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ABSTRACT OF THESIS 

 

GEOCHEMICAL STUDY OF THE LOUIS LAKE BATHOLITH AND ITS 

POTENTIAL AS A FLUID SOURCE FOR GOLD DEPOSITS IN THE ATLANTIC 

CITY DISTRICT, WY 

  

The Louis Lake Batholith is positioned in the southern tip of the Wind River 

Range, an upthrust exposure of the Wyoming Craton. The Archean batholith varies from 

granite to granodiorite and is dated at 2630 ± 2 Ma (Frost et al., 1998). The Louis Lake 

Batholith consists of several phases of granite, aplitic dikes, pegmatite dikes, quartz veins 

and segregations, and localized mafic enclaves. Pressures of crystallization were 

determined by hornblende geobarometry to be between 2 and 6 kbar at the southern end 

of the batholith.  

Because the Louis Lake Batholith is adjacent to a known gold mineralized area, it 

was investigated as a potential fluid source for these deposits. The area has experienced 

very little deformation since the Archean, making it plausible to study any possible links 

between the granite and the deposits. The South Pass Greenstone Belt contains lode gold 

deposits and minor copper vein stockwork systems, similar in age to the crystallization 

age of the batholith. U-Pb titanite ages for shear zones associated with the Atlantic City 

District gold deposits range from 2635 to 2616 ± 2 Ma (Frost et al., 2006). Gold 
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mineralization is shear-hosted, and minor copper mineralization is found as lodes and 

stockworks that cut the gold mineralization (Hausel, 1991). 

The Louis Lake Batholith samples range from biotite granite to granodiorite, with 

localized hornblende. The samples were analyzed using a variety of techniques, including 

whole rock geochemistry, petrography, mineral chemistry, and studies of fluid inclusions. 

Whole rock data demonstrate that the batholith was formed in a volcanic arc setting. REE 

spider diagrams reveal that all phases are genetically related and show a slight negative 

Eu anomaly, except for a mafic enclave, which has a slight positive Eu anomaly, and thus 

likely a different source. Aplites show flat REE profiles because they are more highly 

fractionated. Magnetite is widespread, typically as aggregates or as clusters with titanite, 

biotite, and hornblende (if present). Euhedral titanites are widespread and can contain 

inclusions of magnetite. The presence of magnetite and titanite implies a relatively 

oxidizing environment at the time of crystallization. Apatite grains are widespread and 

occur as inclusions in mafic minerals and as isolated zoned crystals. Minor amounts of 

allanite are present, generating radioactive halos in adjacent minerals, such as apatite and 

titanite. The sulfide content of the melt is marked by trace amounts of chalcopyrite that 

can be seen as small inclusions in magnetite, and more rarely in quartz grains.  

Trace element contents of igneous and hydrothermal minerals were determined by 

an electron microprobe. Several samples were found to have anomalous concentrations of 

Cu, Au, and Ag, both in whole rock data and in magnetites and hematites analyzed by 

microprobe. Oxides contain the highest concentrations of Cu, Au, and Ag. 

Fluid inclusions were analyzed from a variety of late-magmatic phases: quartz 

veins and irregular segregations in unaltered host granite, pegmatite dikes, and aplite 
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dikes. Four types of inclusions were found in the Louis Lake samples. Type 1 inclusions 

contain high salinity, aqueous fluids with varying amounts of daughter minerals and 

sometimes a few mol % CO2. Type II inclusions are a low to moderate salinity, aqueous-

carbonic fluid that sometimes contains small daughter minerals. Type III inclusions are 

moderate salinity, aqueous-carbonic inclusions with daughter minerals, and are thought to 

be an intermediate between Types I and II. Type IV inclusions are CO2-rich, 60-70 mol 

% CO2, and low salinity. Type I and II fluid inclusions from one sample were analyzed 

using LA-ICP-MS for a suite of elements. 

 Upon investigation of the Louis Lake Batholith, several parallels with felsic to 

intermediate intrusions associated with ore deposits become apparent. Gold-related 

plutons are comparable to the batholith in this study in that that have a similar oxidation 

state, lack extreme fractionation, and show evidence for a release of an early-crystallized 

sulfide phase. The trend of SO3 concentration in apatites implies fluids exsolved 

relatively early during fractionation of the granite. Geochemical analysis of the mafic 

enclave indicates that gold and other metals were introduced to the granite by mixing 

with mafic magmas. The elevated Au and Cu content of enclaves is congruent with that 

recorded in intrusions associated with some ore deposit types. Types I and II fluid 

inclusions are Na-dominated, with similarities to hydrothermal fluids in ore deposits. 

High salinity fluids contain similar metal contents as intrusion-related ore systems, while 

low salinity fluids share affinities with both intrusion-related ore systems and orogenic 

gold systems. The model of Core et al (2006) in which magma mixing is an important 

step in the creation of high copper content of enclaves is therefore also proposed for large 

porphyry deposits (Core et al, 2006). A genetic model was constructed for the Louis Lake 
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Batholith. First, metals, namely Cu and Au, were concentrated within Fe-oxide globules. 

These metals were later scavenged by a S-rich fluid that carried the metals away and 

deposited them within shears in the South Pass Greenstone Belt. 
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1. INTRODUCTION 

The Wind River Mountains, a portion of the Wyoming Craton, consist of Archean 

granites, granitic gneisses, and metamorphosed and deformed supracrustal rocks that 

were uplifted along the basement-involved Wind River Thrust (Bayley 1973).  During the 

Laramide Orogeny (Cretaceous- Eocene), this block of Archean basement was thrust over 

Paleozoic and Mesozoic sediments (Hausel 1991).   The rocks of the Wind River block 

can be split into two different packages: the metamorphosed supracrustal rocks of the 

South Pass Greenstone Belt (SPGB) and the granites and granitic gneisses that formed 

basement to the supracrustal rocks and intrude them.  The granites and gneisses make up 

the high peaks of the Wind River Range, while the SPGB is exposed in a rolling 

landscape along the southern edge of the uplift. 

Significant gold and iron mineralization is found within the SPGB, with non-

economic deposits of copper, silver, tungsten and uranium, but mineralization is minor 

within the granitic intrusives (Hausel 1991). The largest deposits within the SPGB are 

epigenetic hydrothermal lode gold deposits and stratiform iron stone deposits. Gold was 

discovered in the district in 1863 in paleoplacer deposits within Tertiary sedimentary 

cover, and was followed by mining of gold-rich quartz veins until the beginning of World 

War II, though this was never large-scale (Hausel 1991).  The estimated gold production 

from the SPGB is estimated by Hausel (1991) to be 348,600 oz, but actual tonnage is 

unknown because of lack of adequate historical records. Additional exploration reveal
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as yet unknown ore shoots. The source of the auriferous fluids that formed the deposits is 

important to understanding lode deposit genesis in the area. 

The deposits within the SPGB have been classified as typical orogenic gold, 

based on their setting, mineralogy and structural control (McGowan 1990).  Orogenic 

gold deposits are common in Archean cratons, although the deposits in the SPGB are 

found dominantly within turbidite sequences rather than in the globally more usual 

volcanic sequence hosts (McGowan 1990). A widely cited model detailed by Groves 

(2003) suggests that orogenic gold deposits form at convergent margins during the later 

part of the deformational history with a strong structural control of ore deposition. 

Conditions of formation vary between deposits with ranges in metamorphic facies, host 

rock type, and mineralization style. Typical mineral associations are Au-Ag±As±B±Bi± 

Sb±Te±W, and typical ore forming fluids are low salinity, near neutral pH, aqueous 

fluids with CO2, CH4 and N2. 

The origin for hydrothermal and auriferous fluids in these types of systems has 

long been in debate. Three broad classes of models have been proposed to explain the 

origin of such ore-bearing fluids: fluids exsolved from a crystallizing magma (Burrows et 

al. 1986; Ramsay et al. 1998), metamorphic devolatilization (Kerrich and Fyfe 1981; 

Goldfarb et al. 1998), and deep circulating meteoric waters (Nesbitt 1988; Nesbitt and 

Muehlenbach 1991).  In order to determine the validity of the model that proposes fluid 

exsolution from granitic bodies, this study focuses on the adjacent Louis Lake Batholith 

(LLB) and within this batholith on its late phases (i.e. aplites, pegmatites, and quartz 

veins).  
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 As described in more detail in the following chapter, the Louis Lake Batholith is a 

2629.2 ± 2.8 Ma granitic to granodioritic polyphase intrusion that makes up the 

southernmost end of the Wind River Range (Frost et al 1998). The LLB intrudes the 

SPGB along the northern margin of the greenstone belt and is also in fault contact along 

the Anderson Ridge Fault.  In order for this study of a link between orogenic gold 

mineralization and the LLB to be a valid test of the crystallizing magma model of gold 

deposits, we need to ensure overlap in age. The youngest formation found in the SPGB 

yields a depositional age of 2669 ± 4 Ma based on U-Pb dating of zircon, and a 

metamorphism age from titanite of 2635 ± 2 Ma (Frost et al. 2006).  Titanites dated from 

the alteration zone of one of the gold-bearing veins yielded an age of mineralization 

between 2635 ± 2 and 2616 ± 2 Ma (Frost et al. 2006). The age of the LLB and the 

abundance of crosscutting late phases of the granite and similarity in age to the 

mineralization provide evidence to allow a relationship between granite intrusion and 

mineralization.   

This study utilizes a multidisciplinary approach of field observations, 

petrographic observations, fluid inclusion studies, and mineral chemistry to characterize 

the granite.  Field work involved mapping contacts and noting large-scale textures and 

crosscutting relationships.  Samples of granite, late-phase intrusions, altered granite, 

mafic enclaves, and granitic gneiss were collected and analyzed.  Detailed petrographic 

descriptions were made for the samples.  Whole rock, trace element and rare earth 

chemistry were completed on samples of the main granite and late phase dikes.  Analysis 

of hornblendes and oxides were completed in order to determine the conditions within the 

batholith at the time of crystallization.  Fluid inclusions from quartz within pegmatites, 
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quartz veins, and quartz segregations were analyzed to determine fluid chemistry at the 

time of late phase movement in the batholith. Fluid inclusions were analyzed 

petrographically, microthermometrically, and using laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS). 

 Using the geochemical information from the LLB, it is possible to create a history 

of the crystallization of the batholith and to characterize the granite.  It is also possible to 

compare the main and late phase fluid chemistries of the LLB with characteristics of 

orogenic gold deposits worldwide and with fluids of other common ore deposit types.  By 

comparing these fluids, it is possible to note any similarities between fluids, and the 

potential of a LLB fluid source for the lode deposits of the SPGB.  
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2. REGIONAL GEOLOGY 

 

2.1 GEOLOGY OF THE WYOMING PROVINCE 

The Wyoming Craton is a piece of Archean age crust that composes ten percent of 

the outcrop within the Wyoming Province (Frost 2006).  It is the most southwestern of 

the North American Archean provinces, was cratonized by 3.0 Ga (Frost et al 1998), and 

likely correlates with the pre-granite rocks of the Superior Province (Bayley 1973). The 

province is bounded by the Great Falls tectonic zone, the Trans-Hudson orogen, and the 

Cheyenne Belt, making it approximately 500,000 km2 (Mueller and Frost 2006). 

Precambrian crust is only exposed within Laramide Orogeny uplifts (Frost et al 2006).  

McGowan (1991) noted that the Wyoming Craton is composed of three exposed Archean 

rock types: early quartzofeldspathic gneisses, metamorphosed supracrustal rocks, and late 

Archean granites. The Wyoming Province most likely grew by incorporation of mantle-

derived melts into large granitic bodies, as there is only minor evidence of laterally 

accreted juvenile crust, and abundant evidence for copious amounts of Archean 

magmatism (Frost 1998). 

The field area is located in the Wind River Range, a part of the Wyoming Craton, 

which is composed of Archean granites and minor supracrustal rocks that were uplifted 

during the Laramide Orogeny at approximately 60 Ma (Frost et al 1998). Major 

movement in the range was along the Wind River Thrust on the western side of the range.  

The Wind River Thrust is a northwest trending, northeast dipping structure that brought 
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up 10,000 km2 of Precambrian crust (Frost 1998).  Bayley (1973) notes that the 

maximum displacement along the Wind River Thrust is 10.7 km, making it the largest 

offsetting Laramide structure in Wyoming (Wilks and Harper 1997).  

The range was first explored by groups focusing on mineralization in the area (i.e. 

Hayden in 1871; Raymond in 1879 and 1873; Aughley in 1886; and others). The first 

geologic map was created in 1901, but it also focused mainly on mineralized areas (Ulmo 

1979).  The first detailed maps of the South Pass area were created much later by Bayley 

(1965). Figure 1.1 shows a map of the Wind River Range, including the field area and the 

outline of the Louis Lake Batholith. 

 

2.2 THE SOUTH PASS SEQUENCE 

The South Pass Greenstone Belt, or SPGB, is a series of steeply dipping Archean 

supracrustal metasediments and metavolcanics that lie about 30 miles south of Lander, 

Wyoming. These metamorphic rocks are mostly amphibolite facies, but with some 

greenschist facies rocks. The approximately 26.5 km wide SPGB is bounded on the north 

and east by Archean granites. Frost et al (2006) have defined the metavolcanics of the 

sequence to be komatiitic to tholeiitic and containing calc-alkalic basalt to andesite, 

dacite and rhyolite. Previous geochemistry by McGowan (1991) tells us that amphibolites 

of the SPGB are LREE enriched compared to other Archean terranes, indicating an 

evolved magma source. Condie (1972) proposed that the SPGB is the result of 2 colliding 

volcanic arcs.  The potential presence of a dismembered ophiolite in the SPGB has been 

used to infer a volcanic arc setting (Harper 1985), but the presence of an ophiolite is 

dismissed by others (i.e. Schmitz 2005).  Geochemical analysis of the mafic rocks is 
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consistent with a Mid-Ocean Ridge Basalt to Island Arc Tholeiite composition (Harper 

1985). Overall REE patterns suggest a thick lithosphere during the Archean (McGowan 

1991). Gravity data by Balsam (1986) suggests that the SPGB is currently up to 5 km 

thick. 

The South Pass Sequence has been divided into four main formations, interpreted 

to represent a volcanic arc.  These formations are the Diamond Springs Formation, 

Goldman Meadows Formation, the Roundtop Mountain Greenstone Formation and the 

Miners Delight Formation.  

The oldest formation, the Diamond Springs Formation, was first mapped by 

Hausel (1991), and is not part of the original stratigraphy of Bayley et al (1973).  The 

formation is dominated by serpentinite, tremolite-talc-chlorite schist and amphibolite 

(Hausel 1991).  Hausel (1991) believed that these rocks represent high Mg flows and 

sills.  Harper (1985) believed that these rocks represented an ophiolite, giving evidence of 

cumulate textures, igneous layering, relict diabasic textures, and chilled margins.  Hausel 

(1991) interpreted these same rocks as simply komatiitic and mafic flows. 

The Goldman Meadows Formation, which overlies the Diamond Springs 

Formation, is composed of quartzite, banded iron formation, pelitic schist and 

amphibolite (Hausel 1991). These units represent a shallow shelf environment that was 

interrupted by volcanism (Hausel 1991).  Ironstone within this formation has been folded 

and thickened at Iron Mountain to create an iron deposit that has been historically mined.  

Iron content of the quartz-magnetite formations at the Atlantic City Iron Mine is 33.5% 

according to Hausel (1991). 
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 Above the Goldman Meadows Formation lies the Roundtop Mountain 

Greenstone.  This greenstone consists mostly of chlorite, actinolite, epidote, and minor 

apatite (Hausel 1991). The Roundtop Mountain Greenstone Formation has been defined 

by Balsam (1986) as a metabasalt with pillow structures. Hausel (1991) believed that 

these are oceanic basalts with interlayered tuffs, which implies intermittent volcanic 

activity.  

The Miners Delight Formation makes up most of the SPGB.  The contact with the 

Roundtop Mountain Greenstone is the Roundtop Mountain Fault, which defines the 

Roundtop Mountain Deformation Zone (RMDZ). This formation has been down-dropped 

along the RMDZ relative to the other formations (McGowan 1991).  It is primarily a 

series of poorly-sorted greywackes that are noted by Balsam (1986) to be turbidites based 

on the presence of graded bedding. The feldspathic to biotitic greywackes are interbedded 

with mica schist (Hausel 1991), and likely accumulated in a deep oceanic basin from 

sediments shed off an island arc (Hausel 1991).  This formation also hosts most of the 

lode gold deposits in the SPGB.  Metamorphism of this formation was dated at 2635 ± 2 

Ma by Frost et al. (2006).  

 The formations of the SPGB have been cut by seven episodes of igneous activity 

according to Bayley (1973).  The oldest igneous intrusion is a serpentinite, which has 

been found only in the Goldman Meadows Formation (Bayley 1973). This was followed 

intrusion of metagabbro dikes and sills, common in the northeast SPGB and in the frontal 

gneisses of the LLB (Bayley 1973).  Next, metadiorite dikes or sills were emplaced at 

Peabody Ridge (Bayley 1973).  Metaleucodacite and metatonalite dikes and small sills 

were the emplaced after the metadiorite (Bayley 1973), and exist as two dikes and a few 
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small stocks. More metagabbro dikes were then injected into the SPGB (Bayley 1973). 

Felsic magmatism caused the formation of the LLB and segregations and other small 

satellite plutons (Bayley 1973). Lastly, diabase dikes cut both the SPGB and the LLB 

around 2170 ± 8 Ma (Harlan et al. 2003).  

 Several studies have been completed on these rocks to determine structural 

history on this complex set of rocks. Frost et al (2000) described five deformations and 

four metamorphism events for the Wind River Range. These events include the 

emplacement of the Bridger and Louis Lake Batholith and deformation of the SPGB and 

granites and granitic gneisses of the range. Bayley (1973) noted that the SPGB is inferred 

to be part of a synclinorium that was formed before the intrusion of the LLB. Schmidtz 

(2005) recorded three episodes of deformation within this package, which are related to 

the intrusion of the LLB and consequent solid-state deformation. One of the major 

structures in the area is the Roundtop Mountain Deformation Zone (RMDZ).  It separates 

the Roundtop Mountain and Miner’s Delight Formations. After the magmatism and 

accretion of the SPGB, there was very little deformation or tectonism until the Laramide 

Orogeny (Cretaceous to Eocene).  Tilting during Laramide deformation resulted in an 

increase in paleodepth from east to west (McGowan 1991) and created a number of brittle 

faults.  

 

2.3 MINERALIZATION WITHIN THE SPGB 

 The SPGB contains deposits of several significant mineral resources.  Gold ore is 

found in lodes and as placer deposits in Tertiary cover.  Copper ore is found as minor 

lodes and stockworks (Hausel 1991).  Iron ore is found within structurally thickened 
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sections of banded iron formation (Hausel 1991).  Other mineralization includes silver, 

tungsten as scheelite veins and placers, uranium, asbestos, and pegmatite minerals such 

as tourmaline, beryl, and aquamarine (Hausel 1991).   

 Placer deposits played a major role in the discovery of gold in the district.  The 

original gold discovery occurred in 1863 in the Dickie Springs-Oregon Gulch area within 

Tertiary conglomerates (Hausel 1991). By 1867, the Carissa Lode was discovered, 

launching a minor gold rush (Bayley 1973).  During the boom from 1867 to 1875, small 

mines produced an estimated 348,600 oz of ore from shears and veins hosted in a range 

of rock types of the SPGB and from placer deposits (Hausel 1991; Bayley 1973).  The 

shear zones are narrow (around five feet thick), have a tendency to pinch and swell, and 

contain veins that are mostly quartz + carbonate (Hausel 1991).  The veins and shears are 

steeply dipping and older than the major faults of the area (Bayley 1973).  Gold 

mineralization is mostly restricted to units within the Miner’s Delight Formation, usually 

near sill-like metagabbro and other weak contacts, which would have acted as conduits 

for gold-bearing fluids (Bayley 1973).  Gold associated with the quartz veins is found 

within the shears and adjacent wallrock (Hausel 1991).  The most productive veins are 

typically two to seven feet thick, and thicker veins have lower concentrations of gold.  

Wallrock alteration is minor, and contains the assemblage sericite + quartz with 

accessory calcite, chlorite and tourmaline (Hausel 1991).  Pyrrhotite, pyrite, and 

arsenopyrite are present with the gold (Hausel 1991). Deposition of the gold is thought to 

have been the result of increases in fluid pH and decreases in oxygen fugacity as the fluid 

advected along shear zones (Hausel 1991).  Frost et al (2006) date mineralization at the 

Carissa lode to be between 2635 and 2616 Ma. 
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Gold is found within the paleoplacers in the Dickie Springs-Oregon Buttes area 

and in the McGraw Flats area. Tertiary erosion of the rocks uplifted during the Laramide 

Orogeny produced fanglomerates and fluvial conglomerates which contain gold (Hausel 

1991). These paleoplacer deposits have also been eroded to form concentrated gold 

placer deposits. The Dickie-Spring-Oregon Buttes area lies in the southern part of the 

SPGB.  The highest Au concentrations in this area are found north of the Continental 

Fault, a boundary fault at the south end of the Wind River Range, which has been down-

dropped since the initial uplift during the Laramide Orogeny (Hausel 1991). The placer 

deposits in this area are found within the conglomeratic units of the Eocene Wasatch 

Formation, and Tertiary rocks eroded from it (Hausel 1991). Gold content of the placer 

deposits may be as much as 28.5 million oz (Love et al. 1978). The Twin Creek 

paleoplacers are found within the White River Formation to the northeast of the SPGB 

(Hausel 1991). According to Antweiler et al (1980), the probability is high that these 

paleoplacers represent a rich, undiscovered source area. 

Gold ore in the placer deposits in the Dickie Springs area was studied by Love et 

al. (1978), who found two different chemical signatures among the gold grains. This 

points to two different sources of gold ore. Love et al. (1978) note the abundance of large 

granite boulders, indicating that one source may be from a granitic source proximal to the 

conglomerate. Also, geochemical studies of the gold grains suggest that it is derived from 

a source other than the South Pass-Atlantic City District (Hausel 1991). Some grains are 

interpreted to have been eroded from the lode gold deposits of the SPGB because of 

geochemical similarities (Love et al. 1978). 
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 Minor cupriferous lodes and stockworks have been noted by Hausel (1991). These 

veins are narrow, discordant quartz veins that pinch and swell, and occur as stockworks 

in felsic gneiss and along the LLB border (Hausel 1991). Copper mineralization is found 

as chalcopyrite-bearing quartz veins containing silver and gold, and in places displacing 

auriferous shears, meaning that copper mineralization post-dates the Au-bearing shears 

(Hausel 1991).  Hausel (1991) believes that these cupriferous veins are related to the 

LLB, noting high concentrations of Cu-bearing veins near the edge of the batholith, a Cu-

bearing shear in LLB at Burnt Meadow prospect, and a Cu stockwork located along 

margin of LLB near northwestern edge of SPGB.   

Banded Iron Formation (BIF) was mined in the Atlantic City mine by U.S. Steel 

Corporation from 1962-1983, producing 90 million tons of ore (Hausel 1991).  The iron 

formation has been structurally thickened by folding on the northern border of the SPGB 

at Iron Mountain (Hausel 1991).  This iron-bearing unit of the Goldman Meadows 

Formation, or taconite, is composed mostly of thin layers of fine-grained, interbedded 

magnetite and quartz (Hausel 1991). Minor amounts of amphibole, chlorite and garnet are 

also found within this BIF (Bayley 1973). 

The Archean rocks of the Wyoming Province usually are cited as sources for 

sedimentary uranium deposits, i.e. Granite Mountains.  The Wind River Range, although 

of a similar age, does not have uranium deposits associated with it (Stuckless 1989). 

 

2.4 ARCHEAN GRANITES AND GRANITIC GNEISSES OF THE WIND RIVER 

MOUNTAINS 

The high peaks of the Wind River Range are composed of granites and granitic 

gneisses.  These granites are in tectonic contact and intrusive contact with the South Pass 
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Greenstone Belt to the south, are unconformably overlain by Paleozoic and Mesozoic 

sedimentary rocks to the east, and nearly flat-lying Tertiary sediments to the west (Bayley 

1973). Some of the youngest granites, the Sweetwater granite, South Pass pluton, and 

Bears Ears pluton, intrude into the SPGB as small, satellite plutons. The rocks of the 

range represent at least four periods of potassic calc-alkaline magmatism dated at 

approximately 2.8, 2.67, 2.63 and 2.55 Ga (Frost et al 1998).  Each of these granites is 

believed to be derived by re-melting of pre-existing continental crust (Frost et al 1998).   

The northeast part of the range is composed of the foliated quartzofeldspathic 

gneisses of the Washakie Block (> 2.8 Ga) (Frost et al 1998).  The Washakie Block is 

bounded on the southwest by the Mount Helen Structural Belt, intruded on the northwest 

by migmatitic gneisses such as the Native Lake Gneiss, and on the southeast by the Bears 

Ears Pluton (Frost et al 1998).  The Native Lake Gneiss is a migmatitic unit that cuts the 

fabric of the banded grey gneisses, and was dated at 2.8 Ga (Frost et al. 1998).  At 2.67 

Ga, the Bridger Batholith was emplaced as a dominantly granodioritic body with a faint 

foliation parallel to the Mount Helen Structural Belt (Frost et al 1998).  The Louis Lake 

Batholith was subsequently emplaced at 2.63 Ga, with sharp contacts with the older rocks 

(Frost et al 1998).  Late Archean batholiths were emplaced at 2.55 Ga, and include the 

Bears Ears Pluton in the center of the range, the Middle Mountain Batholith in the 

northern part of the range and the South Pass pluton and Sweetwater granite in the south 

(Frost et al 1998).   In Figure 1.1, the South Pass pluton and Sweetwater granite are 

combined with the LLB and SPGB. The Sweetwater granite and South Pass pluton 

intrude into the northern part of SPGB (Frost et al 1998). The granites are geochemically 

similar to each other in that they all are LREE-enriched and most have a small to 



 14 

moderate negative Eu anomaly (Frost et al 1998). Each of the granites can be 

distinguished from each other by the concentration of SiO2 and the level of alumina 

saturation (Frost et al 1998).   

 The deformed intrusive contact zone (Figure 1.1) between the SPGB and the 

Louis Lake Batholith to the north is composed of felsic gneiss with enclaves of 

amphibolite, tonalite, and ultramafics (Hausel 1991).  This zone is composed of 

leucogranite gneiss and banded migmatitic gneiss, which is mylonitic with 

porphyroblasts of feldspar (Schmitz 2006). This felsic gneiss is enriched in Si and Al and 

depleted in Na compared to with the LLB and according to Hausel (1991) is therefore not 

related to the LLB. Isotopic signatures of the felsic gneiss infer an older origin, unrelated 

to the LLB (Hausel 1991). The gneiss is up to 1.7 km thick, and it only found along the 

contact with the SPGB (Plate A). The amphibolite enclaves of the gneisses are enriched 

in TiO2 relative to MORB (Hausel 1991).  McGowan (1991) dated these 

quartzofeldspathic gneisses at 2.8 to 3.0 Ga and believed these represent a 

protocontinental slice and basement to the SPGB.  
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Figure 1.1: Map showing the rock types of the Wind River Range, gold 
mineralization, and field area, after Frost et al (2000). 
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3. LOUIS LAKE BATHOLITH 

    Original geological studies in the Wind River area were completed to better define 

the mineralized area to the south. It was not until later that work focused on the LLB. The 

LLB has been studied by several authors, but the first most complete descriptions are by 

Bayley (1965) and Bayley et al. (1973).  They described the LLB as a uniform 

granodiorite with a minor foliation (Bayley et al. 1973).  Bayley et al. (1973) also 

completed a geochemical study of the LLB and its differentiates to characterize the 

intrusions. Other works focused on better characterizing the LLB (Lo 1970; Stuckless 

1985; Cheang et al. 1986; Hull 1988; Frost et al. 1998; Frost et al. 2000). Naylor et al 

(1970) were the first to name and date the LLB yielding an age of 2642 ± 13 Ma using U-

Pb analyses of zircon, and subsequently the LLB has been consistently dated to 2629.2 ± 

2.8 Ma, 2629.5 ± 1.5 Ma, and 2618.9 ± 1.5 Ma using U-Pb analyses of zircon (Frost et al 

1998). Stuckless (1989) found that LLB did not evolve in distinct stages, but rather as 

chemically similar inputs of magma. Recent isotopic studies by Frost et al (2006) found 

that the LLB is a continental arc batholith composed of magmas that assimilated crust of 

the Wyoming Province.  

This study focuses on the southern portion on the LLB. The southern end of the 

batholith is of special interest because this portion of the batholith represents a 

structurally higher level than that of the northern end. Tilting likely occurred during the 

Laramide Orogeny, but may have occurred earlier (Frost et al. 2000). Frost et al (1998) 
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found that the pyroxene-bearing portions in the northwestern portions of the batholith 

were deepest structurally by using hornblende geobarometry. Frost et al (2000) 

determined the conditions of contact metamorphism from the Louis Lake Batholith to be 

about 3 kb and temperatures greater than 700°C in the south and 6 kb and 800°C in the 

north (Figure 2.1). This means that the southern end of the batholith is likely at a level at 

which late, hydrous, silicate fluids accumulated and were released.   

Samples throughout the LLB were collected from all phases (all textural and 

compositional components in the batholith) of the LLB, a sample of mafic enclave, 

amphibolite, and granitic gneiss.  Analysis of the samples included petrographic and 

geochemical techniques. This study included geochemical analysis of the LLB rocks, 

mineral chemistry, and fluid inclusion analysis of hydrous silicate late phases, which had  

not been previously completed by others. The descriptions below are based on 

observations from field work and chemical analyses completed for this study.  

 

3.1 FIELD RELATIONS 

3.1.1 Granodiorite 

The LLB crops out in an area over 2000 km2, making it the largest granitic body 

in the Wind River Range (Frost et al 2000b). It intruded contemporaneously with 

batholiths found across the southern portion of the Wyoming province, including granites 

within the Granite and Laramie Mountains (Frost 1998). The batholith intruded into the 

SPGB, the Bridger Batholith and the magmatic gneisses of the Washakie block at 2.63 

Ga (Frost et al. 1998).  The later Archean Bears Ears Batholith and other plutons intruded 

the LLB at around 2.55 Ga (Frost et al. 2000). Intrusion of the LLB resulted in 
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amphibolite-grade metamorphism at the contact with the SPGB and granulite-facies 

metamorphism with the gneisses to the north (Frost et al. 2000). Frost et al  (2000b) 

described charnockites from the northern part of the LLB, but this is outside the field 

area. Frost et al (2000b) found that the LLB is gradational from granite to granodiorite, 

which is why their map of the batholith differs from Worl et al (1986), who mapped the 

batholith as two separate phases.  

Field work confirmed that the main phase of the LLB is mostly granodioritic, but 

varies in composition from granodiorite to granite .The granodiorite is predominately 

medium grained and equigranular, but is porphyritic in several locations. Biotite and 

hornblende grains create a faint foliation that is strongest near and subparallel to the 

contact with the SPGB.  Further from the contact, the foliation becomes less obvious and 

more randomly oriented, but still creates a sheeting effect when the granodiorite is 

weathered along foliation. There were multiple phases present within the magma 

chamber. Mafic enclaves are present as evidence for multiple phases (Figure 3.1). Mafic 

enclaves are elongate and flattened and are found throughout the batholith. 

Concentrations of magnetite along the rim of the enclaves are interpreted as evidence of 

possible assimilation of a mafic magma.  Schlieren represent smeared concentrations of 

mafics that may be the remnants of enclaves. Xenoliths of the schists of the SPGB are 

found within the granodiorite (Figure 3.1). Numerous felsic dikes, ranging from granitic 

dikes to aplites and pegmatites, cut the main phase of the batholith. The area is also cut 

by a younger, northeast to east striking Proterozoic diabase dike swarm with an age of 

2170 ± 8 Ma (Hausel 1991). These phases will be described in more detail in the 

following sections. 
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The majority of the batholith has experienced little internal deformation since 

crystallization. Based on the lack of major post-Archean deformation, Schmitz (2005) 

concluded that most of the deformation experienced by the batholith is syn-intrusion and 

not related to later regional tectonic events. Thin epidote veins are found scattered 

throughout the batholith, but with no clear areas of concentration. Epidote veins are 

attributed to retrograde metamorphism and late brittle faulting.  These veins are typically 

less than 3 cm wide and exhibit only minor alteration of the wallrock.  

There is rare evidence of mineralization within the batholith. Hematite 

mineralization is present as hematite-quartz veins and within a shear zone 1.1km 

southeast of Louis Lake (Plate A). These hematite-quartz veins are found scattered in the 

batholith and have been noted by previous mappers west of the field area in the Popo 

Agie Wilderness Area. While completing field work, small hand dug pits where found, 

exposing the quartz-hematite veins near Louis Lake, indicating that they have been 

prospected in the past. Similar prospect pits were noted south of Christina Lake by 

Pearson et al (1973). Quartz-hematite veins were also noted 0.4 km west of Upper Silas 

Lake and 0.4km east of Atlantic Peak (Pearson et al. 1971). Pearson et al. (1973) noted 

minor amounts of copper mineralization 7.5 km southwest of Louis Lake on Rennecker 

Peak. Placer gold in recent deposits in the northern part of the range is inferred to be 

reworked from an Eocene paleoplacer, possibly derived from ore zones in the batholith 

(Pearson et al. 1971). These placers are approximately 50 miles north of the field area.  

These placers are small and have only been prospected.  
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3.1.2 Enclaves 

 Enclaves are found scattered throughout the batholith. They are rounded and are 

typically a few centimeters in diameter. The most common type of enclave contains 

hornblende, biotite, magnetite, and plagioclase with accessory apatite. The outer edges of 

the enclaves have concentrated amounts of magnetite. These rims are less than one 

centimeter thick and also contain concentrations of titanite. Trace amounts of 

chalcopyrite can be found within magnetite grains. The enclaves are equigranular, and 

have been identified as gabbro based on mineralogy and geochemistry. 

 

3.1.3 Later-dikes 

 The main phase of the granite has been cut by numerous dikes of varying 

compositions.  These include intermediate dikes with sharp contacts with the 

granodiorite. The lack of chilled margins of the dikes indicates that these dikes were 

emplaced before significant cooling of the granodiorite magma. The intermediate dikes 

are finer-grained with a greater abundance of mafic minerals than the host granodiorite. 

Chemical analysis of these samples gives a dioritic composition. The dikes vary in width 

from a few centimeters to a meter. These dikes are similar in mineralogy to the 

granodiorite and contain with biotite, quartz, microcline, plagioclase, titanite and trace 

amounts of allanite, apatite, chalcopyrite. The dikes are shallow to moderately dipping, 

and randomly striking. 

Fine-grained granitic dikes also cut the granodiorite. They contain quartz, 

plagioclase, K-feldspar, biotite, magnetite, and titanite with trace apatite and 
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chalcopyrite. They are typically a few centimeters thick, but can be as wide as a meter. 

The granitic dikes are steeply dipping and randomly striking, like the intermediate dikes. 

 

3.1.4 Aplites 

 The Louis Lake Batholith contains abundant crosscutting aplite dikes. These vary 

in width from a few centimeters to a few meters and are found throughout the field area. 

Some areas, such as Cony Mountain (Fig. 2.1), contain up to 30% aplitic dikes in 

granodiorite.   In the Cony Mountain area, the dikes are typically sheeted. Other areas 

within the center of the batholith contain rare aplite dikes. Aplites outside the Cony 

Mountain area are randomly striking and shallow to moderately dipping. The aplites are 

fine-grained and typically have sharp contacts with the granodiorite and are typically 

spatially related to pegmatites, but can be isolated (Figure 3.2). In composite dikes, the 

aplites are found on the outer margins of the dike with a gradation to the coarse 

pegmatites in the center.  They range in color from white to pink, and lack significant 

mafic minerals, but can contain a few percent of magnetite. They contain quartz, 

plagioclase, and microcline with trace amounts of biotite, magnetite, and titanite.  

 

3.1.5 Pegmatites 

 Multiple generations of pegmatites are present, and are in places spatially related 

to aplites. Some predate the aplites, and others post-date the aplites, implying that there 

were multiple generations of one or both of the dike types.  Pegmatites typically contain 

coarse-grained quartz and alkali feldspar with trace amounts of magnetite. Quartz is 

typically clear, but some purple, euhedral quartz has been noted. Pegmatites range in 
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width from a few inches to several feet in thickness. They can be found as composite 

dikes in some areas, such as Cony Mountain. 

 

3.1.6 Quartz veins and Segregations 

 Quartz veins cross-cut all the other phases.  Clear quartz is the dominant and no 

milky quartz was found.  Quartz veins are typically a few inches in width and 

undeformed. Although pegmatites and aplites are not as common in some areas of the 

batholith, quartz segregations can be found throughout the southern area of the batholith. 

Quartz segregations are irregular shaped pods of vein quartz that form discontinuous 

lenses. Segregations are rounded, typically a few centimeters in diameter, and composed 

of only quartz. Lack of alteration or recrystallization surrounding the veins and 

segregations infers that these features were formed from fluids that were in equilibrium 

with the granodiorite. These two types of quartz segregations are believed to have formed 

at the end of crystallization, and samples were taken for fluid inclusion analysis.  

 

3.2 GEOCHEMISTRY OF LLB ROCKS 

 

3.2.1 Previous Geochemical Studies 

Previous geochemical studies of the LLB have provided both multi-element and 

isotope data and have revealed much about the character of the batholith.  Stuckless 

(1989) found the LLB to have lead and strontium compositions that point to a 

trondhjemitic to tonalitic protolith of Early Archean age. This data was supported by 

Cheang et al (1986) who found oxygen isotope data to agree with a trondhjemitic to 
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tonalitic protolith. Oxygen isotope data and geochemical data by Cheang et al. (1986) 

define the granite as being a metaluminous, I-type granite that is not U-enriched (Cheang 

et al. 1986). Cheang et al. (1986) found that the LLB contains about two percent 

magnetite pointing toward a high oxygen fugacity during crystallization. Cheang et al 

(1986) also noted that the LLB has uniform oxygen isotope ratios, which may be 

attributed to convection within large magma bodies and with the lack of post-

crystallization interaction with circulating waters. Wilks (1991) noted that there is a weak 

linear correlation between major elements and SiO2 content, implying that fractionation 

occurred after genesis of the magma. Wilks (1991) noted that this granite has a relatively 

high Na2O content. Lo (1970) found Sr and Ni decrease and Ba scatters widely with 

SiO2. In this study, major and trace element analyses were completed in this study to 

better understand the genesis and relations of the phases of the LLB.  

 

3.3 WHOLE ROCK ANALYSES 

 Chemical analyses of 14 samples of the different components of the LLB 

(granitic gneiss, aplitic phases, a sample of amphibolite from the greenstone, and a mafic 

enclave) were completed.  These samples were analyzed by ALS Chemex for major 

element, trace element, and rare earth analyses.  The samples were also analyzed for 

metals such as gold, silver, and molybdenum using the package Complete 

Characterization (CCP-PKG01) and Au by fire assay and ICP-AES (Au-ICP21). 

Analyses were done using ICP-AES techniques. Details of the analytical techniques can 

be found in Appendix 1.  
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3.3.1 Major Elements 

SiO2 values for the LLB samples ranged from 56 to 75 wt. % SiO2 with most 

samples, except for the enclave and a quartz vein, falling between 65 and 75 wt. % SiO2. 

The LLB was defined to be calc-alkaline, except for the mafic enclave, which is alkaline. 

A TAS diagram was created using the geochemistry data (Figure 3.3).  This diagram 

shows three basic groups of samples: main phases, diorite dikes, and the enclave, which 

falls into the gabbro field. Harker diagrams were created using whole-rock geochemistry 

and can be found in Figure 3.4. These diagrams show increasing K with differentiation, 

and decreasing CaO, Al2O3, Fe2O3, MgO, TiO2, MnO, and P2O5. The flat trend of Na2O 

shows that some Na-rich plagioclase was crystallizing, but only in combination with 

other minerals. BaO increases until about 65 wt % SiO2, then decreases indicating that K-

feldspar was not crystallizing until 65 wt % SiO2. The decreasing trend of P2O5 shows 

that apatite began crystallizing early in the formation of the batholith. The decreasing 

trend of TiO2 shows that a Ti-bearing mineral also began crystallizing early. 

 

3.3.2 Trace Element Analyses 

Whole rock geochemistry was also used to create spider diagrams to show trace 

element characteristics. Most of the samples analyzed show similar patterns (Figure 3.5). 

A few samples fit outside this trend (e.g. WR-25B and WR-42B). WR-25B is an aplite 

and WR-42B has pervasive propylitic alteration. It is interpreted that parts of the LLB 

that were previously mapped as different inputs of magma by others (e.g. Worl et al. 

1986) are genetically similar to the main Louis Lake Batholith phase, and are therefore 

genetically related to each other.  The later phases are likely a late differentiate of the 
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main magma pulse, and are not actually a different magma. Aplite WR-25B is interpreted 

to be an extremely fractionated phase, as is consistent with its REE pattern, see REE 

Analysis section below. 

Harker diagrams were created for some trace elements vs. SiO2 (Figure 3.6). Rb 

shows a weak linear correlation with increasing SiO2. Ce and Zr decreases with 

increasing SiO2. Sr shows a scattered distribution. The lack of pattern in SiO2 vs Cs is 

inferred to mean that the LLB is not strongly fractionated. There is also a lack of 

enrichment of Cs at high SiO2 content. 

Anomalously high metal content was noted in the analyzed samples. Elevated 

copper was observed in the enclave (WR-4A) and a mafic dike (WR-24B).  Notable 

amounts of gold were found in granite (WR-18D), granite surrounding the enclave (WR-

4A), aplite dike (WR-28) and a quartz-hematite shear (WR-42B).  Although most metals 

show little or no correlation with SiO2, Ni and Zn decrease with increasing SiO2, while Pb 

increases with increasing SiO2 (Appendix 2). 

 

3.3.3 Tectonic Setting of Magmatism 

Several tectonic discrimination diagrams were created from the analyzed samples. 

On Rb-Hf-Ta diagrams, most of the samples fall in the volcanic arc field while some fall 

into the collisional settings (Figure 3.7).  The samples that fall outside the others are 

samples WR-44 (granitic gneiss) and WR-25B (aplite), and hence may not be 

representative. On a Nb-Y Plot the samples plot mostly within the volcanic arc granitoids 

and syn-collisional granitoids field and trend toward the Within-plate granitoid field 

(Figure 3.8). One sample, an aplite (WR-7C), falls in the Ocean-Ridge granitoids. When 
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a Rb vs. Nb+Y diagram is created, the samples fall in Within-plate granitoids, volcanic-

arc granitoid, and syn-collisional granitoids (Figure 3.9). One sample falls well below the 

other points in the Volcanic Arc granitoids. This sample is the propylitically-altered 

granite with quartz-hematite vein, and is not reprentative of magma composition. Using  

a combination of all the tectonic discriminant diagrams, the granites of the LLB formed 

in a volcanic arc setting. 

 

3.3.4 Rare Earth Element Analyses 

REE diagrams were also created to compare REE values for the analyzed samples 

(Figure 3.10). The samples are enriched in LREE and depleted in HREE. Most of the 

samples have similar rare earth patterns. The samples show a slight to no Eu anomaly. 

Stuckless (1989) also noted that none of the samples had a positive Eu anomaly. The 

exception are the mafic enclave (WR-4A2) and an aplite (WR-25B), which have differing 

REE signatures.  The signature of the mafic enclave points toward a separate, more mafic 

input of magma into the chamber during crystallization or that it formed as an early 

cumulate, as it has a slight positive Eu anomaly.  The aplite REE signature is consistent 

with extreme fractionation.  

 

3.4 Petrography of LLB rocks 

 Samples from each rock type were analyzed petrographically using both 

transmitted and reflected light microscopy. Table 3.1 lists the samples by sample type. 

Below is a short description of features typical of each rock type. Full descriptions of the 

thin sections can be found in Appendix 3.  
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3.4.1 Granodiorite 

The dominant major mineral assemblage is quartz-plagioclase-potassium 

feldspar-biotite, but in some samples hornblende is also present. Orthopyroxene and 

clinopyroxene have been noted in the northern part of the batholith by Frost et al. 

(2000b), but none was found within the field area. Minor minerals include magnetite, 

ilmenite, apatite, and titanite. Trace amounts of zircon are present.  Metamict crystals of 

allanite are also present in some samples. Quartz grains are generally anhedral. In most 

samples they are equant, but are weakly elongate within a few km of the contact with the 

SPGB. Serrated grain boundaries on anhedral quartz provide evidence of dynamic 

recrystallization in some samples. This recrystallization is minor and has left the cores of 

the grains unaffected (Figure 3.11). Plagioclase grains are subhedral and found both 

within larger potassium feldspars and as single grains. Plagioclase phenocrysts have been 

altered in places to sericite. Oligoclase is the dominate plagioclase feldspar. The 

dominant potassium feldspar is microcline, and is subhedral to anhedral. Crystals of 

biotite are subhedral and poikiolitic with inclusions of euhedral to subhedral apatite 

(Figure 3.11). Two varieties of biotite exist in most of the samples, one brown and one 

green. The two varieties are not intergorwn, but are typically found in clusters together. 

Foliation of biotite grains is evident only in those samples nearest the contact with the 

SPGB. Samples further from the contact have more randomly oriented biotite grains. 

Anhedral hornblende phenocrysts are scattered throughout the batholith, but are typically 

found clustered in and around mafic enclaves and schlieren. The batholith is has a 

relatively high magnetic susceptibility and contains euhedral to anhedral grains of 

magnetite.  Most of these grains exhibit exsolution lamellae of ilmenite (Figure 3.11). 
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Titanite grains are euhedral to anhedral, and are typically found with magnetite. 

Chalcopyrite was found as 25µm grains within quartz grains in sample WR-3. A 14µm 

grain of native gold exists in a quartz grain in sample WR-7C.  

 The sample of granitic gneiss was also analysed. This sample contained quartz-

biotite-plagioclase-potassium feldspar-epidote-muscovite and trace titanite. Quartz grains 

are heavily recrystallized and create the lighter bands of foliation. Porphyroblasts of 

microcline have inclusions of subhedral plagioclase, which is probably recrystallized. In 

this sample, biotite grains are partially replaced by muscovite (Figure 3.11). The mica 

grains create a strong foliation that has been folded. Epidotes are subhedral and found 

within the mica bands. Titanites are anhedral and also found in the mica bands. The 

granitic gneiss is found along the contact with the SPGB and is interpreted to be an 

earlier intrusion. 

 

3.4.2 Enclaves 

 The mafic enclaves contain hornblende, biotite, magnetite, plagioclase, apatite, 

and trace chalcopyrite. Subhedral to anhedral hornblende and biotite make up the bulk of 

the enclave. Biotite and hornblende are coarser on the edge of the enclave than the center. 

Plagioclase is subhedral to anhedral and has minor sericite alteration. Magnetites are 

subhedral with ilmenite exsolution and are concentrated along the edge of the enclave. 

Apatite is found as abundant acicular inclusions in hornblende, biotite, and plagioclase. 

Chalcopyrite is found within magnetite grains and quartz grains (Figure 3.11). 
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3.4.3 Later Archean Dikes 

 Three late-phase dikes were analyzed. Two of these represent dikes with similar 

assemblages to the batholith, WR-18A and WR-18C, while WR-20A is more 

intermediate in composition. Sample WR-18C contains the assemblage quartz-K-

feldspar-plagioclase-biotite-magnetite-titanite and trace allanite and chalcopyrite. Quartz 

is anhedral and shows little recrystallization. Plagioclase is subhedral with minor sericite 

alteration and patchy myrmekitic intergrowths. Biotites are anhedral, brown to green, and 

altered. Magnetites are subhedral with ilmenite exsolution. Titanites are subhedral to 

anhedral and found with magnetite grains. Allanite is metamict. Apatites are zoned, 

which is expressed as differences in birefringence, when in proximity to allanite. Rare 

grains of chalcopyrite about 22µm in size are found within quartz crystals. WR-18A is a 

granodioritic dike that contains plagioclase-quartz-K-feldspar- biotite-titanite-magnetite-

apatite and trace chalcopyrite. This sample is similar to WR-20A, and like WR-18C it 

contains chalcopyrite in quartz grains. Sample WR-20A is a tonalite dike that contains 

the assemblage plagioclase-quartz-biotite-hornblende-apatite. Apatite inclusions are 

found within subhedral plagioclase and biotite. Quartz grains are subhedral to anhedral 

with little recrystallization. Hornblendes are subhedral to anhedral and contain inclusions 

of apatite, biotite and quartz.  

 

3.4.4 Aplites 

 The five samples of aplite have varying amounts of plagioclase, quartz, K-

feldspar, biotite, and magnetite. Plagioclase is subhedral and exhibits minor sericite 

alteration and patches of myrmekitic intergrowths. Quartz is anhedral and has weak 
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undulose extinction. K-feldspar grains contain inclusions of plagioclase. Biotite is 

typically green and found near magnetite grains. Magnetite exhibits ilmenite exsolution. 

Titanite and metamict allanite are rare accessory minerals. Sample WR-25B was 

petrographically similar to the other samples, though the geochemical signature was 

extremely fractionated. 
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Figure 3.1: Photographs showing A) Typical mafic enclave found in the interior of 
the batholith along Blue Ridge; B) Xenolith of schist found southeast of Louis Lake 
  

A B 

Figure 3.2: Layered 
pegmatite and aplite found 
along Blue Ridge 
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Figure 3.3: TAS Diagram showing the three main groups analyzed. Pink = 
main phases; Blue = later intermediate dikes; and Green = mafic enclave. 
The curved line separates the alkalic and subalkalic fields for plutonic 
rocks. 
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Figure 3.4: Harker diagrams of major elements for analyzed samples. 
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Figure 3.5: Spider Diagram of trace element vs chrondritic meteorite 
(Taylor and McLennan, 1985) 
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Figure 3.6: Harker Diagrams showing the trends between some trace elements 
and SiO2. 
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Figure 3.7: Ternary Plots of Rb/30-Hf-Ta x 3 and Rb/10-Hf-Ta x 3 giving tectonic 
environment (after Harris et al., 1986). 

Figure 3.8: Nb-Y Discrimination Diagram for granites after Pierce et al. (1984). 
VAG = Volcanic Arc granitoids; WPG = Within Plate granitoids; ORG = 
Orogenic Granitoids; syn-COLG = Syn-collisional granitoids. 
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Figure 3.9: Rb vs (Y + Nb) Tectonic discrimination diagram for granites after Pierce 
et al. (1984). VAG = Volcanic Arc granitoid; ORG = Orogenic granitoids; WPG = 
Within Plate granitoids; and syn-COLG = syn-collision granitoids. 
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Figure 3.10: Rare Earth Diagram showing REE compared to chondrite norm of 
Taylor and McLennan (1985).  
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Figure 3.11: Photomicrographs showing A) Slightly recrystallized quartz in WR-3 
(granodiorite). Subgrain formation is along the grain boundaries and not the cores; B) 
Acicular apatite inclusions in biotite in a mafic enclave, WR-4A; C) Ilmenite 
exsolution in magnetites in WR-3 (granodiorite); D) Recrystallized feldspars in WR-
24C, a granitic gneiss. Large feldspars are K-feldspar with plagioclase cores; E) 
Chalcopyrite in core of ‘frothy’ magnetite in WR-3 (granodiorite); and F) Biotite 
recrystallizing to muscovite along grain boundaries in granitic gneiss- WR-24C. 
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Table 3.1: List of samples from LLB 

Sample Number Sample type 
WR-1 Main phase of LLB 
WR-3 Granodiorite/aplite contact 
WR-4A * Mafic enclave 
WR-4B * Mafic enclave 
WR-5-2 Main phase of LLB 
WR-6 † Quartz vein 
WR-7C * Main phase of LLB 
WR-8A † Aplite 
WR-12 † Quartz seqgregation 
WR-16B * Main phase of the LLB 
WR-18A * Granitic dike 
WR-18C Intermediate dike 
WR-18D * Main phase 
WR-20A Intermediate dike 
WR-20B *† Quartz vein 
WR-20C * Main phase of the LLB 
WR-20E † Pegmatite dikes 
WR-23A * Leucogranite 
WR-24B * Proterozoic mafic dike 
WR-24C Deformed margin of LLB/ granitic gneiss 
WR-25 Main phase 
WR-25A † Quartz vein 
WR-25B * Aplite 
WR-28 * Aplite 
WR-29 * Aplite 
WR-30 * Aplite 
WR-40B Altered granite 
WR-41 * Main phase 
WR-42A Quartz-hematite vein 
WR-42B * Quartz-hematite shear  
WR-44 * Deformed margin of LLB/ granitic gneiss 
WR-45 * Granite/pegmatite dike contact 
* Denotes samples analyzed geochemically; † Denotes samples used for fluid inclusion 
work. 
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4. MINERAL CHEMISTRY 

Analysis of minerals was completed by electron microprobe analysis at the 

Department of Geology and Geophysics, University of Wyoming.  Samples were carbon-

coated and analyzed for elemental compositions using a Jeol JXA-8900R WD/E 

combined microanalyzer.  Hornblende, biotite, K feldspar, plagioclase, titanite, apatite, 

hematite, magnetite, and epidote were analyzed for a subset of collected samples. Three 

analyses were taken per grain to identify any internal zonation from core to rim. 

Hornblende geothermometry and geobarometry were completed using these data. Salinity 

was determined using the apatite results. F- and Cl- were analyzed in hornblendes and 

biotites. A detailed description of microprobe techniques can be found in Appendix 1. 

 

4.1 HORNBLENDE 

 Hornblendes were analyzed from the enclave (WR-4A) and a granitic dike (WR-

20A) because these samples contain a large number of unaltered hornblende phenocrysts. 

These amphiboles were analyzed for SiO2, Al2O3, TiO2, MgO, FeO, MnO, CaO, Na2O, 

K2O, F, and Cl. These data were used to determine amphibole type using WinAmphcal 

(Yavuz, 2007). Amphiboles were found to belong to the hornblende group, with 

compositions varying between magnesiohornblende, tschermakite, edenite, paragasite, 

and magesiohastingsite. Figure 3.1 plots the composition of the analyzed grains using the 

scheme of Leake et al. (1997). Because of variations in (Na + K)A values in the 

compositions, the data plot on two separate graphs. Across some grains, values are split 
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between the two graphs. The lack of trend in Al content from core to rim indicates that 

there likely was not a major pressure change during crystallization (Hammarstrom and 

Zen, 1986).  

 

4.2 BIOTITE 

Biotites from the mafic enclave (WR-4A), two granites (WR-16B and WR-41), 

and two aplites (WR-28 and WR-30) were examined. Biotites were analyzed for SiO2, 

Al2O3, TiO2, MgO, FeO, MnO, CaO, Na2O, K2O, F, and Cl. Two populations of biotite 

are apparent in the Figure 4.2. Granites are found in both populations, and thus enclaves 

do not form a distinct population. The presence of two populations that vary with respect 

to Mg/(Mg + Fe) may be a result of sub-solidus recrystallization. This is consistent with 

the volatile content analysis of biotites, which also gives two populations of biotite. 

 

4.3 FELDSPARS 

 Feldspars were analyzed for SiO2, Al2O3, Fe2O3, CaO, Na2O, and K2O from a 

mafic enclave (WR-4A), two granites (WR-16B and WR-41), and two aplites (WR-28 

and WR-30).  Plagioclase grains were determined to be primarily oligoclase for all 

samples. There is minor zoning of plagioclase with rims of andesine in a fraction of 

grains. Alkali feldspar grains were determined to be pure K-feldspar, and may be 

orthoclase or microcline. Petrographic work confirms that the K-feldspar is microcline. 
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4.4 TITANITE 

 Titanites were analyzed for Si, Ti, Ca, Al, Fe, Ce, Mg, Mn, Na, Sn, and F. Titanite 

grains from WR-29 (aplite) and WR-16B (granite) were examined. Up to 1.2 wt % Ce2O3 

were noted, and hence small amounts of REE are present within the grains. 

 

4.5 APATITE 

 Apatites were analyzed for Ca, P, La, Ce, Nd, Sr, Na, Mg, Al, Si, Mn, Fe, F, Cl, 

and S. Samples of granite, aplite and a mafic enclave were examined. In thin section, 

some grains are zoned, and this is verified in the microprobe data with small variations in 

volatile content, but no consistent zonations. SiO2 versus SO3 concentrations are shown 

in Figure 4.3.  The LLB values are similar to those of most magmatic rocks described in 

Streck and Dilles (1998), but are different from carbonatitic magmas and alkali magmas.  

The F-Cl-OH variability in the halogen site of apatite is given in Figure 4.4.  The LLB 

samples are mostly fluoroapatitic in composition, with a few being hydroxylapatitic.  

 

4.6 HEMATITE 

 Hematite from quartz-hematite veins was analyzed for O, Mg, Al, Ti, V, Cr, Mn, 

Fe, Cu, Ag, and Au. Significant values were reported for Au and Ag; however, no 

apparent zonation or correlation between elements were seen within the hematite grains. 

Up to 0.4 wt % Au and 0.1 wt% Ag were found in the grains.   
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4.7 MAGNETITE 

 Magnetite from a mafic enclave was analyzed for O, Mg, Al, Ti, V, Cr, Mn, Fe, 

Cu, Ag, and Au. Significant amounts of Au, Ag, Cu, and Zn were noted, but no apparent 

zonation or correlation between elements is apparent within the data. Values up to 0.06 

wt% Cu, 0.09 wt% Zn, 0.5 wt% Au, and 0.1 wt% Ag were noted in the grains.  

Experimental work on crystal partitioning of Au, Ag and Cu by Simon et al (2008), 

determined that in the assemblage ulvospinel-magnetite solid solution-Au-Cu-rhyolite 

melt-vapor-brine, metal concentrations in magmatic magnetite were determined as 16 ± 9 

µg/g Au and 16 ± 6 µg/g Cu. The metal content of the LLB magnetites are an order of 

magnitude higher than those values determined by Simon et al (2008).  

 

4.8 HORNBLENDE THERMOBAROMETRY 

 Hornblende geothermometry and geobarometry were completed based on the 

equilibrium in the assemblage hornblende-quartz-plagioclase-K-feldspar-biotite-titanite-

Fe-Ti oxides using the program WinAmphcal (Yavuz, 2007). Total aluminum content is 

used to estimate pressure in the Al-in-hornblende barometer  after Hammarstrom and Zen 

(1986). Temperature and pressure were calculated using the equations from 

Hammarstrom and Zen (1986). Results from the thermobarometry can be found in Table 

4.1.  The equations give temperatures of crystallization between 716°C and 850°C, and 

pressures range from 1.8 kbar to 5.78 kbar.  
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4.9 APATITE CHEMISTRY 

 Apatites were used to determine salinity using the techniques of Piccoli and 

Candela (2002). The data were used to calculate the maq
HCl, CAp

Cl, CAp
F and maq

HF at 

700°C and 800°C to represent composition of an aqueous phase in equilibrium with 

apatite during formation. CAp
Cl is the concentration of Cl- in apatite and CAp

F is the 

concentration of F- in apatite. The average CAp
Cl at 700°C is 4.6 ± 4.4 wt % Cl, and at 

800°C it is 7.8 ± 7.6 wt % Cl. The average CAp
F is 1.8 x 10-3 ± 1.3 x 10-3 wt % F at 700°C 

and 5.8 x 10-3 ± 4.2 x 10-3 wt % F at 800°C. The average maq
HCl at 700°C is 4.6 x10-4 ± 

4.5 x10-4m (average ± 1σ) and at 800°C is 7.8 x10-4 ± 7.6 x10-4m. Average maq
HF at 

700°C is 9.0 x10-4 ± 6.5 x10-4m and at 800°C is 2.9 x10-3 ± 2.1 x10-3m. Figure 4.5 shows 

contours of constant Cl/OH on a plot of composition in the halogen-site of apatite at 700° 

and 4 kbar. 

 

4.10 BIOTITE CHEMISTRY 

 Fluorine and chlorine content of biotite were used to estimate the ratio of F- and 

Cl- in the fluid of coexisting hydrothermal fluids. Figure 4.6 gives the concentration of 

Mg versus the F-Cl content. Contours of the logarithm of the fluorine-chlorine fugacity 

ratios from Munoz (1992) are plotted on the diagram. Two populations of biotites are 

apparent in the diagram. The trends within these populations may represent re-

equilibration of the biotites with later magmatic or hydrothermal fluids, or a 

crystallization sequence. The population with lower XMg are from more aplitic samples 

and in thin section these grains appear more brown than green. Fluorine-chlorine ratios 
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range between approximately 2 to 114 ppm. When compared to the maq
HF-/maqHCl- ratios 

from apatites, the values differ up to two orders of magnitude.  

 
 
OXYGEN FUGACITY FROM TITANITES 

 Titanites were used to calculate the oxygen fugacity using temperatures and 

pressures estimated from hornblende thermobarometry and the assemblage present for the 

LLB samples. These results were plotted as log fO2 versus temperature (Figure 4.7). The 

results show that the LLB is moderately oxidizing, and plots above the FMQ (fayalite-

magnetite-quartz) buffer. These results are supported in Figure 4.8, which plots the delta 

log fO2 versus temperature and also gives moderately oxidizing conditions. Delta log fO2 

is the difference between the oxygen fugacity and the fayalite-magnetite-quartz buffer. 

Figure 4.9 is a schematic drawing of log fO2 versus temperature. Based on this figure, the 

amphibole-bearing phases that are present in samples of this study should have similar 

minimum oxygen fugacities as the pyroxene-bearing rocks of Frost et al (2001). Using 

this assumption, log fO2 values for titanites were plotted on a graph using titanite stability 

in anhydrous rocks based on the presence of clinopyroxene (Figure 4.10). The LLB 

oxygen fugacities plot below the field for crystallization conditions of typical calc-

alkaline magmas.  
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Figure 4.1: Graphs of amphibole chemistry after Leake et al (1997). Arrows indicate 
direction from core to rim. Grains 1-18 are from WR-4a, and grains 18-23 are from 
WR-20B. 
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Figure 4.2: Plot of biotite composition showing two populations of biotite. 
 

Figure 4.3: SO3 vs SiO2 for apatites (after Streck and Dilles, 1998) from LLB 
compared with values from intrusive rocks. 
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Figure 4.4: Plot of F-Cl-OH variability in the halogen site of apatites. 
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Sample P1 (kbar) T1 (°C) Sample P1 (kbar) T1 (°C) 

4A-hbd1a  4.67 773.04 4ahbl23 2.66 771.33 
4A-hbd1a  4.89 801.99 4ahbl24 3.91 792.58 
4A-hbd1a  4.91 802.14 4ahbl25 3.51 800.21 
4A-hbd2a  3.81 745.26 4ahbl26 3.96 814.07 
4A-hbd2a  4.37 758.26 4ahbl28 4.69 822.66 
4A-hbd2a  4.46 762.04 4ahbl29 4.72 826.53 
4A-hbd3a  3.7 752.06 4ahbl30 4.77 824.68 
4A-hbd3a  3.57 753.77 4ahbl31 4.51 811.07 
4A-hbd3a  3.22 729.35 4ahbl32 4.21 806.19 
4A-hbd4a  3.98 750.21 4ahbl33 4.6 813.59 
4A-hbd4a  4.05 724.53 4ahbl34 4.69 815.07 
4A-hbd4a  3.82 749.98 4ahbl35 4.41 809.15 
4ahbl1 4.24 789.63 4ahbl36 4.33 850.53 
4ahbl2 4.1 798.97 4ahbl37 3.96 784.56 
4ahbl3 4.28 795.66 4ahbl38 3.95 780.28 
4ahbl4 3.47 772.01 4ahbl39 4.53 786.5 
4ahbl5 4.18 783.71 4ahbl40 4.2 785.82 
4ahbl6 4.11 786.18 4ahbl41 4.52 803.4 
4ahbl7 4.11 796.65 4ahbl42 4.96 796.85 
4ahbl8 4.21 791.8 20ahbl43 4.81 748.13 
4ahbl9 4.06 790.7 20ahbl44 4.98 743.66 
4ahbl10 4.31 793.15 20ahbl45 4.89 743.94 
4ahbl11 4.29 799.4 20ahbl46 5.78 636.85 
4ahbl12 4.26 782.55 20ahbl47 4.82 745.13 
4ahbl13 4.2 784.38 20ahbl48 4.76 735.56 
4ahbl14 3.94 782.98 20ahbl55 4.71 741.78 
4ahbl15 4.03 784.53 20ahbl56 4.76 735.7 
4ahbl16 3.97 784.53 20ahbl57 4.41 716.64 
4ahbl17 4.03 783.48 20ahbl58 4.74 744.49 
4ahbl18 3.11 763.64 20ahbl59 4.78 738.12 
4ahbl19 3.59 771.42 20ahbl60 4.88 737.12 
4ahbl20 4.1 793.21 20ahbl61 4.7 743.69 
4ahbl21 4.26 794.02 20ahbl62 4.78 745.18 
4ahbl22 1.8 746.96 20ahbl63 4.68 740.58 

 
 
 
 
 
 
 

Table 4.1: Temperatures and Pressures from hornblende geobarometry. Results calculated 
using WinAmphcal (Yavuz, 2007). 
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Figure 4.5: Plot of the composition in the halogen site of apatites with contours 
of constant Cl-/OH- in apatite (after Piccoli and Candela, 1992). 
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Figure 4.6: XMg vs. log (XF/XCl) in the halogen site of biotites (after Yang and Lentz, 
2005). Contours are log fF

-/fCl
- in a coexisting hydrothermal fluid and are from Munoz 

(1992). 
 



 53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.7: log fO2 versus temperature showing the LLB titanites in pink and common 
buffers used in experimental work (after Frost et al. 1991). 1= NiNiO, 2= FMQ, 3= 
CoCoO, 4= WM. Abbreviations are from Frost et al. (1991). 
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Figure 4.8: Δ log fO2- T with common experimental buffers normalized to the FMQ 
buffer after Frost et al. (1991). The LLB samples are represented with blue diamonds. 
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Figure 4.9: Schematic diagram of log fO2- T after Frost et al (2001) presenting how 
hydration affects the stability of titanite. The field in green is the expected field for the 
LLB rocks.  
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Figure 4.10: log fO2 vs. temperature for the stability of titanite in anhydrous rocks 
with clinopyroxene (after Frost et al 2001). The green triangles represent the LLB 
titanite results.  
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5. FLUID INCLUSION PETROGRAPHY AND CHEMISTRY 

 

5.1 OVERVIEW OF FLUID INCLUSIONS 

 Fluid inclusions were studied in quartz grains from quartz-feldspar aplite dikes, 

quartz grains from quartz-K-feldspar pegmatite dikes, and quartz veins and irregular 

segregations from unaltered granite. These phases were chosen because they likely 

represent late fractionates or products of magma-derived hydrothermal fluids. Four types 

of inclusions were discovered in the LLB samples (Figure 5.1). These types contain 

differing amounts of CO2 and ranges in salinity. Fluid inclusions were examined in six 

samples (Table 3.1). Microthermometry was completed on all inclusion types using a 

Linkam THMS 600 Stage attached to an Olympus BX51 microscope. Results of CO2 

melting temperatures, clathrate melting temperatures, CO2 homogenization temperatures, 

water eutectic temperatures, ice melt temperatures, and temperatures of total 

homogenization can be found in Appendix 4. Most inclusions decrepitated before 

reaching total homogenization.  This is probably because the inclusions have become 

overpressured internally. Histograms were created from the microthermometric data 

(Figure 5.2).  The histograms give bimodal or single peaks that are left- or right-skewed. 

Salinities were determined using the computer programs CLATHRATES (Bakker 1997) 

and FLUIDS (Bakker 2003). Isochores were also calculated using these programs. Each 

sample was analyzed using microthermometry. Laser ablation ICP-MS was completed on 

inclusions from one sample, WR-25A. 
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The LLB underwent a complex deformation and heating and cooling history.  In 

order to differentiate primary or pseudosecondary (early) inclusions from secondary (late) 

inclusions, the petrographic relationships of the inclusions were analyzed. Inclusion trails 

that cross grain boundaries or are present in recrystallized rims were considered 

secondary, and thus late.  Inclusions from the undeformed centers of quartz grains that 

were present as either isolated inclusions, 3-D clusters, or discontinuous linear trails were 

considered primary or pseudosecondary, and thus early. Microthermometry was 

completed predominantly on primary and pseudosecondary inclusions and trails. 

 

5.2 PETROGRAPHY AND MICROTHERMOMETRY OF FLUID INCLUSION 

TYPES 

5.2.1 Type I Inclusions 

Type I inclusions are high salinity, aqueous fluids with varying numbers of 

daughter minerals, and in WR-20B and WR-25A, a few mol % CO2. Type I inclusions 

are found in all analyzed samples, except WR-6. At room temperature, Type I inclusions 

contain aqueous liquid, aqueous vapor, and two to five solids. Petrography of daughter 

solids determined that they are most likely halite, pyrosmalite, nahcolite, and CaCl2 based 

on shape, relief, and birefringence. The petrographic daughter determinations were 

corroborated with the results of microthermometry and elemental compositions from LA-

ICP-MS. The inclusions typically have a negative crystal shape, but can be irregular. 

They are found as isolated inclusions, or within trails of other types of inclusions. These 

inclusions are inferred to be primary and pre-deformation as they are not part of trails that 

cut across grain boundaries.  They are found within the undeformed centers of quartz 
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grains and not in recrystallized rims, implying that they were destroyed during 

crystallization.  

Microthermometric studies yield additional insights into this inclusion type. 

During freezing, additional daughter minerals may precipitate from solution. The 

formation of antarcticite was also inferred based on freezing temperatures and indicates 

the presence of CaCl2. Minimum salinities are about 23 wt % NaCl and the maximum 

salinity is 60 wt % NaCl. Salinities were determined using halite homogenization 

temperatures for samples in which it was observed. For other samples, the ice melting 

temperatures were used to determine salinity. Temperature of total homogenization range 

from 106°C to above 450°C, and inclusions homogenized to the liquid. Maximum 

temperatures of total homogenization are based on the maximum decrepitation 

temperatures. 

 

5.2.2 Type II Inclusions  

Type II inclusions are low to moderate salinity (0-15 wt % NaCl), aqueous-

carbonic inclusions, in some cases containing small daughter minerals. Type II inclusions 

are found in samples WR-6, WR-12 and WR-25A. At room temperature, aqueous liquid 

and carbonic liquid and vapor are present, often with small solids.  The solids are tabular, 

and petrography determined that these are possibly nahcolite. The overall shape of the 

inclusions varies from negative crystal to annular. Type II inclusions form discrete, linear 

trails that are inferred to be pseudosecondary trails because they do not cross grain 

boundaries or into recrystallized areas of the quartz grains. The trails cross-cut each 
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other, but are somewhat discontinuous, and may contain both Type I and Type II 

inclusions.  

Microthermometric analysis of Type II inclusions determined that they contain 

approximately 10 mol % CO2 and an XCH4 between 0.01 to 0.03. The XCH4  is the 

methane in the carbonic phase, calculated using ThCO2 and the TmCO2. Salinities were 

determined using the CLATHRATES (Bakker 1997) programs, based on the clathrate 

melting temperatures. Total homogenization temperatures range between 126°C and 

above 389°C  (based on maximum decrepitiation temperatures) and homogenizes to the 

liquid.  

 

5.2.3 Type III Inclusions 

 Type III inclusions are moderate salinity, aqueous-carbonic inclusions with 

daughter minerals similar to Type I. They are believed to be an intermediate between 

Types I and II. Similar to Type II inclusions, Type III inclusions are found in samples 

WR-6, WR-12 and WR-25A. At room temperature, an aqueous liquid and a carbonic 

liquid and vapor are present, along with one to three solids. The inclusions are typically 

negative crystal in shape, but can be irregular. Type III inclusions form discrete, linear 

trails, similar in morphology to Type II inclusions. They may also be part of the same 

trails. 

Analysis of the inclusions concludes that they contain 7 to 11 mol % CO2 and 

contain 0 to 0.2 XCH4 in the carbonic phase.  The inclusions have salinities between 15-

23 wt % NaCl, based on clathrate melting temperatures. Temperatures of total 

homogenization range from 173°C to above 500°C, homogenizing to the liquid.  
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5.2.4 Type IV Inclusions 

 Type IV inclusions are CO2-rich and low to moderate salinity. They are found in 

samples WR-25A, WR-20B, WR-12 and WR-6, with the largest number found in WR-

25A. At room temperature, they contain mostly a carbonic vapor phase, and a minor 

percentage of aqueous liquid. Solids are not usually present. Larger inclusions are 

irregular or annular in shape, but smaller inclusions tend to be rounded or negative 

crystal. These inclusions form 3-D clusters that are inferred to be primary to 

pseudosecondary as they are found only within the undeformed center of quartz grains. 

Microthermometry revealed that these vapor-rich inclusions contain between 0 

and 0.02 XCH4 in the carbonic phase and 40-90 mol % CO2. Salinities, which were 

determined using the clathrate melting temperatures, range between 3 and 30 wt % NaCl. 

Total homogenization temperatures range from 270°C to above 330°C, homogenizing to 

either the liquid or the vapor in all samples.  

  

5.3 ISOCHORES OF FLUID INCLUSIONS 

 Figure 5.3 gives the calculated isochores for the analyzed samples. Molar 

volumes were not calculated using CLATHRATES (Bakker 1997) and FLUIDS (Bakker 

2003) for some samples. This is most likely because of limitations of equations of state in 

the programs, and may be a result of the high salinities. The most consistent and 

narrowest spread in results come from samples WR-20E (pegmatite dike) and WR-25A 

(a quartz vein). This is inferred to be a result of less post-entrapment deformation in the 

samples. Isochores at lower pressures are inferred to have reequilibrated during minor 
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deformation, which would have stretched the inclusions. Some samples also fractured 

during cutting, which resulted in the formation of cracks that may have allowed the 

inclusions to leak. 

  

5.4 LA-ICP-MS OF FLUID INCLUSIONS 

 Fluid inclusions from sample WR-25A were analyzed at Virginia Tech using LA-

ICP-MS for a suite of elements to characterize the fluids (Figure 5.4). The elements 

analyzed include Li, Na, K, Ca, Mn, Fe, Cu, Zn, As, Rb, Sr,Y, Mo, Ag, Sn, Sb, Cs, Ba, 

La, Ce, W, Tl, Pb and Bi. The concentrations in ppm were calculated in AMS software 

(Mutchler et al., 2007; Mutchler et al., 2008) using the salinities previously determined 

using microthermometry. Type I and Type II inclusions were analyzed, which were both 

determined to be Na-dominated.  
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Figure 5.1: Photomicrographs at room temperature of typical A) Type I inclusions in 
WR-25A. H2O, halite and one other solid (possibly CaCl2) found in an isolated 
inclusion; B) Type II inclusions as part of a trail in WR-6, with H2O and CO2 with a 
small opaque solid; C) Type III inclusions from a trail in WR-25A with H2O, CO2 and 
halite; and D) Type IV inclusions from a 3-D cluster in WR-25A. These inclusions 
contain mostly CO2 with minor amounts of H2O.  
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Figure 5.2: Histograms of microthermometry results for WR-6, WR-8A, WR-12, WR-
20B, WR-20E and WR-25A. Type I inclusions are shown in purple, Type II are blue, 
Type III are red, and Type IV are green. Each sample is denoted as homogenizing to 
the liquid (L) or to the liquid or vapor (L/V) for ThCO2 and Thtotal. 
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Figure 5.3: Isochores for analyzed samples.  Dashed lines represent samples for which 
molar volumes are not calculated when analyzed using the FLUIDS and CLATHRATES 
packages of Bakker (2009). This is most likely due to the limitations of the programs. 
The green boxes represent the conditions inferred from amphibole thermobarometry.  
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 Figure 5.4: Summary of LA-ICP-MS data for a suite of elements for Type I, II, 
and III inclusions. Note that there is compositional overlap for some elements between 
the inclusion types. 
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6. DISCUSSION 

 

6.1 NATURE AND EMPLACEMENT OF THE LLB 

The LLB has a complex crystallization history. Several factors can be inferred 

from the petrography, whole rock characterization, mineral chemistry and fluid inclusion 

data.  These factors are used to construct a likely model for the development of the 

batholith and hydrothermal fluid release from it. The LLB is a calc-alkaline, I-type 

granite with a relatively high oxygen fugacity that formed in a volcanic arc setting.  

 The LLB was originally intruded as a granite to granodiorite, with punctuated 

inputs of magma with a slightly different composition, but with a similar source. These 

inputs include widespread suites of magma presumed to have formed early and then 

entrained in the batholith during convection. These magmas assimilated with the LLB 

main phase granites and granite to tonalite dikes. As the magma crystallized, fractionated 

liquid coalesced to generate aplite and pegmatite dikes. As the amount of melt decreased 

and the liquid became more fractionated aplites and pegmatites became less abundant, 

and quartz veins began to cross-cut the batholith. Although the LLB exhibits multiple 

generations of magmatic phases, they lack quenching or alteration halos along contacts. 

This implies that the phases were in equilibrium with each other and contemporaneous. 

The granitic to tonalitic dikes that were emplaced during crystallization of the LLB 

suggests that there were multiple generations of magma within the magma chamber. 

Similar REE patterns suggest that these dikes originated from the same source. The 
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presence of mafic enclaves indicates that magma mixing may have played a role in the 

formation of the LLB. The enclaves are presumably one or more of the following: 

remnants of mafic magma that was injected into the magma chamber during 

crystallization, early formed cumulates, or the residual material from partial melting of 

source rocks (restite). The REE patterns of the enclaves indicate either a different melt 

source than the host granodiorite or an early cumulate.  

 The abundance of aplites, pegmatites and quartz veins implies that near the end of 

crystallization copious amounts of evolved fluids were present, especially localized in 

areas like Cony Mountain. The evolved fluids resulted in multiple generations of cross-

cutting aplite and pegmatite dikes. The quartz veins appear to be formed from the last of 

the fluid, as they cut all other phases. The quartz-hematite veins found near Louis Lake 

are likely later than the main phase because they exhibit propylitic alteration; however, 

this study lacks evidence for timing of alteration. The quartz-hematite veins are also 

present in brittle shear zones. 

 Geochemistry of the LLB samples gives some insight into the crystallization 

history of batholith. Harker Diagrams show that magnetite and apatite began crystallizing 

early. This is confirmed in thin section as apatite and magnetite are found as inclusions 

within all other minerals. This is important because these minerals would scavenge 

ligands, sulfur and chloride in the case of apatite, and metals in the case of magnetite, 

from the original melt. The dearth of a zonation trend in the type of hornblende suggests 

the lack of significant pressure change during crystallization. Cheang et al (1986) found 

uniform oxygen isotopes that related to convection in the magma chamber and little 
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interaction with later meteoric waters. This demonstrates that the Louis Lake Batholith 

has experienced little interaction with externally derived later hydrothermal fluids.  

 

6.2 INDICATION OF FLUID CHARACTERISTICS 

6.2.1 Clues from Apatite 

 Apatites can indicate several characteristics of the aqueous fluid inside the 

batholith at the time of crystallization. Within the crystal lattice of apatite, F- and Cl- 

substitute for OH- and S6+ substitutes for P5+. Salinity can be estimated from the F- and 

Cl- content of apatites, while the S6+ content estimates the SO3
 content.  Apatites can 

indicate the minimum salinity of the fluid by using the maq
HCl, and for the LLB, they 

range between 4.6 x10-4 ± 4.5 x 10-4m (average ± 1σ) and 7.8 x10-4 ± 7.6 x10-4m. The 

calculated chloride molality values (as maq
HCl) of the LLB are low compared with the 

values for ore-producing plutons (HCl molalities 0.05 or greater) of Piccoli and Candela 

(1992), as a result of pressure dependency in the equilibrium equation. The equation is 

dependent on pressures that were calculated using hornblende thermobarometry, and in 

this study, the median pressures were used. The actual salinity is probably higher because 

the fluorine-chlorine ratio is much lower than that calculated from biotite. This is likely 

because the equations of Piccoli and Candela (1992) calculate the concentration of HCl, 

while the total Cl- was measured from biotites, and thus would include Cl- that is bonded 

to other species in solution. The salinities from fluid inclusions are also much higher than 

the calculated molalities, adding support for a higher salinity for the batholith. 

 By observing the SO3 content in apatites throughout the evolution of the batholith, 

a generalized graph can be created (Figure 6.1). Because we know the general evolution 
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of the batholith, we can assume the order that the phases evolved, and thus the order that 

the apatites grew. The concentration of SO3 changes during the developmental phases of 

the batholith. Sulfur likely increases in concentration with magmatic differentiation, but 

will fractionate into a hydrothermal fluid phase when it forms. The shape of the curve of 

SO3 content in Figure 6.1 is likely because of an early release of a S-rich fluid. This 

sulfur-rich liquid would be able to scavenge metals, and possibly transport them to other 

parts of the batholith, or possibly away from the batholith. 

 

6.2.2 Clues from Fluid Inclusions 

 Fluid inclusions give insight into the conditions during the last parts of 

crystallization and the only information about the compositions of the hydrothermal 

fluids. The variability of inclusion types within the LLB suggests intricate processes were 

functioning inside the batholith. The amount of CO2 within the inclusions varies between 

type, from the dominant phase (Type IV) to almost non-detectable (Type I) and in-

between (Type II and III). Salinities also encompass a wide range, from low (Type II) to 

moderate (Type III and IV) to high (Type I). Because Type III inclusions are assumed to 

be and intermediate of Type I and II, mixture of these types provides support for 

immiscibility. The occurrence of multiple daughter minerals, and the inference of the 

presence CaCl2 implies complexity of the original hydrothermal and/or magmatic fluid 

and a high content of a number of cations. While a large quantity of inclusions partially 

or completely decrepitated before reaching total homogenization, a few small inclusions 

remained intact until 500°C. This provides evidence for original entrapment above 

500°C. Figure 6.2 gives the likely conditions of granite crystallization compared to two-
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phase curves for weakly- to moderately-saline aqueous-carbonic fluids. Figure 6.2 shows 

that inclusions were likely trapped in the one-phase field, alluding to homogeneous rather 

than heterogeneous trapping. This figure however assumes that the only salt in solution is 

NaCl, and may not truly be representative. The presence of the four types of inclusions 

suggests that immiscibility can play a role in magmato-hydrothermal fluid evolution at 

pressures greater than 3 kbar. This may be because of the chemical complexity of the 

fluid, for example the high divalent cation content. This figure elucidates why the 

isochores do not all pass through the conditions expected for the LLB fluid. Figure 5.3 

presented the isochores calculated from microthermometry results. The samples that best 

fit the conditions estimated for the LLB inclusions support the interpretation of 

entrapment during or immediately after crystallization.  The other samples require an 

explanation for their results. Some fluid inclusions have become internally overpressured 

leading to greater or lower densities than those expected for the LLB fluid. Figure 6.3 

shows the likely path that the LLB inclusions followed to become overpressured (in red). 

Evidence for internal overpressure includes the frequent decrepitation of the inclusions 

during microthermometry and hook-like morphology of some of the inclusions 

themselves (Vityk and Bodnar 1995).  The inclusions underwent near-isothermal 

decompression, and I infer that some decompression occurred while the batholith was 

cooling. This may have occurred during retrograde metamorphism, but the tectonic 

setting and timing of this event was not explored in this study.   
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6.3 COMPARISON OF FLUID BEHAVIOR AND COMPOSITION IN THE LLB 

WITH THOSE IN ORE DEPOSITS 

The LLB shares many similarities to felsic to intermediate magmas associated 

with ore deposits and its proximity to mineralization is extra evidence for its mineral 

potential. The batholith is located near a known gold-producing district, was intruded 

over the same time period as ore generation, and is locally mineralized with copper 

stockworks (Hausel 1991). Hausel (1991) noted that the low-grade chalcopyrite-bearing 

quartz veins containing silver, gold, and calcite gangue are concentrated in the SPGB 

near the contact with the LLB and also within the batholith itself. These relationships 

suggest that the LLB could be responsible for the copper mineralization. The LLB is 

similar to gold-related plutons described by Blevin and Chappell (1992) in that it shares 

similar oxidation state, lacks extreme fractionation, and has evidence for an early-

crystallized sulfide phase. 

Further evidence to support the mineral potential of the LLB comes from apatites. 

Figure 6.4 gives the apatite type with data on felsic-intermediate ore-related systems. The 

ore producing systems of Piccoli and Candela (2002) have a wider range in fluorapatite 

and chlorapatite composition, while the non-ore producing systems represent a smaller 

range in apatite composition. Upon comparison with the felsic-intermediate ore-related 

systems of Piccoli and Candela (1992), the LLB samples are similar. This similarity 

implies that the apatites formed in similar conditions as those of felsic-intermediate ore-

related systems. The apatite data also presents evidence for a release of a S-rich fluid for 

scavenging minerals, which is essential for the formation of ore deposits. Seo et al (2009) 
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have noted elevated sulfur levels in porphyry deposits, and noted that sulfur controls the 

efficiency of copper extraction from a melt into an aqueous fluid. 

 The trace element composition of magnetite grains add more support for a high 

ore potential of the LLB. The grains contain inclusions of chalcopyrite, and a high metal 

content (Cu and Au) as determined by microprobe work. Cu is best sequestered by 

sulfides, but at high fO2, as in the LLB, most sulfides are unstable. In this case, 

magnetite, other oxides and silicates would sequester Cu and other metals during early 

crystallization (Core et al 2005). These metals may have been scavenged by sulfur-rich 

fluid later. Cu and Au concentrations of the LLB magnetites were higher than those from 

experiments of Simon et al. (2008). Geochemical analysis of the mafic enclave supports 

the idea that gold and other metals were introduced to the granite by mixing with mafic 

magmas. Enclaves with high copper content have been used to indicate that such a 

mixing process is responsible for the creation of large porphyry deposits, such as 

Bingham Porphyry Copper Deposit (Core et al, 2006). A few of the grains are similar to 

the Fe-oxide globules of Larocque et al. (2000) in that they have a more massive core 

with a frothy or spongy rim, and the presence of chalcopyrite included in the phenocrysts. 

Figure 6.5 gives a picture of a typical grain showing these textures. The presence of 

“globules’ indicates that the LLB may have saturated at an early stage in the 

crystallization history with respect to a sulfide mineral or a sulfide melt which would 

have had a high metal content that was mobilized with a S-rich aqueous fluid, like that 

which is inferred to have exsolved from the LLB. The evidence for mixing of felsic and 

mafic magmas, along with the presence of the “globules” is consistent with the theory of 

Larocque et al. (2000) that magma mixing plays a role in the formation of magmato-
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hydrothermal ore deposits. Within the LLB, the sulfur-rich aqueous fluid would have 

caused dissolution of the sulfides and replacement by magnetite. Whole rock 

geochemical analysis of a mafic enclave demonstrated that Cu was found mostly within 

the enclave, but Au values were elevated immediately surrounding the enclave. This 

observation leads to the inference that Au and Cu were transported and/or deposited 

differently.   

Comparisons of LA-ICP-MS data on the composition of LLB fluid inclusions 

with intrusion-centered ore systems and orogenic gold deposits reveal remarkable 

similarities (Figure 6.6). High salinity (Type I) fluids have elemental compositions that 

fall within the range for brines of other intrusion-centered ore hydrothermal systems of 

Audetat et al (2008). Noted differences with intrusion-centered ore hydrothermal systems 

are lower Mo, Sn, and W, but higher As contents. Low-salinity (Type II and III) fluids 

differ from fluids in ore-related intrusion-centered systems in order of magnitude lower 

Cu, lower Fe and Mn, and lower K/Na ratios. The low-salinity fluids are similar to the 

orogenic gold systems of Yardley et al. (1993), but have higher Pb and Zn. These low-

salinity fluids also have relatively high concentrations of Sb, As, and B, similar to fluids 

in gold-forming systems. 

In summary, there is abundant evidence for hydrothermal fluid exsolution, 

possibly of two immiscible fluids.  This is substantiated by SO3 values of apatites that 

imply fluids exsolved relatively early during fractionation of the granite.  
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6.4 MODEL FOR THE FORMATION OF AN ORE DEPOSIT FROM THE LLB 

Previous investigations of the gold and copper deposits in the Atlantic City 

District have dismissed the LLB as a source for the fluids and metals needed to form the 

deposits (McGowan 1991); however, this study provides evidence for a genetic link 

between the batholith and the mineral deposits. I propose a model in which both fluids 

and metals were derived from the LLB, and were transported away and deposited in the 

SPGB. During the crystallization of the LLB, multiple generations of magma began 

mixing. Inputs of mafic magma into the chamber may have transported metals. 

Alternatively, the magma may have created early fractionates that preferentially 

contained sulfides. Convection within the magma chamber would have entrained 

fractionates or mafic magma and mixed them with the rest of the magma. In either case, a 

sulfide melt formed within the LLB, effectively scavenging Au, Cu and other metals 

because of their large partition coefficients (Halter et al. 2002). From this sulfide melt, 

ore-bearing minerals such as chalcopyrite began to crystallize, mostly within sulfide 

globules. As the magma crystallized, the remaining magma became enriched in Cl- and 

the fO2 increased, which caused a decrease in stability of sulfide. The instability of 

sulfide creates an environment conducive to the transfer of metals and sulfur into a 

hydrothermal ore fluid (Halter et al. 2002). Gold, copper and other metals were carried 

along with sulfur in the event recorded by apatites. Studies of metal content in fluid 

inclusions (Seo et al. 2009; Pokrovski et al. 2008) concluded that Au is preferentially 

transported by the vapor phase, and Cu is carried within the brine, accounting for the 

difference in location of Au and Cu within samples. This fluid traveled away from the 

batholith, and was focused into shear zones that had formed in the SPGB. Mineralization 



 78 

within these shear zones was aided by the composition of the host rock and changing 

conditions within the fluid.   
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Figure 6.1: SO3 in apatite through evolution of the batholith. Note the dip for the 
granite concentrations that may represent the release of a S-rich fluid. 
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Figure 6.2: Conditions of granite crystallization estimated with hornblende barometry 
compared with two-phase curves for weakly- to moderately-saline aqueous carbonic 
fluids (after Schmidt and Bodnar, 2000). The grey dashed line shows the position the 
two phase curve most appropriate for the composition of the granite-hosted inclusions. 
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Figure 6.3: Possible P-T paths that fluid inclusions take during metamorphism after 
Vityk and Bodnar (1995). The red arrow shows the likely path some of the LLB 
inclusions experienced to reach internal overpressure, and thus shift the isochores. 
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Figure 6.4: F-Cl-OH variability in LLB samples (red circles) and the data of 
Piccoli and Candela (2002) for Felsic-Intermediate Ore-Related Systems. 
Purple squares = Ore producing systems and green circles= non-ore 
producing systems. 
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Figure 6.5: Photomicrograph of a magnetite in sample WR-4B exhibiting a distinctly 
different, pseudo-colloform texture which formed by replacement of earlier sulfide 
mineral or minerals (cf. Larocque et al., 2000). 
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A 

B 

Figure 6.6: Multi-element spider diagrams comparing a suite of elements in the fluid 
inclusions (LA-ICP-MS data) data from known intrusion-centered ore deposits and 
orogenic gold deposits. Only a subset of analyzed elements are included on the graphs. 
A) High salinity, Type I inclusions compared with high salinity inclusions from Audétat 
et al. (2008); B) Low salinity, Types II and III inclusions compared to low salinity 
inclusions or related fluid inclusions of Audétat et al. (2008) and Yardley et al. (1993). 
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7. CONCLUSIONS 

7.1 SUMMARY 

The LLB is a 400 km2, late-Archean batholith that formed at mid-crustal depths. 

Geochemical results in this study confirm the results of previous work that characterize 

the LLB as relatively oxidizing, metaluminous, calc-alkaline granitoid that likely formed 

in a volcanic arc environment. Field evidence tells us that multiple phases were present 

and interacting during crystallization, including a mafic component that is seen as mafic 

enclaves. The batholith has experienced little internal deformation since it intruded the 

SPGB during deformation in the Archean. The LLB also contains elevated Cu, Au, and 

Ag concentrations, both on the macro scale and within individual mineral grains. Studies 

of the silicates and oxides provide insight into the processes that were occurring during 

crystallization. Amphiboles provide crystallization temperatures between 637°C and 

850°C and pressure between 1.8 and 5.78 kbar. Amphibole composition also indicates 

that there was little pressure change during crystallization. Sulfides, such as chalcopyrite, 

took in metals early during crystallization. These sulfides were replaced by oxides when 

the oxygen fugacity changed and metals may have been released into a sulfur-rich fluid. 

Apatite investigation tells us that a sulfur-rich fluid was likely released early in 

crystallization.  

Primary and pseudosecondary fluid inclusions were described from a suite of 

samples that are believed to represent late fractionates or magma-derived fluids. Type I 

inclusions are high salinity aqueous inclusions with multiple daughter minerals. Type II 
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inclusions are low to moderate salinity, aqueous-carbonic inclusions, occasionally 

containing daughter minerals. Type III inclusions are moderate salinity, aqueous-carbonic 

inclusions with varying amounts of daughter minerals, and are believed to be an 

intermediate between Type I and II. Type IV inclusions are CO2-rich and low to 

moderate salinity. Type I and IV inclusions are believed to primary, while Types II and 

III are considered to be pseudosecondary. All inclusion types are inferred to have been 

formed at the time of crystallization, and not related to secondary fluid movement. 

Evidence from the petrography of fluid inclusions concludes that immiscibility played a 

role in magmato-hydrothermal fluid evolution; however, calculated isochores imply that 

they were trapped as homogeneous fluids. This discrepancy is likely because NaCl was 

inferred to be the only salt in the system in the calculation of isochores, and this is 

implausible because of the complexity of daughter minerals and the likely occurrence of 

CaCl2. The presence of CaCl2 is confirmed by the behavior of salts during 

microthermometry and the results of LA-ICP-MS. 

 Since the LLB has many similarities to felsic to intermediate plutons associated 

with ore deposits, it is possible that it too generated ore deposits. The oxides contain 

strong evidence that the LLB originally possessed a high metal content. A S-rich aqueous 

fluid scavenged these metals relatively early in the crystallization process and possibly 

transported them away from the batholith. The high Cu content of the enclaves and high 

Au of the surrounding granite suggests that Cu and Au were introduced by a mafic 

magma and released into the granitic magma as the enclaves were assimilated. The 

importance of mafic enclaves and a similar ore fluid model are considered for the 

formation of the Bingham porphyry copper deposit (Core et al 2006). These similarities 
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introduce the possibility that the LLB may be responsible proximal for copper and gold 

deposits, presumably the copper lodes and stockworks and/or the lode gold deposits in 

the Atlantic City District.  

 

7.2 FUTURE WORK 

 Further work is needed to better characterize the mineral and mineralizing 

potential of the LLB. A detailed geochemical study of magnetite grains and their 

magmatic sulfides would be useful for better defining the original metal content. 

Comparisons of LLB magnetites with magnetites of known deposit types may also 

improve the model. A detailed petrographical and geochemical study of the cupriferous 

lodes and stocks is also important because any relationships with the LLB would become 

more apparent. Geochronology of the chalcopyrite-bearing veins and the hematite veins 

using U-Pb or Re-Os techniques would constrain the ages of the veins and determine 

their relation to the batholith. 
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APPENDIX 1: ANALYTICAL TECHNIQUES 

WHOLE ROCK ANALYSIS 

 Weathering rinds were removed from the fist-sized samples before they were sent  

to ALS Chemex for geochemical analysis. Samples were analyzed for a suite of elements, 

including Au and Cu. Samples were crushed to less than 2mm by ALS Chemex and 

processed using a variety of techniques as follows: Whole rock and Au concentrations 

were examined using ICP-AES, total carbon and sulfur were examined using LECO, a 

suite of elements using ICP-MS, and loss on ignition (LOI) was calculated using WST-

SEQ. 
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ANALYSIS OF SILICATES AND OXIDES USING THE ELECTRON MICROPROBE 

 Silicates and oxides were analyzed using a JEOL JXA-8900R WD/E combined 

microanalyzer at the Materials Characterization Laboratory, University of Wyoming. 

Samples of polished thin sections were carbon-coated before analysis.  The beam energy, 

or voltage was set to 15kV and the beam current was set at 25 nA.  A counting time of 20 

seconds was used (20 seconds/ 20 seconds background). Oxygen was counted for ten 

seconds. The standards used were both natural and synthetic. Two to three measurements 

were taken for each mineral. These measurements were taken from core to rim to indicate 

any zonation of the minerals. Minerals examined: amphibole, apatite, hematite, 

magnetite, plagioclase, potassium feldspar, titanite and biotite. Cation contents were 

assumed using a predetermined number of oxygen per formula unit using software at the 

University of Wyoming. The Fe2+ and Fe3+ in hornblendes were calculated using the 

stoichiometric calculations after Leake et al. (1997). 
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LA-ICP-MS OF FLUID INCLUSIONS 

 Fluid inclusions were ablated using an Agilent 7500ce ICPMS coupled to a 

Geolas laser ablation system at Virginia Tech. Before analysis of the inclusions began, 

inclusion-free quartz was analyzed for impurities that might affect the calculations of 

fluid composition. For WR-25A, there were no impurities that would affect the 

calculations. Ablation times range from 65 to 210 seconds. Onset of inclusion ablation is 

determined from increased Na counts. In some cases, multiple inclusions at different 

depths in the sample were analyzed. Type I, Type II, and possibly Type III were 

analyzed. An in-house program, AMS, was used to calculate compositions for each 

inclusion. Salinites were assumed 31.5 wt % NaCl for Type I inclusions, and 7.9 wt % 

NaCl for Type II/III. These salinities were used because they approximate the average 

estimates based on microthermometry results for the sample. 
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APPENDIX 2: METAL CONCENTRATIONS IN WHOLE ROCK SAMPLES 

FROM WHOLE ROCK GEOCHEMICAL ANALYSIS 

 Whole Rock samples were analyzed to determine if the samples contain elevated 

concentrations of metals. The following table provides the ppm concentrations for 

analyzed metals. Harker diagrams are presented to show any correlation between metals 

and SiO2. 
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APPENDIX 3: THIN SECTION DESCRIPTIONS OF SAMPLES 
 

Sample numbers correspond to locations in Plate A. 
 
WR-1: This sample is a piece of the main Louis Lake phase and contains plagioclase 
(40%), quartz (35%), K-feldspar (15%), biotite (9%), and magnetite (1%). Plagioclase 
displays minor sericite alteration, perthite exsolution, and the 400-3200µm grains are 
mostly anhedral.  The quartz is mostly undeformed, anhedral, 240-4000 µm grains with 
minor undulose extinction.  The K-feldspar is present mostly as perthite, and has a similar 
description to the plagioclase.  The olive green biotite is anhedral with some embayed 
grains, poikiolitic texture, and between 440 and 2900 µm.  Magnetite displays significant 
ilmenite exsolution and the grains are mostly rounded. 
 
WR-3:  This sample contains the contact between an aplite and the main granodiorite.  
The granodiorite is composed of plagioclase (50%), quartz (30%), biotite (10%), K-
feldspar (5%), and magnetite (5%).  The aplite contains quartz (50%), plagioclase (30%), 
K-feldspar (18%), biotite (1%) and magnetite (1%).  The quartz in the sample is mostly 
undeformed and anhedral.  In the aplite, quartz ranges in size from 200 to 1400µm and is 
slightly more deformed than that in the granodiorite.  In the granodiorite, the quartz is 
coarser, and ranges between 500 and 2200µm.  Plagioclase is subhedral to anhedral and 
displays minor sericite alteration and perthite exsolution.  There is less sericite and 
perthite in the granodiorite.  In the aplite, plagioclase ranges from 318 and 1720µm, and 
in the granodiorite, it ranges between 420 and 2090µm.  K-feldspar is more abundant in 
the aplite, and has a similar description as the plagioclase.  Biotite is coarser and more 
abundant in the granodiorite.  The biotite is mostly anhedral and green-brown with minor 
alteration.  In the aplite, biotite ranges in size from 650 to 1250µm, and in the 
granodiorite, it is between 300 and 3300µm.  Magnetite is coarser in the granite, but is 
equally as abundant in both rock types.  The magnetite shows ilmenite exsolution and the 
grains are mostly subhedral.  Some grains contain small chalcopyrite inclusions about 
25µm across.  Apatite is present in trace amounts as inclusions in some biotites, and 
minor hematite is present as an oxidation product on the rims of some magnetite-
ilmenites.   
 
WR-4A: Sample is a mafic enclave collected from within the main Louis Lake intrusion.  
The sample is classified as a gabbro, and the mineral assemblage contains hornblende, 
biotite, plagioclase, and apatite. Approximate abundances are 50% hornblende, 34% 
plagioclase, 15% biotite and 1% apatite. Outside the enclave, the mineral assemblage is 
similar, but with the addition of quartz.  The hornblende in the sample is sub- to anhedral 
and mostly 200-300 µm, but can be as larger as 500 µm.  Biotite is interspersed with the 
hornblende, and shows some slight orientation (smearing?). Biotite is mostly 400-900µm 
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inside the enclave, but around the edge they are up to 1300µm.  Biotites and hornblendes 
are larger and more anhedral away from the enclave. Plagioclase (150-1000µm) is mostl
sub-anhedral, show minor sericite alteration, and appear to be interstitial growth between 
the mafic minerals. Magnetites are mostly subhedral with ilmenite exsolution and appear 
more concentrated along the periphery of the enclave.  Magnetites are also found as 
inclusions in the hornblende crystals. Significant amounts of apatite are found as 
inclusions in hornblendes, biotites and feldspars. These apatite inclusions are typically 
euhedral, acicular crystals and range in size depending on host mineral.  Within 
hornblende, the apatite ranges from 40-60µm and are long, acicular crystals.  In biotites, 
the apatite has more size variability (20-90µm) and the crystals are more “stubby”. In 
plagioclase, they are also more variable, and range from 13-95µm. Apatites become 
slightly less numerous away from the enclave. K-Feldspar (3400µm) exhibits tartan 
twinning, and is only found outside the enclave.  Quartz, found only outside the enclave, 
is anhedral with minor grain boundary migration and ranges in size from 1000 to 
2000µm.  
 
WR-4B: This sample is the same as sample WR-4A, as it is a sample of the same 
enclave.  Magnetite shows ilmenite exsolution.  Some magnetites also contain small 
intergrowths of chalcopyrite.  Chalcopyrite is found within magnetites and as single 
grains within quartz grains. 
 
WR-5-2:  This is a sample of the main Louis Lake phase and contains plagioclase (45%), 
quartz (35%), biotite (10%), K-feldspar (8%), and magnetite (2%). Plagioclase is 
moderately sericite alteration, subhedral to anhedral, with perthite exsolution and ranges 
from 480 to 1980µm.  One plagioclase grain contains a biotite inclusion.  Quartz grains 
are anhedral with low to moderate recrystallization and range in size from 350 to 
2000µm.  Biotite grains are slightly altered, subhedral to anhedral, associated with 
magnetite, and range in size from 180 to 900µm.  K-feldspar is mostly perthite, but there 
is some true tartan twinning.  The K-feldspar is similar in size and shape to the 
plagioclase.  The subhedral magnetites show ilmenite exsolution and range in size from 
64 to 270µm. 
 
WR-7C: This sample is typical of the main Louis Lake phase, containing quartz (35%), 
plagioclase (25%), K-feldspar (24%), biotite (10%), magnetite (5%), and trace apatite 
and titanite.  The quartz is anhedral with undulose extinction and grains between 200 and 
5000µm.  The mildly sericitic plagioclase is anhedral with perthite exsolution and few 
biotite inclusions and ranges in size between 860 and 4750µm.  K-feldspar is similar in 
size and description to the plagioclase, and is mostly present as perthite exsolution of 
plagioclase.  Biotite grains are anhedral, somewhat poikiolitic with inclusions of titanite 
and apatite, slightly altered, and between 440 and 2100µm.  Magnetite is subhedral to 
anhedral, displays ilmenite exsolution, and is associated with biotite.  Anhedral titanite 
grains are found both within biotite grains and as growths around magnetite, and range in 
size from 600 and 800µm. A single grain of native gold was also found within a quartz 
crystal measuring about 14µm. 
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WR-16B: This sample is a typical Louis Lake sample composed of biotite, titanite, 
magnetite, apatite, quartz, K-feldspar, hornblende, plagioclase, and fluorite.  The quartz is 
moderately recrystallized in this sample with undulose extinction and some grain 
boundary migration.  The quartz has become anhedral due to this recrystallization, and 
grain size ranges from 180-3500µm.  K-feldspar is mostly anhedral with tartan twinning, 
minor myrmeketic textures, ranges from 1300-8000µm in size, and displays minor 
sericite alteration. The coarsest K-feldspar grains contain inclusions of quartz and 
plagioclase.  Plagioclase grains are smaller than those of K-feldspar (300-4000µm), and 
occur as inclusions in the K-feldspar.  The plagioclase is subhedral, displays some 
internal zoning, and has been slightly sericite altered.  Biotite in the sample is anhedral, 
green to olive green, and poikiolitic with inclusions of quartz and apatite.  The biotites 
range in size from 430-4000µm and are associated with hornblende, titanite, and 
magnetite. Magnetite is subhedral to anhedral, sometimes in aggregates and ranges in size 
from 50-800µm. Titanites are subhedral to anhedral, 2000-3000µm in size, and are 
associated with biotite and magnetite.  Hornblende is present as 60-500µm anhedral 
grains and associated with biotite, titanite, and magnetite. Apatite is present as 30µm, 
euhedral to subhedral inclusions in and near biotite grains. Fluorite is present as purple, 
isotropic crystals.   
 
WR-18A: This sample is a sample of a granodioritic dike that contains plagioclase (45%), 
quartz (25%), biotite (15%), titanite (10%), magnetite (3%), apatite (1%), and trace 
chalcopyrite.  Plagioclase is subhedral to anhedral with minor sericite, internal zoning, 
and perthite. These 210 to 1500µm grains also contain a few opaque inclusions.  The 
anhedral quartz grains display minor undulose extinction and some small (about 180µm) 
inclusions of biotite and plagioclase.  Quartz grains are between 140 and 1300µm in size.  
Biotites are mostly anhedral, brown and green in color, between 130 and 1460µm, and 
contain inclusions of titanite, apatite, magnetite and quartz.  Titanite is mostly euhedral, 
slightly altered, and is between 400 and 4000mm.  Titanite is found as inclusions in 
biotite, and can contain round inclusions of plagioclase and magnetite.  Magnetite is 
subhedral with ilmenite exsolution and between 40 and 430µm.  Acicular apatite 
inclusions are found in quartz and biotite and are between 20 and 40µm in length.  Small 
(<10µm), rounded grains of chalcopyrite are found within quartz grains. 
 
WR-18C: This is a sample of granitic dike with quartz (35%), K-feldspar (30%), 
plagioclase (20%), biotite (9%), magnetite (2%), titanite (1%), and trace allanite and 
chalcopyrite.  Quartz is anhedral with minor undulose extinction and grains between 100 
and 2600µm.  Plagioclase is subhedral to anhedral with minor sericite alteration, perthite 
exsolution, zoning of cores and minor myrmeketic intergrowths.  Plagioclase grains are 
between 390 and 3600µm in size.  K-feldspar is similar to plagioclase in description, but 
has a higher percentage of larger crystals.  Biotites are anhedral, somewhat altered, brown 
to green, contain apatite inclusions, and are 260 and 3200µm.  Magnetite grains are 
subhedral to anhedral with ilmenite exsolution and are between 30 and 460µm. Titanite is 
slightly altered, subhedral to anhedral, between 300 and 1000µm, and associated with 
magnetite and allanite.  Allanite is mostly metamict, associated with titanite and 
magnetite, subhedral to anhedral and between 450 and 1200µm.  Apatites are subhedral 
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to euhedral, with some zoning due to proximity to allanite, and between 70 and 200µm.  
Isolated grains of chalcopyrite around 22µm are found within quartz crystals. 
 
WR-20A: The sample is a tonalite dike than the main Louis Lake phase and contains 
plagioclase (40%), quartz (20%), biotite (30%), hornblende (10%) and apatite (<1%).  
Plagioclase is sub- to anhedral, twinned and displays minor sericite alteration.  
Plagioclase also has some small apatite inclusions and ranges in size from 100-1300 µm.  
Biotites are mostly subhedral with apatite inclusions, and range in size from 200-
1100µm.  Quartz grains are sub- to anhedral with minor undulose extinction and grain 
boundary migration and ranging from 100-300µm.  They contain some apatite inclusions, 
and are found as small inclusions in the mafic minerals.  Hornblendes are sub-to 
anhedral, 300-600µm, and have inclusions of apatite, biotite, and quartz.  Apatites are 
mostly subhedral inclusions from 40-50µm and have a typical apatite shape.  
 
WR-20C: This sample is a sample of granodiorite that contains quartz (40%), K-feldspar 
(38%), plagioclase (10%), biotite (8%), magnetite (2%), apatite (1%), and trace allanite 
and titanite.  The quartz is anhedral with undulose extinction, myrmeketic intergrowth 
with feldspar, and some grains as inclusions in feldspars.  The quartz grains range in size 
from 280 to 3000µm.  K-feldspar is poikiolitic with quartz, plagioclase, and biotite 
inclusions.  The K-feldspar is anhedral, displays sericite alteration, and ranges in size 
from 400-4550µm.  Plagioclase is anhedral and poikiolitic with inclusions of quartz and 
biotite.  The anhedral plagioclase shows perthitic and myrmeketic textures and is between 
175 and 3850µm.  Biotite is green to brown, subhedral to anhedral, has apatite inclusions, 
ranges from 250 to 1800µm in length, and has some association with apatite and 
magnetite.  Magnetite is subhedral to anhedral with ilmenite exsolution, and grain sizes 
between 130 and 700µm.  Apatite is found as both small inclusions and larger crystals 
near biotites.  The apatites are subhedral to euhedral and are 100 to 160µm in length.  
Allanite is found as subhedral to anhedral, 700µm crystals.  Some of the allanite is found 
as metamict crystals, while the rest is as green, wavy crystals.  A few grains of titanite are 
found as anhedral, 600 to 700 µm grains that are associated with biotite and magnetite. 
 
WR-23A: This sample is a leucogranite with K-feldspar (40%), quartz (30%), biotite 
(20%), plagioclase (5%), magnetite (4%), apatite (1%), and trace allanite.  K-feldspar is 
present as perthite with myrmeketic intergrowths with quartz, some sericite alteration and 
grains are between 230 and 5200µm. Quartz is anhedral with moderate undulose 
extinction, but relatively undeformed cores.  Quartz grains are between 250 and 3900µm.  
Biotite grains are subhedral to anhedral, mostly brown, slightly altered and contain 
apatite inclusions.  Biotites range in size from 150 to 2040µm in length.  Plagioclase is 
present in minor amounts and has significant perthite and sericite.  Plagioclase is also 
found in the cores of K-feldspar and grain size is between 370 and 600µm.  Magnetite is 
subhedral to anhedral with ilmenite exsolution and grains between 50 to 375µm.  Apatite, 
present as inclusions in biotite and other larger crystals, are subhedral to suhedral and are 
between 30 and 55µm in length.  Allanite is present as metamict, anhedral grains about 
400µm. 
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WR-24B:  This sample is a mafic dike that cuts across the Louis Lake Batholith, and it 
much younger.  The dike is composed of hornblende (50%), plagioclase (24%), biotite 
(24%), apatite (1%), ilmenite (1%), and trace titanite and chalcopyrite.  Hornblende is 
green, subhedral to anhedral, and fine-grained (50 to 570µm).  Plagioclase is heavily 
sericitized, has no perthitic exsolution, and is fine-grained (90 to 410µm).  Biotite is 
mostly green, subhedral to anhedral, and 90-175µm.  Apatite is found as subhedral 
inclusions in biotite and hornblende, and size ranges from 20 to 25µm.  Ilmenite is 
present as subhedral to anhedral grains between 3 and 55µm.  Trace amounts of titanite 
are found around hornblende.  Chalcopyrite is found as tiny specks (3-12µm) in 
hornblende. 
 
WR-24C: This is a sample of the deformed margin of the batholith and is granitic gneiss.  
It contains quartz (40%), biotite (25%), plagioclase (20%), K-feldspar (13%), epidote 
(1%), and trace titanite and muscovite.  Quartz is heavily recrystallized with grain size 
reduction, undulose extinction.  Bands of quartz have aligned with foliation and quartz 
grains are larger in the band than in the rest of the sample.  Quartz grains are between 80 
and 1650µm.  Biotite grains are aligned to create dark bands of foliation.  They are green-
brown, subhedral grains between 76 and 465µm with apatite inclusions.  The biotites are 
reacting to create muscovite along grain boundaries.  Plagioclase grains are larger than 
the quartz grains and larger grains show pressure shadows.  The grains are sericitically 
altered and are between 800 and 5275µm.  K-feldspar grains are present as large rolled 
phenocrysts about 5000µm.  These large phenocrysts have recrystallized plagioclase 
inclusions.  Epidote crystals are found near biotite, are subhedral to euhedral, and are 
about 60µm in length.  Trace titanites are found in the mafic bands and are about 200µm.  
Muscovite is present as the alteration product of biotite and is composed of small grains. 
 
WR-25: This sample is a granodiorite with quartz (35%), K-feldspar (35%), biotite 
(15%), plagioclase (10%), magnetite (2%), titanite (2%), apatite (1%) and allanite (1%).   
Quartz grains are anhedral with some undulose extinction, and between 200 and 2600µm.  
K-feldspar is subhedral to anhedral with tartan twinning and cores of plagioclase. K-
feldspar grains are between 620 and 3200µm.  Biotite grains are subhedral to anhedral, 
green to brown color, cores of hornblende, apatite inclusions, and grain sizes between 
180 and 3040µm.  Plagioclase exhibits moderate sericite alteration, perthite exsolution, 
anhedral crystal shape and sizes between 530 and 1940µm.  Magnetite is subhedral to 
anhedral with ilmenite exsolution and grains between 75 and 675µm.  Subhedral to 
anhedral titanite grains (440-2650µm) contain inclusions of plagioclase and apatite. 
Apatite is present as inclusions, and associated with biotite.  Apatites are acicular as 
inclusions, and subhedral as individual crystals.  They range in size from 68 to 320µm.  
Allanite is present as 630 to 960µm, mostly metamict crystals associated with biotite and 
titanite. 
 
WR-25B:  This sample is an aplite, which contains plagioclase (55%), quartz (35%), K-
feldspar (9%), and trace amounts of biotite, magnetite, and allanite.  Plagioclase has 
minor sericite alteration, some perthite exsolution, subhedral to anhedral shapes, minor 
myrmeketic intergrowths with quartz, and is present in the cores of K-feldspar.  
Plagioclase grain sizes are between 400 and 2370µm.  Quartz is anhedral with minor 
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undulose extinction, and grain sizes between 190 and 4000µm.  K-feldspar is similar to 
plagioclase with grain sizes between 620 and 2400µm.  Minor amounts of biotite are 
present as green, anhedral, 190 to 420µm grains that are associated with magnetite.  
Magnetite is subhedral to anhedral with ilmenite exsolution and grain sizes between 50 
and 280µm.  Metamict allanite is anhedral and between 97 ad 440µm.   
 
WR-28: This sample is a fine-grained aplitic segregation containing quartz (45%), 
plagioclase (25%), K-feldspar (20%), biotite (10%), magnetite (3%), apatite (1%), and 
trace titanite.  The subhedral quartz grains are small (140-500µm), appear undeformed, 
and some are present as inclusions in plagioclase grains.  Plagioclase is present as 
sericitized, subhedral grains with perthite exsolution and a bimodal distribution (about 
2000µm and about 400µm).  K-feldspar is similar to plagioclase, and may be the result of 
perthitic exsolution of plagioclase grains.  Biotite grains are subhedral to anhedral, brown 
to green in color, range in size from 170-800µm, and contain inclusions of acicular 
apatite. Magnetites are associated with biotite, are subhedral to anhedral, and are between 
130- 470µm.  Apatite inclusions are acicular, present mainly in biotite, and are between 
20 and 50µm in length.  Titanite is present as trace inclusions associated with magnetite. 
 
WR-29: This sample is a moderately sericitized aplite with chlorite (36%), plagioclase 
(60%), titanite (2%), magnetite (1%), and trace amounts of biotite.  The quartz displays 
some undulose extinction in anhedral grains that range from 100-2500 µm.  The centers 
of the grains remain mostly undeformed.  Plagioclase grains range from 800-3000µm, are 
anhedral, and the larger grains have less sericitized cores.  Titanite occurs as anhedral, 
brown grains, ranges in size from 200-1800µm, and is associated with magnetite and 
chlorite.  Magnetite in this sample exhibits magnetite-ilmenite exsolution, typically in 
aggregates associated with titanite rims, and range in size from 300-700µm.  Chlorite in 
this sample is present as yellow-green to green grains with small biotite grains in some 
cores.  The chlorite is anhedral and ranges in size from 200-1500µm. 
 
WR-30:  This sample is an aplite composed of quartz (60%), plagioclase (30%), K-
feldspar (6%), biotite (2%), and magnetite (1%).  The quartz is subhedral to anhedral 
with some undulose extinction, but larger crystals have undeformed cores.  Quartz grains 
range from 100-900µm with some myrmeketic intergrowth with feldspar.  Plagioclase 
grains are subhedral to anhedral and range in size from 200-1500µm in size, with minor 
sericite alteration and perthite exsolution. K-feldspar is present mostly as perthite, but 
some crystals exhibit true tartan twinning, and are similar in size to the plagioclase 
crystals.  Biotite grains are green to brown in color, subhedral to anhedral, approximately 
500µm in length, moderately altered, associated with magnetite, and contains inclusions 
of apatite.  Magnetite is subhedral, 65-600µm and somewhat associated with biotite. 
 
WR-40B:  This is a sample of altered granite with epidote, titanite, muscovite, quartz, and 
plagioclase.  Epidote is found as anhedral grains between 200 and 1365µm.  Titanite is 
found as euhedral crystals that are virtually unaltered and between 340 and 1300µm.  
Muscovite is found as radiating masses that are about 500µm wide.  Quartz is found as 
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small (100µm) grains between epidote.  Only trace amounts of plagioclase are found as 
anhedral, unaltered crystals between 400 and 650µm. 

WR-41: This sample is part of the main phase of the batholith.  It is composed of K-
feldspar (55%), quartz (35%), biotite (9%), magnetite (1%) and trace amounts of apatite 
and allanite.  K-feldspar exhibits myrmeketic textures, is sub to anhedral, and shows 
minor sericite alteration.  The feldspars (800-2000µm) may be the result of perthite 
exsolution of plagioclase. Quartz is mostly anhedral, 100-2000µm in size, and shows 
minor amounts of myrmeketic intergrowths with feldspar, but is otherwise relatively 
undeformed. Biotite grains are much smaller than the feldspar and quartz (100-600µm), 
subhedral, and sometimes associated with magnetite.  Magnetite grains are subhedral to 
anhedral, approximately 1000µm, and exhibit magnetite-ilmenite exsolution.  Allanite 
crystals are sub to subhedral, approximately 650 µm, and predominately metamict.  Few 
small apatite grains are present within biotite crystals. 

WR-42A:  This sample is from a hematite + quartz vein.  The vein is composed of 
approximately 60% quartz and 40% hematite.  Hematite within the vein is bladed and 
ranges from 100-200µm in length.  The hematite grows into quartz that makes up the 
inner part of the vein.  It appears that a layer of quartz was laid down first, then by 
deposition of hematite + quartz. This is witnessed by the fact that the hematite seems to 
have grown from the outside quartz into open space, created crystals that are flat on one 
side, and are bladed on the other.  Subhedral quartz grains are small in the middle of the 
vein (100-500µm), and larger in the outer portion (about 3000µm). 

WR-42B: This sample is a quartz-hematite shear with 70% quartz, 20% hematite and 
10% chlorite.  The quartz grains range in size from 600-1400µm and are subhedral to 
anhedral.  The hematite is bladed and ranges from 40-2000µm with some bent blades and 
fine-grained hematite away from the vein itself.  Chlorite is green-brown and ranges in 
size from 370-1800µm. 
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APPENDIX 4: TABLE OF FLUID INCLUSION MICROTHERMOMETRIC 
DATA 

 
 

The following table represents the results of micro thermometric data that was 

collected from the LLB samples. Both FLUIDS (Baker 2003) and CLATHRATES 

(Bakker 1997) were used to calculate the wt % NaCl. The XCH4 was estimated using the 

melting and homogenization temperatures of CO2. Multiple values in the Tmsalt column 

represent melting temperatures for multiple salts in a single inclusion. 
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Inclusion 
Th 

CO2 
L + 
V Tmsolid Th total 

L + 
V 

WR-6      
1 0.3 L   L 
2 15.6 L   L 
3 -4 L 247 250 V 
4 10.3 L  224.6 V 
5 4.7 L   V 
6 9.8 L   L 
7 7.2 L   L 
8 5.6 L   L 
9 21.7 L 247 253.7 L 

10 28.1 L  191 L 
11 28.2 L 247 250 L 
12 27.4 L - 254.2 L 
13 25.1 L - 157 L 
14    370 V 
15    above 389 V 

      
WR-8A      

1a    157.3 L 
2a    130.5 L 
3a    148.9 L 
4a    130 L 
5a    133.2 L 
6a    127 L 
7a    126.1 L 
8a    159.3 L 
9a    160 L 
10a    140 L 
11a    140 L 
12a    157.7 L 

1 - L above 500 420 L 
2 - L above 300 above 300 L 
3 - L 164 176 L 
4 - L 164, 230, 320, above 500 106.4 L 
5 - L 250, 266.5, 288, above 500 159.5 L 
6 - L - 120 L 
7 - L - 120.5 L 
8 - L - 124 L 
9 - L - 231.3 L 

10 - L - 206.7 L 
      
WR-12      

1 30 L above 250 above 250 L 
2 11.1 L above 250 above 250 L 
3 21.7 L above 250 above 250 L 
4 31.2 L 208 and above 250 above 250 L 
5 24.7 L 197 and above 250 above 250 L 
6 16.8 L above 230 above 230 L 
7 26 L  above 250 V 
8 15.6 L above 230 188 and above 230 V 
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9 30.6 L above 250 above 250 L 
10 16.3 L above 230 above 230 V 
11 -   160 L 
12 -   150 L 
13 -  above 200 158 L 
14 30.5 L 173, above 332 332 L 
15 30.9 L 150, above 332 332 L 

      
WR-20B      

1  L  173 L 
2  L 160 165.7 L 
3  L above 300 173.2 L 
4 -1.6 L  above 200  
5 6.7 L  above 250  
6 13.7 L  above 200  
7 10.9 L  above 250  
8 4.1 L  above 300  
9 12.6 L  above 250  

10 28.7 L above 290 above 290  
11 28.7 L above 280 above 280  
12 27.4 L 240 above 300  
13 30.7 L above 280 above 280  

      
WR-20E      

1a    132.3 L 
2a    132.8 L 
3a    102  
4a    135.7 L 
5a   173.5 113.5 L 
6a    128.9 L 
7a    113 L 
8a   153.4 113.4 L 
9a    113 L 
10a    130 L 
11a    106.4 L 
12a    127.1 L 

1   180, >472 164 L 
2   101.4,160, >380 129.9 L 
3   130, >380 169 L 
4   130, 180 171 L 
5   126.5, 130 161.6 L 
6   180 124.7 L 
7    171 L 
8    171 L 
9    143.1 L 

10    159.1 L 
11    289 L 
12    304 L 

      
      
WR-25A      
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1a   310, above 350 above 350 L 
2a 30 L  280 V 
3a    180 L 
4a 24.6 L  260 L 
5a 18 L  290 L 
6a   >350 200 L 
7a 25.5 L  280 V 
8a 22.5 L  285 V 
9a 26.4 L  290 V 
10a 26.4 L  290 V 
11a 26.4 L  290 V 
12a 11.5 L    
13a 4.9 L    

1      
2 27.1 L    
3 28.5 L    
4 30.5 L  303.2 L 
5 28.4 L  300 L 
6 24.4 L  300 L 
7 25.3 L   L 
8 10.5 L  above 330 L 
9 30 L  276.9 L 

10   60, above 330 162.5 L 
11   above 330 above 330 L 
12     L 
13   230 above 330 L 
14   400, above 450 above 450 L 
15 27.1 L above 500 230.2 L 
16    441.6 L 
17 27 L  above 500 L 
18 28.5 L  275 L 
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Yd

Wllg

Wlqd

Wldg

Wlgg

Wrmg
Wbif

Wcs

Wlg

Wlbg

Yd Diabase dikes that have an  Ar/  Ar cooling age to 1566±4 to 1465±3 Ma (Donohue, 2002).
Proterozoic Mafic Dikes

Leucogranite
Wllg Pematitic and aplitic late differentiate of Wlg identified by Schmidtz (2005). Believed in this study to be 
similiar to the area around Cony Mountain that consists of a concentration of aplite and pegmatite dikes. The 
primary phases are alkali feldspar + plagioclase + quartz + biotite with secondary white mica + epidote. A 
definite lineation is present near the deformed contact, and this fabric decrease further from the contact. 

Quartz Diorite
Wlqd Medim to coarse-grained quartz diorite. The primary assemblage was noted by Schmidtz (2005) to be 
hornblende + plagioclase + Fe-Ti oxides ± quartz ± clinopyroxene ± orthopyroxen with secondary  tremolite + 
cummingtonite + white mica + epidote + chlorite + titanite. Believed by Schmidtz (2005) to be an underformed 
mafic phase of Wlg.

Louis Lake Granodiorite
Wlg Foliated to non-foliated, medium- to coarse-grained, I-type granodiorite. Foliation is subvertical near the 
southern margin of the batholith but the foliation becomes less apparent in the northern part of the map area. 
Contact with wall rocks is sharp, and small,rounded mafic enclaves are common. This unit is often cross-cut by 
aplite and pegmatite dikes. Primary igneous minerals are plagioclase + quartz + alkali feldspar + biotite + 
hornblende + titanite + magnetite + allanite + zircon + apatite.  A U-Pb zircon age of ~2.63 Ga has been 
reported by Naylor et al. (1970), Stuckless et al. (1985), Frost et al. (1998), and Frost et al. (2000). This unit 
locally contains xenoliths of banded iron formation (Bayley, 1965b), Miners Delight Formation (Hull, 1988), 
and biotite granite (Schmidtz 2005).                       

Deformed Louis Lake Granodiorite
Wldg Medium- to fine-grained, deformed granodiorite. It contains strong, steeply dipping, foliation and 
lineation. The mineral assemblage is similar to Wlg and contains plagioclase + alkali feldspar + quartz + 
biotite + Fe-Ti oxides + titanite + apatite + zircon ± hornblende. Few mafic enclaves occur in this unit. 
Low-grade metamorphism introduced epidote + white mica. 

Leucogranite Gneiss

Wlgg Medium-grained leucogranite to mylonitic leucogranite gneiss. Steeply dipping foliation and lineation 
with a metamorphic mineral assemblage of alkali feldspar + quartz + plagioclase + biotite ± hornblende ± 
epidote ± garnet and secondary epidote + white mica. Is intruded by mafic dikes of Roundtop Mountain 
Greenstone and mafic dikes inferred to be related to the Louis Lake batholith. 

Roundtop Mountain Greenstone Formation
Wrmg Metabasalt, metadiabase, metagabbro, banded iron formation, and quartzofeldspathic schist. Contains 
Wrmg, Wbif and Wes of Schmidtz (2005).  A metamorphic mineral assemblage of in Wrmg is hornblende + 
plagioclase  + quartz + Fe-Ti oxides + epidote ± titanite with retrograde epidote, chlorite, white mica, 
actinolite, and carbonate has been noted. Wbif contains banded quartz + magnetite. Wes contains quartz + 
chlorite + plagioclase + apatite ± actinolite ± hornblende ± white mica ± titanite ± zircon ± cordierite. 

Wlbg Medium-grained biotite granite variable foliation. Noted by Schmitz (2005) to contain  primary quartz + 
alkali feldspar + biotite + Fe-Ti oxides + apatite.  Secondary epidote and  clay minerals are also found.  

Biotite Granite
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Tectonostratigraphic  Map Explanation

WR-15

Wlg

Area with a high concentration of aplite and pegmatite dikes near Cony 
Mountain in the northern portion of the map area. These represent a 
fractionated portion of the Wlg. 

Star denotes where a sample was collected. The corresponding number 
is the sample number.
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