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ABSTRACT 

The Flin Flon Domain is a Proterozoic example of a greenstone belt, and is 
one of the lithotectonic elements of the Reindeer Zone in the Trans-Hudson Orogen. 
The oldest rocks are a sequence of tholeiitic to calc-alkaline island arc and back arc 
extrusive rocks, termed the Amisk Group (U-Pb ages - 1925-1885 Ma) that host 
volcanogenic massive sulphides. These rocks are unconformably overlain by molasse
type sedimentary rocks and intruded by gabbroic to granitic rocks ranging in age 
from syn-volcanic to late-tectonic. Metamorphic grade varies from prehnite
pumpellyite (ca. 300°C, 2 kbar) to amphibolite facies (ca. 5500C, 5 kbar), and peak 
thermal conditions generally were attained locally during granitoid intrusion. Many 
of the shear zones and the dominant regional foliation developed during ductile 
deformation coeval with peak metamorphism. These shear zones were reactivated 
and mineralized under brittle-ductile conditions during post-peak metamorphic uplift. 

Granitoid rocks range from syn-volcanic to late-tectonic in age, and have been 
dated using the single-zircon Ph-evaporation technique. The plutons dated were 
intruded between 1860 and 1834 Ma, and provide further evidence of a major period 
of intrusive activity throughout the Trans-Hudson Orogen at that time. The older 
plutons (1860 to 1848 Ma) are synchronous with P2 deformation and the early stages 
of peak metamorphism, whereas the younger plutons are synchronous with or 
postdate the P3 deformation event. The zircons from specific plutons usually have 
distinct 208Pb/206Pb ratios as well as 207Pb/206Pb ages. The Annabel Lake, Reynard 
Lake and Boot Lake plutons are generally metaluminous and calc-alkaline, enriched 
in ULE and depleted in HFSE relative to ocean-ridge granites, exhibit Ta-Nb 
troughs, have Rb, Y, Nb and ~ 180values typical of subduction-related granitoids, and 
eNd(t) values between +2.2 and +4.5 suggesting that the magmas were probably 
derived by partial melting of the lower portions of the developing island arc crust. 
The youngest pluton, the Phantom Lake granite, also has characteristics suggestive 
of subduction-zone processes, but high Ba and Sr concentrations ( > 1500 ppm) and 
lower eNd(t) ( + 1.4 to -1.0) values, which are indicative of an older crustal 
component, possibly subducted sediment, in the source region. However, all the 
granitoids studied in detail have undergone varying degrees of sub-solidus alteration, 
deformation and metamorphism resulting in complex open-system exchange of 0, Rb, 
Sr, Sm and Nd. 

Missi Formation sedimentary rocks in the Flin Flon Basin consist of a 
sequence of fluvial conglomerates and sandstones that unconformably overlie Amisk 
Group rocks. The sedimentary rocks are crosscut by intrusive rocks, which provide 
a minimum age of sedimentation of 1840 ± 7 Ma. Euhedral to slightly rounded 
zircons dominate throughout the stratigraphic succession of the Missi Formation, and 
yield Pb-Pb ages between about 1854 and 1950 Ma. The Missi sediments were thus 
deposited between 1840 and 1854 Ma. Similar ages indicate that possible sources for 
these zircons are Amisk Group felsic volcanic rocks, post-Amisk granitoid rocks and 
orthogneisses in adjacent domains within the Trans-Hudson Orogen. However, the 
mature character of the sedimentary rocks, the composition of clasts, the euhedral 
character of many of the zircons and the range in ages suggest that most were likely 
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derived from Amisk Group and granitoid rocks in the western Flin Flon Domain. 
Rounded zircons, which yield Pb-Pb ages of up to 2529 ± 20 Ma, are uncommon, but 
provide evidence for the reworking of older Proterozoic sedimentary rocks, or a 
distant Archean or Early Proterozoic granitoid terrane. 

Epigenetic gold mineralization in the western portion of the Flin Flon Domain 
occurred prior to peak metamorphism, but more commonly postdates peak 
metamorphism. The Laurel Lake Au-Ag deposit is an example of the earlier phase 
of gold mineralization, and is distinguished from the more common epigenetic 
mesothermal gold occurrences by lack of obvious relation to a major shear zone, and 
high base metal sulphide content and Ag/ Au ratio (5:1). Fluid inclusion and stable
isotope data indicate that the mineralizing fluids had a high temperature ( > 300°C), 
were saline (> 10.3 wt.% NaCl equiv.) and C02 bearing and had hydrogen and 
oxygen isotopic compositions similar to modified seawater. This fluid leached sulphur, 
base metals, and precious metals as it interacted with Amisk Group volcanic rocks. 
The Laurel Lake deposit has fluid, vein, and alteration characteristics that distinguish 
it from both epithermal and mesothermal deposits, especial% the involvement of 
modified seawater in the formation of the Laurel Lake deposit. Ar / 39 Ar incremental 
step-heating of muscovites from the Laurel Lake deposit yield plateau ages of about 
1750 Ma, which is probably representative of the time that the muscovites last closed 
to Ar diffusion. 

Mesothermal gold mineralization in the western portion of the Flin Flon 
Domain is hosted in quartz veins that developed at jogs or zones of competency 
contrasts along brittle-ductile shear zones, in all lithologies in the region. Alteration 
envelopes, which consist of quartz-carbonate-chlorite-albite-muscovite-pyrite, are 
usually less than a few metres wide and overprint regional metamorphic assemblages. 
The veins consist of milky-coloured quartz and may also contain tourmaline, ankerite, 
chlorite and muscovite. Pyrite and arsenopyrite are the dominant sulphides, and gold 
grade is proportional to the modal abundance of sulphides. The dominant fluids 
associated with gold mineralization were H20-C02-NaCl (0.6 to 14.7 wt.% NaCl 
equiv.) in composition, with generally uniform H20/C02 phase ratios in a given 
plane or zone, but variable phase ratios between zones. Oxygen isotope analyses of 
mineral pairs indicate temperatures of mineralization of between 360 and 4200C, 
which, when combined with fluid inclusion density estimates, indicate that most of 
the gold mineralization occurred at a pressure of about 2kb. Rapid pressure release 
in dilatant zones with related phase separation and change in fluid composition and 
physical properties, and local fluid-wall rock interaction, were likely the gold
precipitation mechanisms. The 0, H, S, C and Sr isptopic compositions of 
hydrothermal minerals indicate that the fluids interacted extensively with Proterozoic 
metamorphic and igneous rocks similar in composition to those presently exposed at 
surface, under conditions of relatively high temperatures and at low water/rock 
ratios. The 0 and H isotopic compositions are compatible with formation of the 
fluids from devolatilization reactions during prograde metamorphism at depth. The 
oxygen isotopic compositions of barren quartz veins vary with host rock indicating 
these fluids were either locally derived or interacted extensively with the immediate 
host rocks. A Rb-Sr tourmaline-muscovite isochron age of 1760 ± 9 Ma from the Rio 
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deposit, along with a published 40 Ar / 39 Ar age on muscovite from the Tartan Lake 
deposit {1791 ± 4 Ma) indicate that fluid flow related to hydrothermal activity along 
the shear zones occurred periodically over a period of about 30 Ma. These 
Proterozoic occurrences are similar to Archean mesothermal gold deposits in terms 
of geological, structural and tectonic setting, alteration and vein mineralogy, and fluid 
composition, pressure and temperature. However, the limited extent of alteration, 
low gold content, isotope systematics and the lack of either S-type granites or mantle
derived lamprophyres suggest that the shear zones hosting the western Flin Flon 
Domain occurrences sampled limited quantities of fluids and thus were not trans
crustal features capable of hosting giant gold deposits. 

The tectonic evolution of the western Flin Flon Domain is complex. Volcanic 
rocks and associated volcanogenic massive sulphides were formed in island arc, and 
back-arc ocean floor environments, prior to juxtaposition during east-directed ductile 
thrusting as a result of early arc-arc collision (pre-1860 Ma). Partial melting at the 
base of the developing oceanic island arc system resulted in formation of calc
alkaline granitic magmas. The main phase of regional metamorphism was initiated 
by advection of heat through the crust by way of this phase of plutonism. The 
Wathaman Batholith was intruded synchronously with this phase of plutonism and 
represents arc-continent collision along the northwestern margin of the Reindeer 
Zone, which initiated southward propagation of major thrust sheets. Fluvial molasse 
sedimentary rocks were deposited (1854-1840 Ma) after erosion of mountain chains, 
which developed during this period of thrust sheet development, crustal thickening, 
and plutonism. Slivers of late Archean crust were incorporated into the thrust sheets, 
and were exposed and eroded during Missi Formation sedimentation. Similar 
sediments may have been a component in the source regions of late-tectonic 
magmatic systems, such as the Phantom Lake pluton (1840 Ma). Peak metamorphic 
temperatures were attained after nappe emplacement at about 1815 Ma during 
thermal equilibration of the thickened crust. Later thrusting, related to collision 
between the Superior Province and the Reindeer Zone, included thrusting of the Flin 
Flon Domain over the Hanson Lake block along the Sturgeon Weir Shear Zone. A 
source for gold-bearing metamorphic fluids may be devolatilization reactions during 
thermal re-equilibration of Proterozoic rocks in the Hanson Lake block, and these 
fluids were then focussed into structural sites in reactivated brittle-ductile shear zones 
in the western Flin Flon Domain at about 1790-1760 Ma. During continued uplift and 
cooling to about 200°C at 1700 Ma, brittle, generally oblique slip movements 
occurred along fault zones like the Tabbernor and Ross Lake faults. At this time, the 
remnants of the Trans-Hudson Orogen mountains were beiyg eroded and deposited 
in the developing intra-cratonic Athabasca Basin. 
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1. INTRODUCTION 

Gold is a monoisotopic noble metal that has been sought after historically for 

its beauty and monetary value, although recently its chemical and physical properties 

have led to a number of industrial applications, especially within the electronics 

industry (Boyle, 1987). The high value of gold in relation to most other metals has 

always generated interest in the discovery and exploitation of gold deposits (e.g. 

Emmons, 1937), and the dominant sources have been the Witwatersrand paleoplacer 

deposits in South Mrica (Pretorius, 1981), shear-zone hosted mesothermal deposits 

(Roberts, 1987) and epithermal deposits (Henley, 1985). The development and 

refining of genetic models for these types of ore deposit have been, and will remain, 

important in the development of viable exploration models. 

Mineral deposits, including gold deposits, are the most obvious result of fluid 

interaction within the crust (e.g. White, 1974), although fluids are also intimately 

involved in many geological processes including magmatic activity (Burnham, 1979), 

regional metamorphism (Etheridge et aL, 1983) and deformation (Kerrich, 1986; 

Sibson, 1990). The composition and physical characteristics of these fluids are a 

complex function of their source and the rocks with which they have interacted 

during their history. Rocks and constituent minerals al$0 derive characteristic 

chemical signatures from these fluids. During the geological history of a given area, 

the type and importance of various fluids will likely change as a result of large-scale 

regional processes, such as volcanic and intrusive activity, metamorphism and 

deformation. At specific times, conditions may be appropriate for the formation of 
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mineral deposits, and the detailed study of these systems will yield important 

information on fluid characteristics during the evolution of a region. Mineral deposits 

are normally studied in isolation, although it has been recognized that they may be 

integral and predictable components in the· tectonic evolution of a specific region 

(Kerrich, 1989a). Thus, characterization of tectonic evolution of an area should 

attempt to integrate studies of the pressure-temperature-time paths followed by 

constituent rocks, as well as the volumetrically minor mineral deposits. 

Shear-zone hosted mesothermal gold deposits of all ages, and associated rocks, 

have been the subject of numerous field and laboratory studies, which have led to the 

suggestion that they are related to transpressive accretionary tectonics at convergent 

plate margins (Wyman and Kerrich, 1988; Barley et aL, 1989; Kerrich and Wyman, 

1990; Goldfarb et al., 1991). Within this framework, controversies still exist as to the 

ultimate source of the mineralizing fluids, with a diversity of models for mesothermal 

gold fluids that involve degassing of tonalitic magmas (e.g. Burrows et al., 1986) or 

oxidized felsic magmas (e.g. Cameron and Hattori, 1987), devolatilization reactions 

during metamorphism (e.g. Kerrich, 1989b ), mantle degassing and related 

granulitization (e.g. Fyon et al., 1989), interaction with Au-rich lamprophyres (Rock 

and Groves, 1988), and meteoric water circulation (Nesbitt et al., 1986). However, 

the presence of mesothermal gold deposits in areas such·as the North American 

Cordillera, where the tectonic history is well known, may serve as constraints for 

models for the development of Archean greenstone belts, which are the dominant 

host of mesothermal gold deposits worldwide. 

The geology, structure, geochemistry and tectonic setting of giant gold deposits 
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in Archean greenstone belts in Canada have obviously attracted much research 

interest (e.g. Colvine, 1989 and references therein). However, there are greenstone 

belts of various ages that are superficially similar but contain little or no economic 

gold mineralization. Intensive studies of such areas may highlight the regional or 

local characteristics that favour the formation of giant mesothermal gold deposits, 

and can be used as a guide in determining the desirability of prospecting an area for 

gold. 

The Flin Flon Domain, Saskatchewan and Manitoba, which lies in the 

Precambrian Shield of Canada (Fig. 1.1), is an example of a typical greenstone belt. 

It hosts world-class volcanogenic Cu-Zn massive sulphide deposits, and a large 

number of gold occurrences, although the gold occurrences are generally small and 

sub-economic. The striking similarities between this greenstone belt and those in the 

Superior Province were used to suggest that it was Archean in age (Stockwell, 1964 ). 

However, later Rb-Sr (Mukherjee et al., 1971) and Pb-Pb (Sangster, 1972) dating 

provided evidence that the rocks are Aphebian in age. The western portion of the 

Flin Flon Domain was chosen as a suitable area to study the characteristics of a gold

enriched but economically poor greenstone belt, because field relationships are well

constrained. Geological mapping in the western Flin Flon Domain has taken place 

intermittently over the past eighty years (e.g., Bruce, 1918; Ambrose, 1936a, b; Byers 

and Dahlstrom, 1954; Stockwell, 1960; Byers et al., 1965; Stauffer and Mukherjee, 

1971; Galley et al., 1989; Thomas, 1990) and interest in the geology of the area has 

been stimulated by the discovery of gold and base metal deposits, and the need for 

refined exploration models. 
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The objectives of this study were to provide constraints on the tectonic 

evolution of the western Flin Flon Domain and to characterize the geological and 

geochemical character of epigenetic gold mineralization in the area. Granitoids were 

intruded at various stages during the development of the area and thus the ages of 

these plutons will yield accurate age limits on volcanism, sedimentation, 

metamorphism, deformation, and partial melting events in the lower crust or mantle. 

Fortunately, zircon, a common accessory mineral in granitoids, has a high U /Pb ratio 

and is resistant to alteration, making it eminently suitable for U-Pb or 207Pb/206Pb 

geochronology (e.g. Heaman and Parrish, 1991). Numerous studies have shown that 

integrated petrography, major and trace element composition, and isotopic 

geochemistry provide information on granitoid magma source and development (e.g., 

De Paolo, 1981; Jackson et al., 1984; Debon et al., 1986; Gromet and Silver, 1987; 

Boily et a!., 1989; Drummond and Defant, 1990; Manduca et al., 1992; Feng and 

Kerrich, 1992 ), and that characteristics of granitoid magmas are often typical of 

specific tectonic settings (e.g., Pearce et aL, 1984; Brown et al., 1984; Harris et a!., 

1986; Rogers and Greenberg, 1990). The petrological, geochemical and isotopic 

characteristics of selected granitoids in the western Flin Flon Domain are discussed 

in Chapter 3, and interpretations are made on the character of their source areas, 

crystallization history, tectonic setting, and cooling history.· 

Unconformably overlying the early volcanic rocks and many of the granitoids 

in the western Flin Flon Domain is a sequence of fluvial sedimentary rocks that were 

deposited during mountain building in the Trans-Hudson Orogen. Similar suites of 

clastic sedimentary rocks in the Precambrian of North America have been the focus 
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of a number of provenance studies over recent years (e.g., Gaudette et al., 1981; 

Davis et al., 1990; Ross and Parrish, 1991; Corfu et al., 1991; Rainbird et al., 1992; 

Mueller et al., 1992). These have concentrated on U-Pb dating of zircons, which 

commonly concentrate in sediments along with other heavy minerals, and have 

yielded important limits on crustal growth and paleogeography during the 

Precambrian. However, the ages of detrital zircons in sedimentary sequences of the 

Trans-Hudson Orogen have yet to be studied. Thus, a well-characterized stratigraphic 

package in the Flin Flon Domain was sampled to provide initial constraints on the 

ages of source regions available during mountain-building in this part of the Trans

Hudson Orogen. The results and implications are discussed in Chapter 4. 

Epigenetic gold occurrences are found in all rock-types in the western Flin 

Flon Domain. The geology, and fluid inclusion and isotope geochemistry of selected 

occurrences and the source of fluids and solutes, temperature and pressure of 

mineralization, alteration and depositional processes, and timing of mineralization 

are discussed in Chapters 5 and 6. Chapter 5 focusses on the Laurel Lake deposit, 

the chief example of a pre-metamorphic stage of Au-Ag mineralization, whereas 

Chapter 6 concentrates on the more numerous post-peak metamorphic mesothermal 

gold occurrences. These studies better constrain genetic models for gold 

mineralization in this region, and also provide details OH fluid circulation paths 

during at least two stages in the evolution of the western Flin Flon Domain. The 

inter-relationship between fluid movement and crustal processes, such as 

metamorphism, deformation and magmatism, in the western Flin Flon Domain can 

be compared with processes in well-studied gold-rich terranes to gain insights into the 
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potential for gold exploration in the Flin Flon area. 

The new data and interpretations presented in this thesis are integrated in 

Chapter 7 with previous and ongoing studies, which are summarized in Chapter 2, 

to provide further limits on the tectonic evolution of the western Flin Flon Domain. 

Sample locations and descriptions, data tables, and analytical techniques, 

including a detailed description of the Ph-evaporation technique and its effect on 

zircon and other minerals, are included in the Appendix. 



2. GEOLOGICAL SETIING 

2.1 Regional Framework 

The Flin Flon Domain is one of the lithotectonic elements of the Reindeer 

Zone in the Trans-Hudson Orogen. It is bounded to the east by the Archean 

Superior Province, to the north by amphibolite and granulite grade gneisses of the 

Proterozoic Kisseynew Domain, and to the west by the Sturgeon Weir Shear Zone 

and the Hanson Lake block. The domain is unconformably overlain to the south by 

Ordovician dolomites (Fig. 2.1). The exposed Flin Flon Domain is about 250 

kilometres long and about 40 kilometers wide, although there is geophysical evidence 

to suggest that this domain extends southward for hundreds of kilometres beneath 

the Phanerozoic cover (Green et al., 1985). However, the nature of the basement to 

the Williston Basin is still disputed (e.g. Lewry et al., 1986; Collerson et al., 1988). 

The Trans-Hudson Orogen is commonly subdivided into the Cree Lake and 

Reindeer Zones (Fig. 2.1; Stauffer, 1984). The Cree Lake Zone consists of Early 

Proterozoic miogeoclinal sedimentary rocks overlying Archean rocks of the Hearne 

Province, and is considered to be an integral part of the Trans-Hudson Orogen. The 

Reindeer Zone is a collage of island arc volcanic rocks, inter-arc volcanogenic 

sedimentary rocks, molasse-type sedimentary rocks, and plutons of various ages. 

Collectively, these rocks were deformed and metamorphosed during the Hudsonian 

Orogeny. The Reindeer Zone is commonly divided into a number of domains based 

8 
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predominantly on their lithological, metamorphic, and structural character (e.g. Lewry 

and Sibbald, 1977). The identification of Archean inliers in the Glennie Domain 

(Chiarenzelli et al., 1987) and the Hanson Lake Block (Bell and Macdonald, 1982; 

Craig, 1989) overlain by ductile high-strain zones have led to a reinterpretation of the 

gross structural geology of the Reindeer Zone. Lewry et aL (1990) and Bickford et 

a/. (1990) suggest that the Reindeer Zone represents a folded stack of nappes and 

thrust complexes separated by ductile mylonite zones that were generated during 

terminal continental collision. The Reindeer Zone can thus be subdivided into a 

number of thrust sheets (Fig. 2.2), and this subdivision is considered to reflect more 

accurately reflect the geological evolution of the region than previous interpretations. 

A major implication of this structural reinterpretation is that the Reindeer Zone may 

be structurally underlain by Archean rocks (Lewry et aL, 1990; Bickford et al., 1990). 

This study concentrates on the western part of the Flin Flon Domain in 

Saskatchewan; accordingly the description of the geology is specific to this area (Fig. 

2.3). However, the geological relationships are similar throughout the domain. 

2.2. Supracrustal rocks 

The oldest rocks in the domain, termed the Amisk Group (Bruce, 1918), are 

a sequence of tholeiitic to calc-alkaline volcanic and volcaniclastic rocks which vary 

in composition from basaltic to rhyolitic. Most units were deposited in a submarine 

environment, although there is evidence for limited subaerial volcanism in the vicinity 

of Missi Island (Fig. 2.3; Ayres, 1978). The physical characteristics of the volcanic 
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rocks in parts of the western Flin Flon Domain are described in detail by Bailes and 

Syme (1989), Thomas (1989; 1991), Ashton (1990), Reilly (1990; 1991) and Slimmon 

(1991). Major and trace element geochemistry indicate that the volcanic rocks 

represent a complex mixture of mid-ocean ridge, intra-oceanic island-arc, and back

arc extrusive rocks (Stauffer et al., 1975; Gaskarth and Parslow, 1987; Bailes and 

Syme, 1989; Thorn et al., 1990). Volcanic rocks with a geochemical signature 

indicative of mid-ocean ridge basalts are common in the East Amisk Lake area, and 

Reilly ( 1991) suggests that part of this sequence of mafic volcanic and intrusive rocks 

may represent an ophiolite succession. Thomas et aL (1991) postulate that these rocks 

and the more typical island arc volcanic rocks were juxtaposed during an early ductile 

deformational event that pre-dates many of the granitoids in the area. Nd isotope 

systematics of island arc volcanic rocks in the Flin Flon area suggest that the magmas 

were derived by partial melting of a relatively depleted mantle source ( Chauvel et 

al., 1987) that was slightly contaminated by fluids derived by dehydration of 

subducting oceanic crust (Thorn et al., 1990). Zircons from a rhyolitic tuff in the Bear 

Lake Block (Bailes and Syme, 1989) yielded a U-Pb age of 1886 ± 2 Ma (Gordon 

et al., 1990), whereas Syme et aL (1991) obtained an imprecise age of 1925 +50/-30 

Ma from zircons from the South Main rhyolite in Flin Flon area. Amisk Group 

volcanic rocks in the Mystic Lake area (Fig. 2.3) are intrudetl by a deformed tonalite 

which has yielded a U-Pb zircon age of 1908 ± 3 Ma (Heaman et al., 1991). 

However, there are, at present, no constraints on the total time span over which 

volcanic activity occurred in the Flin Flon Domain. The range in ages is similar to 

that of ages of volcanic rocks in the La Ronge, Hanson Lake, Lynn Lake and Rusty 
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Lake belts in the Reindeer Zone (Van Schmus et aL, 1987; Baldwin et aL, 1987), 

which are also classified as island arc sequences. 

Unconformably overlying the Amisk group is a sequence of coarse clastic 

fluvial sedimentary rocks, termed the Missi Formation, which are interpreted as 

alluvial fan and braided stream molasse deposits (Stauffer, 1990). A well-developed 

paleoregolith is present in pre-Missi rocks below the unconformity indicating 

extensive pre-Missi subaerial weathering (Stauffer, 1974; Holland et al., 1988). Missi 

metasedimentary rocks in the Flin Flon area occur in three basins, the Flin Flon, 

Amisk and Athapap Basins (Fig. 2.3; Stauffer, 1990), and are conglomerate-rich when 

compared to equivalent rocks farther east in the Flin Flon Domain and north in the 

Kisseynew Domain (Zwanzig, 1990; Stauffer, 1990). This suggests that the Flin Flon 

area may be closer to the sediment source than the areas to the east and north. 

Missi-age volcanic rocks are abundant in the Snow Lake area of the Flin Flon 

Domain, but are absent in the Flin Flon area. One of these volcanic rocks, the 

Chickadee rhyolite, was dated by U-Pb in zircons and yielded an age of 1832 ± 2 Ma 

(Gordon et al., 1990), whereas a quartz porphyry interpreted to be a rhyolitic flow 

or su bvolcanic intrusion associated with Missi metasedimentary rocks along the 

southern margin of the Kisseynew Domain has been dated at 1826 + 11/-5 Ma (Hunt 

and Schledewitz, 1992). However these ages are at variance with the timing of post

Missi plutons in the Flin Flon area (Chapter 3; Ansdell and Kyser, 1991a). Chapter 

4 describes a detailed study of detrital zircons from Missi rocks in the Flin Flon 

Basin (Fig. 2.3) which provides constraints on the age and provenance of these 

sedimentary rocks. 
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2.3 Intrusive rocks 

Granitoids are the dominant intrusive rocks in the region, and have been 

subdivided on the basis of their relationship to the tectonic history of the area (Fig. 

2.3). The age of these plutons, and the petrology and geochemistry of the Annabel 

Lake, Reynard Lake, Boot Lake and Phantom Lake plutons are discussed in detail 

in Chapter 3. 

Pre-tectonic intrusions were emplaced prior to the most intense deformation; 

these include the Cliff Lake and Mystic Lake plutons. The Cliff Lake pluton is a 

multiphase, tonalitic stock that was intruded at high levels (Bailes and Syme, 1989) 

at 1874 +32/-25 Ma (Gordon et aL, 1990). The recently identified Mystic Lake 

granodiorite-tonalite predates early ductile deformation in the Mystic Lake area 

(Reilly, 1990), and has been dated by U-Pb zircon at 1908 ± 3 Ma (Heaman et al., 

1991). The Missi Island pluton was interpreted as an eroded vent complex (Chute 

and Ayres, 1978), although 207Pb/206Pb ages obtained using the single-zircon Ph

evaporation technique yield an age of 1848 ± 11 Ma, similar in age to other syn

tectonic plutons (Ansdell and Kyser, 1991a). The Neagle Lake pluton is a composite 

granodiorite-diorite-gabbro stock (Pearson, 1951), considered by many workers to be 

late in the tectonic history of the area because it apparently crosscuts the West 

Channel Fault (Fig. 2.3; Byers and Dahlstrom, 1954; Stauffer, 1984). However, 

Ashton et al. (1992) suggest that this relationship is not clear, and the pluton may 

have been intruded during 03 deformation. The other major pluton in the area, the 

Kaminis Lake granodiorite (Fig. 2.3; Reilly, 1990) has not been dated as yet, but is 
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considered to be an extension of the Boot Lake pluton. 

In the western Flin Flon Domain granitoids, intruded between about 1880 and 

1835 Ma (Gordon et al., 1990; Ansdell and Kyser, 1991a), are similar in age to 

plutons in the eastern Flin Flon, La Ronge, Glennie Lake and Hanson Lake domains 

in the Trans-Hudson Orogen (Van Schmus et al., 1987; Delaney et aL, 1988; Gordon 

et al., 1990), indicating a major period of intrusive activity related to cratonization 

of this part of the North American shield (Hoffman, 1988). 

Mafic and ultramafic intrusive rocks are a small component of the Flin Flon 

Domain, although the discovery of Ni-Cu mineralization at Namew Lake makes them 

an attractive exploration target at present. Amisk Group volcanic rocks in the Flin 

Flon area are cut by a variety of mafic to felsic dykes (e.g. Thomas, 1989) interpreted 

to be syn-volcanic. In the east Amisk Lake area, north-south trending sills range in 

composition from quartz diorite to peridotite and are considered to represent the 

lower portion of an ophiolite sequence (Reilly, 1991; Slimmon, 1991; O'Hanley and 

Kyser, 1992). Larger pre- to syn-tectonic layered mafic, and sometimes ultramafic, 

intrusions are exposed to the east of the study area (e.g. Mikanagan Lake sill; Ayres 

and Young, 1989). The youngest mafic and ultramafic intrusives are the Boundary 

Intrusions, which vary in composition from olivine gabbro and wehrlite to diorites 

(Syme and Forester, 1977). They form irregular to lensoid dykes and are 

characteristically brecciated or xenolith-rich. They crosscut Missi metasedimentary 

rocks, but predate the Phantom Lake pluton (Fig. 2.3). 

Mafic to felsic dykes in the area crosscut the supracrustals and many of the 

intrusive rocks, except the Phantom Lake pluton (Byers and Dahlstrom, 1954; Byers 
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et al., 1965; Stockwell, 1960; Galley and Franklin, 1987; Bailes and Syme, 1989; 

Thomas, 1989). Crosscutting relationships indicate that the youngest dikes are 

feldspar-porphyritic granite dykes (1834 ± 13 Ma; Ansdell and Kyser, 1991a) that 

generally radiate away from the Phantom Lake granite. They have trace element 

compositions similar to the Phantom Lake granite suggesting a similar petrogenesis. 

Deformed feldspar porphyries that intrude Missi sedimentary rocks in the Amisk and 

Flin Flon basins also have the same chemical compositions, suggestive of a similar 

magma source as the Phantom Lake granite dykes. 

Younger pegmatitic granites have been identified in the Hanson Lake block, 

and associated with the Sturgeon Weir Shear Zone, and have yielded ages in the 

range 1806 ± 2 to 1767 ± 1 Ma (Bickford et aL, 1987; Ashton et al., 1992; Sun et al., 

1992b). No intrusive activity this young has so far been identified in the western Flin 

Flon Domain. 

2.4 Deformation 

All the rocks in the western Flin Flon Domain have been variably deformed 

by up to five deformational events. The first detailed study of morphology and 

orientation of structures was made in the Flin Flon area (Stauffer and Mukherjee, 

1971), but their three-fold subdivision in this area has since been extended by Bailes 

and Syme (1989) and Fedorowich et aL (1991). Variations from the deformation 

scheme outlined in the Flin Flon area exist in the Amisk Lake area, as shown by 

detailed geological mapping (Wilcox, 1990; Ashton, 1990; Reilly, 1990). Correlation 
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between specific areas is difficult because the deformation recorded in the rocks is 

largely a function of contrasts in competency, metamorphic grade and heterogeneous 

strain. Nevertheless, many of the deformational events can be broadly correlated to 

produce an overall deformational history for the western Flin Flon Domain (Table 

2.1). 

Molasse-type Missi rocks unconformably overlie Amisk Group rocks and 

provide indirect evidence of pre-Missi deformation and uplift, although there is no 

attendant foliation associated with this deformation. There is also limited evidence 

for an early phase of post-Missi folding that also produced no detectable foliation 

(Stauffer and Mukherjee, 1971; Bailes and Syme, 1989; Wilcox, 1990; Fedorowich et 

a!., 1991 ). These events were followed by a phase of ductile deformation that 

involved isoclinal folding, development of axial planar cleavage, and flattening and 

extension of clasts in the Missi; this deformation was contemporaneous with the early 

stages of peak regional metamorphism (Wilcox, 1990; Ashton, 1990; Fedorowich et 

a!., 1991). Recently, Reilly (1990) identified early ductile deformation in the Mystic 

Lake area that apparently pre-dates the Reynard Lake pluton (Fig. 2.3 ), and thus 

may predate Missi sedimentation and the ductile deformation described above. 

Thomas et al. (1991) suggest that this area forms part of a northeast-directed, thrust 

imbricate package. The timing of thrusting along the West Arm Shear Zone relative 

to Missi sedimentation is ambiguous, but predates the emplacement of the Phantom 

Lake pluton. 

The regional structural framework is dominated by essentially north-south 

oriented shear zones which parallel the dominant penetrative foliation in the region. 



Table 2.1. Correlation of deformation events in the western Flin Flon Domain 

Flin Flon area Flln Flon area N.E. Arrisk Lake S. W. Arrisk Lake 

Stauffer and Mukherjee (1971) BaBes and Syme (1989) Wilcox (1989; 1990) Ashton (1990) 

P1 E-W trending Isoclinal folds. P1 pre-Missl N- toNE-trending Not observed Nell observed 
no foliation lsocUnallolds, no foliation 

P2 E· to ESE-trending open to P1 ductBe folding 
tight folding 

P2 ductile folding, flattening and P1 tight to Isoclinal folds, 
extension of Mlssl clasts, strong strong foliation, ductile shears 

P211ghtly-doeed folds, strong P3 N- to NE-trendlng open to foliation, early peak 
follallon, grain flattening. tight folding metamorphism P2 north-plunging SW-verglng 
peak rnet.norphlam folds. NE~ oblique 

P4 N-trendlng, open folding, P3 Isoclinal folding with a sinistral-reverse shear zones 
strong foliation discontinuous spaced cleavage 

s-c fabrics and minor fold P3 E-plunglng, E-trending folds 
geometry Indicates sinistral 
shear, development of major 

P3 E!Tbury Like fold, P5 Enmury Lake fold, high strain zones P4 Oblique dextral-reverse 
...... oblqUHiip slnillrll main movements along blodl- Sturgeon Weir Shear Zone 
faub wlh auoclated lmk fold bounding faub 
and cnN'Iulatlon delwage P4 Embury Lake open fold, 

no foliation 

P5 N-8 hndlng bflnle ..,.,ng 

Mystic Lake area 

Reilly (199Q) 

P 1 N· to NE-trending l111ense 
foliation, tight to Isoclinal, N-
plunging Z-folds,lower 
IUJl)hibolite metamorphism 

P2 8-plunglng folds In strain and 
contact metamorphic aureole 
around Reynard Lake pluton 

P3 OuctDe-brlttle shear zones and 
associated retrogression 

P4 Brlltle faulting, e.g. dextralatrh 
-slip Mystic Lake faull 

Flin Flon area 

Fedorowlch et al. (1991) 

Pt pre-Missllsocllnal folding, 
nofoHatlon 

P2 E-W trending Isoclinal fold: 
no foHatlon, posable reacti 
of P1 folds 

P3 N-S Isoclinal folds, strong 
foliation, Initiation of N-S d1 
reverse oblique- to dip-slip 
peak metamorphism 

P4 E!Tbury Lake open fold, nc 
conjugate strike-slip ductile 
shear zones. reactivation Cl 

ducllle shear zones 

P5 Brltlle sinistral oblique-slip 
faulllng, e.g. Rosa Lake faa 

n 

hears. 

'abrlc. 
brittle 

ler 

reverse 

DlbmiiiDn .,.. ... .,. ~ ayndvanaua ...... ..,. horizontal podlon In lhe table. P1 defonnlllon In lhe Mystic Lake area Ia anomaloul: 1hla area mar have been delormed prior to accrldon wlh rodca near Flln Flon. 
Thla a1Udf folowlciDMir .. deformldOft sequence CIUihd by Fedorowlch 1111. (1881),1lhough Wilcox (UIQO) Ia prMr8d In lhe AnUk Lake area becauae two dlatlnc:t folllllonllha developed during l8gionll metamarphlam .. present. 

~ 
\0 
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In Missi rocks in the Amisk Basin (Fig. 2.3) these shear zones parallel the axial 

planes of minor folds (Wilcox, 1990), which are especially well defined in the 

conglomerate horizons. Wilcox (1990) emphasizes that two ductile penetrative 

foliations are observed north of a zone from the Spruce Rapids Shear Zone to the 

northern portion of the Flin Flon Basin (Fig. 2.3) in contrast to one in other portions 

of the western Flin Flon Domain. Kinematic indicators suggest that most of the shear 

zones have an oblique-slip, high-angle reverse component that developed during 

sinistral shear. The shear zones often demarcate the edges of Missi basins, or plutons, 

but appear to be younger than the Phantom Lake granite (Fig. 2.3). Fedorowich et 

al. (1991) suggest that many of these shear zones were reactivated under brittle

ductile conditions during the development of the Embury Lake fold (Fig. 2.3), and 

it is likely that conjugate brittle-ductile strike-slip faults in the vicinity of Phantom 

Lake (Galley and Franklin, 1987) also developed at this time. Isograds of peak 

metamorphism, which was likely attained during the ductile deformation events, are 

commonly offset along shear zones in the area (Longiaru, 1980; Bailes and Syme, 

1989; Digel and Gordon, 1991) providing evidence for reactivation. A number of 

these zones, or secondary structures, host gold occurrences, as will be discussed in 

more detail in Chapter 6. The Embury Lake fold is one of a series of regional open 

folds that postdate the development of thrust sheets in the Reindeer Zone (Fig. 2.2). 

The Sturgeon Weir Shear Zone (Fig. 2.1, 2.2), along which the Flin Flon Domain was 

thrust southwestwards over the Hanson Lake Block (Ashton and Wilcox, 1988), is the 

youngest structure observed in the southwest corner of the Flin Flon Domain 

(Ashton, 1990). However, the Sturgeon Weir Shear Zone may sole into a lower 
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crustal thrust system, such as the Pelican Slide (Lewry et aL, 1989), which would 

imply that the shear zone was active prior to the development of the Embury Lake 

fold. 

Brittle faults, such as the Ross Lake fault (Fig. 2.3), represent the last phase 

of deformation. This fault, which crosscuts the Embury Lake fold, also has a sinistral 

oblique-slip reverse component (Stauffer and Mukherjee, 1971). 

2.5. Metamorphism 

Metamorphic grade in the western Flin Flon domain increases from prehnite

pumpellyite grade in the Flin Flon area (Bailes and Syme, 1989; Digel and Gordon, 

1991) to amphibolite grade northwards towards the contact with the Kisseynew 

gneisses (Ashton et aL, 1987), westwards towards the Hanson Lake block (Ashton, 

1990), and eastwards towards Snow Lake, Manitoba (Aggarwal and Nesbitt, 1987). 

The boundary between the Flin Flon and Kisseynew domains is sometimes marked 

by an isograd, namely the reaction: 

Staur + Mus + Qz = Bt + Sil + Grt + H20 

(e.g. Zwanzig, 1990). Peak regional metamorphism is broadly synchronous with the 

development of foliation during P3 (Fedorowich et al., 1991; Wilcox, 1990; Table 2.1), 

and isograds are offset by P4 and PS fault zones (Longiaru, 1980; Bailes and Syme, 

1989; Digel and Gordon, 1991). The regional metamorphic gradient in the Flin Flon 

region is complicated by amphibolite grade contact metamorphism around many of 

the plutons (Longiaru, 1980; Reilly, 1990; Digel and Gordon, 1991). Longiaru (1980) 
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suggests that the contact aureole around the Reynard Lake pluton represents a local 

increase in the thermal gradient during peak metamorphism. However, Digel and 

Gordon (1991) have identified prehnite-pumpellyite veins that crosscut the contact 

aureole of the Phantom Lake granite suggesting that low-grade regional 

metamorphism post-dates the intrusion of this pluton. 

The position of isograds and pressure-temperature determinations are 

summarized in Figure 2.4. Digel and Gordon (1992) used typical phase relationships 

in metabasites to determine approximate P-T conditions at the prehnite-pumpellyite 

to greenschist, and greenschist to amphibolite facies transitions of 300°C and 2 kbar, 

and 550°C and 5 kbar, respectively. Aggarwal and Nesbitt (1987) estimated that 

temperatures did not reach 450°C at the Centennial Mine, 15 km southeast of Flin 

Flon, during low greenschist facies metamorphism. Metamorphic conditions along the 

northern and western margins of the western Flin Flon Domain (T - 550°C, P - 5 

kbar) were calculated using garnet-biotite geothermometry and garnet

aluminosilicate-quartz-plagioclase geobarometry (Wilcox, 1990; Digel et al., 1991). 

Within the Kisseynew Domain temperatures reached about 750°C, and pressures 

increased rapidly from a relatively constant regional value of 5.5 kbar northwards and 

westwards towards the contact with the Attitti Block (Fig. 2.2; Gordon, 1989; 

Perkins, 1991; Digel et aL, 1991). 

Anatexis in the core of the Kisseynew Domain, interpreted to be coeval with 

peak metamorphism, occurred about 1815 Ma (Gordon et aL, 1990). However, peak 

metamorphic temperatures were attained locally in the western Flin Flon Domain 

during intrusion of granitoids, which span a period from 1860 to 1835 Ma (Ansdell 
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and Kyser, 1991a). The time at which areas away from the obvious. thermal effects 

of the plutons reached peak metamorphic temperatures is currently unknown, but 

was probably earlier than 1815 Ma. 

2.6. Mineralization 

Volcanogenic massive sulphides and vein-associated gold deposits are the 

dominant mineralization types in the western Flin Flon Domain (Bailes et al., 1987; 

Coombe, 1984, 1991). The syngenetic volcanogenic massive sulphides are hosted in 

Amisk Group volcanic rocks, and can be subdivided into two types based on metal 

inventory. Cu-Zn deposits (e.g. Flin Flon, Callinan, Trout Lake and Schist Lake) are 

common in the Flin Flon area, whereas Cu-only deposits are common in the East 

Amisk Lake area (e.g. Coronation, Birch, Flexar) (Thomas, 1990; Thomas et al., 

1991). These areas were then juxtaposed during early thrust imbrication. The 

Coronation Mine was the first base metal deposit in Canada to be studied in detail 

(Byers, 1969). The mineralogy, alteration, origin and effects of metamorphism in the 

Flin Flon and Trout Lake deposits have been discussed by Koo and Mossman (1975) 

and Healy and Petruk ( 1990). Pb isotope studies of galenas from these deposits 

supported the contention that the rocks in the area are Aphebian, and not Archean, 

in age (Sangster, 1972). A new base metal deposit, the Namew Lake Ni-Cu deposit, 

has been developed recently about 50 km south of Flin Flon. It is associated with an 

ultramafic intrusion in a sequence of quartz monzonite to quartz diorite orthogneisses 

(Pickell, 1987). 
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Gold was discovered in the western Flin Flon Domain in 1913, and since then 

over fifty occurrences have been found (Coombe, 1984). The geological and 

structural setting of many of these occurrences have been outlined (Byers and 

Dahlstrom, 1954; Byers et aL, 1965; Pearson, 1979, 1980, 1981, 1982, 1983, 1984; 

Walker and McDougall, 1987; Pearson and Mellinger, 1987) and such information 

has been used to outline preliminary genetic models (Pearson et al., 1986; Pearson, 

1987). Geochemical studies, which are necessary to constrain better the genesis of 

these deposits, have been limited (e.g. Kyser et aL, 1986). One objective of this study 

is to provide further geological and geochemical controls on the genesis of epigenetic 

gold deposits in the western Flin Flon Domain. These results will be discussed in 

Chapters 5 and 6. 



3. PETROGENESIS OF GRANITOIDS 

3.1. Introduction 

Granitoid rocks make up approximately 25 % by area in the western Flin Flon 

Domain (Fig. 2.3), and thus represent an important and integral part of the evolution 

of the area. To define fully the evolution of these igneous rocks an integrated study 

involving petrology, major and trace element chemistry, and isotopic geochemical 

data is required. This study concentrates on the syn- (Annabel Lake, Reynard Lake) 

to late-tectonic (Boot Lake, Phantom Lake) plutons, and provides information on the 

source and extent of partial melting, the crystallization history of the magmas, the 

chemical properties of the magma during crystallization, and the age and tectonic 

setting at the time of emplacement. Additionally, constraints are placed on the 

cooling history of these plutons. To this end, igneous and alteration textures have 

been studied using petrographic and electron microprobe techniques .. Whole rock 

samples were analyzed for major and trace element compositions by XRF and ICP

MS. From these were selected rock and mineral samples for stable and radiogenic 

analysis. Analytical techniques are described in Appendices Al and A2, sample 

locations are shown in sample A3, and petrographic descriptions are in Appendix A4. 
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3.2. Description of plutons 

3.2.1 Annabel Lake pluton 

The Annabel Lake pluton intrudes Amisk Group volcanic rocks, which exhibit 

evidence of amphibolite grade contact metamorphism. Irregular but sharp intrusive 

contacts are prevalent, although along the eastern border of the pluton there is a 

xenolith-rich zone grading outwards into a zone of predominantly volcanic rocks 

injected by thin branching veinlets of granodiorite (Fig. 3.1A). The pluton is 

elongated parallel to the regional structure and has a strong foliation which is intense 

towards the margins of the intrusion, but indistinct towards the centre of the pluton 

(Byers et al., 1965; Mukherjee, 1971). The pluton is cut by shear zones (e.g. Triangle 

Lake Fault, Byers et al., 1965) that developed during the P3 deformation event and 

the pluton was then folded during the P4 Embury Lake folding event. Thus, 

structural evidence indicates that the pluton was emplaced prior to P3. 

The Annabel Lake pluton is a composite pluton consisting of quartz diorite, 

tonalite and granodiorite (Fig. 3.2). Plagioclase, typically saussuritized (Fig. 3.1B), is 

the dominant mineral, forming between 40 and 65% of the rock. Quartz is interstitial 

to feldspar euhedra; it exhibits evidence of deformation, namely sub-grain formation 

and recrystallization along grain boundaries. Biotite and edenitic hornblende are the 

dominant ferromagnesian minerals, but in many cases exhibit subsolidus alteration 

to actinolite, chlorite and epidote. Relict augite rimmed by hornblende is sporadically 

present in quartz diorite. K-feldspar is a minor phase, and apatite, ·zircon, magnetite 

and pyrite are present as accessory phases. The compositions of hornblende, biotite, 



Figure 3.1. A. Granodiorite intruding Amisk Group volcanic rocks along the eastern border 
of the Annabel Lake pluton. B. Photomicrograph of Annabel Lake quartz diorite (89-8), 
showing saussuritized feldspars and deformed quartz. Mineral compositions shown in 
Figure 3.3. Base of photograph - 4 mm. C. Xenoliths of Amisk Group mafic volcanic 
rocks in granodiorite near the western border of the Reynard Lake pluton. D. Aligned K
feldspar phenocrysts in Reynard Lake porphyritic granite. 
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feldspar and clinopyroxene in a quartz diorite phase of the pluton are shown in 

Figure 3.3. 

3.2.2 Reynard Lake pluton 

The Reynard Lake pluton, like the Annabel Lake pluton, pre-dates P3 since 

it is bounded by and cut by P3 shear zones and folded by the P4 Embury Lake fold. 

The pluton intrudes Amisk Group volcanic rocks, but is not seen in intrusive contact 

with Missi Group sedimentary rocks northeast of Amisk Lake (Wilcox, 1990) because 

the contact is defined by a P3 shear zone. Longiaru (1980) documented an increase 

in metamorphic grade to amphibolite facies towards the Reynard Lake pluton as a 

result of contact metamorphism. The contact aureole is offset by movement along the 

P3 shear zones. Although the pluton is generally zoned from gabbro and diorite at 

the margins to microcline- and quartz-porphyritic granite in the centre, the 

relationships between the various phases are complex (Thomas, 1991). Overall the 

pluton can be considered to be a composite, multiphase gabbro-diorite-tonalite

granodiorite-granite body (Fig. 3.2). The border zone is a heterogeneous mixture of 

country rock and compositionally variable intrusive rock and varies from a xenolith

rich zone internally to a zone of lithologically complex dykes that intrude the 

supracrustal rocks (Fig. 3.1C). 

The mineral composition of this pluton is dominated by plagioclase, which is 

usually saussuritized. Quartz and K-feldspar are generally interstitial to plagioclase, 

except in the central phase of the pluton where they occur as phenocrysts. Crystal 

plastic deformation features in the quartz are ubiquitous, whereas the dominant 
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ferromagnesian mineral, biotite, often displays kinked cleavage. Hornblende is rare 

and is commonly altered to biotite, actinolite and chlorite, whereas the feldspars 

exhibit subsolidus alteration to muscovite, epidote and carbonate. Magmatic foliation 

is represented by aligned K-feldspar phenocrysts (Fig. 3.1D), whereas a later 

indistinct fabric is outlined by alignment of sheet silicates. 

3.2.3. Boot Lake- Phantom Lake intrusive complex 

The Boot Lake and Phantom Lake intrusions are mapped as distinct bodies, 

although they are often considered to form part of the same intrusive complex. 

Recently, they have been described in detail by Galley and Franklin (1987) and 

Thomas ( 1989). They are surrounded by an amphibolite grade contact metamorphic 

aureole, that is crosscut by prehnite-pumpellyite and epidote veins; these are thought 

to be related to later regional metamorphism (Digel and Gordon, 1991). Both 

intrusions are· crosscut by a conjugate set of brittle-ductile shear zones that probably 

developed during P4, but postdate a major, pre-Missi (?) ductile shear zone (West 

Arm shear zone) (Thomas, 1990). The conjugate brittle-ductile shear zones locally 

host gold occurrences, which will be discussed in more detail in Chapter 6. 

The Boot Lake composite pluton consists of gabbro, quartz diorite, quartz 

monzodiorite and granodiorite (Fig. 3.2). The contacts between distinct compositional 

phases are generally gradational, although there are concentrations of xenoliths along 

some of the contacts (Galley and Franklin, 1987; Thomas, 1989). The Phantom Lake 

granite and quartz monzonite intrudes, and is generally in sharp contact with, the 

Boot Lake pluton (Thomas, 1989). Dykes similar in mineral composition and 
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geochemistry to the Phantom Lake pluton crosscut the Boot Lake pluton and 

surrounding supracrustal rocks (Fig. 3.4A). 

The Phantom Lake pluton is a microcline-porphyritic granite or quartz 

monzonite (Fig. 3.1). The distinctive characteristic of this rock is the large {1 to 2 

em) microcline phenocrysts, which have ragged margins and contain inclusions of all 

the other minerals present in the rock. Smaller (up to 4 mm) phenocrysts of 

oligoclase exhibit oscillatory zoning and are commonly saussuritized. Hornblende and 

biotite are the dominant ferromagnesian minerals, but generally comprise less than 

15% of the modal minerals. The minerals in the Phantom Lake pluton have 

undergone less subsolidus alteration than those in the surrounding Boot Lake pluton 

(Fig. 3.4B, C). Titanite, magnetite and zircon are common accessory minerals in the 

Phantom Lake pluton. Apatite is a more common accessory mineral in the Boot 

Lake pluton. 

The mineral composition of the Phantom Lake granite dykes is similar to the 

Phantom Lake pluton, consisting of phenocrysts of microcline, plagioclase, quartz, 

hornblende and titanite in a dark, fine-grained quartz and feldspar groundmass (Fig. 

3.4A, D). Plagioclase is slightly saussuritized, the quartz phenocrysts are anhedral and 

partially resorbed, and hornblende is commonly partially altered to biotite and 

actinolite and rimmed by epidote. 

The presence of magnetite and titanite as primary igneous minerals in the 

Phantom Lake pluton and dykes is indicative of relatively oxidizing magmas (e.g. 

Cameron and Carrigan, 1987; Wones, 1989). The assemblage plagioclase -

hornblende - biotite - K-feldspar - titanite - magnetite is appropriate for using the 



Figure 3.4. A. Phantom Lake granite dyke cutting Boot Lake granodiorite. B. 
Photomicrograph of Phantom Lake granite (89-25). Mineral compositions shown in Figure 
3.3. Base of photograph- 4 mm. C. Photomicrograph of Boot Lake diorite (89-16). 
Mineral compositions shown in Figure 3.3. Base of photograph - 4 mm. D. 
Photomicrograph of Phantom Lake granite dyke (89-18). Mineral compositions shown in 
Figure 3.3. Base of photograph- 4 nun. 
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aluminum-in-hornblende geobarometer to determine the pressure of crystallization 

(Hammarstrom and Zen, 1986). The revised calibration of the geobarometer by 

Johnson and Rutherford (1989) yields pressures of between 1.5 and 3.0 kbar for the 

Phantom Lake pluton (see Appendix A6 for electron microprobe analyses). The 

compositions of hornblende, biotite and feldspars are shown in Figure 3.3, and of 

titanite in Appendix 6. 

3.3 Age of plutons 

3.3.1 Introduction 

Recent conventional U-Pb zircon dating has provided a temporal framework 

for magmatic, deformational, and metamorphic events in the Trans-Hudson Orogen 

(Van Schmus et al., 1987; Gordon et al., 1990). In the western Flin Flon Domain, 

only the Cliff Lake pluton (Fig. 2.3), which pre-dates deposition of the Missi Group, 

has been dated by the zircon U-Pb method. It has an age of 1874 +32/-25 Ma, 

similar to an U-Pb age of 1886 ±2 Ma for zircons from a rhyolite in the Amisk 

Group (Gordon et al., 1990). Because field relations indicate that granitoids spanned 

the tectonic history of the Flin Flon Domain (Fig. 2.3), the age of the plutons can be 

used to constrain the timing of deformation and metamorphism within the greenstone 

belt. Mesothermal gold deposits are spatially associated with shear zones in the 

western Flin Flon Domain (Ansdell and Kyser, 1990a); thus, the ages of granitoids 

in the area also provide a minimum age for gold mineralization. 
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3.3.2. Sample descriptions and analytical techniques 

Granitoids were selected on the basis of field and structural relations so that 

the dates of all major tectonic events in the western Flin Flon Domain could be 

determined (Fig. 2.3). The locations of samples are shown in Appendix A3. All 

intrusions yielded euhedral, translucent zircons displaying fme zoning typical of 

magmatic zircons. Non-magnetic, 125 to 250 p,m zircons were used in this study, and 

each grain analyzed is described in Table 3.1. 

In this study, a modified procedure of Kober (1987) was used to determine the 

207Pb / 206Pb ages of single zircons mounted directly on the Re evaporation filament 

of a Finnigan MAT 261 five-collector mass spectrometer at the University of 

Saskatchewan. The analytical technique is described in detail in Appendix A2. Pb was 

analyzed in the single collector mode by means of a secondary electron multiplier. 

The isotopic ratios shown in Table 3.1 are taken from the highest-temperature 

evaporation step, except for grain 1 from the Phantom Lake granite dyke (see results 

section). The 204Pb/206Pb ratio was always less than 0.00005; no common lead 

correction has been applied. All errors reported are at the 95% confidence level 

(Table 3.1 ). The accuracy and precision of this technique were tested by using zircons 

previously dated by conventional U-Pb techniques at the Royal Ontario Museum and 

United States Geological Survey, and by the Australian National University ion 

microprobe. The ages obtained from such zircons are published in Ansdell and Kyser 

(1991a) and Ansdell et al. (1991). 207Pb/206Pb ages of zircons are commonly 

interpreted as minimum ages, although comparison with ages obtained using U-Pb 

techniques in this study and by Kober (1986, 1987) indicates that the 207Pb/206Pb ages 



Table 3.1 Descrl>tion, tead isotope ratios, and age of zircons from granitoids in the weslem F&n Aon Domain, Saskatchewan. 

Grain Description* Evaporation No. of 2111Pbp!llpb§ • 7PbJ2111Pb § Age# 
Temp(RC) analysest (Ma) 

89-28 Cliff Lake tonalite 
1 Sub, br, Cl 1490 13 0.10029 ±280 0.11365:1:143 1859:1:22 
2 Euh, lgpr, d, cr 1465 21 0.06440 :1:104 0.11611 :1:76 1897:1:12 
3 Sub,d 1490 25 0.09186:1:279 0.11601:1:112 1896:1:17 

89-8 Annabell.ake quanz diorite 
1 Euh,lgpr, cl 1490 24 0.07429 :1:152 0.11373:1:109 1860:1:17 
2 Euh, stpr, d, cr 1465 9 0.06022 :t132 0.11273:1:125 1844:1:20 
3 Euh, stpr, cl 1510 8 0.06484 :t320 0.11364:1:50 1858:1:8 
4 Euh, stpr, d, cr 1510 38 o.on45 ±272 0.11378:1:128 1861 :1:20 
5 Euh,llpr, cl 1510 27 0.05417:1:174 0.11411 :1:59 1868:1:9 

1860:1:6-
89-4 Reynant l.ake granite 
1 Euh, Stpr, cl 1425 24 0.06239:1:162 0.11342:1:59 1855:1:9 
2 Euh,lgprlllal, c:r, cl 1425 45 0.06378 :1:84 0.11356:1:109 1857:1:17 
3 Euh.lgprJIIat. c:r, cl 1425 17 0.06429 :1:202 0.11282:1:122 1845:1:20 

1853:tr 
89-19 Mlllllland tmndhjemlte 
1 Euh,atpr, br 1490 72 0.07862 :1:132 0.11302 :1:82 1849:1:13 
2 Euh,atpr, op 1515 38 0.14892 :1:738 0.11291:1:109 1847:1:17 

1848:1:11-
89-22 Neagle l.ake granodlorle 
1 Euh. lgpr, cl, dtclnc 1415 12 0.05388 :1:152 0.11191 :1:98 1831 :1:15 
2 Euh. •pr. diGnc 1485 31 0.05744:1:184 0.11225:1:33 1836:t5 
3 E&.ft,lgpr, ct. dknc 1390 111 0.05080 :t140 0.11278:1:73 1845:t11 

1837:t5-
484 Graham TJ81 flldlpar porphyry 
1 E&.ft,atpr,cl 1490 9 0.02201 :t109 0.11254:1:110 1841 :t18 

74-T-12 Boall.ake granodlorlle tt 
1 Sub,br,op 1490 63 0.08553 :1:224 0.11261 :1:82 1842:t13 . 
89-25 Phantom l.ake granlle 
1 Euh,lgpr,d 1465 35 0.05045:1:78 0.11276 :1:88 1844:t14 
2 Euh, lgprlrod, cr, d 1465 54 0.05041:1:74 0.11239:1:45 1838:1:8 

1840:tr 
89-18 Phantom lake granite dike 
1 rim Euh, stpr, cl 1465 43 0.03553:1:52 0.11213:1:79 1834:1:13 
1 core Core,dklnc 1510 30 0.04969 :1:174 0.11279:1:65 1845:1:10 
2 Sub, cr 1465 42 0.06359 :1:96 0.11309:1:73 1850:1:9 

* Euh .. euhedral, lgpr •long prismatic (1/w > 4), ca ... translucent, pale pink or brown, stpr .. stubby prismatic (1/w < 4), cr • cracked, metamlct, 
br =dark brown, op .. opaque, dklnc .. opaque Inclusions, sub • subhedral. 
t No. of mass scans used to calculate age, using method described by Kroner and Todt (1988). 
§ Measured ratios with 2 sigma errors. # With 2 sigma errors. 
** Weighted average. tt Sample provided by Rod McQuarrie and Mel Stauffer. 

w 
\0 
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obtained using the evaporation technique are concordant with the corresponding U-

Pb ages. Thus, we interpret the 207Pb / 206Pb ages quoted in this study to be the age 

of zircon crystallization in the Flin Flon granitoids. 

3.3.3. Results 

3.3.3.1 ClifT Lake Tonalite 

The Cliff Lake pluton is generally considered to be a pre-Missi intrusive from 

field relations (Stauffer, 1984; Bailes and Syme, 1989), and an imprecise age of 1874 

+32/-25 Ma has been used to support this conclusion (Gordon et aL, 1990). Its 

zircon population is complex, and consists of long prismatic (length/width = 15/1 ), 

cracked zircons and light brown, subhedral zircons that yielded Pb-Pb ages of 1897 

± 12 and 1896 ± 17 Ma, respectively. Another brown, subhedral, partly broken and 

cracked zircon yielded an age of 1859 ± 22 Ma. These data, and the field relations, 

suggest that this pluton is one of the oldest in the western Flin Flon Domain, 

although the oldest zircons probably represent xenocrystic zircons from Amisk Group 

volcanic rocks. Further work is required to determine the significance of the 1859 ± 

22 Ma age. However, a mixture of zircon populations may explain the imprecise age 

obtained by Gordon et aL {1990). 

3.3.3.2. Annabel Lake quartz diorite 

Five euhedral, prismatic, light pink zircons with fine magmatic zoning, 

collected from the quartz diorite phase of the composite diorite-granodiorite-granite 

Annabel Lake pluton, yielded ages that are identical within analytical uncertainty and 

which give a weighted-mean of 1860 ± 6 Ma (Table 3.1 ). The Rb-Sr whole-rock 
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isochron age of 1765 ± 14 Ma obtained by Mukherjee et aL (1971) probably records 

the time of Rb and Sr resetting during the later stages of the Hudsonian Orogeny. 

3.3.3.3. Reynard Lake granite 

Field relationships suggest that the Reynard Lake composite pluton is 

approximately the same age as the Annabel Lake pluton. Two flat, long prismatic 

zircons, and one stubby prismatic zircon were analyzed from the central granitic 

phase of the Reynard Lake pluton. These yielded an average age of 1853 ± 8 Ma 

(Table 3.1). The Reynard Lake and Annabel Lake plutons represent a major period 

of early syntectonic intrusive activity. 

3.3.3.4. Missi Island trondhjemite 

Chute and Ayres (1977) considered the Missi Island trondhjemite to be the 

intrusive core of an Amisk Group vent complex. However, two brown, stubby 

prismatic zircons from this intrusion yielded consistent ages and average 1848 ± 11 

Ma (Table 3.1). Thus, the Missi Island trondhjemite was intruded about 30 to 40 Ma 

after the Arriisk Group had formed and is therefore a syntectonic intrusion. 

3.3.3.5. Graham Trail Feldspar-Porphyry 

This highly-sheared feldspar porphyry is enclosed by Missi metasedimentary 

rocks and is considered to intrude them (Wilcox, 1989). A light pink, euhedral zircon 

yielded an age of 1841 ± 18 Ma (Table 3.1 ). 

3.3.3.6. Neagle Lake granodiorite 

The relationship between emplacement of the Neagle Lake pluton and 

deformation is ambiguous. Byers and Dahlstrom (1954) and Stauffer (1984) 

considered it to be a late tectonic intrusion that post-dates the north-south trending 
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West Channel Shear Zone. However, the pluton was metamorphosed and attenuated 

during P3 (Ashton et aL, 1992). All the zircons examined for this study invariably 

contain opaque inclusions, and emitted Pb at relatively low temperatures. The 

highest-temperature evaporation step of the three translucent, prismatic zircons 

yielded consistent ages, which average 1837 ± 5 Ma (Table 3.1 ). This compares well 

with a U-Pb titanite age of 1846 + 14/-6 Ma recently determined by Ashton et al. 

(1992). 

3.3.3. 7. Boot Lake - Phantom Lake intrusive complex 

These intrusions are considered together, although there has been some 

discussion as to whether the contacts between various phases of the Boot Lake and 

Phantom Lake intrusions are gradational, or whether the Boot Lake and Phantom 

Lake are distinct entities separated in time (Galley and Franklin, 1987; Thomas, 

1989). Evidence will be presented in section 3.4 that suggests that they are distinct 

plutons. Field relations indicate that the Phantom Lake granite intruded the Boot 

Lake granodiorite. A subhedral brown zircon from the Boot Lake granodiorite 

yielded a Pb-Pb age of 1842 ± 13 Ma (Table 3.1), whereas two colourless, long 

prismatic zircons from the Phantom Lake granite gave an average age of 1840 ± 7 

Ma (Table 3.1 ). The age for the Phantom Lake granite has recently been confirmed 

by high-precision U-Pb zircon geochronology at the Royal Ontario Museum, where 

an age of 1841 ± 3 Ma was obtained (Heaman et aL, 1991). 

3.3.3.8. Phantom Lake granite dyke 

The youngest magmatic event in the complex was the intrusion of the 

Phantom Lake feldspar-porphyritic granite dykes, but the two zircons analyzed from 
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the dykes may represent xenocrystic components. Grain 1 had a visible core and rim, 

and two evaporation steps yielded different 208Pb/206Pb ratios and ages (Table 3.1). 

The lower temperature step, which may have derived most of its Pb from the rim of 

the zircon, is considered, from geologic relations, to represent the minimum age of 

intrusion of the Phantom Lake granite dyke (1834 ± 13 Ma). However, the single

zircon Ph-evaporation technique cannot distinguish between Pb derived from a 

portion of a zircon that suffered non-zero age Pb loss, and from an overgrowth on 

an inherited zircon that would yield a concordant U-Pb age. The age and 208Pb/206Pb 

ratios obtained from the core of Grain 1, and from Grain 2 are very similar to those 

obtained from zircons from the Phantom Lake and Reynard Lake plutons, 

respectively (Table 3.1, Fig. 3.5). 

3.3.3.9. 208Pb/206pb ratios 

The ability to detect xenocrysts in a suite of zircons is important in any U-Pb 

study. The measured 208Pb/206Pb ratios are related to the Th/U ratio of the zircon, 

which should be a function of the Th/U ratio of the magma from which the zircon 

crystallizes. Thus, zircons that form simultaneously from a magma of constant 

composition should have identical 208Pb/206Pb and 207Pb/206Pb ratios as do zircons 

from the majority of intrusions in the Flin Flon area (Fig. 3.5). Zircons from the Cliff 

Lake and Missi Island plutons are notable exceptions; their variable 208Pb / 206Pb ratios 

suggest that at least some of the zircons in these plutons are inherited. The core of 

a zircon from a Phantom Lake granite dyke yielded an age of 1845 ± 10 Ma with a 

208Pb/206Pb ratio of 0.0497. The age and 208Pb/206Pb ratio are characteristic of zircons 

from the Phantom Lake granite itself (Fig. 3.5). Thus, this zircon may be a xenocryst 
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from the Phantom Lake granite overgrown by zircon crystallizing from the slightly 

younger Phantom Lake granite dyke magma. Another zircon from the Phantom Lake 

granite dyke yielded an age of 1850 ± 9 Ma, and a 208Pb/206Pb ratio of 0.0636, similar 

to zircons froiD the Reynard Lake pluton (Fig. 3.5). Kober et al. (1989) used 

208Pb / 206Pb to determine possible source rocks for a detrital zircon population in 

Australia. The uniformity of 208Pb f206Pb of zircons from individual plutons in this 

study indicates that the ratio may be a useful tracer of xenocrystic zircon sources, 

especially in regions where a local source is suspected. 

3.3.4. Regional implications 

The zircon ages suggest that plutonic activity in the western Flin Flon Domain 

occurred within a 25 M.y. period, between 1860 and 1835 Ma, and postdated 

volcanism by about 30 M.y. (Fig. 3.5). Conventional U-Pb zircon ages from granitoids 

in the eastern Flin Flon, La Ronge, Glennie Lake, and Hanson Lake Domains are 

between 1830 and 1866 Ma (Van Schmus et al., 1987; Delaney et al., 1988: Gordon 

et al., 1990). The data from the western Flin Flon Domain provide further evidence 

for a major period of intrusive activity throughout the entire Trans-Hudson Orogen 

related to cratonization of this part of the North American shield (Hoffman, 1988). 

Anatexis during peak regional metamorphism in the adjacent Kisseynew 

gneisses has been dated at about 1815 Ma (Gordon et al., 1990). This age has been 

interpreted to also represent the age of peak metamorphism in the Flin Flon 

Domain, but it is at variance with ages of the granitoids in this study. The two most 

distinct foliations in the western Flin Flon Domain developed during P2 and P3 and 
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are defined mainly by phyllosilicates that grew during low-grade regional 

metamorphism (Stauffer and Mukherjee, 1971; Bailes and Syme, 1989; Wilcox, 1989). 

Longiaru (1980) outlined an amphibolite grade halo around the Reynard Lake 

pluton, which is offset by the P3 Robinson Creek Shear Zone. The Phantom Lake 

pluton crosscuts early ductile shear zones (Thomas, 1990) and is considered to post

date or be approximately contemporaneous with P3 shear zones. Surrounding 

volcanic rocks are contact metamorphosed, although this halo is crosscut by prehnite

pumpellyite veins that formed during regional metamorphism (Digel and Gordon, 

1991). Peak regional metamorphic temperatures in the western Flin Flon Domain 

were probably attained locally at about 1860 Ma, closely related in time with 

initiation of syntectonic intrusive activity, but were maintained longer in the higher 

grade metamorphic rocks to the north (Fig. 3.5). 

This relation between the timing of low-grade regional metamorphism in the 

Flin Flon Domain and amphibolite-granulite grade metamorphism in the adjacent 

Kisseynew gneisses is similar to that seen between the Archean Abitibi greenstone 

belt and the adjacent Kapuskasing granulites (Percival and Krogh, 1983), which have 

U-Pb zircon ages as much as 60 Ma less than the ages of tonalite intrusion, 

metamorphism and deformation in the Abitibi greenstone belt. Continued degassing 

of amphibolite and granulite grade rocks adjacent to, or underlying, the currently 

exposed Flin Flon Domain may be one source of the metamorphic fluids from which 

the mesothermal gold was deposited (Ansdell and Kyser, 1990a). Gold mineralization 

is associated with both PS strike-slip faults and reactivated P3 shear zones and must 

be younger than 1834 Ma, the age of the Phantom Lake granite dykes, which were 
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overprinted by gold mineralization. An age of about 1815 Ma for the formation of 

the gold deposits in the Flin Flon area would be compatible with the timing of peak 

regional metamorphism in the adjacent Kisseynew gneisses (Gordon et al., 1990). A 

more detailed discussion of the timing of gold mineralization and source of 

hydrothermal fluids is in Chapter 6. 

Missi sedimentary rocks in the vicinity of Flin Flon are cut by Boundary 

Intrusions, which are themselves cut by the Phantom Lake granite (Fig. 2.3 ), 

suggesting that Missi sedimentation was completed prior to 1840 Ma. Missi Group 

sedimentary rocks form part of a discontinuous series of molasse-type sediments 

found throughout the Trans-Hudson Orogen (Stauffer, 1990). Delaney et al. (1988) 

inferred that the Ourom Lake meta-arkose in the nearby Glennie Domain was 

deposited at 1850 ± 1 Ma, whereas a rhyolite interbedded with a sequence of Missi 

Formation sandstone and conglomerate in Manitoba has been dated at 1832 ±2 Ma 

(Gordon et al., 1990). These ages indicate that molasse-type sedimentation likely 

started before about 1860 Ma and lasted to about 1830 Ma, albeit in widely dispersed 

parts of the Trans-Hudson Orogen. A study of detrital zircons from Missi 

sedimentary rocks in the Flin Flon Basin was initiated to provide further constraints 

on the timing of sedimentation, and will be discussed in Chapter 4. 

3.3.5 Summary 

207Pb / 206Pb ages from single zircons indicate that most of the major granitic 

plutons in the western Flin Flon Domain, Trans-Hudson Orogen, were intruded 

between 1860 and 1834 Ma. The ages of these plutons also delimit the timing of 
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molasse sedimentation, deformation, metamorphism, and mesothermal gold 

mineralization. Molasse sedimentation predated the main deformation events and 

regional metamorphism and thus probably began at about 1860 Ma, but was 

complete by 1840 Ma. Ductile deformation occurred and peak metamorphic 

temperatures were locally attained during the 20 Ma period from about 1860 to 1840 

Ma and were closely related in time with intrusive activity. Peak regional 

metamorphic temperatures were maintained in adjacent higher grade terranes until 

1815 Ma (Gordon et al., 1990), and the rocks of these terranes thus may represent 

the source of metamorphic fluids from which mesothermal gold deposits were formed 

(Ansdell and Kyser, 1990a, 1992a). 

3.4. Major and trace element geochemistry 

Major and trace element compositions of representative samples are given in 

Table 3.2, and for all samples in Appendix AS. The granitoids define a calc-alkaline 

trend on an AFM plot (Fig. 3.6A), and all plutons are metaluminous except for the 

more felsic phases of the Reynard Lake and Annabel Lake plutons which are 

peraluminous (Fig. 3.6B). Overall, the major element compositions of the granitoids 

are typical of intra-oceanic island arc systems (Brown, 1982). 

The major element compositions of the samples from the Annabel Lake, 

. Reynard Lake, Boot Lake and Phantom Lake plutons are plotted in Harker variation 

diagrams (Fig. 3.7) to determine if the different phases of each pluton could have 

been derived simply by crystal-liquid fractionation processes during the chemical 
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Table 3.2. Representative major and trace element data from granitoids in the western Flin Flon Domain 

SlO, 
110, 
AJ.O, 
Fe.o. 
MnO 
MgO 
cao 
K.O 
N~O 
P10 1 

LOI 
Total 

Be 
Rb 
Sr 
Ba 
Cs 

Ta 

Th 
u 
Zr 
Hf 
Nb 
y 

Sc 
v 
Cr 

La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
1b 
Oy 
Ho 

Er 
Tm 
Yb 
Lu 

Reynard Lake 

160 89-5 

70.2 69.8 
0.21 0.31 
14.2 14.9 
1.32 2.25 
0.04 o.os 
0.64 1.00 
1.74 2.47 
3.66 2.58 
4.09 4.61 
0.05 0.09 
3.39 2.08 
99.7 100.1 

1.2 1.2 
89 58 
319 618 
1240 775 
0.6 0.98 

0.38 0.35 
1.6 3.6 
0.89 0.43 
73 84 
2.3 4.3 
5.6 4.4 
1.3 3.3 
1.6 2.2 
18.7 33.5 
32 32 

9.41 13.8 
17.9 25.5 
2.08 2.7 
8.27 9.86 
1.51 1.51 
0.37 0.49 
1.37 1.37 
0.16 0.16 
0.91 0.89 
0.16 0.17 
0.43 0.47 
0.07 0.07 
0.41 0.46 
0.07 0.07 

Annabel Lake 

89-8 89-12 

58.5 68.9 
0.69 0.42 
16.5 14.7 
6.61 4.66 
0.11 0.09 
3.73 1.07 
6.36 3.59 
2.11 2.01 
3.71 3.81 
0.29 0.13 
1.54 0.93 
100.3 100.4 

1.1 0.8 
48 48 
759 220 
577 475 
0.57 0.41 

0.28 0.60 
3.4 3.9 
1.75 1.85 
121 176 
2.9 5.2 
6.6 6.8 
13.8 30 
14.9 9.4 
124.2 35.3 
76 28 

26.8 18.5 
63.5 39.3 
8.48 4.80 

36.3 19.6 
6.6 4.51 
1.82 0.86 
5.42 5.34 
0.61 0.85 
3.17 6.00 
0.55 1.23 
1.45 4.14 
0.20 0.63 
1.27 4.46 
0.19 0.67 

Boot Lake 

89-16 89-26 

55.4 65.0 
1.10 0.75 
16.0 15~4 

9.48 5.86 
0.17 0.11 
3.53 1.59 
7.()2 3.62 
1.64 3.24 
3.54 3.90 
0.40 0.24 
1.62 0.54 
100.0 100.4 

0.22 
48 72 
445 380 
538 953 
1.71 

0.34 
3.0 
1.4 
138 194 
3.7 
5.9 
25 
23.5 
191.1 
45 20 

21.8 25.7 
49.0 55.0 
6.40 6.85 
28.2 28.6 
5.70 5.52 
1.36 1.34 
5.69 5.43 
0.76 0.77 
5.06 5.15 
1.01 1.06 
3.01 3.16 
0.42 0.47 
2.62 3.14 
0.42 0.46 

Phantom Lake Phantom Lake dyke 

89-25 89-27 119 89-18 

67.2 64.8 
0.42 0.46 

15.8 16.7 
2.67 3.47 
0.06 0.05 
1.01 1.28 
2.37 2.92 
3.83 3.58 
4.88 5.07 
0.17 0.21 
1.00 1.08 
99.8 100.2 

2.15 2.8 
68 60 
1800 2350 

1570 2210 
0.74 0.54 

0.57 0.79 

5.1 5.0 
1.27 1.59 
155 175 
6.8 7.3 
10.5 14.3 

6.9 12 
2.2 2.8 
36.2 57.4 
25 23 

37.2 45.2 
79.2 99.3 
9.82 12.8 
40.0 53.8 
6.43 9.02 
1.58 2.22 
4.32 6.46 
0.46 0.65 
2.53 3.59 
0.41 0.60 
1.06 1.67 
0.16 0.23 
0.96 1.44 
0.16 0.23 

63.3 64.5 
0.65 0.61 

16.0 16.1 
4.07 3.63 
0.06 0.06 
1.57 1.58 
2.79 3.02 
3.75 3.41 
4.91 4.95 
0.30 0.27 
0.93 1.39 
98.8 99.9 

2.3 2.0 
65 59 
1860 1740 

1730 1300 
1.2 0.91 

0.45 0.55 
2.3 5.0 
1.8 3.4 
142 148 
5.0 6.1 
10.0 9.7 

3.3 7.7 
2.5 3.7 
59.8 54.1 
b.d.l. 27 

54.5 43.4 
111.8 95.6 
14.3 12.0 
58.3 48.8 
9.02 7.98 
2.18 1.93 
6.30 5.37 
0.62 0.53 
3.10 2.82 
0.51 0.46 
1.38 1.17 
0.19 0.17 
1.05 0.95 
0.16 0.16 

Major element oxides (wt. %), and Rb. Sr. Ba 1r and Cr concentrations (ppm) by XRF: REE (ppm) by ICP-MS after 
sodium peroxide fusion procedure; all other trace element concentrations(ppm) by ICP-MS after dissolution in 

HF-HN03. All data tabulated In Appendix A5. 
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evolution of the magma. In general, A120 3, CaO, MgO, Fe20 3, Ti02 and P 20 5 have 

a negative correlation with Si02, whereas ~0 and N~O increase with Si02 content. 

These trends would be expected as a result of differentiation of a parental mafic 

magma, and are related to the decrease in modal proportions of ferromagnesian 

minerals and the increase in K-feldspar and the albite component in plagioclase with 

increasing Si02• The range in Si02 content, and the variation of the major element 

oxides with Si02, are similar for the Boot Lake, Reynard Lake and Annabel Lake 

plutons, implying that they likely developed from magmas of similar composition and 

by similar processes. Boot Lake and Phantom Lake plutons are considered to 

represent part of the same intrusive complex (Galley and Franklin, 1987). However, 

there are a number of features which indicate that the Phantom Lake pluton is not 

simply the result of continuing crystal-liquid fractionation of the same magma from 

which the Boot Lake pluton crystallized. The range in Si02 contents exhibited by the 

Phantom Lake pluton (60.7 to 67.9 wt.%) overlaps the range exhibited by the Boot 

Lake pluton (53.2 to 69.5 wt.% ), and for a given Si02 content the Phantom Lake 

pluton has higher ~0, A120 3 and N~O and lower MgO, CaO and Fe20 3 contents. 

The Phantom Lake pluton thus exhibits its own correlated trends between major 

elements, which parallel the trends exhibited by the Boot Lake pluton. 

The distinction between the Boot Lake and Phantom Lake plutons is 

emphasized in Harker diagrams plotting Si02 against trace elements (Fig. 3.8). Ba 

and Sr are highly enriched in the Phantom Lake pluton and tend to decrease with 

increasing Si02 content when compared to the other plutons, including the Boot Lake 

pluton. The other plutons also exhibit a negative correlation between Si02 and Sr, 
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but a positive correlation between Si02 and Ba. Rb generally increases with Si02 in 

all plutons, and the mutual inter-relationships between Si02, ~0, N~O, Rb, Ba and 

Sr are probably a function of plagioclase fractionation and concentration of K

feldspar in the more Si02-rich phases. 

The Si02-Zr Harker diagram (Fig. 3.8A) is more complex than the other 

Harker diagrams. In general, Zr content increases with increasing Si02 below Si02 

contents of 65% but all plutons appear to have an inflection in the trend lines at 

about 65%. This suggests that zircon fractionation then starts to play a role in the 

development of these magmas. 

The Harker diagrams support the development of each of the granitoids by 

the differentiation of an original mafic parent magma. The scatter in some of the 

diagrams, especially those involving ~0, N~O, Rb, Ba and Sr (Figs. 3.7 and 3.8) is 

probably due to sample inhomogeneity, related to the presence of large feldspar 

phenocrysts, and to the ease with which these elements are transported in fluids, 

which makes feldspars especially susceptible to subsolidus alteration. 

REE distribution patterns for each of the plutons are shown in Figure 3.9. All 

plutons exhibit slightly LREE-enriched patterns, although samples from the Phantom 

Lake pluton are more fractionated (LaN/YbN = 20.4- 34.4) than samples from the 

Boot Lake (5.2 - 5.4), Annabel Lake (2.9 - 14.7) or Reynard Lake (13.7 - 19.4) 

plutons. The Reynard Lake samples have lower total REE than the other plutons 

and there is no apparent trend in total REE with Si02 content, although this 

observation is based on a limited number of samples. Eu anomalies are absent or 

slightly negative, although the magnitude of the anomaly increases with HREE 
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content (Fig. 3.9). In general, the plutons are LREE-enriched, and have flat HREE 

patterns. 

Trace element abundance diagrams, or spidergrams (Thompson et aL, 1984; 

Pearce et aL, 1984), are useful when comparing variations in element concentrations 

between suites of rocks. The concentration of elements in plutons in the Flin Flon 

area are normalized against a hypothetical ocean-ridge granite (Fig. 3.10), which 

would be a granite derived from mantle that has not undergone an enrichment event, 

or has not been affected by partial melting of continental crust, or by assimilation 

(Pearce et aL, 1984 ). The Flin Flon plutons are enriched in the more incompatible 

elements (Sr, K, Rb, Ba, Th, and sometimes Ce ), but depleted in Ta, Nb, Hf, Zr, Sm, 

Y and Yb relative to ocean-ridge granite. In general, the patterns are similar to those 

exhibited by granites that formed in oceanic island arc environments related to 

subduction (Pearce et aL, 1984). Small Ta-Nb relative depletions and extreme 

depletions of Y and Yb, characteristic of such an environment, are evident. All the 

plutons plot within the volcanic arc granitoid field on aRb - [Y + Nb] diagram (Fig. 

3.11) (Pearce et aL, 1984), which also suggests that the granitoids formed during the 

development of an intra-oceanic island arc system. 

3.5 Isotope geochemistry 

Petrographic evidence indicates that many of the granitoids in the western Flin 

Flon Domain have undergone subsolidus recrystallization during which primary 

minerals were altered (e.g., saussuritized feldspars; replacement of biotite by chlorite) 



• 1mr--------------------------~ .,_ 
·c: 
1! a 
• f 
I 
c 

§ 
8 a: 

Rb Th Nb Hf Sm Yb 
K Ba Ta Ce Zr Y 

Rb Th Nb Hf Sm Yb 
K Ba Ta Ce Zr Y 

.. 
D 

89-8 Annabel 
89-12 Lake 

89-5 
Reynard 
Lake 

• 89-18 Phantom 
a 119 Lake dyke 

89-25 Phantom 
e 89-27 Lake 

• 89-16 Boot Lake 

Figure 3.10. Element variation diagrams normalized to ocean-ridge granite (Pearce et al., 
1984) for granitoids in the western Flin Flon Domain. Data from Table 3.2. 

58 



1000 

syn-COLG o Annabel Lake 

A Reynard Lake 

• BootLake 
,.... 100 • + Phantom Lake E a 
a. a. ........ 
.0 
a: • 

10 
VAG ORG 

1~-p~~mr~~~~~~~~~ 

1 10 100 1000 

Y + Nb (ppm) 

Figure 3.11. Rb - Y +Nb plot showing possible tectonic setting of 
granitoids in the western Flin Flon Domain. Abbreviations: VAG -
volcanic arc granite; syn-COLG - syn-collisional granite; WPG -
within-plate granite; ORO - ocean ridge granite. Fields from 
Pearce et al. (1984). 

59 



60 

or deformed (e.g., undulose extinction in quartz). Nevertheless, whole rock ~ 180 

values vary between 7.5 ° I oo (Boot Lake diorite) and 11.3 ° I oo (Reynard Lake 

granite) (Table 3.3), and exhibit increasing ~180 values with increasing Si02 contents 

(Fig. 3.12). This trend, and overlap with typical a180 values exhibited by granitoids 

worldwide {Taylor and Sheppard, 1987) indicate that the values could be construed 

to be primary. 

Mineral separates were obtained from the Phantom Lake granite (sample 89-

25), the youngest and petrographically least altered pluton, and an Annabel Lake 

quartz diorite (sample 89-8), which is one of the older syn-tectonic plutons in the 

region. Petrographic descriptions of these samples are summarized in Appendix A4, 

and photomicrographs in Figures 3.1 and 3.4. a180 values for the mineral separates 

are in Table 3.3, and are plotted on an isotherm diagram (Fig. 3.13; Javoy et al., 

1970) using the fractionation factors of Bottinga and Javoy {1975). Recent 

theoretically derived oxygen isotope thermometers of Clayton and Kieffer (1991) 

yield slightly higher temperatures (less than 200C higher) for quartz-magnetite and 

quartz-feldspar mineral pairs from the Annabel Lake and Phantom Lake plutons. 

Clayton and Kieffer ( 1991) do not calculate oxygen isotope thermometers for hydrous 

silicate minerals, and the difference in calculated temperatures do not affect any 

conclusions in this study. Thus, the temperatures obtained using the fractionation 

factors of Bottinga and Javoy (1975) are retained. 

Normal igneous quartz-feldspar fractionation should be between about 1.2 and 

2.0°/ oo (Taylor and Sheppard, 1987), whereas quartz-feldspar fractionations in the 

western Flin Flon Domain ranged from -0.6 to 2.5°/ oo. This indicates oxygen isotope 



Table 3.3. Isotopic data of whole rock samples and minerals from granitoids of the western Flin Flon Domain 

Sample' 3'8() Equilibration Rb Sr 17Rbf86Sr 87Srf86Sr Nd Sm 143Ndf144Nd t47Smi'..,.Nd eNd3 

(permil) temperature2 (ppm) (ppm) (ppm) (ppm) 

Annabel Lake quartz diorite 
84 WR 8.4 78 536 0.4207 0.71426±3 28.2 5.1 0.511728±6 0.10872 3.1 
89-8 WR 9.2 48 759 0.1820 0.70621±6 41.3 7.9 0.511754±44 0.11563 2.2 

hbl 5.4 qz-hbl485 12 48 0.7123 0.73093±12 71.4 16.1 0.512095±7 0.13672 
bt 3.0 qz-bt 400 221 10 n.o455 2.55136±22 4.5 0.9 0.512729±84 0.12363 
plag 8.1 qz-plag 350 
qz 10.6 
apat 1.4 528 0.0078 0. 70752±30 782 113 0.511467±237 0.08691 

Reynard Lake pluton 
89 dioriteWR 7.6 
160 granite WR 10.8 80 311 0.7450 0.73288±2 6.9 1.3 0.511888±13 0.11643 4.5 
89-4 granite WR 11.3 

qz 11.7 

Boot Lake quartz diorite 
93 WR 7.5 27 529 0.1478 0.70497±4 22.9 4.9 0.511982±15 0.13015 2.9 

apat 5.7 152 0.1098 0.85108±106 591 106 0.511753±53 0.10855 

Phantom Lake granite 
119 WR 8.4 65 1860 0.1007 0.70569±8 57.1 9.3 0.511531±9 0.09801 1.4 
449 WR 9.6 
89-18 apat 2.5 1400 0.0052 0. 72763±42 633 96.2 0.511725±61 0.09166 
89-25 WR 9.4 68 1800 0.1096 0. 70550±1 0 40.8 7.5 0.511559±17 0.11141 -1.0 

qz 10.1 qz-mt575 
fsp 9.5 qz-hbl605 
micpc 10.7 qz-fsp 995 
mt 1.6 
hbl 6.3 30 152 0.5679 0.71508±8 47.4 9.8 0.511901±5 0.12476 
titan 3.7 277 0.0386 o.73864±15 35n 766 0.512101±10 0.12948 

1 Sample locations in Appendix 3. WR - whole rock, hbl - hornblende, bt - biotite, plag - plagioclase, qz - quartz, apat - apatite, fsp - feldspar, mic pc -
microcline phenocryst, mt - magnetite, titan - titanite. 

0\ 2 Equilibration temperatures in OC calculated using fractionation factors of Bottinga and Javoy (1975). j--1. 

3 tNd values calculated using crystallization ages of plutons in Table 3.1 
Reported errors are 2o, and refer to the last significant figures. Analytical details are in Appendix 1. 
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disequilibrium between these minerals, likely related to saussuritization of feldspars. 

Oxygen isotope quartz-mineral pairs from the Annabel Lake pluton yield 

temperatures ranging from 485°C to 350°C, whereas from the Phantom Lake pluton 

a quartz-hornblende pair yields a temperature of 605°C and a quartz-magnetite pair 

a temperature of 575°C. None of these temperatures represent the crystallization 

temperature of the magma, but reflect temperatures at which the minerals passed 

through their closure temperature for oxygen isotope exchange. This temperature is 

a complex function of the mineralogical composition of the rock, grain size, cooling 

rate, extent of alteration and availability of a fluid phase. In both the Phantom Lake 

and Annabel Lake plutons the oxygen isotope temperatures obtained define trends 

similar to those calculated by Giletti (1986) and Fortier and Giletti (1991). They 

show that oxygen isotope temperatures obtained from minerals in a slowly-cooled 

granitoid rock should exhibit the following trend: 

T qz-hbl > T qz-mt > T qz-bt > T qz-fsp• 

The high temperatures obtained from the Phantom Lake pluton indicate that 

quartz, hornblendeand magnetite did not undergo post-crystallization, open system, 

low temperature oxygen isotope exchange with an external fluid. This is consistent 

with the relatively young age of the pluton, and its the lack of petrographic 

alteration. The Annabel Lake quartz diorite yields ·lower oxygen isotope 

temperatures, exhibits more visible alteration, and represents an early phase of one 

of the older, syn-tectonic plutons in the area. Thus, after initial crystallization and 

cooling, it is likely that fluid circulation, driven by later phases of the Annabel Lake 

pluton and by other younger plutons in the region, may have interacted with and 



65 

altered the primary minerals and allowed continued oxygen isotope exchange to 

relatively low temperatures. Also, continued intrusive activity in the area resulted in 

elevated heat flow which might have reduced the cooling rate in early plutons. 

Fortier and Giletti (1991) show that closure temperatures for oxygen isotope 

exchange are lower for more slowly cooled plutons. 

The Rb-Sr isotope characteristics of whole rock and mineral separates from 

the Phantom Lake and Annabel Lake samples were also determined (Table 3.3). 

Theoretically, if the minerals in a rock have remained a "closed system" with respect 

to Rb and Sr since crystallization, the minerals should define an isochron that yields 

the age of the sample. Similarly, whole rock samples with variable Rb /Sr ratios that 

had the same initial Sr isotopic composition should give the age of the pluton. 

However, if the minerals in a pluton preferentially exchange Rb and Sr between each 

other, or with a fluid, over variable lengths of time, then the samples are likely to 

deviate from a meaningful isochron. The resetting of the Rb-Sr system may occur 

during cooling of the pluton, or may occur during later metamorphism, weathering 

or hydrothermal alteration. Notwithstanding the problems associated with the 

mobility of Rb and Sr, the magnitude of initial 87Sr f86Sr ratios may still provide 

information on the source of the magma. High initial 87Sr / 86Sr ratios obtained from 

igneous rocks are usually indicative of a crustal component or enriched mantle, 

whereas low initial 87Sr / 86Sr ratios suggest that the magmas are likely derived from 

a depleted mantle source. 

The Annabel Lake pluton was previously dated using Rb-Sr geochemistry by 

Mukherjee et aL (1971). They obtained an age of 1765 ± 14 Ma and an initial 
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87Sr/86Sr ratio of 0.7023. Addition of the two whole-rock samples from this study does 

not alter the Rb-Sr age significantly. The whole rock age is about 100 Ma younger 

than the age of crystallization determined using the single-zircon Ph-evaporation 

technique (Table 3.1), indicating that Rb and Sr exchange occurred on the scale of 

the pluton after crystallization. Hornblende, apatite and biotite, which appear to be 

unaltered petrographically, were separated and analyzed (Table 3.3). Data from 

mineral analyses lie above and below the position of the 1860 Ma isochron, and the 

1760 Ma isochron defined by the whole rock samples (Fig. 3.14A, B). This indicates 

that the constituent minerals underwent Rb and Sr exchange after crystallization of 

the pluton and this probably continued until after the whole rock samples became 

closed systems with respect to Rb and Sr. Two-point isochrons using biotite-whole 

rock, and biotite - apatite yield isochron ages of about 1670 Ma and 1640 Ma, 

respectively. These ages, along with the whole rock isochron age, fall within the range 

exhibited by other Rb-Sr studies in the Reindeer Zone (Bell and Macdonald, 1982; 

Hegner et al., 1989; Halden et aL, 1990; Ibrahim and Kyser, 1991), all of which are 

indicative of complex Rb and Sr exchange after crystallization and during later 

regional metamorphism. 

The initial 87Sr / 86Sr isotopic compositions of plutons in the western Flin Pion 

Domain have been obtained by regressing a line through whole rock samples. This 

yielded values of 0.7029 for the Boot Lake- Phantom Lake complex (Fig. 3.14C) and 

0.7020 for the Annabel Lake pluton (Mukherjee et aL, 1971; Fig. 3.14A). These 

values are indicative of a mantle source or partial melting of rocks recently derived 

from the mantle. It was hoped that analysis of apatite, which has a low Rb /Sr ratio, 
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(hbl) isotopic compositions from Table 3.3. These components do not lie on an 1860 Ma isochron, 
which is the Pb-Pb zircon age of the rode (Table 3.1), indicative of Rb-Sr exchange after crystallization. 
B. Expanded diagram showing the biotite (biot) sample in relation to 1860 Ma and 1760 Ma isochrons 
drawn through the whole rock sample plotted in A. Analyses shown in A cluster towards the left edge 
of the diagram. C. Rb-Sr isotopic compositions ofWR, apat, hbl and titanite (titan) samples from the 
Boot Lake - Phantom Lake intrusive complex. At the scale of the diagram the WR and hbl samples 
plot close to the 1840 Ma (the age of the Phantom Lake pluton, Table 3.1) isochron. However, the 
apatite and titanite samples continued to exchange radiogenic Sr with other minerals or fluid to 
temperatures below the aystallization temperature of the pluton. 
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might better constrain the initial 87Sr/86Sr ratio of the pluton. However, an 87Sr/86Sr 

ratio of 0.7403 for apatite (Table 3.3, Fig. 3.14B) is higher than the initial 87Sr/86Sr 

ratios obtained from the whole rock samples, and suggests that apatite exchanged Sr 

with a mineral or fluid containing radiogenic Sr. Farver and Giletti (1989) conducted 

hydrothermal experiments on Sr diffusion in apatite, and Giletti ( 1991) used these 

results, along with diffusion data for other minerals typically found in granites, to 

show that high 87Sr / 86Sr ratios in apatite are the predicted result of exchange of Sr 

with other minerals, e.g. biotite, which also have low closure temperatures for Sr 

diffusion. Similar relationships between separated minerals in a granitoid have been 

reported by DeWitt et aL (1984) for metamorphosed granitic rocks in southeastern 

California. 

The Phantom Lake pluton, formed at 1840 ± 7 Ma (Ansdell and Kyser, 

1991a), is the product of the youngest magmatic event in the western Flin Flon 

Domain. Digel and Gordon (1991) indicate that regional metamorphic minerals 

overprint the contact aureole of the Phantom Lake pluton, although the oxygen 

isotopic compositions of some minerals (quartz, magnetite, hornblende) preserve an 

igneous signature. Data for whole rock samples from the Boot Lake and Phantom 

Lake plutons lie on or close to a model 1840 Ma mineral-rock isochron for the 

Phantom Lake sample (Fig. 3.14C). This suggests that these samples have remained 

closed with respect to Rb and Sr exchange on the scale of a hand sample. The 

hornblende separate from the Phantom Lake pluton also lies close to this isochron, 

supporting a high closure temperature for Sr exchange in hornblende and no later 

thermal disturbance, as is suggested by the oxygen isotope data. However, apatites 
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and titanite from these samples have high 87Sr/86Sr ratios (Fig. 3.14C), similar to the 

apatite from the Annabel Lake pluton, suggesting that they continued to exchange 

Sr with other minerals, e.g. feldspars and biotite, in the rock, or with extraneous 

fluids, to lower temperatures. 

Nd isotope systematics are commonly used as tracers of the evolution of the 

mantle and continental crust, because significant changes in Sm/N d ratios typically 

require a partial melting event, or mixing of Sm and N d from different rock units 

(Faure, 1986; Shirey, 1991 and references therein). Recently, Barovich and Patchett 

{1992) showed that whole rock Sm-Nd isotope systematics are generally unaffected 

by deformation and low grade metamorphism. Thus, the Sm/Nd ratio of igneous 

rocks tend to remain constant after crystallization and thus the 143Nd/144Nd ratio of 

these rocks evolve along linear trends. The possible source of a magma can be 

determined by calculating the 143Nd/144Nd ratio at the time of formation and 

comparing it with 143Nd/144Nd ratios exhibited by possible sources at that time, such 

as depleted mantle, undepleted mantle, and previously formed crustal rocks. 

The Sm and Nd isotopic compositions of whole rock and mineral separates 

from granitoids in the western Flin Flon Domain are listed in Table 3.3. eNd values 

for granitoids from the western Flin Flon Domain, which are the 143Nd/144Nd ratios 

of the rocks at the time of crystallization relative to choildrite uniform reservoir 

(CHUR) or bulk earth, are calculated using the Pb-Pb zircon ages given in Table 3.1, 

and vary from -1.0 to +4.5 (Fig. 3.15). Previous Nd isotopic studies in the western 

Flin Flon Domain have focussed on Amisk Group volcanic rocks ( Chauvel et al., 

1987; Thorn et al., 1990; Stem and Syme, 1992) and indicate that they had high 
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eNd values ( +3.0 to +5.0) at the time of formation (Fig. 3.15). This suggests that the 

volcanics were likely derived by partial melting of an already depleted mantle source 

with a minor subduction-zone-derived component. The Amisk Group Nd-evolution 

line (Fig. 3.15) has been constructed using the Sm and Nd data of Chauvel et al. 

(1987), the U-Pb ages obtained by Gordon et aL (1990) and Syme et aL (1991), and 

the range of eNd values for Amisk Group volcanic rocks obtained by Stern and Syme 

(1992). The eNd(t) values for the Annabel Lake, Reynard Lake and Boot Lake 

plutons fall on or close to the Amisk Group evolution line suggesting that the felsic 

magmas could have been derived by partial melting of rocks similar to Amisk Group 

rocks in age and Nd isotopic composition or, more likely, from the same source as 

the volcanic rocks. Stem and Syme (1992) obtained similar eNd values for the Cliff 

Lake ( + 4.2), Neso Lake ( + 4.0) and Lynx Lake ( + 3.8) plutons, and also postulated 

derivation from earlier formed volcanic rocks. 

The Phantom Lake pluton and associated dykes have distinctly lower eNd 

values ( -1.0 to + 1.4 ), and cannot have been derived by partial melting of a depleted 

mantle source, or typical Amisk Group volcanic rocks. Direct partial melting of an 

Archean source is also impossible, although the lower eNd values indicate that the 

magma source for the Phantom Lake pluton most likely included a component from 

an older source. The Phantom Lake pluton postdates Missi Formation molasse 

sedimentary rocks, which contain Archean/Early Proterozoic detrital zircons 

(Chapter 4; Ansdell et aL, 1992). Thus, Nd that had been resident in the crust for a 

period of time prior to the intrusion of the Phantom Lake pluton may have been 
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included in the Phantom Lake magma by direct partial melting of Missi-type 

sedimentary rocks, or by subduction of similar sediments to a zone of partial melting 

in the upper mantle. 

High confidence in the preservation of initial Sm-Nd isotope systematics would 

be achieved if internal mineral isochrons for the Annabel Lake and Phantom Lake 

plutons yielded reasonable ages. Figure 3.16 emphasizes the complexity of the Sm-Nd 

isotope systematics of minerals in these two plutons, although a three-point isochron 

from sample 89-8 (Fig. 3.16A) does yield an imprecise age of about 1880 Ma which 

is equivalent to the age of the pluton. Note that this isochron does not include the 

biotite from the same sample. The relationships between whole rock samples and 

mineral separates from the Boot Lake-Phantom Lake complex are shown on Figure 

3.16B, along with isochrons drawn through data from the whole rock samples. 

Generally, the mineral separates are enriched in radiogenic Nd with respect to the 

assumed isochron (Fig. 3.16B), indicating that minerals continued to take in 

radiogenic Nd from some source during cooling or later alteration. Closure 

temperatures for Sm and Nd diffusion and exchange in minerals are generally 

considered to be high (e.g. Humphries and Cliff, 1982), although experimental studies 

similar to those performed on 0 and Sr diffusion in the major rock-forming minerals 

are lacking. However, it appears that on the mineral scale the samples have 

remained open with respect to Sm and Nd during subsolidus recrystallization and 

alteration, similar to both the 0 and Rb-Sr systems, perhaps providing empirical 

evidence that closure temperatures in minerals in granitic rocks may be lower than 

generally believed. Apatite and titanite are very radiogenic in terms of both N d and 
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isochrons are drawn assuming the age of the rock (from Table 3.1), and that tbe 
whole rock sample has remained closed to Sm and Nd exchange. All mineral 
separates are more radiogenic with respect to Nd tban the assumed equilibrium 
isochron. See text for discussion. 

73 



74 

Sr with respect to the assumed isochrons (Fig. 3.14C and 3.16B), most likely as a 

result of low closure temperatures for Sr and Nd exchange in these minerals. The 

Sm-Nd isotope systematics of minerals do not lend support to a closed system on a 

grain scale. However, the similarity between eNd values obtained from whole rocks 

in this study and Stem and Syme (1992), and the accurate age based on whole-rock 

Sm-Nd data for Amisk Group rocks (Chauvel et aL, 1987) suggest that the Sm-Nd 

systematics of large samples may not have been significantly affected during inter

mineral exchange. 

3.6. Petrogenesis 

The Annabel Lake, Reynard Lake, Boot Lake and Phantom Lake plutons are 

generally metaluminous, define a calc-alkaline trend on an AFM diagram, are 

enriched with respect to ocean-ridge granites in mobile incompatible large-ion 

lithophile elements (LILE) and depleted in high field strength elements (HFSE), 

have Ta-Nb depletions, Rb, Y and Nb concentrations and whole rock a180 values 

that are indicative of volcanic arc granites. All these general characteristics are 

typical of granitoids that were derived by subduction-related processes at convergent 

plate margins. 

The Phantom Lake pluton has high ~0 and N~O, extremely enriched Ba 

and Sr contents, more LREE-enriched patterns, and lower eNd(t) values than other 

plutons. It also exhibits its own correlated major element trends, which parallel the 

trends exhibited by the Boot Lake pluton. These differences suggest that the 
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Phantom Lake magma was derived from a distinctly different source region than the 

earlier plutons and has no simple petrogenetic relationship with the Boot Lake 

pluton. However, the overall pattern exhibited by normalized trace element 

abundance diagrams is similar to those exhibited by granitoids in oceanic island arcs, 

emphasizing that subduction-related processes were still important in the production 

of the Phantom Lake magma. 

Possible sources for the magmas that eventually crystallized as granitoids in 

the Flin Flon area are the subducted slab, the overlying asthenospheric mantle 

wedge, the lower portions of the developing island arc crust, or older continental 

crust. Thorn et aL ( 1990) indicate that the most likely source of the island arc 

magmas was the mantle wedge, which had been enriched in the LILE by introduction 

of aqueous fluids from the subducted slab. The decoupling of HFSE and LILE in the 

granitoids suggests that the involvement of direct partial melts from the slab is 

unlikely. High eNd values for the Annabel Lake, Reynard Lake and Boot Lake 

plutons coupled with low initial 87Sr f86Sr ratios do not support melting of older 

continental crust, but can be explained by partial melting of recently formed Amisk 

Group-type rocks in the roots of the growing island arc system, or by partial melting 

of the underlying enriched mantle wedge. Isotopic heterogeneities of Nd in the 

mantle underlying the Flin Flon Domain at this time (Steni and Syme, 1992) makes 

distinction between these latter two source areas difficult. However, the depleted Y 

and Yb concentrations suggest that garnet was a likely residual phase in the ultimate 

source region. 

The high Ba and Sr and lower eNd values exhibited by the Phantom Lake 
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pluton cannot be attributed to differentiation from the Boot Lake magma, but are 

probably related to variations in the source region chemistry. The Phantom Lake 

pluton postdates molasse sediments, which contain earlier Proterozoic and Archaen 

detrital zircons indicating that older crust was being eroded (Ansdell et aL, 1992). 

Similar crust may have shed detritus, which was then subducted, into the ocean basin, 

and this sedimentary signature was ultimately incorporated into the Phantom Lake 

magma. Direct partial melting of earlier Proterozoic crust is a possibility, but there 

is no evidence for the existence of such crust, and so indirect contamination of the 

source region as a result of subduction-processes is preferred. 

Harker diagrams showing the variation of major and trace elements with Si02, 

and REE patterns, provide constraints on the minerals involved in the development 

of the plutons. The rocks are dominated by feldspars, hornblende and quartz, with 

variable amounts of biotite and accessory apatite, zircon, sphene, and Fe-oxides; the 

more mafic phases also contain rare relict pyroxenes. Crystallization and removal of 

these phases in various proportions should be able to explain the observed 

geochemical patterns. Distinct trends showing decrease in Fe20 3, MgO, CaO, Al20 3, 

Ti02, P20 5 and Sr with increasing Si02 (Figs. 3.7 and 3.8) suggest that continuous 

removal of hornblende, plagioclase, Fe-Ti oxides or sphene, and apatite likely 

occurred. REE patterns are generally consistent for each pluton, although they cover 

a limited range in Si02 content. However, there is a distinct difference between the 

patterns exhibited by a quartz diorite (89-8) and a granodiorite (89-12) from the 

Annabel Lake pluton (Fig. 3.9). The quartz diorite has no Eu anomaly, and is more 

LREE-enriched and HREE-depleted than the granodiorite, which has a mildly-
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fractionated pattern, flat HREE and a marked Eu anomaly. The patterns are a 

function of mineralogy and, in particular, relative proportions of hornblende and 

plagioclase. Hornblende contains higher concentrations of REE in comparison with 

other major minerals in granitoid rocks and exhibits a concave-down, LREE-depleted 

pattern with a negative Eu anomaly (Hanson, 1980), such that hornblende 

fractionation during the development of a magma may lead to lower REE contents 

in the more felsic differentiates, LREE-enrichment, and a positive Eu anomaly. 

Feldspars, although low in total REE, have a characteristically large positive Eu 

anomaly, and so the combined fractionation of hornblende and feldspar may result 

in a negligible Eu anomaly. Gromet and Silver (1987) calculated the REE patterns 

that would develop as a result of hornblende and plagioclase fractionation from a 

quartz gabbro magma. The quartz diorite sample has a REE pattern similar to that 

obtained from an approximately 50:50 mixture of hornblende and plagioclase, 

whereas further crystallization of plagioclase was important in producing the REE 

pattern of the granodiorite sample. The REE patterns from the other plutons have 

insignificant Eu anomalies, and are also best explained by combined fractionation of 

hornblende and plagioclase. 

The sub-solidus isotopic evolution of the Annabel Lake and Phantom Lake 

plutons is complicated by alteration, and recrystallization -during deformation and 

metamorphism. The oxygen isotopic composition of quartz, hornblende and 

magnetite in the Phantom Lake pluton preserve reasonable crystallization 

temperatures, whereas minerals in the Annabel Lake pluton record substantially 

lower oxygen isotope equilibration temperatures (Table 3.3). Sr and Nd isotope 
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systematics of these minerals do not yield reasonable mineral isochrons, which is 

indicative of open system exchange, and is likely related to the presence of a fluid 

p base. The timing of fluid interaction cannot be constrained using these data, but is 

probably complex and multi-stage. Note, though, that evidence is lacking for high

temperature fluid movements after those associated with mesothermal gold 

deposition at about 1760 Ma. 



4. AGE AND PROVENANCE OF MISSI METASEDIMENTARY ROCKS 

4.1 Introduction 

Sedimentary rocks that always post-date island arc sequences occur 

throughout the Reindeer Zone. In the La Ronge-Lynn Lake and Flin Flon Domains, 

these consist predominantly of fluvial conglomerates and sandstones (Fig. 4.1) that 

are interpreted to represent a molasse sequence developed during the early stages 

of mountain building during the Trans-Hudson Orogen (Stauffer, 1974; 1990). In the 

Flin Flon area of the Flin Flon Domain these sedimentary rocks are termed the 

Missi Formation, and are considered to be broadly correlative with Sickle group 

rocks in the La Ronge Domain and the Sherridon group in the Kisseynew Domain 

(Stauffer, 1990). 

Missi metasedimentary rocks in the Flin Flon area occur in three main basins, 

the Flin Flon, Amisk, and Athapap Basins (Fig. 2.3; Stauffer, 1990). The 

sedimentological, structural and metamorphic characteristics of these three basins 

have been well studied (Ambrose, 1936; Mukherjee, 1971, 1974; Stauffer and 

Mukherjee, 1971; Bailes and Syme, 1989; Wilcox, 1989, 1990; Stauffer, 1990). The 

types of clasts in the conglomerate horizons indicate that. the source terrane was 

dominated by mafic and felsic volcanic rocks, similar to the underlying Amisk 

volcanic rocks, and granitoids (Mukherjee, 1971; Stauffer, 1974; Bailes and Syme, 

1989). The presence of felsic rocks in the source area implies that zircons derived 

from the erosion of such rocks are likely to be present in the heavy mineral suite of 
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these sedimentary rocks. Zircon is a robust phase that commonly survives sediment 

transport, and has a high U /Pb ratio making it eminently suitable for dating. 

Although the ages of magmatic events in the Reindeer Zone have been well 

constrained using U-Pb and Pb-Pb geochronology (Van Schmus et al., 1987; Lewry 

et al., 1987; Gordon et al., 1990; Ansdell and Kyser, 1991a), very few attempts have 

been made to limit the age of molasse sedimentation. Using U-Pb geochronology 

Delaney et al. {1988) dated detrital zircon grains from the Ourom Lake meta-arkose 

in the Glennie Domain, as well as the Wood Lake granodiorite which intrudes the 

supracrustal sequence, and suggested that the age of sedimentation was 1850 ± 1 

Ma. Gordon et aL (1990) obtained a U-Pb zircon age of 1832 ± 2 Ma from a 

rhyolitic flow interbedded with Missi metasedimentary rocks in the Snow Lake area 

of the Flin Flon Domain. However, this age is somewhat at variance with the timing 

of crystallization of post-Missi plutons in the Flin Flon area of the Flin Flon Domain. 

The Phantom Lake granite (1840 ± 7 Ma) crosscuts one of the Boundary Intrusions, 

which themselves crosscut Missi rocks, and the Graham Trail porphyry (1841 ± 18 

Ma) intrudes Missi metasedimentary rocks near the Graham gold occurrence 

(Ansdell and Kyser, 1990b; 1991a). 

A study of detrital zircons from Missi metasedimentary rocks near Flin Flon 

was initiated. The youngest detrital zircon places a maximum age limit on the time 

of deposition, and the range of ages of detrital zircons yield the ages of the source 

rocks. Reconstructions of the tectonic framework and paleogeography may also be 

possible by combining the age range for detrital zircons with the timing of other 

events in the Trans-Hudson Orogen. The Flin Flon Basin (Fig. 4.2) was chosen as the 
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study area because the stratigraphic relations of the rocks in this area have been 

described in detail (Stauffer, 1990). 

4.2 Missi Formation stratigraphy 

The stratigraphy of the Missi Formation in the Flin Flon Basin has been 

described in detail by Stauffer (1990) and Bailes and Syme (1989). The Flin Flon 

Basin contains six units in two fining-upward sequences of fluvial conglomerates and 

sandstones (Fig. 4.3), which are interpreted to represent the transition from proximal 

fan to braided stream deposits. The basal conglomerate (unit 1) unconformably 

overlies Amisk Group volcanic and intrusive rocks, which commonly show evidence 

for intense subaerial weathering, e.g. spheroidal weathering (Fig. 4.4a). Unit 1 is well 

exposed and consists of a basal, poorly-sorted, cobble-rich, polymictic conglomerate 

(Fig. 4.4b) and associated poorly bedded sandstones. Stauffer (1990) determined, in 

each unit, the proportion of felsic clasts, which included vein quartz, rhyolite to 

dacite and granodiorite to granite clasts, and mafic clasts, which are dominated by 

fine-grained mafic volcanic rocks with minor medium-grained mafic intrusive rocks. 

The ratio of felsic to mafic clasts in the basal conglomerate is lower than in overlying 

units (Fig. 4.3a), and may indicate that the source consisted uf predominantly Amisk 

Group mafic volcanic rocks. Unit 2 is typical of braided stream deposits, and includes 

pebbly sandstones with channel scours and thin lenticular conglomerates. Unit 3 

consists of sandstones exhibiting well-developed crossbedding (Fig. 4.4c) with rare 

single-pebble conglomerate to pebble bands. Units 4, 5 and 6 are similar in character 
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Figure 4.4. A. Well-developed spheroidal weathering in the Amisk volcanic rocks directly 
below the Amisk-Missi unconformity. B. Polymictic comglomerate from Unit 1. C. Cross
bedded sandstones from Unit 3. D. Deformed polymictic conglomerate from Unit 1. 
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to the lower fining-upward sequence, except that there is much less variability in the 

proportion of felsic to mafic clasts. However, intraformational sandstone clasts are 

present in the unit 4 conglomerate (Bailes and Syme 1989), indicative of reworking 

of underlying Missi rocks. Other clasts present in conglomerates throughout the 

sequence are jasper, iron formation and chert. Noticeably absent are clasts of schists 

and gneisses that may be indicative of a high-grade metamorphic source region. 

Sand-sized particles in the sandstones and conglomerates are dominantly quartz, with 

minor amounts of plagioclase and lithic fragments (Bailes and Syme 1989) 

Although metamorphic grade and deformation increase northwards in the 

basin (Stauffer and Mukherjee 1971; Digel and Gordon 1991), units in the lower 

grade, less deformed portions of the basin can be correlated with units in the higher 

grade, more deformed areas (Figs. 4.4b, d). Stratigraphic way-up indicators are well

preserved in the southern portion of the basin, although deformation has altered 

crossbedding angles. Therefore, paleocurrent directions cannot be determined. 

Deformation has also resulted in thinning of the original sedimentary sequence from 

about 3.8 km to about 2.1 km (Stauffer 1990). 

4.3 Sampling and analytical technique 

5 to 25 kg samples were collected from each of the six stratigraphic 

subdivisions of the Missi Formation in the Flin Flon Basin. These were studied to 

provide limits on the maximum age of sedimentation and to determine whether there 

were any vertical variations in zircon provenance with time (Fig. 4.2). Samples from 
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more mature sediments of each stratigraphic sub-division were chosen because 

zircons from more distal sources are more likely to be present. 

Zircons were separated using conventional crushing, sieving, Wilfley Table, 

heavy liquid, and magnetic susceptibility techniques. This study concentrates on non

magnetic zircons in the 125 to 250 Jlm size range because non-magnetic zircons are 

generally more concordant (Krogh, 1982a) and should yield ages that reflect their 

original protoliths. Detrital zircon populations may include zircons from a large 

number of different zircon-bearing rock types, and the origin of zircons cannot be 

discerned on the basis of morphology, or magnetic susceptibility. Nevertheless, 

zircons were divided into euhedral, slightly rounded, and rounded morphological 

types and, by point counting a random group of about 100 grains, an estimate of the 

relative proportions of each type was obtained (Fig. 4.3B). Although euhedral to 

slightly rounded zircons predominate, a relatively greater number of rounded zircons 

were chosen for analysis to evaluate the full range of ages of detrital zircons. 

Only recently have techniques been developed which allow the isotopic 

analysis of single zircon grains (high-precision dissolution, e.g. Gaudette et al., 1981; 

Davis et al., 1990; ion microprobe, e.g. Froude et al., 1983; thermal evaporation, e.g. 

Kober et al., 1988), and these are currently being used to determine the age of 

heterogeneous detrital zircon populations. The technique used in this study is the 

single-zircon Ph-evaporation technique (Kober, 1986; 1987), which involves using the 

207Pb / 206Pb ages obtained from the thermal evaporation of Pb from a zircon loaded 

directly into a thermal ionization mass spectrometer (e.g. Kober, 1986; 1987; Ansdell 

and Kyser, 1990b; 1991a). The technique is described in detail in Appendix A2. 
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4.4 Results and discussion 

4.4.1 Zircon morphology 

Euhedral and slightly rounded zircons (Fig. 4.5A, B) predominate in each 

sample, whereas rounded zircons (Fig. 4.5C) only represent 10- 20% of the grains 

in each sample. It was assumed that the euhedral zircons were probably derived 

locally, whereas the rounded zircons were derived from a greater distance or had 

been successively reworked. This assumption is generally supported by the ages 

obtained from each zircon. 

4.4.2 Age of zircons 

The Pb isotopic compositions and ages obtained from zircons from each Missi 

sample are shown in Table 4.1, and related to stratigraphic position in Figure 4.6. 

The number of analyses are biased towards the less-common rounded zircons so that 

the full range of ages of zircons could be detected. 

The youngest zircons from each stratigraphic unit range from 1854 ± 13 Ma 

(Missi 5) to 1866 ±24 Ma (Missi 2). Based on these analyses, the youngest zircons 

in the lower fining-upward sequence have average ages slightly older (1860 to 1866 

Ma) than the average ages of the youngest zircons in the upper fining-upward 

sequence (1854 to 1858 Ma), although they overlap within analytical error. Overall, 

the majority of zircons indicate that the dominant source terrane had an age of 

between about 1855 and 1900 Ma. Most of the younger zircons are euhedral or 

slightly rounded, although some of the rounded zircons also had a young source 



Figure 4.5. Scanning electron microscope photographs of gold-coated zircon grains from 
sample Missi 2, showing typical size and morphological types of zircon used in this study. 
A. Euhedral. B. Slightly rounded. C. Rounded. 
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Table 4.1. Descrlpdon,lead Isotope ratios, and age of delrital zircons from Missi 
metasec:JiiMntary rocks In the Rin Ron Basin 

Gn*l Delcltpllon1 Evapallllon ND.al 20IFbi2Q6Pb 207Pb/206Pb Age 

1llnp. (oC) ..-,..z {Ma) 

Mlul1 
1 Euh t11g. d.dlch: 1580 22 0.08807 :t225 0.11379:!:113 1861 :t18 

2 Sni.d 1545 I 0.04470 :!:1238 0.11434 :!:340 1869±53 

3 Euhfrllg.cl 1510 8 0.07558 :t415 0.11463 ±276 1874 ±43 

4 Eutt.•c:t 1580 2 0.07517 :!:2200 0.11719±39 1914±6 

Mlsli2 

EIJh.llpr.c:t 1575 12 0.11834 :t375 0.11412:!:151 1866±24 

2 EIJh.llpr 1800 51 0.08522 :!:133 0.11482 :t80 18n±13 

3 Rd,dldnr:.cl 1515 I Q.Q8814 :1:328 0.11573 ±188 1892±28 

4 Rd,c:t 18 3 0.10838 :t278 0.16345 ±336 2491 ±36 

Mlsll3 

Sldleuh.a.c:t 154011585 54 0.08187::1:102 0.11375::1:46 1860±8 

2 Rd,c:t 15m I 0.08884 :t405 0.11445 ±258 1871 ±40 

3 -· 1810 23 0.12Q88±218 0.11810±163 1928±24 

4 Euh flllg.- bn 1580 27 0.10727 :t692 0.11964 ±349 1951 ±51 

5 Sldtllg.c:t 1530 2 0.11174±240 0.13678::1:137 2186±18 

Mlsll4 

1 Sld.c:t 1830 5 0.08383 :!:221 0.11352±119 1856±19 

2 Sn:l,c:t 153511510 40 0.13309 ±278 0.11363:!:147 1858±23 

3 Rd,c:t 15m 12 0.12563 :t344 0.11413 :t165 1866±26 

4 Sld,&tpr, bn 1S85 20 0.07880::1:237 0.11768±120 1921 ±18 

MilliS 

Euh.ltpr.c:t 155011- :M 0.10408 ±294 0.11334±84 1854±13 

2 EIJh.llpr,c:t 158511820 38 0.08488 :t415 0.11402±162 1865±25 

3 Euhllrd,c:t 1820 35 0.08427::1:112 0.11507±51 1881 ±8 

4 Rd,c:t 1800 :M 0.12748 ±244 0.16813 ±195 2529±20 

Mllll6 

Euh,lllpr,c:t.tan 15m 24 0.13171 ±164 0.11363:!:50 1858±8 

2 Euh.lgpr,c:t 1- 35 0.12460±118 0.11432±55 1869±9 

3 Euh,lgpr,c:t 1825 I 0.08838±82 0.11497±57 1879±9 

4 Sld.c:t 1530 8 0.06688:!:78 0.11574.±51 1891 ±8 

5 Euh.tab.c:t 15m I 0.04120±252 0.11605::1:168 1896±26 

8 Rd,c:t 1835 I 0.12718:t414 0.12949 ±284 2092±38 

1 Euh • auhldllll. tag • ~ cl• ............ .,... pink or blown. dlclnc. opaque Inclusions, sra • 
subrounded. liD •lllbulllr, stpr • ._ .......... (tlw c 4). Jd. rounded, cr • aacked/matamict, ygn • pale 

yellow-graen. bn. brawn. lgpr •lanG prllmlllc (I.W > 4). 
1 No. of m.a-Ulld to Clllculale 1he age. Ullng m8lhod described by Kroner and Todt (1988). 
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(Table 4.1). 

The oldest zircons exhibit sub-rounded to rounded morphologies, and indicate 

that either a distant Early Proterozoic or Late Archean terrane was being eroded at 

the time of Missi deposition or that an older sedimentary source was eroded and the 

zircons reworked. 

4.4.3 Age of Missi sedimentation 

Geological relationships and U-Pb and Pb-Pb zircon dating of igneous events 

can be used to limit the time during which the Missi sediments must have been 

deposited. Missi sedimentary rocks in the Flin Flon Basin unconformably overlie 

Amisk group volcanic rocks. The estimated thickness of Amisk group rocks in the 

western Flin Flon Domain is about 9 km (Byers and Dahlstrom, 1954; Byers et aL, 

1965). However, Bailes and Syme (1989) indicate that it is impossible to correlate 

volcanic stratigraphy across major faults in the Flin Pion-White Lake area of western 

Manitoba, and so the actual thickness of volcanic rocks and their spatial relationships 

at the time of formation are not well constrained. The South Main rhyolite, which 

is located just to the southwest of the Flin Flon Basin, yielded an imprecise U-Pb 

zircon age of 1925 +50/-30 Ma (Syme et aL, 1991). An Amisk rhyolite in the Bear 

Lake block (Bailes and Syme, 1989) has been dated at 1886 ± 2 Ma by Gordon et 

aL (1990). This is the youngest age obtained for an Amisk Group rock to date, but 

it may not represent the youngest Amisk volcanic activity. Also, a substantial period 

of time must have passed before Missi sedimentation began in the Flin Flon area to 

allow the formation of a thick paleoregolith on the underlying Amisk Group rocks. 
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The discussion above emphasizes that geological relationships and present age 

constraints on the volcanic rocks provide poor limits on the maximum age of Missi 

sedimentation. 

Rocks which intrude Missi sedimentary rocks in the Flin Flon Basin provide 

better limits on the minimum age of sedimentation. The Flin Flon Basin rocks are 

intruded by Boundary Intrusions (Fig. 4.2), which themselves are crosscut by the 

Phantom Lake granite. Zircons from the Phantom Lake granite yield a 207Pb / 206Pb 

zircon age of 1840 ±7 Ma (Ansdell and Kyser, 1991a), which provides a minimum 

age for the deposition of Missi sediments. 

The age of zircons within Missi Formation samples should provide an upper 

limit for the age of sedimentation. The youngest zircon has an age of 1854 Ma (Fig. 

4.6), which is about 30 Ma younger than the age of underlying Amisk volcanic rocks 

and indicates that Missi sediments were deposited after 1854 Ma. 

The data available so far indicates that Missi sediments were deposited 

between 1854 ± 13 and 1840 ± 7 Ma, but were probably deposited in a much shorter 

time period within this range. The Timiskaming Group in the Archean Abitibi 

greenstone belt, Ontario, is a similar sequence of alluvial- fluvial sedimentary rocks 

and deposition of these rocks occurred over a period of about 3 Ma (Corfu et al., 

1991 ). The Missi sedimentary rocks exposed within the Flin Flon Basin were thus 

deposited before similar rocks in the Snow Lake area, which have been dated at 1832 

±2 Ma (Gordon et aL, 1990). This disparity in age of sedimentation emphasizes the 

possible diachronous and spatially irregular nature of fluvial sedimentation within this 

portion of the Trans-Hudson Orogen; this is likely related to the complex surface 
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expressions of crustal deformation events and erosion during long-lived collision 

within the Reindeer Zone. Eastward younging of Missi sedimentation would be 

consistent with east-vergent thrusting within the Reindeer Zone (Lewry et al., 1990). 

4.4.4 Provenance of sediments 

Clast composition can provide an initial indication of the possible source of 

Missi sediments. Fine- to medium-grained mafic rocks, rhyolites and dacites are the 

most common clast type, and are similar to rocks observed within the underlying 

Amisk Group. Granitoid clasts are also abundant, and previous workers have 

suggested that they are derived locally from the post-Amisk plutons in the area. Vein 

quartz, chert, jasper and iron formation occur, although the source of these clasts is 

more controversial. Bailes and Syme (1989) emphasize that these rock types are rare 

in the Amisk Group, and suggest that they have been preferentially preserved and 

concentrated because of their physical and chemical stability. Stauffer (1974) suggests 

that the jasper and iron formation clasts may support a westerly source, because a 

metamorphosed banded iron formation occurs in the Precambrian below the 

Phanerozoic cover to the southwest of Flin Flon. Stauffer (1990) shows that the 

proportion of granitoid and vein quartz clasts relative to mafic clasts increases up 

section in the Flin Flon Basin. In general, the immature ·character of the fluvial 

sedimentary rocks, the composition of clasts and the high proportion of euhedral, 

detrital zircons suggests that the sediment source is likely to be local. Paleocurrent 

directions cannot be obtained accurately in the Flin Flon Basin because of the 

complex polyphase deformation. However, Zwanzig {1990) indicates that fluvial Missi 
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metasedimentary rocks in the Flin Flon Domain are generally coarser-grained and 

more immature in the Flin Flon area than further east in the Snow Lake area, 

although there are conglomerates in the Wekusko Lake area. Missi metasedimentary 

rocks also tend to be finer-grained in the K.isseynew Domain. These observations may 

imply that a mountainous source terrane may have been present to the west or south. 

The age of the zircons is assumed to be indicative of the age of the source 

terrane for the Missi sediments. However, the rounded zircons may indicate 

successive reworking, and thus they provide information on the ultimate source of the 

zircon and not necessarily the age of the last rock from which they were eroded. As 

well as age, the geochemical signature of zircons (Heaman et aL, 1990) and their 

208Pb/206Pb ratio (Kober et aL, 1988), which is a function of the Th/U ratio, can be 

used to postulate potential source terranes for detrital zircons. The ages and 

208Pb / 206Pb ratios determined for zircons from plutons, and Amisk Group felsic 

volcanic rocks in the western Flin Flon Domain are plotted in Figure 4.7, along with 

the Pb isotopic composition of all detrital zircon analyses. A number of the granitoid 

plutons presently exposed in the Flin Flon area have ages and 208Pb/206Pb ratios 

similar to those of the detrital zircons (e.g. Annabel Lake, 1860 ± 6 Ma; Reynard 

Lake, 1853 ± 8 Ma; Cliff Lake, 1874 + 32/-25 Ma: Ansdell and Kyser, 1990b, 1991a; 

Gordon et al., 1990), and thus represent the most likely source rocks for zircons with 

ages of 1854 to 1880 Ma. 

Two felsic volcanic rocks from the Amisk Group in the Flin Flon area have 

been dated by U-Pb in zircon at 1886 ±2 Ma (Gordon et al., 1990) and 1925 +50/-

30 Ma (Syme et al., 1991). Other U-Pb ages in the range 1880 to 1950 Ma have been 
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obtained from tonalitic and granitic plutons and gneisses in the eastern Flin Flon 

Domain (1889 ±8/-6 Ma; 1886 + 17/-9 Ma, Bailes et al., 1991), the southern 

Kisseynew Domain (1890 + 12/-9 Ma, Gordon et al, 1990; 1892 +66/-25 Ma, Hunt 

and Zwanzig, 1990), and the Glennie Domain (1893 ±35 Ma, Van Schmus et al., 

1987) (Fig. 4.8). These or similar rocks are possible sources for zircons in the Missi 

Group having ages of 1880 to 1950 Ma. However, the euhedral character of some 

zircons implies that they were likely derived from a local source. The Mystic Lake 

area consists of highly deformed volcanic rocks and intrusions, and the Mystic Lake 

granodiorite (Reilly, 1990) has recently been dated by U-Pb in zircon at 1908 ± 3 

Ma (Heaman et al., 1991). This area of the western Flin Flon Domain may thus be 

an important local source for some of the zircons. 

The source for the zircons older than 2000 Ma is more problematic. The 

Superior Province to the southeast and the Rae and Hearne Provinces to the 

northwest are the largest and closest exposed portions of Early Proterozoic and 

Archean rocks, but are hundreds of kilometres from the present position of the 

western Flin Flon Domain. Bickford et aL (1990) suggest that collision between the 

Reindeer Zone, and the Rae .. Hearne provinces occurred earlier, at about 1855 Ma, 

with related intrusion of the Wathaman batholith. The older rocks to the northwest 

were thus adjacent to the present Reindeer Zone during Missi sedimentation, and 

represent a possible source for the well-rounded detrital zircons having the oldest 

207Pb / 206Pb ages. There are also small inliers of Archean gneisses in the Hanson Lake 

block (Craig, 1989) and Glennie Lake domain (Chiarenzelli et al., 1987) (Fig. 4.8) 

and these, or similar rocks, exposed during Missi sedimentation are possible sources 
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for the zircons as well. Early folding in the Churchill-Superior Boundary Zone (Fig. 

2.1) occurred prior to the intrusion of the Molson Dykes at 1883 Ma {Bleeker, 1990), 

although Machado (1990) suggests that final collision between the Superior Province 

and the Reindeer Zone did not occur until about 1810 Ma. Thus the Flin Flon area 

may have been separated from Superior Province Archean rocks by an ocean basin 

at the time of Missi sedimentation. Although U-Pb geochronological work is not 

comprehensive, there are possible source rocks of 1950 -2500 Ma age in the Rae and 

Hearne provinces and further west, but none are known in the western Superior 

Province (Hoffman, 1989). This suggests that the older zircons are unlikely to be 

derived by erosion of Superior Province rocks and lends further support to a 

probable westerly source. 

4.5 Summary of age and provenance of Missi metasedimentary rocks 

Missi sedimentary rocks in the Flin Flon Basin were deposited under fluvial 

conditions on a thick regolith that developed during subaerial weathering of Amisk 

Group volcanic rocks and pre-Missi plutons. Two fining-upward cycles have been 

recognized, and are interpreted to represent the transition from proximal fan to 

braided stream deposits. 

Detrital zircons separated from each of the six subdivisions of the Missi 

stratigraphy are predominantly euhedral to slightly rounded. Only about 10 to 20 

percent of the zircons in each sample are rounded, but these indicate that at least 

some of the zircons were derived from a greater distance or had been successively 
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reworked. The youngest zircon has an age of 1854 ± 13 Ma, which places an upper 

limit on the time of sedimentation. The Missi Formation in the Flin Flon Basin is 

crosscut by Boundary Intrusions, and similar rocks are crosscut by the Phantom Lake 

granite which has an age of 1840 ± 7 Ma (Ansdell and Kyser, 1991a). Missi sediments 

were thus deposited between about 1854 and 1840 Ma, which predates deposition of 

similar molasse sediments in the Snow Lake area of the Flin Flon Domain. 

The immature character of the fluvial sedimentary rocks, the composition of 

clasts and the high proportion of euhedral zircons imply that the sediment source was 

dominantly local. The range in 207Pb/206Pb ages and 208Pb/206Pb ratios of these zircons 

partially overlap with previously reported data from granitoid rocks and Amisk 

Group felsic volcanic rocks in the western Flin Flon Domain. These rocks are the 

likely source of zircons with ages between 1854 and 1950 Ma. However, U-Pb ages 

within this age range have also been obtained from orthogneisses in surrounding 

domains in the Trans-Hudson Orogen. The few older, rounded zircons are derived 

from an, as yet, unidentified distant source, but they do indicate that rocks were 

being eroded that contained Early Proterozoic and Archean zircons at the time the 

Missi Group was deposited. Facies variations within Missi rocks indicate that a 

mountainous region may have been present to the west or south. There is no 

apparent vertical variation in zircon morphology, or age of·zircons in the Flin Flon 

Basin, suggesting that there was no distinct change in provenance during Missi 

deposition. 



5. LAUREL LAKE-'IYPE GOLD MINERALIZATION 

5.1 Introduction 

The Trans-Hudson Orogen in northern Saskatchewan and Manitoba includes 

Proterozoic greenstone belts in the La Ronge, Glennie and Flin Flon Domains (Fig. 

2.1 ), which host a large number of gold occurrences (e.g. Coombe, 1984 ). Gold has 

been mined intermittently from vein and shear-zone hosted deposits in the Flin Flon 

Domain since about 1930, although production and reserves only total about 30 

tonnes of gold with the majority of that tonnage (19 t of Au} being derived from the 

Nor-Acme mine, Manitoba (Coombe, 1984; Bailes et aL, 1987). The main source of 

gold in the western Flin Flon Domain is, in fact, the volcanogenic massive sulphide 

deposits. The Flin Flon, Trout Lake, Coronation and Flexar deposits have together 

produced about 95 tonnes of Au (Coombe, 1984). Gold is a significant component 

of many volcanogenic massive sulphides, and Huston and Large (1989) have 

proposed a model that relates the primary distribution of gold within such deposits 

to the dominant type of gold complex in the hydrothermal fluid. The present textural 

and mineralogical setting of gold in the Trout Lake deposit is, however, related to 

recrystallization during peak and retrograde metamorphism (Jfealy and Petruk, 1990). 

The lithological and structural settings of many of the epigenetic gold 

occurrences in the western Flin Flon Domain have been outlined in detail (Byers and 

Dahlstrom, 1954; Byers et aL, 1965; Pearson, 1980, 1981, 1983; Galley and Franklin, 

1987) and this information has been used to. construct preliminary genetic models 
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(e.g. Pearson, 1987; Galley and Franklin, 1987). It has been suggested that gold 

occurrences in the Amisk Lake area were formed from a hydrothermal system active 

during the latest stages of volcanism and may represent epithermal-type gold 

deposits, whereas those in the Douglas Lake- Phantom Lake area are structurally

hosted, and considered to be either related to an evolving porphyry system or to the 

post-tectonic focussing of magmatic or metamorphic fluids along major shear zones. 

The objective of this study was to refine these genetic models using geochemical data 

(major and trace element geochemistry, fluid inclusion, stable and radiogenic 

isotopes) from gold-bearing and barren veins to infer the characteristics of the fluids 

involved in the formation and development of the epigenetic gold mineralization in 

the area. 

The occurrences are hosted in all lithologies in the region (Fig. 5.1), and so 

deposits with a variety of host rocks were chosen. Also, if the relative timing of the 

hydrothermal systems had been interpreted correctly, at least two distinct gold

bearing hydrothermal systems were active in the western Flin Flon Domain. Readily 

accessible occurrences which represent the two systems were specifically sampled to 

determine the difference between the two systems. The majority of the epigenetic 

gold occurrences are hosted in shear-zones or veins, appear to have formed during 

the later stages of the Hudsonian Orogeny (Ansdell and Kyser, 1990a; 1992a), and 

have the geological and structural characteristics of most shear-zone hosted 

mesothermal deposits (Groves and Phillips, 1987; Kerrich, 1989). The Rio occurrence 

(Pearson and Mellinger, 1987) was chosen as the typical example of this deposit type. 

The Laurel Lake deposit pre-dates regional metamorphism and the major 
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deformation events in the area, has a high Ag/ Au ratio weight ratio (5/1), and a high 

base metal sulphide content, and thus is significantly different from the Rio deposit. 

This deposit was chosen as an example of an early hydrothermal gold-bearing system. 

5.2 Laurel Lake mineralization 

5.2.1 Introduction 

The Laurel Lake deposit, which is situated in the northwest part of Missi 

Island on Amisk Lake (54°42'N,102°13'W) (Fig. 5.1) has geological, structural, 

mineralogical and fluid characteristics that distinguish it from other gold occurrences 

in the area. The most significant differences are that the mineralization in the 

Laurel Lake deposit pre-dates regional metamorphism and the major deformation 

events in the area, has a high Ag/ Au weight ratio (5 /1), and a high base metal 

sulphide content. Walker and McDougall {1987) inferred that the deposit was an 

epithermal-type deposit, based on the distribution and types of alteration and 

mineralization. The objective of this paper is to document the geological and fluid 

characteristics, and to provide geochemical constraints on the genesis of the Laurel 

Lake deposit. The deposit has reserves of 426 000 t at a grade of 11.2 g/t Au and 56 · 

g/ t Ag. Base metal values, where measured in drill intersections, are variable and 

reserves have not been estimated. Locally, grades may reach 0.6% Cu, 0.8% Zn, and 

0.2% Pb. 
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5.2.2 Geology of the Laurel Lake deposit 

The Laurel Lake deposit consists of a number of branching, WNW-ESE 

trending, quartz-sulphide veins hosted in a hydrothermally altered sequence of quartz 

porphyritic rhyolites and felsic fragmental rocks of the Amisk Group. These rocks 

overlie a sequence of basaltic and dacitic lavas and tuffs and are, in tum, overlain 

to the northwest by basaltic and intermediate tuffs (Fig. 5.2). Most Amisk Group 

volcanic rocks appear to have been deposited in a submarine environment, although 

on the southern shore of Missi Island primary structures suggest localized subaerial 

deposition (Ayres, 1981). Chute and Ayres (1977) suggested that all these volcanic 

rocks may be related to the altered trondhjemitic Missi Island pluton, which is 

exposed in the central part of Missi Island. They contend that the trondhjemitic 

pluton, plus a suite of gabbroic to quartz monzonitic dykes, represent an eroded 

volcanic vent complex. However, the Missi Island Intrusion (Figs. 2.3 and 5.2) has 

been dated at 1848 ± 11 Ma (Ansdell and Kyser 1991a), and thus is 40 million years 

younger than the Amisk volcanic rocks (Gordon et aL 1990) and similar in age to the 

other syn-tectonic granitoids in the region. 

The rocks in the Laurel Lake area have been affected by two major 

deformation events, both of which produce a distinct fabriC' (Fig. 5.2). The earliest 

event caused a flattening of clasts and a foliation defined by a preferred orientation 

of muscovite. This early foliation was then folded during a second major 

deformation event which is associated with a north-south trending crenulation 

cleavage, also defined by muscovite. These events are locally termed Pl and P2 by 
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Walker and McDougall ( 1987), but can be correlated regionally with the P2 and P3 

events as defined by Stauffer and Mukherjee (1971), and locally with the P2 and P3 

events defined by Wilcox (1989, 1990) (Table 2.1). 

The quartz-sulphide veins have been folded by the P3 deformation event (Fig. 

5.2). Walker and McDougall (1987) observed that sericite clots are flattened along 

F2 and folded by S3 suggesting that alteration preceeded regional P2 deformation. 

In places, disseminated and slightly elongated pyrite grains parallel muscovite that 

define F2, and are folded during P3. Mineralization is pre-P3, but the age 

relationship with P2 is ambiguous. However, the mineralization and associated 

alteration is metamorphosed, which would imply that mineralization also pre-dates 

the P2 deformation event. The gold-bearing quartz-sulphide veins are cut by barren 

quartz-tourmaline veins which locally crosscut foliation, and thus probably post-date 

the P2 deformation event. These two sets of veins are termed Stage 1 and Stage 2, 

respectively. 

5.2.2.1 Alteration of the felsic host 

Gold mineralization is hosted in a sequence of porphyritic rhyolites and felsic 

fragmental rocks. The mineralogy of these rocks consists of quartz phenocrysts in a 

groundmass of quartz and muscovite (Fig. 5.3a). The quartz commonly exhibits 

deformational features such as undulose extinction and sub-grains. Muscovite laths 

usually wrap around quartz phenocrysts, but have preferred orientations, that define 

both S2 and S3. The felsic fragmental rocks also contain potassium and plagioclase 

feldspars; sericitization of these feldspars is ubiquitous (Fig. 5.3b ). Accessory phases 



Figure 5.3. A. Quartz porphyritic rhyolite. Quartz phenocryst (centre right) in a quartz
muscovite groundmass. Muscovite laths are aligned and define a spaced cleavage (F3). 
Muscovites between this spaced cleavage have a more irregular orientation and have 
probably been crenulated during P3. Dolomite (centre bottom) is an accessory phase. 
Sample no. 267, DDH 8-150, 159.0 m. Transmitted light, crossed polars. Base of photo-
2.5 mm. B. Felsic fragmental rock. Quartz phenocryst, exhibiting undulose extinction 
(centre right), and saussuritized K-feldspars in a quartz-muscovite-(pyrite) groundmass. 
Muscovite defmes an indistinct foliation. Sample no. 263, DDH 8-150, 193.5 m. 
Transmitted light, crossed polars. Base of photo - 2.5 mm. 
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include carbonate, pyrite and tourmaline. In the proximity of sulphide-rich veins, the 

amount of disseminated pyrite and, in places, sphalerite, chalcopyrite, tennantite and 

carbonate in the host rocks increase. Walker and McDougall {1987) report that 

muscovite takes on a characteristic yellow-green colour near gold mineralization. 

Microprobe data suggests that this may be due to higher Fe/Mg ratio in muscovite 

near and in sulphide veins (Table 5.1). 

A regional major element geochemical study by Walker and McDougall (1987) 

suggests that redistribution of Na, K, Ca and Fe has occurred throughout most of the 

Laurel Lake felsic rocks, and that elevated Au and Ag values are correlateable with 

areas enriched in ~0. The mineralogical result of the potassium enrichment is 

muscovite, which defines both S2 and S3 foliation. This supports the contention that 

K-metasomatism occurred prior to metamorphism and associated deformation. 

A suite of samples of altered host rocks from a drillcore section through the 

deposit (Fig. 5.4) were analyzed by X-ray fluorescence {Appendix 1) for major and 

selected trace ~lements to determine what changes in the chemical composition could 

be detected within the alteration zone as the mineralized zones are approached 

(Table 5.2). There is no obvious correlation between proximity to sulphide 

mineralization and compositional variations on a scale of up to 50 metres. Sulphide 

mineralization is vein-controlled, but there are no distinct alteration haloes around 

the veins. The pattern of veining is complex, and so it is likely that alteration related 

to a particular vein may overprint, and be overprinted by, alteration related to other 

veins. These veins probably acted as fluid channelways at slightly different times 

during the history of the hydrothermal system. 



Table 5.1. Bedron microprobe analyses of musoovites within Stage 1 veins, associated with disseminated sulphides, and In altered felsic volcanic rocks 

Stage 1 vein Associated with disseminated sulphides Ahered felsic volcanic rocks 

2971 2972 2973 2974 2975 279 24612 24613 26414 26416 26417 2608 28011 

wt.% 

SiOa 45.70 46.81 45.95 46.25 45.25 49.02 51.87 48.64 49.36 48.25 47.57 49.25 45.87 

ro. 0.32 0.28 0.32 0.23 0.25 0.29 0.30 0.47 0.48 0.40 0.40 0.27 0.42 

AJ.Oa 32.29 33.07 33.41 32.82 32.90 32.89 31.31 33.58 33.12 32.10 31.81 34.81 33.17 

FeO 1.00 0.91 0.91 1.00 1.02 1.65 0.96 0.96 1.30 1.17 1.54 0.82 1.75 

MgO 1.44 1.51 1.44 1.-i& 1.49 2.23 2.18 2.11 2.33 2.42 2.50 1.65 2.05 

Na.O 0.30 0.28 0.34 0.31 0.28 0.19 0.32 0.33 0.27 0.28 0.26 0.46 0.31 

KaO 10.97 10.91 11.13 11.29 11.12 11.87 11.70 12.04 12.11 12.28 12.00 12.33 12.16 

F 0.68 0.58 0.51 0.50 0.53 0.10 0 0 0 0 0 0 0 

Anhydroul total 83.04 94.36 94.02 83.1 92.85 98.18 98.70 98.16 91.03 96.95 96.21 91.63 95.77 

22acygena 

Sl 8.30 6.33 8.25 8.30 6.24 8.12 6.45 8.08 8.20 5.17 5.85 6.22 5.64 

AI• 1.70 1.67 1.75 1.70 1.78 1.88 1.55 1.95 1.80 2.04 2.15 1.78 2.36 

AI VI 3.55 3.60 3.60 3.57 3.51 2.86 3.()4 2.98 3.11 2.84 2.47 3.40 2.45 

Tl 0.03 o.oa 0.03 0.02 0.03 0.04 0.04 0.07 0.07 0.06 0.05 0.04 0.08 

Fe41 0.12 0.10 0.10 0.11 0.12 0.17 0.10 0.10 0.14 0.12 0.16 0.01 0.18 

Mo 0.3C} 0.30 0.21 0.30 0.31 0.41 0.40 0.39 0.44 0.45 0.46 0.31 0.38 

Na 0.08 0.07 0.09 0.08 O.Jl7 0.05 0.08 0.08 0.07 0.07 0.06 0.11 0.07 

K 1.83 1.81 1.83 1.96 1.96 2.12 2.08 2.14 2.17 2.17 2.11 2.22 2.13 

F 0.31 0.34 0.35 0.38 0.38 0.07 0 0 0 0 0 0 0 

Fe/Mg 0.39 0.34 0.35 0.38 0.38 0.40 0.23 0.23 0.30 0.27 0.33 0.26 0.46 

Notes: The FeiMg ratios ol Stage 1 vein muscoviles range from 0.38 to 0.43, and are generaHy higher than muscovites from outside the veins. The muscovites are associated with 

pyrte and other ~hides, which suggests that the oxygen fugacity was low and, thus, there was very little ferric Iron so that all iron was assumed to be fe+l. 

Operating conditions :accelerating voltage 15 kV, beam current 10 nA, beam diameter 10 mm. Standards: Si (Bustamite); Ti (Benitoite); AI, Fe (Almandine); Mg (OHvine); Na (Jadeite); ~ 
~ 

K (Sanldine); F (Auorite). (j.) 
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Figure 5.4. Idealized cross-section through the Laurel Lake deposit, showing the 
location of samples collected to detennine the relation between whole-rock 
chemical compositions and proximity to sulphide mineralization. This section 
approximately confonns to the lOOOOB section of the Laurel Lake grid, and is 
marked m Figure 5.2 (section line A-B). Chemical analyses are given in Table 5.2. 
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0.05 0.05 0.05 

z.n 2.16 3.oo 

100.6 100.2 100 

25 16 17 

84 133 140 

384 449 m 
20 

77 67 87 

1760 1810 1660 

278 
63.9 

0.18 

14.6 

6.82 

0.19 

1.77 

2.97 

0.18 

4.57 

0.05 

4.08 

99.5 

29 

117 

169 

79 

1470 

283 

67.6 

0.18 

16.8 

2.35 

0.06 

1.22 

1.22 
0.79 

5.43 

0.05 

3.85 

99.8 

25 

134 

212 

99 

1530 

115 

Notal: All aamp~e~ .. tellic ~ rac:lc&. Major e1emer1 Olddel .. measured In weight %. and trace elements In ppm. Location of the samples 

.. lhown in Figure 5.4. 0etact1an limit tor major~ II 0.01%. and trace elements Is 10 ppm. Blanks In the table Indicate that the element 

wu below dfMctlan 11mb. 
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5.2.2.2. Gold mineralization (Stage 1 veins) 

Mineralization at the Laurel Lake deposit consists of branching 

quartz-sulphide veins and pods varying in width from about 1 em to several metres, 

along strike and down dip. The most common metal-bearing phases in the veins and 

pods are pyrite, sphalerite, tennantite, galena and chalcopyrite, and more rarely 

arsenopyrite, stibnite, altaite and electrum. Quartz and muscovite are the dominant 

gangue phases, although carbonate is sometimes present. Muscovite laths in the veins 

are up to 500 p,m long (Fig. 5.5a), whereas the muscovites in the altered felsic 

volcanic rocks are never more than 200 p,m long (Fig. 5.3a). 

Not all the sulphides display textural equilibrium. Pyrite and arsenopyrite 

appear to be early, are fractured, and partially replaced during later sulphide 

deposition. All the other opaque phases, when associated with pyrite, occur as 

overgrowths and fracture fillings in pyrite (Fig. 5.5b ). The main gold and silver ore 

minerals, electrum (Au65Ag25Hg10) and tennantite, are associated with this later stage 

of sulphide mineralization (Fig. 5.5c ). The paragenesis of these mineralized veins, 

which are referred to as Stage 1 veins, is summarized in Figure 5.6. Mineralization 

pre-dated at least one deformational event, so that deformation and· metamorphism 

affected the textural relationship between ore minerals. Pyrite and arsenopyrite 

deform in a brittle manner during deformation associated with low grade 

metamorphism, whereas sphalerite, chalcopyrite, galena and tennantite usually 

deform in a ductile manner (e.g., Kalliokoski 1965; Craig 1983). This contrast in the 

deformational characteristics of the sulphides most likely resulted in the textural 

relationship between the fractured pyrite and arsenopyrite, and the other seemingly 



Figure 5.5. Stage 1 and Stage 2 veins at Laurel Lake. A. Coarse muscovite in a quartz
pyrite-muscovite stage 1 vein. Sample 297, DDH 8-161, 151.00 m. Transmitted light, 
crossed polars. Base of photo - 2.5 mm. B. Sulphide mineralization consisting of early 
euhedral to subhedral pyrite and arsenopyrite, surrounded by later tennantite and 
chalcopyrite. The gangue mineralogy consists of quartz, carbonate, and muscovite. Sample 
246, DDH 7-106, 145.0 m. Reflected light, plane polars. Base of photo - 2.5 mm. C. 
Brecciated pyrite with partially replaced grain boundaries, sUITOunded by galena, tennantite, 
chalcopyrite, sphalerite and electrum. Quartz and muscovite are the ganugue minerals. 
Sample AL7D-1419, DDH 6-44, 159.5 m. Reflected light, plane polars. Base of photo- 2.5 
mm. D. Tounnaline-dolomite-quartz stage 2 vein cutting a feldspar-bearing fragmental 
rock. Quartz and muscovite are common in the wall rock. The muscovite defines a distinct 
foliation. Sample 241, DDH 7-106, 132.85 m. Transmitted light, plane polars. Base of 
photo - 2.5 mm. 
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Figure 5.6. Mineral paragenesis in stage 1 and stage 2 veins. Qz - quartz; 
tour - tourmaline. 
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later, more ductile sulphides. Underground sampling indicates that the higher grade 

zones are related to intersections of Stage 1 veins (F. McDougall, personal 

communication, 1988). Unfortunately no information is available as to the 

relationship between these higher grade ore zones and structures formed during the 

P2 and P3 deformation events. 

5.2.2.3 Quartz-tourmaline veins (Stage 2 veins) 

Massive quartz-tourmaline veins crosscut Stage 1 veins and S2 foliation in the 

Laurel Lake area. However, quartz in the Stage 2 veins exhibit evidence of strain, 

including undulose extinction and formation of subgrains, indicating that they pre

date a later deformation event. The main accessory phase is dolomite, and pyrite is 

rare (Fig. 5.5d). These veins do not contain gold or silver, even where they crosscut 

sulphide-rich Stage 1 veins (F. McDougall, personal communication, 1988). 

Tourmaline is usually found along the margins of the veins, and has a composition 

between schorl and dravite. 

5.2.3 Fluid inclusions 

The objective of the fluid inclusion study was to provide information about the 

composition and temperature of fluids present during mineralization, and fluids that 

may have subsequently interacted with the deposit. A total of 13 plates were made 

and examined; nine of these were from ore-associated Stage 1 veins, and the other 

four were from Stage 2 veins. Attempts were made to find inclusions in sphalerite 
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and tourmaline, but only quartz contained inclusions suitable for microthermometry. 

Measurements were made on the few inclusions that could be reasonably classified 

as primary, pseudosecondary, or secondary using the criteria suggested by Roedder 

(1979). Planar arrays of inclusions that crosscut grain boundaries were considered 

to be secondary, whereas inclusions that formed intragrain planes were considered 

to be pseudosecondary. Isolated inclusions, or those forming irregular 

three-dimensional groups within grains, were considered to be early and were 

classified as primary. No primary growth directions or growth zonations could be 

seen. 

5.2.3.1 Inclusion petrography and classification 

Fluid inclusions are classified according to their appearance at room 

temperature. In Stage 1 veins there are rare H20-C02 primary and pseudosecondary 

inclusions that contain solid phases (Fig. 5.7). Halite, and an acicular birefringent 

phase (nahcolite?) have been identified based on their optical properties. Within a 

given area, the volumetric proportion of solid mineral to liquid is constant indicating 

that they are daughter minerals, and not trapped solids. These inclusions are up to 

20 ,urn in size, and are either isolated, or form indistinct planar arrays. There are also 

more common H20-C02 primary and pseudosecondary inclusions, with volume % 

C02 ranging from 5 to 100 %. Secondary inclusions are also C02 rich, with variable 

volume % C02• However, microthermometry indicates that primary and 

pseudosecondary, and secondary fluid inclusions in Stage 1 veins have distinctly 

different salinities. 



Figure 5.7. Primary H20-C~-halite-nahcolite(?) inclusion in quartz from a Stage 1 vein. 
Sample 265, DOH 8-150, 165.0 m. Base of photo- 0.45 m. 
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Primary and pseudosecondary fluid inclusions in Stage 2 veins are typically 2 

phase H20-C02 inclusions, also with highly variable volume % C02• No daughter 

minerals were observed. The majority of H20-C02 inclusions are small ( < 15 ,urn) 

and have a negative crystal or rounded shape, but rarer larger inclusions tend to be 

more irregular and show evidence of leakage. 

Aqueous inclusions are rare, and are usually very small ( < 3 ,urn) and found 

in secondary planar arrays in both veins. The only inclusions, on which 

measurements could be made, were preserved in a curving plane that crosscuts a 

number of grains in a Stage 2 quartz vein. The degree of filling is variable ( 40 -

95%), probably as a result of necking. 

5.2.3.2 Microthennometry 

Inclusions that could be classified, and that were large enough to allow optical 

distinction of phase changes, were measured by microthermometry (Table 5.3). In the 

freezing mode, attempts were made to measure the melting temperature of C02 

{TmC02) to evaluate the purity of the C02-phase, the ice eutectic temperature {Te) 

to qualitatively determine whether salts other than N aCl are present in aqueous 

inclusions, and the melting temperature of ice (Tmlce) and clathrate (TmClath) to 

estimate salinities. During heating, attempts were made to measure the 

homogenization temperature of C02 (ThC02) to determine the density of C02, the 

temperature of dissolution of halite (TmHalite) to determine the salinity of the 

daughter mineral-bearing inclusions, and the homogenization temperature (Th), 

which can be used to determine the bulk density of the inclusion and which is the 



Table 5.3. Fluid lnduslon mNtSurements and calculated fluid C01f1)0Sitions from Stage 1 (261, 265) and Stage 2 (241, 256) veins. 

Sarrple No. Origin D.M. D.F. Volume% TmC01 Te Tmtce TmCiath Salinity ThCO, Density Td Th Bulk xco, XH,O XNaCI 

co, co, Density 

Stage 1 velnl 

281-4+1 PS 10 ·23 .0.8 1.1 278L 0.75 0.997 0.003 

265-1-b-1 p 25 

265-1-b-2 PS 80 10.1 L 0.88 0.89 0.58 0.42 

285-1-b-3 PS 10 11.2L 0.85 0.90 0.48 0.54 

285-1 ... PS 90 13.3L 0.84 0.85 0.75 0.25 

285-1-b-5 PS 85 11.1L 0.85 0.88 0.83 0.31 

265-1-b-8 p 15 13.2 L o.84 0.98 0.05 0.95 

285-~1 PS 15 -57.0 -1.8 20.5 21.8L 0.78 1.08 0.05 0.88 0.07 

285-~2 PS 11 -t.O 20.5 20.7L 0.77 1.08 0.08 0.87 0.07 

285-3+3 PS 

265-3-H PS 10 -57.0 -t.O 20.5 22.1L 0.75 1.10 0.03 0.90 0.07 

--~· PS 11 -57.0 -1.2 20.8 22.3L 0.75 1.08 O.CM 0.88 om 
286-3-a-1 PS 21 

--~7 PS 

286-3-a-1 PI 20 -t.O 20.5 22.3L 0.75 1.08 0.07 0.81 0.07 

285-3+1 PI 15 

--~10 PI I 

2116-3+11 PI 100 t1.7L 

2115-~12 p H I >21.G 310 

--~13 PS WN 10 -67.1 >25.0 UAL 0.85 272 . 
285-3-b-1 s 15 

265-3-b-2 s 35 -67.2 8A 8.8 14.1L 0.82 0.97 0.14 0.84 0.02 

285-3-b-3 s 35 -57.5 8.2 7.0 14.1L 0.83 0.98 0.15 0.83 0.02 

285-,...,... s 15 -58.0 8A 8.8 18.5L 0.81 1.01 0.05 0.93 0.02 

265-3-b-5 s 40 -57.8 8.4 8.8 17.5L 0.8 0.95 0.17 0.81 0.02 

286-3-b-1 s 80 -57.5 8.4 8.8 17.4 L 0.8 0.90 0.33 0.85 0.01 

285-3-b-7 s 30 8.3 8.9 11.4L 0.85 0.99 0.12 0.88 0.02 

285-3-b-8 s 85 8.4 8.8 15.8L 0.82 0.89 0.41 0.58 0.01 

285-3-b-9 s 20 -57.8 6.4 6.8 13.4L 0.84 305 276L 1.00 0.08 0.90 0.02 

285-3-b-10 s 305 

285-3-b-11 s 300 
~ 

~ 
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~3-b-11 s 300 

~3-b-12 s 297 

~7-a-1 p HIN 30 -57.2 >25.0 14.8L 0.83 285 

~8-a-1 PIPS 25 -57.3 3.5 11.3 12.9 L 0.84 224 1.02 0.10 0.88 0.03 

~8-a-2 PIPS 15 -57.1 3.5 11.3 15.3L 0.82 281 1.03 0.08 0.9 0.04 

~8-a-3 PIPS 20 -57.1 4.2 10.3 14.8L 0.83 275 1.01 0.08 0.89 0.03 

~8-a-4 PIPS H 20 ·57.1 >25.0 14.0L 0.83 270 

~8-a-5 PIPS 35 -57.3 4.2 10.3 13.4 L 0.84 234 0.98 0.18 0.81 0.03 

~8-a-8 PSIS 30 -58.7 3.5 11.3 25.4L 0.71 257 0.97 0.10 0.88 0.034 

~7 PSIS 25 -58.9 -28 2.1 12.1 25.8L 0.70 2n 0.98 0.097 0.87 0.037 

Stagt 2 velnl 

258-4-a-1 s 55 -58.4 7.7 4.5 

-......2 s 40 -68.2 

-......s s 85 ........... s 80 -58.1 

258-4-a-1 s 100 

2158-4-a-8 s 100 ·35-30 -4.7 7.4 

-......7 s 15 

2158-4-a-8 s -44 

........... s 41 

-......10 s eo -82-41 -25.0 
258-4+11 s 10 

258-4+12 s 85 -82 ·18.2 288L 

-......13 s 80 -82 -17.1 

258-4-a-14 s . 20 -80.8 .... 8.4-10.8 8.8L 0.87 0.87 0.01 0.907 0.0012 

258-4-a-15 s eo -58.2 

241·3-a-1 p 98 ·28 -4.0 8.4 280L 0.81 0.98 0.02 

241-3-a-2 p 10 388L 

241-3-a-3 p 

241-3-a-4 p 35 -57.8 <·7 ·18.7 L 1.02 380 

241-3-a-5 p 10 -57.2 <-7 .0.1 L 1.00 380 

241-3-a-8 p 80 -57.4 <·7 ·18.5 L 1.02 380 

241·3-a-7 s 40 -57.3 13.0L 0.94 

~ 
N 
0\ 



Table 5.3. cont. 

241-3-b-1 PS 
241-3-b-2 PS 
241·3-b-3 PS 
241·3-b-4 PSIS 
241-3-b-5 PS 
241-3-b-8 PSIS 
241-3-b-7 PSIS 

241-5-a-1 PS 
241-5-a-2 PS 
241·5-a-3 PS 
241·5-a-4 PS 
241·5-a-5 PS 
241·5-a-8 PS 

60 

35 

50 

25 

60 

-57.1--57.9 

-57.8 

-58.2 

-57.7 

-57.8 

40 -58.2 

45 -57.8 

55 -58.2 

30 -58.4 

75 -58.8 

100 -57.9 

7.2 

9.0 

7.2 

8.4 

9.2 

9.0 

9.8 

1.8 

5.4 11.4 L 0.85 0.92 0.34 0.64 0.01 

2.1l 0.92 

·1.2 L 0.94 

4.8L 0.90 

7.8L 0.88 

I.OL 0.88 

8.4L 0.87 

7.8L 0.88 

7.7L 0.88 

Hotel: The lndUIIona .,.Identified by....,..,.. no •• no...,.. no.-h:lullon no. • Salnlty, C01 density, buk denlllr. and mole fr&tlont ()C) _, tf,O, CO, and NIICI_,. calculaled .. lng 1he 

CCift1)Uter programa _, Nicholl and Crawlold (1985). The hMiont .,. clullfied • prmary (P), paeudoeecofldar (PS). or I8COftdarJ (S). The volume % CO, In C01-bearlng lnclullonl .. 

8lllmlled ar 40 -c (Burrula 1881). and 1he degree_,..,. (O.F.) In~ lnclullont waa•tmatect II room -.-a~ure. Daugtw ninerall (O.M.) .,...min lnclullon ar rocm ..,..llhn 
.,. hdle (H) and nahcolte (N). Thellf11MN'aiUNa r80Dided n 1he melting point ol CO. (TmCO,). IIIII mallng ~ _, Ice (Te). the lln8l mailing ~ ollce (Tmlcet, flnll Rilling 

..,.,.,IIIU,. o1 clllhnle (TmCIIIth). homogllllzllllon..,.,.,.,.,.. al C01 (ThCOJ, decnlplallon ....,.,.,...,. (Td), Md 1he bull homogenlzatlan ,.,.....,.. (Th). n.co_ and Th n for 

hornog8nlzallon a.. 1helquld phMe (1.). Al..,.._alln...,..,.. ••In •c. and .a calculated denalllelareln gfCc. 

~ 

~ 



128 

minimum trapping temperature. The decrepitation temperature (Td) was also 

recorded where necessary. Freezing measurements were performed first because of 

the preponderance of C02-bearing inclusions, which often decrepitate at high 

temperature. ·Homogenization temperatures are frequently difficult to obtain 

because the internal pressure generated in such inclusions on heating is often high 

enough to decrepitate the inclusions (Burruss 1981). 

Melting temperatures of C02 in H20-C02-bearing inclusions provide 

information on the purity of the C02-phase. All except one inclusion in Stage 1 and 

2 veins melted between -56.7 and -58.2°C, implying a maximum mole fraction CH4 

of 0.10 in the C02-phase (Burruss 1981). However, there is a slight difference 

between the TmC02 exhibited by Stage 1 and Stage 2 veins, although there does not 

appear to be a systematic difference between primary and pseudosecondary, and 

secondary inclusions in the two vein stages (Fig. 5.8a). Stage 1 veins have a range 

from -56.7 to -58.0°C, whereas Stage 2 veins range from -57.2 to -60.6°C, indicating 

higher CH4 or N2 contents in the later veins because this is lower than the melting 

temperature of pure C02 of -56.6°C. Three C02-bearing secondary inclusions in a 

Stage 2 vein have TmC02 between -56.1 and -56.4 °C, suggesting that H2S may be 

present. Some healed fractures in Stage 1 veins may have trapped fluids circulating 

during the formation of Stage 2 veins, although the relative timing of secondaries 

within and between samples is impossible to determine. 

There is also a difference between the ThC02 values from Stage 1 and Stage 

2 veins (Fig. 5.8b ), although the C02 always homogenizes to the liquid phase. In 

Stage 1 veins the C02 homogenizes between 10.1 and 25.6°C, whereas in Stage 2 
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veins the ThC02 ranges from -16.7 to 13.0°C indicating a lower density C02-phase 

in the Stage 1 veins. Secondary inclusions in Stage 1 veins tend to have lower ThC02 

than primary and pseudosecondary inclusions (Fig. 5.8b ), which might also suggest 

that these secondary inclusions were related to the formation of Stage 2 veins. 

Salinities can be determined from Tmlce, TmClath or TmHalite. Tmlce 

measurements can only be used in aqueous inclusions, because the formation of a 

C02 clathrate in a H20-C02 inclusion involves a certain amount of water which thus 

results in an apparent increase in the salinity of the remaining water. Also, the 

TmClath can only be used in a CH4-free system, because the addition of CH4 

increases the TmClath, resulting in salinities that are underestimated (Collins 1979; 

Burruss 1981}. However, the presence of up to 0.10 mole fraction CH4 in the C02-

phase in this study does not mask the observed salinity differences, and so is assumed 

to be negligible. Calculated salinities range from 10.3 to 20.5 wt.% NaCl equivalent 

for primary and pseudosecondary inclusions in Stage 1 veins, and 2.0 to 7.4 wt.% 

N aCl equivalent for pseudosecondary and secondary inclusions in Stage 2 veins. The 

H20-C02 inclusions with the lowest salinities (6.8 to 7.0 wt.% NaCl equivalent) in 

Stage 1 veins are secondaries (Fig. 5.8c), and, thus, may be related to the fluids 

associated with Stage 2 vein formation. Some Stage 1 primary and pseudosecondary 

fluid inclusions also contain halite daughter crystals which ·do not dissolve prior to 

decrepitation; these inclusions must have salinities >25 wt.% NaCl equivalent 

Aqueous inclusions are usually considered to be mixtures of N aCl and H20, 

with aTe of -20.8°C, but the addition of other ions will change the Te. A plane of 

aqueous secondaries in a Stage 2 vein exhibits Te down to -62°C (Fig. 5.8d) and 
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Tmlce between -16.2 and -25.0°C, suggesting that the dominant solute may be CaC12 

or MgC12 rather than NaCl (Crawford 1981). Three other aqueous inclusions have 

Te ranging from -23 to -30°C indicating that Na and Clare probably the dominant 

dissolved species although there may be minor amounts of K, Ca, or Mg. 

In all samples the H20-C02 and H20-C02-solid inclusions tend to decrepitate 

before homogenization. Inclusions in Stage 1 veins decrepitate at a lower 

temperature (224- 305°C) than inclusions in Stage 2 veins (280- 380°C) (Table 5.3; 

Fig. 5.8e ). This occurs because the isochores in the system H20-C02-NaCl are much 

steeper at high salinities. These temperatures represent minimum temperatures of 

the vein-forming fluids. 

5.2.4 Stable isotope geochemistry 

Oxygen and hydrogen isotopic compositions of quartz, muscovite, tourmaline 

and chlorite from Stage 1 and 2 veins, and altered host rocks are shown in Table 5.4. 

Oxygen isotopic compositions of quartz vary over a relatively small range, with no 

apparent relationship with vein or rock type. Quartz from the altered host felsic 

rocks range from 11.9 to 12.7 per mil, Stage 1 veins from 12.0 to 13.2 per mil, and 

Stage 2 veins from 12.1 to 12.7 per mil. Muscovite from altered host rocks have a 180 

values that range from 9.0 to 10.0 per mil, a range that includes the a180 value of 

muscovite from a Stage 1 vein. Two tourmalines from Stage 2 veins have a 180 values 

of 9.7 and 9.9 per mil. 

Although the oxygen isotopic compositions of the muscovites from the altered 



Table 5.4. 6''0 and 60 values o1 quartz (qz), muscovite (muse), tourmallne(tour) and chlortte(chl) from Stage 1 and 2 veins and altered felsic volcanic rocks, oxygen Isotope equlllbrallon 

..,..atu,.. and calculaled 6''0 and ao valuel o1 fluids 

~ PO(qz) 61'0(mlneral) aD(mlnerai)(WI% H,O) T equilibration calculated calculated Comnaril 

(-C) 6''0(Ha0) 60(1-\0) 

Stage 1 wl,. 

L8813 12.0 deformed win qz 

211 13.1 1.5(muac:t -47(musc)(2.7) 3D 8A 0 qz-rnusc-sulphldea In textural equilibrium 

L8810 13.2 delormed win qz 

8tlp2wlnl 
283 12A 1.7(tour) .eo(lour)(2A) 385 8.7 -218 delormed qz-tour on Min rnarglnl 

M1 12.7 l.l(tour) 48(1oUr)(2.4) 370 ... 1 delonnld qz-tour on Min fl1llglnl - 12.1 delonnld ..... qz 

MeNd hall lade - 12.1 flne.graMd muse In equlbrlum with qz - 12(muac:t ·71(musc)(2.1) ditto 

2S3 12.7 10.D(IftJICt -53(musc)(2A) 3llD 7.3 ·11 ditto 

'Jill 12.0 I.O(muac:t -87(musc)(3.1) 380 7JJ ·31 ditto 

a 12A 1.8(muac:t ·78(musc)(2.7) D ... ·37 ditto 

340 122 8.7(muac:t ·78(musc)(1.8) D 5A ·32 ditto - 12.1 1.2(muac:t -84(rnusc)(2. 7) D 7JJ ·23 ditto 

218 12A 7.2(c::hl) ·79(chl)(4.2) chi spatially uaoclated wllh aulphldea, 

not In equilibrium Mh qz and muse 

Notes: AI rneaaurements are In units ol per m1 relallve to Standard Mean Ocean water (SMOW). The folkMing ~ factora were used to calculate the equllbratlon ~ 

and the lsoloplc C0f11)0111on ol the fluids In equlbrlum wlh the minerals: quartz-water (ClaytOn et al. 1972), rnuscov..._, (O'Nel and Taylor 1969). quartz·tourrnalne (KaUer ec al., 1992b). 

II'IJICOVIte-water (Suzuokl and Epstein 1976), tourmaline-water (l<otzer ec al. 1992b). 

...... 
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host rocks and veins are similar, their hydrogen isotopic compositions are distinct. 

Sample 297, a Stage 1 vein muscovite, has a 60 value of -47 per mil, whereas the 60 

values of muscovites in altered host rocks range from -67 to -50 per mil. 

The hydrogen isotopic composition of the two tourmalines from Stage 2 veins 

are -60 and -36 per mil. The oxygen isotopic composition, weight % H20, and 

apparent temperature of formation of the tourmalines are similar (Table 5.4 ). 

The sulphur isotopic compositions of all the sulphides analyzed from Stage 1 

veins, and altered host rocks have a restricted range from -1.6 to + 0.8 per mil {Table 

5.5). There are no differences between the 634S values of pyrite from Stage 1 

samples and from altered host rocks. 

The oxygen and sulphur isotopic compositions of co-existing mineral pairs can 

be used to determine the temperature at which the minerals formed and, by 

implication, the temperature of the fluid from which they formed. Most 

quartz-mineral pairs from Stage 1 and 2 veins, and altered host rocks, give consistent 

oxygen isotope equilibration temperatures from 300 to 385°C (Table 5.4). A sulphur 

isotope equilibration temperature calculated using a pyrite-chalcopyrite pair is also 

within this range (Table 5.5). 

The oxygen and hydrogen isotopic composition of the fluids in equilibrium 

with quartz and muscovite in Stage 1 veins, and altered felsic volcanic rocks, can be 

determined by using the calculated isotope equilibration temperatures, the oxygen 

isotope fractionation factor between quartz and water (Clayton et aL 1972) and the 

hydrogen isotope fractionation factor between muscovite and water (Suzuoki and 

Epstein 1976). The calculated compositions are shown in Table 5.4 and in Figure 



Table 5.5. &"S values of pyrite (pyr). chalcopyrite (cpy), sphalerite (sp), and tennantfte (tenn) from Stage 1 veins and 

disseminated in altered felsic volcanic rocks 

Sample 

Stage 1 veins 

LL885 

LL8810 

LL8811 

238 

246 

264 

265 

297 

492 

493 

6MS(pyr) &'NS(tem) 

-1.3 

0.0 

-1.3 

.().5 

.().8 .().8 

0.8 

.().5 

.().6 

-1.5 

0.3 

Disseminated sulphides In altered host rocks 

267 -1.3 

278 0.4 

&4S(cpy) ~sp) T equilibration (•C) 

-1.8 

.0.9 315 

Notes: Pyrite, tennantfte, and sphalerite are not in textural equHibrlum In Stage 1 veins because they exhibit variable 

brittle and ductile behaviour during deformation. In sample 278. pyrite and chalcopyrite are disseminated In altered 

felsic volcanic rocks although, In places, chalcopyrite rims pyrite, and so the calculated temperature may not be a 

true equilibration temperature. The pyrite-chalcopyrite equilibration temperature was calculated using the fractionation 

factor of Kajlwara and Krouse (1971). 
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5.9. All the samples yield similar a180 values for the fluids, although the calculated 

aD values for the fluids vary. Stage 1 veins appear to have formed from a fluid 

having a aD value near 0 per mil, whereas muscovites from altered host rocks appear 

to have equilibrated with fluids having lower aD values. 

The oxygen and hydrogen isotopic compositions of the fluid calculated for 

Stage 2 quartz-tourmaline veins are similar to those calculated for Stage 1 veins 

(Table 5.4; Fig. 5.9). However, the equilibrium temperature was calculated using an 

empirical quartz-tourmaline fractionation factor, which appears to be approximately 

the same as the quartz-muscovite fractionation factor (King, 1990; Kotzer et al., 

1992b ). The hydrogen isotopic composition of the Stage 2 vein fluid was initially 

determined by extrapolating the experimentally determined tourmaline-water 

fractionation factor of Blamart et aL ( 1989) from 500 to 3500C. At 350°C, the 

tourmaline-water fractionation is approximately -60 permil, suggesting that the aD 

value of Stage 2 vein fluids was between approximately 0 and 20 permil. A recent, 

empirically derived tourmaline-water hydrogen isotope fractionation factor (Kotzer 

et al., 1992b) was also used, and yielded aD values of between 1 and -26 permil for 

Stage 2 vein fluids. This fractionation factor is applicable over the temperature range 

exhibited by fluids at Laurel Lake, and the results are preferred to those obtained 

using the fractionation factor of Blamart et aL (1989). 

5.2.5 Rb-Sr isotope geochemistry 

Rb-Sr compositional and isotope data were obtained from muscovite and 
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Figure 5.9. Relation between 3D and S18o values of the calculated composition of 
fluids in equilibrium with stage 1 quartz and muscovite, stage 2 quartz and tourmaline, 
and quartz and muscovites in the altered felsic volcanic rocks (Table 5.4 ). The isotopic 
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water are also shown for reference (from Taylor, 1987). • 
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tourmaline mineral separates that had been characterized both petrographically and 

chemically. The results from one muscovite from a Stage 1 vein, four muscovites 

from altered felsic volcanic rocks, and two tourmalines from Stage 2 veins are 

reported in Table 5.6. 

Tourmaline is a mineral with low Rb/Sr ratios, and is thus useful in 

characterizing the source of Sr (e.g. King and Kerrich 1989). The 87Sr f86Sr ratios of 

0.7021 and 0.7026 of tourmaline from Stage 2 veins are similar to initial ratios 

calculated from Rb-Sr isochrons produced from the analysis of regional Amisk Group 

rocks (Mukherjee et al. 1971; Bell and MacDonald 1982; Watters and Armstrong 

1985) and the syn-tectonic Annabel Lake granitoid (Mukherjee et aL 1971). 

Muscovites were analyzed to provide constraints on the timing of muscovite 

growth, and thus the timing of mineralization and metamorphism. The muscovites 

can be divided into three petrologic types. The muscovite from sample 297 is 

coarse-grained (500 ,urn) and associated with quartz and pyrite in a Stage 1 vein (Fig. 

5.5a). Sample 246 is from a zone which contains up to 40 volume% sulphides in a 

quartz porphyritic rhyolite. The other three muscovite samples (240, 263, 267) are 

finer-grained ( <200 ,urn) and from altered and metamorphosed felsic volcanic rocks 

(Fig. 5.3). The most obvious chemical differences between the muscovites is that the 

coarse Stage 1 vein muscovites have the highest an value -(-47 permil) (Table 5.4) 

and high fluorine contents (up to 0.68 weight%) (Table 5.1). 

There are no Rb-poor minerals associated with the muscovites from the 

altered felsic volcanic rocks or Stage 1 vein and so, to calculate model ages, an initial 

ratio has to be assumed. The similarity between the initial 87Sr / 86Sr ratios of Amisk 



Table 5.6. Rb-Sr isotope data for tourmalines (241, 283) from Stage 2 veins, and muscovites from a Stage 1 vein (297) and from altered felsic 

volcanic rocks (240, 246, 263, 267) 

Sample Rb(ppm) Sr(ppm) 11Rb*Sr 17Sr,..Sr Model age (Ma) 

241 tour 0.8 2559.0 0.0010 0.702056 :t 34 

283tour 0.8 1976.1 0.0012 0.702550 :t 26 

297musc 180.2 65.4 8.1414 o.914182 :t n 1812 :t 8 

240musc 176.8 145.5 3.5478 0.793739 :t 30 1798 :t 8 

246musc 216.6 366.3 1.7196 0.751689 :t 91 2006 :t8 

263musc 206.4 138.5 4.3584 0.811910 :t 36 1754 :t 8 

267musc 244.0 156.0 4.5800 0.824111 :t 35 1853 :t 8 

Notes: Samples are described In Table 5.4. Model ages calculated using tourmaline 17SrJMSr ratios as Initial values. 
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Group volcanic rocks, and the 87Sr/86Sr ratios for Stage 2 tourmalines suggests that 

an initial 87Sr/86Sr ratio of 0.7020 may be a reasonable assumption. However, the 

high Rb/Sr ratios of the muscovites means that the choice of an initial 87Sr/86Sr ratio 

does not significantly affect the calculated model age. As an example, model ages for 

muscovite from sample 297 were calculated using 0.7020 and 0.7025 as initial 

87 Sr / 86Sr ratios. An age of 1812 ± 9 Ma was calculated using the smaller ratio, 

whereas an age of 1808 ± 8 Ma was calculated using the larger ratio. The model 

ages reported in Table 5.6 assume an initial ratio of 0.7020, and range from 1754 to 

2006 Ma. 

5.2.6 Ar-Ar data 

40 Ar-39 Ar analyses were obtained by incremental step-heating of muscovites 

from a Stage 1 vein (297) and from altered felsic volcanic rocks (267), and both 

samples yielded similar plateau ages of 1750 ± 10 Ma and 1746 ± 10 Ma, 

respectively (Table 5.7; Fig. 5.10). The plateau age for sample 267 is well defined, 

although there is minor Ar loss for the first three gas fractions ( < 2% of total 39 Ar 

release), and the last heating step yields a slightly older age of 1764 ± 10 Ma ( 4% 

of total 39 Ar release). The spectra obtained from sample 297 has a saddle-shaped 

form, typical of minerals that incorporate excess argon (McDougall and Harrison, 

1988), with ages that decrease from 1827 ± 4 Main the second step (1.6% of total 

39 Ar release) to a plateau minimum of 1750 ± 10 Ma. The last three high 

temperature steps (18% of total 39 Ar release) yield increasing ages from 1755 ± 4 



Table 5.7. 40Ar·39Ar analytical data for incremental heating experiments 

Temperature 40Arf»ArK1 DArfJ9Ar1 31ArP"'Ar1 •Ar-P'Ar2 »Af' •A,... K/Ca Apparent agel 
(OC) (X100) (X100) (%) (%) (Ma) 

267, musoovile,laurellake aheratlon zone, 90 ·50 Jllft, 0.0999g, J • 0.012029 

450 123.5 6.024 5.453 107.4 0.38 86.94 9 1496±20 
525 129.6 7.660 1.816 124.2 0.39 95.84 7 1649± 10 
600 133.3 103.9 0.9633 130.6 1.01 97.90 0.5 1703±8 
675 136.7 72.74 0.2525 136.0 2.98 99.48 0.7 1749±8 
725 136.4 1.564 0.0683 136.1 4.39 99.83 30 1750 ± 16 
775 136.3 0.1851 0.0380 136.2 5.75 99.90 300 1750 ± 14 
825 135.6 0.0478 0.0531 135.4 11.27 99.87 1000 1744± 16 
875 136.7 3.116 0.0445 136.6 12.18 99.89 20 1753 ± 12 
925 135.6 3.157 0.0592 135.4 21.22 99.85 20 1744±4 
975 135.4 2.902 0.0969 135.1 19.87 99.77 20 1741 ±8 
1025 136.3 3.103 0.0711 136.1 16.52 99.83 20 1750±4 
FUM 138.5 0.3048 0.2037 137.8 4.03 99.55 200 1764± 10 
Total gas age 1745 
Plateau age (675 • 102SOC) 1748± 10 

297, muscovite, laurel Lake vein, 70 ·150 Jlll', o.1123g, J • 0.012168 

500 142.8 0.8385 2.084 136.6 0.70 95.67 60 1766±4 
600 145.2 0.2416 0.3942 144.0 1.64 99.18 200 1827± 4 
675 138.0 2.921 0.0868 137.8 4.09 99.80 20 1776±6 
750 135.9 0.2997 0.0672 135.7 8.38 99.84 200 1759±6 
800 135.0 0.1745 0.0490 134.8 9.13 99.87 300 1752± 6 
840 135.0 1.4455 0.0660 134.7 12.90 99.84 40 1751 ± 6 
870 134.8 0.1584 0.0665 134.6 9.15 99.84 300 1750±6 
900 135.0 0.4341 0.1182 134.6 4.91 99.72 100 1750± 4 
930 134.7 0.2785 0.0749 134.4 12.10 99.82 200 1749±4 
960 134.8 0.1524 0.1098 134.5 12.02 99.74 300 1749±6 
990 135.8 0.0427 0.1700 135.2 8.54 99.61 1000 1755±4 
1020 135.7 0.0019 0.1078 135.4 9.00 99.75 >2000 1756±4 
Fuse 136.3 0.2094 0.1690 135.8 9.48 99.61 300 1760±4 
Total gas age 1755 
Plateau age (7500C • Fuse) 1750 ± 10 

' Corrected forllne blanks of atmospheric Ar composition (1X10·1• moles •Arfor T < 12000C and 2X10·1• moles >12000C)and:r1Ardecay 
2 Correctlonfactors used (31Ar4"'Ar)ea • 2.70X1o-•, (»ArP'Ar)c. • 6.51X1~, and (40Af39Ar)K = 0.0329 
3 Percent of totai•Ar released by fraction 

~ • Percent of radiogenic 40Ar In each fraction ~ 
1 Corrected for error lnJ value; A• 5.543X10"10; monitor used was MMhb-1 amphibole standard with an age of 518.9 Ma: errors reported 0 
at two-sigma level 
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Figure 5.10. A. 40Art39 Ar apparent age spectra for fine-grained muscovite in altered 
quartz-feldspar porphyry at the Laurel Lake au-Ag deposit B. 40 Art39 Ar apparent age 
spectra fa vein muscovite from the Laurel Lake deposit Isotopic data and calculated 
ages for A and B from Table 5.7. 
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Ma to 1760 ± 4 Ma. The K/Ca profiles of both samples, and especially 297, are 

irregular, but variations in K/ Ca ratios do not correlate with extraneous 40 Ar / 39 Ar 

ages. Microprobe analyses indicate that these muscovites are compositionally 

homogeneous, and generally inclusion-free. There is a possibility that feldspar and 

carbonate contamination may contribute to variations in K/Ca ratios, although 

whatever the cause there is no apparent affect on the form of the age profiles. 

5.2. 7 Discussion 

5.2. 7.1 Composition and source of Stage 1 mineralizing fluids 

Primary and pseudosecondary fluid inclusions in Stage 1 veins are the best 

indicators of the composition of the mineralizing fluids. Although the Stage 1 veins 

pre-date metamorphism and major deformation, the distinct difference between the 

composition of primary and pseudosecondary fluid inclusions in Stage 1 and 2 veins 

indicate that the fluid inclusions in Stage 1 veins have generally survived these later 

events. Partial leakage may have occurred, which would have increased the volume 

percent C02, and decreased the bulk density of the inclusion, but would not have 

affected the salinity of these inclusions. 

The fluid inclusions are C02-bearing and usually co·ntain 5 to 35 volume % 

C02, although there are some with over 70 volume % C02• Clathrate melting 

temperatures and the presence of daughter minerals of halite and nahcolite indicate 

salinities of between 10.3 and greater than 25 weight% NaCl equivalent. An upper 

limit to the salinity cannot be determined because the inclusions decrepitate before 
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the daughter minerals dissolve. 

The oxygen and hydrogen isotopic composition of quartz and muscovite in a 

Stage 1 vein and altered felsic volcanic rocks were analyzed in an attempt to 

determine the temperature and isotopic composition of fluids involved in the 

formation or development of the deposit. There is no obvious difference between 

the oxygen isotopic composition of quartz, and of muscovite in Stage 1 veins and in 

altered felsic volcanic rocks, and their isotope equilibration temperatures consistently 

fall between 300 and 360°C (Table 5.4 ). However, the muscovites in the altered felsic 

volcanic rocks define foliation (Fig. 5.3) indicating that they, at least partially, 

recrystallized during deformation and metamorphism. 

Although the oxygen isotopic compositions of the various muscovites are 

similar, there is an important distinction in their hydrogen isotopic compositions. A 

Stage 1 vein muscovite has a ~D value of -47 permil, whereas the aD values of 

muscovites in altered felsic rocks range from -79 to -50 permil. The fluid calculated 

to be in equilibrium with the Stage 1 muscovite is not typical of magmatic, or normal 

metamorphic fluid (Fig. 5.9). Stage 1 muscovites are coarser-grained (up to 500 ,urn) 

than the muscovites in the altered felsic volcanic rocks, and do not have a preferred 

orientation (Fig. 5.5a). Wilson et aL (1987) and Kyser and Kerrich (1991) provide 

evidence that coarse hydrous silicates are less likely to undergo complete hydrogen 

isotope exchange than finer-grained samples of the same mineral. However, Graham 

( 1981) shows that hydrogen isotope diffusion and exchange is a rapid process in 

muscovite, especially in the presence of a fluid phase, and can continue down to 

temperatures as low as 100°C. The surrounding vein quartz may have acted as an 
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impermeable barrier to later fluids, such that the coarse Stage 1 muscovites may have 

preserved, at least partially, a component of their original hydrogen isotopic 

composition. The high fluorine contents of these Stage 1 muscovites (Table 5.1) is 

further evidence that they preserved some primary hydrothermal signature. 

The Stage 1 vein muscovite may have formed in equilibrium with an evolved 

seawater that interacted with the igneous rocks in the area at relatively high 

water/rock ratios near 0.1 and at temperatures near 3000C (e.g. Taylor 1987). 

However, Park (1975) determined that the Flin Flon Domain was close to the 

paleoequator during the Aphebian, and so it would be feasible for low-latitude 

meteoric waters to obtain a similar isotopic composition by interaction with the same 

igneous rocks. However, in order to attain the high salinities recorded by primary 

fluid inclusions in Stage 1 veins, seawater is a more likely starting composition than 

meteoric water. The finer-grained, at least partially recrystallized, muscovites in the 

altered felsic volcanic rocks may record interaction with later metamorphic fluids. 

5.2. 7 .2. Composition and source of Stage 2 vein ftuids 

Fluid inclusion analysis shows that Stage 2 vein fluid had a different chemical 

composition relative to the Stage 1 vein fluid. Primary and pseudosecondary 

inclusions are C02-bearing, although the volume% C02 ranges from 10 to 100 %. 

The salinity tends to be low ( <6.4 wt.% NaCl equivalent), although most of the 

TmClath data cannot be used because the high density carbonaceous phase 

homogenizes prior to clathrate melting. Secondary inclusions in Stage 1 veins may 

have formed at the same time as the primary and pseudosecondary inclusions in 
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Stage 2 veins. The Stage 2 veins are crosscut by fractures hosting secondary 

inclusions. These later fluids are low salinity and C02-bearing, while some have 

melting characteristics typical of CaC12-rich brines. 

The calculated oxygen and hydrogen isotopic compositions of the Stage 2 vein 

fluids are intermediate to those calculated for Stage 1 vein fluids and the fluids that 

had interacted with altered felsic volcanic rocks (Fig. 5.9). Although the systematics 

of hydrogen isotope exchange between tourmaline and water is poorly known, the 

data suggest that Stage 2 veins were deposited from seawater that had interacted 

extensively with rocks at low water frock ratios. 

5.2. 7.3 Temperature and pressure of vein formation 

Unless boiling or immiscibility can be proved to have taken place at the time 

of vein formation, fluid inclusions can only be used to constrain the minimum 

temperature of the vein-forming fluids. In this study, fluid inclusions tend to 

decrepitate prior to homogenization, which reduces further the usefulness of 

temperature estimates based on fluid inclusions. 

Oxygen and sulphur isotope mineral-pairs provide more robust estimates of 

temperature, if equilibrium between minerals has been maintained (Tables 5.4 and 

5.5). A quartz-muscovite pair from a Stage 1 vein yields a temperature of 300°C. The 

rate of oxygen isotope exchange between muscovite and a fluid is significantly slower 

than hydrogen isotope exchange (Graham 1981). Since it is postulated that the 

hydrogen isotopic composition of the coarse-grained muscovites has not been 

completely reset, this oxygen isotope temperature may be a good approximation to 
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the temperature of the mineralizing fluid. A pyrite-chalcopyrite sulphur isotope pair 

yields a similar temperature, but the two phases may not have formed at the same 

time (Table 5.5). A temperature of about 3800C for Stage 2 vein formation was 

determined using an empirical quartz-tourmaline fractionation factor (Kotzer et al., 

1992b). 

By combining fluid inclusion data and stable isotope geothermometry, the 

pressure at the time of mineralization may be determined. Isochores for the fluid 

inclusions in this study are poorly constrained by homogenization temperatures, but 

were calculated using the homogenization temperature of C02, clathrate melting 

temperatures, the estimated volume % C02, and the equation of state devised by 

Bowers and Helgeson (1983). If temperatures of 300 to 375°C are assumed for the 

temperature of both Stage 1 and Stage 2 fluids as determined from stable isotope 

geothermometry, a wide range in trapping pressures is obtained. A group of 

pseudosecondary inclusions in a Stage 1 vein (265-1-b inclusions) give pressure 

estimates of between 1.7 and 2.2 kbar, whereas another group of pseudosecondaries 

(265-3-a) and some secondary inclusions (265-3-b) give pressures ranging up to 4.5 

kbar. Inclusions in a Stage 2 vein (241) give a range in pressures from 2.5 to 4.5 

kbar. Such pressure estimates are ambiguous and are probably a function of the 

re-equilibration of fluid inclusion densities during later deformation and 

metamorphism. 

5.2. 7 .4. Source of solutes and constraints on depositional conditions 

The sulphides at Laurel Lake have a restricted range from 0.8 to -1.6 permil 
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(Table 5.5), values typical of an igneous source (Ohmoto and Rye 1979) and very 

different from the high ~ 34S values of + 17 ± 3 permil expected for Proterozoic 

seawater sulphate (Claypool et aL 1980). The oxygen and hydrogen isotopic 

compositions of the Stage 1 mineralizing fluids rule out magmatic fluids as a sUitable 

source. Thus, it is suggested that the sulphur was derived from the dissolution of 

sulphides in igneous rocks with very little sulphur being derived from seawater 

sulphate. Large variations in temperature and f02 during deposition often result in 

large variations in the sulphur isotopic composition of sulphides, unless the oxidation 

state of the fluid is below the S02/H2S boundary (Ohmoto and Rye 1979). The small 

range in a 34S values imply both a constant sulphur source, and relatively constant, but 

reducing, conditions during deposition. 

The strontium isotopic composition of tourmalines in Stage 2 veins (Table 5.6) 

is similar to the initial 87Sr / 86Sr ratios of Amisk Group volcanic rocks, suggesting that 

the Sr was derived from the same source as the Amisk Group magmas, or by 

leaching of Amisk Group volcanic rocks. The first explanation is unlikely, since the 

Stage 2 veins are not related to structures that might have tapped mantle source 

rocks. The strontium was probably leached directly from Amisk Group volcanic 

rocks. The strontium isotopic composition does not support the derivation of 

strontium directly from seawater, because the 87Sr / 86Sr of Proterozoic seawater was 

more radiogenic (0.705) (Veizer and Compston 1976), or from an older, radiogenic 

Archean source that might have been juxtaposed during the Hudsonian Orogeny (e.g. 

Lewry et al. 1990). 
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5.2. 7 .S. Timing of Laurel Lake mineralization 

Muscovites in the altered felsic volcanic rocks define S2 and S3 foliation. 

Thus, K-metasomatism and related mineralization must pre-date deformation and 

metamorphism, but post-date Amisk Group volcanism and the formation of the 

Laurel Lake quartz porphyritic rhyolite. Gordon et aL (1990) have determined the 

U-Pb age of the Amisk Group volcanic rocks at Flin Flon to be 1886 ± 2 Ma, and 

zircons from syntectonic granitoids (Reynard Lake, Annabel Lake, Missi Island 

Intrusion) (Fig. 2.3) yield 207Pb/206pb ages of between 1860 and 1848 Ma (Ansdell 

and Kyser, 1991a). The post-P3 Phantom Lake pluton yielded an age of 1840 ± 7 Ma 

(Ansdell and Kyser, 1991a). These dates indicate that most of the intrusive activity, 

early peak metamorphism, and P2 deformation in the Flin Flon area took place 

between about 1860 and 1840 Ma. Laurel Lake mineralization occurred early in the 

tectonic history of the area, and thus must have formed between 1880 and 1850 Ma. 

Rb-Sr and Ar-Ar isotopic analysis of muscovites in Stage 1 veins, and altered 

felsic volcanic rocks were attempted to better constrain the age of mineralization. 

The coarse muscovites in sample 297 from a Stage 1 vein have partially retained 

their original hydrogen isotopic composition (Table 5.4) and high fluorine contents 

(Table 5.1 ), and are thus most likely to have escaped later Rb, Sr and Ar 

mobilization events. Unfortunately, this does not appear to be the case. Incremental 

step-heating of these muscovites yielded plateau ages of about 1750 Ma (Fig. 5.10), 

which are inconsistent with geological relationships. The finer-grained muscovites in 

the altered felsic volcanic rocks record the stable isotopic composition of fluids 

present during deformation and metamorphism, and so the plateau age from sample 
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267 is probably representative of the time at which the Laurel Lake area passed 

through the closure temperature for AI diffusion in muscovite (about 350°C, 

Dallmeyer and Keppie, 1987) during cooling after peak metamorphism. The coarser

grained vein muscovite exhibits a saddle-shaped spectra suggesting the presence of 

excess argon, which may have been derived from argon released during the 

recrystallization of feldspars and fine-grained muscovites in the wall rock, which was 

then trapped in surface defects or microfractures. An imprecise Rb-Sr isochron of 

1774 ± 150 Ma obtained from muscovite mineral separates, and Rb-Sr model ages 

for muscovites varying from 2006 to 1754 Ma were calculated for the same 

muscovites using an initial 87Sr/86Sr ratio of 0.7020, suggesting that partial resetting 

of the Rb-Sr system also must have occurred. 

5.2. 7.6 Comparison with other deposits 

The Laurel Lake deposit is not typical of mesothermal gold deposits, either 

worldwide (Groves and Phillips 1987; Kerrich 1989), or locally (Ansdell and Kyser 

1990a, 1992). Mesothermal gold deposits are usually quartz - carbonate - pyrite -

tourmaline veins with low base metal and silver contents and surrounded by an 

alteration envelope of quartz - carbonate - albite - chlorite - tourmaline - pyrite. They 

are deposited from low salinity ( <5 wt.% NaCl equivalent);C02-bearing (5-20 mole 

% C02) hydrothermal fluids and form after peak metamorphism during late

kinematic movements along major shear zones. In contrast, the Laurel Lake deposit 

is associated with high salinity, C02-bearing fluids that deposited base metals and 

silver along with gold prior to peak metamorphism. 
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Walker and McDougall ( 1987) suggested that the deposit may be a synvolcanic 

epithermal-type deposit. The early formation of the deposit is undisputed, since it has 

been metamorphosed and deformed. In Tertiary epithermal systems, mineralization 

may post-date host rock formation by up to 15 million years, especially in adularia

sericite -type deposits (Heald et aL 1987). However, there are distinct differences 

between the characteristics of the mineralizing fluids of the Laurel Lake deposit and 

those of typical epithermal systems. Bodnar et aL (1985) and Field and Fifarek (1985) 

show that Tertiary epithermal deposits form from low salinity ( < 3 wt.% N aCl 

equivalent), boiling aqueous fluids at temperatures up to 3000C and at depths of 

approximately 1 to 2 km below the paleosurface. These fluids are predominantly 180-

shifted meteoric waters. In contrast, the Laurel Lake deposit mineralizing fluids had 

a temperature of 300°C, were saline, and had the isotopic composition of modified 

seawater. Although pressure constraints are ambiguous, there is no evidence that the 

Laurel Lake mineralization occurred close to the surface. Heald et aL (1987) do note 

that in some adularia-sericite epithermal systems there is an element zonation with 

depth, which is sometimes also related to the salinity of the fluids. Base metals and 

silver tend to be more abundant at depth and form from more saline fluids, while 

Au-rich systems occur closer to the paleosurface and are deposited from dilute 

hydrothermal fluids. 

Laurel Lake mineralization has characteristics which distinguish it from both 

epithermal and mesothermal gold deposits. The deposit appears to be a distinctly 

different type of epigenetic gold mineralization resulting from relatively deep 

circulation of seawater through the volcanic rocks of the area. The seawater evolved 



151 

isotopically, becoming more 180-rich, increasing in salinity and temperature, and 

leaching precious and base metals from the volcanic rocks during circulation. The 

involvement of a fluid with a different initial chemical composition to that of fluids 

commonly involved in epithermal and mesothermal systems may explain the 

distinctive fluid, vein and alteration characteristics of the Laurel Lake mineralization. 

5.2.8 Summary of fluids associated with Laurel Lake 

The Laurel Lake Au-Ag deposit consists of branching quartz ... muscovite ... 

pyrite ... tennantite ... chalcopyrite - sphalerite - galena - electrum- carbonate veins 

hosted by sericitized and pyritized Amisk Group felsic volcanic rocks. The deposit 

is deformed and metamorphosed, and thus determination of the character of its the 

mineralizing fluids necessitates the ability to see through later events. Even though 

leakage and density re-equilibration of fluid inclusions may have occurred, there are 

still distinct differences in salinities between inclusions in Stage 1 and 2 veins. Gold 

mineralization was deposited from saline ( < 10.3 wt.% NaCl equivalent), C02-bearing 

fluids, whereas later barren Stage 2 veins were deposited from more dilute, C02-

bearing fluids. Both fluids have hydrogen and oxygen isotopic compositions 

compatible with modified seawater. 

The quartz and muscovite in the altered felsic volcanic rocks preserve a 

metamorphic fluid signature. However, the coarser muscovites in Stage 1 veins 

appear to have preserved, at least partially, their primary hydrogen isotopic signature 

and high fluorine content. The mineralizing fluid had a modified seawater component 
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and deposited vein minerals at 3000C. An Rb-Sr model age of 1812 ± 9 Ma and an 

Ar-Ar plateau age of 1750 ± 10 Ma determined for these Stage 1 muscovites could 

be interpreted as the age of muscovite growth and thus mineralization. However, the 

constraints on the age of peak metamorphism and intrusive events in the region 

(Ansdell and Kyser, 1991a) suggest that these ages are too young. This implies that 

the Stage 1 vein muscovites have undergone complex resetting, in terms of H, Sr and 

Ar isotope systematics during metamorphism. 

The Laurel Lake deposit has been classified as an epithermal-type deposit 

(Walker and McDougall 1987), but there are distinct differences in its fluid 

characteristics when compared to well-studied epithermal systems and most 

mesothermal systems. Laurel Lake mineralization may represent a distinct class of 

gold mineralization related to deep circulation of seawater, and its characteristics are 

probably a function of the chemistry of the starting fluid. 



6. MESOTHERMAL GOLD IN THE WESTERN FLIN FLON DOMAIN 

6.1 Introduction 

The geology, structure, geochemistry, timing, and tectonic setting of 

meso thermal gold mineralization worldwide have been the focus of intensive research 

over recent years. Efforts have concentrated on understanding the genesis of the 

large Archean gold deposits in the Canadian Shield (Card et al., 1989 and references 

therein) and Western Australian Shield (Groves and Phillips, 1987 and references 

therein), although information derived from the study of Proterozoic (Rye and Rye, 

1974; Kyser et aL, 1986; Ibrahim and Kyser, 1991), Paleozoic (Sandiford and Keays, 

1986; Kontak et aL, 1990), ,Mesozoic (Bohlke and Kistler, 1986; Nesbitt et al., 1986; 

Goldfarb et aL, 1988, 1991) and Cenozoic (Curti, 1987) gold deposits has placed 

further constraints on the development of an all-encompassing model for the 

formation of mesothermal gold deposits. However, there is still considerable 

controversy concerning the details of models, especially the source of the 

hydrothermal fluids and contained solutes, including gold. Possible sources include 

degassing of tonalitic (e.g. Burrows et aL, 1986), oxidized felsic (e.g. Cameron and 

Hattori, 1987), and lamprophyric (e.g. Rock and Groves, 1988) magmas, mantle

derived fluids and related granulitization (e.g. Fyon et al., 1989), meteoric water (e.g. 

Nesbitt et al., 1986), and devolatilization reactions during metamorphism (e.g. 

Kerrich, 1989). 
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The objective of this study is to describe the geological and geochemical 

characteristics of meso thermal gold occurrences in the western Flin Flon Domain and 

to provide fluid inclusion and isotopic constraints on the composition and age of the 

vein-forming fluids. A comparison will be made with Archean greenstone-hosted 

mesothermal gold deposits to determine if there any significant differences between 

these highly-productive terranes and the relatively unproductive western Flin Flon 

greenstone belt. 

6.2. Geology of mesothermal gold deposits 

The locations of epigenetic gold occurrences in the western Flin Flon Domain 

are shown on Figures 5.1 and 6.1. Representative surface, underground or drillcore 

samples of veins and alteration envelopes were collected from the named gold 

occurrences with the objective of characterizing their mineralogic and geochemical 

characteristics. All have features typical of mesothermal gold deposits, with the 

exception of the Laurel Lake deposit (Fig. 5.1). This is a pre-metamorphic deposit 

with elevated silver and base metal contents reminiscent of an epithermal gold 

deposit, and has been described in detail in Chapter 5 and Ansdell and Kyser, 1991b. 

Mineralized shear zones are generally oriented parallel to the main P3 ductile 

shear zones in the region (Fig. 5.1). Gold mineralization is specifically associated with 

sulphides in tensional quartz veins, some of which were folded during later ductile 

deformation. Although the timing of all the gold occurrences relative to each other 

are difficult to constrain, the alteration haloes around the quartz veins overprint peak 



Fl&'R 6.1. Gcolosical m1p of the Phantom Lake an:a ahowins the location of shear zonca ll1d sold oc:aurenccs. 
(modified after Galley ll1d Fnnklin (1987) and Thomu (1989; 1990). 
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metamorphic minerals. This, and the structure of the quartz veins, suggests that 

veining and alteration occurred during brittle-ductile deformation as the region 

cooled and was uplifted after peak regional metamorphism. Fedorowich et al. (1991) 

showed that the mineralized quartz veins at Tartan Lake, Manitoba, developed 

coevally with reactivation of the earlier, ductile Tartan Lake shear zone during the 

formation of the P4 Embury Lake fold (Fig. 5.1). In many cases, mineralized quartz 

veins are located at jogs in shear zones (e.g. Rio), or at sites of competency contrasts 

(e.g. metasedimentary rock - mafic dyke contact at Graham), but can occur in all 

lithologies in the region (e.g. mafic volcanic rocks - Newcor; conglomerates -

Graham; diorite - Henning-Maloney; granite - IMC-Cain B). The geological 

characteristics of the occurrences referred to in this study are summarized in Table 

6.1, except for the Rio deposit, the largest mesothermal gold occurrence in the 

Saskatchewan portion of the Flin Flon Domain, which is described in detail below. 

6.2.1 Rio deposit 

The Rio deposit is one of a number of deposits spatially associated with shear 

zones in the vicinity of the Boot Lake - Phantom Lake intrusive complex (Fig. 6.1 ). 

Gold mineralization is located within a zone of intense hydrothermal alteration and 

veining along the Rio Fault, a shear zone exhibiting ductile and brittle characteristics, 

which crosscuts all lithologies in the area (Pearson, 1984; Galley and Franklin, 1987; 

Thomas, 1989). Published reserves are 220,000 tons at 0.14 oz of Au/ton (Northern 

Miner, July 18, 1988). 

The Rio Fault transects a sequence of westerly-facing, sporadically porphyritic, 
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massive and pillowed basalts and debris flows (Fig. 6.2A). This volcanic sequence is 

in turn cut by diorites and granodiorites of the Boot Lake pluton. The youngest 

intrusion in the area, the Phantom Lake granite (Fig. 6.1 ), is represented in the 

vicinity of the Rio deposit by an irregularly-shaped microcline-porphyritic dyke (Fig. 

6.2A) having an age of 1834 ± 13 Ma (Ansdell and Kyser, 1991a). The alteration 

related to gold mineralization overprints this dyke indicating that the gold 

mineralization postdates the main magmatic events in the area. Intense alteration 

and deformation are concentrated in an area up to 60 m wide where basalts occur 

on either side of the fault, and there is a change in strike of the Rio Fault (Fig. 

6.2A). The Rio Fault dips approximately 75° to the northwest. Three different 

alteration and vein associations have been identified underground, and have been 

named the AJ, WC, and Phantom Lake granite dyke zones (Fig. 6.2B). In all three 

types of mineralization the gold grade is correlated with modal pyrite abundance; 

gold occurs as inclusions in pyrite and along pyrite grain boundaries (Pearson, 1984; 

Fig. 6.3A). The average composition of the native gold is A¥g1Jlg1• Compositions 

of other hydrothermal minerals at the Rio deposit are summarized in Figure 6.4, and 

tabulated in Appendix A4. Tourmalines at the Rio deposit generally have equal 

proportions of Fe and Mg, and form part of the schorl-dravite solid solution series. 

They are similar in composition to tourmalines in mesothermal gold deposits in the 

Archean Superior Province (King, 1990). The presence of ankeritic dolomites, 

ripidolitic chlorites, and phengite-muscovite micas in veins and alteration zones are 

typical of other mesothermal gold systems (e.g., Robert and Brown, 1986; Neall and 

Phillips, 1987; Bohlke, 1989; Fedorowich et al., 1991). 
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Figure 6.2. A Surface geology at the Rio deposit (based on Pearson, 1984). B. Geological 
plan of the 215' Level, Rio deposit, showing the three different ore associations, the we. 
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Figure 6.3. Photomicrographs of veins and alteration at the Rio deposit. A. Native gold 
along pyrite grain boundaries, WC mineralization, 400' Level. Scale bar - 0.2 mm. B. 
Quartz-pyrite-tourmaline-ankerite vein. AJ mineralization, 135' Level Scale bar- 0.5 mm. 
C. A1 alteration consisting of ankerite, albite and quartz, 215' Level. Scale bar- 0.2 mm. 
D. Quartz-pyrite-muscovite-ankerite vein cutting altered Phantom Lake granite, 360' Level. 
Scale bar - 0.5 mm. 
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AJ zone mineralization consists of a set of branching and en-echelon quartz 

veins and associated alteration up to 2 m wide that strike approximately north-south 

and dip to the northwest at greater than or equal to 60° (Fig 6.2B and 6.5). The 

earliest veins are ankerite-quartz stringers that have been folded and boudinaged 

during later ductile deformation. Later veins parallel the foliation, and consist of 

either massive but irregular quartz- ankerite ± tourmaline ± chlorite ±pyrite veins 

(Fig. 6.3B), or banded veins with a similar mineralogy but with textures indicative of 

a crack and seal mechanism of formation. Pyrite is irregularly distributed within both 

of the later quartz vein types, and gold grade is correlated with pyrite content. 

Visible hydrothermal alteration is associated with the quartz veins but is not always 

symmetrically disposed about them. The width and intensity of alteration varies, but 

generally both increase proximal to vein intersections. The alteration closest to a 

particular vein often has a brecciated appearance, and consists of quartz- ankerite-

albite- pyrite- chlorite (Fig. 6.3C). This alteration is generally in sharp contact with 

an outer, buff-coloured zone of ankerite, quartz, chlorite and pyrite, which is 

frequently cut by chlorite - ankerite - pyrite veinlets. Dark, apparently unaltered 

mafic host rocks between alteration zones consist of chlorite-plagioclase-epidote

calcite-muscovite-pyrite and are commonly cut by calcite-quartz veinlets. This 

assemblage post-dates the greenschist facies assemblage of actinolite-epidote-chlorite

plagioclase-quartz± biotite, generally observed in metabasaltic rocks in the region 

(Digel and Gordon, 1991), and, thus, indicates that mineralization occurred after 

peak metamorphism. 

Gold mineralization in the WC zone is associated with lensoid bodies of 
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intense alteration that trend about 025°, and overprint mafic volcanic rocks and the 

granite (Fig. 6.2B). The alteration mineralogy is simple and consists of an up to 20 

m wide zone of fine-grained quartz, ankerite, albite and pyrite, with irregularly 

developed quartz·pyrite veins. 

The Phantom Lake granite dyke (PLG) zone consists of tension-gash quartz 

veins hosted in a dyke. The quartz veins trend approximately north-south, and are 

concentrated along the margins of the dyke or are parallel to the axial plane of 

minor folds. The veins do not continue into the surrounding mafic volcanic rocks. 

Quartz is the dominant vein mineral, whereas pyrite, muscovite and ankerite, where 

they occur, are intergrown along the vein margins (Fig. 6.30). The quartz exhibits 

evidence of later strain, namely undulose extinction and subgrain development, and 

sporadically the veins are boudinaged and offset by chlorite-filled fractures implying 

that deformation and hydrothermal alteration continued after the main period of vein 

formation. Around the quartz veins, the host granite is bleached and consists of 

quartz, albite, muscovite, carbonate, pyrite, and minor hematite and stilpnomelane. 

The mineralogy of a dyke apparently unaffected by hydrothermal alteration is quartz

microcline-plagioclase-biotite-amphibole-sphene-magnetite, and so the dominant 

mineralogical changes involve albitization, sericitization, carbonatization, and 

pyritization. Changes in the chemical composition of the· Phantom Lake granite 

during hydrothermal alteration are evident from the composition of altered samples 

from the Rio deposit (Table 6.2). Increases in Na and Ca, and decreases in K, Rb, 

Sr and Ba in samples associated with gold mineralization are related to the 

breakdown of the igneous feldspars and the formation of hydrothermal albite, as 
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Table 8.2. Major and trace element compositions of samples of Phantom Lake granite 

proximal to the Rio mesothermal gold occurrence. 

Sample no. 4491 1791 3111 209" 

SI01 87.9 84.9 58.3 50.4 

ro. 0.38 0.67 0.68 0.54 

AfaOa 15.8 18.1 17.7 14.5 

Fe20 1 2.57 3.91 2.85 5.95 

MnO 0.04 0.04 0.07 0.12 

MgO 1.19 1.47 1.31 2.66 

cao 1.58 2.68 3.98 7.37 

NazO 4.74 5.2 9.59 8.06 

K.O 4.5 3.0 0.77 0.36 

P10, 0.15 0.27 0.31 0.29 

LOI 1.31 1.23 4.85 8.62 

TOTAL 100.3 99.9 100.5 99.0 

Cr 27 25 33 24 

Rb 76 68 29 23 

Sr 1480 1700 537 808 

Zr 128 121 172 119 

Ba 1680 1620 241 104 

1. Centre of Pha.ntom Lake granite. 
2. Phantom Lake granite dyke, within 1Om of Rio Faul. 
3. Apparently unaltered Phantom Lake granite dyke, Rio 300'. 
4. Alerecl Phantom Lake granite dyke In PLG zone, Rio 215'. 
Major elements In weight percent; trace elements In ppm. 
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evidenced by the petrographic relationships. Loss on ignition also increases, which 

is related to C02 addition and precipitation of carbonate. Although the alteration 

haloes in the Phantom Lake granite dyke zone are small in size, the alteration 

mineralogy and geochemical changes around the quartz veins are very similar to 

those seen around other mesothermal gold veins, e.g., the Oriental mesothermal gold 

deposit, Alleghany, California (Bohlke, 1989). 

6.2.2. Graham occurrence 

The Graham occurrence (Fig. 5.1) is hosted in Missi Formation conglomerates 

and arkoses, and lies towards the northern end of the Comeback Bay high strain 

zone (Wilcox, 1990). The Missi rocks have been highly deformed during P2 and P3 

deformation (Table 2.1; Wilcox, 1990). P2 is a major flattening event, and the aspect 

ratio of some pebbles reaches 200:1. During P3 the stretched pebbles in the Missi 

conglomerates were folded. Although some thin unmineralized quartz veins are 

folded during P3, the main quartz vein at the Graham No.2 occurrence (Fig. 6.6A) 

crosscuts P3 structures (Wilcox, 1990). The veins are commonly spatially associated 

with highly sheared chlorite-carbonate schists, which were originally mafic dykes. The 

veins typically consist of quartz, albite, ankerite, chlorite and pyrite (Fig 6.6B), 

surrounded by alteration envelopes, up to 1.5 m wide, of feldspar-quartz-carbonate

pyrite. The compositions of hydrothermal minerals at the Graham occurrence (Fig. 

6. 7) are similar to those at the Rio deposit (Fig. 6.4 ), although the chlorites tend to 

be more Si02-rich, likely related to the more siliceous nature of the host rocks. 



Figure 6.6. The Graham occurrence. A. Highly deformed Missi Formation conglomerate 
hosting the Graham gold occurrence. The hammer head points towards 05QoN. B. Graham 
No.2 massive quartz vein surrounded by iron-stained alteration envelope, cutting Missi 
Formation arkoses and conglomerates. Photograph taken facing towards 3()()oN. C. Quartz
chlorite-pyrite vein, Graham No. 2 occurrence. Scale bar - 0.5 mm. 
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6.3 Fluid Inclusions 

6.3.1 Petrography 

All the quartz veins examined exhibit evidence of deformation (e.g. undulose 

extinction and subgrain development), and petrographic relationships between fluid 

inclusions are complex. The inclusions typically are small, with the largest inclusions 

being 20 ,urn in diameter, but most are less than 10 p,m in length. Although attempts 

were made to classify inclusions as primary, pseudosecondary or secondary using the 

criteria outlined by Roedder (1979), it is likely that early inclusions have undergone 

necking and related volume changes, and leakage during later deformation. In this 

study, it is assumed that primary and pseudosecondary inclusions are considered to 

provide information on some of the earlier fluids passing through the shear zone 

systems although not necessarily the actual fluid from which the quartz precipitated. 

Primary, pseudosecondary and most of the secondary inclusions are C02-

bearing, and can be divided into H20-C02-NaCl (Fig. 6.8A and 6.8C}, and C02 

inclusions (Fig. 6.8B). Inclusions that contain a carbonic fluid may have a thin film 

of water around the inclusion rim which is difficult to discern optically. The volume 

percent C02 estimated for C02-bearing inclusions in all occurrences is usually 

constant within a given zone or plane, with few exceptions (e-.g. Rio AJ zone, 196-1-2-

1/5, Table 6.3). Differences between adjacent zones or planes are marked, although 

the time relationships between these regions are unclear. All quartz veins are 

strained and so volume changes and undetected leakage may explain these variations 

in volume percent C02• Two-phase aqueous inclusions generally occur along 



Figure 6.8. Photomicrographs of representative fluid inclusions. A Primary C~-H20 
and C02 inclusions, AJ vein, Rio 215' Level. Scale bar -75 J..Llll. B. Primary, one phase 
C~ inclusions, Monarch occurrence. Scale bar -75 Jliil. C. Two-phase C~-H20 early 
secondary inclusions, Graham occurrence. Scale bar - 75 J.UD. D. Secondary aqueous 
inclusions, North Shear Zone. Scale bar - 7 5 J.UD. 
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secondary planes (Fig. 6.80 ), and these healed fractures are sometimes observed 

offsetting earlier C02-bearing planes of secondary inclusions. However, there are 

some aqueous inclusions at the Newcor deposit that appear to be early, because they 

are located away from an obvious healed fracture. Thermometric measurements were 

made on all inclusions that could be confidently classified and were large enough to 

permit easy observation of phase changes (Table 6.3). No useable fluid inclusions 

were seen in relatively undeformed quartz inclusions in sulphides. 

6.3.2 Microthennometry 

Measurements of the melting point of C02 (TmC02) fall within the range -

56.6 to -57.8°C (Fig. 6.9A), indicating that these inclusions contain less than 10 mole 

percent CH4 equivalent in the carbonic phase (e.g. Swanenberg, 1979). However, 

some primary inclusions from the Newcor occurrence exhibit TmC02 as low as -

63.2°C (Fig. 6.9A), most likely due to substantial amounts of either CH4 or N2• As 

most of the C02-bearing inclusions have TmC02 close to -56.6°C indicating only 

minor amounts of either CH4 or N2' the salinities calculated using TmClath (Collins, 

1979) should be a good approximation of the salinity of the inclusion. Clathrate 

melting temperatures (TmClath) from primary and pseudosecondary inclusions that 

could be measured range from 0.8 to 10.1°C (Table 6.3; Fig. 6.9B). Fluid inclusions 

from the Henning-Maloney occurrence exhibit the greatest range (0.8 to 8.8°C), 

whereas samples from the Rio and Graham deposits show much more restricted 

ranges. Salinities calculated are 4.0 wt.% NaCl equiv. for the Rio deposit, 0.6 to 5.0 

wt.% NaCl equiv. for the Graham occurrence, 2.4 to 14.7 wt.% NaCl equiv. for 
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Henning-Maloney, and 12.5 wt.% NaCl equiv. for IMC-Cain B. Only one of the 

TmClath values obtained from the Rio deposit could be used to calculate salinity 

because the others did not melt in the presence of C02 liquid and gas (Table 6.3). 

However, the TmClath data from other fluid inclusions at the Rio deposit are all 

greater than 8.0°C, and so the salinities must be less than about 6 wt.% N aCl 

equivalent (Fig. 1 in Collins, 1979). 

The homogenization temperatures of C02 {ThC02) in primary and 

pseudosecondary inclusions range from -18.6 to 30.1°C (Fig. 6.9C, Table 6.3). Most 

of these inclusions homogenize to the liquid phase, although two exhibited 

homogenization to the vapour phase and three exhibited critical behaviour. The 

widest range is shown by inclusions from the AJ zone at the Rio deposit, and one 

sample {196) has a zone in which fluid inclusions have TmC02 that range from -8.1 

to 21.3°C (Table 6.3). C02-bearing inclusions at the Newcor occurrence also have 

variably low ThC02 (Fig. 6.9C), and this correlates with the higher concentrations of 

CH4 or N2 in these inclusions. 

Most of the inclusions are C02-rich and decrepitate prior to bulk 

homogenization. Decrepitation temperatures at the Rio deposit range from 174 to 

282°C, whereas C02-rich inclusions at the North Shear Zone decrepitate above 400oc 

(Table 6.3). The only C02-rich inclusions to homogenize are those that homogenize 

to the vapour phase (220 to 329°C; Table 6.3). Although trapping temperatures 

cannot be inferred from these measurements, their bulk compositions can still be 

determined using the technique described by Burruss (1981). The bulk densities and 

mole fraction C02 and H20 are variable (Table 6.3), although most primary and 
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pseudosecondary inclusions have densities ranging from 0.80 to 1.01 g/ cc. 

Primary aqueous inclusions at Newcor have low eutectic melting temperatures 

(Fig. 6.10A) as well as low final melting temperatures (Fig. 6.10B), but no salinities 

are calculated because of the uncertainty in · the actual composition of these 

inclusions. Aqueous secondary inclusions from other occurrences have ice melting 

temperatures (Tmlce) ranging from -12.2 to -0.2°C (Fig. 6.10B). Salinities calculated 

from the equation of Potter et aL (1978) range from 16.2 to 0.4 weight % NaCl 

equivalent. 

All aqueous inclusions homogenize to the liquid phase at temperatures in the 

interval of 108 to 5000C, although the range exhibited by inclusions in a given plane 

is much more restricted (Table 6.3). However, homogenization temperatures 

exhibited by primary aqueous inclusions at Henning-Maloney and Newcor (284 to 

500°C) are generally higher than those observed in secondary aqueous inclusions (108 

to 330°C) (Fig. 6.10C). This temperature difference indicates that the secondary fluid 

inclusions record lower temperature fluids infiltrating through the sheared rocks, 

most likely during uplift of the area after gold mineralization. 

6.4 Stable isotope geochemistry 

Quartz from veins in the gold occurrences described in this study have been 

analyzed for their oxygen isotopic composition and range from 9.9 to 13.0 per mil 

(Table 6.4 ). These data are comparable to those of other auriferous quartz vein 

samples from the Flin Flon Domain, which have ~180 values of between 10.6 and 
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(wt'r.HaO) temperature(-c) I''O(H10) IO(H10) 

Rio 
42 10.1 7.4(tcu) -84(tour)(2.14) -7.3(Mk) 2.8 -· 6.01 .. qz-ICU-pyr-ank AJ veil, 135 

8.8(ank) 
137 1.1 qz-pyr-ank AJ vein. 215' 
111 I.O(Mk) -8.7(Mk) lne-grahtd qz-ab-ank-pyr we a11n., 21r 
186 10.3 3.8(c:hl) -87(chl)(4.45) 5.5 385'.1 1.2' -47' chl-ank-qz-muac-pyr aln. zone to AJ veil, 215' 

3.1 qz-pyr AJ veil, 215' 
201 10.4110.6 11.5(ank) -1.4(Mk) 3.1 pyr-qz-ank-tcu-chl-muec AJ veil. 21r 
201 1.3(ank) -8.5(ank) line-gtUied ank-qz-feld, altd. PLG dyke, 215' 
222 3.3 qz-pyr vein culling granodiclrlle, 230' 
318 3.2 qz-ank altn. cui by pyr-ank vetna, 400' 
337 10.6 I.O(ank) -6.8(Mic) qz-ank-ab-pyr vein CUtlng qz-ank-pyr alld. Pl.O, 400' 
428 10.5 7.5(muec) -72(IIIUIC)(1.34) 3.3 ., .. 5.5' .... qz-pyr-ank-muac vein QJUing altd. Pl.O, 350' 

Hath Shear Zane 
433 10.1 qz-ank-pyr-Au velnlet cutlng ahear zone 

UC-CalnB 
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GraJwn 
484 11.5111.7 qz-pyrveln 
4fr1 12.2 I.O(c:hl) -68(c:hl)(7.83) 420'.1 8.&1 -34' qz.chl-musc>ml vein 
468 11.8 qzveln ... 11.3 qzwil 
473 11.8 8.3(bt) -78(bl)(4.92) -8.0(ank) 2.1 qz.....,..., ,.lnlln bkich metaaedlmenl 

22.6(ank) . 
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M88-4 12.6 qzveln 
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14.3 per mil (Kyser et aL, 1986; Fedorowich et aL 1991; Table 6.4), and fall within the 

range exhibited by quartz from mesothermal gold deposits of all ages (Kerrich, 1989). 

The range of values seen in specific gold deposits is more restricted (e.g. Rio, 9.9 to 

10.6 ° /oo; Graham, 11.3 to 12.2 ° /oo), and is similar to the restricted ranges reported 

from individual deposits in the Archean Abitibi Belt (Kerrich, 1987). a 180 values of 

quartz from barren veins (Fig. 6.11) range from 5.6 to 15.5 permil (this study; Kyser 

et al., 1986; Fedorowich et aL, 1991) and overlap the data from auriferous quartz 

veins (Fig. 6.11 ), indicating that the oxygen isotopic composition of quartz is not a 

definitive exploration criterion for this area (Kyser et aL, 1986). However, there 

appears to be a relationship between the oxygen isotopic composition of barren 

quartz veins, and the oxygen isotopic composition of their host rocks (Fig. 6.11 ). 

Barren veins hosted by intrusive rocks have lower quartz a 180 values than barren 

veins hosted by the relatively 180-rich Missi sedimentary rocks. Barren veins hosted 

by Amisk volcanic rocks usually have intermediate a 180 values, but range up to 15.5 

permil. This relationship between the a 180 values of quartz in barren veins and their 

host rock is compatible with deposition of quartz in the barren veins from fluids 

derived locally under conditions of low water frock ratios. 

Tourmaline and chlorite from AJ mineralization at the Rio deposit have a 180 

values of 7.4 and 3.8 per mil, respectively (Table 6.4 ). These minerals are in textural 

equilibrium with quartz and give quartz-tourmaline and quartz-chlorite oxygen 

isotope equilibration temperatures of 385 ±30 and 395 ±300C, respectively. 

Muscovite from a Phantom Lake granite dyke zone vein has an oxygen isotopic 

composition of 7.5 per mil, which yields an oxygen isotope equilibration temperature 
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with coexisting quartz of 360 ±30 oc (Table 6.4). Chlorite at the Graham deposit is 

in oxygen isotopic equilibrium with coexisting quartz at 420 ± 30 °C. These 

temperatures suggest that vein formation at the Rio and Graham deposits occurred 

at temperatures between about 360 and 420°C. The oxygen isotopic compositions of 

vein silicates from the Tartan Lake mesothermal gold deposit, Manitoba, 12 km 

northeast of Flin Flon, record temperatures near 370°C (Fedorowich et al., 1991), 

which fall within the temperature range outlined above. 

The hydrogen isotopic compositions of the hydrous phases discussed above are 

shown in Table 6.4, as well as the calculated oxygen and hydrogen isotopic 

composition of the fluids in equilibrium with the vein minerals based on the 

temperatures calculated from oxygen isotopes. The Rio AJ and PLG veins form from 

a fluid with a h180 value of between 5.5 and 6.2 per mil and a bD value of between-

36 and -50 per mil. The Graham vein fluid is slightly enriched in 180, having a ~180 

value of 8.6 per mil and a aD value of -37 per mil. All these values are typical of 

fluids that have become 180-rich as a result of extensive fluid-rock interaction (Fig. 

6.12). 

Pyrites from the Ri? and Graham deposits exhibit a restricted range in sulphur 

isotopic composition from 2.8 to 5.5 per mil (Table 6.4). These values fall within the 

range of 1 to 6 per mil exhibited by mesothermal gold deposits of all ages (Kerrich, 

1989) and are similar to the range from 0.4 to 3.1 per mil reported by Kyser et al. 

(1986) and Fedorowich et aL (1991) for pyrite and chalcopyrite from gold-bearing 

veins from other mesothermal gold occurrences in the western Flin Flon Domain. 

Ankerites from the Rio, Graham, Henning-Maloney and Robinson Creek 
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occurrences exhibit a restricted range in 813C values of between -3.8 and -7.3 per mil 

(Table 6.4 ), which falls within the range exhibited by carbonates from Archean 

mesothermal gold deposits (Kerrich, 1989). The ~ 180 values of the ankerites are 

more variable (Table 6.4) and quartz-ankerite oxygen isotope equilibration 

temperatures calculated using the fractionation factor of Matthews and Katz (1977) 

are not concordant with those calculated using silicate mineral pairs. Variable .5 180 

values of carbonates are common in mesothermal gold deposits and can be attributed 

to later recrystallization and re-equilibration of oxygen isotopes in carbonates during 

later mineral-fluid interaction (Kyser et aL, 1986). 

6.5 Timing of Gold Mineralization 

Mesothermal gold occurrences in the western Flin Flon Domain are hosted 

in shear zones which crosscut all lithologies in the area. A maximum age of 1834 ± 13 

Ma for gold mineralization at the Rio deposit is provided by the age of the Phantom 

Lake granite and associated dykes (Ansdell and Kyser, 1991a), which are the 

youngest rock units in the area. A Phantom Lake granite dyke is overprinted by 

hydrothermal alteration and gold mineralization at the Rio deposit. 

The Rio deposit contains vein tourmaline and musco"9ite, minerals suitable for 

construction of a Rb-Sr isochron (Table 6.5). The tourmaline (sample 42) comes 

from an AJ vein (Fig. 6.3C), whereas the muscovite (sample 428) comes from a PLG 

vein (Fig. 6.3F). However, both phases were deposited from a hydrothermal fluid of 

very similar temperature and stable isotope composition, which implies that they 



Table 6.5. Rb-Sr isotope data for tourmaline (tour) and muscovite 
(muse) from the Rio deposit 

Sample Rb (ppm} Sr (ppm} 87RbJ88Sr 87SrJ88Sr 

42 tour 5.2 651 0.0233 0.702791± 36 
428 muse 163.2 86.6 5.5251 0.842000± 85 

Samples are described in Table 6.4. 
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were broadly contemporaneous. Given this assumption, the mineral isochron gives 

an age of 1760 ±9 Ma (Fig. 16.13A) and an initial 87Sr/86Sr ratio of 0.7022. 

An age of about 1760 Ma for the fluids associated with gold mineralization 

at the Rio deposit is similar to 40 Ar f39 Ar plateau ages obtained from muscovites 

associated with the Laurel Lake Au-Ag deposit (Fig. 5.1). Incremental step-heating 

analysis give plateau ages of 1746 ± 10 Ma for fine-grained muscovite in the 

alteration zone, and 1753 ± 10 Ma for coarse-grained vein muscovite (Fig. 5.10). The 

Laurel Lake deposit pre-dates peak regional metamorphism (Ansdell and Kyser, 

1991b), and is cut by shear zones that are similar in orientation and·relative timing 

to those that host mesothermal gold mineralization in the region. Although many of 

the minerals in the Laurel Lake deposit exhibit textures indicative of recrystallization, 

the oxygen and hydrogen isotopic composition of muscovite in mineralized veins and 

alteration zones indicate at least partial preservation of the original, pre-metamorphic 

stable isotopic signature (Ansdell and Kyser, 1991b ). Thus, any recrystallization at 

Laurel Lake probably did not occur in the presence of a pervasive fluid phase but 

rather under relatively dry conditions. The plateau ages at Laurel Lake are thus more 

likely to represent the timing at which the muscovites cooled through their closure 

temperature for Ar (about 350°C, Dallmeyer and Keppie, 1987) during the thermal 

event associated with fluid movement along the regional shear zones. Thus, the Rb-Sr 

isochron age of 1760 ±9 Ma obtained from the Rio deposit represents the time of 

mineral growth in veins from an auriferous fluid that was nearly contemporaneous 

with the thermal event that affected muscovite Ar-Ar systematics at the Laurel Lake 

deposit. Fedorowich et aL (1991) also reported an 40 Ar/39 Ar plateau age of 1791 ±4 
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Ma obtained from hydrothermal muscovite at the Tartan Lake gold deposit, 

Manitoba. The Tartan Lake and Rio deposits were both formed from similar 

hydrothermal fluids with oxygen isotope equilibration temperatures of between 360 

and 400°C (Table 6.4; Fedorowich et al., 1991). Together, these ages suggest that 

fluid flow and associated thermal affects related to hydrothermal activity along the 

shear zones in the western Flin Flon Domain occurred periodically over a period of 

tens of millions of years. 

6.6 Discussion of Results 

6.6.1 Constraints on ftuid and solute source 

Attempts to determine the source of gold in mesothermal gold deposits 

generally rely on the assumption that the gold is derived from the same source as the 

fluids or solutes in the deposit. The stable and radiogenic isotopic composition of 

hydrothermal minerals related to gold mineralization provide information on the 

characteristics of the fluid, which can be used to constrain possible sources of that 

fluid. 

The calculated oxygen and hydrogen isotopic composition of the fluids in 

equilibrium with vein minerals at the Rio and Graham occurrences, at the 

temperatures calculated using oxygen isotope mineral pairs, are similar to those of 

fluids that have formed from or interacted with metamorphic or igneous rocks at high 

temperatures and under conditions of low water/rock ratios (Fig. 6.12). The 

involvement of magmatic waters (fluids exsolved from magmas) is considered unlikely 
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in any of the western Flin Flon Domain gold occurrences, because all the observed 

intrusive rocks in the region predate gold mineralization by at least 40 Ma and fluid 

properties are dissimilar to well-documented magmatic hydrothermal fluids. The 

partial overlap between the isotopic composition of the fluids in the Rio deposit and 

typical magmatic water most likely indicates that these fluids interacted at low 

water/rock ratios with igneous rocks. The high S180 value of the fluid involved in the 

Graham deposit may indicate greater interaction with 180-rich sedimentary rocks of 

the Missi Group which host the deposit. Low-latitude meteoric waters with ~ D and 

~ 180 values of about -40 and -5 permil, respectively, could evolve to the calculated 

isotopic compositions for the Rio and Graham hydrothermal fluids by interaction 

with typical crustal rocks, but only under conditions of very low water /rock ratios. 

Under these conditions, the chemical and isotopic compositions of fluids derived 

directly from metamorphic dehydration will become similar to those from extreme 

interaction between extraneous water and metamorphic or igneous rocks. 

Carbon and sulphur are significant components of the hydrothermal fluids, as 

indicated by the high C02 content of early fluid inclusions, and the ubiquitous 

presence of carbonates and sulphides in the veins and surrounding alteration haloes. 

The 6 13C values of carbonates, and the .g34S values of pyrites from occurrences in 

the western Flin Flon Domain range from -4.5 to -7.3 per mil and 2.8 to 5.5 per mil, 

respectively. The carbon isotope data cannot alone differentiate between a magmatic 

source or an average crustal source, but do indicate that the bulk of the carbon was 

not derived from a reduced carbon reservoir (6 13C between -15 and -35° I oo) or a 

source dominated by marine carbonates (S 13C between -2 and +4°/oo) (Ohmoto and 
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Rye, 1979; Hoefs, 1987). The a34S values of sulphides in the western Flin Flon 

Domain are similar to typical sulphides in igneous rocks (Ohmoto and Rye, 1979), 

although they cannot be used to delineate between sulphur derived directly from 

magmas, or that derived by later high temperature dissolution or desulphidation of 

magmatic sulphide minerals. 

Tourmaline is commonly associated with mesothermal gold mineralization, is 

resistant to retrograde alteration, and has an extremely low Rb /Sr ratio, which makes 

it an ideal indicator of the strontium isotopic composition of the hydrothermal fluid 

and the source of the. strontium (e.g. King and Kerrich, 1989). A tourmaline sample 

from the Rio deposit has a Rb/Sr ratio of 0.008 and an 87Sr/86Sr ratio of 0.702791 

± 36 (Table 6.5). This is similar to the 87Sr f 86Sr isotopic compositions of tourmalines 

from late veins at the Laurel Lake deposit (Chapter 5; Ansdell and Kyser, 1991b) 

and to initial 87Sr / 86Sr ratios obtained from Amisk Group volcanic rocks and 

granitoids (Mukherjee et aL, 1971; Watters and Armstrong, 1985), which implies that 

the Sr was likely derived by leaching of Proterozoic island arc volcanic rocks and 

granitoids, similar in age and strontium isotopic composition to those exposed at 

surface. 

In summary, the isotopic compositions of 0, H, C, S and Sr in the 

hydrothermal fluids indicate that the fluids have interacted with crustal rocks similar 

to those presently exposed in the Flin Flon area under conditions of low water frock 

ratios. The temporal relationship between known igneous activity in the Flin Flon 

area and gold mineralization indicates that a magmatic source for the auriferous 

fluids is unlikely. Interaction between surface-derived waters and Flin Flon Domain 
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rocks could produce the observed isotopic compositions, however, the percolation of 

surface-derived waters to depths in excess of 15 km can be discounted from field 

evidence for lithostatic fluid pressures and such a scenario would require a large, as 

yet unidentified, heat source to drive fluid convection. The isotope systematics are 

best explained by deriving the fluids and solutes by devolatilization and dissolution 

reactions during regional metamorphism of rocks similar in age and composition to 

those presently exposed on surface. 

6.6.2 Depositional conditions 

Oxygen isotope equilibration temperatures have been calculated for quartz 

and chlorite, quartz and muscovite, and quartz and tourmaline in textural 

equilibrium, and provide estimates of the temperatures of formation of vein minerals 

(Table 6.4 ). These minerals are in textural equilibrium with pyrite and gold, 

indicating that the gold-bearing veins at the Rio deposit formed at temperatures 

between about 360 and 395°C, and the veins at the Graham occurrence formed at 

about 4200C. Fluid inclusion bulk homogenization temperatures cannot be used to 

provide minimum vein formation temperatures, because most of the early C02-rich 

inclusions decrepitate before homogenization. The measured decrepitation 

temperatures (Table 6.3), which are lower than the bulk homogenization 

temperatures, are also lower than the calculated oxygen isotope equilibration 

temperatures. 

An estimate of the trapping pressure can be made using isochores determined 

from the fluid inclusions and the temperatures determined by oxygen isotope 
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geothermometry (Fig. 6.14 ). C02-rich inclusions are prevalent in the AJ veins at the 

Rio deposit and at the Graham occurrence, and so isochores for pure C02 are used 

to limit the pressure conditions during vein formation. Primary inclusions in the PLG 

zone at the Rio deposit contain a visible aqueous phase; accordingly, bulk densities 

have been calculated using an estimated volume percent C02• Precise volume 

measurement is difficult and so estimated densities are subject to a large uncertainty. 

The constraints provided by the densities of the inclusions in conjunction with 

temperatures obtained from oxygen isotopes suggest a pressure of mineralization of 

approximately 1.5 to 3 kb (Fig. 6.14), equivalent to a depth of about 6 to 12 km 

assuming lithostatic pressure. The density of C02 in primary C02-rich fluid inclusions 

at the Monarch and Golden Cross occurrences are similar to that seen at the 

Graham occurrence, suggesting these three occurrences formed at about the same 

depth in the crust. Henning-Maloney, North Shear Zone, and IMC-Cain B showings 

generally have inclusions with lower density C02 than the adjacent Rio and Newcor 

deposits (Table 6.3; Fig. 6.9C) implying that the former occurrences may have 

developed at a lower fluid pressure than the latter deposits. 

Gold grade is generally correlated with sulphide content, and gold may occur 

as inclusions in sulphides, along grain boundaries, or in fractures, suggesting that 

initial gold deposition may be related to sulphide deposition. However, some of the 

gold may postdate sulphide deposition, or represent remobilization of early gold 

during continued deformation and fluid events. In low salinity, high-temperature 

mesothermal gold systems gold is transported as a reduced sulphur species (AuHS0 

or Au(HS)2
-) (Seward, 1989; Romberger, 1991). The 0, H, Sand C isotopic 
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compositions, and temperatures of the hydrothermal fluids are uniform, there are no 

known substantial compositional differences between early or late C02-bearing fluid 

inclusions in any of the occurrences examined, and gold occurrences are found in all 

lithologies in the western Flin Flon Domain implying that dilution, wall-rock 

sulphidation, oxidation or lowering temperature are not important mechanisms for 

destabilizing reduced sulphur complexes. However, sporadic variations in H20-C02 

phase ratios and the bulk fluid compositions and pressure and temperature conditions 

(Fig. 6.14) do suggest that phase separation may have occurred, at least 

intermittently, during the development of the gold occurrences. The unmixing of C02 

and H20, and the loss of C02 to the adjacent wall rocks to form carbonate, results 

in partitioning of H2S into the vapor phase, which destabilizes any Au-S complexes, 

or produces an increase in pH in the aqueous fluid. Romberger (1986) suggests that 

with an increase in ·pH, pyrite and gold may coprecipitate as auriferous pyrite. Later 

recrystallization of the pyrite allows the formation of discrete gold grains as 

inclusions within pyrite, and also along grain boundaries. 

6.6.3 Controls on the oxygen isotopic composition of quartz veins 

In the western Flin Flon Domain the oxygen isotopic composition of 

mineralized quartz veins range from 9.9 to 14.4 ° /oo (Fig. 6.11), although the range 

of values seen in specific gold occurrences or areas is much more restricted (Table 

6.4 ). This variation could be the result of differences in the temperature of the 

quartz-depositing fluid from area to area, variations in the isotopic composition of 

the fluid as a result of interactions with source or conduit rocks of different isotopic 
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compositions, different fluid/rock ratios, or some combination of the above. A range 

of temperature of about 2000C would be required if the regional variations are solely 

the result of differences in temperature, assuming uniform S 180 fluid. The 

equilibrium temperatures calculated using oxygen isotope pairs are 365 to 395°C for 

the Rio deposit, and 420°C for the Graham deposit. Fedorowich et al (1991) 

obtained a temperature of 370 ± 400C for hydrothermal fluids at the Tartan Lake 

gold occurrence using oxygen isotope geothermometry. Within analytical error, the 

temperatures for the three occurrences are similar. Thus, temperature variations are 

an unlikely explanation for the regional variations in the isotopic composition of 

quartz veins. 

The gold occurrences are spatially associated with shear zones which acted as 

fluid conduits. One scenario is that the isotopic composition of the fluids passing 

along these shear zones is controlled primarily by the isotopic composition of the 

source area, assuming low water /rock ratios in the source area, and a high 

water/rock ratio in the shear zones. Kerrich (1989) proposed this mechanism for 

fluids passing along the Destor-Porcupine and Larder Lake breaks in the Abitibi belt, 

Canada, which produced quartz that are not in isotopic equilibrium with the host 

rocks. However, a general correlation between ;; 180 values of quartz veins and host 

rocks in the Foothills Metamorphic Belt, California (Bohlke and Kistler, 1986), and 

Charters Towers, Queensland (Peters and Golding, 1989) indicate that the isotopic 

composition of the quartz veins in these areas is dominantly controlled by interaction 

with the host rock. Barren veins from the Flin Flon Domain have very limited 

alteration haloes, suggesting that the vein fluids were approximately in chemical 
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equilibrium with the wall rock, whereas many of the mesothermal gold occurrences 

in the Flin Flon area have larger, albeit limited, alteration haloes indicative of a fluid 

not in equilibrium with the immediate wall rock. However, the g 180 values of quartz 

from both auriferous and non-auriferous veins do vary with the isotopic composition 

of their host rocks (Fig. 6.11 ), which indicates that all fluids in the Flin Flon area 

must have interacted with rocks similar to those that host the deposits. The relatively 

small alteration haloes in most of the Flin Flon occurrences also imply that only 

limited quantities of fluid permeated the shear zones so that the rocks in the 

immediate environs of the shear zone controlled the isotopic and chemical 

composition of the fluids. Such low effective water frock ratios in the shear zones may 

have been a critical factor in limiting gold mineralization in the Flin Flon area. 

6. 7 Comparison with Archean Mesothermal Gold Deposits and economic potential 

of western Flin Flon Domain for mesothermal gold mineralization 

In general, mesothermal gold occurrences in the western Flin Flon Domain 

exhibit many similarities to the giant Archean deposits. They are all spatially 

associated with shear zones within the brittle-ductile transition zone, and there are 

local constraints on the locations of the deposits, e.g., competency contrasts, shear

zone jogs. The gold-bearing quartz veins in the Flin Flon Domain are surrounded by 

alteration envelopes, albeit small, of carbonate, albite, pyrite, muscovite, quartz and 

chlorite, as a result of interaction with structurally-controlled, low-salinity H20-C02 

hydrothermal fluids, at about 350 to 420°C and 2 kbar. 
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One major difference is that the amount of gold discovered in the western 

Flin Flon Domain is small in comparison with giant Archean deposits. The 

mesothermal gold reserves total 1.7 t for the western Flin Flon Domain, which is only 

about 1% of gold production at the Timmins camp (1700 t), Abitibi greenstone belt, 

and only 1% of production at the Golden Mile deposit ( 1200 t ), Yilgarn Block, 

Australia. The Tartan Lake gold deposit, western Manitoba (Fedorowich et al, 1991), 

adds only a further 5.4 t of Au to the above reserve estimate for the western Flin 

Flon Domain. Fyfe and Kerrich (1984) and Phillips et aL (1987) attempted to 

constrain the source volume required to produce the Au and other solutes in the 

Timmins, and Golden Mile deposits. They estimated that 1200 km3 of rock at 

reasonable concentrations of gold in the crust, and reasonable gold extraction and 

gold depositional efficiencies would be enough to produce a giant gold camp. The 

western Flin Flon Domain (Fig. 5.1) has an areal extent of about 1200 km2
, and so 

would be large enough to form at least one large gold deposit. The implication from 

these simple calculations is that a large mesothermal gold deposit might be present 

in the western Flin Flon Domain. However, this would likely require focussing of 

most of the available mineralizing fluids into a single structural zone rather than 

being dissipated along a large number of shear zones. 

The giant Archean gold deposits, and many smaller Phanerozoic analogs, are 

associated with crustal .. scale terrane boundary faults (Kerrich and Wyman, 1990) that 

represent structural zones active during the latter stages of arc .. continent, or 

continent .. continent collision (Barley et al, 1989; Hodgson and Hamilton, 1989). The 

spatial association of shoshonitic lamprophyres and mesothermal gold is used as 
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evidence for a more specific tectonic setting, namely oblique subduction in a 

transpressive/ collisional tectonic setting (Wyman and Kerrich, 1988). The presence 

of mantle-derived lamprophyric rocks, radiogenic isotope data on silicate minerals 

from many deposits indicating that the source for the solutes in the auriferous fluids 

involves more radiogenic, and thus older, rocks than those exposed at surface (e.g. 

King and Kerrich, 1989; Groves and McNaughton, 1991), and geochronological 

evidence linking hydrothermal activity to magmatic and metamorphic events in the 

lower crust, especially in the Abitibi belt (e.g. Corfu, 1987), have been used to 

emphasize the probable importance of a deep and heterogeneous source for the gold 

in Archaen deposits (e.g. Colvine, 1989; Fyon et aL, 1989). In the western Flin Flon 

Domain, the absence of lamprophyres associated with the shear zones may indicate 

that the shear zones are not trans-crustal features, and the isotopic data presented 

above suggest that the fluid and solutes are derived during the prograde 

metamorphism of rocks similar in age and composition to those exposed on surface. 

The extent of alteration and gold content of the occurrences in the western 

Flin Flon Domain suggest that the fluid flux through these vein systems was probably 

small in relation to the giant Archean deposits. This may be an indication that 

limited quantities of fluids were sampled in the western Flin Flon Domain relative 

to the Archean mesothermal gold deposits. There is, at present, no indication that 

there was more than one substantial hydrothermal event affecting the shear zones in 

the western Flin Flon Domain. However, in the Abitibi belt, Claoue-Long et al. 

(1989) suggest that gold was introduced during an early metamorphic event at about 

2680 Ma, which was then upgraded during a later hydrothermal event related to 
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intrusion of S-type collisional granites at about 2645 Ma (Feng and Kerrich, 1991). 

Alternatively, Bell et aL (1989), Jemieleita et aL (1990) and Wong et aL (1991) 

suggest that hydrothermal activity and related transport and deposition of gold 

occurred between 80 and 240 Ma after peak metamorphism. A multi-stage 

concentrating process may thus be important in the development of giant 

mesothermal gold deposits. It is possible that the small gold occurrences in the 

western Flin Flon Domain are similar to the less spectacular quartz veins in the 

internal portions of the Abitibi greenstone belt away from the major breaks. 

Although no large mesothermal gold deposits have been discovered, the Flin 

Flon Domain, including its western portion, remains a viable regional exploration 

target. As described above, the geological and geochemical character of gold 

occurrences in the western Flin Flon Domain exhibit many similarities to the giant 

gold deposits in Archean greenstone belts. Geochronological constraints on the 

timing of gold mineralization in the Abitibi greenstone belt in the Superior Province 

are ambiguous, but indicate that hydrothermal fluids were being pumped episodically 

along the regional and subsidiary shear zones over a long period of time. The 

evidence at present, albeit limited, does not support the presence of large-scale and 

multi-stage hydrothermal events in the western Flin Flon Domain. The last faulting 

event may be the most likely deformational event to have tapped hydrothermal fluids 

that had interacted extensively with lower and mid-crustal rocks, which themselves 

may have contained earlier gold mineralization. In the western Flin Flon Domain, 

the Ross Lake fault system represents a late brittle faulting event although, as yet, 

mesothermal gold mineralization has only been discovered in shear zones exhibiting 
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brittle-ductile characteristics. Regionally, the Tabbemor fault system may be a similar 

attractive exploration target. 

Gold occurrences in the Flin Flon Domain are concentrated in supracrustal 

rocks in the Flin Flon-Amisk Lake, Elbow Lake, and Snow Lake-Wekusko Lake 

areas (Galley et aL, 1989). However, the three largest gold deposits, Nor-Acme (19t 

Au), Tartan Lake (5.4t Au) and Puffy Lake ( 4t Au) are located along the boundary 

between the Flin Flon and Kisseynew Domains in upper greenschist to lower 

amphibolite grade rocks. The significance of this empirical observation is unclear, but 

at the time of mineralization this portion of the crust may have been at suitable 

pressure-temperature conditions to allow efficient deposition of gold in dilatant 

fractures in shear zones. Further exploration of sheared supracrustal rocks that have 

attained this metamorphic grade along the boundary with the Kisseynew Domain may 

be warranted. 

6.8 Summary of geology, fluid geochemistry, and timing of mesothermal gold 

mineralization 

The Flin Flon Domain is an example of a Proterozoic greenstone belt and, as 

in several Archean examples, hosts world-renowned volcan:ogenic massive sulphide 

deposits, e.g. Flin Flon, Snow Lake. The western part of the Flin Flon Domain also 

hosts a large number of meso thermal gold occurrences, all of which are sub-economic 

at present, but exhibit some characteristics typical of giant Archean mesothermal gold 

deposits. 
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The gold-bearing systems are associated with brittle veins in brittle-ductile 

shear zones that developed after the peak of metamorphism. Veins frequently 

developed close to contacts between lithologies exhibiting ductility contrasts, or in 

areas where shear zones change orientation. Vein mineralogy consists dominantly of 

quartz, pyrite and ankerite, with minor tourmaline, albite, chlorite and arsenopyrite, 

and is surrounded by variably developed but spatially limited alteration envelopes of 

quartz, ankerite, albite, pyrite, muscovite and chlorite, the actual modal proportions 

being a function of host rock composition and alteration intensity. The presence of 

alteration haloes, albeit restricted in extent, indicates that the mineralizing fluids 

usually were not in chemical equilibrium with the host rocks, whereas barren veins 

formed from fluids that were probably more locally derived and more nearly in 

equilibrium with the surrounding rocks. 

Fluid inclusion data indicate that the mineralizing fluids were dominantly C02-

H20-N aCl in composition, although the abundance of C02-rich inclusions is greater 

than for typical Archean deposits. Fluid inclusion salinities are variable, and range 

from 0.6 to 14.7 weight percent NaCl equivalent. Temperatures of mineralization are 

constrained by oxygen isotope mineral pairs to about 400°C, which, when used with 

isochores based on fluid inclusion density estimates, suggest that the pressure of 

mineralization was approximately 2 kb. Although H20-C02 phase ratios are relatively 

constant, there are areas in which the phase ratios are variable, which may indicate 

that fluid immiscibility was operating during the development of the veins. Changes 

in fluid chemistry, in particular an increase in pH, during phase separation, and local 

wall-rock interaction may have resulted in destabilization of gold-sulphur complexes. 
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The hydrothermal fluid was probably derived by devolatilization during 

prograde metamorphism. Sulphur, carbon and strontium isotopic analyses, though not 

equivocal, lend support to the derivation of solutes by leaching during 

metamorphism. The fluids and solutes were likely derived by prograde 

metamorphism of rocks similar in age and composition to those that presently host 

the gold occurrences. 

Mesothermal gold mineralization in the western Flin Flon Domain postdates 

1834 ± 13 Ma, the age of the youngest intrusive rocks in the area. A Rb-Sr mineral 

isochron for the Rio deposit of 1760 ± 9 Ma is similar to 40 Ar / 39 Ar plateau ages for 

vein and alteration muscovites from the Laurel Lake Au-Ag deposit of1746 ± 10 and 

1753 ± 10 Ma, respectively. The age of about 1760 Ma represents the time of 

muscovite and tourmaline growth from an auriferous fluid at the Rio deposit which 

was approximately contemporaneous with the thermal event that affected the Ar-Ar 

systematics of the muscovites at the Laurel Lake deposit. An age of 1791 ±3 Ma 

from the Tartan Lake deposit, Manitoba (Fedorowich et aL, 1991), implies that fluid 

flow along the shear zones, and related thermal affects, probably occurred 

periodically over a period of at least 30 Ma. 

Although the shear zones hosting the gold occurrences were active during the 

latter stages of the collisional orogeny in the Flin Flon · area, the lack of both 

lamprophyre dikes and of isotopic evidence for a fluid and solute source area 

distinctly different from the rocks exposed at surface, suggest that these shear zones 

do not represent trans-crustal structures. The small size of the mesothermal gold 

occurrences thus may be a function of the smaller rock and fluid volume sampled by 
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each shear zone, when compared to terrane-bounding faults, such as the Larder Lake 

-Cadillac or Boulder-Lefroy faults, in Archean greenstone belts. 



7. TECTONIC EVOLUTION OF THE WESTERN FLIN FLON DOMAIN 

The geological, geochemical and isotopic data obtained from granitoids, 

molasse sedimentary rocks, and epigenetic gold deposits provide limits on the 

development of an overall tectonic evolutionary model for the western Flin Flon 

Domain. This area forms a small part of the complex collage of Early Proterozoic 

terranes in the Trans-Hudson Orogen, northern Saskatchewan and Manitoba. The 

complexity is the result of ocean basin and island arc development followed by 

compressional tectonics during arc-continent and continent-continent collision (Lewry 

et al., 1990; Bickford et al., 1990). Recent age determinations in the Reindeer Zone 

of the Trans-Hudson Orogen have outlined the temporal sequence of geological 

events on a regional basis (e.g. Van Schmus et al., 1987; Gordon et al., 1990) and, 

more locally, in the western Flin Flon Domain (Fig. 7.1). The geochronological 

evidence places constraints on the timing and duration of significant geological 

processes. 

In the western Flin Flon Domain the oldest supracrustals are termed Amisk 

Group (Fig. 7.1 ). Lithological associations, primary structures, and major and trace 

element geochemistry suggest that many of the volcanic rocks formed in an island arc 

setting (Stauffer et al., 1975; Bailes and Syme, 1989). Gaskarth and Parslow (1987) 

and Syme {1990) have also identified suites of volcanic rocks in the East Amisk Lake 

and Athapapuskow Lake areas, respectively, which have geochemical characteristics 

more typical of ocean floor, and specifically back-arc environments. The island arc 
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and back-arc volcanic assemblages both contain massive sulphide deposits, although 

those in the island arc rocks are typically Cu-Zn whereas those in the ocean floor 

sequences are typically Cu only (Thomas, 1990; Thomas et aL, 1991). The ocean 

floor, and island arc volcanic assemblages are juxtaposed along major shear zones 

(Syme, 1990; Thomas, 1990), and within these assemblages correlation of volcanic 

units is also difficult (e.g. Bailes and Syme, 1987). Geochronological constraints on 

the evolution of these volcanic systems are limited, and so both the temporal and 

spatial relationships between the assemblages are unknown at present. Nd isotope 

analyses combined with trace element compositions suggest that Amisk Group 

magmas are derived by partial melting of a depleted mantle that has undergone 

secondary enrichment and was heterogeneous with respect to Nd isotopes (Thorn et 

aL, 1990; Stern and Syme, 1992). Nd values down to about +2.0 indicate that some 

of the magmas may include a small, older Early Proterozoic or Archean crustal 

component (R. Stem, pers. comm., 1992). Figure 7.2 is a schematic cross-section 

through the western Flin Flon Domain at the time of Amisk Group volcanism, and 

volcanogenic massive sulphide formation. 

The Mystic Lake ocean floor assemblage and associated intrusions record 

evidence of an early intense ductile deformation phase that likely developed prior to, 

or during, thrusting of this assemblage over island arc rocks in the Flin Flon area 

(Reilly, 1991). This occurred prior to intrusion of the large syn-tectonic granitoids 

(e.g. Reynard Lake; Fig. 2.3). Kinematic indicators suggest that this early ductile 

thrusting involved west-over-east movement, and within the thrust sheets the rocks 

generally young to the west (Reilly, 1991 ). The extent of these early thrust sheets is 
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unknown, but may indicate incorporation of fragments of back-arc crust into a still 

developing island arc system, probably as a result of complex arc-arc collision (Fig. 

7.3 ). Collision between island arc blocks may have clogged the original subduction 

zone resulting in isolation of the subducted crust in the asthenosphere. Later 

granitoids have geochemical characteristics associated with subduction-zone 

processes, which indicates that subduction was still an intimate part of the tectonic 

development of this region. Igneous activity at this time likely provided the thermal 

drive for hydrothermal circulation of seawater from which the Laurel Lake Au-Ag 

deposit was formed (Ansdell and Kyser, 1991b ). 

The granitoid plutons that postdate this early phase of thrusting in the Flin 

Flon area range in age from about 1860 to 1835 Ma (Fig. 7.1 ). They have 

geochemical and isotopic characteristics typical of subduction-related, primitive calc

alkaline magmas, although their initial Nd isotopic compositions indicate possible 

derivation by partial melting of Amisk Group-type lower arc crust. Partial melting 

may have been initiated in the basal portions of the tectonically-thickened arc crust 

by convection of hot asthenospheric mantle into the mantle wedge (Wyllie, 1984 ), or 

by detachment of cold mantle lithosphere which is then replaced by hotter mantle 

asthenosphere (Houseman et aL, 1981). The advection of heat into the crust by way 

of plutonism initiates the main phase of regional metamorphism and, locally, peak 

metamorphic temperatures were attained locally in the vicinity of these plutons. 

However, peak regional metamorphic conditions were reached later in most parts of 

the region, and were related to crustal thickening events resulting from continuing 

arc-continent and continent-continent collisional events. 
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Intrusive activity during this period was prevalent throughout the Reindeer 

Zone, and collision between the western and northern arc terranes of the Reindeer 

Zone, and the Hearne Province was likely marked by intrusion of the Wathaman 

Batholith at 1855 Ma (Bickford et aL, 1990). Early arc-continent collision thus 

occurred along the western and northern margins of the Reindeer Zone, and initiated 

development of major thrust sheets, which propagated southwards across the 

Reindeer Zone as the intervening ocean basins closed. Collision, crustal thickening 

and associated thrust sheet development, and advection of heat into the crust via 

plutons resulted in uplift and formation of mountain chains. Sediments derived by the 

erosion of uplifted volcanic and intrusive rocks were transported and deposited by 

river systems. In the Flin Flon area, facies variations (Zwanzig, 1990) and 

paleocurrent indicators in the Athapap Basin suggest a westerly or southerly source. 

Sediments were predominantly derived locally, although detrital zircons do provide 

evidence that older terranes were being eroded at the time of sedimentation (Fig. 

7.4 ). Molasse sediments in the Kisseynew Domain were probably derived from the 

north from the advancing thrust sheets related to collision with the Hearne Province 

(Zwanzig, 1990). Post-molasse intrusives, e.g. the Phantom Lake pluton, have 

geochemical and isotopic characteristics that are best explained by involvement of 

sediment with an older crustal component, either in tlte source region or by 

contamination within the crust. The location of the subduction zone involved in the 

formation of these late plutons, and the dominantly felsic volcanism interbedded with 

molasse sediments in the Snow Lake area, is unknown, but may lie closer to the 

Archean Superior craton to the east. 
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of deposition of molasse sedimentary rocks. Sediments generally fine towards the centre of the Kisseynew Domain, and 
to the easL Volcanic rocks interbedded with Missi sedimentary rocks are prevalent towards Snow Lake, east of this 
section. and have U-Pb zircon ages of about 1830- 1840 Ma (Gordon et al., 1990). They are likely related to a subduction 
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Peak regional metamorphism in the Flin Flon area was attained after molasse 

sedimentation, and the completion of calc-alkaline island-arc related plutonism (Fig. 

7.1). Bickford et al. (1990) indicate that peak metamorphic temperatures also 

postdated nappe emplacement.· In the central Kisseynew Domain peak conditions 

were about 7500C and 5.5 kbar (Gordon, 1989) and were attained at about 1815 Ma 

(Gordon et al., 1990), whereas in the lowest grade portions of the Flin Flon area 

(Fig. 2.5), rocks only achieved temperatures and pressures of about 300°C and 2 kbar, 

respectively (Digel and Gordon, 1992) (Fig. 7.5). England and Thompson (1984) and 

Peacock {1989) show that crustal thickening events generally occur over a short 

period of geological time, but thermal re-equilibration may take tens of millions of 

years with deeper portions of the crust attaining peak temperatures later than upper 

portions of the crust. Lewry et aL (1990) and Bickford et aL (1990) suggest that rocks 

in the Kisseynew Domain were thrust southwards over Flin Flon Domain rocks (Fig. 

7.6). However, the presence ofprehnite-pumpellyite grade rocks in the Flin Flon area 

indicate that the thickness of the overthrust rocks was unlikely to be more than about 

6km. 

Mesothermal gold occurrences in the western Flin Flon Domain were 

deposited at about 4000C and 2 kbar (Fig. 7.5) from hydrothermal fluids whose most 

likely source was devolatilization reactions during prograde metamorphism. However, 

the alteration and veining associated with peak regional metamorphism postdates 

peak regional metamorphism in the western Flin Flon Domain, and so the fluids 

must be derived from an external source undergoing prograde metamorphism at the 

time of mineralization. Ansdell and Kyser (1991a) suggested that continued degassing 
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Figure 7.6. Idealized,. approximately north-south cross-section showing thickening of Trans-Hudson Orogen crust 
as a result of thrusting of La Ronge arc crust and Kisseynew crust southwards towards and over the Flin Flon arc 
crust. The section is based on Lewry et al. (1990) and Bickford et al. ( 1990), and is more representative of the present 
structural geometry. However, peak metamorphism observed now in the respective areas results from equilibration 
of isotherms after this crustal thickening event. The present Kisseynew Domain was more deeply buried by 
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2 kbar. D3 deformation refers to the deformation phase in the Flin Flon Domain (see Table 2.1). Symbols as in 
Figures 7 .2, 7.3 and 7 .4. 
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of amphibolite and granulite grade rocks underlying the presently exposed Flin Flon 

Domain may be the source of the mineralizing fluid. However, the structure and 

geological history of the crust underlying the Flin Flon Domain is not known at 

present, although there is geochronological evidence that high grade metamorphism 

occurred in portions of the adjacent Kisseynew and Glennie Domains, and the Sahli 

gneisses in the Hanson Lake block between about 1815 and 1780 Ma (Gordon et al., 

1990; Collerson et aL, 1988; Craig, 1989). This age range is broadly compatible with 

the ages of 1760 ± 9, and 1791 ± 4 Ma obtained for the Rio (this study) and Tartan 

Lake (Fedorowich et aL, 1991) mesothermal gold deposits, respectively. This 

relationship does not imply that the mineralizing fluids were derived from these high 

grade terranes specifically, but does provide constraints on the timing of 

metamorphism and devolatilization that may have occurred below the exposed Flin 

Flon Domain. 

Ashton and Wilcox (1988), Lewry et aL {1990) and Bickford et aL {1990) show 

that the Flin Flon Domain was thrust over the Hanson Lake block along the 

Sturgeon Weir Shear Zone. U-Pb geochronology indicates that the Sturgeon Weir 

Shear Zone was active between 1806 ± 2 and 1767 ± 1 Ma (Ashton et aL, 1992). 

Although the metamorphic history of the Hanson Lake block is unknown, a more 

likely source for the gold-bearing metamorphic fluids may· be from medium-grade 

devolatilization reactions during thermal equilibration of Proterozoic rocks in the 

Hanson Lake block after overthrusting by the Flin Flon Domain (Fig. 7. 7). This 

period of thrusting, reactivation of earlier ductile shear zones in the western Flin 

Flon Domain, and back-folding of earlier formed thrust sheets in the Kisseynew 



w 
STURGEON WEIR RIVER AREA 

1760-1810 Ma 

MISS! METASEDIMENTARY 
ROCK/ 

E 
FLIN FLON AREA 

FLIN FLON 
DOMAIN 

AMISK 
METAVOLCANIC ROCKS 

Figure 7.7. Idealized cross-sectioo through the western Flin Flon Domain at the time of mesothermal fOld mineralization. The Flin Flon Domain 
wu thrust aver the Hanson Lake block atonf the Sturgeon Weir Shear Zone, which probably resulted m thermal re-c:quilibration of rocks in the 
Hanson Lake block. Metamorphic fluids denved from the Proterozoic rocks in the Hanson Lake block were focussed intO earlier P3 shear zones 
in the overlying Flin Flon Domain which were reactivated at this time (approximately during the development of the Embury Lake fold). Tbe 
gold occurrences formed at a pressure of about 2 kbar. Pegmatites and granites crystallized from melts produced during this thermal equilibration 
event at about 1760 to 1780 Ma (Bickford et at .. 1987; Sun et at .. 1992b). The Stturgeon Weir Shear Zone is a mid-crustal structural feature, and 
-is unlikely to extend to the base-of the lithosphere. Symbols similar to figures 7 .2, 7.3 and 7.4. 

~ ....... 



222 

Domain (Zwanzig, 1990) may be related to collision between the Superior Province 

and the Reindeer Zone, which occurred much later than arc-continent collision along 

the northern and western margin of the Reindeer Zone (Machado, 1990). 

Broadly synchronous with mesothermal gold mineralization was the intrusion 

of a number of pegmatitic granitoid sheets (e.g. Sun et al., 1991) between about 1780 

and 1760 Ma (Bickford et al., 1987; Sun et aL, 1992), localized predominantly in the 

Hanson Lake block. Partial melting to produce these granitic melts also occurred 

during thermal equilibration of the Hanson Lake block after thrusting. Such a 

mechanism has been described by England and Thompson (1986). 

Uplift and cooling rates in the high-grade portions of the Kisseynew and Flin 

Flon domains have been constrained by Gordon (1989) and Cumming and Krstic 

(1991). They show that the areas studied cooled slowly to about 200°C at 1700 Ma, 

and suggest isostatic rebound following erosion. During this phase of uplift, erosion 

and isostatic rebound, brittle movements occurred along a number of fault systems, 

e.g. the Tabbemor, and Ross Lake faults. They partially dismember the Trans

Hudson Orogen during the last stages of oblique continent-continent collision (Lewry 

et al., 1991). The products from erosion of the remnants of the Trans-Hudson Orogen 

mountain chains were likely deposited in the developing intra-cratonic Athabasca 

Basin to the west. Since this time, the Flin Flon Domain ahd the remainder of the 

exposed Reindeer Zone in northern Saskatchewan and Manitoba has remained part 

of a stable North American craton, and effects of other tectonic events have been 

limited. Onlap by marine sediments during the Phanerozoic have left no recognizable 

component in the rock record. However, the movement of fluids through the rocks 
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of the Reindeer Zone along reactivated fault zones may have left subtle geochemical 

signatures in the form of lower intercept U-Pb ages (e.g. Van Schmus et al., 1987), 

D-shifted silicate minerals (e.g. Kyser et al., 1986), and paleomagnetic poles 

recording iron oxide recrystallization and formation events (e.g. Kotzer et aL, 1992a) 



8.SUMMARY 

A complete study of the evolution of a geological terrane involves the 

integration of detailed geological, structural, geochemical, geophysical and isotopic 

studies. Mineral deposits are an economically important, but volumetrically small 

component of any terrane that are often overlooked when considering the 

development of an area. Recently, mineral deposits are now considered to be an 

integral part of the geodynamic evolution of a region, and the presence or absence 

of specific mineral deposits lends support to tectonic interpretations. 

The Flin Flon Domain in the Trans-Hudson Orogen, Canada, is an example 

of a Proterozoic greenstone belt that hosts world-class volcanogenic massive sulphides 

and a large number of epigenetic gold occurrences. The objective of this study was 

to provide constraints on the tectonic evolution of the western portion of the Flin 

Flon Domain by determining the age, and geochemical and isotopic characteristics 

of granitoid magmatism, the age and provenance of molasse sedimentary rocks, and 

the geological, geochemical and isotopic features of epigenetic hydrothermal gold 

deposits. This new data together with previous and ongoing studies on the volcanism 

and metamorphism place limits on the evolution of the western Flin Flon Domain. 

Granitoids were intruded at various stages during .the development of the 

western Flin Flon Domain, and the ages of these plutons can be used to limit the 

timing of deformation and metamorphism. The single-zircon Ph-evaporation 

technique was used to provide 207Pb/206Pb ages, and indicated that the majority of the 

plutons were intruded between about 1860 and 1835 Ma. Trace element systematics 
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show that all the plutons are typical of volcanic arc granitoids, and are related to 

subduction processes. Nd values indicate that partial melting of Amisk Group-type 

volcanic rocks at the base of the growing island arc crust were the likeliest source for 

the granitoid magmas. Each magma then underwent similar crystal-liquid 

fractionation trends, most likely related to progressive removal of pyroxene, 

amphibole, and plagioclase as well as apatite and zircon from the melt. The Boot 

Lake and Phantom Lake plutons have often been considered to be part of the same 

developing magma system. However, enriched K, Sr, Ba and REE concentrations in 

the Phantom Lake pluton and parallel fractionation trends suggest that there were 

differences in the development history of the respective magmas. Low eNd values for 

the Phantom Lake granite lend support to the possibility that an older crustal 

component may have been involved in its formation. Early Proterozoic and Late 

Archean detrital zircons in Missi metasedimentary rocks, which predate the Phantom 

Lake pluton may have provided this older component by either sediment subduction, 

or assimilation and contamination in the crust. The oxygen, strontium and 

neodymium isotopic systematics of selected granitoids emphasize that many of the 

contained minerals have been reset, at least partially, by sub-solidus alteration events. 

In particular, the Sm-Nd isotopic signatures of REE-rich minerals suggest open

system exchange, even though REE are often considered to be immobile. This has 

important consequences for the accuracy of whole rock Nd values, and further work 

is required to document the affect of open-system fluid-rock interaction on the 

concentrations of REE, and Nd isotopic composition of constituent minerals. 



226 

The ages of the Phantom Lake granite and the Graham Trail porphyry limit 

the timing of molasse sedimentation to older than 1840 Ma in the Flin Flon and 

Amisk Basins. The youngest detrital zircon from the Flin Flon Basin has a 

207Pb / 206Pb age of 1854 Ma, which provides a maximum age for sedimentation. This 

age range is at variance with a U-Pb age of 1832 Ma obtained from a felsic volcanic 

interbedded with sediments in the Snow Lake area, but emphasizes the diachronous 

nature of fluvial sedimentation related to mountain building during the Trans

Hudson Orogen. Detrital zircons from the Flin Flon Basin also provide the first 

evidence that older Proterozoic, or Archean rocks were being eroded at the time of 

Missi sedimentation, and support the contention that slivers of older crust were 

involved in regional compressional tectonics (Lewry et al., 1991). Also, the presence 

of euhedral zircons with ages between about 1900 and 1950 Ma imply that rocks of 

this age were likely present in the western Flin Flon Domain. This is being 

substantiated by recent mapping, and U-Pb geochronology which has thus far yielded 

two pre-1900 Ma ages of 1908 ± 3 Ma for the Mystic Lake tonalite (Heaman et aL, 

1991) and 1925 +50/-30 Ma for the South Main rhyolite (Syme et al., 1991). Further 

provenance studies on other molasse basins in the Flin Flon Domain and throughout 

the Trans-Hudson Orogen are warranted to better limit the paleogeography, and 

diachroneity of mountain building. 

Gold occurrences in the western Flin Flon Domain can be subdivided into two 

types based simply on timing, mineralogy and Au/ Ag ratios. The Laurel Lake deposit 

is, at present, the only known example of a pre-metamorphic gold deposit, and 

consists of branching quartz-muscovite-sulphide veins in hydrothermally altered 



227 

quartz porphyritic rhyolites and felsic fragmentals of the Amisk group. Mineralization 

consists of pyrite, sphalerite, tennantite, galena, chalcopyrite, arsenopyrite, stibnite, 

altaite and electrum, and generally has a Au/ Ag ratio of 5/1. Fluid inclusions and 

stable isotopes indicate that the mineralization was deposited from saline ( > 10.3 

wt.% NaCl equiv.), C02-rich, 300°C fluids, that were derived from seawater that had 

interacted with Proterozoic volcanic rocks. Unfortunately, Rb-Sr and Ar-Ar analyses 

of coarse-grained vein muscovites yield ages more consistent with the timing of 

metamorphism and deformation in the area rather than gold mineralization, even 

though they have partially retained their primary hydrogen isotopic compositions. The 

Laurel Lake deposit is best classified as a deep-level epithermal system which 

exhibits distinctive fluid, vein and alteration characteristics because of the 

involvement of seawater rather than meteoric water. 

The dominant type of gold mineralization in the western Flin Flon Domain 

is associated with quartz veins in shear zones that exhibit brittle-ductile 

characteristics, and postdate peak metamorphism. Vein and alteration mineralogy is 

simple, and typically consists of quartz-carbonate-albite-chlorite-muscovite

tourmaline-pyrite-arsenopyrite, with gold associated with sulphides. The hydrothermal 

fluids were dominantly C02-H20-NaCl ( < 14.7 wt.% NaCl equiv.) in composition, and 

deposited gangue minerals at about 4000C and 2 kbar during reactivation of the 

regional P3 shear zones between about 1790 and 1760 Ma. The fluids and solutes 

were derived by prograde metamorphism of rocks similar in age and composition to 

those that host the gold occurrences. However, mineralization postdates peak 

regional metamorphism in the Flin Flon Domain by about 20 Ma indicating that the 
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fluid source must be external. The timing of thrusting of the Flin Flon Domain over 

the Hanson Lake block is broadly compatible with the timing of mesothermal gold 

mineralization, and so it is suggested that fluids derived by devolatilization reactions 

during thermal equilibration in the Hanson Lake block were focussed into shear 

zones in the overlying western Flin Flon Domain. Evidence for this process must 

await detailed analysis of the metamorphic history of the rocks in Hanson Lake block 

and Flin Flon Domain, especially adjacent to the Sturgeon Weir Shear Zone. Overall, 

these gold occurrences are typical of mesoth~rmal gold deposits worldwide, although 

they are extremely small in relation to many in the Archean. The size of the gold 

deposits in the western Flin Flon Domain was a function of the small rock and fluid 

volume sampled by each shear zone. The dominant shear zones were not trans

crustal features but likely only sampled mid-crustal terranes, and the large number 

of shear zones active at this time shared the limited amount of available auriferous 

fluid. 
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APPENDICES 

Al. ANALYTICAL TECHNIQUES 

Mineral compositions of vein and alteration minerals from gold occurrences, 
and from selected samples of granitoids were determined by wavelength dispersive 
analysis using a fully-automated JEOL JXA-8600 X-ray microanalyzer. Textural 
information was provided by back-scattered and secondary electron imagery. 
Accelerating voltage of 15kV was used for silicates and carbonate analyses. An 
accelerating voltage of 20k V was used for sulphides and gold analyses. Calibration 
standards used for specific minerals are outlined in Table 5.1 and Appendix A6. Data 
were corrected and reduced using ZAF and Phi-Rho-Z correction programs, provided 
by Noran Instruments, for silicates and sulphides, respectively. Major element oxide 
wt. % are generally precise to ± 1% of the total, whereas minor elements in a 
mineral are precise to about 10 %. 

Whole rock samples, from which weathered portions had been removed, were 
crushed and milled in agate prior to being fused with lithium tetraborate. Major and 
trace element (Rb, Sr, Ba, Zr, Nb, Y) compositions were determined using a Phillips 
PW1600 simultaneous x-ray fluorescence spectrometer. The detection limit for major 
elements was 0.01 wt.%, and for trace elements 10 ppm. Replicate analyses of the 
same powders (see Appendix A5 for analyses) indicate that precision is variable, 
ranging from about 1% for major elements to over 25% for trace elements, and is 
a function of element concentration, sample heterogeneity and analytical error. 
Sample preparation and analysis were performed by X-ray Assay Laboratories, Don 
Mills, Ontario. 

Selected granitoid whole-rock samples were analyzed by inductively-coupled 
plasma mass spectrometry (ICP-MS) to determine the concentration of the following 
trace elements (with detection limits in ppm in parentheses): Be (1.2), Rb (0.36), Sr 
(0.28), Ba (0.07), Cs (0.02), Ta (0.01), Th (0.02), U (0.01), Zr (0.02), Hf (0.03), Nb 
(0.01), Y (0.02), Sc (1.5), V (0.08), La (0.04), Ce (0.03), Pr (0.03), Nd (0.03), Sm 
(0.03), Eu (0.01), Gd (0.03), Tb (0.01), Dy (0.02), Ho (0.01), Er (0.01), Tm (0.01), Yb 
(0.02) and Lu (0.01). Aliquots of the powdered samples used for XRF analysis were 
recrushed using an agate mortar and pestle to pass through a 65 p,m mesh sieve. 
About 200 mg of the recrushed powder was digested using the sodium peroxide sinter 
technique (Robinson et aL, 1986) to determine REE concentrations, while about 150 
mg of this powder was digested using doubly-distilled HF-HN03 following the 
technique of Jenner et aL (1990) to determine other trace .element concentrations. 
After digestion, the samples were dried, equilibrated with 8N HN03, and taken up 
to a solution weight of about 100g by addition of Nanopure H20. The analytical 
conditions are described by Fedorowich et aL (1992), while the calibration and data 
reduction procedure is similar to that used by Jenner et aL (1990). 

Microthermometric observations of fluid inclusions were made on doubly
polished wafers of between 100 and 500 JJm thickness using a calibrated USGS-type 
gas-flow heating and cooling stage. Thermocouple calibration indicates that 
instrumental errors in temperature determinations are ± 0.1 oc at low temperatures, 
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and ± 0.4°C at high temperatures. C02 melting and C02 homogenization 
temperatures are reproducible to ± 0.1 °C, whereas other measurements are less 
precise with the maximum error being ± l.OOC. Imprecision also increases as the size 
of the fluid inclusions decrease. 

Mineral separates for stable and radiogenic isotope analyses were obtained 
using standard crushing, sieving, magnetic separation, heavy liquid, and hand-picking 
techniques, and were checked for purity optically and by X-ray diffraction. Apatite 
and carbonate were washed in deionized water, whereas other minerals were leached 
in HCl and washed. Doubly-distilled acids and water were used for samples that were 
to be dissolved for radiogenic isotope analysis. 

Oxygen was quantitatively removed from silicate mineral separates using the 
BrF5 technique of Clayton and Mayeda (1963). Hydrogen and the water content of 
hydrous minerals were obtained using the techniques of Bigeleisen et al. (1952) and 
Kyser and O'Neil (1984). S02 was obtained from the sulphide mineral separates 
using the technique of Rafter ( 1965). C02 was derived from ankerite by reaction with 
H3P04 (McCrea, 1950) at 50°C for 2 days. Oxygen, hydrogen, sulphur and carbon 
isotope analyses were performed using conventional isotope ratio mass spectrometry, 
and the results are reported in units of permil relative to Vienna Standard Mean 
Ocean Water (V-SMOW; 0 and H), Canyon Diablo Troilite (COT; S), and Pee Dee 
Belemnite (PDB; C). Replicate analyses indicate that reproducibility is ± 0.2 permil 
for S180, ±3.0 permil for SO, ±0.2 permil for ~ 34S, and ±0.1 permil for ,d 13C. Using 
these techniques the \~ 180 value of NBS-28 quartz is 9.6 permil, the \' D value of NBS-
30 biotite is -65 permil, the S34S value of NBS-123 sphalerite is 16.9 permil, and the 
a 13C and S180 values of NBS-19 limestone is 1.9 permil and 28.6 permil, respectively, 
at the University of Saskatchewan. 

Whole rock and mineral ~~_parates were spiked with the appropriate amounts 
of 84Sr, 87Rb, and mixed 149Sm-~d tracer solutions prior to digestion. Granitoid 
whole rocks were dissolved in Teflon bombs in a pressure vessel at about 220°C in 
doubly-distilled HF-HN03• Apatite was dissolved in 6N HCl, whereas all other 
minerals were dissolved in HF-HC104 or HF-HN03 mixtures. All mineral dissolutions 
were performed in screwtop Savillex on a hot plate ( -100 to 150°C). Rb, Sr, Sm and 
Nd were separated using conventional cation exchange columns, employing a two
stage procedure. Sr and Rb were loaded with phosphoric acid on single Ta filaments, 
whereas N d and Sm were loaded with phosphoric acid on Re double filaments, prior 
to isotopic analysis using a Finnigan MAT 261 multi-collector mass spectrometer. 
The isotopic ratios of Sr were normalized to 86Sr/88Sr = 0.1194, Nd to 146Nd/144Nd 
= 0.7219, and Sm to 147Sm/152Sm to 0.56081. 85Rb/87Rb ratios were corrected for 
mass fractionation by comparison with NBS984 Rb standards, and was generally 
about 0.5% per a.m.u. Replicate analyses of NBS987 Sr standard yielded a mean 
87Sr/86Sr ratio of 0.710243 ± 15, La Jolla Nd standard yielded a mean 143Nd/144Nd 
value of 0.511844 ± 16, and Ames Sm standard ~elded a mean 149Sm/152Sm value 
of 0.516931 ± 22. The decay constants used for 87Rb (1.42 X 10-11 yr-1

) and 147Sm 
(6.54 X 10-12 yr-1

) are those recommended by Steiger and J~er (1977). ENd values 
were calculated using the following reference values: 143Nd/1 NdCHuR(o) = 0.512638, 
147Sm/144NdcuuR(o) = 0.1967, and have estimated uncertainties of between 0.5 and 1 
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e-unit. Procedural blanks were about 50pg for Rb, 300pg for Sr, 30pg for Sm, and 
100pg for Nd. 

207Pb / 206Pb ages were obtained from zircons using a modified version of the 
single-zircon Ph-evaporation technique (Kober, 1987; Ansdell and Kyser, 1991a). The 
procedure at the University of Saskatchewan, and the textural and compositional 
changes undergone by zircon during this technique are described in detail in 
Appendix A2. 

Ar-Ar isotopic analyses were performed at Ohio State University on 
muscovites from an altered quartz-feldspar porphyry, and a quartz-sulphide-muscovite 
vein at Laurel Lake. Irradiation, extraction and mass spectroscopy were done as 
described by Foland et aL (1984). Ages were calculated after correcting for mass 
discrimination, irradiation induced mass interferences, atmospheric argon, and blanks. 

All sample preparation and analyses were performed at the University of 
Saskatchewan unless otherwise stated. 



A2. SINGLE-ZIRCON Ph-EVAPORATION TECHNIQUE 

A2.1 Analytical procedure 

A modified version of the single-zircon Ph-evaporation technique (Kober, 
1987; Ansdell and Kyser, 1990b, 1991a; Ansdell et aL, 1992~ is now being used 
routinely at the University of Saskatchewan to provide 207Pb/ Pb ages of zircons. 
The steps involved in obtaining an age are described below, but all prospective users 
should read Kober (1986; 1987) for the theory and application of the technique. The 
textural and compositional changes undergone by zircon during the application of this 
technique are described in detail by Ansdell and Kyser (1992b). 

Zircon separation 
A single zircon is all that is required theoretically to date a rock using this 

technique and therefore a hand specimen may provide enough sample. However, 
depending on the origin of the rock, the zircon population may consist of a mixture 
of different morphological types representative of different ages, and so a larger 
sample is preferred. 

The sample is jaw-crushed, swing-milled, and wet-sieved. The size fraction of 
interest is -60(250,um)+ 120(120,um) mesh, since zircons of this size are ideal for 
placing in a folded Re filament. For large samples, the -60 + 120 fraction should be 
first passed over a Wilfley Table to obtain a heavy mineral concentrate. To speed the 
process, the swing-milled material could be passed over a Wilfley Table prior to 
sieving. This washes the material as well as providing a heavy mineral concentrate. 
In this case, the heavy mineral fraction should then be sieved to provide the relevant 
size fraction. 

Magnetic or paramagnetic minerals are then removed from the heavy mineral 
concentrate using a hand magnet and standard Frantz magnetic-separation 
techniques. Zircon is non-magnetic at the highest current setting and side tilts of 10° 
or greater, and will be concentrated in the same collection cup with quartz, feldspar, 
pyrite, and apatite. Once the bulk zircon fraction has been obtained magnetic 
separation can be used to separate metamict zircons, which can be magnetic at side 
tilts of 1 to 2°, from non-magnetic zircons which are more likely to be concordant 
(Krogh, 1982). 

Methylene iodide (MEl; density = 3.325) is then used to separate zircon and 
pyrite, which sink, from quartz, feldspar and apatite, which float. The non-magnetic 
fraction should be well-stirred after the material is added to the heavy liquid to break 
up any aggregates that may have formed. Standard safety procedures should be 
followed for MEl because it is extremely toxic. The sink fraction is released onto 
filter paper, washed with acetone, and allowed to dry. 

The jaw crusher, swing mill, sieves, Frantz, and separation funnels should be 
well-cleaned between each sample to prevent cross-contamination among zircon 
samples. 
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Filament preparation 
Materials needed: 1. outgassed Re side filaments 

2. round Teflon block, with small Teflon support block 
3. scalpel 
4. fine-pointed, and snub-nosed tweezers. 
5. binocular microscope 

The zircon filaments are made from outgassed Rhenium side filaments. The 
filament posts are inserted into the holes in the round Teflon block and then the 
small Teflon block is slipped underneath theRe filament, grooved-side downwards. 
The wide portion of the scalpel is used to press the Re filament against the small 
Teflon block, and then a groove is scored down the centre of the portion of the 
filament by pressing downwards with the scalpel blade onto the block. The remainder 
of the preparation takes place with the aid of a binocular microscope. The fine
pointed tweezers are used to fold both edges of the filament to form an open trough, 
the sides of which should be of equal height. The final stage is to crimp tightly both 
ends of the open trough using snub-nosed tweezers to provide a boat-shaped trough 
into which the zircon is placed. It is best to fold as many filaments as necessary prior 
to loading the zircon. Generally, even poorly made filaments are useable if the zircon 
can still be held in the filament. However, during filament preparation a note should 
be made as to how well the filament has been made, and the most important zircons 
should be loaded into the best filaments. 

Zircon loading 
Two binocular microscopes are placed next to each other. The folded filament 

is placed on the round Teflon block and the other Teflon block inserted below the 
filament before placing under one of the binocular microscopes. The zircons of 
interest are placed under the other microscope. A pin can be used to pick up a single 
zircon, which is then carefully dropped into the boat-shaped trough on the filament. 
The zircon is held in the filament by further careful crimping. The best approach is 
to close the filament around the zircon, and then to crimp the remainder of the 
trough. A small slit should remain open after crimping around the zircon through 
which the zircon should be visible. Pb and other elements that are released from the 
zircon will escape from the filament through this slit. 

Carousel preparation 
A total of thirteen spaces are available on a carousel, and should include two 

dilute Pb standards, and one zircon standard (e.g. Otto Stock). The remaining ten 
spaces are available for unknowns. 1 or 2,ul of dilute 982 Pb standard should be 
loaded first on to each of two outgassed Re centre filaments, following standard 
clean-loading procedures for Pb isotopic analysis. The carousel should then be 
removed from the magazine preparation unit, and clean slits placed over the two 
filaments. The carousel is then ready to load the zircon filaments. 

Prior to mounting each sample filament onto the carousel, the filament should 
be checked under the binocular microscope to determine whether the zircon is still 
present. This prevents wasted mass-spectrometer time by loading empty filaments. 
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The sample filament is mounted on the evaporation side of the carousel (away from 
the locking device), and another unfolded, outgassed Re side filament is mounted on 
the ionization side. The two filaments must then be carefully aligned so that the slit 
in the zircon filament is exactly opposite the face of the ionization filament. Pb and 
other elements released from the zircon are then efficiently sputtered on to the 
ionization filament. Once the two filaments are aligned a clean slit is placed over 
them before mounting the next zircon filament. Make sure that the ionization 
filament is visible through the slit, and that the filament posts do not ground to the 
slit. The above procedure is repeated for each zircon filament. 

Analytical procedure 
All Pb isotopic measurements are performed in single-collector mode using 

the secondary electron multiplier (SEM). The dilute 982 Pb standard is used at the 
start of each day to centre each Pb mass in the SEM, and at least two blocks are 
normally acquired at a filament temperature of about 12000C to provide constraints 
on mass fractionation. The 206Pb peak should be monitored during the course of the 
analysis. 

The first part of the analysis is to remove any Pb that is present on the 
surface, in cracks, or in very unstable portions of the zircon, and is essentially 
equivalent to cleaning and abrading zircons prior to dissolution in the conventional 
U-Pb technique. The current through the ionization filament is increased to 3.0A 
( -1650°C) and the evaporation filament increased to 1.8A ( -1200°C). By this stage 
a signal should be present, and the zircon is then left for about 10 to 15 minutes to 
allow this "low temperature" Pb to be removed. The signal should decrease towards 
background values, but may not reach it because Pb from more crystalline domains 
may start to diffuse slowly out of the zircon. 

When "cleaning" is complete, the ionization filament is reduced to zero, and 
the temperature of the evaporation current is increased to about 2.2A ( -14500C). At 
this stage Pb and other elements from more retentive portions of the zircon are 
being released from the crystal, and sputtering onto the cold ionization filament. The 
evaporation procedure is allowed to continue for about 10 to 15 minutes. A decrease 
in signal to background levels during any evaporation step indicates that all the 
available Pb has been released from the zircon. 

After the evaporation period, the current through the evaporation filament is 
reduced to about 1.2A. This represents the only major modification of the technique 
described by Kober (1987), and prevents Pb from the ionization filament from being 
redeposited on to the evaporation filament during analysis:The ionization filament 
current is raised slowly to a temperature of about 1.8A ( -1200°C), which is the 
preferred temperature for Pb analysis. 

The acquisition sequence can be started when a suitable signal has been 
achieved. Over 1 V on 206Pb i~referred, although stable, long-lived beams and 
precise 207Pb j206pb and 208Pb I Pb can be obtained with voltages in the lOOm V 
range. The ability to measure meaningful 204Pb/206Pb ratios is dependant on the 
intensity of the signal, because the 204Pb/206Pb ratio is commonly on the order of 10 
000. However, it is suggested that even at lower voltages a block should be acquired 
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because the first few mass scans may provide the only information on the Pb isotopic 
composition of that zircon. 

The isotopic composition of Pb is measured in single-collector mode using the 
secondary electron multiplier, controlled by the data collection program in 
Experiment 17. Data is acquired by peak hopping in the following sequence, 204-206-
207-208-207-206. One block of data consists of ten such scans, and each scan consists 
of two 207Pb / 206Pb ratios, a 208Pb f 206Pb and a 204Pb f206Pb ratio. The raw data is 
corrected using a mass fractionation factor of 0.11 %/a.m.u. Although the average for 
each block is printed out, the important ratios for age determination are the 
individual mass scans. Therefore, in the analysis table, the long printer report should 
be specified. Each analysis is continued until the Pb signal falls to background levels, 
or until the relative deviation between the 207Pb f 206Pb ratios in a single scan increases 
to over 1%. At this variation the precision is markedly reduced. 

Prior to the next evaporation step the ionization filament is cleaned by raising 
the current to 3.5A The current through the ionization filament is then reduced to 
zero, before the current through the evaporation filament is increased by about 0.5A 
(a temperature increase of about 20 to 50°C). The analytical procedure is then 
repeated. The best analytical procedure will include as many eva~ration steps as 
possible, and the most convincing evidence for a likely concordant Pb / 206Pb a~ is 
a number of higher temperature evaporation steps which yield the same 207Pb / 2 Pb 
ratios. 

Data treatment 
The data treatment procedure follows closely that explained in Kroner and 

Todt (1988). Unless the 207Pb/206Pb ratios from more than one evaporation step are 
similar, then only the ratios obtained from the highest temperature evaporation step 
should be considered. The 207Pb j206pb ratios from each mass scan should be entered 
into a SuperCalc file. The two ratios from each mass scan are then divided by each 
other, and only those ratios that are within 1% of unity are considered for age 
determination. This method removes ratios that were collected during unstable 
portions of an analytical run. The average 207Pb f206Pb ratio for each mass scan is then 
calculated, and these values used to determine the average 207Pb j206pb value and 
standard deviation for that evaporation step. To convert the average, and 
(average+2sigma) 207Pb/206Pb ratios to an age, the PBDATE program should be 
used, which is in the GEOCHRON subdirectory of GEOCHEM on the HP in room 
241.2. For simplicity, the 207Pb / 206Pb ratios should be input from the keyboard, and 
the calculated ages d~layed on the screen. Typical methods of data presentation 
include graphs of Pb / 206Pb vs. 208Pb f206Pb or 207Pb / 206Pb vs. evaporation 
temperature or histograms of 207Pb/206Pb ratios (e.g. Kober, 1986, 1987; Kroner and 
Todt, 1988; Kober et aL, 1988). 
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A2.2 Textural and chemical changes undergone by zircon. 

Introduction 
Zircon is the most commonly used mineral for U-Pb geochronology because 

it has a high U /Pb ratio, is generally resistant to isotopic resetting, and occurs in a 
variety of rock types. The single-zircon Ph-evaporation technique (Kober 1986; 1987), 
which is described in detail in Appendix A2.1, is used to obtain 207Pb / 206Pb ages for 
zircons. However, some U-Pb geochronologists consider 207Pb j 206Pb ages obtained by 
Ph-evaporation to represent minimum crystallization ages for the zircon because 
there is no independant evidence that the zircon ages are concordant (e.g. Beaman 
and Parrish, 1991). A variety of studies comparing ages from the single-zircon Ph
evaporation technique with ages obtained using U-Pb geochronology indicate that the 
207Pb/206Pb ages are usually identical to concordant U-Pb ages (Kober, 1986; 1987; 
Kroner and Todt, 1988; Ansdell and Kyser, 1991a; Ansdell et al., 1991). 

The 207Pb/206Pb age profiles obtained during step-heating (e.g. Kober, 1986; 
Kober et al., 1988) are analogous to the age profiles obtained during 40 Ar/39 Ar step
heating, which are considered to represent a profile of the distribution of radiogenic 
40Ar within a given sample (Turner et aL, 1966). Recently, the interpretation that Ar
Ar profiles are related to volume diffusion of Ar during step-heating has been 
questioned by Gaber et aL (1988) and Lee et al. (1991). These workers show that 
during step-heating in a vacuum, hydrous minerals such as biotite and amphibole 
undergo phase changes at various temperatures that is concurrent with extensive Ar 
release. The objective of this study is to document the morphological and 
compositional changes that a zircon undergoes as a result of heating up to 
temperatures of 1650°C under vacuum during Ph-isotope analysis so that the process 
by which Pb is released from the zircon, and the geological significance of the 
207Pb/206Pb ages obtained may be revealed (see Ansdell et al., 1991). Results of 
preliminary attempts to obtain 207Pb j 206Pb ages from baddeleyite, titanite and apatite, 
and Hf isotopic composition of single zircons are also reported. 

Analytical methods 
The analysis of single zircons by the Ph-evaporation technique at the 

University of Saskatchewan is described in Appendix A2.1. Analysis of Pb from the 
zircon is usually continued until all the Pb has been removed from the zircon, and 
the 207Pb / 206Pb age for each heating step is calculated using the technique outlined 
by Kroner and Todt (1988). An age plateau is considered to represent the age of the 
zircon, similar to the step-heating Ar-Ar method. If a good plateau is not attained 
then the highest temperature step represents the minimum age of the zircon. A 
selection of zircons, some of which still retained some Pb, were removed from their 
filament and analyzed using a JEOL JXA-8600 electron microprobe. Back-scattered 
electron images and wavelength dispersive analyses were obtained from carbon
coated samples and secondary electron images from gold-coated samples. 

Results 
Inspection of zircons after removal from the mass spectrometer indicates that 
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every zircon turned a milky white color irrespective of original color and the number 
of heating steps. The majority of zircons retain their original morphology, but become 
very friable after heating. Secondary electron microscopy of the surface of a partially 
reacted zircon reveals that the surface is more irregular and porous than an 
unreacted zircon (Figs. A2.1A and lB). Under high magnification, the surface is seen 
to consist of channels into the crystal indicating a highly porous material (Fig. A2.1 C 
and lD). The foam texture of the surface is suggestive of annealing with formation 
of triple junctions (Fig. A2.1D). The high porosity indicates a volume decrease occurs 
during the alteration process. 

Back-scattered electron images and microprobe analyses of partially analyzed 
zircons with no compositional zoning or structural defects (e.g. Fig. A2.2A), indicate 
the zircon has reacted preferentially from the margins inwards, as shown by the 
porous texture of the margin (Fig. A2.2B). Heating of the zircon converts the reacted 
portion to a porous zirconium oxide with an associated loss of silica (Table A2.1; Fig. 
A2.2C). In more internally complex zircons, the reaction process preferentially affects 
zircon adjacent to cracks and mineral inclusions, as well as the margins of the crystal 
(Fig. A2.2C). A partially-analyzed zircon with typical magmatic zoning, as indicated 
by differences in grey levels from BSE images (Fig. A2.2D ), exhibits a compositional 
control on the reaction process. When step-heating is complete zircons exhibit a 
homogeneous porous texture (Fig. A2.2E). 

The ionization filament is usually cleaned by heating to high temperature 
(about 2200°C) after each analysis. The material deposited on the ionization filament 
is thus evaporated, which prevents Pb from the next evaporation step from mixing 
with Pb derived from the previous temperature step. Ionization filaments prior to 
thermal cleaning have a residue consisting of silica, and, during the course of some 
mass spectrometry analyses, mass scans indicate that Pb, REB, Hf and a suite of 
other trace elements are also deposited with silica on the ionization filament during 
each evaporation step. 

Zircons are an important Hf reservoir in the continental crust, and the Hf 
isotopic composition of zircons may provide an important constraint on their source 
area (e.g. Stevenson and Patchett, 1990). 1~, the most abundant Hf isotope, was 
monitored during the course of Pb isotope analyses of zircons from Early Proterozoic 
granitoids from the Flin Flon area, Canada (Ansdell and K1sser, 1991a). At filament 
temperatures of a typical Ph-evaporation analysis, the ~ intensity was only 
marginally above background levels, but significant signals were obtained by 
increasing the evaporation and ionization filament temperatures to about 2300°C. 
However, electron microprobe analyses of reacted zircons (Table A2.1) indicate that 
some Hf is retained within the zirconium oxide phase that forms during the 
breakdown of zircon. In addition, measurement of 176Hf using the evaporation 
technique is intractable without prior element separation because of mass 
interferences from 176Lu and 176Yb. 

Implications for dating zircons using the Ph-evaporation technique 
Zircons are often internally heterogeneous, and may contain growth zones, 

cores, metamict 



Figure A2.1. Secondary electron images of zircons. A. Typical euhedral zircon from a 
suite of detrital zircons analyzed by Ansdell et al. (1992). B. Typical appearance of a zircon 
after heating in a mass spectrometer to 162QoC. Euhedral zircon from Missi 5 suite, which 
yielded a 207Pbf206Pb age of 1865 ± 25 Ma (Grain 2, Missi 5; Table 4.1; Ansdell et al., 
1992). C. Close-up of surface showing porous texture. D. Close-up of surface showing 
channels, and annealed texture with triple junctions. 





Figure A2.2. Back -scattered electron images of partially and completely reacted zircons. A. 
Partially analyzed zircon that was originally devoid of zoning prior to analysis (AS3, Table 
A2.1) The reaction front progresses inwards from the margin. B. Close-up of the reacted 
margin of a zircon (FC1, Table A2.1) emphasizing the porous texture exhibited by the new 
zirconium oxide phase. C. Wavelength dispersive mapping of Si and 7z distribution 
emphasizes the Si-poor character of the reacted margin relative to the unreacted internal 
portions of the zircon (89-22, Table A2.1 ). Note that the zircon has also reacted 
preferentially along cracks and around inclusions. D. Partially analyzed zircon containing 
typical magmatic growth zones (W506, Table A2.1). The zircon preferentially reacts around 
the margin and along the more U-rich growth zones. E. Completely-reacted Otto Stock 
which yielded a 207Pbfl06Pb age of 2687 ± 12 Ma. An age of 2680 ± 1 Ma has been 
obtained by high-precision U-Pb geochronology (Corfu et al., 1989). 
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Table A2.1. 8ectron microprobe analyses of representative unreacted and reacted zircons. and Pb Isotopic 
compositions and 107Jlbi20'Pb ages obtained using the single-zircon Pb-evaporation technique. 

Sample no AS3 FC1 
Sample Duluth anorthosite Duluth anorthosite 
location Minnesota Minnesota 

(wt.%) unreacted reacted unreacted reacted 

Si01 30.81 . 32.80 

z.o. 68.04 97.20 88.49 92.25 

HfOI 1.62 2.18 1.05 1.40 
CaO 

ThO. . 0.08 0.05 0.08 

u,o. - - 0.05 
Total 98.68 99.85 100.50 94.53 

107~Pbage 1098± 16 1108±12 

-~ 0.07612± 61 0.07648±48 
101PbPD'Pb 0.1473±27 0.1672± 85 
~Pb <0.00009 <0.00002 

U-Pb zircon U.L age 1099 ± 1 (1) 1099 ± 1(1) 
U-Pb titanite U.l. age 
Rb-Sr whole rock age 

W506 
Hoskin Lake granite 
Wisconsin 

light grey dark grey reacted 

32.10 33.10 
68.21 84.16 92.65 
1.73 2.24 4.51 

0.05 0.13 
0.03 - 0.14 
0.03 0.22 

100.18 99.89 97.85 

1903± 12 
0.11651 ±78 
0.1835±50 

<0.00009 

1692± 69(3) 

89-22 
Neagle Lake pluton 
Saskatchewan 

unreacted reacted 

32.30 
65.58 94.41 
1.37 2.76 

99.26 97.17 

1831 ± 15 
0.11191 ±98 

0.0538±15 
<0.00007 

1848 + 141-8(2) 

Standards used for electron microprobe analyses were quartz (Si), zircon (Zr, Hf), diopside (Ca), monazite (Th) and U10 1(U). 
Dashee indicate that the element was not detectable. Operating conditions: accelerating voltage - 15 kV, probe current for 
wavelength dispersive analysis and back-scattered electron Imagery ·1 o nA exce,X for Hf (35 nA), probe cunent tor secondary 
electron microscopy • 300 pA. The Pb Isotopic compositions and the calculated 107PbJIO'Pb age were taken from the highest 
temperature evaporation step. All data are unpublished except for 89-22 (89-22 Grain1 in Anadell and Kyser, 1991 a). Ages are 
reported In Ma. and errors In Pb isotopic compositions and ages are quoted at 2 sigma. References tor U-Pb upper Intercept 
(U.L) and Rb-Sr ages: (1) J. Paces, personal communication, 1991 (2) Ashton eta/., (1992) (3) Peterman eta/., (1985). 
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zones, alteration zones and mineral and fluid inclusions. Radiogenic Pb that 
accumulates within the zircon may be held in, or associated with, all of these internal 
features, although they have different capacities to retain Pb (Kober, 1986). For 
example, Pb is more easily removed from metamict domains than crystalline domains 
in a zircon. Conventional dissolution and analysis of zircons that contain both 
domains result in discordant U-Pb ages. In most conventional U-Pb laboratories, 
painstaking but fruitful attempts are made to reduce the likelihood of analyzing 
zircons containing domains that have undergone later Pb loss in order to obtain high 
precision, concordant U-Pb ages (e.g. Krogh, 1982a, b). In contrast, the Ph
evaporation technique relies on temperature to separate Pb from different domains 
within the zircon, i.e. Pb adsorbed onto the surface or along cracks is driven off at 
low temperatures, Pb from metamict domains at intermediate temperatures, and Pb 
from crystalline portions of the zircon at high temperatures (Kober, 1986; 1987). 

The observations made in this study indicate that the breakdown of zircon 
preferentially takes place from the margin inwards. Thus, any Pb adsorbed on the 
surface of the zircon would be removed during the lowest temperature step. This Pb 
is assumed to be analogous to that removed during abrasion and acid leaching prior 
to dissolution in conventional U-Pb geochronology. 

In an internally homogeneous zircon (e.g. Fig. A2.2A), subsequent higher 
temperature steps result in migration of the reaction front inwards away from the 
margins, and each step should yield the same 207Pb/206Pb ages. In zircons that are 
cracked and contain inclusions but are otherwise relatively homogeneous (e.g. Fig. 
A2.2C), the reaction front will progress away from the internal inhomogeneities as 
well as the margins of the zircon, and the last aliquot of Pb will be derived from the 
most crystalline portions of the zircon furthest away from both the margin and any 
internal inhomogeneities. In these cases, the highest temperature evaporation step 
will yield the most accurate 207Pb f206Pb age for that zircon. Inclusion-rich zircons 
exhibiting magmatic growth zoning (e.g. Fig. A2.2D) react preferentially around the 
margins and inclusions, as well as along specific growth zones. In a zircon exhibiting 
magmatic growth zoning in which specific growth zones have not preferentially 
undergone Pb loss, there should be no difference in the 207Pb / 206Pb ages obtained 
from growth zones that react at lower temperature from those that react at higher 
temperature. 

The development of metamict zones in zircon commonly includes the 
formation of microfractures that crosscut the more crystalline portions of the zircon 
and radiate away from the metamict zones ( Chakoumakos et aL, 1987). The location 
of these metamict or cracked crystalline zones within tlie zircon will affect the 
temperature at which Pb is derived from them. Zones connected to the surface by 
cracks will lose Pb at relatively low temperatures, and the crystalline, most crack-free 
internal portions of the zircons will lose Pb at higher temperatures unless the 
metamict domains are located towards the centre of the zircon and are not connected 
to the surface by cracks. Characterization of the internal structure and composition 
of a zircon are thus important in properly interpreting age spectra obtained using the 
Ph-evaporation technique. 

Overall, the observations made on partially analyzed zircons support the 
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general hypothesis of Kober ( 1986) that Pb is derived from locations within the 
zircon at different temperatures, with the Pb from the most retentive sites being 
released only at the highest temperature. Accordingly, the 207Pb f 206Pb ratio derived 
from the higher temperature steps are considered to be an accurate indicator of the 
age of the zircon. 

The observations made during this study also shed light on the process by 
which Pb is released from the zircon. Butterman and Foster (1967) report that zircon 
breaks down to form zirconium oxide and silica at 1676°C and atmospheric pressure 
but Kober (1987) suggested that this breakdown reaction was unlikely to be the 
dominant source of silica because this temperature is higher than the that of the 
evaporation filament during the Ph-evaporation technique. However, it appears that 
under vacuum ( 10-8 bar), the zircon structure breaks down to zirconium oxide, 
releasing silica and other trace elements, such as Pb, at temperatures as low as 
1400°C. The zircon thus provides its own silica bed on the ionization filament, which 
results in a stable Pb + ion beam. We suggest that the viability of the single-zircon Ph
evaporation technique is dependant upon the release of silica from the zircon and 
the formation of the silica bed. Bogomolov (1991) assumed that volume diffusion was 
the main mechanism of lead migration between about 12000C and 1650°C for various 
ground and unground single zircons. However, the textural evidence reported here 
suggests that the release of Pb is likely related to the progression of the reaction 
front through the zircon. 

Application to other minerals 
Attempts to use the Ph-evaporation technique to determine the age of single 

crystals of other U- and Ph-bearing minerals were unsuccessful. Titanite from the 
Phantom Lake granite, Saskatchewan, Canada, which has a zircon 207Pb / 206Pb age of 
1840 ± 7 Ma (Ansdell and Kyser, 1991a), was heated progressively from about 
1200°C to about 2000°C. Detectable bursts of 206Pb were obtained, but none produced 
a measurable Pb signal after a 10 minute evaporation period at these temperatures. 
Apatite from the Annabel Lake pluton (zircon 207Pb/206Pb age of 1860 ± 6 Ma; 
Ansdell and Kyser, 1991a) yielded a 206Pb signal only slightly above background up 
to the melting temperature of apatite. Baddeleyite from the Phalaborwa com~ex, 
South Africa (2047 + 11/-8 Ma; Eriksson, 1984) yielded a small but consistent Pb 
signal as the temperature of the evaporation filament was raised from 12000C to 
2000°C. 

The lack of success in obtaining 207Pb f206Pb ages for U-bearing minerals other 
than zircon implies that the silica released by zircon during· breakdown may play an 
important role in the production of a stable Pb+ ion beam. To test this theory, 12 ,ul 
of silica gel were dried on Re filaments prior to loading with an apatite and a 
baddeleyite. For both minerals, the filaments were heated to 1500- 1700°C for 20 
minutes. Although there was no improvement in the overall Pb signal obtained from 
the apatite, a significant 206Pb signal was attained for a very short period from the 
baddeleyite. The addition of silica gel to the filaments containing the minerals may 
improve the beam stability, but the silica is removed completely during the first 
evaporation step so successful analysis of silica deficient minerals by the Pb-
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evaporation technique is unlikely. Successful analysis of titanite will only be possible 
if there is coincidental release of both Pb and silica. 

Summary 
The single-zircon Pb-ev~oration technique (Kober, 1986, 1987) is now being 

used to obtain accurate 207Pb I Pb ages at many laboratories worldwide. This study 
provides the first documentation of the textural and compositional changes in a 
zircon during the application of this technique. The zircon is usually heated 
progressively from about 14000C to about 16500C under vacuum in a mass 
spectrometer. Pb is released preferentially from the margins, cracks and around 
inclusions at relatively low temperatures, whereas the more crystalline internal 
portions of the zircon, that are least likely to have undergone Pb-loss, and most likely 
to yield accurate 207Pb / 206Pb ages, react at higher temperatures. An internally 
complex zircon containing metamict zones, cracks and inclusions yields an age profile 
more difficult to interpret, unless the internal character of the zircon is known. 

Although volume diffusion of Pb through the zircon structure may play a role 
in the release of Pb, the most significant process is the breakdown of zircon to form 
porous zirconium oxide with concomitant release of silica, Pb and other trace 
elements, which are deposited on a second Re filament which is then heated to 
evaporate and ionize the Pb. The presence of silica is important in producing a stable 
Pb + ion beam, and is thus vital for the success of this technique. Thus, successful 
analysis of other U- and Ph-bearing minerals is considered unlikely because 
breakdown reactions do not result in coincidental release of Pb and silica from the 
crystal structure. Determination of the hafnium isotopic composition of zircons by 
this method is impractical mainly because of mass interferences among 176Lu, 176Yb, 
and 176Hf. 
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Fll'ft A3.1. Geologic:al map of the IOUdiCin cud of the Annabel I..akc plutonlbowing Joc:alion of samples 
rcfcncclto in thia study. Compiled from Bycn and Dahlstrom (19S4). Bycn ct al. (1965) and Tbamu (1990). 
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Fisure A3.2. Geologic:al map of the southcm end of the Rcyurd Like plutm showing location of samples 
Rfcmcl to in thia study. Compiled from Bycn and Dlhlalnlm (1954). Bycn ct al. (1965). Thomas (1990; 
1991) and Reilly (1991). 
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FI&'JI'C A3.3. Geological map of the Phmtam Lab - Boot Lab intrusive: allllplc:Jt showing the: location of samples 
td"arcd to in thU study. Compi1cd from Byers c:tll. (1965). Gallc:y md Franklin (1987) and Thomas (1990). Sample: 
179 ia of a Phantom Lab granite: dyke c:uu.ing Amisk Group rocks ncar the Rio Fault. Other gold occurc:ncc:s in thU 
aca ~shown on Figure 6.1. 
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f.ipn A3.4. Map of the UDderpouDd devclopmem of the Rio deposit lhowinc the loclaioa of amplca Rfcm:d to iD 
tbilltUdy. Gcolopc:al ~~ &omllllf~a to 22S' Stope compldcd by Vu&a MiDcl pologilll; AJ crouc:uta and 
.......;...w of dccliue to 400 Level~ by the ambor. 7S', 160' aDd 22S' Stopea were miDcd out, aDd the 340' 
Level wa ftooded It the time of · , aDd were lh111 iacccuiblc. The bolt rodt u dominantly Amisk Group 
bulliL Mom ddailcd geologiQJ JUPI o 21 S' AJ CIOIIC:Ut ~ given iD Fi&urea 6.28 IDCIU. 1'IIRic ample loc:atio111 
~ allo lbowa Oil Figure 6.5. Other umplca loc:alcd alODg215' AJ Crouc:ut ~ 194 aDd 196. Samplca 425 aDd 428 
Ire from • abort UDdcqrouod c:lrillhole. 
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A4. PETROGRAPHIC DESCRIPTIONS 

The samples described are those referred to in this thesis. Estimates of the 
modal mineralogy are provided for the granitoid samples since they are generally 
homogeneous on the scale of a thin section, whereas for the heterogeneous vein and 
alteration samples from gold occurrences only an indication of abundance is given 
(X- > 10% of mode; x- < 10% of mode). 

Abbreviations: tr - trace; biot - biotite; act - actinolite, chi - chlorite; carb -
carbonate; epid - epidote; muse - muscovite; qz - quartz; fsp - feldspar; plag -
plagioclase; cpx - clinopyroxene; hbl -hornblende; pyr - pyrite; po - pyrrhotite; seric -
sericite; micro - microcline; hem - hematite; tour - tourmaline; ank - ankerite; altn -
alteration; cpy- chalcopyrite; stilp- stilpnomelane; ab- albite; xtals- crystals; kfsp
K-feldspar; altd- altered; cal- calcite; It- light; gn- green; apy- arsenopyrite; sp -
sphalerite. 
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Table A4.1. Petrography of Annabel Lake pluton samples 

Sample no. Modal miDeralo&Y Texaural relatioDsbipl Rode type 

14 pla&iod .. so Pbeaoc:ryl&l ia quattz-feldtJ- ......... a; ariaiaal empbihola .. Toaalitel = 25 ~dcly ~by bioi, ac&. cbl. c:azb. epid and m~~~e; qz is ~ 
20 iatcnailial to straiaed. and hu 1JIIdaaoae grain size RICiudioa 

ldiDDiile 1 aJoaa grain ~aries; lbeet lilicalelaae mu&b1J aliped. 
c:labile 1 
cattx.are 1 
epidale 1 
IIWICOVite 1 

136 = so Qz have IU1IIted grain boundariel. ......... and uaduJole aliadioa; TODilite/ .:=n 35 fap 1 .., badly uu-uirimd; IDUIC tcDda to be CODCCIIIrated ia tbia ~ I veiDiata; shcc& .mc:.ra allo defiae- iadilfiDct folialion. IDUCXWile 6 .......... 1 
pyDie II' 

226 feldlpul 45 F'\*'~=-bldly uu..mdMd; biotand epicl.., Tonalite c 30 iatimaaCly . • . ia have. pmferred Oliratetjm. 
15 IU1IIted pain bouadada. and~ uaclulole aliac:liaa. 

epidote 5 
mapelite II' 
zircoa II' 

231 pl-&iocl•• 20 Pia& porphymdasll ac:& u ri&id bodiea cluriaa mylonite fonnetjm; Taaalitic 
tn'DIIIIdm •• plasan: slishdY akemcl.llld .... .-• ~ shadow• an: pretent; myloaitc 

rcw:. 25 CliatiDc:l folialbt ia fiDe..araiaed ..,...,....-... clefinecl by tbeet 
25 silica&ea. 

biOiile I 
c:blarita 5 
epidote 2 

232 feldtpn so IDdiJtiac:t foliaaiaa defiDecl by pmferred orjeptarim ol felclspan Toaalile = 30 .... biotile. and cloasarim ol quartz IIJb.piD8; quartz hu 
10 IAil1mld paiD bouuduia ~ lbeae hu .... tee:l)'.alli?atjan; 

c:blorite 5 fcldspaa an:IIPIIUrilzed; . n=plaeea biotiae ia placel. 
cuboaaae 2 
muaccwite I ........ 1 

c::ra: 63 Relic lllcred cpx COR ia a bbl; hblan: oftca Jimmecl by bioi, which Qz-diodle 
10 - IOIDetima ruUllaaeciiDd allamd to cbbite; plas eubedra up to 

c 10 2.5mm ue badly IIUIIUiilized; qz fills intcnfia!a betweca plas. 
15 

miaucliae 2 

=-~ 
19-12 pla&iocl•• 40 Sauunriti~ hu IUIUied • bonndariet aad developed Toulile = 35 IUbgrains; . • ~oliaai-is= by IIIUIC, biot and dd; 

15 tlace pyr cootaial po incb'lian• 
epidote 5 
IIUIICOVite 4 
c:labile I 
mapelite II' 
pyrlpo II' 
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Table A4.3. Petrography of Boot Lake pluton samples 

Sample-a Modal mineralogy Textural Jelalioashipl Rock type 

93 pla&ioclue so OJiaiu1 equiaanW. taiUie; ......._.. ma-hbl lim altered cmes Qz-diarile 
hcwpb1mcle ) 3S (CJii&iaally qa ('1). but aow ICiiDoliric); pJaa am t.dly auuiririmd; 
ICiiaolile eli rima ampbibo1elaad cnmp1cteJy ...... CJriaiul biot; qz 
c:llbite tllbibila UDdulole exaiodiGI. 
epidale 5 Cui by epidote vema. 
quadZ 5 ..... 1 
pyDie tr 
..._..,-;te tr .... 55 Bquipamdar taiUie; ....., altered cp ('1) .. riaDed by bomhJende; Qz-4iadte 
bombleade 25 twiaDed plaa cxbibil ram OICill.laGiy--. aad .. Ja1JIIIIrilized 
biodte 10 bmwa biot ate allaed .... ~ 10 c:bl; qz ahibils UDdulole 
quartz 5 adndicm, aad ram kiAk banda iD bioL 
mic:ropedbite 2 ..... o.5 
iJmeaile tr 

95 pJaaiocJue 55 Bquipuau~K ta1U1e; plaa COielaaeiiiiiiUrilized; mril1aled biat; Qz-dioJite 
bomblcade 15 quartz aacl IC.fcld abibil ~ lcXIUie. 
quartz 15 Cui by epid vema. 
biotile 10 
c:ldodte s 
K-feWJp.r 2 

89-16 ..... SS/60 Ciaopyloxeae OYeipowii by ..... H ........ c:rysra11izl&ion. .... Qz-diarile 
bombJeade 20 tbaa uaderwealsublolidulalacnri•to ldiDoJite aad Fe-oxidel; 
~10 derarioa of biot .... bbl. to c:bl; plaa- telalively &ah with 
qHip lftiDOIIhym au..mtizad• COIICCilDied aJoaa frllc:lureL 

5 
acliao1iae 2 
biotite 2 
c::blorite 1 
apatite o.s 
mapelite o.s 
epidote tr 

49 pblaiod•• so Sli&bdY • uignnular. cuhedla1 feldspln to 3 llllll, aad badly Biolile paaodiarite 
mic:nx:line 10 au...md':l; fengnytp""iin miDeallleu 'Z: o.5 llllll; bictile 

= 20 oc:cun ia :== c:blorite pu1ially n=pJacea biG&; c:hlaad epid ue 
10 lllblolidus · produdL 

homblcDde s 
c::blorite 3 
epidote 2 
apatite tr 
ZIJ'CQD tr 

120119-17 plagioclue 55 Hbl commaaly completely allered 10 fiDe-piDed bt, c:hl. aad epid; Oraaodiome mic:nx:line 15 biot OCCUII U pa&dael of~ aabeclnl cysaall. padially lliCied 10 
qUIIIZ 20 c:hl; euhedral Pia& exbibi&s dilliac:t OICil1atoly zoain& and ue 
bomblende s pmfereoriaJly allered iD tbe cons; IDiulole a&iac:lica is COII.UDOII iD 
biolile s qz. 

122 feldspar 60 Feldspln.most CX:to be plaa. ae au•wimcl (eou~e epid w Gmoodiorite 
quadZ 30 common); qz . . .. uodulose aandicm .... bu IIJIURld &DiD 
biodte S-10 bounduies; biolite OCCUII iD cbJ-.; CJdaiaal ampbibolel('l) 
lpltite tr rep1acecl by bt and lid. 
pyrile tr 
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Table A4.4. Petrography of Phantom Lake pluton samples 

SlalpJeDO. Modal miaenJo&Y Textural Rlad.oa•bips Rock type 

101 oliaocJ•• 40 Polphyrllic; micro pbaaoclyiU to 1CDm CXIIItaia iadusjmt Gi aD Qnnoclioritd 
microcliae 25 adler phases; oligo pbenoclyltt ': to 4aa) exhibit OICiiJakxy zaain& qzmcwmnite c.. 20 clafiDed by pallial alicaliaa; ~blot. and=-= 

5 bbl; qz ia iDienlidalto fcldlpln; llulimilar . 
biadle 5 top~Hiaoc:ayltl; qz abibila ......._ C1dilledoa and bu • ......W ....... 1 texmm. ........ 1 

101 pl•giocl•• 50 Polfbylitic:; pbeDoc:lylaa of lllicm and pJaa (up to 1CDm) ill COine- Qz-moozaaite 
IDicaocJiDe 20 pained ground111111 (~to bam); miao CX111taia iadusionJ of aD 
homNeade 15 =r;•ses; pJaa exhibit OICiDakxy zoaiaa; biot ICIIDetimea 
biodae 8 · y lllcred to cbl; qz il iatenlilial to feJdspul. and illllaiaed. = 5 

1 ......... 1 

119 plaaiodue 50 Plaeaoaylla of all pbuel ia. ~ ............. of Qz-fip poaphyly 

::a. 20 clomiuotJy feldspU ..... quadz. up to 3mm eaoa; pJaa 
15 ahibi1 OICi.lll&mY zaain& aacl are aJieaed priien:ntially OD rims and 

biolite 8 aloaa specific amwda -. =-- 2 
3 

epidote 1 
.....,Ute 1 

179 ghcngqyu 40 Altered ia com.,.n- willa adler Phlataa Like paile dyke Qz-fip polphyry 
plaaiocl•• 65 -~ Felcbperr:::::::are ~y .......nlized, micaoc:liDe 15 esplciaUy llOUIId dml: qz ... aubeCial aad IOIDdimes 
lanblcDcle 15 ~Y JeSOibecl; ariginal bombleDde p~~eaocay .. are allaed to :... 4 act. c:bl. qz IDd bem. 

1 
&ISIIIdmall (j() 

ZUUIZ 
~ .......... 

442 mic:locliDe 25 Odgiaal ipcous 1a1111e delboyed dudna dcfonnetiaa; ao Gnaile 
plaaioc'•• 35 fcn:amagnesila miDenls paescrvecl; fclcllpan- qz ahbit cluc&ile 

=.. 20 =:m ~ ~ alinclion) and bdaledefoaaatiOD. 
5 ia feldspan .. iafi1Jed by dal. .ac. pyr, cub. aad ..... 

lelicile 2 
cmboaale 5 =- 5 

1 

449 oliaocJ .. (j() POipbylitic:; llqe micao ~(up to 1Cbm)mabn% 1K by Granodiorite 
mic:rocliae 15 volume of met. have DUed ....pa.. aDd ue iachuioa- · • oJiao = 15 exhibit OICillaloly zaaia& aad uuunririptjcw il coacentrated in 

6 dUriJK:t ZOilOI; bomblmda ... COIDIDODly altered to ac:t aad biot; 
bomblcade 3 biot sometimes altered to cbl; feldlpln and qz have .aurecl pain 
~ 0.5 bouadarics. = o.5 

tr 

89-18 
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Table A4.4. COIIl 

le no. Modal mineral Textural relationships Rock 
89--25 pl•&iocl•• 40 

iDic:aoc:tiae 25 = IS 10 
laomblaDcle 10 
apatite 1r 
ZII1Ul 1r 
..... 1r 
....... 1r 
cblcDe 1r 

89--27 Qz- !DMmoite 
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Table M.S. Petrography of Laurel Lake deposit samples 

s leno. Modal mineralo Textural Jelationships 
13'7 quartz 50 Qz and fsp phcaocrylll. die laata' a~e very cloudy. Foliatioa dcfmcd 

IDIICO¥ire 2S by llliiiCOVite ..... 20 
pyriiiD 5 
carboaale tr 

231 pyriiiD 75 Pyr-qz-IDIUC vcia ia fiDD..paiaecl qz.IDUIC>pyr-toar bolt met. 
quartz 15 ladusioa-fiec ad iadusioo-rida pyrita, but all )Rdata other 
IIIIICOYiiD 10 aulpbida. Qz hal aubpaialad abibill UIICiula. axdDctioa. 
teDDalltifc tr 
cbalcopyrite tr 
spbalcnte tr 
taurmatiae tr 

239 =-- 45 Qz phcmocryatl willa lericitizDcl :::r: dominaady K-fapl. Muse 
2S (up to 22SJUD) dofiDea foliadoa w · wrap1 8IOIIDd large qz aad tip. 

IIIUICOYite 2S 
pyriiiD 2-5 
carboaate 2 
tounDaliDe 1-2 

240 plaaiodaiC 5 Microclinc rcplacccl ia placa by carb aad IDIIIC, uadulotc qz, ia fiDe-
miaoc:liaB 20 pained qz-fap-IDUIC pouncJmaa 
quartz 40 
IIIUICOYite 2S 
carboaale 5 
pyriiiD 5 

241 Holt-e 3S Qz phcmocryltl (up to 1.5 am) haw JRIIIR lhBdowl coaaisting of 
- -feldspar20 fiDe-grained qz,; IOIIID qz il JUb.muadecL Feldspar daata am llightly 
- plaaincl•• 15 sc:ricitzed. MUIC dcfiael fotiatioo aad wrap1 around qz aad fsp 
- IDIIICOVite 20 ~yroclaaaL Tour ICaUind ia pouodmul. Sp hu q»y disease. 
- carboaale 2 em coasiiD of tour aad carboaate COilCCDIJ'atal along margin of qz 
- tounnaliDe 1 (uodulore cxdactioll)wia. 
-pyrite 2 
- apbalcriiD 2 

Vcia- quaaz X 
• tounnalioc X 

- clolomitiD X 

243 Hc.t- quartz 65 Qz pbcnocryat up to O.Smm ia Ua Muc dcfinea two foliatioaa. Qz 
- IDIUCOU 2S in vein hu nndnlore atiactioa aad il polygoaal in placeL TOUI' xtall 
- pyrite 10 (1up to 1mm) a~e DOt arieated, aad carb il coaceallatcd alona grain 

Veia - quanz X bounduics. 
• toarmaliDe X 
- carboaU:x 
-pyrite X 
- chalcopyrite X 

245 quartz 3S Coarse qz. kfsp aad plag ia fiae-gmiaed poundmau of qz-fsp-rnusc. 
fc:ldiJ- 3S K-fsp and ~are mildly JCticitizd with miDcx' carb alta. Muse 
IDIICOVite 2S defiDCI folialiao aad occurs ia banda. Sp and cpy occur u inclusioal 
pyriiiD 4 inpyr. 
c:arboaale 1 
aphalcrite tr 
daalcopyrite tr 

246 Holt- quartz 50 Host roct-vcia COidKt iadildac:t. Pyr ja vciD il mcrystaUizcd and 
- IDIICOVife 35 inclusioa fRe, aad pyr aad apy haw cubcdral to alightly altacd 
- pyriiiD S-10 marginl. Sp rimmed by cpy. Suphidel ia bolt cloagatcd, whc::rcu 
- carboaate 5 tbosc in vein ate mom paaular aad musive. Qz exhibits undulOIC 

Vcia - pyrite X axtinctioa. 
-lpbalcritc X 
- tcnnantifc X 
-IIICDOpyrite X 

-~x 
- quadZ 
- IDIIICOVite X 
- carboaate X 



Table A4.5. cont. 

SIIDplO no. Modal miu:nlogy 

260 

263 

264 

265 

266 

'161 

269 

271 

Holt-~ 35 
- 50 
- IIIIIICOYillc 12 
- pyrite 2 

Veia-q..u X 
• pyrite X 
• lplllllcrile X 
• c:.rboaue X 

quartz 40 
IDDICOVite 45 
pyrite 10 
tourmaJine tr 

quartz 35 
IDDICOVite 2S 
feldspm 35 
pyrite 5 
tcananlitc tr 
carboaare tr 
tourmaJine tr 

quartz 30 
nmc:oviiD 2S 
sphalerile 20 
pyrite 15 
tamaalitc a 
.aeaopyrite 1 
ltibaite 1 
carboaare tr 

Holt - quartZ 60 
- IIIDICOVite 35 
-pyrite 5 

Veia- quartZ X 
-pyrite X 
• IDDICOVite X 

=~ 
• tDaDandto X 
-pleaax 

:joe 45 
2S 

nmc:oviiD 2S 
pyrite 5 
IMDanlite tr 

quartZ 55 
II1IISCOVite 2S 
dolomia~: 10 
K-fc:ldspar 5 
pyrite 2 
tourmaJine 1 
quam 45 K-f= 20 
plag' 15 
naucovite 10 
c:arboaate 5 
pyrite 5 

quam 60 
feldspan 10 
IIIUSCOWD 2S 
pyrite 5 
tourmaJine tr 

283 

Textural relatioasbips 

Uodulose qz, aad K-fsp aad pJaa with cab aad epid illclusiolll. Cut by cp 
veia with aubpaia ~ aloDa paiD 1DUJiaa. which ia itaelf cut by 
pyr-ap-carb veia. 

Qz phenocrysts (up to 2.5mm) with UDCiulole cxlincdoa, aad CRDulatioll 
cleavage defmed by IDIICOVite. 

Qz aad fsp porphymclam (up to lam). IOIIIC qz dull COBiilt of multi
crystals Muse dctiaca iDdia1iDcl foliadoa. aad f: (pRdomiDandy Kfsp) 
ate aerickized.. &pi 

Qz have smat&d aarziu, aad uadul010 exdac:tkla, but oftca have 
12QD lripJe jlJDCtioDL Sp ia bmwa-ycllow ia transmiUcd light and CODtaina 
no cpy. Pyr aad apy am JiaduR:d wida ccaoded margin~. infilled by sp and 
tcnn. Muc do DDt show JRfcm=d qiiiDCDt. 

Uodul010 qz phellocryat (up to 6am). Veial am folded. Sp baa miaol' Cf1'J 
disease. 

Qz phcnoctysts (up to 2.5nm) exhibit aadul010 cxtinclioa. Muse defioea 
foliation. Tour am acatremd aod nmdomly crieated. 

Uodul010 qz aad Cap )Jbenoczyall, mcl fapa ate alighdy altcn:d to muc and 
carb. Muse definea fcilialioa. Fincr..paillcd qz ia Deady polygoaal and not 
UDCiulOIC. 

Qz (up to 6mm) aad fsp phellocryat&. Muc defiael folialioa and il cznukaaad. 
Eu.hcdral to anhedral pyrites. 



Table A4..S. cont. 

Sample no. Modal mineralogy 

m Holt -quartz 40 

~40 
IDJICOVile IS 
c:arboaaiB 11' 
pyrite s 

VoiD- quartz X 
-cmboaale X 
• tounDaliDe X 
- K-fc:J.daplr X 

273 :=. so 
30 

pyrite 17 
tounDaliDe 2 
carbooaac 1 

'1.15 Host - quartz 60 
-IDUICOVite 35 
-pyrite s 

VoiD- quart& X 
- IDIIICOVite X 
-pyrite X 
-=x - ,me 
- tennantite x 

'1.77 :=. 60 
2S 

carbona~~: s 
DDmaJ.ioe s 
pyrite 4 

~ 1 
tr ......... tr 

'1.78 quart& so 
IDIIICOVite 2S 
dllorite 10 
tounDaliDe 2 
pyriiD s 

==* 2 
11' 

do1omile 11' 
pyrrbolite 11' 

'1.79 quart& 60 
lllUICOYite 20 
pyrite IS 
lellnalllite 3 
carbona~~: 2 
pleDa 11' 
chalcopyrite 11' 
altaite 11' 

280 Host - fcldspan 40 
- quartz 30 
-IIIIICOVite20 
- pyrite s 
- tounDaliDe s 

VoiD- quartz X 
- tounDaliDe X 
- dolomille X 
-pyritex 

284 

Textural relationships 

CrenulalaciiDUIC wrat- 8IOUIId qz phenocrysts ia bolt rock to indistinct 
qz..mUIC-pyr-tour voiD. 

Tour {up tD Sam) ad IIIUIC defiDe foliadoa. Sp hu cpy disease, and il 
IOIDCtimca intmpowa with tour xtall, which me ofem ragged. Fine
pained qz has a polypal textum. 

Qz phcDocryiiJ ahibil aadulole cxtinctioa, IDUIC 8DCI tour defme fdiatioa, 
pyr il rimmed by cpy 8DCI cpy iDfi1ll &actun:a in pyr. oata' rima consist of chi 
aad dolo. Cpy dilcuc in ap. 

K-fsp and plaa me variably ICricitizcd. Tour-rich patdlel in vein ate slightly 
folded. 



Table A4.S. coot 

s leno. Modal mineralogy 

283 Holt -IC-feldsplr 20 
-quartz 30 
- IDJICOVitB so 
- IOUnDiliae tr 

Vela-quartz X 
• tourmaliDe X 
•dolomile X 
-pyrite X 

297 Holt- quartz 85 
• IDIIICOviJe 10 
- pyrite 5 

Veia-pyrito X 
-quartz X 
• IIIIJICXWire X 

493 =.. 3S 
15 

IDUCOVitD 25 
pyrite 5 
plapclue 20 

81-S Holt- qaartz . 35 
- IIIIJSCOVlte 55 
-~ 10 
- tr 

Veia-qaartz X 
• IIIDICOviJe X 
-pyrite X 

81-10 Holt- qaartz 60 
- IDIIIC:OVitc 30 
-pyrite 10 

Veia - qaartz X 
-pyrite X 
-IDIJICOVite X 

81-11 Holt- quartz so 
• IIIDICOvitc 30 
- pyrite 10 
- apbalcrite tr 

Veia- quattz X 
- IDIICOVite X 
- pyrite X 
• sphalerite X 
- cbalcopyrite X 
• pyuhodtex 
• .-.eaopyritc X 

- tamandrex 
88-13 Holt - quartz 40 

- IDJICOVitB 60 
Veia- quartz X 

- c:arboaate X 
• musc:ovitc X 
- pyritex 

AL7D- qaartz X 
1419 muscovite X 

pyrite X 
teunaatite X 

~yrite X 
X 

&aleaa X 
clcctrum X 

285 

Textural relationships 

Vein and wall met ..._, miiJCIII'81oay. Mille fctia1ioD il diatiDct ia wall 
rock. but musc ia voiD are cc.ncr aod have irregular Clricntatioa. Qz il 
IOIIICtimc:a pol:yaoaal. aod occuioMlly uadulole. 

Vcia-holt coatacl is iadiltiDct aod maW.. Qz pbeaoc:rysta (up to 3mm) 
exhibit Ulldulose extiactioa. Muc defiaa foliatiOD aad wrap amUDCI qz 
pbcaocrysts. Muse ia ~ CDDiilt of unalipcd lathL Pyr ia veins are~ 
{up to limn) tbla thole ia bolt met, which are doaptcd patallcl to foliatioa. 

Uadulosc qz pbcnocrylll (up to 1.5mm), IIIIIC defiacs two foliatioas ad some 
pyrite have a pmfcned grjcmtatjcwL 

Qz ia veial are up to 0.4mm ia size willa 12()0 triple point juactioas ia placcl, 
sulphides gCDCDlly aaociated willa comer qz; pyr cidy aad fiactuled ad 
infillcd by sp and cpy. Cpy rima sp aod cx:cun u cpy disease. Sp is tmwa-nxl 
ill l:ralllmitted light. Ia veia, some of tbc IIIIIC and sulphides have aa iadistiact 
aJ.ipmcDt.. 

luegW. qz pia bouDclariel ill vcia. Distiact foliation dcfmed by muse iD 
wall met. 

Pyr are subhcdral to aahcdml and often &actuft:d aad iDfilled with other 
sulpbidca and clcctrum. Sp somctimca bu cpy cliscarc. 



Sample DO. 

42 
AJveia 

131 
AJveia 

190 

191 
WCaJm. 

194 

196 

Abaaear 
AJveia 

201 

286 

Table A4.8. Petrography of selected Rio deposit samples 

Veia-pyrila X 
.lpgnNU.. X 
·quatz X 

Alkndaa -quad& X 
-.JhileX 
-..adle X 
-pydte X 
• •IIICOVife X 

Veia - quatz X 
-pyrite X 
• lllkaite X 
• toiJnlulliDe X 
• IDIJICOYife X 
.. cbaJcopylile X 

• aoJd X 

Veia • quatz X 
·cuboaate X 

WaD-*- ubife X 
·kflp X 
·quutz X 
-cuboaalex 
-pyritex 
•llilp? X 

qua:dZ X 
lllkaite X 
albite X 
pyrila X 

:;::; 
aakaite X 
•uscorite X 
cblcrile X 
pydteX 
towm•liae X 

Veia - quaatz X 
- pyrile X 
• toulmaJine X 
• IDIJICOYife X 

• cbJorite X 

Al1a - a1bi1e X 
• quutz X 
- pyrile X 
- cuboaate X 

IDkerifeX 
quuaz X 
a1bi1e X 
c:blorilc X 
auucovilex 

Textural reJetiombips 

Lllp aabedal pyliles willa igclpeicmJ of qua:dZ ............. Sub
.... dcvelcpcd ill qz ... lllaiaed ........ JDIIIia; tour fDidlncl 
ill plica .... iafiDed by qz .... •ute. uually have pyr iacln.V.• ia 
cam. --. veia. ........ ia fiDe..piaed qz (uadulole 
atinrtiaa,IIDa&ed ... bouadariea). ab (up to 2maa). - • iacluliaa 
.fillod pyr- ram lllllic:ilic: altcaaiaa of CJ1iaiaa1 fclclspML Alia. cu& by qz 
{polyaoaal qz. ram waclulole Clliac:liaD)- ..t veiDI 

Mulive qz (up to 5aaal; ....... aliac:lioa, ........ bowaclaria 
willa IUbpiD develapmcat) willa --... UICx:iatod .UIC. Qz ia 
pyr-tour pitdael ue Jeulllailled. akbou&h tour am fDc:llnd. Pyr am 
iadusioa-fiJled .... iadude c:py ... aoW. IOIDCtiiDCI n:lafed to fDdurel. 
The ....... bOiled ia fiae..alaiaed qz-aab-(miaol'a~~C) pervui~ aka. 

Pavasive fine-pained qz....,....-pyr IJlcnlkm willa pouiblc Rlid pJaa 
pheaoclysls (CJii&iaally a buall) cu& by ilreplarqz (undulote alindi<~~, 
.wred paiD bonDdadca)-IDk veiu. MUICCWila cxx:un bul il usociated 
willa tbe larpr pydte aJbe&. 

Sectica ac:1011 aJteraaiaa .-d • AJ veia. Aak (up to 2mln)-ab veial 

.... poda ia liJicified patday ---rock willa ICMieled pyr. Shup caatad 
willa IDIIIC lllCI cbl dgmjnl*ecl alleratioa abiNrin& c:nlllUiadoD cleavage. 
Muse il aaore caaaGD aeartbe CODtad willa aak-.b-lilica aka. Iaclusica
fiDed aabednl pyr domiule ia cbl-IDIIIC aka. zone, ram ia aak-ab-qz zoae. 
Ram t.ourmaline 



Table A4.6 CG11L 

209 feldlpn X 

PLGaoae :Z..!ex 

311 

318 

337 

338 

pylitex 
IDIIICCWile X 

Veia • quutz X 
·IDIIICOVite X 
·.arifeX 
·chbilex 
·pyrite X 
• pynholiae X 
• c;halcopylile 

Holt - ftp p'cry .. 
• quutz 
• aUate ...... 

Vcia- quutz X 
·pyliteX 
• pyobolite X 
·IDUICOVi&e X 
·aakelileX 

287 
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Table A4. 7. Petrography of samples from other gold occurrences 

Sample no. 
IMC-CainB 

441 

446 

447 

graham 
464 

467 

468 

473 

feldspars X 
quartz X 
chJoritex 
IDUICOYiteX 
epidotex 

C!ex 
carbanatex 

Vein-quartzX 
-g;tex 

Host- X 
- plaaioclase X 
-quartz X 
- biotitex 
-chloritex 
-epidote X 

Vein- quartz X 
-pyritex 
- muscovite x 
- cbloritex 

Host- kfspX 
-pJagX 
- quaruX 
• chloritex 
• JlliiiCOYite X 

- heml&itex 

Vein- quartZ X 
-albite X 

Vein- quartZ X 
-chlorite X 
·IIUIICOVUeX 
-ankeritex 
-mapelitex 
- feldsp8r 

Host - feldsPar 
-quariZ 
-muscovite 
-chlorite 
-Fe-oxida 

Quartz X 

Vein - quartz X 
-albite X 
-lwnaaitex 

Host- pJaaioclue X 
-quartz X 
-biotite X 
-chlorite X 
-muscovite X 
• carbcmate X 
-pyritex 

Textural relationships 

Host rock ccmsists of large Kfsp phenocrysts (up to l.S em) with 
inclusioDI of spheue. ~ and quartz; serici1ized plagioclase; 
undulose quartz. and biotite replaced almost compldely by cbl and 
epid. Kfsp phenocryst cut by qz-pyr vein. Qz exhibits undulose 
extinctica, sutured gain bounclarfei with subpainl developed a1ona 
boundaries. Pyrite replaced by goethite(?). 

Host rock consists of large KfspJileaocryst with iadusions of qz and 
plaa: saussuri1ized plaa: altered fenomalnesian minerals (chi. hem. 
and muse). Cut by qz vein with cblllld muse a1ona grain bouDdaries 
and pyrite rimmed by &oethite. 

Strained qz..alb vein 

Quartz in vein exhibill undukp exdnction and bas ~e~rated gain 
boundaries; chl, lllUIC and ant in vein but also in~ and 
CIOSI-CUuin& veinleta. Feldspar in vein aJona maqms and has 
Fe-oxide dusd.Jia. 
Host rock ia crenulated qz-f~-Fe-oxidea metasandstone. 

Qz e:xhibia. undulole extinction • 

Qz in vein baa VfftY iueplar &rain boundaries, and undulose 
extinction; cut by hem veialets with alteration. around fractures 
prevalent when veinlets cut feldsprrs. Host rock ia a metapebbly 
l8lldslone. foliation defined by phyiJosill.cates 



Table A4. 7 cont. 

Sample no. 

Monarch 

MSI-4 

Newcgr 

16S 

Mineral 

quartz X 
tourmaline X 

quartZ X 
arsenopyrite X 
sphalerite X 
~tex 
pynbotitex 
pyritex 

Hennin&-Maloney 

13 Vein-quartzX 

417 

• IDUICOYUe X 
-chloritex 

quartz X 
calcite X 
pyrite X 
chlaritex 
muscovitex 

289 

Textural relationships 

Near polyJODI]. ~vein, some crystals exhibit undulose extinction 
with megUlar veinlet of toumaline (pleocluoism -lLgreeu. - p.brown) 
following quartz grain boundaries 

Qz associated with su)phidel consist of irregular pains with undulose 
extinction, wheleas away fmm sulphide~ the quartZ consists of elongated 
polyaons exhibiting 1mdl•lose extiudion. Anhedral to subhedral apy 
often fractured and iDfiUed by sp ' sometimes with cpy disease. 
wan rock is rme-gained metavOlcanic rock (dd-musc-fsp-qz) 

Ekm.gate subgraiDI within each qz crystal, sareaty undulose extinction, 
small subgraiDI developed aloD& main pain boundaries and along 
internal sub-grain boundariel. Strin&en of muse and chl cut attained qz. 
Badly saussuritized pia& and quartz in irreplar chl-epid-carb-musc 
groundmass (altered ferromapesian minerals) 

Undulose quartz with calcite, whida is oftm aaociated with fine-gained 
sericitizecl patches (oriainal tips?) and chlorite. Cut by irreplar pyrite
filled veinlets. 



AS. MAJOR AND TRACE ELEMENT COMPOSITIONS OF GRANITOIDS 

Abbreviations for normative mineralogy: Qz - quartz, Or - orthoclase, Ab - albite, An 
- anorthite, C - calcite, Ac - acmite, Wo - wollastonite, Di - diopside, Hy -
hypersthene, He -hematite, ll - ilmenite, Ap -apatite, Ru - rutile, Ti - titanite. 

290 
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Table A5.1. Major and trace element compositions, and calculated nonnative mineralogy of granitoids 

Annabel Lake Reynard lake ........ M 131 - 231 232 ... .. ,2 • • • 180 

~ 
10.1 70.1 71.1 .. , 70.4 18.1 .... .. , 51 ... 71.3 
U1 1.31 0.28 D.3l G.34 OM o.A2 QA3 1.QI 1.31 G.22 
11 11.3 M 18.1 14.2 18.1 M.7 M.3 18.1 15 14.6 
4.81 2.31 2.11 S.78 3.81 8.81 4.81 3.22 1.28 2.28 1-M 
D.OI o.oa D.OI D.OI D.OI 0.11 O.QI OJJI 0.15 o.cM o.cM 

UgO 2.31 0.77 0.75 1A1 o.a S.73 1.CJ7 1.31 IA5 1.GI 0.7 
CliO 2.11 2.13 2.77 4.01 2.84 ... 3.11 2.11 IZ1 2.28 1.71 

m U1 ... 4.31 4.74 4.1 S.71 3.81 4.31 u 4.51 4.18 
S.71 , .. 2.QI 1.78 1.88 2.11 2.01 2A7 0.71 2.11 4 
G.21 D.OI O.QI 0.13 0.1 o.a 0.13 0.12 0.11 D.OI D.OI 
3.21 Ull 1 0.7 1.ol 1.51 CUD 1.12 2.08 1.85 2.18 

TGIIII IIA ... ... 111.3 R7 100.3 100A .. , .. , R2 100A 

NCNK UM 1.G7 0.17 OM 1.G1 o.a a. CUM 0.77 1.G1 1.112 

... 1.1 o.a 1.2 
Rb 78 40 12 21 42 ... ... • rt • 80 
8r - 427 1M - 212 751 220 441 ..., - 311 .. liD 110 537 472 - 577 475 788 474 - 1280 
Cl 0.67 OA o.a 
KIRb - - 334 510 311 386 ,... 325 2otO 371 415 ..., 0.11 O.QI o.rt OJJI5 D.20 o.oa G.22 0.14 o.oa 0.11 0.28 ,... D.OI o.cM 0.10 OJI8 D.OI OJI8 0.10 OJI8 o.ae OJI8 o.oe 
Ta G.28 o.a G.38 
111 3A 3.1 1.8 
u 1.75 1.81 OM 
lr 173 1G M8 77 182 121 171 112 82 10 70 
tl 2.1 1.2 2.3 
Nb 17 11 12 u u 13 18 u 
y M 11 31 11 31 13.8 30 12 1.3 
YHt 0.12 1.00 2.58 2.QI 4A1 o.a Q.23 

8c 14.1 u 1.8 
y 134 31.3 18.7 
Cr 31 71 21 11 32 

La r!.3 11.2 u 
c. 84.2 40A 17 .. 
Pr U1 411 2.1 
Nd 3U 20.7 7.7 
Sill 8.11 4.71 U7 
Eu 1.78 0.84 Q.32 
Gd 5.31 1.33 1.2& ,_ 

G.81 OM 0.17 
Dr 3.22 8..CM 0.88 
Ho OM 1.21 0.18 
Er 1.42 3.11 OA7 
Tm G.2 OM om 
Vb 1.23 4.32 OA5 
Lu G.2 OM OJI8 
VEE 157M 114.11 42.37 
LaWMI 14.7 2.1 13.7 
Ew'Eg6 G.l 0.67 0.13 

Norm compositions 

01 14.18 28.11 31.21 21.78 31 .. 12.11 30.11 25.1 aa.u 27.28 
Or 22.42 IJM 12.38 1U3 11.71 12AI 11 .. 14.81 17A5 23.88 ,. 33.01 44.37 3U 40.08 34.81 31.31 32.2 3U 38.45 35.18 
An 11M 10.GI 12.58 17.31 13A5 22.1 1811 12.2& 10.73 8.1 
c Ull 1.11 Q.37 o.az G.38 G.34 
lc 
Wo 
01 OA5 4.37 o.rt .., 1.71 1.13 1.U 3.32 2.08 7.3 2.11 3.11 2.13 1.75 
He 4.81 2.31 2.18 S.78 3.81 U1 4.81 3.22 2.28 1-M 
I 0.13 o.oe 0.13 0.13 0.13 G.a4 0.11 0.13 D.OI G.OI ,. OA 0.17 G.2 G.28 G.22 o.a o.a 0.28 Q.2 0.13 
Au OM 0.28 o.cM o.rt Q.32 0.28 0.17 
11 QA3 0.'11 1.31 OM 
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Table AS.1. cont. 

Reynard Lake ....... 1 .... 181 311 3oW8 341 - .... 317 88-2 ... IN 

SID, 70.2 71.1 51.2 70.1 ~ 70.1 71.1 ... 81.2 72A ... 
~ 0.21 OZ1 OJi8 G.28 G:l1 0.21 0.21 G.M G.8l C1.23 D.31 

M.2 14.8 1U 14 1U 14.1 14.4 14.3 12.7 13.7 14.1 

~· 
1.32 1.8 a.crz 2.11 2.81 1.13 1.38 1.78 8.37 1.51 2.21 
G.CM G.CM 0.15 o.aa o.aa G.CM G.CM G.CM 0.12 CUM o.aa 

UgO OM OJII2 U2 1.GI 1.28 OJI3 OJi8 0.77 3.04 0.8 1 
CliO 1.74 2M U7 1.77 2.32 1.13 1.18 2.01 3.57 1.31 2.47 g ... 4.83 3.GI 4.03 4.41 4.84 4.7 4.7 4.01 3.82 4.81 

Ul 2.87 1.22 3.71 3.11 3.13 2.81 3JJI 1.31 3.48 U8 
G.GI o.oa 0.11 o.oa 0.1 o.oe o.oe G.07 C1.23 0.1 O.GI 
3.31 1 1.13 1.18 1.G8 2.23 1.13 1 .. 1M 2.47 2.01 

TCIIIf .. 7 1GD.3 as IU ... ... 100.2 • 100.2 100.2 100.1 

NCNIC , .. 1-01 0.71 1.01 0.11 0.11 0.87 1.G8 .. 1.2 
Rb • • 30 • 18 71 • 78 40 71 58 
8r 311 - 417 213 517 123 537 431 144 274 111 .. ,..., 721 .. 1010 1300 ... .. 171 143 1010 771 
Cl 0.11 
KIRb 311 .. .. 537 382 - - .. 278 - 382 ..., G.28 0.11 OJ11 0.27 0.11 0.14 0.12 0.17 G.28 0.27 O.GI 
Abila G.07 o.oe O.GI o.aa o.oe o.oa OJS7 O.GI o.oe OJS7 OJS7 

Ta G.3l 
1h 3.1 
u 0.43 
Zr 73 77 12 • 107 • 71 11 - .. 84 
tl 4.3 
Nb 11 11 10 14 12 2D 4.4 
y 12 11 • 3.3 
v .. 1.DI 1.1 1A 0.71 

8c 2.2 
y 33.6 
Cr 312 14 21 31 312 

La 13.8 
c. 25.1 
Pr 2.81 
Nd 10M 
Sm 1.52 
Eu u 
Grl 1.38 
1b 0.15 
Dr U4 
Ho 0.18 
Er OA7 
Tm om 
'tb OA7 
Lu o.oe 
tREE 58.2 
UNIVbN 18A 
Euef G.3l 

Norm compositions 

Ql as 27.14 2UD 21.27 21.12 28.11 32.88 28.41 
Or 18.88 22.18 2123 18.51 18.28 7.13 2D.M 15.28 
ltb 31.13 3l.o8 37.27 40.11 31.72 :MAl 32.211 38.88 
An U1 8.27 1G.88 7A7 8.11 12.38 8.25 11.88 
c G.3l G.27 G.28 1.34 C1.23 
lc 
Wo 
Dl a. G.28 1.a7 ..., 2.3 2.73 3.2 1.18 1.81 7.1 2 2.1 .... 1.8 2.11 2.81 1.13 1.78 8.37 1.51 2.25 
I O.GI 0.11 0.11 O.GI O.GI G.28 O.GI 0.11 

·'- 0.17 0.17 G.22 0.13 0.15 u G.22 0.2 
Au G.22 G.22 G.3l 0.18 0.25 
n OA 0.48 1.71 
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Table A5.1. cont. 

Boot Lake ....... .. • ... .. • 1210 12Dpl 122 ..11 .. 17 ... 
810, .... 13.2 13.8 .. 1 81.1 eu 70 ., .. IIA au 86 

~ 
Q.3l Q.l2 oa UJ2 1.o3 Q.28 G.3 0.42 1.1 G.38 0.71 
1.U 11 11.1 15.8 15.2 14 ....., 1U 11 13.7 15A 

2· Ul 1.71 ... 7.82 7JIIIJ 2.11 3.11 4Z1 .... 4 5.88 
o.GI 0.11 0.11 0.14 0.13 o.GI o.ae o.ae 0.17 G.OI 0.11 

UgO 1.a ..... 4.21 1.14 1 .. 1.17 1.21 1M 3.D Ul Ul 
CliO 2M 8.01 1.11 4.78 4JIIIJ 2.11 3.03 3.87 7.11l 3.52 3.12 g Ul 3.M 3.01 4.l1l 4.11 3.87 3.73 4.11 3M 3.12 3.1 

2.12 1.11l o.a 2M 2.41 3.22 3.CII2 2.02 1M 2.13 3.211 
o.GI G.3l o.ae 0.42 QA 0.111 o.ae 0.1 QA 0.12 0-2' 
1 .. 2.23 2.23 OJI3 1.31 1 OJI3 1.2:1 1.82 1 o.5l 

T_. ... 11.3 1G0.2 ... ... IIA 100 100.1 100 ... 100.A 

NCNK 0.11 0.77 G.87 OM oa oa G.l1 0.71 OJI3 OJI3 

a. G.22 ... 70 27 2:1 10 17 10 73 .. ... 12 72 
8r 227 - 111 411 421 - 21114 312 ..... - -a. - 311 411 831 - 721 8C3 ... - 531 853 
c. 1.71 
KIAb - 314 311 - 381 - XI 342 2M 285 374 
fiWSr G.31 G.OI CUM 0.14 0.13 G.3 Q.28 0.14 0.11 G.24 0.11 .... 0.12 0.111 o.ae 0.111 o.oe 0.11 0.11 0.11 o.GI 0.12 o.ae 
Ta 0.31 
Ttl 3 
u 1.A 
lr ,. • • 137 1!1 111 101 138 138 1418 114 ... 3.7 
Nb 11 22 13 • u 21 
y 11 2:1 :M 37 11 • 38 
YINb 1M 1.88 0.71 .... 1.71 

lc 23.1 
v 111 
Cr 21 17 38 11 21 13 ... 38 210 

La 21 .. a.7 
c. 4I8A 55 

" I.:M 1.85 
Nd 28.1 28.8 
1m 5.41 5.52 
Eu 1.34 1.34 
Gd 1.32 5.43 ,.. 0.11 0.77 
Dr 5.01 5.11 
Ho 1.G1 1.0S 
Er 3.CII2 3.11 
Tm OA3 0.47 
Vb 2.73 3.14 
Lu 0.42 0.41 
l:AEE 130.1 142.7 
l.lfm)N 5.2 5A 
~ 0.11 0.71 

Norm compositions 

01 .... 10A3 MAl 15.08 28.18 25.83 11.37 31.14 20.8 
Or 17.27 1.03 15.12 14.17 11.01 11.16 1.7 12.8 11.18 , 32.71 27.38 33.18 35.11 31.11l 31A1 21.12 30.51 32.91 
An 12.11 28.01 17.23 11M 12.18 11.01. 22.88 14.81 14.8 
c G.23 
M 
Wo 
Dl 1.14 o.a 1.88 1.71 4.82 0.71 
Hr 4 7.11 .... 4.17 a.. 3.27 ... 3.81 3.11 .... Ul 1.71 7.82 1M 2.11 4Z1 .... 4 5.88 
I 0.11 G.32 G.3 Q.28 0.11 0.13 G.38 0.11 0-2' 
Ap 0.17 G.8l OJII2 G.87 0.11 G.22 G.87 Q.28 0.52 
Au G.3 0.13 0.11 
11 , ... 2.11 2.11 G.23 o.a 2.23 OM 1.0S 
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Table A5.1. cont. 

Phantom Lake Cliff Lake ....... 101 1Q2 111 171 441 .. 18 ... .a 113 ... 
~ ... ... 7 13.3 84.1 ., .. 84.1 U.2 .... 70.3 8I.A 

i 
O.A3 0.71 G.al5 0.87 G.38 G.81 O.A2 OM o.31 Q.33 

11.2 17 18 18.1 1U 18.1 1U 18.7 13 13.8 
3.01 .... 4JI1 U1 2.57 3.83 261 3A7 4.04 4.71 
o.GI CUI7 o.aa CUM CUM o.aa o.aa o.GI o.aa o.aa 

MgO 1.1 1.13 1.57 1A7 1.11 1.58 1.01 1.28 1.12 1.23 
CliO 2.11 4.01 2.71 2.18 1.58 3.02 2:11 2.12 2A1 3.03 g 1.21 1.21 4.11 1.2 4.74 .... .... 5.111 4.11 U7 

Ul u 3.71 3 4.5 3A1 3.83 3.18 o.e G.82 
0.18 Q.33 G.3 0.27 0.11 0.27 0.17 0.21 om om 
G.al5 0.14 0.13 1.23 1.31 1.31 1 1.G8 3.G8 2.31 

TCIIII ... • ... ... 100.3 ... ... 100.2 11.6 100.3 

NCNK 0.13 a. 0.13 0.17 0.13 G.l8 Q.ll 1.G7 1.G2 .. 2.3 2 2.11 2.3 
Rb ., 14 • • 71 • • .. 21 11 
8r 2130 2080 1880 1100 1.qQ 1740 1800 ZlliO 1. 181 .. 1.., 2080 1730 1120 1- 1300 1510 2210 248 278 
Cl 1.2 G.l1 0.74 0.14 
Knit 477 - 471 - - ..., ... - 358 425 ... D.OI D.OI D.OI CUM D.OI D.OI CUM D.OI 0.11 0.1 .... D.OI D.OI CUM CUM o.GI D.OI CUM D.OI O.G8 O.G8 

Ta O.AI D.ll U7 0.71 
11t 2.3 I 1.1 I 
u 1.8 3A 1.27 1 .. 
lr 137 M8 142 121 128 148 115 171 14 72 .. I 8.1 u 7.3 
Nb 11 10 1.7 1o.& 14.3 25 
y 21 3.3 7.7 ... 12 M 30 
YMb Q.33 0.71 OM OM 1.2 

Sc 2.1 3.7 2.2 2.8 
v ... 14.1 31.2 51 A 
Cr 25 'D 25 23 11 31 

La 14.2 41 37.2 .. 
c. 112.3 IU 71.2 ... 
Pr 14.1 11.8 ... 12.8 
Nd • ... 40 110.1 
8m 1.18 7.83 IA3 .... 
Eu 2.11 1 .. 1.58 2.13 
Qd 1.01 1.21 4.32 ... 
Tb G.81 CUI OA8 OM 
Dr 3.08 a.- 2.53 3.56 ... o.&t O.A3 OA1 0.8 

Er 1.28 1.13 1.G8 1.83 

Tm 0.18 0.11 0.11 D.M 
Vb UM 0.13 G.l8 1.42 
Lu 4.11 0.15 0.11 D.22 
I.AEE .... 218.3 184.3 221.1 
lAitMVbN 34.A 30.8 21.7 2IOA 
~ u oa D.l2 u 

Norm compositions 

Qz 1 .... ... 13,211 18.03 18.38 14.17 18.25 14.'D 38.11 32.74 
Or 22.77 20.7 22.18 17.74 ... 20.17 22.81 21.17 5.23 4.86 
NJ 44.37 "-11 41.5 .t3.85 40.G8 41.84 41.26 ...... 36.07 38.1 
AR 1.23 12.21 1D.I 11.14 U7 11.8 ... 12.11 11.51 14.58 
c D.OI OA OJM o.37 
lc 
Wo 
Dl 0.. 3AI .., 2.A8 3.21 3.13 3.88 2.18 3.15 2.53 3.2 2.8 3.G8 
He 3.01 .... 4JI1 3.11 2.57 3.83 261 3A7 4.1)4 4.71 
I 0.11 0.11 0.13 OJJI OJJI 0.13 0.13 0.11 0.13 0.17 , D.3l D.3l G.al5 Ul Q.33 Ul 0.37 OA8 0.15 0.11 
Au 0.18 0.82 0.31 om 0.12 0.14 D.M D.M 
11 D.l2 1.11 G.l8 0.15 U7 OM 
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Misai Island Neagle Lake Graham Trail 
fsp-porphyry ........ 311 .. 11 ... - ... 

l 71.1 .,~ ... 84.7 ., 
0.11 G.3l 0.88 OM OA3 
M.l 11.1 11.1 14.8 14.1 

~ 1.3 2AI 7.82 Ul 2.3:1 
o.oa .,.. 0.13 o.cr2 o.cr2 

MgO 0.18 1.1 3.03 1.11 OM 
CliO 1M 3.01 5.28 ZA , .. 
~ 

..... 1.01 3.17 2.12 4.32 
3.11 2.8 3.24 1.117 4.8 .,.. 0.12 Q.21 Q.21 Q.2 

OA7 1.77 1.7 3.82 ZA7 
T ... 100.S 1oo.t 1oo.t ... ... 
NCNK a. 0.88 o.e 0.88 0.14 .. ... • 3t u 84 • 8r 172 1130 - 384 1110 .. - - - 2010 .. 
c. 
Knit - - 107 800 -"* o.oe o.oa 0.11 G.22 o.oe .... 0111 OJM o.oe OJM O.G3 

Ta 
1h 
u 
lr • .. 1. 112 137 
Hf ,., M 18 
y at 31 11 
YINb 2.21 OM 

So 
v 
Cr 3t 7<1 

La 
c. 
Pr 
Nil 
am 
Eu 
Gd 
1b 
Dr 
Ho 
Er 
Tm 
Vb 
Lu 
tREE 
UtmiN 
EWEu-

Norm compositions 

Qr 21.02 11.31 13.31 2D.AI 11.210 
Or 22.08 11.38 11.18 3UO 28.31 ,. <11.D7 G.77 28.18 21.30 31.11 
An 7.18 12.88 21.17 10Jil 7JM 
c G.2D 
lc 
Wo 
01 0.11 0.86 .,.. 
Hr 1 .. ..... 1ZI U8 1.80 
He 1.3 2AI 7.82 Ul 2.33 
I DJI8 0.11 G.28 OJM OJM ,. 0.11 G.28 OM OM OM 
Au 0.12 0.7<1 ClA2 
n o.oe 1 .. UJD 
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Table A8.1. Compositions of amphiboles from granitoids Phantom Lake ...,.,..., 81-25 -101- -102-
Palntt 14 11 11 11 11 11 1avrn-3" 1·1W aavrn-a- 2-18c* 3avrn-r M 35 1·1c• 1avrn-3* 

8102 46.20 44.81 44.81 41 .. 44.81 455 481 471 484 48.72 404 ....... .. 7.81 .. 7.()3 48.58 
TI02 1.53 1A1 1.51 1.31 1A2 1.21 1.31 1.21 1.51 U3 1.51 0.53 Ul 1.81 1.30 
M03 1.&0 1M 1.12 .... 1St 7.21 ... 1.11 1.30 1.35 1.51 ... 1.44 1.12 1.32 
FeO 21.01 21.11 21St 20.81 21A1 20.11 R.77 ... 23.03 R.84 22.17 13.21 13.81 18.01 18AI 
MnO 1.11 ... 1.1 .. 1.30 1.82 1.1 .. 0.84 0.81 0.84 0.72 0.51 0.81 0.70 OM 0.38 
MgO 11.03 11.21 11.31 11.22 10.10 11.CJI 1.17 1.01 1.11 1.21 1.73 1 .... 1 .... 13.01 12.13 
CliO 1A2 1.31 1.27 1.33 1A2 1AO 11.11 11A1 11.A2 11.1 .. 11.51 12.()3 11.81 11.77 11 .. 
ta20 0.81 0.71 o.eo 0.87 0.73 0.88 1A1 1.31 1.31 1.35 1.M 1.52 1.52 1.83 1.15 
K20 o.ee O.M G.5l 0.81 0.81 0.88 0.87 0.84 0.7 .. O.M 0.71 0.87 0.81 0.82 0.77 
F 0.11 0.1 .. 0.18 0.22 0.24 0.22 0.00 0.00 0.00 0.00 0.00 1.CJI 1.04 0.00 0.00 
a 0.12 0.12 0.11 0.10 0.13 0.11 0.12 0.1 .. 0.11 0.10 0.13 0.03 0.01 0.03 0.01 
lOTAL aoo 17.13 ...... 17.52 17.13 17.81 10D.35 1GO.OI 100.11 1C10.31 100.()3 88.70 17 .. • .83 11.53 

Sl UO(I.I1) U7(1.71) 8.81(1.72) U3(U3) Ul(l.77) U8(U7) .... uo .... 1.88 1.10 1.GI(1.01) 1.02(8.11) .... 1.88 
AlfV 1.10(1JIIt 1.13(1.12) 1.11(1.17) 1.01(1.01) 1.12(1.10» 1.01(1.04) 1.11 1.10 1.11 1.02 1.21 0.84(0.14) 0.88(0.14) 1.12 1.11 
AI VI Q.25(0.25) 0.23(0.23t 0.22(0.22) 0.17l').17) D.21(0.21) D.27(0.27) 0.12 0.01 0.1 .. 0.10 0.1 .. D.02(0.02) 0.00(0.00) 0.11 o.oa ... 1.88(1.131 1.88(1.14) 1.81(1.11t 2.13(2.10» 2.02(1 • ., 1.81(1.86) 2.01 2.04 Ul 2.07 1.88 3.23(3.23) 3.28(3.27) 2M 2M ,... 2.18(2.07) 2.71(2.1., 2.72(2.01) 2.81(1.81) 2.7&(1.12) 2.87(2.05) 2.88 2.10 2.81 2.83 2.81 1.81(1.11) 1.81(1.43t 1.17 2.02 ,... _.,. .. -l0-52) -(0.83» -(0.88) -l0-77) -(0.58) - - - - - -(0.00) -(0.24) - -
Mn G.OI(O.Oit 0.08(0.08) G.07(0.07) D.OI(O.o8) 0.08(0.08) O.GI(O.OI) 0.01 0.01 D.OI 0.01 0.08 0.08(0.08) 0.08(0.01) 0.08 0.05 
Tl 0.18(0.11t 0.17l').17) 0.18(0.18) 0.18(0.1., 0.18(0.18) 0.15(0.11) 0.11 0.11 0.11 0.11 0.17 0.08(0.08) 0.05(0.05) 0.11 0.15 
Ca 1.81(1.71) 1.85(1 .. 1.81(1.82) 1.84(1.81) 1.71(1.78) 1.81(1.71) 1.81 1.14 1M 1.78 1.87 1.88(1.88) 1.87(1.88) 1M 1.88 
Na 0.42(0A1) D.38(0.38) G.38(0.37) OA0(0.38) OA2(0A1) OA1(0.40) OA1 OAO OAO D.3l OAO OA2(0A2) OA3(0.q 0.52 0.53 
K 0.13(0.131 0.11lQ. 11) 0.18(0.18) 0.13(0.131 0.1.t(O. 1 .. ) 0.13(0.131 0.13 0.12 0.1 .. 0.12 0.11 0.12(0.120 0.11(0.11) 0.12 0.1 .. 
.... .... 1S.53(15.33J 15.54(11.31) 11.57(11.38) 11.58(11.35) 11.57(11.31) 15.52(15.33) 15.14 11.88 11.14 11.58 15.87 15.42(15A2) 15A8(15.31) , .... 15.71 
a 0.00 0.00 0.00 0.00 0.00 0.00 O.o3 D.04 0.()3 O.o3 0.03 0.01 0.00 0.01 0.02 ...,.,..., 102 -81-11-
Palntt 2avrn-3* ,..,. .... n-a- 5-12r* • 71 

8102 .. 7.51 401 .. 1.12 ..... 475 481 
TI02 1.30 1.G7 1.11 0.13 0.12 0.12 
M03 ... t.1 .. U1 ... uo lA 
FeO 11.01 15.11 11.83 11.04 11.04 11.1 .. 
MnO D.44 OM OA1 OM OAt OM 
MgO 13.11 13.41 13.88 13.87 10.81 10.88 
CliO 11.81 11.71 11.71 12.01 11.M 11.04 
ta20 1.81 1M 1.14 • 1.80 1.83 1.73 
K20 0.11 O.SI 0.83 D.5l 1.GI OM 
F 0.00 0.00 0.00 0.00 OA5 OAI 
a D.OI D.02 0.01 D.03 0.01 D.04 
lOTAL .. 81.01 18.81 100.21 17.11 11.10 

• .... 1.01 1.00 7.00 ..... .., 1.72(8.11) 
AI IV 1.GI o.• 1.01 1.00 1.M(U2) 1.28(1.270 
AI VI 0.12 0.11 0.11 0.10 G.28(0.28) D.27(0.27) 

~ 2.88 2.M 2.17 3.00 2.A2(2.31) 2.52(2.50) 
1.M 1.M 1 .. 1 .. 2.30(1.71) 2.20(1.72) 

Fr - - - - -l0-52) -(0.48) 
Mn D.OI G.OI 0.01 0.08 G.08(0.08) G.07l').07) 
n 0.1 .. 0.12 0.12 0.10 0.11(0.11) O.GI(OJIIt 
Ca 1.81 1.81 1.81 1.87 1.83(1.11) 1.12(1.80t 
Na o.u OM o.ao OA5 OA7(0M) 0.51l').IO) N 
K 0.13 0.11 0.12 0.10 D.21(0.21) 0.18(0.110 \0 
ta111CIIIIani1U7 11.80 15.13 15.13 15.88(1U., 11.M(11.51) -......) 

a 0.01 0.01 0.01 0.01 0.00 0.01 



Table A6.1. cont. 

Annabel Lake Boot lake 

IM'plel) ... • .. 1 • 
Palnl• ,., ...... , .... 1-21c• 2er~ 2-31cf 3•r~ 3-3&f ,.,,...,. , .... 2avrn-2'" 38rn-2" 2. 3. 7 10 20 22.00 

8101 G.17 &11 ... 73 ...... ...... 41.71 80.17 47.11 12.23 ..... 47.13 43.22 43.82 41.20 41.48 41.31 43.14 
1101 1.70 U7 2.21 1.17 2.311 uo o.• 1.11 G.20 1.31 1.20 1.17 1.37 1.12 1.32 1.47 1.35 
Arl03 8.11 7.73 7.71 ... 7.74 ..... 4.77 ... 2.10 7.G1 7#1 7.43 7AI 7.11 1.31 7 .. 7 7.44 
FeO 18.11 1IAO 11.04 15.11 11.82 18.11 11.80 11.41 17.70 17.M 18.. 18.72 17.53 17.70 11.01 17.01 18.74 
UnO G.33 G.30 G.21 G.30 o.M G.3l 0.41 o.a G.33 o.a G.23 0.31 G.27 G.23 G.23 0.23 0.21 
UgO 13.. 13.10 14.10 13.41 13.11 12.14 13.11 11.12 12.11 12.43 12.08 11.71 11.01 11.21 12.01 11.11 12.02 
CIO 11.11 11.11 1UI 1UO 11M 11.70 1UO 11AI 12.. 11.27 11.31 10.71 10.11 10.11 11.31 11.14 10.87 
Nd) 1.00 , .... 1.10 1.GI 1.18 0.74 0.70 1.11 0.28 1.14 1.21 1.43 1.11 1.21 o.- 1.11 1.51 
K20 0.57 0.70 0.11 0.51 0.80 0.31 G.33 0.71 0.00 OM o.at 1.Q2 o.- G.ll 0.71 o.- 1.cM 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 G.03 0.00 G.05 0.00 0.01 0.88 
Cl 0.17 0.13 0.13 0.18 0.14 G.20 0.11 0.11 o.oe 0.13 0.17 0.11 0.17 G.21 0.07 0.11 0.18 
TOTAL .... 18.47 IU7 .... 10G.21 100.80 .. 72 1oo.o7 .... ... 1 -.a 14.11 IU3 ~ 15.51 18.10 .... 
81 7.00 8.71 8.71 7.01 8.71 7.21 7.31 ... 7.11 8.11 .... 1.73(1.11) 8.80(8.88) .... ,.. 8.88(8.71t 8.10(8.71t 8.72(1.85) 
AHV 1.01 1.21 1.22 o.• 1.M 0.71 G.ll t.GI G.3l 1.GI t.oe 1.27(1.25) 1.20(1.18) 1.11(1.G8t 1.12(1.11) 1.10(1.G8) 1.28(1.27) 
AI VI 0.12 0.01 0.10 0.111 0.01 0.14 0.11 0.11 0.11 0.14 0.11 0.08(0.()8) 0.17(0.17) 0.18(0.18) o.37(0.37) G.24(0.24) 0.08(0.08) 
Ug 2.11 2.11 3.01 2.82 3.00 2.77 2M 2.51 2.80 2.71 2.11 2.74(2.88) 2.58(2.53) 2.55(2.52) 2.72(2.88) 2.84(2.80) 2.76(2.720 ,... Ul , .. 1.13 UM Ul 2.11 2.00 2.31 2.14 2.22 2.30 2.18(1.24) 2.28(1.48) 2.28(1.54) 1.10(1.27) 2.12(1.37) 2.15(1.51) ,... - - - - - - - - - - - -(0.87) -(0.71) -(0.18) -(0.11) -(0.'72) -(0.53) 
Un 0.04 G.04 Q.03 G.04 G.03 0.01 o.oe G.04 O.Q2 G.03 O.D3 G.04(0.04) 0.04(0.04) G.03(0.03) G.03(0.o3) G.03(0.03) G.03(0.03) 
11 0.11 o.a 0.21 0.11 G.2l 0.10 0.01 0.13 O.Q2 0.11 0.14 0.20(0.18) 0.18(0.18) 0.17(0.17) 0.15(0.11) 0.18(0.18) 0.18(0.15) 
ca 1.80 1.12 1.71 1.71 1.81 1.82 1.81 1.81 1.17 1.80 1.80 1.80(1.77) 1.83(1.80) 1.78(1.78) 1.83(1.81) 1.78(1.71) 1.71(1.77) 
Na Q.28 OAt O.A2 G.30 G.33 G.21 G.20 0.32 0.08 0.33 0.35 OA3(0.42) 0.36(0.31) 0.38(0.38) G.28(0.28) 0.32(0.31) OA4(0 • .W) 
K 0.11 0.13 0.13 0.11 0.12 G.07 o.oe 0.15 0.00 0.17 0.11 0.20(0.20) 0.18(0.18) 0.17(0.17) 0.14(0.14) 0.18(0.18) 0.20(0.20) 
....... 11.10 11.12 11.12 15M 11.51 15.41 11.34 11.51 11.11 11.11 11.11 11.88(11.38) 11.10(15.33) 11.51(11.21) 15.43(111.23) 15.AI(15.M) 11.58(15.40) 
Cl G.04 Q.03 Q.03 o.os G.04 G.05 G.04 G.04 O.Q2 0.03 0.04 G.03 O.cM G.05 O.Q2 G.04 O.GI 

Standards: SL Mn, ca (bustamite), 11 (benitoite), AI, Fe (almandine), Mg (olivine), Na Qadeite), K (sanldine), Cl (tugtupite). The points marked with an asterisk were 
analyzed using the same standards except for Sl, AI. Fe, Mg and Ca (kaersutite). These analyses resulted in high totals by about 1 to 2%. 
Structural formulae calculated asslfming 23 oxygens. Structural formulae with maximum ferric Iron contents are in parentheses and were calculated by assuming 
a total~ 13 cations axduslva of Ca. Na and K using the formulae of Droop (1987). 
Abbreviations: tJN - tJNaraga, r - rim, n • number of analy888 averaged, c • cora. 
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00 



Table A8.2. Compositions of biotites from granitoids 

Boot lake Annabel Lake ._.ID .. 11 .... 
Point I I • at II 1 I 3 4 10 11 12 11 17 11 20 21 II 

802 31.81 34.11 33.21 31.01 31.31 ..... 31At 31A7 ... 35.30 31.151 3Ut 31.37 31.31 37.14 M.M 33.71 
1102 1.13 0.22 O.t3 0.21 1.52 1.50 1.32 1.33 1.53 1A7 1AO 1A8 t.52 t.53 1.58 1.47 1.28 
AI203 t4.JI ti.OI , .... tl.33 11.11 1Ut 11.82 11.. 11.38 tiM 11.47 tl.32 11.53 15.82 15.83 11.. 11.47 
FeO 28.03 2I.Ot MAl at.11 17.13 17.77 t&AI 18.33 11.07 18.22 1e..to 18A5 17.57 11.10 18.11 18A1 11.30 
UnO 0.23 0.17 0.211 0.11 0.11 0.23 0.11 0.21 0.12 0.23 0.17 0.23 0.11 0.11 0.18 D.21 0.12 
MgO 1.14 8.151 1.21 ... 11 •• 12.14 12.80 11.SII 12.27 11.11 12.00 t1.87 12.01 12.01 12.00 11 •• t2.34 
CliO 0.71 o.ot o.oa 0.00 OM o.07 0.11 o.oa 0.00 0.01 0.01 0.00 0.11 0.01 0.00 0.03 O.ot 
NaaO 0.00 o.ot D.01 0.01 0.12 0.11 o.oa 0.07 o.oa O.CM 0.08 0.12 0.11 0.01 0.18 0.11 0.08 
K20 1.17 1.71 7.31 I.A2 ... 1.13 1.17 1.14 1.52 I.A2 1.52 .,. 1.01 1.03 1.31 1.23 8.11 
F 0.00 0.00 0.00 0.00 0.07 0.11 0.17 0.13 0.00 OM 0.00 0.14 0.11 0.12 0.00 0.00 0.00 
a 0.10 0.10 0.14 0.11 o.oa 0.08 o.oa o.07 o.oa O.CM o.03 o.oa o.oa D.OI 0.08 o.oa O.CM 
'TOTAL 11.72 13.17 ., .. IIA3 ta.10 13.23 lUI ... .... 12.11 13.11 13A1 12.71 I3A2 11.211 11.11 110.11 

II 1.27 1.57 1.38 1.12 1M .... 1.18 1.51 1.57 1.57 .... U5 1.85 1.12 1.85 1.53 U3 
AJN 2.73 2A3 2.82 2.38 2.38 2.38 2.42 Ul 2A3 2A3 2.34 2.31 2.35 2.38 2.35 2.47 2.57 
AJVI 0.11 0.57 o.eo 0.12 o.ao OAI OM OA8 0.38 OM OA8 OA5 OAI 0.50 0.48 OA5 G.38 n 0.20 o.03 G.02 o.03 0.11 0.17 0.15 0.11 0.18 0.17 0.11 0.17 0.18 0.11 0.11 0.11 0.15 
Fe 3.87 3.M 3.31 3.11 2.33 2.30 2.37 lAO 2.47 lAO 1.31 2.31 2.28 2.34 2.41 2.44 2.80 
Mg 2.00 2.03 2.24 2.07 2.75 2.80 2.81 2.78 2.84 2.81 2.77 2.74 2.71 2.78 2.72 2.71 2.11 
Mn 0.03 o.oa o.CM 0.03 o.oa 0.03 G.02 0.03 0.01 0.03 G.02 0.03 0.03 D.OI 0.01 0.03 0.01 
ca 0.14 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 
Na 0.00 0.00 0.00 0.00 O.ot 0.03 G.02 o.oa G.02 0.01 o.02 o.CM O.CM 0.03 0.05 0.01 o.02 
K 1.211 1.71 1.51 1.87 1.83 1.80 1.71 1.82 1.88 1.81 1.81 1.85 1.71 1.78 1.81 1.87 1.81 
F 0.00 0.00 0.00 0.00 o.03 0.05 o.oa 0.08 0.00 0.01 0.00 0.07 0.08 O.GI 0.00 0.00 0.00 
a 0.03 0.03 OM O.ot 0.01 G.02 G.02 o.oa 0.01 0.01 0.01 D.01 O.Ot G.02 0.01 0.01 0.01 

Phantom Lake 
._.ID 101 .... -·-11-
Point I 21 21 30 33 • 87 • 28 21 

8102 31.17 '11.17 38.21 '11.21 3U5 35.08 35.01 37.08 38.51 
1102 0.13 1.11 tAO 1AO 3.74 4.04 3.84 1.00 0.81 Standards: Si, Mn, Ca (bustamite), n (benitoite), AI, Fe (almandine), 
AI203 12.JI 12.30 12.00 t2.21 13.23 13.21 12.70 14.57 13.70 Mg (oHvine), Na Qadeite), K (sanldine), Cl (tugtupite), F (fluorite). FeO 14AI 11.12 11.11 11.57 11.41 11.11 14.10 11.14 11.43 
UnO OA3 O.AI O.AI •OM 0.23 0.11 0.14 D.32 0.31 Structural formulae calculated assuming 22 oxygens. 
MgO 15AI 11.41 11.38 14.151 8.151 1.21 1.17 14.31 11.01 
CliO 0.10 0.00 0.00 o.oa 0.00 0.00 0.01 0.00 0.00 
NaaO 0.04 G.OI G.03 o.07 OM 0.11 0.11 0.07 0.05 
K20 ... ..., ...., 1.47 1.52 ... l.lt 1.11 1.80 
F 1A1 1 .. 1M 1.71 OA8 o.53 0.51 1.11 1.23 
a D.OI D.04 o.CM G.OI 0.15 D.l1 0.14 o.oa 0.03 
'TOTAL 11.81 M.71 II.A2 12.17 .. 11.53 11.32 13.31 11.82 

• 1.71 ... 1.77 1.75 1.13 1.14 uo 1.17 1.71 
AJN 2.21 2.11 2.23 2.23 2.17 2.11 2.10 2.33 2.at 
AJVI o.oe 0.00 0.00 0.00 OA3 OM G.AI 0.21 0.17 
n 0.07 0.11 0.11 0.11 OA1 0.51 OAI 0.12 0.10 
Fe 1.81 2.03 2.01 2.01 2.17 2.11 2.08 UM 2.05 
Mg 3.11 U7 3M 3.31 2.13 2.08 2.11 3.27 3.31 
Mn o.oa o.oa o.oa o.oa 0.03 G.OI D.OI OM O.ot N 
ca D.OI 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 \0 
Na D.01 o.ot 0.01 D.OI 0.01 o.oa D.04 o.OI 0.01 \0 
K 1.SII , .. 1.SII 1.87 2.03 2.04 2.08 1.87 1.83 
F o.• G.ll 0.. 0.87 0.21 o.a D.31 0.151 0.58 
Cl 0.01 O.Ot D.01 0.01 O.CM 0.08 o.CM D.OI 0.01 



Table A8.3. Compositions of feldspars in granitoids 
Phantom Lake 

... 10 101 
Polnl• 11 • 31 17 31 • 40 41 42 41 44 41 41 47 41 .. &0 

802 12.31 13.01 12.11 12.51 84.10 13.77 12.34 12.73 13.41 .... 13.82 83.30 13.73 13.41 82.17 81.83 13.73 
AI20I 17.51 11.11 17M 22.81 11.41 21.54 11.41 21.82 21.87 21.&0 21.11 22.11 21.87 18.21 18.44 17.42 21.71 
Fe20I 0.14 0.11 CUll 0.11 0.14 0.10 0.11 0.11 022 0.12 0.17 0.11 0.17 0.00 G.03 0.00 0.13 
c.o 0.00 0.00 0.00 4.42 2.11 2.13 3.22 3.81 3.210 2.10 2.88 3.18 3.01 0.01 0.01 0.00 3.11 
NII20 0.31 o.30 G.31 1.51 1.10 1.&0 ... 1.012 1.37 ..., 1.51 ... 1.83 1.21 0.71 o.• 1.27 
K20 18.13 11.11 11.11 G.3l o.u 0.12 0.14 0.11 0.12 0.17 1.ot 0.17 1.012 15.03 14.84 11.41 0.41 
TOTAL .... 17.11 .. ,. .. 10 11.87 17.88 .. 74 17.88 IIAO ... 1 17.11 IIAO .... 11.08 ..13 IUS .. 31 

81 2.11 2.11 ... 2.80 2.81 2.17 2.81 2.13 2.14 2.88 2.88 2.14 2.88 2.18 2.88 3.00 2.88 
AJ OM 1.01 1.02 1.21 1.13 1.14 1.11 1.17 1.18 1.13 1.13 1.17 1.14 1.01 1.01 1.00 1.11 
~ 0.01 o.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
Ca 0.00 0.00 0.00 0.21 0.14 0.14 0.18 0.11 0.11 0.13 0.14 0.11 0.11 0.00 0.00 0.00 0.11 
Na o.03 o.03 0.03 0.73 0.71 0.82 0.71 0.71 o.ao 0.12 0.74 0.77 0.78 0.11 o.o7 o.oe 0.71 
K OM OM 0.11 0.02 0.03 0.01 G.04 0.01 0.01 o.01 o.oe o.03 0.08 0.10 o.• OM 0.02 

... 10 -101- ... .. 11 
Polnl. 11 12 • 10 11(1) 12 30 31 32 33 Standards: Si, Ca (bustamite), Ti (benitoite), AI, Fe (almandine), 
8102 12.18 12.10 81.21 13.11 81 .. 84.11 83.01 81.13 81.01 11.31 Mg (olivine), Na Qadeite), K (sanidine). Ba and Sr not analyzed. 
AI203 17.87 21.21 23.12 18.33 23.28 18.42 11.08 11.11 22.10 23.47 
Fe20I o.oe 0.12 0.01 0.03 0.08 CUll o.ol 0.10 0.10 0.10 Strudural formulae calculated assuming 8 oxygens. 
c.o 0.00 3.01 1.34 o.oo 4.87 0.00 0.10 O.f17 3.18 4.10 (1) includes 0.10% MgO 
NII20 0.31 .... 1.31 G.4l L22 0.88 ... 1.10 1.01 7.71 (2) Includes 0.12% TI02 K20 18.32 1.33 0.10 18.20 0.11 15.42 12.12 12.88 0.71 0.17 
TOTAL 17 •• 17AI .. 73 .. 17 11.21 .. 01 17.11 11.11 ... 18.11 (3) includes 0.12% TI02 
81 ... 2.11 2.71 2.11 2.77 ... 2.11 2.11 2.71 2.74 (4) includes 0.15% MgO 
AJ 1.00 1.14 1M 1.012 1.23 1.01 1.ot 1.ot 1.23 1.21 (5) includes 0.40% MgO 
~ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.oo 
Ca 0.00 0.11 0.28 0.00 o.22 0.00 0.01 0.00 0.11 0.24 
Na 0.03 0.71 0.12 G.04 0.10 0.08 0.23 0.17 0.71 0 •• 
K 0.18 O.GI 0.01 O.M 0.01 G.l2 0.73 0.77 0.01 0.03 

Boot Lake Annabel Lake . 
... 10 .. ,. ... 
Polnl• l(2t 1(31 21 I 8 7 I 13 11(4) 11 a M 28(5) ~ 

8102 M.11 .... 12.13 87.12 81.42 80.11 ..... 81.17 84.17 13.12 88.41 84.10 17.11 13.32 
AI20I ~.44 .... 2t.ll 11.10 20.12 23.11 11M 22.10 21.41 21.11 20.43 22.01 22.58 20.80 
Fe20I 0.23 ~ 0.11 CUll 0.01 0.01 o.oe 0.01 0.10 0.01 o.oe o.OI 0.28 0.12 
c.o .... lAO 1.21 OM ~ 5.17 o.• 4.21 2.88 3.31 1M 3.75 1.82 2.71 
NII20 1.&0 ... 1.01 10M 1022 7.10 10.11 1st ... 1.31 10.30 1.11 4.77 1M 
K20 0.18 U1 o.oa Q.22 0.01 0.13 o.ol 2.10 1.31 o.a 0.08 0.11 l.fn 0.43 
TOTAL 17A2 .. 11 10G.211 .. 17 18.13 17.33 17.71 18.43 -.a .... 11.11 11.41 13.12 ... 
81 2.&0 1.11 2.77 2.11 2.11 2.71 2.18 2.71 Ul 2.11 2.84 2.84 2.71 2.88 
AJ 1.AI 1A 1M 1.o3 1.01 1.24 1.o3 1.22 1.13 1.14 1.ot 1.11 1.21 1.12 
~ 0.01 o.01 o.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Ca 0.41 GAl o.2l o.03 0.11 ~ o.03 0.21 0.14 0.18 O.ot 0.11 o.oa 0.13 (.;J 
Na 0.41 GAl o.u 0.82 0.17 o.• 0.13 0.84 0.74 0.10 0.17 0.71 0.44 0.12 0 
K o.01 o.oa 0.00 o.01 0.00 0.01 0.00 0.12 o.oa o.oa 0.00 0.01 o.37 o.oa 0 



Table A6.4. Compositions of pyroxenes from the Boot Lake pluton 

..,...no ... ,. 
polnlno 1 • 11 12 13 17 11 11 23 

8102 lOA 11AI 11.71 12A1 12A1 11A1 11.28 
.,. 

12.71 
TI02 OM OA2 G.33 o.a OA2 0.51 0.53 0.23 0.11 
AlaOI 1.82 1.72 2.81 1.21 2.08 2.31 1.13 1.23 uo 
FtO 18.01 1'-11 1.30 1'-11 15.28 12.71 1UI 1'.01 11.71 
UnO G.3l 0.28 o.al G.31 0.50 0.27 o.31 G.30 G.37 .. 12.11 1'.AI 11.80 13.10 1'-13 13 .• 13.18 1 .... 1'-11 
CIO 11.27 12.01 11.17 13.38 12AI 18.01 18.82 12A7 12.21 
NI20 G.30 0.20 o.a G.22 o.M 0.28 G.30 0.11 o.M 
lOT AI. ..... 11.01 ... 17.M 17.11 ... •a 17.11 17.ol 

81 1.11 2.01 1.13 2.01 2.00 1.1M 1 •• 2.CM 2.03 
AI o.o7 0.01 0.12 0.10 G.OI 0.11 0.01 o.oe 0.08 
11 0.01 0.01 G.01 0.01 0.01 0.02 G.02 G.01 0.00 ... 0.,. OM 0.11 0.71 0.11 0.71 0.78 0.81 0.11 
frl 0.52 OA1 o.a U7 O.AI OAO 0..7 o..a 0.51 
lin G.01 0.01 0.01 0.01 0.02 0.01 0.01 G.01 0.01 
Ca 0.81 uo 0.71 0.51 0.11 0.73 0.81 0.11 0.50 
Na G.02 0.01 G.02 0.02 0.02 0.02 o.oa G.01 G.02 

Standards: Sl, Mn, Ca (bustamite), Tl (benitoite), AI, Fe (almandine), Mg (olvine), Na 
Qadeite). Structural formulae calculated assuming 6 oxygens. 

Table A8.8. Compositions of aphenes from the Phantom Lake pluton 

-··-.. Ill( n-It 

802 21.21 G.3 
TI02 33.51 0.13 
Nd203 OAI • 0.11 
Ce203 om o.oe 
AI203 2.13 G.27 
FtO 2.08 0.2 
llnO 0.01 G.OI 
MgO o.ot G.02 
CIO 27.11 0.1 
SrO o.ot o.cM 
Na20 o.oa o.ot 
F o.ee 0.13 
Tatll .. 11 OM 

Standards: Sl, Mg (olivine), Tl (rutile), Nd, Ce (monazite), AI, Fe 
(almandine), Mn, Ca (bustamite), Sr (celestite), Na (Jadeite), F 
(fluorite). See Table 3.3 for Rb, Sr, Sm and Nd by isotope dUutlon. 

Abbreviations as in Table A8.5 

Table A6.5. Compositions of apatites from granitoids 

Annabel Lake Phantom Lake 

- .... - ---1·-.. ld(n.l) .. ld(n-t) 

FtO o.ot 0.03 G.02 o.cM 
llnO o.cM G.03 G.OI 0.03 
MgO 0.01 0.01 0.01 0.02 
CIO 14.52 G.33 14.81 0.28 
SrO G.07 G.02 0.21 G.02 
Nd203 0.11 o.oa 0.03 o.oe 
Ce203 0..1 0.1' 0.17 0.11 
PaOI 413 o..3 411 0.21 
Cl o.cM 0.01 G.02 0.01 
Tatll 11.31 0.51 -.u 0.11 

Standards: Fe (almandine), Mn, Ca (bustamite), Mg 
(olivine), Sr (celestite). Nd, Ce (monazite), P (apatite), 
Cl (tugtupite). The Rb. Sr, Sm and Nd concentrations, 
and Sr and Nd isotopic compositions are In Table 3.3. 
Abbreviations: avg - average, sd -standard deviation, 
n - nunber of measurements 

Vl 
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Table A8. 7. Compositions of sulphides from the Laurel Lake deposit. 

Sphalerite Arsenopyrite --- 21M ... 21M 

" 20 • 7 • • 10 11 12 18 1 2 3 4 I 

Zn ... U.03 82.37 82.17 13.01 82.12 81.21 82.17 11.11 Fe SUI 3U8 35.27 31.07 34.11 34.71 
Fe G.83 0.47 l.17 3.28 3.22 3.44 3.55 3.52 3M M 44.80 45.01 43.10 4UO 44.70 45.27 
I ... SUI s:l.73 34.11 ... 34.1 34.11 34.13 34.21 I 21.17 22.38 21.80 22.30 22.38 22.33 
Mn Q.CM 0.00 o.oe Q.OI 0.11 0.11 0.12 0.10 0.11 Co 0.01 0.07 0.01 0.13 0.11 o.oe 
Cu Q.30 0.17 0.03 0.02 0.02 0.00 0.07 0.01 0.13 N 0.01 0.08 0.01 0.07 0.1 0.11 
TCIIII M.11 .. 71 11.31 ... 1 10G.II .. ,. .. ,. ... ... 8b 0.01 0.00 0.01 0.00 0.00 0.01 

Tatll 100.10 102.10 101.11 101.17 1CIGU7 102.&1 

Tennantite 

a•• 
13 14 11 17 11 

Cu 40.43 40.11 40.13 40.71 40.41 
M 13M 13.M 14.03 14.02 13.51 Standards: Zn, S (sphalerite), Mn (bustamite), Cu (cuprite), Fe, Ni (pentlandite), As, Co (cobaltite), Sb 1.12 1.52 8.11 1.13 1M 
Ae 1.10 1.G1 0.11 0.83 O.M Sb (stibnite), Ag (lodyrite), Bi (synthetic BiSe). 
8 27.81 27.71 27.18 27.81 27.70 
Fe ~.. 3.21 3.40 3.38 3.21 
Zn 3.81 4.27 4.23 421 4.83 
Bl 0.15 0.21 0.03 0.11 0.11 
TCIIII 11.83 100.52 100.18 10Q.21 100.74 

Table A8.8. Composition of gold-bearing phases from gold occurrences 

Laurel Lake Rio 
AL70-1411 137b 

I • 7 • 10 11 1 2 3 

AM 8IAI 11.32 13.31 80.17 13.11 81.21 a.OI ... 10.12 
AI 24.71 23.11 22.82 34.81 28.01 2UI 1.31 .... 1.47 
Hg 10.11 10.M 10.21 18.10 18.82 18.10 1.73 1.81 1.81 
Te 0.01 Q.OI 0.12 0.01 Q.OI o.oa o.oe 0.03 0.00 
TCIIII 101.11 100.21 .... 101.82 101.00 100.71 11.21 ..,1 101.11 

Standards: Au, Ag (Au..Ag32), Hg, Te (Pd3HgTe3 • Cabri-451) 
w 
~ 



Table A8.9. Composition of hydrothermal minerals at the Rio deposit 

Muscovite Tourmaline 

-111- -1318- 2.02 ... 111 42 
17 ao • • • 13 14 • • 21 22 14-27(1) 30 484(2) 10 51 

8D2 47.17 47.48 47.12 47.32 48.81 .t3.8l 43.at 42.85 45.10 8D2 35.22 35.30 35.81 38.10 38.45 35.71 38.30 
TI02 0.22 G.M G.30 G.20 0.31 G.33 o.35 0.. 0.42 TI02 0.13 G.44 OM 0.10 0.1t 0.10 G.25 
NlOS t1.17 3UI 33.10 33.01 33.14 32M to.72 30.72 31.tl NlOS 8.57 30.87 31.22 33.12 SUI 33.03 33M 
FeO 3.85 2.12 2.71 2.44 2.31 2.10 2.18 2.71 1.75 FeO 12.11 11.01 10.81 10.10 ..... 1.87 7.84 
MgO 1.23 G.l1 0.74 0.01 1.01 0.11 1.21 1.33 1.13 MgO 4.71 ... 4.71 3.53 1.74 4.17 1.81 
Cr203 o.oa 0.01 0.10 0.02 0.43 0.00 o.oo o.oo o.oo CaO 0.17 G.25 0.12 0.03 0.01 0.04 0.07 
CaO o.oa o.oo G.OI 0.01 0.01 o.oo 0.11 0.00 o.oo Na20 2.41 2.21 2.11 1.51 2.74 1.11 2.78 
Na20 G.2l G.30 G.M U1 0.51 0.31 G.30 0.31 0.24 UnO G.OI 0.02 0.01 o.os o.oo o.oo o.oo 
K20 10.80 10.32 10.81 1G.87 10.31 1o.ll 10.31 1.17 10.10 F 0.11 o.oo 0.45 G.23 o.oo 0.00 o.oo 
MnO 0.00 0.01 o.oo 0.82 o.oo 0.03 o.oo o.os 0.03 Telbll 8U1 85.11 11.01 .... 11.11 81.72 18.21 
F 0.00 o.42 G.30 0.38 0.40 o.oo o.oo o.oo o.oo 
lOT AI. ...,. ll.t5 11.11 11.35 11.47 10.74 •.os 88.31 11.71 

81 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
81 1.31 1.21 ... 1.37 ... ... 8.24 1.22 ... ~ I.IM 8.11 1.15 1.57 8.31 8.53 8.52 
AI 1.07 1.32 1.30 1.25 1.24 1.31 1.22 1.25 1.23 Aft) 0.00 0.15 0.15 0.57 0.31 0.53 0.52 
11 o.oa o.oa o.os 0.02 0.04 0.03 0.04 0.03 0.04 11 0.08 0.01 0.08 0.01 0.02 0.01 0.03 
Fe G.41 0.21 G.30 0.27 0.21 G.2l 0.32 0.34 0.20 Fe 1.85 1.57 1.14 1.47 1.17 1.38 1.08 
Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 o.oo o.oo Mn 0.01 o.oo o.oo 0.00 o.oo o.oo 0.00 
Mg G.2l 0.11 0.11 0.02 0.22 0.11 0.28 0.21 0.23 Mo 1.20 1.33 1.11 OM 1.41 1.24 1.40 
Cr 0.00 o.oo 0.01 o.oo 0.05 o.oo o.oo 0.00 o.oo Ca 0.03 0.01 0.02 0.01 0.02 0.01 0.01 ca 0.00 0.00 0.01 0.01 0.01 o.oo G.02 o.oo o.oo Na o.ao 0.73 0.71 0.48 0.87 0.82 0.81 
Na o.o7 o.oe o.oa 0.08 0.13 0.10 0.08 0.10 0.01 
I( 1.81 1.75 1.85 1.U 1.77 1.80 1.11 1.81 1.80 
F 0.00 0.00 0.00 o.oo o.oo o.oo o.oo 0.00 o.oo Standards: Si, Mn, Ca (bustamite), Ti (benitoite), AI, Fe (almandine) 

Standards: Si. Un, Ca (bustamite), Ti (benitoite), AI. Fe (almandine), Mg (olivine), Cr Mg (olivine), Na Qadeite), F (fluorite). Strudural formulae calculated 
using the procedure outlined by King (1990). 29 oxygens are (chromite), Na Qadaite), K (sanidlne), F (fluorite). 
assumed for charge balance. Each analysis showed excess Sl and Structural formulae calculated assuming 22 oxygens. 
so the composition was normalized to six Si atoms. B was not 
analyzed, but there are typically 3 B atoms per formula unit and 
about 10 wt% 8203. (1) average ~ four analyses; (2) average of 
three analyses 
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Table A8.9. cont 
Chlorite - 114 --14 11 11 11 11 23 31 32 34 37 31 

1102 2U1 23.32 23.17 23.50 14.01 lUI 14.14 21.01 14.11 23.81 23.27 
1101 0.12 0.00 0.11 D.OI OJM 0.11 0.10 0.13 O.GI o.oa 0.14 
AI203 ... ... 20.80 20.41 11.11 20.44 20.31 20.82 11.32 2Uil 21.Q7 

Standards; Sl. Mn. Ca (bustamite), 11 (benitoite), Fe() 34.80 31.13 33.8t 34.37 34.14 34.11 21.70 27.88 27.31 27.30 28.01 
MgO .... 1.31 I.Cll 1.47 1.01 1.21 12.53 13.22 13.71 12.53 11.71 AI, Fe (almandine), Mg (olivine), Cr (chromite), 
CI203 OJM 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.23 OA 
CIO 0.01 OJM G.OI o.o3 G.OI O.ot o.oa 0.01 0.07 0.11 0.00 Na (jadeite), F (fluorite). 
NlaO 0.012 G.OI 0.00 0.00 0.00 0.01 0.03 0.01 0.01 0.00 0.00 Structural formulae calculated assuming 28 UnO O.GI 0.012 0.00 0.11 0.11 0.11 OA4 0.31 0.34 0.02 0.00 
F Q.AO 0.31 Q.AO 0.31 0.10 0.31 G.2D 0.31 0.31 G.27 0.41 oxygens. 
TOTAL 17 .. 18.21 17.83 17.40 17.83 &74 a01 17.71 11.01 18.02 15.17 

81 1.11 1.20 1.27 1.27 U7 1.31 1.33 1.31 ...... 1.22 1.11 
NIV 2.81 2.80 2.74 2.73 2.83 2.81 2.17 2.11 Ul 2.71 2.81 
NV1 2.84 2.70 2.88 ... 2.11 2.11 2.52 2.11 2.43 2.71 2.73 
11 0.012 0.00 o.oa 0.02 O.G1 0.03 0.02 0.02 0.01 0.01 0.012 
Fe &51 .... 8.31 ..... 8.37 1.21 5.31 1.03 1.02 1.00 5.23 
Mn 0.01 0.00 0.00 0.02 0.012 0.02 0.01 O.a7 o.oe 0.00 0.00 
Mg 2.85 2.71 2.81 2.13 3.00 3.03 4.01 4.23 4.10 4.01 3.11 
Cr 0.01 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.01 0.07 
ca 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.012 0.03 0.00 
Na 0.01 0.012 0.00 o.oo 0.00 0.00 0.01 0.00 0.00 0.00 0.00 

Abites 

110 --- ---2 3 I 7 • • 10 11 13 31 40 II 80 

1102 .. 11 a12 .... 11.24 17.58 81.31 .... 11.31 ..... 17 .. ..., ... 17.11 87.30 
MOa 11.11 11.42 11.01 18.74 1U1 18.81 11.17 18.11 11.01 11.81 11.11 11.27 18.12 18.80 
Fe() o.oe 0.00 0.10 0.14 G.OI 0.12 o.o3 0.11 0.01 G.07 0.10 0.10 0.00 G.OI 
CliO o.07 o.oa O.GI 0.12 G.OI o.oa G.07 0.10 0.10 0.58 0.12 o.oa G.07 0.10 
NlaO 11.a 11.21 1\.40 11.11 11.32 10.11 11.23 11.43 11.21 10.81 11.31 11.&1 11.22 10.88 
K20 o.o3 o.oa o.oe G.3l o.oa 1.11 o.o3 G.OI 0.012 O.GI 0.04 0.01 o.oe D.30 
F 0.01 0.14 0.10 0.01 0.13 0.13 0.11 G.OI 0.12 G.07 0.00 0.07 0.00 0.00 
TOTAL •n .. , ... 1 81.10 .. 13 ... .... ._,a .. 11 ... 1 100.11 ••• 18.11 17.11 

II 3.01 3.00 3.01 ... 3.01 3.02 3.02 3.01 3.01 ... 3.00 3.00 3.02 3.01 
AI 0.81 1.01 0.81 1.00 0.81 0.81 0 •• 0.81 0.18 1.03 1.00 1.00 O.at 0.81 
Fe 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ca 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 D.03 O.G1 0.00 0.00 0.01 
Na o.l7 0-81 0.17 0.81 0-81 G.l7 o.tl CUI 0.81 o.es 0.81 CUI 0.11 OM 
K 0.00 0.00 0.00 0.012 0.00 O.GI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 

Standards: Si, Ca (bustamite). AI, Fe (almandine), Na (jadeite), K (sanidine), F (fluorite). Structural formulae calculated assuming 
8oxygens. 
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Table A6.9. cont. 

Carbonates 

-1M- -110- -137b- ---......... • ......... •.tn-ll •• (n-4) •·Cn-ll ..,....., ..(n-2) 

cao M.73 48.72 27.12 27 .. 27.82 21.13 27.71 27.71 
MgO 0.11 1.37 1G.28 10.22 1.27 8.87 1.51 IA3 
FeO 0.51 2.82 17.51 17.81 11.00 18 • .U 17 .. 11.30 
MnO o.aa o.aa O.M 0.57 0.57 0.83 0.80 0.51 
810 CUM 0.00 0.16 0.11 o.oe 0.01 0.11 0.1 .. 
C02 .. 1.01 38.11 31.11 37.22 38.01 K.1 .. 40.43 40.03 
111111 17.31 12.81 16.01 83.72 15.83 11.31 81.48 18.22 

Ca 1M 1.a OM OM OM 1.00 o.• 1.00 ... 0.01 0.07 OJiO 0.50 OAI o..u OM U7 
Fe 0.01 o.oe U7 OAI 0.53 o.M 0.1 0.11 
Mn D.OI 0.03 D.OI 0.012 0.012 0.012 0.012 0.02 
8r 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
c 1.11 1.12 1.81 1M 1.82 1.82 1.11 1.84 

Standards: Ca. C (calcite), Mg (dolomite), Fe (almandine), Mn (rhodochrosite), 
Sr (celestite). Structural formulae calculated assuming 8 oxygens, and 
normalizing cations, excluding C, to 2. 
Abbreviations: av. • average; (n•?) • number of analyses averaged. 
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Table A8.10. Compositions of hydrothermal minerals at the Graham No.2 vein 

Chlorite 

417 
2 a 4 • 14 111(1) 20 21 28 21 

8102 26.11 ... 21.21 .... 25.42 21.41 27M 28.01 25.92 25.02 28.28 
TI02 o.oe o.oe Q.OI 0.01 o.ol 0.03 0.11 OM 0.01 0.11 0.01 
MOl 22.01 ., .. 21.12 22.11 21.:M 18.71 20.44 18.11 11.33 21.58 18.42 
FeO 20.11 20a 20.80 20.41 20.17 23.71 22.81 M-77 lUI 21.o3 23.02 
MgO 11.01 11.. 11.84 1U7 11.71 11.22 14.71 1U1 11.73 18.41 17.80 
UnO OM 0.18 O.M G.2D G.22 G.21 0.20 O.M o.27 0.11 0.20 
F 0.01 0.00 o.oe 0.00 0.00 0.02 OM 0.00 0.00 0.00 0.00 
lOTAL 17M IU1 8U2 8Uot 11.01 8U4 15.71 ..... 17.10 11.33 ..... 
81 1.21 1.27 1.27 1.21 U2 .... 1.74 1.13 1.10 1.21 1.12 
AllY 2.71 2.73 2.73 2.71 a.ea 2.12 2.21 2.47 2.10 2.71 2.41 
AI VI 2.11 2.84 2.11 .... 2.51 2.41 2.81 2.31 2.31 2.57 2.34 
11 0.01 0.01 O.G1 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 
Fe l.ll 3.54 l.ll l.ll l.l3 4.27 4.03 4.40 4.31 3.81 4.01 
Mt .... U1 1.80 6.71 .... 1.20 4.17 1.21 1.21 1.77 1.81 
Mn OM o.03 OM 0.04 0.04 0.04 OM 0.04 o.ol 0.03 0.04 
F 0.01 0.00 o.ol 0.00 0.00 0.01 O.o3 0.00 0.00 0.00 0.00 

Standards: Sl, Mn (bustamite), Tl (benitoite), AI. Fe (almandine), Mg (olvine), F (fluorite). 
Structural formulae calculated assuming 28 oxygens. (1) Includes 0.40 wt.% 1<20. 

Muscovites Feldspars 

417 417 
8 I 11 17 22 23 27 21 7(1) • 13 18 10 11 12 24 21 

802 44.:M ....... 44.11 41.00 44.37 44.71 41.01 41.80 -Wikockl(. ...... vtlnll*e 
TI02 0.17 O.M G.37 G.2l G.31 O.M G.2l G.21 
MOl .., .. 13.51 13.11 33.81 11.21 21.74 21.41 8102 13.81 .... 13.73 82.11 17.11 ..... 17.51 ... 51.82 
FeO Ul 2.11 ... 2.81 l.14 l.38 4.11 4.G1 MOl 11.11 11.12 11.11 11.01 11.81 11.51 11.17 IU1 24.33 
MoO 0.71 oa oa '0.77 G.8l 1.44 2.01 2.G1 FeO G.37 OM 0.21 0.72 0.01 0.10 o.oa 0.01 0.01 
NI20 0.71 0.74 0.10 0.73 0.71 G.l2 OA2 G.l2 MgO 0.07 G.27 0.18 G.44 0.01 0.01 0.00 0.01 0.01 
K20 1o.ot 1o.OI ... 10.14 10.01 1G.31 10.01 10.11 CIO 0.00 0.02 0.01 0.00 G.2l 0.31 0.24 1.31 1.42 
lOTAL 13.10 13.24 IUD ..... 13.01 11.18 12.71 12.20 NI20 0.07 G.3l 2.21 0.54 1G.I7 10.34 11.80 7.88 7.10 

K20 11.13 11.41 12.10 11.21 G.47 1.23 0.03 0.10 0.10 
81 1.12 .. ,. 1.11 .. ,. .. , 1.27 1.40 ... lOTAL •• CM ... 17 .. ... 18.38 ..... 11.12 11.38 .... 
AI 1.48 1.42 1.41 1.41 1.48 1.11 4.88 4.88 
11 0.02 O.GI OM Q.03 Q.03 Q.03 Q.03 0.02 .. ... ..... 2.18 .... ... 2.18 a.oo 2.70 2.10 
Fe G.3l 0.33 0.33 o.aa G.3l G.3l G.4l OA1 AI 1.00 1.01 1.02 1.01 1.o3 1,03 o .• 1.30 1.21 
Mt 0.11 0.17 0.11 0.11 0.11 0.30 OA2 OA2 Fe 0.02 0.02 O.G1 O.o3 0.00 0.00 0.00 0.00 0.00 
Na 0.11 0.11 0.11 0.11 G.21 0.14 0.11 0.14 Mt 0.01 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.00 
IC 1.77 1.77 1.71 1.77 1.71 1.84 1.71 1.82 ca 0.00 0.00 0.00 0.00 0.01 0.02 0.01 G.31 G.31 

Na 0.01 Q.03 0.20 0.01 0.12 0.81 o.• 0.11 0.81 

Standards: Sl (bustamite), Tl (benitoite), AI. Fe (almandine), Ug (olivine), Na IC a.. o.t2 0.77 0.11 O.o3 o.o1 0.00 0.01 0.01 

Qadelte). K (sanldine). Ca. Mn. F and Cl not detected. Standards: Sl, Ca (bustamite), Tl (benitoite), AI, Fa (almandine), Ug (olivine), Na (Jad.) 
Structural formulae calculated assuming 22 oxygens. K (sanidlna). (1) Includes 0.17 wt.% Ti02. 

Structural formulae calculated assuming 8 oxygens. u:» 
0 
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