mode with Opx
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Figure El: Effect of varying the source mode on the REE
c¢oncentration in the melt.
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Figure E2: Effect of Opx (Mode B, Table El) and Hbl (Mode C,
Table E1) on the concentration of REE in the melt.
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Appendix F

Effect of Degree of Partial Melt on magma composition

Figure Fl1 shows the effect of varying the degree of
partial melt on the batch melting model of an Archean tonalite
(Co) . As can be seen the smaller the degree of partial melt
the more enriched the melt in incompatible trace elements
(REE, HFSE), however the slope of the REE pattern remains
constant for varying degrees of partial melt. Similarly in
fractional crystallisation models as the degree of
crystallisation increases so too does the concentration of
incompatible elements in the residual melt. For the purpose
of this study melt ranges between 20-40% were considered
reasonable based on the work of wvan der Molen and Paterson

(1979) and Wickham (1987).
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concentration in the melt.
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Appendix G

Effects of Accessory phases on geochemical models.

Table Gl lists published REE X, data for zircon, apatite,
allanite, sphene and mcnazite. For each accessory mineral the
effects of varying the source and melt modes are evaluated for
40% batch melting of an Archean tonalite at T=800° and P=10Kb

{unless otherwise stated).

Zircon

Zircon, ZrS8i0, preferentially incorporates Zr, Hf, Nb,
Ta, HREE, U and Th into 1it’s structure. The partition
coefficient of Zr in Zircon has been determined experimentally

by Watson and Harrison (1983),

1nD,, (Zircon/Melt)=-3.80-(.85(M-1))+12900/T (G1)

where M 1is the cation ratio (Na+K+2Ca)/Al*Si, and T is the
absolute temperature. Figure Gl taken from Watson and Harrison
(1983) is a plot of zircon saturation/solubility experiments
at various temperatures. For a given source rock one can
determine the value of M and using Figure Gl to determine the
solubility of zircon at various temperatures and calculate
whether zircon will be left in the residue using the egquation
below:

Co*F + C.* (1-F)=C, (G2)
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Table Gl: K, values for REEs in Accessory Phases

Apatite 1 2 3 4

La 25.0 - - 14.5

Ce 34.7 16.6 8.0 21.1

Nd 57.1 21.0 12 32.8

Sm 62.8 20.7 12 46

Eu 30.4 14.5 14 25.5

Tb 52.0° - 12 40

Yb 23.9 9.4 12 15.4

Lu 20.2 7.9 12 13.8

Zircon 5 5 1 3 4

La 7.2 26.6 - 65" 3.11
Ce 10 23.5 2.64 65 3.49
Nd 4.6 22 2.20 60 3.80
Sm 11.1 17.0 3.14 1.25 4.72
Eu 20 12.0 3.14 1.20 4.23
Tb 37 37.0 - 12 50
¥Yb 564 430 270 225 250
Lu 648 635 323 600" 330
Allanite 5 5 6 3

La 2827 2362 g20 10007

Ce 2494 2063 635 1000

Nd 1840 1400 463 640

Sm 977 756 205 300

Eu 100 122 81 125

Tb 311 235 71 90

Yb 37 24.5 8.9 16

Lu 44 22 7.7 167
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Table G1 cont.
Sphene 32 7 ge
La - 19 15
Ce 51.2 33.6 18
Nd 107 319 -
Sm 152 352 25
Eu 154 189 15.7
Tb 160 218 27.69
Yb 185 105 30
Lu - 75 25.7
Monazite 9 10 11
La 10°-10* 10°%-10° 10"
Ce 10°-10* 10%-10° 10%..
Nd -
Sm 3000..
Eu 1000..
Th 1300..
Yb 200..
Lu 200..

* Interpclated value
** Theoretical value
a= K, calculated as
concentration in whole rock).

1) Arth and Hanson,
2) Nagasawa and Schnetzler,
3) Gromet and Silver, 1983.

4) Fujimaki,

5) Mahood and Hildreth,

1986.

6) Brooks et al., 1
7) Hellman and Green, 1978.
8) Cullers et al.,
9) Miller and Mittlefehldt,
10) Rapp and Watson, 1986.

11) Condie,

1978.

(element concentration in mineral/element

1975.

981.

1987.

1971

1983,

1982.
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Figure Gl: Results of hydrothermal zircon

saturation/solubility experiments at temperatures of 1020°,
930°, 860° and 750°C, redrawn from Watson and Harrison, (1983).
The residual zirconium concentration in the glass following
zircon crystallisation is plotted here against a measure of
the melt basicity, the cation ratio M=(Na+K+2Ca)/(Al1*5i).
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Table G2
Calculation of whether zircon is a residual phase when

an average composition of the Bridger/Louis Lake

Batholiths is melted.
M F T°C Solubility Zr (Co) | Residue
ppm ppem Ppm
1.7 4 750 100 190 250
1.7 4 800 250 190 150
1.7 4 850 500 190 -
1.7 L2 750 100 190 325
1.7 .2 800 250 190 110
1.7 .2 850 500 190 50
1.7 .2 830 1000 190 -
Table G3

Calculation of whether zircon is a residual phase when

an Archrean greywacke is melted.

M F T°C Sclubility Zr (Co) | Residue
ppm ppm ppn
1.32 4 750 50 150 325
1.32 .4 800 100 150 110
1.32 4 850 250 150 50
1.32 4 930 650 150 -

M= (Na+K+2Ca) /AlxSi
F=Degree of partial melt
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where C, is the solubility in the melt, C, is the concentration
in the residue and C, is the total Zr in the system, i.e. the
concentration in the source rock.

For the genesis of Middle Mountain and Dome Peak plutons
the older Bridger and Louls Lake batholiths were considered as
possible sources. Their average M value is 1.7 and Zr content
is 190ppm. Table G2 shows the amount of zircon left in the
residue for various temperatures of melting and degree of melt
(F=.2 and .4). At 850°C there is no residual zircon left at
F=.4., Not until temperatures of around 950°C are reached would
all the zircon be melted for smaller degrees of melt F=.2).

For Mount Owen pluton a peraluminous S-type granite, an
Archean greywacke was considered as a possible source with
M=1.32, and a Zr content of 150ppm. Table G3 shows that there
is residual zircon at temperatures up to around 930°C, at
which point all the zircon will have melted.

All models were evaluated with zircon in the residue. For
Middle Mountain,‘if the temperature of melting was greater
than 800°C one may expect all the zircon to be melted. However
within the range of Zr content (100-270ppm) for the Bridger
and Louis Lake batholiths, this temeparature may be extended
to over 850°C. Also without Zircon in the residue the values
0of Zr in the melt are higher than those observed in Middle
Mountain pluton.

Figure G2 shows the effect of varying the source and melt

modes on the concentration of REE and Zr content in the melt.
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Figure G2: Effect of varying source and melt modes on the REE

and Zr concentration in the melt.

Co=Source

Cl=No zircon in the residue (either it has all

was never present in the source).

Zl=Source mode=.05wt% zircon, no zircon in the melt, M=1l.
Z2=8ource mode=.05wt% zircon, Melt mode=.05wt% zircon, M=
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Cl and Z1 are the extreme cases. No zircon in the residue will
result in the highest concentraticn of both HREE and Zr in the
melt. Zircon has little effect on the concentration of the
LREE in the melt. Zircon in the residue, but not melting will
result in the lowest concentration of HREE and Zr content in
the melt. Decreasing the concentration of zircon in both the
source and melt meodes causes the concentration of the HREE and
Zr to approach Cl.

Changing M has no effect on the REE concentration but
will lower the Zr content in the melt. For a given temperature
the smaller the M value the larger 1nD,, (from equation Gl).
This is illustrated in Figure G3 which is a plot of 1nD,,
against temperature for both the older granitoids
(Bridger/Louis Lake batholiths) and younger granites (Middle
Mountain, Dome Peak and Mount Owen plutons). As can be seen,
Middle Mountain and Mount Owen plutons with smaller M values
have larger K,*!* than the Bridger and Louis Lake batholiths

and Dome Peak pluton.
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Apatite

Apatite (Ca;(PQ,);(CH,F,Cl) preferentially incorporates
the REEs, U and P. The experimental work of Watson and
Capobianco (1981) has shown that if the source P,0; content
exceeds 0.14%, apatite must be residual for all degrees of
melting, increasing in abundancé as melting proceeds. The
solubility of apatite has been determined experimentally by

Harrison and Watson (1984) and is given by:
1nDy*Pertte/met= 8400+ ((S10,~0.5)2.64%10%) ) /T1-3.1+12.4(510,-0.5)

where T 1s the absolute temperature. Variations in pressure
are unlikely to change significantly any solubility values.

Figure G4 shows the effect of varying the source and melt
modes on the concentration of REE and P,0; content in the melt.
Cl and APl are the extreme cases. Apatite in the source lowers
the overall REE and P content in the melt and reduces the size
of the Eu anomaly. A very small amount of apatite (.01lwt$%) in
the source and melt modes has a negligible effect on the REE
and P content.

Figure G5 shows the range of REE content for K, values
from Arth and Hanson (1975), Gromet and Silver (1883), and
Fujimaki (1986). As can be seen the choice of K, values will
effect the overall concentration but not the distribution

pattern of REE in the melt.

The average value of P,0; in the Bridger and Louis Lake
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Figure G4: Effect of varying source and melt modes on the REE
and P,0; concentration in melt. K; values from Arth and Hanson
(19753.

Co=Source

Cl=No apatite in the residue (either it has all melted or was
never present in the source).

APl=Source mode=.5wt% apatite, No apatite in the melt.
AP2=Source mode=.5wt% apatite, Melt mode=.5wt% apatite.
AP3=Source mode=.01lwt% apatite, Melt mode=.0lwt% apatite.
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Figure G5: Effect of different apatite K; values on REE
content in the melt.

Co=Source

Cl=40% partial melt, no apatite in the source.

All other plots are for source and melt modes of .5wt% apatite
(F=.4).
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batholiths 1is .24wt% and for the Archean greywacke .15wt%
Using the results of Watson and Capobianco (1981) and assuming
that all P,0s forms apatite, then apatite is considered as a
residual phase in generating Middle Mountain and Dome Peak
plutons and as both a residual phase and exhausted phase in
generating Mount Owen pluton.

A source mode of .5wt% apatite is considered to be a
maximum value as likely sources (Bridger and Louis Lake

batheliths, Archean greywacke) contain less than .5wt% P,0..
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Allanite

Allanite (Ca,Ce),(Fe? ,Fe’*")Al1,0.0H({51,0;) (S10,)
concentrates the REE, specifically the LREE, La and Ce. The
only experimentally determined K,s for allanite are for high
silica rhyolites (Mahood and Hildreth, 1983) and
rhyolite/obsidian glass (Brocks et al., 1981)., The effect of
temperature on the Kys for allanite is unknown.

Figure G6 shows the effect of varying the source and melt
modes for allanite on the concentration of the REE. Depending
on how much allanite is in the source will determine whether
the concentration of LREE in the melt is greater or less than
the concentration in the source. All melts will have HREE
concentrations greater than Co, but for ALl (no allanite in
the melt) and ALZ (modal melting .05wt%) the HREE slope is
flatter than both Cl.

Figure G7 shows the effect of different K, values of
allanite on the concentration of REE in the melt. The K,
values of Brooks et al. (1981) and Gromet and Silver (1983)
result in similar REE patterns, with a depletion in the
LREEs relative to Cl. The K, values of Mahood and Hildreth
(1983) produce a marked depletion in the LREE content relative
to both Cl and C, these K, values were determined for high
silica (75-77wt%) rhyolites.

The presence of small amounts of allanite in the source
can exert a considerable control on both the REE content and

slepe of the REE pattern. The effect of K, values is also of
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Figure G6: Effect of varying source and melt modes on the
concentration of REE in the melt, Ky values from Mahood and
Hildreth (1983).

Co=Source

Cl=No allanite in the source (either it has all melted out or
was never present in the source).

ALl=Source mode=.05wt% allanite, No allanite in the melt.
AL2=Source mode=.05wt% allanite, Melt mode=.05wt% allanite,
AL3=Source mode=.0lwt% allanite, Melt mode=.01lwt% allanite,
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Figure G7: Effect of different Ky, values for allanite on REE
concentration in the melt.

Co=Source

Cl=40% partial melt, no allanite present.

All other plots are for a source and melt mode of .B5wt%
respectively. (F=.4)
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extreme importance, as has been demonstrated in Appendix D.
For this study average values from Brooks et al. (1981)
were used as these were determined on 1less evolved rhyolites
($10,=72-74wt%), which are compositionally c¢loser to the

granites analysed in this study.
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Sphene

Sphene, CaTi(Si0Q,) (0,0H,F) preferentially concentrates
the REEs, Th, Nb and Ta. Considering the ubiquitous presence
0of sphene in granitic rocks there 1is suprisingly little
experimental K, values for it.

Figure G8 shows the effect of different K, values for
sphene on the concentration of REEs in the melt. As can be
seen there is an appreciable difference in the REE patterns
for the different K, values. The K, values used in this study
are derived from the results of Gromet and Silver (1983). The
K, value 1is calculated as the concentration of the element in
sphene over the concentration of the element in the whole rock

(granodiorite) .
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Figure G8: Effect of different Ky values for sphene on the REE
concentration in the melt.

Co=Source

Cl=40% partial melt, no sphene in the source.

The other plots are for source and melt modes of .5wt% sphene
respectively. (F=.4)
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Figure G9: Effect of wvarying the source and melt modes ot
monazite on the REE concentration in the melt.
Co=Source
Cl=No monazite in the source (either it has all melted or was
never present in the source.
Ml=Source mode=.05wt% monazite, No monazite in the melt.
M2=Source mode=z,05wt% monazite, Melt mode=,05wt% monazite.
M3=8ource mode=.0lwt% monazite, Melt mode=.01lwt% monazite.
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Monazite

Mconazite (Ce,La,Th)PO, concentrates the LREEs (La,Ce) and
Th. Miller and Mittlefehldt (1982) recognised the importance
of depleting LREEs in peraluminous magmas by crystallizing out
allanite and monazite. Montel (1986) showed that at 2kb, 800°%
the solubility of CeP0O, is especially low in peraluminous
liquids, favouring the precipitation of monazite. Rapp and
Watson (1986) determined K, values for the LREE as a group for
monazite. Their results (Table Gl-monazite, column 2) were
consistent with estimates made by Condie (1978) and Miller and
Mittlefehldt (1982).

Figure G9 shows the effect of varying the source and melt
modes of meonazite on the concentration of REE in the melt. It
can ke seen that the presence of a small amount (.05wt%)
monazite in the source has a dramatic effect on the REE
pattern. There is a dramatic drop in REE content, especially
the LREE and a reduction in the size of the Eu anomaly, with
a flattening out of the HREE. Only .0lwt% in both the source
and melt has a lesser effect on the MREE (Sm, Eu, Tb) and HREE
(Yb, Lu), but still results in a lower LREE (La,Ce) content

relative to the source.
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Appendix H

Fine-Tuning Geochemical Models

For any given model the final source and melt modes for
accessory prhases was determined by varying the source and melt
modes of the accssory phases. This is shown below for non-
modal equilibrium partial melting of the older Bridger and
Louis Lake batholiths. Table H1 lists the source and melt
modes for major minerals and the range of source and melt
modes for accesory phases tested.

Figure Hl1 shows the REE patterns produced by varying the
source and melt modes for 40% batch melting of the older
granitoids (Bridger and Louis Lake batholiths). The maximum
REE content is achieved when there are no accessory phases in
the source mode (T1). The minimum REE content is produced when
no accessory phases enter the melt (T4) and from the work of
Watson et al. (1985) and Susuki et al. (1990) this model is
unlikely to occur as accssory phases are concentrated at grain
boundaries, where early melting is likely to occcur. In Figure
HZ2 the REE distribution of the five different models are
plotted along with the average value for Middle Mountain
pluton. The slopes of models T3 and TS are closest to that of
the average value for Middle Mountain pluton; however, only
model TS5 is able to generate the Zr values for the melt (Cl)

which then crystallised to form Middle Mountain pluton.
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Appendix H
Table Hl: Source, melt and restite modes (in fractions) for
40% batch melting of the older granitoids (Bridger and Louis
Lake batholiths).

F=,40, T=850°C, P=10Kb, M=1.7"

Melt Mode® Source Mode Restite
OPX .01 .05
PLAG .47 .62 .66
BIOT .05 .07 .08
QTZ .45 .25 .20
MGT .01 .02 .02
ZIR .0001-.0005 .0001-.0005 .0001°"
(.0005)" (.0002)"
ALRD .0001-.0005 .0001-.0005 .0001"
(.0005)" (.0002)"
APA .0005-.005 .0005-.005 .001”
(.0058)" (.002)"
SPH .005-.0005 .005-.0005 .0012"
(.004)" (.002)"

a=From Hanson (1978).

*=Preferred numbers; numbers for which. the models fitfs the
best.

M=Cation ratio (Na+K+2Ca)/(AlxSi) (Watson and Harrison, 1983).

OPX=0Orthopyroxene
PLAG=Plagioclase
BIOT=Riotite
QTZ=Quartz
MGT=Magnetite
ZIR=Zircon
ALA=Allanite
APA=Apatite
SPH=Sphene
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Figure 31! REE patterns produced by 40% batch melting of Co (Bridger/Louis Lake batholiths) with varying
source and melt modes {fractions) of accessory phases.

11 12 T3 4 15
Melt  Source  Melt  Source  Melt  Source  Melt  Source Helt  Source
Tircon - “ee- .0001 0001 ,0002 L0001 | ----- 0003 0005 ,0003
Allanite | ---- === 1 ,0001 ,0001 | .0002  .0001 | ~----- 0005 | 0005 .0003
Sphene === ae ,0003 ,0005 003 002 - .005 005 003
Bpatite ---- ---- | 0005 .0005 | 003 002 | - 005 005,003
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Figure H2: A REE plot of the previous patterns (T1-T5,

Figure

H1l) with the average REE content of Middle Mountain pluton.
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Appendix I

Element concentrations (in ppm) for geochemical models of
Middle Mountain Pluton

Table TIl: Composition of sources used in batch melting
(columns 1,2), fractional crystallisation (column 3) and
assimilation fractional crystallisation (columns 3,4) models.

1 2 3 4

Rb 34.1 106 148 61

St 171 1410 349 732
Ba 147 1810 1250 480
Th 2.8 14.7 27 1.6
U .08 5.5 1 0.33
La 32.3 64.4 55.5 23

Ce 58.7 121.8 104 55

Nd 23.8 51.2 33 26

sm 4.5 9.4 5.5 4.9
Eu 1.09 2.21 1.49 1.41
Tb 0.35 0.72 0.47 0.81
b 0.47 1.9 1.2 3.5
Lu 0.08 0.24 .14 0.55
Y 3.8 37 18 4.0
P 0.08 0.45 1.8 0.12
ND 1.7 14.8 6.7 3.1
Ta 0.11 3.64 0.33 0.17
Zr 101 271 150 110
HE 1.2 9.1 3.3 3.3

1 and 2) Minimum and maximum source concentrations for batch
melting models, compiled from the Bridger and Louis Lake
batholiths.

3) The melt produced by 40% batch melting corresponding to
sample RL-1, from the Middle Mountain pluton.

4) The assimilant used in the AFC model, an averaged from
from Aleinikoff et al. (1989)
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Table I2: Crystallisation modes (fractions) for FXL and AFC
models.

F=40%, T=850°C, P=10kb, M=1.7

FXL AFC
AMP .01-.05 (.0)" .01-.05 (.O)"
PLAG .30-.57 (.31)° .30-.57 (.31)°
KSPAR | .08-.35 (.29° .08-.35 (.29)"
BIOT .05-.10 (.07)° .05-.10 (.07)°
QTZ .20-.30 (.30)" .20-.30 (.30)"
MGT .02 .02
ZIR .0001-.0005 (.0001)" .0001-.0005 (.0003)"
ALA .0001-.0005 (.0001)" .0001-.0005 (.0002)"
APA .0005-.,005 (.001)" .0005-.005 (.001)"
SPH .0005-.005 (.004)" .0005-.005 (.0001)"

*=Preferred numbers; numbers for which the model works best.

FXL=Fractional crystallisation

AFC=Assimilation and fractional crystallisation

F=Degree of partial melt, P=Pressure (Kb), T=Temperature of
melting (T°C).

M=Cation ration (Na+K+2Ca)/ (Al*Si) (Watson and Harrison, 1983)

AMP=Amphibole
PLAG=Plagicclase
KSPAR=K-feldspar
BIOT=Biotite
QTZ=Quartz
MGT=Magnetite
ZIR=Zircon
ALA=Allanite
APA=Apatite
SPH=Sphene
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Appendix J

Element concentrations (in ppm) for geochemical models of Dome
Peak Pluton

Table Jl: Composition of sources used in batch melting
(columns 1,2) and fractiocnal crystallisation (column 3)
models.

1 2 3
Rb 34.1 106 4.6
Sr 171 1410 708
Ba 147 1810 2321
Th 2.8 14.7 8.8
U .08 5.5 1.1
La 32.3 4.4 93
Ce 58.7 121.8 188
Nd 23.8 51.2 82
Sm 4.48 9.35 15.9
Eu 1.09 2.21 3.59
Tb 0.35 0.72 1.14
Yb 0.47 1.9 2.31
Lu 0.08 0.24 0.27
Y 3.77 37.54 25.31
P 0.08 0.45 0.22
Nb 1.7 14.8 9.1
Ta 0.11 3.64 0.55
Zr 101 271 219
HEf 1.2 9.1 11.2

1 and 2: Minimum and maximum source concentraticns for batch
melting compiled from the Bridger and Louis Lake batholiths.

3: The melt produced by 20% batch melting, corresponding to
sample NFL-7 from Dome Peak pluton.
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Table J2: Source and melt modes for batch melting of the older
granitoids (Bridger and Louis Lake batholiths).

F=.40, T=850°C, P=10Kb, M=1.7-

Melt Mode Source Mode Restite
OPX .01 .05
PLAG .47 .62 .66
BIOT .05 .07 .08
QTZ .45 .25 .20
MGT .01 .02 .02
ZIR .0001-.0005 .0001-.0005 .0001"
(.0005)" (.0002)"
ALA .0001-.0005 .0001-.0005% .0001"
(.0005)" (.0002)"
APA .0005-.005 .0005~-.005 L0017
(.005)" (.002)"
SPH .005-.0005 .005-.0005%5 .0012"
(.004)" (.002)"

Table J3: Crystallising modes for FXL models.

FXL
AMP .01-.05 (.02)"

PLAG .30-.57 (.31)"
KSPAR | .08-.30 (.30)°

BIOT L05-.10 (.07)"

QTZ .20-.30 (.30)"

MGT .02

ZIR .0001-.0005 (.0001)"
ALA .0001-.0005 (.0001)"
APA .0005-.005 (.001)"
SPH .0005-.005 (.004)"

All abbreviations are the same as in Appendix I.
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Appendix K

Element concentrations (in ppm) for geochemical models of
Mount Owen Pluton

Table Kl: Composition of sources used in batch melting an
Archean greywacke (column 1), fractional crystallisation of
a magma produced by batch melting a greywacke (column 2), and
the contaminant s used in AFC models of a magma produced by
batch melting a grewywacke (column 3,4).

1 2 3 4
RD 110 164 35 61
Sr 250 68. 4 450 600
Ba 900 789 480 800
Th 15 40 1.6 1.6
U 1.5 1.2 0.3 0.3
La 25.3 62.7 35.4 45.1
Ce 45.7 127 56.7 74.8
Nd 25.8 52.2 21 22
Sm 4.4 13.6 3.5 3.2
Eu 1.28 0.96 1.01 1.52
Th 0.54 1.456 0.47 0.18
b 1.6 3.8 1.1 0.59
Lu 0.28 0.42 0.21 0.06
y 17 45 4.0 45
P 0.09 0.05 0.12 0.12
Nb 4.1 6.5 3.1 4.5
Ta 0.9 0.76 0.17 0.17
| zr 160 185 110 110
Hf 4.5 5.34 3.33 3.33

Column 1: Archean greywacke from Taylor and McClennan (1985).
Column 2: Concentration produced by 40% batch melting of the
Archean greywacke, corresponding to sample MO-5 from Mount
Owen pluton.

Column 3 and 4: Assimilants used in the AFC model, compiled
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from the older graniteids in the Wind River Range (Bridger and

Louls Lake batholiths and Aleinikoff et al. (1989).

Table K2: Source, melt, and restite modes (in fractions) for
40% batch melting an Archean greywacke from Arth and Hanson
(1975), and Reid (1983).

F=.30, T=850°C, P=10Kb, M=1.38:

Melt Mode Source Mode Restite

PLAG .47 .46 .44

BIOT .06 .136 .18

GARN .015 .026 .03

CORD .015 .026 .03

QTZ .44 .35 .27

MGT .01 .02 .03

ZIR .0001-.0005 .0001-.0005 .0001"
(.0001)" (.0001)”

APA .0005-.005 .0005-.005 .0001"
(.0002)" (.0001)"

Table K3: Crystallising modes for FXL and AFC models.
FXL AFC

AMP .01-.05 (.02)" .01-.05 (.02)"

PLAG .30-.57 (.32)" .30-.57 (.32)"

KSPAR | .08-.30 (.28)" .08-.30 (.28)"

BIOT .05-.10 (.07)" L05-.10 (.07

MUSC 0-.01 (.01)" 0-.01 (.01)"

QT?Z .20-.30 (.22)° .20-.30 (.22)°

MGT .02 .02

ZIR .0001-.0005 (.0001)" .0001-.0005 (.000L)"

ALA .0001-.0005 (.0002)" .0001-.0005 (.0001)"

APA .0005-.005 (.001)°" .0005-.005 (.0005)"

SPH .0005-.005 (.0005)" .0005-.005 (.003)"

MONAZ | .0001-.0005 (0002)" .0001-.0005 (.0002)"
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All abbreviations the same as Appendix I, additional

abrreviations are; GARN=Garnet,
MUSC=Muscovite and MONAZ=Monazite.

CORD=Cordierite,
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