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Abstract 
The Early Proterozoic Star Lake pluton in northern 

Saskatchewan, Canada, hosts several auriferous quartz veins 

that were deposited along an array of subparallel 

northeasterly-striking shear zones. Gold mineralization was 

fracture-controlled, and the main stage of deposition occurred 

during late fracturing episodes within the shear zones. The 

majority of the fluid inclusions trapped within the vein

quartz are of secondary origin, and are compositionally 

similar to primary inclusions. The aqueous and co2-bearing 

fluids (<5-60 mole % C02) are of low to moderate salinity (1-

17 wt % NaCl equivalent) and low to moderate bulk density 

(-0.8-1.05 gjcc). Fluid inclusion microthermometry indicates 
that gold precipitation took place over a temperature range 

of 200 to soooc. Estimates for pressure of trapping range from 

-3 to 5.5 kb. Fluid unmixing was common within the different 

veins, particularly among secondary fluid inclusions along 

healed microfractures. 

Quartz from auriferous veins has o18o values ranging from 

10 to 11.6 per mil, similar to o18o values of quartz in the 

pluton, whereas barren quartz veins yield higher o18o values 

of 12.9 to 13.4 per mil indicating derivation from a distinct 

source or formation at lower temperatures. Fractionation of 
180 between vein-quartz and coexisting minerals such as 

biotite, potassium feldspar, and magnetite yield vein

formation temperatures near 500 o c. Calculated o18o and oD 

values for the mineralizing fluids range from 6-8.7, and -so 
to -40 per mil, respectively, suggesting derivation from a 

metamorphic source and low waterjrock ratios. Sulfur isotope 

compositions of the vein sulfides show a restricted range of 

values of 2-3.3 per mil, consistent with derivation of sulfur 

from a uniform source. o13c values of calcite range from -11.2 

to -5.6 per mil and thus, are less distinctive as to the 
origin of carbon in the fluid. 
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Rb-Sr isotope systematics of tourmaline and feldspar in 

the veins indicate that the auriferous veins were deposited 

about 50-100 Ma after the termination of plutonism at Star 
Lake. Deformation continued for 100 Ma or more after 
deposition of the auriferous veins, contemporaneous with the 
waning stages of Hudsonian dynamothermal metamorphism in 
northern Saskatchewan. 

Fluid immiscibility was probably a major factor in 

promoting gold deposition in the Star Lake area. H20-NaCl-C02 

fluid unmixing and related changes in the chemical composition 
of the mineralizing fluid acted to destabilize gold complexes 
that subsequently led to gold precipitation in dilational 
sites along shear zones. 

Available geological data suggest that movement along 
major structures such as the McLennan Lake Tectonic Zone 

during the Hudsonian Orogeny may have contributed to creating 
a subparallel array of shear zones in the Star Lake pluton and 

the surrounding supracrustal rocks along which mafic dikes 
were intruded. The shear zones, which are the loci for gold 
mineralization at Star Lake, are characterized by penetrative 

foliation, polygonization, ribboning, transgranular fracturing 

of the mineral grains, and quartz veining signifying brittle
ductile behavior during mineralization. 



General Introduction 

Fluid inclusion and stable and radiogenic isotope 

techniques have been applied extensively in tracing the 

sources of Precambrian hydrothermal gold deposits (e.g. Brown 

and Lamb, 1986; Harnois and Moore, 1989; Kerrich and Fryer, 

1979; Robert and Kelly, 1987; Rye and Rye, 1974; Groves et 

al., 1984; Smith et al., 1984; Ho et al., 1985; Andrews et 

al., 1986; Kyser et al., 1986; Wood et al., 1986; Kerrich et 

al., 1987; Colvine et al., 1988; Goellnicht et al., 1988). 

Most of the above mentioned studies are for Archean lode-gold 

deposits, where the data indicate H20+C02-mineralizing fluids 

of low salinity (1-6 wt% NaCl equivalent), low to moderate 

C02 (+I -CH4 , N2 , co, H2S) -contents (up to 3 0 mole %) , high 

density, reducing character, and near-neutral to alkaline pH 

(e.g. Hollinger-Mcintyre: Smith et al., 1984). These fluids 

were formed at moderate to high temperatures (S300-500°C) 

(e.g. Yellowknife: Kerrich, 1981) and at low to moderate 

lithostatic pressures (1-5 kbar) (e.g. Brown and Lamb, 1986). 

The calculated 6180 values for Archean gold mineralizing fluids 

range between 5 and 10 per mil, whereas oD values cover wider 

ranges (--80 to -10 per mil) (e.g. Hollinger: Kerrich, 1987; 

1989). These characteristics are interpreted to signify 

metamorphic fluids generated at low waterjrock ratios. 

Some of the salient features of the majority of 

3 
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mesothermal lode-gold deposits in the Canadian Shield include 

thei:t; epigenetic character, association with major structures, 

and their high gold/ base metal ratios. Proterozoic epigenetic 

gold deposits in the canadian Shield are scarce and small 

compared to their Archean counterparts (e.g. Kerrich, 1989; 

Franklin and Thorpe, 1982). The majority of the significant 

Proterozoic gold occurrences known in Saskatchewan and 

Manitoba occur in the La Range-Lynn Lake and the Flin Flon 

Domains (Coombe, 1979). These Proterozoic gold deposits show 

broad similarities to some Archean lode-gold deposits in the 

Canadian Shield and elsewhere in terms of structural setting, 

fluid characteristics, and metal associations (e.g. Kerrich, 

1989), but according to Franklin and Thorpe (1982), the 

Proterozoic gold deposits are relatively small and rarely 

associated with iron-formations. 

Auriferous quartz veins are widely distributed within 

parts of the Early Proterozoic La Range lithostructural Domain 

of northern Saskatchewan (Coombe, 1984; Thomas, 1984; Coombe 

et al., 1986). The domain lies in the Central Reindeer Zone 

(Stauffer, 1984) of the Trans-Hudson Orogen within 

Saskatchewan, which also includes the Rottenstone, Glennie, 

Kisseynew, and the Flin Flon lithostructural Domains (Fig. 1). 

A common feature of the auriferous veins is that they occupy 

an array of subparallel shear zones that cut across granitoid 

plutons as well as supracrustal units (Harper et al., 1986). 

Most of the the shear zones are related to regional tectonic 
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Figure 1: Location of the Reindeer Zone of the Trans-Hudson 
Orogen in northern Saskatchewan (Stauffer, 1984), which 
includes Rottenstone, La Ronge, Glennie, Kisseynew, and Flin 
Fl.on (FF) lithostructural domains. Athabasca= Athabasca 
sedimentary basin. 
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zones characterizing the western Canadian Shield (Lewry, 

1983 >~. 

The objective of this thesis is to elucidate the physical 

and chemical characteristics of the ore fluid(s) associated 

with the Early Proterozoic Star Lake lode-gold deposit by 

examining the fluid inclusions trapped in the auriferous 

quartz veins within the Star Lake pluton. This study also 

includes examination of oxygen, hydrogen, sulfur, carbon, and 

Rb-Sr isotope systematics of minerals within the gold-bearing 

quartz veins. The isotopic signatures of fluids from different 

reservoirs are generally distinct so that the isotopic 

compositions of the quartz and the coexisting minerals can be 

used to infer the origin of the mineralizing fluid and, in 

conjunction with fluid inclusion and Rb-Sr radiogenic isotope 

data, the history of fluid-wall rock interaction during gold 

deposition. 



Chapter 1. Geoloqical considerations 

1.1 General Geology 

The star Lake area lies within the eastern portion of the 

La Ronge lithostructural Domain of the Churchill Province of 

northern Saskatchewan (Fig. 2) (Lewry, 1983; ~ewry and 

Sibbald, 1977; Lewry et al., 1978). Mapping of the Star Lake 

area started in the 1930's (e.g. Mclarty, 1936; Miller, 1949; 

Morris, 1960; Gracie, 1965; Thomas, 1984; Janser, in 

progress). The Star Lake pluton is one of several intrusions 

which intrude the Central Metavolcanic Belt {CMB) of the La 

Ronge Domain (Fig. 2). This domain is composed dominantly of 

mafic to felsic metavolcanic rocks intruded by gabbroic to 

granitic bodies that have chemical compositions that resemble 

subduction-generated melts developed on oceanic crust 

(Stauffer, 1984; Coombe et al., 1986; Watters and Pearce, 

1987). 

To the southeast, the Central Metavolcanic Belt is 

flanked by metasedimentary sequences of the MacLean Lake Belt 

that structurally underlies the metavolcanic units (Coombe et 

al., 1986). The transition between the CMB and the MacLean 

Lake Belt is marked by a narrow prominent zone of cataclasis 

known as the McLennan Tectonic Zone (Fig. 2) {Thomas, 1984). 

The zone composes predominantly meta-arkoses. To the 

northwest, the CMB is bounded by the Crew Lake metasedimentary 

7 



Figure 2: Geological elements of the La Ronge lithostructural 
Domain. Rottenstone= Rottenstone Domain. Birch= Birch River 
Straight Belt. Hickson= Hickson Lake Pluton. Crew= Crew Lake 
Belt. Central= Central Metavolcanic Belt. Nemeiben= Nemeiben 
Zone. Nut Bay= Nut Bay Zone. Meraste= Meraste Zone. Mclennan= 
Mclennan Lake Group. Maclean= Maclean Lake Belt. Stanley= 
Stanley Shear Zone. Glennie= Glennie Domain. Kisseynew= 
Kisseynew Domain. Numabin= Numabin Complex. The Central 
Metavolcanic Belt that includes the Star Lake and other 
plutons, hosts most of the known gold occurrences in the La 
Ronge Domain (After Coombe et al., 1986). 
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Belt (Lewry, 1984), which structurally and stratigraphically 

overlies the metavolcanic rocks of the CMB (Fig. 2). The 

northeastern boundary of the CMB is marked by highly strained 

gneisses along the boundary with the Numabin complex. The 

southwestern boundary of the CMB is marked by the Numeiben 

zone, which composes of variably deformed granite, 

granodiorite, gabbro, metagraywacke, and amphibolite gneisses 

and schists (Fig. 2) (Coombe et al., 1986). The Central 

Metavolcani~ Belt has been subjected to an upper greenschist 

to lower amphibolite grade metamorphism {Lewry et al., 1978; 

Thomas, 1984; Coombe et al., 1986). 

The Star Lake pluton is roughly elliptical in plan, and 

approximately 18 km2 in area. Thomas (1984) demonstrated that 

the pluton is compositionally zoned, from a dioritic margin 

through a monzodiorite to granite-monzonite core (Fig. 3). The 

pluton is transected by dike swarms that generally trend 

northeast, and vary in composition from mafic to felsic. Some 

of the sheared mafic dikes, which appear to be restricted to 

the pluton, host most of the gold-bearing quartz veins in the 

Star Lake area (Thomas, 1984; Poulsen et al., 1986). 

Bell and Macdonald (1982) reported whole-rock Rb-Sr 

isochron ages of 1730±30 to 1740±45 Ma for granitic rocks from 

the La Ronge Domain, and referred to these ages as 'younger 

granite' or the 'main' Hudsonian event. Watters and Armstrong 

(1985), on the other hand, reported whole-rock Rb-Sr ages 

ranging from 1814±26 to 1854±100 Ma for metavolcanic rocks 
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Figure 3: Generalized geological map of the Star Lake pluton 
showing the location of shear zones hosting auriferous quartz 
veins: 1)-21 zone; 2)-Kahn 18; 3)-J-II; 4)-Square Pit; 5)-Duck 
Nest; 6)-Rush Lake; 7)-0126; 8)-Hill Top; 9)-QV-1; 10)-Jolu. 
Area bounded by thin lines represents the Star Lake property. 
David Lake Shear from Poulsen et al. (1987). Inset shows part 
of the Central Metavolcanic Belt of the La Ronqe Domain that 
contains the Star Lake and other plutons (modified after 
Poulsen et al., 1986). 



0 , N 

104 17 30 

0 

0 

56 

Quartz-Monzonite/Granite 

Monzodiorite 

~Diorite 

.---.-Shear zone 
Foliation 

0 1000m 
t====:=::e=====~ 

10 

0 , 

5600 



11 

from the Central Metavolcanic Belt of the La Ronge Domain; the 

younger ages were interpreted to represent the age of 

metamorphism. Watters (1986) reports an Rb-Sr isochron age of 

1823±44 Ma for whole-rock samples from the Star Lake pluton 

and an initial 87 Srj86Sr ratio of 0. 702 0±0. 0002. Bickford et 

gl. (1986), and Lewry et al. (1987) report U-Pb zircon ages 

of 1834±13 for the youngest plutons to 1880±7 Ma for 

metarhyolites from the Waddy Lake area (a few kilometers to 

the northeast of Star Lake pluton), and 1855±22 Ma for Fork 

Lake pluton (at the southwestern tip of the Star Lake pluton). 

The Star Lake pluton yields an U-Pb zircon age of 1848±14 Ma, 

slightly younger than the volcanic rocks. 

Rocks which occur in the Star Lake area include 

metavolcanic, metasedimentary, mafic intrusive, intermediate 

to felsic intrusive, and tectonite. A summary of the geology 

of these rock units will be presented below (for details refer 

to Thomas, 1984, Coombe et al., 1986, and Harper et al., 

1986). 

The metavolcanic rocks are dominantly pyroclastics 

interlayered with lesser mafic to intermediate flows. Mafic 

units are basaltic in composition, whereas intermediate 

varieties include greenish to greyish andesites and dacites. 

Felsic units constitute less than 10 % of the supracrustal 

sequence and include lapilli tuffs, and fragmental rhyolite 

or autobreccia flows (Thomas, 1984). 

Metasedimentary rocks in the La Ronge Domain were 
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considered by Thomas (1984) to be related to waterlain 

depo~its originating from unlithified pyroclastic units. They 

are fine-grained and commonly interlayered with calc

silicates, graphitic pelites, and argillites. 

A mafic sill known as the Fork Lake intrusion, occurs at 

the southwestern tip of the star Lake pluton. Compositionally 

it is gabbroic with minor pyroxenite and hornblendite 

portions. These mafic intrusive units may have been 

contemporaneous with the earliest phases of the intermediate 

to felsic intrusions (Harper et al., 1986). 

Intermediate to felsic intrusive rocks, of which the Star 

Lake zoned pluton is a member, are composed of an early phase 

of leucodiorite to monzodiorite with minor monzogabbro to 

gabbro, and a late phase of porphyritic to nonporphyritic 

granite and monzonite. Rocks of the early phase occur in the 

outer zone of the pluton with a transition to more felsic 

varieties towards the core (Fig. 3). 

The star Lake pluton and the surrounding metavolcanic 

rocks were transected by felsic to mafic dikes and sills. The 

dikes average 0.5 to 1.0 m in thickness, and some extend for 

several hundred meters. They show crosscutting relationships 

as well as evidence of multiple episodes of emplacement and 

shearing. Pinching and swelling of the dikes as a result of 

shearing are common, and are commonly accompanied by 

development of quartz veins along irregularities between the 

dikes and the wall rocks due to strain incompatibility (e.g. 
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Poulsen and Robert, 1989). The dikes represent varieties of 

diab~se, lamprophyre, felsite, and granite {Thomas, 1984). 

1.2 Shear Zones 

Shear zones in the Star Lake area are commonly 

characterized by both penetrative foliation and quartz veins, 

and are presumed to be products of ductile and brittle 

processes (Poulsen, 1986; Poulsen et al., 1986). All gold 

occurrences are associated with northeast trending shear zones 

(Fig. 3), which vary from a few meters to several tens of 

meters in width. This shear system is associated with, and 

parallels the regional McLennan Tectonic Zone which 

constitutes a narrow zone of protomylonitic to mylonitic meta

arkosic rocks lying between the Central Metavolcanic Belt arid 

the MacLean Lake Belt to the southeast (Fig. 2) (Lewry, 1983; 

Thomas, 1984; Harper et al., 1986). 

Based on petrographic examination, Janser (in progress) 

identified two different types of sheared mafic dikes having 

same north-northeast strike. Type-1 dikes are fine-grained, 

finely foliated, and dark grey in color. In general, their 

rocks are either biotite-rich with rare hornblende, or 

hornblende-rich with rare biotite. The groundmass is typically 

made up of fine-grained and polygonized plagioclase and 

quartz. Accessory minerals include epidote, sphene, carbonate, 

apatite, zircon, and minor opaque minerals. 

Type-2 dikes are coarser-grained, more coarsely foliated, 
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and darker in color than type-1. Type-2 dikes, contain 

alte;-nating biotite and hornblende-rich bands (1-10 mm thick), 

and subhedral epidote is prominent within the zones rich in 

biotite, but is rare within the hornblende bands. Locally, 

relatively large, irregular-shaped, and elongated grains of 

relict pyroxene are pseudomorphed by hornblende. The 

groundmass is made up of fine-grained polygonized aggregates 

of plagioclase and quartz. Accessory minerals include apatite, 

sphene, carbonate, and opaques. Auriferous quartz veins tend 

to occur within type-2 dikes (Janser, in progress). 

The shear zones (up to 30 m wide) consist of several 

anastomosing branches, and display protomylonitic to mylonitic 

foliations in the rocks (Poulsen, 1986; Poulsen et gl., 1986). 

The foliations strike more northerly either parallel- or 
obliquely-oriented to the margins of the shear (Poulsen, 

1986). Dipping of the foliations is to the northwest and is 

shallower than that of the shear zones. Fragments of the 

pluton and mafic dike material commonly are included as rafts 

and ribbons within later quartz veins. Based on foliation 

intensity and degree of grain-size reduction, the quartz 

monzonite adjacent to the 21 zone vein shows transition from 

least deformed to most deformed varieties (Poulsen et al., 

1986). Poulsen et al. (1987) located a 5 km long N-S shear 

zone west of the Star Lake pluton and named it the David Lake 

Shear. The southwestern extension of all of the Star Lake 

shear zones terminate at the David Lake shear (Fig. 3). 
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Mineralogical data of the Star Lake area indicate 

attainment of upper greenschist to lower amphibolite facies 

conditions (e.g. Thomas, 1984). The metamorphic history of the 

mafic dikes shows more than one episode or continuum of 

metamorphism and retrograde alteration; an early alteration 

of diopside into hornblende suggests that the dikes were 

metamorphosed to amphibolite facies prior to retrograde 

alteration. Further, the dikes were subjected to later 

retrograde events where some biotite and hornblende were 

altered to chlorite and biotite+epidote, respectively (e.g. 

Janser, in progress). 

1.3 Gold Mineralization 

Auriferous quartz veins are developed in brittle fracture 

systems or dilational sites within the shear zones, and this 

indicates that mineralization in the Star Lake pluton is 

structurally controlled (Thomas, 1984; Poulsen, 1986; Coombe 

et al., 1986; Harper et al., 1986). The intimate association 

between gold mineralization and shear zones and the 

deformation of the veins themselves signify that gold 

introduction was broadly coeval with regional deformation and 

metamorphism (Harper et al. , 198 6) • The major auriferous 

quartz vein systems in the Star Lake property area include the 

21 zone, which was the source of gold ore for the Star Lake 

mine, the Rush Lake vein and the Kahn 18 zone (Fig. 3). 

Within the 21 zone, mineralization is confined to a 
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dilational site of a steeply northwest-dipping shear trending 

northeast. The gold-pyritic quartz body varies in thickness 

from 1 to 13 meters, has a strike length of 80 m, and a 

vertical depth of 180 m (Murphy, 1986). Mafic dikes and 

quartz-monzonite, which host the 21 zone quartz body, range 

in texture from moderately foliated, cataclastic, and 

protomylonitic to mylonitic. The mineralized zone itself 

comprises relatively massive, undeformed quartz with 

associated pyrite (Appendix 2). Ore reserves were calculated 

to be 230,000 tons grading 17.14 gjt Au at a cut-off grade of 

3.43 gjt to 180 meters depth (Murphy, 1986). At present, the 

ore has been completely mined out. 

An alteration halo around the 21 zone is restricted in 

extent, and the only mineralogical change closely associated 

with gold mineralization is in a narrow selvage of pale green 

sericitized feldspar within the mylonitized rocks enveloping 

the auriferous quartz vein (Murphy, 1986; Poulsen, 1986). 

Subordinate amounts of (late?) sericite, hematite, chlorite, 

and epidote are found along fractures in the quartz body and 

the associated mafic dike fragments. 

In the Rush shear zone, gold mineralization occurs in 

massive white to grey-colored quartz veins deposited along a 

southeast dipping, northeast trending shear zone that extends 

up to 3 km along strike and is less than 3 m wide. Diorite is 

the predominant plutonic rock in the Rush Lake area (Fig. 3). 

Pyrite, chalcopyrite, pyrrhotite, visible gold, tourmaline, 
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and chlorite are associated with the quartz vein (Appendix 2). 

Ore reserve are estimated at 5763 tons at a grade of 13.03 gjt 

Au (Thomas, 1984). 

The auriferous quartz of the Kahn 18 vein infills a 

northeast trending shear zone transacting monzonite of the 

star Lake pluton and, like other auriferous quartz veins in 

the Star Lake pluton, is spatially associated with sheared 

mafic dikes. The vein is characterized by ribbon quartz with 

sulfides that are fractured, rotated or attenuated signifying 

both ductile and brittle behavior (appendix 2). The wall rock

vein contacts are locally epidotized and hematitized. The Kahn 

18 vein has a strike length of 250 m and has yielded 42 gjt 

Au over 0.5 m of drill-core (Thomas, 1984). 

Other minor quartz vein occurrences encountered along 

shear zones within the Star Lake property include Duck Nest, 

Hill Top, Square Pit, J-II, J-I, and 0126 within the pluton, 

as well as QV-1 which lies within the metavolcanic sequence 

(Fig. 3). Square Pit and QV-1 quartz veins are barren. The 

auriferous Jolu vein lies at the northeastern margin of the 

pluton outside the property boundaries (Fig. 3). 

1.4 Petrography of the Quartz Veins 

Vein-quartz in the Star Lake area is essentially 

translucent, with transparent and milky masses. Some portions 

are brownish or yellowish, probably due to iron oxide 

staining. Macroscopically, all veins exhibit textures 
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indicative of extensive fracturing due to multiple phases of 

brit~le deformation. In thin section, the quartz occurs as 

polygonized grains with serrated boundaries with low to 

moderate undulose extinction. some samples display higher 

degrees of strain such as ribboning of the quartz grains, 

occurrence of cataclastic subgrains, and increase in the 

intensity of the wavy extinction. Detailed petrographic 

descriptions of the quartz veins are in Appendix 2. 

The quartz samples examined in this study contain 2 to 

3 sets of intersecting trans-granular microfractures (Figs. 

4B& D). Healed microfractures as well as grain boundaries host 

numerous fluid inclusions. cathodoluminescence examination of 

these quartz samples revealed no pronounced contrasts in 

luminescence intensity, suggesting that the extent of dynam~c 

recrystallization of the grains was generally uniform (e.g. 

Sprunt et al., 1978). 

Vein-quartz sporadically hosts variable amounts of 

minerals such as biotite, hornblende, epidote, potassium 

feldspar, albite, muscovite, tourmaline, calcite, chlorite, 

magnetite, and sulfide minerals (see appendix 2). These 

minerals occur mainly along fractures, and do not contain any 

visible fluid inclusions. Of them, only potassium feldspar, 

tourmaline, magnetite, and some biotite appear 

petrographically to be coeval with the vein-quartz. 

Pyrite is the main sulfide mineral in the quartz veins, 

the sheared mafic dikes, and the sheared pluton wall rocks. 



19 

Figure 4: Photomicrograph showing (A) randomly-distributed 
aqueous, primary fluid inclusions displaying consistent 
liquid:vapor ratios (Hill Top), (B) three sets of intersecting 
microfractures hosting H20-NaCl and H2o-co2-NaCl secondary 
inclusions (F1-first generation, F2-second generation, F3-
third generation microfractures) (21 Zone), (C) coexisting 
aqueous and 2 to 3-phase co2-bearing inclusions along a trail 
delineating a healed microfracture (LS 0126), and (D) third 
generation microfracture dominated by dark and decripitated 
aqueous+ C02-bearing inclusions (21 Zone). All photographs 
were taken in transmitted plane-polarized light. Scale bars 
represent 30 ~m. 
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Pyrite generally exists as em-scale aggregates or as large 

euhe~ral grains as well as fracture fillings. Other sulfide 

minerals encountered include variable amounts of chalcopyrite, 

pyrrhotite, and minor amounts of arsenopyrite, molybdenite, 

chalcocite, and bornite. In addition, the veins occasionally 

contain trace quantities of scheelite and tellurides. Gold in 

the 21 zone is present as small discrete grains (20-75 ~m in 

diameter) along fractures in quartz and in pyrite aggregates. 

The texture and habit of the gold suggest that its present 

form post-dates the original deposition of the sulfides, and 

the gold may have been introduced during late brittle 

deformation, quartz deposition, and dynamic recrystallization 

of the aggregates (Murphy, 1986). The grade of gold generally 

increases with an increase in pyrite content (Poulsen ~ al.

1986). 



Chapter 2. Fluid Inclusion Data 

2.1 Instrumentation and Techniques 

Microthermometric measurements on fluid inclusions were 

performed on 100-300 ~m thick doubly polished quartz wafers 

with a CHROMEL-CONSTANTAN thermocouple attached to a DORIC 

Digital Trendicator (model 410A), using a FLUID INC.-adapted 

U.S.G.S. gas-flow heating/freezing stage (see Roedder, 1984, 

p. 197). The stage assemblage was mounted on a NIKON 

microscope with 15X oculars, and 4X, lOX, 32X LEITZ 

objectives, a substage conical condenser, and an infrared heat 

filter. The heating/freezing system operates by circulating 

pre-heated air or N2 (up to 700°C) or pre-cooled N2 gas (down 

to -196°C) around the sample inside the stage chamber. 

Calibration of the stage was performed regularly using 

standard synthetic fluid inclusions of known compositions 

mounted in quartz plates (supplied by FLUID INC.). Errors in 

temperature measurements throughout the plate are SO.l°C over 

the range -56. 6 to 0. 0 o c and less than 1. 0 o c for higher 

temperatures. Reproducibilities of temperature readings are 

about ±O.l°C for freezing, and between ±0.1 and ±s.ooc for 

heating measurements (up to 550°C). During collection of the 

microthermometric data, the reproducibilities also depend on 

the clarity of the fluid-phase change. 

Sliced vein-quartz wafers used for heating/freezing 
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measurements are about 2x3 mm2 in area, and were fixed on the 

upper glass window of the stage by the tip of the 

thermocouple. The samples were tested first under low 

magnification to locate fluid inclusions suitable for 

microthermometric measurements, and the microthermemtric 

observations were completed with the 32X objective. 

2. 2 Theoretical Background on Fluid Inclusion Microthermometry 

2.2.1 Introduction 

Fluid inclusions are fluid-filled cavities in minerals 

that form during or after deposition. They are usually filled 

by one or more phases of H2o, NaCl, and co2± ( CH4 , co, N2 , H2S) • 

At room temperature, these phases are considered to be 

essentially pure end members relative to each other (Roedder, 

1984). 

A fluid inclusion is usually classified as primary when 

it was trapped during crystallization of the mineral, 

pseudosecondary when entrapped during fracturing of a growing 

crystal, or secondary if it was trapped during post

crystallization fracturing of the host mineral. Primary fluid 

inclusions appear under the microscope either as single or as 

small three-dimensional groups free of signs of necking and 

leakage, and are equant or spherical in shape and located away 

from microfractures (Fig. 4A). Secondary inclusions appear as 

planar groups outlining healed microfractures (Figs. 4B-D), 

usually of variable shapes and may show signs of necking or 

rupturing (decrepitation). Pseudosecondary inclusions have the 
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same occurrence as the secondary inclusions along fractures; 

the :main difference in appearance is that pseudosecondary 

inclusions occur along fractures that terminate at a growth 

zone of a growing crystal. For detailed classification 

criteria of fluid inclusions refer to Roedder (1984). 

Information intrinsically available from fluid inclusion 

microthermometric studies in ore deposits include: fluid 

composition, fluid density, and estimates of trapping 

temperature and pressure of the fluid. These data are useful 

in constraining the environment of deposition of ore minerals. 

2.2.2 Freezing measurements 

The first microthermometric quantitative measurement 

usually made is the freezing point depression of H20-NaCl or 

H2o-co2-NaCl fluid inclusions, which is used for determination 

of the fluid salinity. On warming a frozen H20-NaCl± (KCl, 

CaC12, MgC12 ••• ) inclusion, a metastable salt hydrate (e.g. 

NaC1.2H20) in a water-NaCl system will start to melt at -2soc 

(Fig. 5) in the ice-hydrohalite field. Upon further warming, 

the final melting temperature of the hydrohalite occurs at -

20.8°C if the fluid inclusion is undersaturated in salt i.e. 

<2 6 wt % NaCl. This point represents the eutectic melting 

point of H20-NaCl system where ice+NaCl. 2H20, NaCl. 2H20+ 1 iquid, 

ice+liquid, and liquid water coexist. With rising temperature, 

ice in the ice+liquid field in Fig. 5 will start to melt 

following a path corresponding to the amount of salt in the 
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Fig. 5. Depression of melting temperature of ice (lower curve: 
Roedder, 1972) and co2-clathrate (upper curve: Bozzo et al., 
1975) as a function of a fluid inclusion's salinity. Also 
shown are other phases present in a cooled fluid inclusion. 
These curves are useful for estimation of salinity in 
undersaturated fluid inclusions i.e. <26 wt % NaCl equivalent 
(after Collins, 1979). 
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fluid until it reaches the liquid-vapor curve (Roedder, 1972). 

This point on the curve represents the final melting 

temperature of ice (<0°C), and is a function of salinity (wt 

% NaCl) of the inclusion fluid. Note that the final melting 

temperature of ice for pure water is 0.15°C. In the case of 

a salt-saturated fluid inclusion, the salt crystal will not 

change upon freezing and warming up to room temperature but 

it will start to dissolve on further heating of the inclusion. 

The final temperature of salt crystal dissolution constrains 

the salinity of the fluid (~26 wt% NaCl equivalent). 

Estimation of salinity in H2o-co2-NaCl fluid inclusion is 

more difficult because complex metastable phases occur on 

freezing. In addition to ice and hydrohalite, a co2-hydrate 

(C02 .5.75H20), known as clathrate, will form during cooling(<-:... 

30°C) of a C02-bearing inclusion. Part or all of the water 

present in the fluid inclusion may be consumed in formation 

of the gas-hydrate, which will directly affect the aqueous 

fluid salinity estimation (Collins, 1979). The net effect of 

clathration is that the salt concentration of the remaining 

aqueous phase will increase. Bozzo et gl. (1975) derived a 

relation for estimation of salinity in co2-bearing inclusions 

(the upper curve in Fig. 5) using the final melting 

temperature of the clathrate. The melting of metastable 

hydrates and clathrate follow paths similar to those of 

hydrohalite and ice in H20-NaCl fluid inclusions on heating. 

On warming, the clathrate will melt gradually until it reaches 
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the H20+NaCl (liquid)-C02 (liquid)-C02(vapor) curve (the upper 

curv~ in Fig. 5), where the final temperature of melting (Tm 

clathrate, usually >0 <10°C) corresponds to the salinity of 

the fluid inclusion. 

On warming a supercooled C02± (CH4 , N2, H2S ••• ) -bearing 

fluid inclusion from <-1oooc, co2 hydrates (solid) will start 

to melt until at a certain temperature, a round-shaped co2±CH4 

phase will suddenly appear in the inclusion. This temperature 

(Tm C02 ) corresponds to the triple point of C02(solid), 

co2(liquid), and C02(vapor) coexistance (point bin Fig. 6). 

For a pure co2-phase in an inclusion, Tm C02 will occur at -

56.6°C (Burruss, 1981). The presence of other gases such as 

CH4 will act to depress Tm C02 to lower values proportional to 

the mole fraction of the gas species present in the co2-phase-. 

As such, Tm co2 is useful in testing the purity of the co2-

phase in a fluid inclusion, and in attempting to quantify the 

concentration of the additional gas-component(s) partitioned 

in the co2-phase. 

On heating of the frozen C02 (±CH4 ) -bearing fluid inclusion 

beyond Tm C02 , the co2(±CH4)-phases will follow their critical 

curve (Fig. 6) until they reach the C02 (liquid) -C02 (vapor)

H20-NaCl curve where the clathrate completely melts (see Fig. 

5). On further heating, the co2±CH4 (liquid+vapor) will follow 

the L-V critical curve (marked with XcH4 in Fig. 6) until the 

co2-vapor homogenizes with the co2-liquid either to a liquid, 

a critical phase, or to a vapor at a point that defines the 
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Fig. 6. Part of an experimentally observed pressure and 
temperature phase equilibria for the system co2±CH4 • Shown are 
triple point (point b) and critical points for pure C02 (point 
c. p.) and co2+15 mole % CH4 • Homogenization of co2-vapor bubble 
(Th co ) occurs along the appropriate co2±CH4 critical curve 
(labelled with XcH4 ) at a point corresponding to the isochore 
of the co2±CH4 -phase (point b' ) , which defines the phase 
density. L= liquid, V= vapor, S= solid, c.p.= critical point, 
X= mole fraction. (After Burruss, 1981). 
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intersection of the co2-isochore with the L-V curve. Note that 

in tJ:le case of a high-density co2-phase, the C02- bubble may 

homogenize (into liquid) at a temperature less than that of 

clathrate melting (Tm clathrate). This point (b' in Fig. 6) 

is referred to as Th co2 (L-V), which defines the density of 

the C02-phase. Determination of the C02-phase density of a 

fluid inclusion has a direct bearing on estimation of pressure 

of trapping of that fluid inclusion, and hence the probable 

depth of mineralization (e.g. Roedder, 1984; Brown and Lamb, 

1986; 1989). 

2.2.3 Heating measurements 

Roedder and Bodnar (1980) state five assumptions upon 

which fluid inclusion geothermometry is based: 

1-the fluid trapped when the inclusion was sealed was a 

single, homogeneous phase, 

2-the cavity in which the fluid was trapped did not change in 

volume after sealing e.g. stretching, 

3-nothing has been added or lost from the inclusion after 

sealing, 

4-the effects of pressure are insignificant or are known, and 

5-the origin of the inclusion is known e.g. primary or 

secondary. 

Fluids present around a growing crystal or a healing 

fracture in a crystal are not always homogeneous, in that in 

some environments, two immiscible fluids such as H20 and 
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co2±CH4 , or liquid water and steam are present. In such 

instances, heterogeneous trapping of variable phase ratios of 

the immiscible fluids will occur (Roedder, 1984). Except for 

pressure, all other assumptions mentioned above can be 

assessed from petrographic and microthermometric observations. 

Heating of a fluid inclusion causes the pressure inside 

the inclusion to increase along a specific liquid-vapor curve 

across the divariant liquid-vapor field (Crawford, 1981) (Fig. 

7B). At a point corresponding to the density of the fluid 

along its isochore (line of equal molar volume or density), 

the heated fluid (from room temperature) will homogenize by 

either disappearance of the vapor bubble(into liquid), 

disappearance of the vapor miniscus (critical), or by 

expansion of the vapor bubble (into vapor-phase). Temperature 

of homogenization (Th) of a fluid inclusion represents the 

true temperature of trapping (Tt) of the fluid only if the 

ambient pressure at the time of entrapment did not exceed the 

vapor pressure of the fluid (Potter, 1977; Crawford, 1981; 

Roedder, 1984). Such a condition is only satisfied if fluid 

inclusions were trapped as immiscible fluids resulting from 

boiling or effervescence of an homogeneous parent fluid. In 

this case, inclusions may homogenize into a liquid-phase and 

into a vapor-phase at the same temperature (e.g. points a and 

b in Fig. 7A). However, in situations where heterogeneous 

trapping of an immiscible fluid has taken place, such a pair 

of fluid inclusions may not homogenize at the same temperature 
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Fig. 7. A- unmixing curve for H20 system (Keenan et al., 1969) 
labelled with isobars. During heating, fluid inclusions (a) 
and (b) will homogenize at a point along their respective 
isochores that originates from the L-V-fluid critical curve 
(see text). Homogenization temperature equals the trapping 
temperature only if both (a) and (b) were trapped on the 
(liquid+vapor)-fluid phase boundary (after Crawford, 1981). 
B- P-T relations for the same fluid inclusions (a) and (b) 
mentioned above. A fluid inclusion (a) can be trapped anywhere 
along its isochore, hence unless there is an evidence that (a) 
was trapped from an immiscible fluid (e.g. point a in Fig.7A
and B), a pressure correction should be applied in order to
obtain the true trapping temperature. In such a case, on
heating inclusion (a) it homogenizes at a point of 
intersection of its isochore with the L-V critical curve at 
Th and Ph although it was originally trapped at a point above 
(a) along its isochore. Knowledge of trapping pressure Pt from 
another source (e.g. metamorphic mineral assemblage) will 
constrain its trapping point along the isochore (e.g. points 
a• or a"). L= liquid, V= vapor, c.p.= critical point. 
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and, as a consequence, their Th will not represent Tt. In some 

cases during heating, a fluid inclusion decrepitates 

(ruptures) because the internal pressure of the fluid inside 

the inclusion exceeds the external confining pressure of the 

enclosing host mineral. Such decrepitation of fluid inclusions 

occurs naturally whenever the pressure differential between 

the fluid in an inclusion and the confining pressure of the 

host mineral exceeds a certain limit depending on the size of 

the fluid inclusion and the strength of the host mineral e.g. 

a 12 ~m inclusion in quartz can withstand -1200 bars internal 

pressure (Roedder, 1981). 

If the ambient pressure at the time of entrapment of 

fluid inclusions is higher than the equilibrium vapor pressure 

of the fluid (e.g. points a' or a" in Fig. 7A& B), then an 

appropriate 'pressure correction' , based on knowledge of 

pressure of trapping and salinity of the solution in the fluid 

inclusion, is required to obtain the true trapping temperature 

of the inclusion (Potter, 1977; Roedder, 1984). 

The study of fluid inclusions has established that fluid 

immiscibility is important in the formation of many ore 

deposits. According to Hollister (1981), fluid immiscibility 

involving C02 and H2o may be a factor in the generation of 

quartz veins in low and intermediate grades of metamorphism. 

In deeper environments of deposition of mineralized veins, 

immiscibility is mainly facilitated through effervescence of 

dissolved co2±(CH4 , H2S •.. ) from water as a result of episodic 
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pressure fluctuations due to opening and sealing of fractures 

in shear zones. 

Homogenization of an unmixed H2o-co2-NaCl fluid inclusion 

occurs in a manner similar to that of an H20-NaCl inclusion. 

Unless an inclusion underwent post-entrapment alteration, the 

total homogenization of the co2-phase into the surrounding 

aqueous phase in a co2-bearing fluid inclusion will correspond 

to the temperature of trapping only if Th and mole % C02 (Xc02 ) 

of that fluid inclusion lies at a point on the H2o-co2-NaCl 

solvus in the T-X space (e.g. Fig. 11). Mole% C02 can be 

quantified using optical estimation of the volume % co2 in an 

inclusion at temperature above its Th C02 (e.g. Roedder, 

1972) . 

Pressure of trapping (Pt) (hydrostatic or lithostatic) 

can be estimated if (Tt) , the appropriate isochore (density or 

molar volume), and composition of that fluid are known 

(Roedder and Bodnar, 1980). For H20-NaCl fluid inclusions the 

tables of Potter and Brown (1977) are useful at temperatures 

up to soooc, salinities up to 25 wt % NaCl, and pressures up 

to 2 kb. H20-C02-NaCl fluid inclusions in ore deposits or 

metamorphic rocks, however, are presumed to yield better 

pressure estimates, because the density of a co2-phase varies 

as a function of ambient pressure and composition of the fluid 

at the time of entrapment (Roedder, 1984; Brown and Lamb, 

1986). Brown and Lamb (1986; 1989) have provided useful P-T 

diagrams, directly applicable to microthermometric 
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measurements obtained from co2-bearing fluid inclusions. 

2.3 Petrography and Classification of the Fluid Inclusions 

Fluid inclusions can be trapped in a variety of ways, 

including during crystal growth (primary) , at the time of 

fracture healing in a growing crystal (pseudosecondary), or 

after crystal growth and during fracture healing (secondary) 

(Roedder, 1972; 1984). Owing to the lack of growth zonations 

in the Star Lake vein quartz, inclusions are difficult to 

classify especially after multi-phase intracrystalline 

deformation and fracturing. Thus, fluid inclusions identified 

as primary may represent early generations of pseudosecondary 

or secondary inclusions rather than the original primaries 

trapped during original quartz deposition. The few fluid 

inclusions identified as primary in the Star Lake quartz 

samples using the classification criteria suggested by Roedder 

(1972; 1984) (see section 2.2) generally are less than 12 ~m 

in diameter, and occur as isolated inclusions or as clusters 

located randomly within the grains or between healed fractures 

(Fig. 4A). 

Secondary fluid inclusions range up to 24 ~m in diameter 

and comprise the overwhelming majority of the total population 

of inclusions. They occur as trails delineating healed 

microfractures (Figs. 4B-D). The occurrence of these 

inclusions along healed microfractures that cut across grain 

boundaries suggest that fluid movement through the shear zones 
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was by hydrofracturing rather than percolation along grain 

boundaries (e.g. Kerrich, 1976; Etheridge et al., 1983; 

Crawford and Hollister, 1986). Leakage and decrepitation are 

common features among the inclusions, indicating that 

deformation continued even after the late secondary inclusions 

were entrapped. 

The Star Lake quartz samples contain either two or three 

sets of intersecting healed microfractures hosting secondary 

inclusions. These sets are termed first, second, and third 

generation microfractures according to their present 

crosscutting relationships as seen under the microscope (Figs. 

4B& D). Petrographically, the third generation microfractures 

are the youngest and appear darker and wider than the other 

planes (Fig. 4D). 

Based on the composition of phases present at room 

temperature, four types of fluid inclusions are present in the 

Star Lake vein-quartz samples. Following the inclusion 

classification scheme of Nash (1976), Type I is represented 

by one- and two-phase aqueous-rich inclusions, type II by two

phase vapor-rich aqueous inclusions, type III by two-phase 

aqueous with daughter salt crystal, and type IV by three-phase 

H20 liquid + co2 liquid + co2 vapor. All types are not 

necessarily present in every vein-sample, but types I and II 

are often associated together as are types I and IV. Type III 

inclusions occur only as secondary inclusions in a few quartz 

veins such as Duck Nest, Square ~it, and Jolu. 
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Types I and II fluid inclusions occur together in some 

samples as one and two-phase primary and secondary inclusions 

(Tables 1 and 2). In the two-phase aqueous inclusions the 

estimated vapor:liquid ratios range between 1:4 and 1:6 for 

primary (Table 1), and between 3:1 and 1:10 for secondary 

inclusions (Table 2). Variations in vapor:liquid ratios may 

result from differences in inclusion morphologies, 

effervescence, or heterogeneous trapping of fluids (Ramboz et 

al., 1982; Roedder, 1984). 

Aqueous inclusions of type I also coexist with type IV 

secondaries in the same fracture or trail in most of the Star 

Lake veins (Fig. 4C& D), and as primary inclusions in veins 

such as the 21 zone, Rush Lake, J-II, Square Pit, and 0126. 

For co2-bearing inclusions, the estimated co2-phase volume per 

cent range between <0.1 and 0.9, but are mostly between 0.1 

and 0. 6 (Tables 1 and 2). Some co2-bearing primary and 

secondary inclusions contain small amounts of CH4± (N2 , H2S) 

partitioned into the co2-phase. 

Apart from the above mentioned compositional groups, a 

few secondary inclusions from Duck Nest, Square Pit, and Jolu 

veins contain (halite?) daughter salt crystals, and some 

primary and secondary inclusions from QV-1 contain an 

unidentified speck-shaped dark daughter mineral. 

2.4 Composition of the Fluid Inclusions 

Microthermometric data were obtained from 100-300 J.Lm 
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thick doubly polished vein-quartz wafers using a Fluid Inc. 

adap~ed u.s. Geological survey type gas-flow freezing/heating 

stage (see section 2 .1). Temperatures were obtained for 

primary (Table 1) and secondary inclusions (Table 2) on (a) 

the final melting temperature of ice (Tm ice) from which fluid 

salinities can be estimated, (b) if appropriate, the final 

melting temperature of H2o-co2 clathrate (Tm clath.) also for 

fluid salinity estimation, (c) the final melting temperature 

of co2-phase (Tm C02 ) for examining the purity of the co2-

phase, (d) the homogenization temperature of the C02 vapor

phase (Th C02 ) from which the fluid density and trapping 

pressure can be estimated, and (e) the total homogenization 

temperature (Th) of the inclusion, which is usually comparable 

with the minimum fluid trapping temperature. First melting 

temperatures (Tminitial or Tmeutectic) for all H20-NaCl and H20-NaCl

C02 inclusions are not reported due to the large 

uncertainities associated with observing the phase change upon 

melting· (see section 2 • 2 for theoretical background) • 

Aqueous primary inclusions have salinities in the range 

of <1 to 17 wt % NaCl equivalent with most less than 10 wt % 

(Table 1, Fig. 8). Some inclusions from the Duck Nest and Jolu 

veins have salinities in the range of 10 to 17 wt% NaCl eq., 

while the 21 zone and Hill Top aqueous inclusions are the 

lowest among the Star Lake veins (<1-5 wt% NaCl eq.). Three

phase H2o-co2 primary inclusions from different veins generally 

have a similar range of salinities as do aqueous inclusions. 
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Table 1: Primary fluid inclusion data of the Star Lake quartz veins (see footnote for explanation of abbreviations). 

Sample 
# 

Sample 
Description 

Type of Size Vapor:Liq- Volume\ Tm (C) Th C02 Tm C02 Salinity (wt Th 
inclusion (urn) uid ratio C02 ice/clath. (C) (C) \NaCl equi v.) (C) 

21-Zone 
60-2 Mineralized quartz I 

60-4a 

60-4b 

60-5 

60-6 

260-1 

260-9 

A-zone 

with rafts of I 
mafic dike and I 
pluton material 

From the less 
mineralized areas 
of the vein 

I (IV) 
I (IV) 
I 

From the high-grade I 
areas of the vein I 

I 

From vein-pluton 
contact areas 

I 
I 
I 
I 
I 

Mineralized quartz I 
I 

Mineralized quartz I 
from tunnel fallout I 

I 

Quartz veinlet with-I 
in the mafic dike I(IV) 

I(IV) 

Transluecent qtz. 
from 270'level 

IV 
IV 
IV 
IV 
IV 
I 
I 
IV 

21-21011 Mineralized quartz IV 
from 235'deep core IV 

IV 
IV 
IV 

21-21019 Mineralized quartz IV 
from 248'deep core IV 

IV 
IV 
IV 
I 
I 

12 
10 
10 

8 
6 
3 

5 
8 
5 

7 
9 
9 
7 
5 

6 
6 

6 
4 
6 

12 
12 

9 

9 
9 
6 

18 
12 
15 
15 
10 

6 
18 
10 
16 
27 

9 
12 

6 
15 

8 
12 

6 

1 4 
1 4 
1 4 

1:3 

1:4 
1:3 
1:4 

1 5 
1 5 
1 5 
1 5 
1 5 

1:3 
1:3 

1:4 
1:4 
1:4 

1:6 

1:8 

1:7 
1:5 

trace 
trace 

<.1 
<.1 

• 4 6 
.58 
.58 
.35 
.58 

.72 

.35 

.35 

.25 

.53 

. 46 

.35 

.25 

.25 

.35 

. 46 

-1.5 
-1.5 
-1.8 

3.9 
6.6 

-1 

-1.2 
-1.1 
-1.1 

-1.4 
-1.6 
-1.6 
-1.8 
-1.8 

-1.5 
-9. Sto-2 

-1 
-1.5 
-1.4 

-1.5 
1.4 
2.2 

7.4 
7.4 
7.2 
7.5 
7.5 

-4.5 
-4.3 

6.1 

-9 
7.4 
7.3 
9 

-9.5 

8 
8.1 
8.3 
7.4 
7.2 
2.1 
2.8 

10.3 
n/a 

n/a 
n/a 

30.2 
30.4 
30.9 
31 
30.8 

29.4 

25.7 
27.2 
28.9 
27.9 
28.2 

20.8 
26 
22.4 
28.1 
27.3 

n/a 
n/a 

n/a 
n/a 

-56.1 
-56.1 
-56.1 
-56.6 
-56.6 

n/a 

-60.8 
-57.1 
-57.4 
-57.3 
-57.4 

-57.9 
-57.2 
n/a 

-56.6 
-56.6 

2.56 
2.56 
3.05 

10.72 
-5 
1. 73 

2 
1.9 
1.9 

2.4 
2. 72 
2.72 
3.05 
3.05 

2.56 
3. 5-13 

1. 73 
2.56 
2.4 

2.56 
-13 
-11 

5.1 
5.1 
5.4 
5 
4.9 
7.2 
6.9 
7.3 

2 
5.1 
5.2 
2 
1 

4 
3.8 
3.4 
5.1 
5. 4 

13.1 
12.2 

213.2 
215 
219.8 

>330 
-175 
-280 

-360 
232 

>200 

275 
-165 

215 
218.8 
208.3 

165 
470dec 

223.1 
254.7 
239.8 

-155 
117 
300v 

290v 
331v 
376.4v 
299.1v 
331.3v 

-105 
133.5 
277v 

n/a 
-320dark 
-325dark 
-330dark 

320 

n/a 
320 
348dark 
246 

-345 
192.5 
125 

Bulk dens- C02 density Mole % Est. pressure 
ity (g/cc) (g/ cc) C02 (kbars) 

.87 

.87 

.87 

.99 

.60 

.84 

.88 

.77 

.93 

.87 

.87 

.88 

• 93 

.as 

.81 

.83 

. 94 
n/a 
n/a 

.83 

.77 

.74 
n/a 
.75 

1. 01 
.98 
.74 

.90 

. 91 
• 93 
.82 
.84 

.93 

. 94 

. 95 

.90 

.86 

.97 
1. 03 

.586 

.575 

.532 

. 618 

.701 

.673 

.634 

.659 

. 650 

.766 

.696 

.750 

. 654 

. 672 

trace 
trace 

trace 
trace 

17 
24.6 
23.2 
n/a 
23.6 

40 

13.4 
13 

8 
23.4 
18.6 

14.5 
8.7 
9.3 

12.6 
19 
trace 
trace 

>2 
.>2 
>2 

>2 
>2 

>2 
>2 
>2 
>2 
>2 

>2 
>2 
>2 

>2 

4.0 
3.0 
3.0 

3.0 
>2 
>2 

4.3 
4.6 
5.2 
3.5 
3.7 

5.0 
5.5 
5.6 
4.5 
4. 0 w 

'-3 



Table 1 (cont.) 

Sample 
# 

Sample 
Description 

Type of Size Vapor:Liq- Volume% Tm (C) Th C02 Tm C02 Salinity (wt Th 
inclusion (urn) uid ratio C02 ice/clath. (C) (C) %NaCl equiv. (C) 
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Bulk dens- C02 density Mole % Est. pressure 
ity (g/cc) (g/ cc) C02 (kbars) 

----------------------------------------------------------------------------------------------------------------------------------~-------------------------
I 
I 
I 

17-726b Highly-strained qtz IV 
from 242'deep core IV 

IV 

Rush Vein 
Rush Tourmalinized quartziV 

0066 

0068 

with visible gold IV 
IV 

Tourmalinized qtz 

As above 

I(IV) 

I 
I (IV) 
I 

I 
I 
I 
I 
I 

Rush-Au mineralized quartz IV 
with visible gold IV 
8 ft deep 

Hill Top vein 
0161 Slightly mineral

ized quartz vein 
I 
I (IV) 
I 

0162 As above 

0163 As above 

126 vein 

I 

I 
I 

I 
I 
I 

Ls 0126 small mineralized I 
vein near Hill Top I 

I 
IV 
IV 
IV 

Kahn 18 vein 
K 18-1 Mineralized quartz I 

vein near 21 zone I 

9 
5 
4 

6 
10 

7 

9 
4 
9 

4 

9 
9 
9 

6 
12 

9 
12 

9 

10 
4 

6 
8 
6 
6 

8 
4 

9 
7 

12 

6 
7 

12 
9 

12 
6 

10 
6 

1 5 
1 5 
1 3 

1:1 

1 5 
1 6 
1 6 
1 6 
1 9 

1:3 

1:6 
1:7 

1:4 
1:4 

1: 4 
1:4 
1:7 

1:3 
1:3 
1:4 

1:7 
1:7 

.25 

.65 

.35 

. 8 

.85 

.72 

. 3 

.1 

.25 

. 9 

<.1 

. 6 

. 6 

.17 

2.7 
-1.7 
-1.2 

6.9 
5.6 
6 

8 
n/a 
5 

n/a 

- . 9 
9.2 

- . 5 

-2.8 
-2.5 
-2.6 
-2.8 
-1.9 

5 
-6 

-1.7 
0.7 

-1.4 
-1.4 

-0.7 
-0.2 

-4.3 
-3.2 
n/a 

-1.5 
-1.2 
-3.8 

6.2 
6.1 
3.5 

-2.1 
-1.7 

7.9 
14.4 
14.6 

5v 
13.8v 

3.8v 

7.9 

n/a 

17.6 
10.9 

n/a 

21.7 
n/a 
n/a 

-57 
-57 
-57.5 

-57.1 
-57 
-57.6 

-56.6 

n/a 

-56.9 

n/a 

-56.6 
-56.6 
-56.7 

12.4 
2.9 
2.1 

5.94 
8.1 
7.5 

3.95 
n/a 
9.1 

n/a 

1. 56 
-1.5 

.87 

4. 62 
4.17 
4.32 
4.63 
3.21 

9.1 
7.5 

2.9 
-14 

2.4 
2.4 

1. 22 
0.35 

6.87 
5.25 
5.85 

2.5 
2.06 
6.14 
7.14 

-7 
13.5 

3.53 
2.9 

132 
109 
235.5 

n/a 
n/a 
277 

>155 
-100v 

260v 

n/a 

187.4 
196 
369.8 

327 
-122 

184 
159.2 
193.5 

-520v 
-5oov 

301.3 
112.6 
197 
221.9 

276 
-225 

-204 
165.8 
208 

327 
338.8 
301 
n/a 
208.1 
339.1 

161 
191 

1. 02 
. 97 
.83 

1.0 
.91 
. 97 

.30 
>.30 

.38 

.89 

.53 

.97 

.92 

.95 

. 90 

.99 

.87 

.73 
>1.0 

.89 

.86 

.75 

.83 

. 92 

. 94 

.90 

. 64 

.78 

.88 
n/a 
n/a 

. 94 

. 90 

.877 

.827 

.825 

.ll5 

.154 

.llO 

.798 

.855 

.755 

trace 

10.7 
38.7 
15.4 

16 
<26 
10.4 

10 
76 

trace 

29.9 
<10 
-10 

>2 
>2 

6.3 
3.5 
5.2 

<1 
<1 
<l 

>2 

0.8 

>2 
>2 
>2 
>2 

5.5 
3.0 

-2 

>2 
>2 

-2 
>2 

>2 
>2 
>2 

1.0 
-2 
3.7 

>2 
>2 

w 
CP 
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Table 1 (cant.) 

Sample Sample Type of Size Vapor:Liq- Volume% Tm (C) Th C02 Tm C02 Salinity (wt Th Bulk dens- C02 density Mole % Est. pressure 
# Description inclusion (urn) uid ratio C02 ice/clath. (C) (C) %NaCl equiv.) (C) ity (g/cc) (g/ cc) C02 (kbars) 

---------------------------------------------------------------------------------------------------------------------------------~--------------------------
I 12 1:9 - n/a - - n/a 156.5 n/a 
I 9 1:7 - n/a - - n/a 196 n/a 

K 18-2 yellowish qtz I 10 1:6 - -5.4 - - 8.4 114.5 1. 01 - >2 
I 13 1:4 - -5.7 - - 8.8 156.2 .98 - >2 
I 9 1: 4 - -5.7 - - 8.8 154 .98 - >2 
IV 6 - .58 -5 23.4 -56.8 9.1 -160dark .87 .734 29.3 3.5 
IV 6 - .72 5 20.8 -56.8 9.1 -160dark .85 .766 44.6 3.3 
IV 6 - . 4 6 5 24.2 -56.8 9.1 -285dark . 91 .723 20.2 4.2 
IV 9 - .58 5 26.6 -56.8 9.1 245dark .84 .685 28 3.5 
IV 12 - .72 3.6 15 -56.4 11.2 262dec . 90 .822 46.5 3.2 
I 6 1:3 - -4.2 - - 6.7 -140 . 98 - >2 

J-II vein 
0269 From the less stra- IV 6 - .53 6 28 -56.7 7.48 >430v .84 .657 23.3 4.2 

ined parts of the I 7 1:4 - -5 - - 7.85 123.2 1.0 - >2 
mineralized qtz veiniV 9 - .45 5.9 24.4 -56.6 7.64 450v . 90 .720 20 4.5 

IV 6 - .35 5.9 27.3 -56.6 7.64 495v . 92 . 672 12.9 5.0 
IV 9 - . 6 6.5 27.8 -56.6 6.63 >350v .82 .661 27.3 3.5 
IV 12 - .45 6.5 28 -56.7 6.63 305 .86 . 657 18.7 4.3 

J-I vein 
0256 Small barren quartz I 5 1:5 - -6.3 - - 9.6 -220 . 92 - >2 

vein near 21-Zone I 6 1:5 - -4.6 - - 7.3 196.2 . 93 - >2 
I 4 1:5 - -3.5 - - 5.7 179.6 1. 02 - >2 

Duck Nest vein 
0212 Mineralized quartz I 10 1:5 - -13 - - 17 186.5 1. 01 - >2 

vein cutting I 6 1:5 - -10 - - 14 -153 1. 02 - >2 
sheared mafic dike I 6 1:4 - -1.3 - - 2 204.5 

I 6 1:4 - -1.4 - - 2.2 347.3 

Sq. Pit 
0204 Barren quartz I 6 1:4 - -2 - - 3.37 347.4 . 65 - 1.5 

vein I (IV) 8 - <.1 8 n/a n/a -3.5 173.3 . 92 - >2 
I(IV) 5 - .1 3.8 n/a n/a -10 230 . 92 - >2 

QV-1 vein 
QV-1 Barren qtz vein I 10 1:3 - -5.9 - - 8.13 189.5 . 94 - >2 

within the meta- I 12 1:3 - -6.2 - - 9.47 204.5 .93 - >2 
volcanic sequence 

Jolu vein 
Jolu Mineralized quartz I 12 1:5 - -13 - - 17 135 1. OS - >2 

vein lies at the I 6 1:5 - -11 - - 15 135 .99 - >2 
northern margin I 7 1:5 - -10.5 - - 14 190 .99 - >2 
of Star Lake pluton 

--------------------------------------------------------------------------------------------------------------------
Abbreviations: n/a= not available; dec= decrepitated; v= homogenized into vapor; I(IV)= two-phase H20(liquid)+C02(vapor). See text for others. 

w 
\D 
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Figure 8: Relation between salinity (wt % NaCl equivalent) 
and total homogenization temperature of (a) primary, and (b) 
secondary aqueous and co2-bearing fluid inclusions of the Star 
Lake quartz veins. Salinity variations are more substantial 
among secondary fluid inclusions. Duck Nest, Square Pit, and 
Jolu quartz vein inclusions are more saline and often contain 
daughter salt crystals. Data from Tables 1 and 2. 
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Two-phase _H20(liquid)+C02(vapor) inclusions in the different 

veins. always yield higher salinities than the three-phase H20-

co2 inclusions. 

Secondary inclusions havesalinities similar to those of 

the primary generation, with the majority having 1.5-7 wt % 

NaCl eq. for both aqueous and co2-bearing inclusions (Table 

2). Secondary inclusions with salinities greater than 10 wt 

% were recorded from Duck Nest, Square Pit, QV-1, and Jolu 

quartz samples. No gradients in salinity with depth in the 21 

zone samples or along any of the veins were detected. 

Homogenization temperatures of the C02 phase (Th C02) , 

temperature of final co2-phase melting (Tm C02), and the co2 

contents (mole %) of co2-bearing primary fluid inclusions vary 

considerably within each sample as well as among different 

vein samples (Table 1, Fig. 9A). Values generally range from 

5 to 31oc forTh C02, -58 to -56.1°C for Tm co2, and from trace 

to 50 mole % for co2 contents. 

C02-bearing secondary inclusions are more common than co2-

bearing primary inclusions in most of the Star Lake vein

quartz samples, and these co2-bearing secondaries usually 

coexist with aqueous inclusions along and around healed 

microfractures. Th C02, Tm co2, and mole % C02 values for all 

generations of secondary inclusions range from -22 to 31°C, -

61.5 to -56.6°C, and from trace to -90 mole %, respectively 

(Table 2; Fig. 9B). 

As mentioned, the homogenization temperature of an 



Table 2: Secondary fluid inclusion data of the Star Lake quartz veins (abbreviations as in Table 1). 

Sample 
# 

Sample 
Description 

Type of Gener- Size 
inclusion ation (urn) 

21 zone 
60-2 Massive mineralized I 

quartz with 2 sets I 

60-4a 

60-4b 

60-5 

60-6 

260-1 

260-9 

of intersecting I 
microfractures IV 

IV 
IV 
IV 
I 

From less mineral- I 
ized areas,2 sets I 
of intersecting IV 
microfractures IV 

IV 
I 
IV 

From the high IV 
-grade areas. IV 

I 
I 
IV 

mineralized, three I 
sets of intersect- I 
ing microfractures IV 

as above 

As above 

IV 
IV 
I 
I 

I 
I 
I 
I 
IV 
IV 
IV 
I 
IV 

I 
I 
I 
I 
I 
I 

Quartz veinlet cut- I 
ting pluton rocks I 

I 
I 

1 
1 
1 
2 
2 
2 
2 
2 

2 
1 
2 
2 
2 
2 
2 

1 
1 
1 
2 
2 

1 
1 
2 
2 
2 
3 
3 

1 
1 
1 
1 
2 
2 
2 
3 
3 

1 
1 
1 
2 
2 
2 

1 
1 
2 
2 

18 
9 

12 
9 
9 

24 
7 

15 

9 
6 
9 
9 
6 
4 

10 

6 
6 

15 
14 
10 

12 
10 

6 
21 
12 
10 

9 

9 
12 
15 

6 
10 

6 
9 
7 
9 

8 
7 
9 

18 
15 
12 

10 
9 
6 

12 

V:L 
Ratio 

1:4 
1:7 
1:6 

1:6 

1:5 
1:3 

1:1 

1:2 

1:4 
2:3 

1:4 
1:4 

1 4 
1 4 
1 4 
1 4 

1:4 

1 4 
1 4 
1 3 
1 3 
1 7 
1 2 

1 2 
1 2 
1 7 
1 7 

Volume % Tm (C) 
C02 ice/clath. 

25 
46 
25 
25 

25 
25 
46 

09 

85 
95 

58 

58 
35 
25 

85 
95 
80 

46 

-1.9 
-3.4 
-1.4 

8.8 
6.5 
7.6 
7. 7 

-4.7 

-0.8 
-0.9 

6 
4 
3.6 

-2.6 
0.6 

5 
n/a 

-1 
-1 

7 

-2.3 
-1.2 

7 
7.3 
7 

-1.2 
-2.1 

-2.6 
-1 
-2.7 
-2.7 

6.9 
6.3 
5.8 

-7.6 
8 

-4.6 
-2.4 
-2.6 
-4.5 
-2.8 
-2.4 

-2 
-1.6
-1.2 
-1.3 

Th C02 
(C) 

18.5 
21.7 
21 
n/a 

26.3 
23 
20.1 

n/a 

30.4 
31 

23.7 

23.8 
25.2 
26 

30.7 
31v 
29.7 

26.7 

Tm C02 
(C) 

n/a 
-56.7 
n/a 
n/a 

n/a 
n/a 
n/a 

n/a 

n/a 
n/a 

n/a 

-56.6 
-56.7 
n/a 

-56.9 
-56.7 
-57.1 

-57.3 

Salinity (wt 
% NaCl eq.) 

3 
5.55 
2.4 
2.42 
6.63 
7.97 

7.3 

1. 39 

7.48 
10.6 
11.15 

4.32 
n/a 

9.8 

1. 73 
1. 73 
5.77 

3.85 
2.06 
5.77 
5.23 
5.77 

4.32 
1. 67 
4. 4 
4. 4 
5.94 
6.97 
7.81 

-10 
3.95 

7.2 
4 
4.32 
7.15 
4. 63 
4 

3.37 
2.72 
2.1 
2.23 

Th 
(C) 

Bulk dens- Mole % 
ity (g/cc) C02 

n/a 
181.5 
140 
n/a 
295v 
249v 
288.4 
n/a 

317.5 
n/a 
275v 
430v 
430v 
323 
42Sv 

200v 
200v 
337 
293 
n/a 

n/a 
. 93 
. 95 
n/a 

. 96 

.96 
n/a 
n/a 

.69 

.96 

.99 

. 94 

n/a 

.65 

.64 

.73 

.86 

290 . 77 
356.3 .6 
340 .86 
345(dec .92 
335 . 95 
n/a 
n/a 

154 
-115 
-115 
-llS 

100-110 
n/a 
100-110 
n/a 
n/a 

n/a 
291.5 
345.5 
320 
217 
334.6 

368.5 
250 
320 
350v 

>.95 
.96 
.98 
.98 
.63 
.45 
. 7 

.87 

.77 

.67 

.76 

.88 

.69 

. 61 

.82 

.68 

. 62 

9.7 
21 

9.5 

8.6 
9.2 

21.3 

n/a 

57.2 
n/a 

29.3 

29 
13.5 

8.7 

56.3 
76.7 
so 

19.3 

42 

C02 dens- Pressure * 
ity (g/cc) estimate(kb) 

.79 

.76 

.76 

.69 

.74 

.77 

.58 

.51 

.73 

.73 

.71 

. 7 

.55 

. 61 

.61 

. 68 

5.5 
4.2 
5.5 

6 
5.5 
4.3 

2 

3.5 

3.5 
5 
6 

2 
1.2 
2.3 

4 

J:'oo. 
N 
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Table 2 (cant.) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------
Sample Sample Type of Gener- Size V:L Volume % Tm (C) Th C02 Tm C02 Salinity (wt Th Bulk dens- Mole % C02 dens- Pressure * 

# Description inclusion ation (urn) ratio C02 ice/clath. (C) (C) % NaCl eq.) (C) ity (g/cc) C02 ity (g/cc) estimate(kb) 
---------------------------------------------------------------------------------------------------------------------------------~-------------------------

IV 2 12 - 25 7.4 2lv -57.1 5.05 -520v .82 2.7 . 2 
IV 3 12 - 46 5 19 -57.6 9.1 375v . 94 21.5 .78 5 
IV 3 9 - 90 7 23.5 -57.7 5.77 n/a .76 73 .73 2 
IV 3 9 - 65 7 24.5 -57.9 5. 77 -300 .83 35.4 . 72 3.5 
I 3 6 1:3 - -3 - - 4.8 n/a 

A-zone translucent qtz I 1 6 1:5 - 3.3 - - 11.6 127.3 1. 02 trace 
from 270' level I 1 6 1:5 - 3.6 - - 11.2 122 1. 02 trace 

I 1 10 1:4 - 0.1 - - 15.4 236 .95 trace 
I 1 19 1:4 - -0.1 - - 0.2 256 .78 -
IV 2 9 - 58 6.5 30.1 -56.7 6.6 290dec .78 25 .59 3.2 
IV 2 18 - 35 7.5 30.6 -56.7 4.9 287 .87 11.1 .56 5 
IV 2 12 - 46 6.8 29.3 -56.7 6.1 -260 .85 18 . 62 4 
I 2 9 1:5 - -4.3 - - 6.9 163.2 .96 
I 2 5 1:4 - -4 - - 6.4 -235 .88 

21-21011 mineralized qtz I 1 6 1:3 - -1 - - 1. 73 209 .87 
235' deep core I 1 9 1:4 - -1 - - 1. 73 291.1 .73 

I 1 9 1:4 - -0.7 - - 1. 22 152.5 .93 
I 2 7 1:5 - -1.1 - - 1.9 206 .87 
I 2 3 1:3 - -1 - - 1. 73 313 . 7 
I 2 3 1:3 - -1 - - 1. 73 302.5 .71 
I 2 3 1:3 - -1 - - 1. 73 269 .82 
IV 2 12 - 35 9 26.5 -57.3 2.03 -260 • 9 13.2 .69 3. 7 

21-21019 mineralized qtz IV 1 12 - 35 6.6 20.8 -57.2 6.5 -265 . 94 14.5 .76 5 
248'deep core IV 1 15 - 25 6 25.3 -57.2 7.5 267dec .96 8.8 .71 6 

IV 2 15 - 46 8.2 19v -56.9 3.6 n/a . 64 6.1 .19 
I 2 6 1:3 - 2.2 - - 13 332v .81 trace 

17-72Gb highly strained min-IV 1 7 - 30 7 19 -56.8 5.77 n/a .96 12.1 .78 5.9 
eralized qtz from IV 1 9 - 45 6.2 10.1 -57.3 7.14 295 .96 23.1 .86 5.2 
242' deep core IV 1 9 - 35 6.1 21.9 -56.8 7.31 n/a .95 14.2 .75 5.5 

IV 1 9 - 25 6 15.6 -57.5 7.5 -310 .99 10 .82 6 
IV 2 6 - 85 6.8 -3.7 -60.4 6.12 n/a .96 69 . 95 3.5 
I 2 6 1:6 - -1.6 - - 2. 72 110 . 97 
I 2 6 1:5 - -1.5 - - 2.56 174.5 . 92 
I 2 6 1:4 - -1.5 - - 2.56 -245 .83 
I 2 9 1:4 - 1.2 - - 14.22 -180 .99 trace 
I 2 3 1:4 - n/a - - n/a 275 n/a 

360-1 From less strained I 1 12 1:9 - -1.3 - - 2.23 137.2 . 95 
areas of mineralizedi 1 6-9 1:4 -3 n/a -10 130-137 trace 
quartz IV 1 9 - 35 6.8 29.5 -56.8 6.12 403 dec .89 12 . 62 4.9 

IV 1 9 - 32 6 31.1 -56.6 7.5 310 .88 9 .51 
IV 1 6 - 30 7 31 -56.6 5. 77 n/a .88 8.3 .51 
IV 2 10 - 35 7 29.9 -56.8 5. 77 308 dec .88 11.7 . 6 4.9 
IV 2 13 - 72 8.5 30.8 -56.8 3 300 .68 36.5 .54 2.7 
I 2 15 1: 9 - -1 - - 1. 73 <130 . 95 -
IV 9 - 72 6.5 29.7 n/a 6.63 -450 .73 39.1 . 61 2.7 
IV 15 - 72 7.1 26.1 n/a 5.6 -425 .79 42.3 .69 3.2 

360-3 As above I 1 10 1: 4 n/a - - n/a 163 trace 
'*""'" w 
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Table 2 (cont.) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------
Sample Sample Type of Gener- Size V:L Volume % Tm (C) Th C02 Tm C02 Salinity (wt Th Bulk dens- Mole % C02 dens- Pressure * 

II Description inclusion ation (urn) ratio C02 ice/clath. (C) (C) % NaCl eq.) (C) ity (g/cc) C02 ity (g/cc) estimate(kb) 
---------------------------------------------------------------------------------------------------------------------------------~-------------------------

I 1 12 1:6 . 6 - - n/a 112 dec trace 
I 1 18 1:6 - -4.4 - - 7 113.5 1.0 
I 1 9 1: 4 - -4.3 - - 6.87 248 .86 
I 1 6 1:3 - n/a - - 228.5 
IV 1 12 - 46 7.4 26.5 -56.6 5.1 n/a .87 19.4 .69 4.3 
IV 3 12 - 35 8 28.7 -57.1 4 290 dec .89 12.4 . 64 5 
IV 3 15 - 58 8.5 30 -56.8 3 >330 .77 25.3 . 6 2.7 

Rush vein 
Rush- Tourmalinized quar- IV 1 15 - 17 n/a -2.1 -57 n/a 240 dec n/a 
Au tz with visible Au IV 1 9 - 72 8.5 6v -57.4 3 260v .38 11.1 .11 

I 1 6 1:2 - -1.1 - - 1.9 343.5 .63 -
IV 1 15 - 41 9.7 29v -57.1 0.62 -300v . 7 8.2 .31 
IV 1 9 - 46 8 Sv -57.2 3.95 -245v . 6 3.9 .11 
IV 2 6 - 85 n/a Sv -56.6 n/a n/a -so .11 
I 2 12 1:2 - -1 - - 1.7 n/a 

0071 As above I 1 6 - -8 n/a n/a -14 n/a 
I (IV) 2 4-9 n/a -6to n/a n/a n/a >90 

11v 
0068 As above I 1 6-8 - n/a -7.3 -56.7 n/a n/a >90 

I 2 14 1:9 - -1.8 - - 3 168.9 .93 
I 2 6 1:7 - -1.1 - - 2 237.7dec 
IV 2 6 - 06 n/a -22to1 n/a n/a n/a trace 

0066 Quartz veinlet IV 1 6 - 25 7 n/a -56.6 5 n/a 
within mafic dike I 1 10 1:8 - -4.5 - - 7.15 278.2v .82 

I 1 6 1:2 - n/a - - 355.9 
I 1 7 - -2.5 - - 4.17 -330 . 7 

Rush mineralized quartz I 1 12 1:7 - -4.3 - - 6.9 180 . 94 
8' deep IV 2 9 - 60 7.5 6.3 -56.7 4.9 -520v . 94 35.4 .89 4.5 

IV 2 6 - 72 -8 -2.9 -57.5 4 180dec . 97 50 . 95 5 
IV 2 6 - 85 -8 -1.7 -56.7 4 n/a . 95 69 . 94 3.5 
I 2 6 1: 7 - -2.6 - - 4.3 144.3(3) .96 
I 2 6 1:7 - -1.7 - - 2.9 139 . 95 

Hill Top 
0161 Slightly mineral- I 1 21 1:1 - n/a - - >496 

ized quartz I 1 21 1:1 - -10.5 - - 15 -290 
I 2 9 1:4 - -1.6 - - 2. 72 197.9 . 9 
I 2 6 1:2 - -2.8 - - 4. 63 <195 . 91 
I 2 5 1:4 - n/a - - 243 
I 3 15 1:7 - -1.8 - - 3.05 189 . 9 
I 3 7 1:4 - n/a - - 313.4 

0162 As above I 1 11 1: 3 - -8.3 - - 0.53 227.6 .83 
I 1 6 1:4 - -0.3 - - 0.53 224.4 .83 
I 2 7 2:3 - -0.8 \ - - 1. 39 339.2 .63 
I 2 6 1: 4 - -0.9 - - 1. 56 -210 .86 
I 2 15 2:3 - n/a - - 368.4 

~ 
0163 As above I 1 21 1:2 -6.6 - - -10 n/a - ~ 
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Table 2 (cant.) 
-----------------------------------------------------------------------------------------------------------------------------------------------------------
Sample Sample Type of Gener- Size V:L Volume % Tm (C) Th C02 Tm C02 Salinity (wt Th Bulk dens- Mole % C02 dens- Pressure * 

It Description inclusion ation (urn) ratio C02 ice/clath. (C) (C) % NaCl eq.) (C) ity (g/cc) C02 ity (g/cc) estimate(kb) 
----------------------------------------------------------------------------------------------------------------------------------~-------------------------

I 1 18 1:9 - -1.1 - - 1.9 129.7 . 95 
I 1 18 1:9 - -0.4 - - 0.7 105 .96 
IV 2 10 - 10 7.9 n/a -61 -5 n/a 1-5 

Kahn 18 
K- 18 Yellowish mineral- I 1 15 1:7 - -1.4 - - 2.4 282.3 .76 

ized quartz I 1 9 1:4 - -4 - - 6.43 250.7 .85 
I 1 6 1:4 - -1.4 - - 2.4 280 .77 
I 2 15 1:9 - 4.5 n/a n/a -10 -90 trace 
I 2 6-12 1:5 - -3.5to-2 - - 3-5 n/a 
I 3 6 1:4 - -2.6 - - 4.32 285 .78 
I(IV) 3 4 1:3 n/a n/a n/a 356 trace 

K- 18-2 yellowish quartz I 1 10 1:5 - 1.1 - - 14.3 -110 1. 05 trace 
I 1 6 1:4 - 1.8 - - 13.5 -110 1. 05 trace 
I 2 14 1:4 - 1.1 - - 14:3 -120dark 1.04 trace 
I 2 6 1:6 - 2.1 - - 13.1 -120dark 1.04 trace 
I 2 12 1:5 - -5.1 - - 8 162 .97 

0126 vein 
0126 mineralized small I 1 12 1:5 - -1.3 - - 2 n/a 

quartz vein IV 2 15 - 17 2.2 26.1 -56.6 13 320 1. 02 5.5 .69 6.5 
.I 2 6 1:4 - -7.4 - - 11 200 . 95 -

IV 2 7 - 72 n/a 29 n/a n/a n/a >50 . 63 
IV 2 12 - 30 6.2 24.9 -56.6 7.14 n/a . 94 11.2 .71 5.5 
IV 2 12 - 65 7.1 17.4 -56.8 5.6 n/a .88 38 .8 3.7 
I 3 9 1:4 - -5.7 - - 8.81 246.2 .88 

J- II 
0269 mineralized quartz I 1 5 1:4 - -5.5 - - 8.54 262 .86 

vein IV 2 9 - 58 7.1 n/a n/a -5 -460v 
IV 2 12 - 53 3.8 4.7v n/a 10.87 -460v .96 5 

Duck Nest 
0212 Mineralized quartz I pre- 1 9 1:7 - -9.7 - - 13.66 135.5 1. 03 

veinlets cutting III 1 11 - saturated - - >26 144salt>1 
sheared mafic dike III 1 12 1:10 - saturated - - >26 132.8sal 1.2 

93 
I 1 6 1:4 - -12 - - 16 116.5 1.06 
I 2 9 1:5 - -16.5 - - 20 140 1. 07 
I 2 7 1:4 - -15.1 - - 18.87 -135 1. 07 
I 2 5 1:2 - -17.8 - - 22 155 1. 08 
I 2 9-15 1:4 - -7.2,-3.7 - - 6-11 n/a 
IV 3 10 - 60 5.2 n/a -57.3 8 -350 -30 
IV 3 8 - 72 2.4 10.9 -57.8 12.76 3lldec . 92 47.4 .85 4 
IV 3 10 - 72 2 14 -57.7 13.26 305v . 9 46.6 .83 3.5 
I 3 3 2:3 - -9 - - 12.88 337 . 8 
III 3 21 1:10 - saturated - - >26 108.4 >1. 0 

Square Pit 
0204 slightly mineral- I 1 6 1:3 - -3.4 - - 5.5 n/a 

ized quartz vein I 1 5 1:4 -2 - - 3 399.5 
III 2 12 1:7 - saturated - - >26 106.7 - ·fn 



Table 2 (cont.) 

Sample 
# 

Sample 
Description 

Type of Gener- Size 
inclusion ation (um) 

I 
I 
I 
IV 

J- I 
0256 Barren quartz vein I 

I 
I 

QV vein 
QV -1 Quartz veinlet with-! 

in the metavolcanic I 
rocks. I 

IV 

Jolu vein 
Jolu Mineralized quartz 

vein lies north of 
Star Lake 

I (IV) 
IV 
IV 

I 
I 
III 

III 
I 
IV 
IV 
IV 

2 
2 
3 
3 

1 
1 
1 

1 
1 
1 
1 
1 
2 
2 

1 
1 
2 

2 
2 
3 
3 
3 

6 
9 

21 
11 

4 
9 
4 

9 
12 

9 
1S 

9 
9 
9 

9 
9 

1S 

10 
10 
12 
20 

9 

V:L 
ratio 

1:4 

1 4 
1 7 
1 3 

1 4 
1 4 
1 4 

1 7 
1 7 
1 9 

1:7 
1:7 

Volume % Tm (C) 
C02 ice/clath. 

05 
10 
10 
85 

90 
90 
58 

-3.7 
-5.5 
-2.4 
-4.6 

-4 
-6.3 
-4 

n/a 
-13.3 
-15.5 

n/a 
n/a 
n/a 
n/a 

-7 
-7 

-20satur. 

saturated 
-5.5 
n/a 
l.S 
9.S 

* Pressure estimates exceed 2 kb for all aqueous fluid inclusions. 

Th C02 
(C) 

32.9 
n/a 

n/a 
n/a 
n/a 

Sv 

s 
13.3 
16 

Tm C02 Salinity (wt 
(C) % NaCl eq.) 

n/a 
n/a 

-S6.6 
n/a 

-S6.4 
-S6.2 

-60.S 
-61. s 
-S6.8 

5.S5 
8.54 

-4 
-7 

6.43 
9.6 
6.43 

17.28 
19.21 

10.S 
10.S 
42.1 

>26 
8.6 

13.87 
1. 03 

Th 
(C) 

Bulk dens- Mole % 
ity (g/cc) C02 

139.Ssal>l.O 
34 9 . 68 
239.5 .89 
160.S 
18S 

273 
179 
246.8 

48S,493 

.82 

.96 

.86 

230 . 97 
23S .98 
243dec 
23Sdec 
223.S 
n/a 

37S 
234 
139 
3SSsalt 
1S9.8 

-1SO 
n/a 
n/a 

S00-51Sv 

.71 

.91 
1.3 

. 98 
n/a 
.87 
.89 

trace 

trace 
1-S 

trace 
-so 

-so 
70 
31.5 

46 

C02 dens- Pressure * 
ity (g/cc) estimate(kb) 

• 9 
• 94 
.81 

2.7 
4 

..... 
"' 
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Figure 9: Histograms of C02 vapor-phase homogenization 
temperature (Th C02), and temperature of final C02 melting (Tm 
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secondary fluid 1nclusions. Also shown are Tm for pure C02 and 
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inclusion defines the density of the phase and consequently 

the isochore along which the original fluid was trapped 

(Crawford, 1981; Roedder, 1984) (Figs. 6& 7B). The measured 

temperature of total homogenization (Th) represents the 

minimum trapping temperature of the inclusion, provided that 

the inclusion has remained intact since the time of entrapment 

(Roedder, 1984) • Inclusions that had obviously necked or 

leaked since trapping were avoided. However, the Star Lake 

quartz veins have been subjected to variable degrees of 

deformation and, as a consequence, more subtle alteration of 

many of the inclusions may have taken place. 

Homogenization temperatures of all types of primary and 

secondary fluid inclusions from Star Lake quartz veins vary 

substantially (Fig. 10). Primary inclusions homogenize in~o 

the liquid phase (Th L-V into Liquid) at temperatures ranging 

between 100 and 375oc, and between 250 and 500°C into the 

vapor phase (Fig. lOA). co2-bearing primary inclusions trapped 

in an undeformed quartz grain enclosed within massive pyrite 

in a sample from the 235 ft level of the 21 zone yield 

consistent Th values of 320 to 330°C. In some co2-bearing 

primary inclusions from the Rush Lake and J-II veins, 

homogenization occurs near 5oooc. 

Secondary inclusions also have variable 

generally between 100 and 5oooc, with no 

(Th) values, 

consistent 

correlation between (Th) and generation of the inclusions or 

location of the veins (Fig. lOB). Duck Nest, Square Pit, and 
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Jolu quartz veins host a few salt-saturated aqueous secondary 

incl~sions that mostly homogenize by first disappearance of 

the vapor bubble followed by dissolution of the salt crystal 

at temperatures in the range of 140-335°C (Table 2). These 

temperatures for salt dissolution might represent minimum 

temperatures of trapping (e.g. Roedder and Bodnar, 1980). A 

common feature among most of the samples that contain 

coexisting aqueous and co2-bearing primary or secondary 

inclusions is that the (Th) of the co2-bearing inclusions 

generally are higher than those of the coexisting aqueous 

inclusions. 



Chapter 3. Discussion of the Microthermomatric Data 

3.1 Introduction 

Petrographic and freezing-heating data suggest that the 

coexisting H20-NaCl and H2o-co2-NaCl inclusions may have been 

trapped simultaneously either as primary or as secondary 

inclusions in the Star Lake quartz veins. Both primary and all 

generations of secondary inclusions have similar low 

salinities, but variable ca2-contents and homogenization 

temperatures. 

3.2 Evidence for Fluid Immiscibility 

Heterogeneous trapping of immiscible fluids results in 

variability in the phase ratios, homogenization temperatures-, 

and compositions for simultaneously trapped fluid inclusions 

(Ramboz et al., 1982) . Quartz veins like the 21 zone ( 60', 235-

270', and 360'levels), Rush 

ubiquitous H20-NaCl-C02± (CH4 ) 

Lake, J-II, and 0126 have 

primary as well as secondary 

fluid inclusions coexisting with all-aqueous members (Figs. 

4B-D). Their primary fluid inclusions contain between <5 and 

-40 mole % C02 (Fig. llA). Other veins like Hill Top, Kahn 18, 

Duck Nest, Square Pit, QV-1, and J-I contain few co2-bearing 

primary inclusions with co2-contents less than 5 mole %. Both 

groups of primary fluid inclusions have similar ranges in 

salinity (1-17 wt% NaCl eq., typically 1-10 wt %) and bulk 

51 
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Figure 11: Relation between homogenization temperature and 
C02 content in (A) primary and (B) secondary fluid 
inclusions showing the more restricted range of H20-NaCl
C02 fluid unmixing (<5--40 mole % C02) among primary compared 
to secondary fluid inclusions (<5--60 mole%) (cf. Fig. 7A). 
Open symbols represent 21 zone fluid inclusions, and closed 
symbols represent inclusions from all other veins. Also 
shown are the solvi at 0, 6, and 12 wt % NaCl eq. at 2 kbars 
(Bowers and Helgeson, 1983). The 2 kb pressure represents 
a minimum (Pt) estimate. The presence of CH4 in some fluid 
inclusions expands the solvi towards higher temperatures at 
any given salinity and pressure. 
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density (~0.8-1.03 gjcc) (Tables 1 and 2), indicating that 

both __ fluids might have been derived from a common source. The 

variable co2 contents most likely resulted from unmixing 

processes. Leakage, on the other hand, may have played a role 

in such a variation of co2 contents particularly among 

secondary fluid inclusions. 

As mentioned before, the homogenization temperatures of 

the co2-bearing inclusions are generally higher than those of 

the coexisting aqueous members. In a study of fluid inclusions 

from the Sigma mine, Quebec, Robert and Kelly (1987) report 

the same observation, which was presumed to result from C02 

effervescence during fracturing and pressure fluctuations 

leading to entrapment of fluids at different ambient 

pressures. 

Fluid immiscibility may have been more pronounced among 

the various generations of secondary inclusions than in 

primary inclusions in the majority of the Star Lake auriferous 

quartz veins. In the 21 zone, the co2-bearing secondary 

inclusions have co2-contents ranging from trace to -60 mole % 

(Fig. 11B), and a few contain up to 30 mole% CH4 equivalent 

partitioned in the co2-phase as estimated from depression of 

the Tm co2 using the diagrams of swanenberg (1979) and Heyen 

et al. (1982). Similar co2-content ranges are recorded in the 

secondary inclusions in the Rush, 0126, J-II, Duck Nest, QV-

1, and Jolu veins, some of which also contain up to about 30 

mole % CH4 equivalent. Barren quartz veins like QV-1 and 
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Square Pit have fluid inclusion compositions similar to those 

of the auriferous veins, except that the barren veins have 

some inclusions that contain a dark daughter mineral and the 

auriferous veins contain some salt-saturated secondary 

inclusions (Tables 1 and 2). 

The probable causes of variable but extensive H2o-co2 

unmixing among primary and secondary inclusions include 

decompression of the supercritical fluid associated with 

repetitive opening of fractures, and subsequent fluid ascent 

along permeable structures (e.g. Ramsay, 1980; Kerrich and 

Allison, 1978; Sibson et al., 1988). The presence of a co2-

phase in primary (early) and secondary (late) inclusions may 

indicate that the compositions of the fluids were constant 

(Figs. 11 A& B), so that the variability in the co2-contents 

may be a function of the degree of immiscibility. Such 

immiscibility events appear not to have drastical~y affected 

the salinities of these fluids in most of the veins (1-17 wt 

% NaCl eq. with the majority <10 wt %). Few of the primary 

fluid inclusions lie along or close to 6 and 12 wt % NaCl 

solvi in T-X space (Fig. 11A), hence their homogenization 

temperatures may represent true trapping temperatures of these 

inclusions provided that they remained intact since 

entrapment. Since unmixing of a fluid occurs at the fluid (one 

phase) -liquid+vapor (two phase) boundary (Crawford, 1981; 

Roedder, 1984) (see section 2.2; Fig. 7), failure of some 

fluid inclusions to lie under or at the H2o-co2-NaCl solvi 
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(Figs. 11A& B) may be a result of errors in co2-phase volume 

esti~ates, leakage, or heterogeneous trapping of those fluid 

inclusions (e.g. Roedder, 1984; Walsh et al., 1988). 

3.3 Trapping Temperatures and Pressures 

Determination of an inclusion trapping temperature and 

pressure requires information about the composition of the 

fluid inclusion, and pressure-volume-temperature-composition 

(P-V-T-X) properties of the fluid (Roedder and Bodnar, 1980). 

Microthermometric data generally will yield minimum 

trapping temperatures so that knowledge of either the 

temperature or pressure of trapping from independant sources 

such as metamorphic mineral assemblages or stable isotope 

equilibration temperatures allows the fluid P-T conditions o-f 

trapping to be constrained. Most primary fluid inclusions 

yield homogenization temperatures of -150-375°C (Fig. lOA), 

which represent minimum trapping temperatures. As will be 

discussed, the calculated oxygen isotope equilibration 

temperatures for several Star Lake quartz-mineral pairs that 

appear to be in textural equilibrium are in the range of 410 

to 560°C (Table 4). 

Trapping pressure of a fluid inclusion can be estimated 

if the trapping temperatures and the appropriate isochore are 

known (Burruss, 1981; Crawford, 1981; Roedder, 1984; Bowers 

and Helgeson, 1983; Browm and Lamb, 1986; 1989; Potter and 

Brown, 1977; Roedder and Bodnar, 1980). Considering 500°C as 
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the average temperature at which the primary inclusions were 

entr~pped as discerned from oxygen isotope data (Table 4), the 

estimated pressures of trapping for the aqueous inclusions are 

above 2 kb using extrapolated P-V data of Potter and Brown 

(1977) for H20-NaCl fluids with d~nsities of 0.8 to 1.05 gjcc 

(Table 1). Pressure estimates of 3 to 5.5 kilobars are 

obtained for C02-bearing primary fluid inclusions (Table 1) 

using thermodynamic data of Brown and Lamb (1986; 1989) for 

C02-phase densities in the range from 0.53 to 0.88 gjcc. These 

pressure estimates correspond to approximate depths of 

entrapment in the range of -6 to 18 km assuming lithostatic 

pressure. Most of the pressure estimates correspond to the 10-

18 km depth interval. such a range may reflect the nature of 

pressure fluctuation between lithostatic and hydrostatic 

gradients as a result of opening-sealing events of the quartz 

veins during fracturing, fluid flow, and quartz deposition 

(e.g. Crawford and Hollister, 1986; Robert and Kelly, 1987). 

These trapping pressure estimates for primary inclusions are 

compatible with the low to moderate pressure-upper greenschist 

to lower amphibolite grade metamorphism that characterizes the 

Star Lake pluton and the surrounding metavolcanic rocks 

(Thomas, 1984; Lewry et al., 1978; Janser, in progress), and 

similar to those of other Precambrian greenstone-hosted gold 

deposits {e.g. Brown and Lamb, 1986; Harnois and Moore, 1989; 

Smith et al., 1984). 
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3.4 Summary and Conclusion from Fluid Inclusion Data 

A possible scenario for the generation of the auriferous 

quartz veins and the associated fluid inclusions, involves 

introduction of a low salinity H2o-co2-NaCl fluid into shear 

zones, which carried dissolved silica, gold, sulfur, and minor 

amounts of cu, W, Mo, B, and As. As a result of fluid 

decompression accompanied by episodic pressure-temperature 

fluctuations, fluid immiscibility, and the resulting change 

in fluid composition, this fluid deposited quartz veins and 

auriferous sulfides along shear zones. During this time, the 

mineralizing fluid was trapped both as primary and, later, as 

secondary inclusions along fractures. In the 21 zone, the gold 

mineralization diminishes below the 400 ft level, which may 

imply the lack of fluid unmixing below this datum. Variation 

in the C02 contents of primary and secondary inclusions within 

and among different samples indicates that the timing and 

degree of fluid unmixing among different veins were not the 

same. 



Chapter 4. stable Isotopes of the Star Lake Quartz Veins 

4.1 Introduction 

Oxygen and hydrogen isotope compositions of rocks and 

minerals in ore deposits provide constraints on the origin and 

history of the mineralizing fluids, whereas sulfur and carbon 

isotopes are useful for understanding details of the chemical 

aspects of ore formation and tracing the fluid flow path. 

4.2 Theoretical Overview 

4.2.1 Introduction 

The stable isotopic composition of an element (e.g. 02 , 

H2, s, C) in coexisting substances or phases may be different 

because of small differences in thermodynamic properties of 

the isotopes in these phases. The isotope fractionation 

between two substances A and B is related by the formula: 

where aA-s is the isotope fractionation factor between 

substances A and B and RA and Ra are the ratios of the heavy 

to light isotopes in phases A and B (e.g. 18o;16o, D/H, 13c;12c, 
3451325 ) • 

Stable isotope ratios are reported as delta (&) values 

in units of per mil (%•) relative to a standard such that the 

58 
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6 value of phase A is: 

where Rstandard is the absolute isotope ratio in the standard 

(see section 4.3). Positive values of & indicate that the 

isotope ratio in substance A is greater than the same isotope 

ratio in the standard. Similarly, a negative value of 6 in 

substance A indicates that the isotope ratio in A is less than 

that in the standard. 

The relation between the & value and the fractionation 

factor, which is the equilibrium constant that describes how 

the isotopes are partitioned between two substances or phases 

A and B is: 

a is related to the energy of any isotopic exchange reaction 

as lna. The energies involved in any reaction having an 

equilibrium constant close to unity are small (e.g. Kyser, 

1987). For example, lnaquartz-water is 0.011 at 200°C. 

The relations described in equation (3) can be used with 

the definition of A A-B defined as &A - & 8 to yield: 
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provided that aA-B is within 2 % of unity. Therefore, the 

difference between o values of two coexisting substances, A 

and B, is A A-B and approximately equal to their per mil 

fractionation (for extensive reviews on stable isotope 

fractionations in high and low temperature geological 

processes refer to O'Neil, 1986, and Kyser, 1987). 

Temperature, chemical composition, crystal structure, and 

pressure are factors that influence stable isotope 

fractionation factors in nature. Among these, temperature 

constitutes the major parameter of interest in stable isotope 

geology. The extent to which temperature affects the 

vibrational energies (partition functions) of an isotope in 

two coexisting substances is a prime factor in determining the 

equilibrium isotopic fractionation between them (e.g. 0 • Neil--, 

1986). Accordingly, isotopic fractionations between substances 

or different phases of a substance are used to obtain the 

temperature at which the substances or phases have formed and 

the isotopic composition of the fluids in equilibrium with the 

substances during the geological process that resulted in 

their formation. 

4.2.2 Oxygen and hydrogen 

While hydrogen, sulfur, and, to a lesser extent, carbon 

isotope thermometry have been proven useful in geological 

studies, oxygen isotope equilibration thermometry has a much 

wider range of applicability (Fig. 12). Based on empirical and 
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Fig. 12. A- High temperature oxygen isotope fractionations 
between various minerals and water; qtz=quartz, ab=albite, 
musc=muscovite, Ksp=potassium feldspar, CC=calcite, 
an=anothite, zois=zoisite, biot=biotite, px=pyroxene, 
diop=diopsi te, gnt=garnet. qtz-H2o (A) , ab-H20 (A) , musc-H?O (A) , 
biot-H20, px-H20 (A) , and gnt-H20 from Bottinga and Javoy ( 1973; 
1975); qtz-H20(B) from Clayton et al. (1972); ab-H20(B) and an
H20(B) from Matsuhisa et al. (1979); cc-H~O from O'Neil et al. 
(1969); musc-H20(B) and Ksp-H20 from O'Ne11 and Taylor (1969); 
zois-H20 from Mathews et al. (1983b); px-H20(B) from Mathews 
et al. (1983a). Triangles represent theoretical calculations 
of Kieffer (1982), while all other data are either empirical 
or experimental. Dashed lines represent extrapolations. B
oxygen isotope fractionation at high temperature between qtz 
and other minerals. hbl=hornblende, mag=magnetite, others as 
in A. X=qtz-Ksp (Blattner and Bird, 1974). Dashed lines denote 
experiments of Mathews et al. (1983a; 1983b), dash-dot line 
denotes that of Hoernes and Friedricksen (1978), and solid 
lines represent preferred isotope geothermometers (compiled 
by Kyser, 1987). 
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theoretical grounds, Bottinga and Javoy (1973; 1975) showed 

that the fractionation factor (a) for oxygen isotope exchange 

between anhydrous silicate minerals or magnetite and water 

varies as a function of 1/T2 for the temperature interval 500-

soooc and pressure S1 kb. It follows that: 

1000 lnamineral-water = A + B/~ ( 5 ) • 

A and B are constants for the specific mineral-water 

fractionation (Bottinga and Javoy, 1973), and T is the 

absolute temperature (Kelvin). Accordingly, the presentation 

of isotopic fractionation as a function of temperature is 

usually in the form 1000lnaA-B versus 106/T2 (Fig. 12) • 

4.2.3 Light stable isotope relations in hydrothermal mineral 

deposits 

Water is the dominant fluid involved in the formation of 

ore deposits, so that tracing its origin is critical for 

modelling the environment of ore formation. Two approaches are 

used for determining o18o and oD values of hydrothermal fluids: 

direct measurement of the fluid in geothermal areas and in 

fluid inclusions trapped in ore and gangue minerals, and 

calculation of the temperature of equilibration from the 

stable isotopic compositions of ore and gangue minerals, then 

calculation of o18o and oD values of the water in equilibrium 

with the ore minerals at their temperature of formation (Fig. 
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12 A& B). critical to both approaches is that the minerals 

did _not undergo isotopic alteration by post-depositional 

processes (e.g. Taylor, 1979). 

Any naturally occurring water is a potential ore-forming 

fluid if it undergoes heating as a result of deep circuation 

in the crust or through direct interaction with a hot magmatic 

body (Taylor, 1979). Brief summaries of the isotopic 

variations in the different kinds of waters implicated in ore 

deposition in different geologic settings will be presented 

(for more reviews refer to Taylor, 1974; 1979). 

The isotopic variation of meteoric waters such as rain, 

snow, streams, lakes, and rivers are extremely systematic: the 

higher the latitude or altitude, the lower are the &0 and the 

&18o values of the water. Approximately, all meteoric waters 

follow the meteoric water relation (Craig, 1961): 

&0 = a& 18o + 10 (in per mil) (6). 

This linear equation results in what is known as Meteoric 

Water Line (MWL) (see Fig. 15) , and indicates that 0/H 

fractionation is proportional to 18o;16o fractionation in the 

meteoric water cycle. 

Because of its uniform isotopic composition, present-day 

ocean water is used as an isotopic standard (Standard .Mean 

Ocean Water or SMOW) for oxygen and hydrogen-bearing 

substances. By definition, SMOW has an isotopic composition 
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of 60=0 and 6180=0. It was shown in areas where there has been 

appr~ciable evaporation and increase in water salinity, such 

as the Red Sea (Craig, 1966), the 6180 and 60 values exceed 

the SMOW oxygen and hydrogen values. The assumption that the 

isotopic composition of seawater has essentially remained 

constant throughout most of geological history is important 

if seawater is itself involved in ore deposition or 

hydrothermal alteration (Taylor, 1979). 

The 6180 and 60 variations of waters in geothermal areas 

reveal that practically all of the waters in those hot springs 

are derived from meteoric waters (Craig, 1963). In most cases, 

the hot water or steam shows a characteristic positive 6180 

shift away from the MWL as a result of isotopic exchange with 

country rocks which have 6180 values ~5.5 per mil. D/H 

variations of the hot geothermal waters are not controlled by 

the water-rock exchange processes because rocks contain little 

hydrogen compared to the amount of hydrogen in the water. As 

such, 60 values of geothermal waters remain essentially 

unchanged during water-rock interaction and identical to that 

of the original meteoric water (Taylor, 1979) unless there is 

considerable surface water evaporation prior to recharge (e.g. 

Salton Sea, California) or boiling of subsurface water (e.g. 

Yellowstone, Wyoming). 

The isotopic composition of waters that would have 

coexisted with various igneous minerals at magmatic 

temperatures (700-1200°C) lie within a restricted range of 5.5 
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to 10 per mil for 6180, and between -85 and -60 per mil for 60 

valu~s (Fig. 15). These isotopic ranges define what is known 

as magmatic water, however, it is implicit that this water did 

not necessarily come directly from a pristine, uncontaminated 

magmatic source. 6180 and 60 values outside the above mentioned 

ranges were reported for some magmatic rocks and minerals; 

such values may arise from post-crystallization exchange 

between rocks and heated •meteoric water•, assimilation or 

partial melting of subducted material, or an intrinsic 

enrichment or depletion of the magma sources in those isotopes 

relative to the isotope ranges of •normal magmas• (e.g. 

Taylor, 1979; Kyser, 1986; Muehlenbachs et al., 1974). 

Although it has no isotopic definition, juvenile water 

refers to true 'pristine • magmatic water derived from the 

mantle without contamination with any other water. 

Regional metamorphic waters appear to have a relatively 

restricted range of 60 values (-65 to -20) but a wider range 

of 6180 values (5 to 25 ) within the temperature interval 300-

6000C (Taylor, 1974) (Fig. 15). The general range of 60 values 

in metamorphic minerals is almost identical to that exhibited 

by marine sedimentary and altered volcanic rocks, which 

implies that metamorphic 60 values are inherited from their 

precursor rocks (Taylor, 1979). The wide range of 6180 values 

is due to the wide range in 6180 values of precursor 

sedimentary and igneous rocks. 

Formation •connate' waters show wide ranges in 6180 and 
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oD values, and salinity, but the water within a given 

sedimentary basin is generally isotopically distinct. In most 

cases, isotopic compositions of formation waters vary in a 

manner similar to that of meteoric waters. However, within a 

given basin the oD value of water generally increases with 

salinity and 180 contents. This results either from mixing of 

the original formation water with meteoric water, or waters 

from other origins, or from exchange with OH-bearing minerals 

(Taylor, 1979). 

4.2.4 Water/Rock ratios 

Water/Rock (W/R) ratio refers to the ratio of the number 

of the exchangable oxygen atoms in the volume of fluid to the 

number of exchangable oxygen atoms in the volume of rock that 

have interacted. W/R ratio can be estimated if the original 

6180 values of rocks that have been hydrothermally altered, the 

original 6180 value of the fluid, 

alteration are known. This W/R 

integrated over the lifetime of 

and the temperature of 

represents waterjrock 

the hydrothermal system 

assuming continuous re-circulation and re-equilibration of the 

fluids with the rocks without much escape of the fluid to the 

surface i.e. closed system (Taylor, 1979). In mesothermal ore 

deposits that usually form at 400-5oooc, W/R ratios are 

usually small (-0.01). such low W/R ratios are a 

characteristic factor that controls the solubility and 

concentration of hydrothermal precious elements and minerals 
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in Precambrian terranes (e.g. Kerrich and Fryer, 1981). Taylor 

(197~) concluded that the lower the temperature of the system, 

the higher is the waterjrock ratio. 

4.2.5 Sulfur and Carbon 

Stable isotopes of sulfur and carbon are sui ted for 

studies aimed at understanding details of the chemical aspects 

of ore formation. Stable isotope fractionation of both 

elements are controlled not only by temperature but also by 

redox reactions (Ohmoto and Rye, 1979) because both elements 

occur in nature in more than one valence state. Large isotopic 

effects are associated with redox reactions, and equilibrium 

fractionation factors are large for carbon and sulfur between 

oxidized and reduced species (Ohmoto, 1986). 

Sulfur in hydrothermal ore deposits is usually fixed as 

sulfide or sulfate minerals and originated ultimately from 

either an igneous source or seawater. Average &~s values of 

acidic igneous rocks, as well as of the crust and mantle, are 

0±3 per mil. In hydrothermal ore deposits, fractionation of 

sulfur isotopes among S-hearing species in solutions is 

controlled by pH, f02 , and temperature. If a large number of 

sulfide minerals from a given ore deposit show constant &34s 

values, the oxidation state of sulfur can be assumed to have 

been below the so2;H2S boundary or to have remained constant 

with respect to it (Ohmoto and Rye, 1979). 

Carbon in hydrothermal ore deposits is mainly fixed as 
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carbonate minerals, which are usually deposited by fluids 

cont~ining oxidized carbon species such as C02 • Carbon species 

in hydrothermal fluids may come from magmatic sources, 

oxidation of reduced carbon (e.g. graphite or organic matter), 

or from leaching of sedimentary carbonates. Like sulfur 

isotopes, 613c values of carbon species also vary in 

hydrothermal systems as a function of temperature, f02, 

pressure, and pH of the fluid. o13c values of carbon from 

mantle-derived magmas fall near -5 per mil (e.g. Kyser, 1986). 

Similar 613c values of carbon are obtained for magmas formed 

by partial melting of crustal rocks (e.g. Ohmoto and Rye, 

1979). 

4.3 Analytical Techniques 

Oxygen was obtained from pure vein silicates using the 

BrF5 extraction method of Clayton and Mayeda (1963), and 

hydrogen was extracted using the uranium technique of 

Bigeleisen et al. ( 1952) as modified by Kyser and o 'Neil 

(1984). Sulfur was liberated by oxidizing sulfide minerals to 

so2 with cuo at 1000°C (Rafter, 1965), and carbon and oxygen 

were obtained from calcite by reaction with 100 % H3P04 at 25°C 

(McCrea, 1950). Isotopic data are reported as 6 values in 

units of per mil relative to a standard. Both oxygen and 

hydrogen isotope values are reported relative to the Standard 

Mean Ocean Water (SMOW), the standard for sulfur is Canyon 

Diablo Troilite (COT), and Pee Dee Belemnite (PDB) is the 
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standard for carbon. Working standards yielded 9. 6 for the 618
0 

value of NBS-28 quartz, -65 for the oD value of NBS-30 

biotite, a o~S value of 16.7 for NBS-123 sphalerite, and o13c 

and 6180 values of 1.96 and 28.65 per mil, respectively, for 

NBS-19 limestone. Isotopic ratio measurements were performed 

using a Finigan-Mat model 251, and a VG model 602C stable 

isotope mass spectrometers. Reproducibilities (2a) of o values 

in per mil are ±0.2 for oxygen, ±3~0 for hydrogen, ±0.3 for 

sulfur, and ±0.1 for carbon. 

4.4 Isotopic Results 

4.4.1 Oxygen and hydrogen 

o18o values of the Star Lake property vein-quartz range 

from 9.9 to 13.4 per mil, with the majority of data in the 

restricted interval of 10-11. 6 per mil (Table 3) . These values 

are identical to o18o values obtained on quartz from the pluton 

by Kyser et al. (1986) who reported that whole-rock 6180 values 

of the Star Lake pluton range from 7.5 for a diorite sample 

from the outer portion to 9.1 per mil for a monzonite from the 

center of the pluton. These values of the pluton are 

comparable with o18o values of rocks emplaced in subduction 

zone regimes (e.g. Muehlenbachs and Byerly, 1982). The only 

veins with 6180 values of quartz above 12 per mil are QV-1 and 

Square Pit, which are non-auriferous. This narrow range in o18o 

values of the auriferous quartz veins suggests that they were 

precipitated from waters of uniform isotopic composition and 



Table 3: Oxygen, hydrogen, sulfur, and carbon isotope compositions of minerals from the Star Lake quartz veins. 
All £values are in units of per mil relative to standards cited in the text. 
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~~~~~~=!=========~~~~~====3[~~~=;~~~~=~~~=~~~~~~!~~~~~~~~~~~~~~~-¥~~~=~~~~~~~~~~~~~~~~~====~~~~~~================= 21 zone vein 
60-2 
60-4a 

60-4b 

60-5 
60-6 

260-1 

260-6 

260-9 
360-1 
360-3 

High grade ore: 

60 ft 
60 ft 

60 ft 

60 ft 
60 ft 

260 ft 

260 ft 

260 ft 
360 ft 
360 ft 

HG-1 n/a 

HG-14 n/a 

Core samples: 
17-027green cc 267 ft 
17-027pink cc • 
17-027white cc 

21009A 

21011 

21019 

21030 

21033 

17-018 

17-024 

Rush Lake vein 
Rush-Au 
Rush-contact 
0066 
0068 
0071 

Hill Top vein 
HT-1 

HT-2 

0161 
0162 
0163 

Duck Nest vein 
DN-3 
DN-2 
0212 

Kahn 18 vein 
K-18 
K-18-1 
K-18-2 

J-II vein 
0269 

J-I vein 

0126vein 

QV-lvein 

233 ft 

23S ft 

248 ft 

265 ft 

270 ft 

250 ft 

260 ft 

8 ft 
surface . 

surface 

surface 

surface . 
surface 
surface 
surface 

surface . 
surface 

surface 

surface 

10.2 
10.0 

10.3 

11.1 
10.6 

10.4 

10.5 

10.3 
11.2 
10.1 

10.1 

ll.S 

10.6 

10.3 

10.7 
10.8 
10.5 
10.8 
11.1 

11.3 

11.3 

11 
11.6 
11.4 

11.2 
11.2 
11.2 

10.7 
10.8 
10.7 

9.9 

10.7 

11 

12.9 

Square Pit vein surface 13.4 

Jolu vein surface ? 10.9 

biot 4.0 

biot 6.9 

epid S.7 

biot 4.7 

cc 9.S 
biot 4.4 

cc 10.0 

mag 0,8 

cc 14.6 
cc 21.5 
cc 12.3 

cc 9.S 
amph 6.8 

tourm 8.9 
tourm 8.5 

biot S.9 
amph 9.6 
tourm 8.4 
epid 9.7 
biot 5.7 

blot 5.3 
biot 4.1 

fs 9.4 
fs 8.6 

biot 6.8 
a mph 7.2 
epid 8.3 
fs 9.8 

amph 8.7 
fs 10.3 

biot -98(n/a) 

PY 2.7 

epid -93(2.0) 

py 2.45 
py 3.26 

blot -86(4.11 py 3.1 

biot -108(3.2) 

py 2.1 

amph -113 (1.41 

py 2.7 

py 2.0 

py 2.1 

py 2.3 
py 2.S 

py 2.6 

PY 2.0 

tourm -so <2. 91 py 3.2 
tourm -so (n/a) 

blot -93(3.01 po 3.0 
amph -93.5(2.1) 
tourm -108 (2 .61 

biot-111(2. 71 

biot -99 (4 .3) py 3.0 
biot -88(n/a) 

biot -97(2.7) 

epid -72(1.8) 

amph -103 (1. 9) 

-11.2 

-7.3 

-6.7 
-9.0 
-8.0 

-5.6 

qtz-biot in textural 
equilibrium. 

qtz-biot in textural 
equilibrium; massive py. 
epid is secondary. 

massive py 
massive py 

qtz-biot in textural 
equilibrium; biot is altered. 

cc intergrown with 
biot. 

coarse py. 

cc& py in fractures. 

mag grown around py; 
qtz-py-mag are coeval. 

stratified cc: an early 
green a middle pink, and 
a late white. 

cc as fracture fillings, 
intergrown with amph. 

massive py in quartz. 

py grains in quartz. 

from vein-pluton contact. 

an early(?) fractured py; 
a late(?) oval py bleb 
enclosed in the early py. 

coarse py in fractures. 

fractured py. 

qtz-tourm in textural 
equilibrium; massive py. 

qtz-biot-tourm are 
coeval. 

qtz-biot in textural 
equilibrium; green biot; 
massive py. 

fs occurs as pegmatoidal 
sweats at vein-wall rock 
contact. 

all silicate minerals 
occur in late fractures. 

qtz-fs-amph are not 
coeval. 

Abbreviations: qtz=quartz; biot=biotite; amphaamphibole; epid=epidote; py=pyrite; mag=magnetite; 
tourm=tourmaline; fs•feldspar; po=pyrrhotite; cc=calcite; n/a•not available. 
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temperature. The o18o values of the barren quartz veins, on the 

other hand, indicate that they were precipitated from 

different waters (Kyser et al., 1986), because their fluid 

inclusion homogenization temperatures are similar to those of 

the auriferous veins (Tables 1 and 2). Alternatively, the 

barren veins may have formed from a similar fluid but at lower 

temperatures relative to those of the auriferous counterparts. 

In addition to sulfides and gold, the veins also host 

variable amounts of biotite, amphibole, tourmaline, epidote, 

potassium feldspar, albite, calcite, sericite, chlorite, and 

magnetite (Appendix 2). Many of these minerals occur mainly 

along fractures or fragments incorporated from the wall rocks 

during quartz vein formation and thus are not in textural 

equilibrium with vein-quartz. o18o values of these minerars 

range from 4 to 10.3 per mil (Table 3), and are similar to the 

values of the same minerals in the pluton or the mafic dikes. 

For example, potassium feldspar, which occurs as pegmatoidal 

sweats mainly at the margins of the quartz veins, has o18o 

values ranging from 8.6 to 10.3 per mil, similar to that of 

feldspar in the pluton. In contrast, vein-biotite has lower 

o18o values relative to the hydrous silicates in the pluton. 

Calcite in the 21 zone, which petrographically appears to be 

secondary, has o18o values ranging from 9. 5 to 21.5 per mil 

(Table 3). 

oD values of biotite, amphibole, and epidote from the 

auriferous quartz veins range from -113 to -72 per mil, 
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whereas tourmaline from the Rush Lake vein is substantially 

more D-rich with a oD value of -50 per mil (Table 3). Except 

for the tourmaline, the oD values of these vein minerals are 

lower than values reported by Kyser gt gl. (1986) for whole

rock and hydrous silicates from the pluton (-95 to -70 per 

mil). The lowest oD values of samples from the pluton were 

attributed to incipient alteration of the potassium feldspar 

to sericite, which subsequently exchanged hydrogen isotopes 

with late meteoric waters at low temperatures (Kyser et al., 

1986). Because many of the hydrous silicates in the veins 

occur along fractures, interaction with post-deposition waters 

having low oD values could have occurred (e.g. Kyser and 

Kerrich, 1990). 

4.4.2 Temperature and stable isotopic cgmposition of the Star 

Lake hydrothermal fluids 

Using various quartz-mineral fractionation factors cited 

in Table 4 (see also Fig. 12) , the isotopic equilibration 

temperatures calculated from the o18o values of minerals 

showing textural equilibrium with quartz in the auriferous 

veins range from 410 to 560°C (Table 4; Fig. 13). This range 

in temperatures is in accord with the ambient temperature 

range encountered during upper greenschist-lower amphibolite 

facies transition (e.g. Liou et al., 1974; Turner, 1980; Fyfe 

and Kerrich, 1984; Colvine et al., 1988), and similar to the 

range calculated from oxygen isotope geothermometers for 
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Table 4: Calculated) 1t and~D values, and temperatures for fluids in equilibrium with minerals in the Star Lake quartz veins. 

;:;;~:;===~=;~~===={~;~=~:;~;,~;~:~~:;:~~~=:~~:;:~====~~~=====~~;~=~;~=~~=~;~===~:;:~:============~~::=~~=================== 

21 zone vein: 
60'-2 60 ft 

21009A 233 ft 

260'-1 260 ft 
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Figure 13: An isotherm plot of oxygen isotope equilibration 
temperatures for the Star Lake auriferous vein-quartz and 
the coeval silicate and oxide minerals. A& B are constants 
for each quartz-mineral pair in the equation lOOOlna(qtz
min) = A+B/T2 (Bottinga and Javoy, 1975), a is the 
fractionation factor, and lOOOlna(qtz-min) is approximately 
the difference between the o18o values of quartz and the 
mineral. The slope of the line is 1/T2 where T is absolute 
temperature. The slopes corresponding to isotopic 
equilibration temperatures of 300, 400, 500, and 600°C are 
indicated. 
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minerals in Archean gold deposits (320-480°C: Kerrich, 1981; 

Fyfe and Kerrich, 1984). 

Oxygen and hydrogen isotopic compositions of the fluids 

presumed to be in equilibrium with the Star Lake auriferous 

quartz veins can be calculated using the equilibration 

temperatures obtained from quartz-mineral fractionations 

(Table 4; Fig. 13). Using o18
oqtz-H20 fractionation equations of 

Bottinga and Javoy (1973), most of the o18o values of the 

fluids lie within the narrow range of 6 to 8.7 per mil (Fig. 

14) and with the isotope equilibration temperatures indicate 

that most of the auriferous veins were deposited by similar 

fluids having similar temperatures, in accord with the results 

obtained from fluid inclusion data. 6180 values of fluids for 

the barren quartz veins are substantially higher (-10 per mil 

at 500°C) despite similar homogenization temperatures 

reflected by fluid inclusions. Thus, QV-1 and Square Pit 

barren quartz veins equilibrated with waters distinct from 

those involved in the formation of the auriferous veins. 

Despite the possibility that some vein-minerals in the 

Star Lake pluton were subjected to variable degrees of 

alteration by post-depositional fluids, the oD values 

calculated for waters in equilibrium with the auriferous veins 

using various D/H fractionation equations lie mostly in the 

range of -70 to -41 per mil (Table 4). 

The calculated isotopic compositions of the Star Lake 

auriferous fluids are consistent with either metamorphic or 
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Figure 14: Measured 6180 values for the Star Lake quartz veins 
together with the ambient formation temperatures calculated 
from ~artz-mineral pair fractionations (listed in Table 4), 
and 6 0 isoplethes of waters in isotopic equilibrium with 
vein-quartz calculated using the fractionation factors of 
Bottinga and Javoy (1973). The isoplethes are extrapolated for 
temperatures <500 o c. Solid circles= Star Lake auriferous 
veins; open circles= Star Lake barren veins. Although no 
isotope equilibration temperatures could be obtained for the 
barren veins, a temperature of soooc was assumed for their 
formation because of the similarities in the characteristics 
of the fluid inclusions of barren and auriferous quartz veins. 
Box represents field of 6180 values and temperatures of fluids 
calculated for most Archean lode-gold deposits using the 
quartz-water fractionation of Clayton et al.(1972) (see 
Kerrich, 1987). 
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magmatic fluids (Fig. 15). It is most likely that the fluids 

are metamorphic in origin because of the low salinities of the 

fluid inclusions, because some of the calculated values are 

beyond the magmatic range, and because the age of 

mineralization is later than spatially associated plutonic 

rocks (see Chapter 5). Furthermore, for systems in igneous 

terranes with low waterjrock ratios and high temperatures that 

typify the Star Lake deposits, metamorphic fluids become 

similar in isotopic composition to •magmatic water• (e.g. 

Smith et al., 1984). 

4.4.3 Sulfur isotopic compositions 

Removal of sulfur and carbon from the fluid involves 

redox reactions that are controlled by pH, f02 , ~s or ~c, and 

temperature, all of which can result in substantial variations 

in the isotopic composition of sulfur and carbon (Ohmoto, 

1972). Pyrite and pyrrhotite in the Star Lake auriferous 

quartz veins and wall rocks yield s34s values of 2. 0 to 3. 3 per 

mil (Table 3). Such a restricted range implies that sulfur in 

all veins was derived from an essentially homogeneous source. 

The lack of significant inter-vein sulfur isotopic variations 

makes input from multiple sources or major sulfur 

fractionations unlikely, although slight variations between 

samples (-1 per mil) may reflect small variations in 

temperature or redox conditions during transport or 

precipitation. The occurrence of minor amounts of magnetite 



and pyrrhotite with 
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predominant pyrite implies that the 

fluids were locally more reducing or undersaturated in sulfur 

relative to iron (e.g. Barton and Skinner, 1979; Hall, 1986). 

4.4.4 Carbon isotopic compositions 

C02 is found in a significant proportion of the fluid 

inclusions in the Star Lake auriferous veins, indicating that 

carbon is a component in the trapped fluids. In the Star Lake 

deposit, minor secondary calcite occurs in the quartz veins 

and in the wall rocks in form of crystalline aggregates in 

fractures mainly at the vein-wall rock contacts, as well as 

in the matrix. 613c values of calcite samples range from -11.2 

to -5.6 per mil (Table 3; Fig. 16). A sample from the drill

core of 21 zone contains three thin layers of calcite, an 

early green, followed by crustified reddish brown, then by a 

late white coarse crystalline variety, the 613c values of which 

are -6.7, -9, and -8 per mil, respectively. 6180 values of 

these three calcites range from 9.5 to 21.5 per mil (Table 3) 

and indicate that calcite is not in isotopic equilibrium with 

vein-quartz. 

The majority of 613c values of the calcite lie within the 

range of the igneous carbon expected to be in the rocks which 

typify the Star Lake area (e.g. -10 to +2: Ohmoto and Rye, 

1979), which probably represents the major reservoir of carbon 

in the fluids. Small amounts of CH4 in co2-bearing fluid 

inclusions in some samples may reflect limited redox reactions 



25 
Calcite . 

• 
20-

. 
0 

CD 15-....- • co . • 
10- • • • . 

5 . I " I I • I • I • I . 
-12 -11 -10 -9 -8 -7 -6 -5 

~13 c 

Figure 16: Relation between 613c and 6180 values for calcite 
from the 21 zone. Higher 6180 values (>10 per mil) imply 
reequilibration with late meteoric waters at low 
temperatures (see text). The large range in 613c values 
implies that, unlike sulfur, the source for carbon was not 
homogeneous. 

80 



81 

in the c-o-H fluid phases which may have been accompanied by 

small variations in the o13c values of the C02 phase. The 

insignificant occurrence of carbonate in the Star Lake deposit 

implies that carbonatization by fluid-wall rock interaction, 

similar to that proposed by Kerrich and Fyfe (1981) for 

Archean gold deposits, was not prominent in the Star Lake 

area, indicating that the unmixed C02 fluid underwent limited 

migration within the shear system. The variable but high o18o 

values of calcite (Fig. 16) imply that much of the calcite has 

been subjected to retrograde oxygen isotopic exchange with 

late meteoric-hydrothermal waters at low temperatures. 



Chapter 5. Rb-Sr Isotope Systematics 

5.2 Rb-Sr Method of Dating 

Rubidium does not form any minerals of its own~ but 

substitutes for potassium in common K-bearing minerals such 

as micas, potassium feldspar, clay minerals, and evaporite 

minerals. It has two naturally occurring isotopes: 3:
5Rb and 

87Rb whose 37 abundances are 72.1654 and 27.8346 %, 

respectively. 87Rb is radioactive and decays to stable 38
87sr by 

emission of a beta particle s·. The concentration of Rb in 

igneous rocks ranges from 0.2 ppm in ultramafic rocks to about 

170 ppm in alkali granites (Faure, 1986). 

Strontium occurs in hydrothermal minerals as srco3 or 

SrS04 as well as a dispersed element in ca-bearing and !{

bearing minerals. It has four naturally occurring isotopes: 

38
88Sr, 38

87sr, 38
86sr, and 38

84sr; all of which are stable. Their 

abundances are approximately 82.53, 7.04, 9.87, and 0.56 %, 

respectively. Sr abundances range from 40 ppm in ultramafic 

rocks to 48000 ppm in syenites (Faure, 1986). Rb/Sr ratios 

tend to increase in late-stage magmatic differentiates. 

The growth of radiogenic 87sr in Rb-rich mineral can be 

described by an equation derived from the law of 

radioactivity. The total number of 87 Sr atoms in a mineral 

whose age is t years is given by: 
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87 s r = 87 s r 1 + 87 Rb ( e "t - 1 ) ( 7 ) , 

where 87sr is the total number of atoms of this isotope in a 

unit weight of the mineral at the present time, 87sr1 is the 

initial number of atoms of 87sr incorporated into the unit 

weight of the mineral at the time of its formation, 87Rb is the 

number of atoms of this isotope in a unit weight of the 

mineral at the present time, }. is the decay constant of 87Rb 

( 1. 42x1o- 11 jyear) , and t is the time elapsed in years since the 

time of formation of the mineral i.e. the age of the mineral. 

The above equation can be normalized by dividing each term by 

the total number of Msr atoms such that: 

This equation is the basis for geologic age determination by 

Rb-Sr method. The above relation is valid for minerals or 

rocks only when the number of 87Rb and 87sr atoms in the rock 

or mineral changed as a result of radioactive decay of 87Rb. 

This means that the sample should remain a 'closed system' 

with respect to Rb and Sr (for comprehensive details of the 

Rb-Sr methods of dating refer to Faure, 1986, and Faure and 

Powell, 1972). 

The utilization of Rb-Sr isotope systematics in dating 

and tracing the origins of ore deposits has proved useful in 

many geologic studies (e.g. Bohlke and Kistler, 1986; King and 
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Kerrich, 1989; Norman and Landis, 1983). Determination of the 

initial 87sr;86sr is important in constraining the source 

reservoir of the mineralizing fluid. 87sr;86sr ratios are 

usually measured on hydrothermal ore and gangue minerals or 

fluid inclusions trapped in ore minerals. For relatively Sr

rich, Rb-poor minerals such as albite, tourmaline, and 

carbonates, the initial 87sr;86sr ratios are the same as the 

87sr;86sr ratios measured because the decay of small amount of 

Rb does not significantly affect the 87sr;86sr ratio. 

Furthermore, the 87sr;86sr ratios of hydrothermal fluids are 

assumed to be equal to the initial 87sr;86sr ratio of the 

hydrothermal minerals (e.g. Bohlke and Kistler, 1986). Initial 

87sr;86sr ratios constrain the source of solutes in 

hydrothermal fluids and minerals (Norman and Landis, 1983r

The existence of variations in initial 87sr;86sr ratios between 

successive generations of veins within an ore deposit or 

between neighboring ore deposits is attributed to open system 

behavior of Rb or Sr in vein-minerals, donation of different 

proportions of Sr from fluids and wall rocks, source regions 

heterogeneous with· respect to 87sr;86sr ratios, or derivation 

of Sr from an isotopically uniform source reservoir but 

variably affected by exchange with, or addition from, wall 

rocks heterogeneous with respect to 87sr;86sr ratios (King and 

Kerrich, 1989). 
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5.2 Analytical Methods 

Tourmaline, feldspar, biotite, and whole-rock samples 

were prepared for Rb-Sr isotope measurement through standard 

dissolution procedures in teflon beakers. Rb and Sr were 

separated for isotopic analysis by conventional cation 

exchange method. Rb and Sr contents of minerals and whole-rock 

were determined by isotope dilution. Procedural blanks for Rb 

and Sr during this study were less than 0.1 % of the samples. 

All measurements were performed on a Finnigan MAT model 261 

quintruple collecting mass spectrometer at the University of 

Saskatchewan. Replicate analyses of NBS-987 standard yielded 

a mean value of 87sr;86sr= o. 710260±20 (2a). The estimated 

error ( 2a) for 87 sr;86sr ratios range between o. 004 and 1. 55 % 

(Table 5), and for 87Rbj86Sr is 0.5 % (2a). Initial 87sr;86sr 

ratios and ages were calculated by the best-fit data 

regression lines using the program of York (1969) and a decay 

constant for 87Rb =1. 42x10- 11;y. 

5.3 Results and Discussion 

U-Pb zircon ages of volcanic and plutonic rocks of the 

Central Metavolcanic Belt of the La Range Domain indicate that 

volcanism occurred 1884 to 1876 Ma ago, with the Star Lake 

pluton yielding an age of 1848±14 Ma (Bickford and Van Schmus, 

1985; Bickford et al., 1986). Peak regional metamorphism 

related to Hudsonian thermotectonism is thought to have 

occurred before 1850 Ma (Van Schmus et al., 1985; Harper et 
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al., 1986). Whole-rock Rb-Sr isotope systematics in the Star 

Lake _pluton of the Central Metavolcanic Belt yield an age of 

1823±44 Ma, with an initial 87sr;86sr ratio of 0. 7020±0. 0002 

(Watters, 1986). 

Absolute ages of the Au-bearing quartz veins in the La 

Ronge Domain are yet unknown, although structural relations 

suggest that gold mineralization was contemporaneous with the 

main thermotectonic events in the area (e.g. Coombe et al., 

1986). As part of this study, the Rb-Sr isotope systematics 

of the Star Lake auriferous veins were examined. Similar Rb

Sr radiogenic isotope studies on large gold deposits in the 

Canadian Shield and elsewhere have been used successfully for 

tracing the source of the solutes in the fluids as well as 

later events that affected gold mineralization (e.g. Bohlke 

and Kistler, 1986; King and Kerrich, 1989; Norman and Landis, 

1978; Kerrich et al., 1987). 

Rb-Sr compositions of tourmaline from the Rush Lake and 

Hill Top auriferous quartz veins yield 87sr;86sr ratios ranging 

from 0.7022 to 0.7025 (Table 5), and are virtually devoid of 

Rb. Two tourmaline samples from the Rush Lake vein· have 

similar 6180 and 60 values (Table 3), and similar 87sr;86sr 

ratios of o. 7022 but contain different Rb and Sr contents 

(Table 5) • Such variations in Rb and Sr concentrations suggest 

either exchange of Rb and Sr with later fluids percolating 

along the shear zones or that the fluids involved in the 

deposition of tourmaline in different parts of the vein were 
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Table 5: Star Lake pluton and Au-vein Rb-Sr data. 

Sample Mineral Sr(ppm) Rb(ppm) 87Rb/86Sr 87Sr/86Sr Error% 
-~---------------------------------------------------------------------
Au-vein: 
Rush contacttourm 
Rush-Au tourm 
Hill Top tourm 
Kahn18-1 Kfs 
Kahn18-2 Kfs 

Pluton: 
21-zone 60' biot 
0063 biot 
0063 fs 
0063 w-r 
Rush-pluton biot 
Rush-pluton w-r 

556.37 
1541.36 
488.34 
436.17 
1399.25 

23.34 
46.61 
1003.59 
604.97 
31.77 
303.78 

1.851 
5.332 
0.000 
116.1 
138.5 

317.62 
382.12 
20.48 
88.22 
307.85 
72.08 

0.00963 
0.01001 
0.00000 
0.77163 
0.28658 

43.4816 
25.1167 
0.05906 
0.42237 
2.09599 
0.68779 

0.702236+/-28 
0.702328+/-28 
0.702597+/-71 
0.721391+/-49 
0.709727+/-23 

1.754097+/-262 
1.296067 
0.704250+/-46 
0.712304+/-24 
1.390171+/-77 
0.719500+/-41 

0.004 
0.004 
0.101 
0.007 
0.003 

1.553 
0.005 
0.065 
0.003 
0.006 
0.570 

abbreviations: tourm=tourmaline; Kfs=potassium feldspar; biot=biotite; 
fs=plagioclase+Kfs mixture; w-r=whole rock. All errors are 26. 
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heterogeneous with respect to Rb and Sr contents. Hill Top 

vein __ tourmaline yields a· 6180 value of 8. 4 per mil, a 60 value 

of -108, and a 87sr;86sr ratio of o. 7025. Relative to the 

values of Rush Lake tourmaline, the lower 60 value and higher 

~sr;86sr ratio of the Hill Top tourmaline suggest that 

hydrogen and strontium isotope systematics in the Hill Top 

tourmaline were reset by later fluids. 

Two feldspar samples from the Kahn 18 auriferous vein 

have different Rb and Sr contents as well as 6180 values and 

87sr;86sr ratios. A microcline sample (K 18-1) has a 6180 value 

of 9.4 per mil, whereas the other feldspar sample (K 18-2), 

which is a partly cloudy perthite, yields a 6180 value of 8.6 

per mil and higher sr contents (Table 5). 

Based on the premise that most of the Au-bearing quartz 

veins were deposited along parallel shear zones by fluids 

having similar o, H, and Sr isotopic compositions, an Rb-Sr 

isochron derived from vein minerals showing minimum alteration 

might reflect the time of formation of the veins. Using 

tourmaline from the center of the Rush Lake vein (sample Rush

Au) and microcline (sample K 18-1) from the Kahn 18 vein 

(Table 5), an Rb-Sr isochron age of 1740±10 Ma, with an 

initial 87 Sr/86Sr ratio of 0. 7 02 07±0. 00002 is obtained (Fig. 

17A). Any combination of feldspar and tourmaline from the vein 

data in Table 5 yields the same age. 

A biotite, a feldspar-mixture, and a whole-rock sample 

from the monzodiorite phase of the Star Lake pluton from an 
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Figure 17: Isochron plots of (A) vein-tourmaline (Rush Lake) 
and vein-feldspar (Kahn 18) that are probably coeval and 
deposited by similar fluids, and (B) minerals and whole-rock 
sample of a monzodiorite (0063) several meters away from the 
Rush Lake shear zone. The mineral isochron age represents 
significant Rb-Sr resetting during the Hudsonian orogeny 
because the Star Lake pluton has an U-Pb zircon age of 1848 
Ma. 
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area located a few meters away from the Rush Lake vein yield 

an ~-sr age of 1644±54 Ma, with an initial ~sr;Msr ratio of 

0.7025±0.0006 (Fig. 17B). In contrast, a biotite and a whole

rock sample of monzodiorite from the Rush Lake vein-pluton 

contact and a biotite from the vein-pluton contact from the 

21 zone (Table 5) have very discordant Rb-Sr isotope 

systematics relative to the minerals in the pluton or veins 

because of variable degrees of resetting of their Rb-Sr 

isotope systematics. 

The emplacement of the Star Lake pluton occurred 1848±14 

Ma ago as recorded in the U-Pb isotope systematics of the 

zircons (Bickford et al., 1986; Fig. 18). The age of the Star 

Lake auriferous veins suggest that the veins were deposited 

some 50 to 100 million years after the pluton was emplaced 

(Fig. 18). This age of the vein formation is coincident with 

the age obtained from whole-rock Rb-Sr isotope systematics of 

granitoids spread widely throughout the shield, which was 

referred to as the 'main' Hudsonian by Bell and Macdonald 

(1982). Based on the structure of the auriferous veins in the 

La Ronge Domain, Coombe et al. (1986) concluded that gold 

mineralization in the area occurred during the main period of 

thermotectonism, which is likely to be coeval with the •main' 

Hudsonian of Bell and Macdonald (1982). 

The age of 1644±54 Ma reflected by the Rb-Sr isotope 

systematics of wall rocks from the Star Lake pluton indicates 

that dynamic deformation and metamorphism continued in the 
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Figure 18: Schematic diagram depicting the major geological 
events through time that affected the Star Lake pluton and 
associated auriferous quartz veins. The age of the Au
bearing veins is coincident with the 'main' thermotectic 
event in the La Range Domain, whereas the 1644 Ma Rb-Sr 
mineral isochron age of the Star Lake pluton likely 
indicates a later event towards the termination of dynamic 
deformation. Some minerals along fractures in the auriferous 
veins have low 60 values and erratic Rb/Sr ratios that 
signify later alteration by meteoric waters. 
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area ca. 100 Ma after the auriferous veins were deposited 

(Fig~- 18) . Similar ages are obtained from Rb-Sr isotope 

systematics of metamorphic rocks in the La Range Domain and 

elsewhere in the shield of northern Saskatchewan (Bell and 

Macdonald, 1982; Watters and Armstrong, 1985), and most likely 

represent post-emplacement chemical and isotopic partial 

equilibration that ended with an episode of general cooling 

and uplift in the shield of northern Saskatchewan. Later 

alteration by meteoric waters is reflected in the low cS'D 

values and aberrant Rb/Sr ratios in some of the minerals in 

the veins and pluton (Fig. 18). 



Chapter 6. Discussion and conclusion 

6.1 Discussion 

This section summarizes the findings obtained or inferred 

from the fluid inclusion data and the isotope systematics. 

More detailed discussions of the data were dealt with 

seperately in each chapter. 

Crosscutting trails of secondary fluid inclusions are 

observed in all the Star Lake quartz veins suggesting the 

veins were subjected to more than one episode of dynamic 

deformation associated with metamorphism and uplift (see 

Chapter 5). The deformational episodes, as recorded by the 

presence of different generations of fluid inclusions, were 

followed by decompression of the overpressured supercritical 

fluid, creating permeable shear and dilational zones promoting 

fluid ascent, decrease in the solubility of silica and aqueous 

gold complexes, and subsequent quartz vein and gold deposition 

(Fig. 19), similar to the model for Archean lode-gold deposits 

proposed by Kerrich and Fryer (1979). 

Concomitant with decompression and pressure fluctuations 

was unmixing of the mineralized fluid producing fluid 

inclusions having variable C02/H2o ratios and NaCl contents 

(Tables 1 and 2; Figs. 8 and 11). Microthermometry and phase 

relations within the fluid inclusions indicate that the 

mineralizing fluid in the Star Lake area was of low salinity 
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Fig. 19: Generalized diagrams depicting the magmatic, 
thermotectonic, and gold depositional history of the star Lake 
area. A- Subduction of oceanic crust creating the La Ronge 
arc, which was associated with multiple phases of volcanism 
ca. 1900 Ma creating a thick volcanic pile. B- Intrusion of 
gabbroic to granitic bodies, including the Star Lake pluton 
(1848 Ma), through the volcanic pile that was undergoing 
metamorphism and ductile deformation resulting in high-strain 
zones e.g. McLennan Tectonic Zone (MTZ) during peak Hudsonian 
orogeny. Dynamic deformation, together with cooling and 
shrinkage of the Star Lake pluton, e.g. Murphy (1986), have 
created subparallel fractures in the pluton and the 
surrounding supracrustals along which mafic and acidic dikes 
were injected at ~1823 Ma, i.e. the Rb-Sr (minimum) age for 
whole-rock samples of the Star Lake pluton (Watters, 1986). 
c- Later brittle-ductile deformation of the star Lake pluton 
and the shear-hosted mafic dikes created suitable conduits for 
the advection of supercritical H2o-co2-NaCl-Au fluids generated 
by metamorphic dehydration reactions within the La Ronge area. 
Such fluids were responsible for deposition of the Star Lake 
quartz veins and the associated gold within dilational sites 
along shear zones. 
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and H20-NaCl-C02± ( CH4 , co, N2 , H2S) -bearing. These data in 

combination with those of the stable isotope systematics, 

indicate that the auriferous fluid was generated by 

metamorphic devolatilization of predominantly igneous rocks 

(Fig. 19). Petrographic observations indicate that gold 

mineralization in the veins and in the wall rocks is mainly 

fracture-related and that gold precipitation occurred during, 

or more likely, after formation of the veins in response to 

changes in the chemical and physical conditions of the fluid. 

Fluid immiscibility, which probably facilitated gold 

precipitation, was apparently more pronounced among secondary 

fluid inclusions (Fig. 11B). The moderate density co2-phase 

(0.6-0.88 gjcc) implies fluid entrapment at considerable 

depth. The confinement of gold deposition to the upper 400 ft 

in the 21 zone may be a reflection of the level at which the 

fluid unmixing took place. Fluid immiscibility below this 

level cannot be confirmed because samples are not available. 

Within the 21 zone, no gradient in temperature of 

homogenization is evident with depth, thus eliminating 

processes such as fluid cooling to be responsible for gold 

deposition in the area. 

Because of the similar isotopic compositions and 

formation temperatures of all gold-bearing quartz veins, a 

common process of mineralization is indicated. Oxygen isotopic 

compositions of quartz from auriferous veins at Star Lake are 

within a narrow range and are similar to the 6180 values of 
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quartz in the pluton. Barren veins, however, are relatively 

enri~hed in 180 by about 2 per mil relative to the auriferous 

veins, and were derived from a fluid distinct to that which 

produced the auriferous veins. The fractionation of oxygen 

isotopes between quartz and the coexisting minerals in the 

veins indicates formation of the Star Lake quartz veins took 

place at temperatures near soo·c (Table 4). In conjunction 

with homogenization temperatures and physical characteristics 

of the fluid inclusions, the depth at which the veins formed 

range between 6 and 18 km, with most fluid inclusions being 

trapped within the range of 10 to 18 km, compatible with the 

depth at which the greenschist-amphibolite facies transition 

occurs. The occurrence of few low density C02± (CH4) -bearing 

fluid inclusions in the Rush Lake vein (Tables 1 and 2) may 

signify entrapment of some auriferous fluids at shallower 

depths ( -3 km) . 

Boiling of hydrothermal fluids during decompression has 

been viewed as a plausible, but not a universal mechanism that 

facilitates precipitation of ore minerals (Fournier, 1985; 

Reed and Spycher, 1985; Drummond and Ohmoto, 1985). Boiling 

in the Star Lake deposit is not evident from the fluid 

inclusion study, rather fluid effervescence due to 

decompression of the supercritical fluid occurred during 

entrapment of the primary and secondary fluid inclusions. 

Because near-neutral pH, and low salinity fluids in 

equilibrium with pyrite-pyrrhotite favor gold complexing by 
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sulfur donor-ligands (Seward, 1973, 1984; Shenberger and 

Barn~s, 1989), the loss of the H2S phase may have been the 

main effective mechanism of liberating and precipitating gold 

along with pyrite in the veins at star Lake. C02 exsolution 

from the unmixed fluid, however, would lead to an increase in 

pH of the fluid and subsequent decrease in solubility of the 

gold thio-complexes promoting the deposition of high-grade 

gold domains within the shear system e.g 21 zone and Rush Lake 

veins. In a study of Archean lode-gold deposits, Kerrich and 

Fryer (1981) proposed that irrespective of the types of metal 

complexing agents in the hydrothermal fluid, a low water/rock 

ratio in the source region would suppress the uptake of 

abundant base metals into solution relative to rare metals 

resulting in an enhanced concentration of certain rare 

elements such as gold in the hydrothermal fluid reservoir. 

The precipitation of carbonate minerals in the wall 

rocks, however, was substantially less than expected if 

significant C02 was lost to the exsolved low-density phase: 

because during fluid upward migration C02 carbonatizes the 

wall rocks (Kerrich and Fyfe, 1981). The absence of sulfate 

minerals and wall rock alteration rule out the participation 

of oxidation reactions and extensive fluid-wall rock 

interaction· during deposition of the Star Lake auriferous 

veins. 
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6.2 Conclusion 

This work is one of the first few studies on the fluids 

associated with Proterozoic gold mineralization in the 

Canadian Shield of northern Saskatchewan. Although the 

conclusions presented ou~line some of the gross aspects of 

epigenetic gold mineralization in shear-hosted deposits, they 

point to topics upon which additional research is clearly 

required before a detailed gold-mineralization model can 

accurately be constructed. The significance of these kind of 

studies for exploration includes deciphering of the conditions 

of quartz-gold deposition, the characterization of the 

mineralizing fluids, and the history of fluid-wall rock 

interaction; such information is crucial for modern mineral 

exploration. 

Microthermometric analysis of the fluid inclusions 

associated with the star Lake quartz veins provide valuable 

information about the physical and chemical characteristics 

of fluids associated with gold deposition. It is, however, 

still equivocal as to whether the gold was introduced during 

early vein-pyrite formation, during late vein deformation, or 

continually throughout the depositional and deformational 

history of the veins. In all cases, the unmixing of the low 

salinity mineralizing fluid into H20-rich and co2-rich members 

due to pressure fluctuations during fluid decompression is 

likely to be the main factor in destabilizing gold complexes 

in the fluid and ultimately in the deposition of gold within 
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dilational sites along shear zones. 

__ Stable isotopic compositions of the quartz veins and 

associated minerals point to deposition of the auriferous 

veins at high temperatures from fluids of a metamorphic 

precursor. Similarity in the &18o values between the auriferous 

quartz veins and the pluton-quartz and the lack of extensive 

wall rock alteration indicate that the mineralizing fluid was 

in equilibrium with the pluton during vein deposition. The 

solutes (e.g. Au, s, C) were most likely leached from igneous 

rocks located deep in the metavolcanic pile beneath the Star 

Lake pluton (Fig. 19). The localization of gold deposits is 

probably related to the inherent physical properties of the 

Star Lake pluton which, as a result of deformation, provided 

channelways for the ascent of metamorphic fluids rather than 

providing fluids directly from crystallization of the pluton. 

Deposition of auriferous quartz veins in the Star Lake 

area occurred during deformational episodes that took place 

some 50 to 100 Ma after the emplacement of the Star Lake 

pluton as recorded by Rb-Sr isotope systematics of the veins 

and pluton. Dynamic deformation outlasted deposition of the 

auriferous veins by 100 Ma or more in the Star Lake area 

ending near termination of Hudsonian thermotectonism in 

northern Saskatchewan (Figs. 18 and 19). 
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Appendix 1: List of the Star Lake samples. 

---~-~----~---~----------------------------------------------------~--~~----========== Sample# Vein 

60-2 21 Zone 

60-4a " " 

60-4b " 

60-5 " " 

60-6 .. " 

260-1 " 

260-6 " 

260-9 " 

360-1 " 

360-3 " 

HG-1 " 
HG-14 " 
A-zone 

21009A " " 

21-21011 " " 
21-21019 " " 
21-21030 " " 
21-21033 " " 
17-17018 It " 
17-17024 " 

17-17726 " 

17-17027b" " 

Rush Rush Lake 

Rush-Au " 
LS 0066 " " 

LS 0068 " 

LS 0071 

LS 0063 " 

Rush pluton " It 

Location/Depth 

60 ft level 

60'level,-2m away 
from 60-2 

" " " 

60'level, a few m 
away from 60-4 

-1m away from 60-5 

260'level 

" 

" 

360'level 

" " 

from ore pile 

" 
270'level 

Description 

Au-quartz with mafic 
dike rafts from the 
mine face. 

less pyritiferous qtz 
from the mine face 

highly pyritiferous qtz 
with mafic dike rafts 

pyritiferous qtz with 
mafic dike rafts 

" " " " 
pyritiferous qtz from 
muck 

less pyritiferous qtz 
with monzonite raft 

qtz veinlet within 
mafic dike 

pyritiferous qtz from 
the center of the vein 

pyritiferous qtz from 
from the mine raise 

high-grade ore 

" " 
translucent quartz 
without sulfide 

233'deep, DDHi83-21 qtz with mafic dike rafts 
(2.38 oz/ton Au) 

235'deep, DDHI83-21 Au-qtz (2.74 oz/ton Au) 

248'deep, DDHI83-21 Au-qtz (0.36 oz/ton Au) 

265'deep, DDHt83-21 Au-qtz (0.77 oz/ton Au) 

270'deep, DDHI83-21 Au-qtz (4.86 oz/ton Au) 

250'ddep, DDHt83-17 Au-qtz (0.29 oz/ton Au) 

260'deep, DDHt83-21 Au-qtz (0.1 oz/ton Au) 

242'deep, DDHt83-17 highly strained qtz 

Type of analysi 

F.I., S.S., 
Rb-Sr 

F.I., S.S. 

F.I., S.S. 

F.I., S.S. 

F.I., S.S. 

F.I., S.S. 

s.s. 

F.I., S.S. 

F.I., S.S. 

f.I., S.S. 

s.s. 

s.s. 

F.I; 

s.s. 

F.I., S.S. 

F.I., S.S. 

s.s. 

s.s. 

s.s. 

s.s. 

F.I. 

267'deep, DDHI83-17 pluton raft with crustified S.S. 
calcite (<0.01 oz/ton Au) 

from vein-wall rock tourmalinized quartz with 
contact visible gold 

from 8'deep trench 

from the center of 
the vein 

" " 

" " 
a few m away from 
the vein 

" " " 
translucent tourmalinized 
quartz 

" " 

" 
pluton monzodiorite 

from vein-wall rock pluton monzodiorite 

F.I., S.S., 
Rb-Sr 

tt 

F.I., S.S. 

Rb-Sr 

Rb-Sr 



Appendix 1(cont.) 

Samplet 

K 18 

K 18-1 

K 18-2 

HT-1 

HT-2 

LS 0161 

LS 0161 

Ls 0163 

LS 0212 

DN-2 

DN-3 

LS 0269 

LS 0256 

Vein 

Kahn 18 

.. 

" 

Hill Top 

" 

" 

" " 
Duck Nest 

" " 

" " 

J-II 

J-I 

Location/Depth 

contact 

from the center of 
the vein 

from vein-wall rock 
contact 

from the center of 
the vein, -som 
away from K 18-1 

from the center of 
the vein 

a few m away from 
HT-1 

from the center of 
the vein 

" " " 

" 
from the center of 
the vein 

" " " 

from a vein adjac
ent to DN-2 

from the center of 
the vein 

" " " 

LS 0204 Square Pit " " 
QV-1 

Jolu 

quartz vein in" 
metavolcanic 
sequence 

" 

Jolu from the surface 
of the vein 

113 

Description Type of analysi 

yellowish qtz with feldspar S.S. 
grains 

yellowish qtz with feldspar F.I., S.S., 
and pyrite Rb-Sr 

translucent to yellowish 
qtz with feldspar grains 

slightly pyritiferous 
qtz 

.. " " 

translucent qtz 

.. 
qtz with numerous mafic 
dike rafts 

pyritiferous qtz with 
mafic dike rafts 

s.s. 

S.S., Rb-Sr 

F.I., S.S. 

F.I., S.S. 

s.s. 

translucent qtz with mafic S.S. 
dike rafts 

Au-qtz with mafic dike F.I;, s.s. 
rafts 

qtz with felsic dike 
rafts 

barren pyritiferous qtz 

F.I., S.S. 

F.I., S.S. 

from vein-wall rock contact F.I., S.S. 

Au-pyritiferous qtz F.I., S.S. 

Abbreviations: qtz-quartz; F.I.•fluid inclusion; S.S.-stable isotope; Rb-Sr•Rb-Sr 
radiogenic isotope. 
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Appendix 2. Petrography of the Star Lake quartz veins 

21 zone vein 
The quartz of the 21 zone is massive and translucent to 

milky white. Locally it is stained to a yellow color. Pyrite 
occurs along fractures in the quartz. Also included within the 

quartz are ribbons, rafts, and inclusions of wall rock 

material. 

Quartz: appears as anhedral grains with moderately serrated 

margins. Some larger grains (2-3 mm diameter) are occasionally 

surrounded by smaller polygonized quartz subgrains {S0.5 mm). 
All grains display undulose extinction. Fluid inclusions occur 
as two-dimensional trails delineating crosscutting healed 
microfractures. They also occur as clusters within the quartz 
grains as well as along grain boundaries. The crosscutting 

sets of micro fractures usually transect grain boundaries. Some 

quartz samples contain ribboned grains with cataclastic 

features. Vein-quartz commonly hosts macroscopic wall roc_k 

fragments and ribbons along fractures, and thus, most of the 

hosted minerals may not be coeval with the quartz veins. 
Feldspar: occurs almost exclusively along fractures with the 
mafic minerals or as a few grains at the vein-wall rock 
contacts. Feldspar grains (0.2-1.5 mm across) are mainly 

microcline with variable degrees of cloudiness. Feldspar, 

biotite, and muscovite display a mosaic texture within parts 

of the wall rock rafts along fractures. 

Biotite: flakes ( 0. 2 -o. 5 mm long) occur as ribboned bands 

along fractures, some of which are partly chloritized. Few 

biotite flakes occur randomly within quartz grains and look 
to be coeval with the quartz. Some larger flakes of biotite 

(-10 mm) exhibit bent cleavage. 
Muscovite: occurs both as aggregates and as dispersed flakes 
(0.2-0.3 mm long) with biotite or on feldspar along fractures 

of some vein-samples. Both micas show moderate prefered 
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orientation along the axes of mafic ribbons. 

Amphibole: is less abundant compared to the other mafic 

minerals, and occurs within the rafted wall rock material. It 

forms large corroded pseudomorphs (1-2 mm) after pyroxene and 
within epidote alteration. Some amphibole occurs as radiating 
fibrous aggregates at the edges of the fractures. 

Pyroxene: as a few relict grains occur (0.5-1 mm diameter) 
with the other mafic minerals within the ribbons along 
fractures. 

Epidote: subhedral grains and laths (0.5-2 mm) occur 

exclusively along fractures and may be partly or wholly of 
secondary origin. 

Chlorite: is present as a few flakes (0.5 mm long) around 
sulfides. 

carbonate: occurs as crystalline aggregates (0.2-15 mm long) 
and as amorphous fracture fillings in some samples. The main 
carbonate mineral is calcite, which in some samples shows 

crustified layering (~10 mm thick) with colors ranging frQm 

white through greenish to rusty brown. 

Sulfides: occur randomly or along fractures as massive 
aggregates (lumps up to 10 em across) or as isolated euhedral 

to subhedral grains (1-5 mm across). Pyrite is the predominant 

sulfide encountered in the vein samples. Chalcopyrite and 
pyrrhotite occur as small blebs or grains (S0.2 mm) within or 
around the pyrite masses. 

Magnetite: occurs as subhedral fractured grains (0.1-0.2 mm) 

or aggregates (3 mm across) around massive pyrite. Magnetite, 

pyrite, and vein-quartz appear to be coeval. 

Gold: is present as small specks (25 ~m across) or fracture 

fillings (-75 ~m long) within the pyrite-rich areas. 
Accessory minerals: include apatite, sphene, and zircon 

occurring as few grains (0.1-0.2 mm) only within the rafted 

wall rock material included in the vein-quartz. 
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Opaques: occur as dark and dark-brown irregularly shaped 

masses along fractures, usually within areas of intensive 

alteration of the mafic minerals (Fe oxides?). 

Rush Lake vein 

Quartz is translucent to milky white with yellowish

colored areas and contains vugs and sheared surfaces. The vein 

contains mafic dike rafts as well as tourmaline bands or 

selvages. Limonitization is intense especially in the areas 

occupied by sulfides. 

Quartz: In thin section, quartz appears as ribboned and 

laminated grains (up to 5 mm long). The grain boundaries are 

usually occupied by (cataclastic) subgrains (~ 20 ~m). 

Microfractures occur parallel to the ribboned grain boundaries 

as well as cutting across the grains. Fluid inclusions occur 

along microfractures, grain boundaries, and randomly within 

the grains. Undulose extinction and signs of strain are 

ubiquitous. 

Tourmaline: occurs as prisms (up to 0.5 mm long) or 

polygonized grains (20-75 ~m) at random as well as along 

fractures in vein-quartz. Tourmaline in all samples is coeval 

with quartz. Some prisms appear bent or fractured due to 

shearing, and some grains display halos under crossed polars. 

Muscovite and chlorite: occur as a few flakes ( 0. 1-0. 2 mm 

long) along fractures with the predominant tourmaline. 

Pyrite: occurs as fractured aggregates (-1 em across) in hand 

specimen. 

Gold: is present as visible grains around pyrite aggregates 

(-1 mm) or randomly along fractures. 

Kahn 18 vein 

The vein composes sheared, and translucent to yellowish

colored quartz showing strain features. 
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Quartz: appears as anhedral to subhedral grains of variable 
sizes (0.2-4 mm). Some grains are ribboned, with irregular 
margins usually lined by anhedral (cataclastic) subgrains (20-
100 ~m). More than one set of intersecting microfractures cut 
across grain boundaries. Fluid inclusions occur mainly along 
the microfractures and, to a lesser degree, at grain 
boundaries. Fewer inclusions occur as clusters or seperately 
within the quartz grains. Some areas of the quartz sample 

display higher degrees of strain forming finer (20-50 ~m) 

cataclastic quartz aggregates. A few quartz grains exist as 
overgrowths on feldspar grains, though the texture is not 
typically myrmekitic. 
Feldspar: occurs mainly as microcline at the vein-wall rock 
contacts as large anhedral grains (1-2 mm across). Some 
microcline grains are perthitic, but a few albite grains (0.2-
0.3 mm) do occur seperately with other minerals along 
fractures. Feldspar grains are partly sericitized, where 
numerous tiny muscovite flakes occur on the feldspar grains. 
From field observation, feldspar usually occurs as pegmatoidal 
sweats at the vein-wall rock contacts. In thin section, 
potassium feldspar and vein-quartz show apparent textural 

equilibrium. 

Muscovite: occurs as variable-sized flakes either within the 

feldspar grains (75-100 ~m) or as larger flakes (0.2-0.3 mm) 
along fractures. Few flakes are developed along microcline 
lamellae. 
Chlorite: occurs with muscovite as fibrous flakes (0.2-1 mm 
long) along fractures. 
Amphibole: exists as relict grains (0.5 mm across) showing 
almost complete alteration into dark to reddish-brown 
material. 

Epidote: occurs as a few grains (0.2-0.5 mm) within the highly 
fractured areas. 
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Apatite: occurs as few accessory grains (0.2 mm) along 

fractures. 

J-II vein 
The vein is made up of massive translucent quartz 

containing mafic dike rafts. 
Quartz: appears as irregular grains (1-3 mm long) with 
serrated boundaries that are occasionally occupied by smaller 
anhedral subgrains (20-100 ~o£m). Healed microfractures cut 
across quartz grains, and appear darker compared to 
microfractures in other vein samples. Fluid inclusions occur 
along healed microfractures, randomly distributed within 

grains, and along grain boundaries. 
Feldspar: occurs within the mafic dike raft as well as along 
the mafic dike-quartz vein contacts. Microcline (0.2-1 mm) is 
the main type of feldspar with little or no alteration. A few 
microcline grains along the mafic dike-vein contacts are 
perthitic. 
Biotite: occurs as oriented flakes (0.5 mm) along fractures, 
in part intermixed with other mineral constituents in the 
fractures. Some flakes show bent cleavage or altered rims. 
Biotite is more abundant within the mafic dike fragments, 
forming seperate bands parallel to that of amphibole-epidote 
mixture. 

Amphibole: exists as prismatic grains (0.2-1 mm), some of 
which have one prominent cleavage or fracture planes. Prisms 
are oriented with their longer axes within the biotite-rich 
band, and as resorbed and altered grains within the amphibole
epidote band. 

Epidote: oriented grains (up to 2 mm long) occur within the 
amphibole-rich bands. Epidote has varying pleochroism in 
shades of green. 

Chlorite: occurs as a few flakes within the biotite areas as 
an alteration product. 
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carbonate: as calcite (0.1-0.5 mm across) shows close 

association with epidote along fractures. 
Apatite: occurs as accessory grains (25-200 ~m) within the 

mafic minerals along fractures. 

Hill Top vein 

Vein-quartz is milky white, yellowish, or translucent. 

Quartz is massive but shows signs of shearing. Like the Rush 

Lake vein, Hill Top contains pyrite-pyrrhotite and substantial 

amounts of tourmaline. 
Quartz: appears as highly ribboned grains (up to 4 mm long) 
oriented along their longer axes. Grains are of serrated 

margins, and are commonly associated by numerous polygonized 

subgrains (25-100 ~m) along their boundaries. Some parts of 
the vein-quartz are less strained and consist of large 
polygonized grains (1-3 mm). Healed microfractures that 

transect grains, host numerous fluid inclusions. Fewer 

inclusions are randomly distributed within the quartz grains~ 

Feldspar: is mainly orthoclase (0.2-1.5 mm across) with minor 

microcline. Both feldspar types are sericitized and occur with 
epidote and carbonate along fractures. Some grains are twinned 

and a few are perthitic. 

Albite: occurs as a few grains (0.5-0.7 mm) within fractures 

together with epidote and biotite. 
Tourmaline: occurs as prisms or polgonized grains (0.02-0.5 

mm) within quartz, and they look coeval. 

Amphibole: exists as a few corroded or relict grains (0.5 mm) 

within the area rich in epidote. 

Epidote: occurs randomly or along fractures as few irregular
shaped grains. It shows variable degrees of alteration. 

Biotite: occurs as a few flakes (up to 1.5 mm long) close to 
a fracture occupied by epidote. 
Carbonate: appears as amorphous fracture fillings (>7 mm long) 
in the epidote-rich parts. 
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Pyrite: occurs as subhedral grains (up to 2 mm across) along 

fractures together with epidote, biotite, and calcite. 
Opaques: occur around pyrite and epidote alteration areas 

(iron oxides?). 

Duck Nest vein 

The vein appears as an array of relatively thin quartz 

veins carrying many mafic dike rafts. Quartz is essentially 

translucent and is sheared. 

Quartz: appears as polygonized grains (up to 3 mm across) with 
serrated boundaries. Some areas in the samples comprise of 
laminated or ribboned quartz grains with their longer axes 

parallel to the fractures. Crosscutting healed microfractures 

are numerous and host abundant fluid inclusions. 

Biotite: occurs as aggregates mainly along fractures (up to 

15 mm long) and as few flakes (0.05-0.5 mm) oriented parallel 

to the planes of the fractures. The latter group is coeval 

with vein-quartz. A few flakes along fractures are bent or 

altered to deep green chlorite. 

Tourmaline: occurs as needle-like prisms ( 20-200 p.m long) 

within the areas of biotite, and has the same orientation 

along and off the fractures. Most of the tourmaline grains 

appear to be coeval with vein-quartz. 

Epidote: grains (up to 2 mm long) occur together with calcite 

within the mafic dike material. 

carbonate: as calcite (0.2-2 mm across) occurs around chlorite 

grains. 

Sphene: exists as a few accessory grains (75-100 ~m) along 
fractures. 

Zircon: occurs as small diamond-shaped crystals (25-75 ~m) 

within the biotite band. Some biotites with zircon overgrowths 

display dark halos (due to radiogenic decay in zircon). 

Opaques: occur around chlorite alteration (iron oxides?). 
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QV-1 vein 

Quartz is greyish-translucent, and has sharp contacts 
with-- the metavolcanic host rocks. A few quartz veinlet 

protrusions grow along fractures extending in the metavolcanic 
rocks. Rafts of the host rocks are commonly included in the 
later vein-quartz. 

Quartz: exists as polygonized grains (1-3 mm) with fairly 
straight and serrated margins. Intersecting healed 
microfracures host numerous fluid inclusions. Fewer inclusions 

occur around or along grain boundaries. 

Feldspar: is slightly to moderately strained orthoclase (up 

to 3 mm across) displaying variable degrees of cloudiness and 

wavy extinction. In some parts, the orthoclase grains are 

surrounded by carbonate. A few albite grains (0.1-1 mm) occur 
with the orthoclase at the vein-wall rock contacts. 

Biotite: occurs as few flakes (20-100 ~m) along fractures and 
on feldspar within vein-quartz, and as larger (up to 2 mm 
long), sometimes bent flakes, together with carbonate at t~e 

vein-wall rock contacts. 

Tourmaline: occurs as oriented prisms (20-200 ~m) intergrown 

with small biotite flakes and feldspar, which altogether look 

as large fracture filling. 

carbonate: occurs as euhedral to subhedral calcite crystals 

(0.5-3 mm) at the vein-wall rock contacts usually as fracture 
fillings. some lamellae of the calcite crystals are occupied 

by highly birefringent 'amorphous • carbonate, though both 

generations look secondary. 

Chalcopyrite: occurs as fractured aggregates (7 mm long) 

together with magnetite in vein-quartz. 

Magnetite: occurs as fractured aggregates (2 mm) within 
chalcopyrite. 

The wall rock is fine-grained (<0.2 mm) ,highly foliated, 
and made up of epidote, quartz, biotite, amphibole, and 

apatite in order of abundance. Like biotite, amphibole occurs 
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as needle-like oriented laths. Both minerals form seperate 
bands associated by fine-grained quartz interbands. A few 

epidote grains (1-2 nun) occur within the bands as large 

prismatic grains usually showing variable degrees of 

corrosion. 

Square Pit vein 

Vein-quartz is massive and translucent or yellowish in 
color. Signs of shearing are common. Sulfide mineralization 
is minor. 
Quartz: occurs as subhedral or irregularly shaped grains (0.2-

4 nun across) with relatively straight boundaries. Intersecting 

healed microfractures cut randomly across grains, and host 
numerous fluid inclusions. Fewer number of inclusions are 

located randomly or along grain boundaries, and are relatively 

smaller in sizes compared to those occupying fractures. 
Feldspar: is present as a few small microcline grains (0.1 nun) 
together with muscovite along fractures in quartz. 
Muscovite: occurs as few pale-greenish flakes (up to 0.4 mm 

long) with faint pleochroism along fractures. A few flakes 

grow around quartz grains. 

Tourmaline: is present as a few dark brown prisms and 

polygonal grains (75-150 ~-&m) together with muscovite around 

quartz grains. 

0126 vein 

This small quartz vein is located at the contact between 

the pluton and the metavolcanic rocks, and lies between Rush 

Lake and Hill Top veins. Quartz is massive and carries rafts 

and ribbons of wall rock material. 

Quartz: occurs as large polygonized grains (1-7 mm) with 

either straight or serrated boundaries. Healed microfractures 

cut across grain boundaries and host the majority of the fluid 

inclusions. Some grains host more fluid inclusions than the 
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neighboring members. 
Feldspar: occurs as large cloudy grains of twinned albite (up 
to 6--mm across) mainly at the vein-wall rock contacts. Both 

perthitic and antiperthitic textures are displayed by the 
-feldspar. Some areas contain subrounded quartz overgrowths (up 
to 1 mm across) as well as carbonate fracture fillings, 
sericite, epidote, and a few flakes of biotite. 
Amphi~ole: is present as a few elongated prisms (0.1-0.2 mm) 

within the feldspar areas mainly along fractures. 
Epidote: occurs as large laths (up to 2 mm long) along 
fractures. Allanite and zoisite occur as a few grains along 
fractures. 
Biotite: occurs as a few flakes (0.5 mm) along fractures. 
car~onate: occurs as amorphous fracture fillings within the 
areas of feldspar and epidote. 
Opaques: exist as dark brown masses within the areas of 
alteration (iron oxides?). 

J-I vein 
The vein-quartz is translucent, and contains many felsic 

wall rock rafts. 

Quartz: appears as polygonized grains (1-3 mm across) with 

slightly to moderately serrated boundaries. Fluid inclusions 
are mainly located along healed microfractures that cut across 
grain boundaries. Vein-quartz is almost devoid of any mineral 
other than a few biotite flakes ( o. 2 mm) occurring along 
fractures. 

The wall rock is fine-grained equigranular (0.2 mm) in 
texture and made up of quartz, alkali feldspar, and biotite. 
Other minerals encountered include minor albite, amphibole, 
epidote, and opaques. Pluton and mafic dike rafts are common 
in the J-I vein. 
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Jolu vein 
Vein-quartz is massive and greyish-white to translucent. 

It contains aggregate of sulfides occupying fractures with 
little or no rafted wall rock material. 
Quartz: occurs as polygonized or ribboned grains (0.1-2 mm 
long) with irregular or serrated boundaries. Numerous 
intersecting microfractures cut randomly across the quartz 
grains, and host abundant fluid inclusions. Fluid inclusions 
occur off fractures either within or along grain margins. 
Biotite: occurs as a few flakes ( 0. 5 mm) along fractures 
together with sulfides, and in some instances they look 
coeval. 
Sulfides: exist mainly as pyrite aggregates (1-5 mm across), 
perhaps with minor amounts of arsenopyrite(?) and pyrrhotite. 

Sulfide aggregates have irregular forms along fracures. 
Epidote: occurs as a few aggregates (0.5 mm) along fractures 

that are occupied by sulfides. 
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