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STRUCTIiTIAL SETTING, GEOCHEMISTRY, AND TEMPORAL 
RELATIONSHIPS OF THE LODE GOLD DEPOSITS IN THE STAR LAKE- 

MCLENNAN LAKE AREA, NORTHEN SASKATCHEWAN 

ABSTRACT 

The gold deposits in the Star Lake-McLeman Lake area, northem 

Saskatchewan are epigenetic, shear zone-controiled lode gold deposits. The deposits 

are hosted in the calc-alkaline Star Lake and Island Lake plutons, which inmide the 

calc-alkaiine and low-potassium tholeiitic volcanic rocks of the Centrai Metavolcanic 

Belt of the La Ronge Domain, the Paleoproterozoic Trans-Hudson Orogen. 

The tectonic fabrics of the area define three phases of deformation. DI 
structures include regional foliation with contained mineral lineation; isoclinal fol& 

with axial surfaces parallel to the foliation; and foliation within the McLeman Lake 

Tectonic Zone that strikes parallel to the contact between the Central Metavolcanic 

Belt and the McLennan Group, and dips at shallower angles than the regional foliation. 

Dz structures are subvertical, mesoscopic shears and cataclastic zones; and associated 

steeply plunging mineral lineations. Asymmetric and rotated fabrics indicate that the 

direction of shearing on the 4 structures is at a high angle to the mineral lineation. Dj, 
structures are dip-slip gold-bearing shears and shallow-dipping shears that are 
conjugate to the gold-bearing ones. Djb structures include asymrnetric folds of early 

fabrics and associated shears and quartz veins, which indicate dextral movement on the 

McLeman Lake Tectonic Zone and the D3s gold-bearing shears. The gold deposits 

were emplaced into the D3 shears, synchronously with the D3. dip-slip shearing, and 

were subsequently deformed by the D 3 ~  deformation. The deformations occurred 

during and following the terminal continent-continent collision of the Tm-Hudson 

Orogen, and represent progressive strain in a transpressional regime. 

The peak of regional metamorphism was coeval with the DI deformation, and 

reached low to middle amphibolite grade. Temperature and pressure of the regional 

metamorphism were approximately 545O to 57S°C and 4.5 to 5.0 kbars. The P-T 



conditions of the Dz deformation were approxirnately 500' to 550°C and 3.0 to 4.0 

kbars. The D3 deforrnation, with which the gold mineralkation was associated, 

occurred at a temperature of 480° to 500°C and a pressure of 3.0 to 4.0 kbars. 

The hydrothermal alteration associated with the McLennan Lake Tectonic 

Zone, the DZ structures and the Df gold-bearing shears is characterized by enrichment 

of 6180 of silicate miner& in the defomed rocks relative to their precurson. The 

fluids that infiltrated the D2 and Di structures were possibly of similar composition, 

and were e ~ c h e d  in Au, EC, Rb, Ba, and Cu (+ Pb + Zn) relative to the wall rocks. 

The waterkock ratio associated with alteration was greater in the D3 shears than in the 

McLeman Lake Tectonic Zone and the D2 structures. The occurrence of goid 

mineralization in the Dj structures was probably related to a higher fluid flow. 

Vein quartz from the Dl to DI structures, with the exception of the Jasper 

deposit, defines a narrow range of oxygen isotopic composition of 10.0 to 1 1.5 per 

mil, with auriferous quartz showing minor 6180 enrichment relative to barren quartz. 

The auriferous quartz in the Jasper deposit is enriched in 6'*0 by up to 3 per mil 

relative to the Jolu, Rush Lake and Star Lake deposits. The caiculated oxygen and 

hydrogen isotopic compositions of hydrothermal f l ~ d .  that deposited the quartz veins 

in the Dl to D3 structures are 6.8 to 10.3% and -89 to -26%0, respectively. The 

oxygen and hydrogen isotopic values are similar to fluids of metamorphic or magmatic 

origin, or to fluids that acquired isotopic equilibrium with metamorphic or magmatic 

rocks at high temperanires. 

Hornblendes from the D [, D2 and D3 structures yield the same ' O A ~ / . ' ~ A ~  plateau 

ages (within error) of ca. 1750 Ma. The ages probably reflect the tirne of cooling 

through the closure of homblende to argon loss at 500°C, and approximate the time of 
the D3 deformation. In conjunction with previous geochronological studies, the timing 

of hydrothermal activity linked to the formation of the gold deposits is constrained 

between 1807 Ma and ca. 1750 Ma. This postdates the emplacement of the Star Lake 
and Island Lake plutons (1 855 to 1846 Ma), and the regional metamorphism (1 820 to 

1798 Ma). 



The auriferous hydrothemial fluids were probably not of magmatic origin 
related to the emplacement of the host plutons. The fluids could have been generated 
by devolatilization of the lower levels of the crut during prograde metamorphism at 
the final stages of the Trans-Hudson Orogen. The absence of deep plumbing systems 
may account for the d l  size of the gold deposits with respect to Archean 
counterparts. 
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CHAPTER 1 

INTRODUCTION 

Introductory Statement 

The Star Lake-McLeman Lake area is located approximately 120 km 

northeast of La Ronge, northern Saskatchewan. The area has been the most 

productive gold camp in the Paleoproterozoic Reindeer Zone of the Trans-Hudson 

Orogen since the mid- 1980's. Although less well documented and considerably smaller 

in total gold production, structurally controlled gold mineralkation in the Reindeer 

Zone (e-g. Kyser et al., 1986; Ibrahim and Kyser, 1 99 1 ; h d e l l  and Kyser, 1 992; 

Hrdy and Kyser, 1995) exhibits rnany of the empincal characteristics common to 

Archean deposits of the Supenor province (Card et al., 1989, and references therein) 

and Yilgam Block of Western Australia (Groves and Phillips, 1987, and references 

therein). 

Over recent years, the geology, structure, geochemistry, timing and tectonic 

setting of gold mineralization have been the focus of intensive research. Efforts have 

concentrated on understanding the ongin of gold- bearing fluids. The controversy 

centres around the timing of initial gold mineralization in relationship to the history of 

magmatism and regional metamorphisrn. Considerable emphasis has also been placed 

on documenthg the structural geology of the deposits. However, the history of the 

gold-bearing stnichues and the relationships of the gold-bearing structures to the 

regional deformation and to the regional tectonic zones have not been well 

demonstrated. 

The program undertaken in this study is a continuation of an earlier study of 

the relationship of the Iode gold deposits in the Star Lake and Island Lake plutons to 

the deformation of the plutons (Roberts, 1993). This program extends the study to an 

examination of the relationships of the structures in the plutons with those in the 

supracmstal metavolcanic and metasedimentary rocks, and the structures in regional 



high strain zones, such as the McLennan Lake Tectonic Zone and the Alpat Lake 

Tectonic Zone. The principal objective of this program was to provide better 

understanding of the relative and absolute timing of the stmcniral and memnorphic 

events, and the emplacement of gold. 

Field Work 

Geological mapping on a scale of 1:20,000 was carried out in June to 

September 199 1, followed by a detailed investigation of selected structures in June to 

September 1992 and in July 1993 (Figure 1 - 1). Samples were collected for 

petrological and structural examinaiion and for geochemical and microprobe analyses. 

Samples were also taken for Ar-Ar geochronometry in an attempt to establish the 

absolute timing of metamophic and deformational events. 

Previous Geological Studies 

Initial geological reconnaissance mapping of the Star Lake-McLennan Lake 

region was undertaken by the Geological Survey of Canada in the 1930's (see 

Thomas, 1993). However, extensive studies were not undertaken until the earIy 

1980's. The Star Lake area was mapped by Thomas (1985), and the Star Lake pluton 

by Ames et al. (1987). Watters (1984, 1985) and Janser (1 993) undertook 

lithogeochemical studies of rnetavolcanic and plutonic rocks. Geochronoiogy of 

volcanism and plutonism was carried out by Bickford et al. (1 983, 1986), Van Schmus 

et al. (1987), and Watters and Armstrong (1985). The age of sedimentation in the 

MacLean Belt was studied by Ansdel1 and Yang (1 995). The regional tectonic and 

tectonostratigraphic relationships between the metavolcanic rocks of the Central 

Metavolcanic Belt and the meta-arkoses of the McLeman Lake Belt were described 

by Lewry (1983, 1986), Schaaf and Schwerdtner (1992), Maxeiner and Sibbald 

(1995), and Yeo (1996). The most recent summary of the geology and economic 

geology of the area was provided by Thomas (1993). 

Fluid inclusion and stable isotopic studies were carried out on the Star Lake 



deposit (Kyser et a l .  1986; Ibrahim and Kyser, 199 1) and the Jasper deposit (Hrdy 

and Kyser, 1995). Appleyard (1 99 1) described hydrothermal alteration associated with 

gold mineralization. The age dathg of gold mineralization in the Star Lake deposit, the 

Jasper deposit and the Jolu deposit was undertaken by Ibrahim and Kyser (1 99 l), 

Hrdy and Kyser (1995), and Thomas and Heaman (1994), respectively. 

The association of gold deposits with shear zones in the plutons was 

demonstrated by exploration companies in the 19801s, and by work carried out by the 

Geological Survey of Canada (GSC), under the Canada-Saskatchewan Mineral 

Development Agreement 1984-89. The objectives of the GSC study were to examine 

the structural features related to gold mineralization, with detailed descriptions of the 

structures from selected deposits. The results were published in a series of reports 

(Poulsen, 1986; Poulsen et al., 1985, 1 986a, 1986b; Poulsen et al., 1987; Ames et al., 

1987), and were summarized in Poulsen (1989). Subsequent shidies of the structural 

geology were reported in publications by Roberts and Schwann (1989), Roberts 

(1990, 1993) and He and Roberts (1991). 

History of Exploration and Development 

The exploration and development history of the Star Lake-McLennan Lake 

area was summarized by Coombe (1984) and Murphy (1986), and more recently by 

Thomas (1993) and Roberts (1993). Gold was mainly produced from the Star Lake, 

the Jolu, and the Jasper deposits, with the combined gold production in excess of 

360,000 oz (Table 1- 1). 

The first significant discovery of gold mineralization was made in 1944 at 

Mallard Lake, along the noahwestern margin of the Star Lake pluton, by prospectors 
of the Consolidated Mining and Srnelting Company of Canada Ltd. A trenching and 

diamond drill program conducted in 1944-45 outlined a srnall ore body with initial 

reserves estimated at 22,000 tons, grading 1.15 ozlton gold. In 1967, reserves were 

calculated to be approximately 25,000 tons at a grade of 0.5 ozIton Au. Between 1973 

and 1975, two parallel gold-bearing quartz veins were outlined on the Mallard Lake 



property and approximately 5,000 tons of ore were milled at mill head grades of 0.30 

oz/ton (1 0.3g/t). 

Table 1- 1. Ore reserves and gold produced fiom the Star Lake-McLeman Lake area 

Deposit Grade and tomage' Gold producedl 
- - -  - 

Decade 18,350 tons @ 0.66 odton 

Jolu 520,522 tons @ 0.40 ozIton 

Rush Lake 18,700 ton @ 0.3 odton 

Star Lake 230,000 tons @ 0.50 oz/ton 

Jasper 163,000 tons @ 0.47 ozhon 

' Thomas ( 1993) and references therein. 

In 1984 a new drill program was undertaken by Mahogany Minerals Resources 

Ltd. at the Mallard Lake property, which resulted in the discovery of a new ore zone 

lying immediately northwest of the previously discovered veins. The reserves for the 

Mallard Lake propew were updated to 1 8,350 tons grading of 0.66 ozlton (22.7 g/t). 

In 1990 Corona Corporation and Mahogany Minerals Resources Inc. re-evaluated the 

deposit and a srna11 amount of ore was taken to the Jolu Mill for processing. 

The Rod Main and Rod South zones of the Jolu deposit, approximately 500 

metres to the south of Mallard Lake were discovered by Mahogany Minerals 

Resources Inc. in 1984. By 1989 ore reserves to the 450 metre level were estimated to 

be 377,000 tons at a grade of 0.4 oz/ton (13.7 g/t). Mine development began in June 

1988 under the ownership of International Mahogany Corporation and Corona 

Corporation, and the deposit was mined out by May 1991 with the last ore milled in 

August 199 1. Total production yielded 203,300 oz of gold fkom 520,522 tons of ore 

with a mil1 feed grade of 0.4 oz/ton (13.7 g/t) and an average recovery of 97.4 percent. 

The Star Lake mine is located on the northeast shore of David Lake. Gold 

mineralkation in the Star Lake property was initially discovered in 196 1 at the south 

end of Rush Lake by Mary and Eugene Hird, and immediately east of Star Lake by 



Eric Partridge. The property was optioned to Athabasca Columbia Mining Ltd. in 

1973, and then to Phoenix Canada Oil Ltd. in 1980. Exploration on the property by 

Saskatchewan Mining and Development Corporation (SMDC), in a joint venture with 

Phoenix Starrex Mining, a subsidiary of Phoenix Canada, led to the discovery of the 

2 1 Zone in 1983. By the end of 1984, reserves of 230,000 tons at a grade of 0.5 

oz/ton (1 7.1 g/t) had been outlined by an extensive drill program. Construction of the 

mine began in late 1985 with SMDC as the operator, and partuers Starrex Mining 

Corporation and Uranerz Exploration and Mining Ltd. Underground mining of the 2 1 

Zone was completed by November 1988 afier the production of 76,947 oz of gold 

fkom 198,747 tons of ore, with an average grade of 0.387 odton and a recovery rate 

of 93 percent. 

Reserves of the Rush Lake deposit, approximately 1300 metres north of the 

Star Lake deposit, were estimated at 18,700 tons grading 0.3 odton gold in 1988. The 

ore was taken to the Star Lake mil1 for processing. 

The Jasper zone, in the Island Lake pluton, was discovered by SMDC in 1987 

in a shear, southwest of Broeder Lake. The Jasper zone and the James zone to the 

southwest form a continuous zone of mineralization. Drilling, initiated in 1987, and 

subsequent underground exploration outlined mineable reserves of approximately 

163,000 tons at a grade of 0.47 odton by 1990. Production fiom the Jasper mine 

began in April 1990 under the joint ownenhip of Cameco (80 percent) and Shore Gold 

Fund (20 percent). The ore was shipped to the Star Lake mil1 for processing. Before 

shut-down in Decernber 199 1, the Jasper mine had produced a total of 82,696 oz of 

gold fiom 140,127 tons of ore, with a grade of 0.55 ozlton (1 8.8 g/t). 



REGIONAL SETTING AND 
GEOLOGY OF STAR LAKE-MCLENNAN LAKE AREA 

Trans-Hudson Orogen 

The Trans-Hudson Orogen is a Paleoproterozoic orogen of the "Pan-Amencan 

System" (Lewry, 1987), which coincides with a major episode of North Amencan 

continental accretion and amalgamates Archean provinces to form a Paleoproterozoic 

superconthent (Hof'han, 1988,1990). The Trans-Hudson Orogen is 500 km wide 

and extends approximately 5000 km from Greenland through Canada into the midwest 

United States. In northern Saskatchewan and Manitoba, the orogen consists of four 

composite lithotectonic zones (Lewry and Collerson, 1990) (Figure 2- 1): (1) the 

Churchill-Superior Boundary Zone; (2) the Reindeer Zone; (3) the Wathaman- 

Chipewyan Batholith; and (4) the Cree Lake Zone. The Reindeer Zone is subdivided 

into a number of domains; the Star Lake-McLeman Lake area is in the La Ronge 

Domain. The geology of these lithotectonic zones is summarized in the following 

sections. 

Churchill-Supenor Boundary Zone 

The Churchill-Supenor Boundary Zone is a narrow eastern foreland forming 

the northwestern margin of the Archean Supenor craton, in fault or thnist contact with 

Proterozoic rocks of the Reindeer Zone. The boundary zone is composed rnainly of 

reworked Archean Pikwitonei gneisses, with subordhate, highly deformed 

metavolcanic and metasedimentary rocks, interpreted as parautochthonous Proterozoic 

supracrustal rocks, and dismembered dtmmafic bodies (Bleeker, 1990). Unreworked 

Archean grandite facies gneisses of the Pikwitonei belt, exposed to the southeast of 

the boundary zone, are representatives of deep level exhumation of the Archean crut  

(Bleeker, 1990). 



Saskatchewan . 1 - -  Manitoba 

Figure 2- 1. Lithotectonic domains of the Tram-Hudson orogen and the adjacent Archean Rae, Herne 
and Supenor provinces (modified from Lewry et al., 1990). Thick solid line, ductile shear 
zones/fauits; Thin solid line, boundaries between domains; C-S BZ, Churchill-Superior boundary 
zone; HB, Hanson Lake BI ock; NZ, Needle FalisParker Lake shear zone; STZ, Snowbird tectonic 
zone; S WZ, Sturgeon Weir shear zone; SZ, Stanley fauitfshear zone; TZ, Tabbemor fault zone. 
S d l e r  map shows general extent of Trans-Hudson Orogen and adjacent Archean cratons (after 
HofEnan, 1989). 



The ChurchilCSupenor Boundary Zone has experienced two metamorphic 

events (Machado, 1990). Peak metamorphism of rniddle to upper amphibolite facies 

occmed at 1 809 Ma, following the initial phase of granitic rnagmatism at 1 822 Ma. 

These ages are comparable with peak metamorphism ( 1 8 1 5- 1 8 1 0 Ma) in the adjacent 

Kisseynew Domain (Gordon et al., 1990), which was probably related to thermal 

relaxation following the initial phase of the Reindeer-Superior collision and cnistal 

thickening. The second event is marked by granitoid intrusion and renewed 

amphibolite facies metamorphism at 1726- 1720 Ma, and may reflect the continuing 

Reindeer-Supenor convergence after initial collision (Machado, 1990). 

Reindeer Zone 

The Reindeer Zone includes al1 lithotectonic components lying between the 

Churchill-Superior Boundary Zone and the Wathaman-Chipewyan Batholith. It is an 
aggregation of arc-related Proterozoic volcanic and plutonic rocks, coeval 

volcanogenic sedirnents, arkosic molasse and late to post-tectonic intrusions (Lewry et 

al., 1990). The arcs and associated sedimentary basins were intensely reworked during 

collision between Heame and Supenor cratons. The Proterozoic assemblages of the 

Reindeer Zone are underlain by an Archean basement terrane (Saskatchewan Craton), 

as revealed by recent seismic profiles across Saskatchewan and Manitoba (Lucas et al., 

1993; Lewry et al., 1994), and across Montana and North Dakota (Nelson et al., 

1993; Baird et al., 1996). The reworked Archean basement, exposed in the Hanson 

Lake Block and in the southwestern Glennie Domain (Figure 2-2), occupy the lowest 

exposed structural levels of the Reindeer Zone and are separated fiom overlying 

Proterozoic assemblages by Bat-lying mylonite zones (Lewry et aL, 1990). 

Subdivisions and Age Constraints 

The Reindeer Zone is divided into Rottenstone-South Indian Domain, La 
Ronge-Lynn Lake Domain, Glennie Domain, Kisseynew Domain, Flin Flon Domain, 
and Hanson Lake Block (Macdonald, 1987) (Figure 2-1). 

The La Ronge-Lynn Lake and Flin Flon domains comprise rernnants of island 



Predorninantly metavoIcanic rocks 

Metasedimentaty rocks 

Plutons 

Plutonic complex 

Undifferentiated 

Mylonitic gneisses 

Archean basement 

Thrust or tectonic zone 

Major fault 

Dominant foliation trend 

Axial trace of regionaI antifodsynform 
with plunge 

Figure 2-2. Tectonostratigraphic subdivisions of the La Ronge Domain (afler Coombe et al., 1986), 
and the axial traces of the latest regional folcis in northem Saskatchewan (after Lewry et al., IWO).  
BRSB, Birch Rapids straight belt; GCT, Guncoat thnis~ SZ, Stanley faultkhear zone; TZ, Tabbemor 
fault zone. 



arc and back-arc assemblages (Syme, 1990; Thom et al., 1990) and alluvial-fluvial 

sedunentary rocks (StaufEer, 1990). The Kisseynew Domain is dominated by high- 

grade paragneisses that may be derived fiom turbiditic greywackes and subordinate 

volcanic rocks and arkoses, presumably deposited in a basin marginal to the Flin Flon 

and La Ronge-Lynn Lake arcs (Zwamig, 1990). The Rottenstone-South Indian 

Domain consists mainly of toditic, granodioritc and granitic plutons and subordinate 

supracrustal rocks (Lewry and Sibbald, 1980). The Glennie Domain and Hanson Lake 

Block are dominated by varïably defomed granitoid rocks with subordinate to minor 

supracrusta1 rocks (Macdonald, 1987). 

Precise U-Pb zircon ages indicate that volcanism had begun by 1.9 1 Ga and 

was active throughout the Reindeer Zone by 1.88 Ga (Van Schmus et al. 1987; 

Bickford et al. 1990; Gordon et al. 1990). Plutonism occurred between 1.87 and 1.83 

Ga (Bickford et al. 1990; Gordon et al., 1990). Post kirternatic intrusions, including 

granitic sheets and pegmatites, were emplaced at 1.79 to 1.77 Ga (Bickford et al., 

1990; Sun et al., 1996). Geochemical and isotopic studies indicate that the igneous 

rocks of 1.9 1 to 1.30 Ga are juveniie, fomed in an oceanic arc or back arc setting as 

intervening oceanic lithosphere was subducted (Watters and Pearce, 1987; Syme, 

1990). 

Sedimentation in the Kisseynew Dornain probably occurred as early as 1.86 Ga 

(David et al., 1993). The arc volcanic and plutonic rocks of the Flin Flon Dornain and 

southem Kisseynew Domain are unconformably overlain by Missi Group molasse 

deposits with ages of ca. 1.85- 1.83 Ga (Gordon et al., 1990; Stauffer, 1990). Similar 

ages were also reported for sedimentation in the eastem La Ronge Domain (Ansdell 

and Yang, 1995). 

General Stmc~ural Geology 

The structures of the Reindeer Zone c m  be ascribed, in general ternis, to two 

periods of defonnation (Stauffer, 1984; H o f b a q  1988; Lewry et al., 1990). The 

earlier period of deformation is characterized by tight to isoclinal, upright to inclined 

fol& throughout the Reindeer Zone. In the Central Metavolcanic Belt of the La Ronge 

Domain (Figure 2-2) and in the Flin Flon Domain, only one set of the fol& occurs and 



there is little evidence of the development of large-scale isoclinal folds (StaufFer and 

Mukhe jee, 197 1 ; Thomas, 1985; He and Roberts, 1992). Elsewhere, the early 

deformation is indicated by the superposition of multiple sets of tight to isoclinal folds 

and associated fabric, and is believed to represent a progressive strain c o n ~ u u m  

involving extreme crustal shortening (Lewry et al., 1 98 1 ). 

The second period of deforniabon is characterized by the development of at 

least two sets of regional scale folds (Lewry et al., 1990). The axial traces of the later 

regional fol& of the second defonnation are delineated in Figure 2-2. The folds Vary 

fiom open to close, with upright to steeply inclined axial surfaces and gentle northeast 

plunges. They are superimposed on the early folds of the second deformation to 

produce cornplex interference patterns in the Glennie, Kisseynew, and Flin Flon 

domains, the Hanson Lake Block, and the La Ronge Honeshoe of the La Ronge 

Domain (Lewry et al., 1990 and the references therein). Elsewhere in the La Ronge 

Domain and in the Rottenstone Dornain, the folds of the second deformation were not 

observed. Lewry (1984) and Lewry et al. (1990) suggest that in these areas the second 

defonnation is rnainly manifest in regional-scale, rotational oversteepeniog of the 

lithostructural elements. The Glennie Dornain fomis the core of the NE-plunging 

regional anticlinoriun of the second deformation, with the La Ronge Domain and the 

Rottenstone Domain forming its northwestern Iimb. 

The Reindeer zone is also characterized by a number of ductile high-strain 

zones of regional extent, defining major bomdaries between the lithotectonic domains 

or subdomains of the Reindeer Zone (Stauffer, 1984). The high-s& structures Vary 

in attitude from subhorizontal to subvertical. Some of them are recognized as the sole 

tbrusts to major allochthonous sheets, and are believed to have been initiated as 
gently-dipphg structures with dominant southeast-vergence, along which major 

displacement occurred during the early period of deformation (Lewry et al., 1990). 

The exposure of the Archean basement in the Glennie Domain and Hanson 

Lake Block, separated fiom overlying Proterozoic arc-related igneous rocks and 

metasedimentary rocks by mylonitic zones (e.g. ChiarenzeLli and Lewxy, 1 988), 

suggests that the Proterozoic assemblages were stacked above a regional sole thrust 

with the Archean basement in its footwall (Bickford et al., 1990; Lewry et al., 1990). 



The Archean basement is structurally isolated fiom the Archean Superior and Heame 

cratons (Lucas et al., 1993; Le- et al., 1994), and may therefore be exotic. The 

early Bat-lying complexes and the hi&-snain soles were refolded during second 

deformation and oversteepened in regional fold hnbs to produce the present 

tectonostratigraphic systerns (Lewry et al., 1990). 

The distribution pattern of metamorphic facies in the Reindeer Zone displays a 
spatial correlation with the lithotectonic domains and major tectonic discontinuities. 

Metamorphic grade is relatively uniform within the main Lithotectonic domains, with 

abrupt rnetamorphic gradients usually coincident with major, domain-bounding hi&- 

sûaîn zones (Lewry et al., 1978). 

The grade of metamorphism in the Rottenstone Domain is generally within the 

upper amphibolite facies (Lewry et al., 1978). In the Central Metavolcanic Belt of the 

La Ronge Domain, the metamorphic grade ranges fi-om the upper greenschist to 

amphibolite facies, increasing to higher grade in the highly deformed Numabin 

Complex in the northeast (Coombe et al., 1986). The metamorphic grade shows a 

general tendency to increase outwards towards the margins of the belt, and reaches 

middle to upper amphibolite facies conditions in the flanking Crew Lake Belt to the 

northwest and McLennan Lake Belt to the southeast (Coombe et al., 1986). 

ki the G l e ~ i e  Lake Domain there is a general increase in rnetamorphic grade 

to the north and northwest into the La Ronge Domain. While middle to upper 

amphibolite facies metamorphism was attained in the northem part, most of the 

southem part is within upper greenschist to lower amphibolite facies (Lewry et al., 

1978; Thomas, 1988). 

The rnetamorphic grade in the Flin Flon Domain is relatively low, ranging fkom 

subgreenschist to upper greenschist facies in the south (Gordon et al., 1990). The 

grade increases to lower amphibolite facies northward to the contact with the 

Kisseynew Domain (Gordon et al., 1990), and westward to the Hanson Lake Block 

(Slimmon, 1992). Upper amphibolite to granulite facies was attained within the 



Hanson Lake Block (Abbas-Hasanie et al., 199 l), and the centrai portion of the 

Kisseynew Domain, where the metamorphic grade is remarkably uniform (Bailes and 

McRitchie, 1 978). 

Early peak metamorphism was recognized in the area adjacent to the 

southeastem edge of the Wathaman Batholith, predating the 1865-to- 1850-Ma 

batholith (see below) (Lewry et al., 198 1 ) .  Metamorphism peaked at ca. 1 820- 1800 

Ma in the La Ronge Domain (Kyser and Stauffer, 1995), coeval with the penetrative 

fabric of the early period of deformation. In the Flin Flon and Kisseynew domains, 

metamorphism was accompanied by the folding events of the later deformation 

(Stauffer and Mukhejee, 197 1 ; Sibbald, 1978; Bailes and McRitchie, 1 978), and 

reached its highest temperatures in the Kisseynew Domain at ca. 1 8 15- 1 8 10 Ma 

(Gordon et al., 1990). 

Wathaman-Chipewyan Batholith 

The Wathaman-Chipewyan Batholith (Meyer et al., 1992) was emplaced 

between reactivated Archean continental crust of the Heame craton and juvenile arc 

terranes of the Reindeer Zone. The batholith is a morizogranitic-granodiontic complex 

with calc-alkaline geochemical signature (Lewry et ai-, 198 1 ; Meyer et al, 1 992), and 

ages of 1 865- 1 850 Ma (Meyer et al., 1992). The geological relationships and 

geochemistry of the batholith indicate that it is a continental-rnargin batholith that was 

fonned when the oceanic crust subducted under the Archean continental crust 

(Bickford et al., 1990; Meyer et al., 1992). 

Cree Lake Zone 

The Cree Lake Zone is a broad, highly reactivated southeastern part of the 

Archean Heame craton (Lewry and Sibbald, 1980). It consists mainly of amphibolite 

to granulite facies, granitoid orthogneisses, migmatites and minor mafic gneisses. The 

Archean basement is overlain by the Wollaston dornain (eastem Cree Lake Zone), a 



fold belt which includes medium to high grade Roterozoic continental margin 
metasedimentary rocks. 

La Ronge Domain 

The La Ronge Domain lies in the western part of the Reindeer Zone (Figure 2- 

1). It is flanked in the northwest by the Rottenstone Domain and in the southeast by 

the Kisseynew and Glennie domains. The junction between the La Ronge Domain and 

Rottenstone Domain is defined in the southwest by the eastem margin of the Birch 

Rapids Straight Belt, a broad subvertical ductile high-strain zone (lewry, 1984), and 

farther north by ductile mylonitic gneisses of the Paul River Shear Zone (Gilboy, 

1982). The southeastem margin of the La Ronge Domain is defined by the Stanley 

Shear Zone, a subvertical belt of protomylonitic-mylonitic gneisses and tectonic schists 

(Lewry, 1984). 

Subdivisions 

The La Ronge Domain is subdivided into the Crew Lake Be& Central 

Metavolcanic Belt, MacLean Lake Belt, and La Ronge Honeshoe (Nemeiben Zone 

and Nut Bay Belt) (Coombe et al., 1986) (Figure 2-2). 

C m  Lake Belt 

The Crew Lake Belt structurally overlies the Central Metavolcanic Belt to the 

southeast, with the boundary marked Iargely by a broad zone of high strain (Thomas, 
1993; Harper, 1986). It consists mainly of psammitic to psammopelitic metasedirnents 

with subordhate intercalated homblendic gneisses (Lewry, l984), intruded by tonalitic 

to granitic plutons (Coombe et al., 1986). The Crew Lake Belt is laterally equivalent 

to and possibly stratigraphically overlain by the Central Metavolcanic Belt (Thomas, 
1993). 



Central Metavolcan ic Belt 

The Central Metavolcanic Belt is an assemblage of predorninantly mafic to 

intemediate and minor felsic rnetavolcanic rocks with intercalated metasediments, 

intnided by pre- to late kinematic plutons (Thomas, 1985). Volcanism occurred at 

1 882- 1 872 Ma (Van Schmus et al., 1987). The volcanic rocks are essentially calc- 

alkaline and low potassium tholeütic lavas similar to those generated fkom modem 

volcanic arcs (Harper et d., 1986; Watters and Pearce, 1987). 

A younger period of volcanism, which consists of trachytoid intermediate 

flows, was recently recognized in the MacKay Lake area in the southem La Ronge 

Domain (Maxeiner and Sibbald, 1995). The volcanism occurred at ca- 1850 to 1840 

Ma, coeval with the deposition of a sedimentary assemblage that unconformably 

overlies the volcano-plutonic rocks of the Cenaal Metavolcanic Belt (see below) 

(Maxeiner and Sibbald, 1995). 

The plutons range fiom uniform to multiphase, and fkom gabbro to granite 

(Coombe et al., 1986). They were emplaced between 1874 and 1835 Ma, and may 
have been episodic at 1870 Ma, 1855 Ma and 1835 Ma (Kyser and Stauffer, 1995). 

The plutonic rocks have a strong calc-alkaline character and trace element patterns 

typical of formation in a volcanic arc environment (Harper et al., 1986; Janser, 1993). 

The Numabin Complex, situated in the northeastern segment of the Central 

Metavolcanic Belt, is dominated by pre- to early synkinernatic dionte, tonalite and 

granodionte. Subordinate metavolcanic and metasedimentary rocks occur along the 

southeastem margin and as rernnants within the plutonic complex (Coombe et al., 

1986). 

MacLean Lake Belt 

The MacLean Lake Belt includes two major lithostratigraphic components: the 

MacLean Lake Gneisses and the McLennan Group (Lewry, 1983). The MacLean Lake 

Gneisses are an assemblage of predomimntly psammitic-psamrnopelitic gneisses and 

subordinate polymictic metaconglomerates, calc-silicate gneisses and volcanogenic 



metagreywackes (Coombe et al., 1986). The MacLean Lake Gneisses stratigraphically 

and structurally underlie the McLeman Group, with the contact between the two 

sequences marked locally by shear deformation (Thomas, 1993). 

The McLeman Group consists of rneta-arkosic rocks and minor basal arkosic 

polymictic meta-conglomerates, which originated fiom granitic sources and formed as 

a molasse-like deposit along the northwestem margin of the MacLean Lake Belt 

(Lewry et al., 1990; Thomas, 1993). Lewry ( 1986) described that the McLeman 

Group unconformably overlies the Central Metavolcanic Belt, with the unconformity 

at the base of the McLeman Group. More recent work carried out by Maxeiner and 

Sibbald (1995) Uidicates that the McLeman Group is underlain by a volcano- 

sedunentary succession (ca. 1855 to 1840 Ma), which unconfomiably overlies the 

volcano-plutonic rocks of the Central Metavolcanic Belt, and grades to the sediments 

of the McLeman Group. Along much of its length, the b o u n d q  between the Central 

Metavolcanic Belt and the McLennan Group is defined by the McLeman Lake 

Tectonic Zone (Lewry, 1983; Thomas, 1985). 

La Ronge Horseshoe 

The La Ronge Horseshoe, including Nemeiben Zone and Nut Bay Belt, forms 

the southwestern part of the La Ronge Domain. It is composed rnainly of a complex of 

pre- to syn-kinematic plutons of biotite-bearing granodiorite and granite, and less 

abundant homblende quartz diorite, tonalite and granodiorite. Supracrusta1 rocks are 

subordinate, and include psammitic to psamrnopelitic metagreywackes, amphibolitic 

gneisses and schists of probably volcanic origin, felsic metavolcanic rocks, carbonate 

rocks and local polymictic metaconglomerates (Coombe et al., 1986). 

Tectonic Evolution of Reindeer Zone 

Table 2-1 summarizes U-Pb zircon ages on major events of volcanism, 

plutonism, sedimentation and metamorphism in the Reindeer Zone. Tectonic evolution 

in the western Reindeer Zone, where the study area is located, is illustrated in a senes 

of schematic diagrarns in Figure 2-3. 



LA RONGE ISLAND ARC 

Figure 2-3. Schemaac d i a m  illustrating tectonic evolution of the northwestern Trans-Hudson Orogen 
(ca. 1 -9 1 - 1.79 Ga). See text for detail. ALTZ, Alpat Lake Tectooic Zone; BRSB, Birch Rapids straight 
belt; CLB, Crew Lake Belt; CMB, Centrai Metavolcanic Belt; GCT, Guncoat thnist; GD, Glennie 
Domain; MLB, MacLean Lake Belt; MLTZ, McLennan Lake Tectonic Zone; NB, Nut Bay Belt; NZ, 
Needle Falls-Parker Lake shear zone; RD, Rottenstone Domain; SZ, Stanley faultkhear zone; WB, 
Wathaman Batholith; WD, Wollaston Domain. 



Continental rifting and seafloor spreading, based on data from the Hudson Bay 

and Ungava segments of the Tram-Hudson Orogen, may have begun at approximately 

2.1-2.0 Ga (St-Onge et al., 1992). Early intra-oceanic subduction began at Ca. 1 9 10 
Ma, resulting in subduction-generated oceanic arc volcanism that was active 

throughout the Reindeer Zone until 1875 Ma (Van Schmus et al., 1987; Bickford er 
al. 1990; Gordon et al. 1990). Volcanogenic sedimentary rocks were deposited into 

adjacent bains. Recent deep seismic investigations indicate that the Reindeer Zone 

rnay have been subducted to the West in the western portion of the zone and to the 

east in the eastern portion (Lucas et al., 1993; Nelson et al., 1993). From this point of 

view, the La Ronge Domain represents the remnant of one of the Proterozoic juvenile 

volcanic arcs (Figure 2-3A). 

Table 2-1. Age constraints for igneous, metamorphic. and tectonic events in the Reindeer Zone. 

Age (Ga) Geological event Reference 

To 1-72 Post-collision deformation Mac hado ( 1 990) 

1.83- 1.79 Reindeer-Superior collision; major deformation and Bickford et al. ( 1990) 
emplacement of nappe-sheets; peak metamorphism Gordon et al. ( 1990) 

1.88-1 -83 Plutonism (e-g. 1874-1835 Ma plutonism in the La Bickford et al., (1990) 
Ronge Domain); continental sedimentation, and back- Gordon et al. (1 990) 
arc basin development Kyser and Stauffer ( 1995) 

1.86- 1.85 Emplacement of the Wathaman-Chipewyan Batholith; Meyer et al. (1 992) 
onset of Reindeer-Hearne collision Bickford et al. ( 1 990) 

1 -9 1 - 1 -88 Gencration of arc and back-arc cmst within the Reindeer Bickford et al. ( 1990) 
Zone (1 882- 1872 Ma in the La Ronge Domain) Gordon et al. (1 990) 

Van Schmus et al. (1 987) 

2.10-2.00 Continental rifting and oceanic spreading St-Onge et ai. (1 992) 

Cratonization was initiated in the northwestem Reindeer Zone when La Ronge 

arc t e m e  was accreted to the Hearne continental margin (Figure 2-3B). The onset of 

the accretion was marked by the emplacement of the Wathaman-Chipewyan batholith 



at 1865- 1 850 Ma, broadly coeval with widespread plutonism throughout the Reindeer 

Zone (1 875- 1830 Ma). ï h e  emplacement of the batholith was preceded by a major 

phase of isoclinal folding and coeval peak metamorphism on its southeastem edge 

(Lewry et al., 198 1). The location and chemistry of the Wathaman batholith indicate 

that the batholith is a continental arc fonned in response to westward or 

northwestward subduction of oceanic cnist beneath the Heame continental rnargin 
(Fumerton et al., 1985; Meyer et al., 1992). Based on this interpretation, the suture 

between the Heame craton and the juvenile arcs of the Reindeer Zone probably lies 

dong the southeastem margin of the Wathaman Batholith. 

During the later stages of the plutonism, uplift and erosion led to the 

development of continental molasse-like deposits, which unconformably overlie 

volcanic rocks and early sedimentary rocks (Stauffer, 1 990; Maxeiner and S ib bald, 

1995) (Figure 2-3B). 

Terminal collision between the Heame craton, Reindeer Zone and the Superior 

craton occurred between 1830 and 1790 Ma (Bickford et al., 1990; Machado 1 WO), 

resulting in imbricated thnist faulting and the development of recumbent isoclinal folds 

and nappes, as well as the stacking of the Proterozoic assemblages above the Archean 

microcontinent (Lewry et al., 1990; Bickford et al., 1990) (Figure 2-3C). The terminal 

collision also accounts for the subsequent upright northeast-plunging folds, which 

oversteepened the lithostructural elernents in the northwestem Reindeer Zone (Figures 

2-3D). 

Post-collisional deformation, uplift and cooling occurred from 1790 to 1 720 

Ma (Machado, 1990). The post-collisional events included continued shortening 

across the orogen and movement along some tectonic zones, e-g. the Needle Falls 

shear zone (ca. 1760 Ma) (Fedorowich et al., 1995), the M c L e ~ a n  Lake Tectonic 

Zone (ca. 1750 Ma) (this study), and the Churchill-Superior Boundary Zone (1726- 

1 720 Ma) (Machado, I W O ) .  



Geology of Star Lake-McLennan Lake Area 

Lithologic Subdivisions 

The Star Lake-McLennan Lake area is underlain predominantly by the rocks of 

the Central Metavolcanic Belt of the La Ronge Domain (Figure 2-4). They consist of 

mafic to felsic metavolcanic rocks and minor pelitic rocks, uimided by the Island Lake 

and the Star Lake plutons. A suite of pre-tectonic mafic to felsic dykes intrudes the 

plutons and the metavolcanic rocks. The metavolcanic rocks are bordered to the 

southeast by the meta-arkoses and meta-conglomerates of the McLennan Group, and 

to the northwest by the pelitic rocks of the Crew Lake Belt. The following section 

presents brief descriptions of the major lithologies (more detailed descriptions are 
presented in Figure 1- 1). Mineralogy of the rocks is described in detail in Chapter 4 in 

conjunction with the structural evolution and metamorphic history of the area. 

Metmlcanic Rocks 

The metavolcanic rocks consist of flows and volcaniclastic rocks of domuiantly 

mafic to intemediate composition. Minor felsic units occur mainly in the form of lapilli 

and crystal M. In the central and southern parts of the area, metavolcanic rocks are 
dominated by intermediate to rnafic flows with rninor volcaniclastic rocks, while in the 

north and the northwest the rocks are mainly volcaniclastic, intercalated with mafic or 

intemediate flows. 

Mafic metavolcanic rock: Mafic flows are fine to medium grained and have a 

moderate to well developed schistosity. The flows usually have a spotted appearance 

due to the occurrence of amphibole porphyroblasts. Subordhate flow units, including 

pillow flows and flows with plagioclase phenocrysts or carbonate amygdales, are also 

present. Mafic volcaniclastic rocks, mainly metatuff breccia and meta-agglomerate, are 

Iess common than mafic flows, and occur intercalated with mafic and intermediate 

flows. 

Intemediate rnetavolcanic rock: Fine to medium grained flows and 

plagioclase porphyritic flows are the major flow-type rocks. The volcaniclastic rocks 



Metavolcanic rock (Centrai Metavolcanic Belt) 

Pelitic rocks (Crew Lake Belt) 

Meta-arkoses (McLennan Group) 

Arkosic polymictic meta-conglomerate 
(McLennan Group) 
Star Lake pluton 

Island Lake pluton 

L 1 Iineation with plunge 

S 1 foliation trajectory with dip 

D3 gold-bearing shears 

Figure 2-4. Geologicai map of the Star Lake-McLennan Lake area, La Ronge Domain, northem 
Saskatchewan. Gold deposits or occurrences: 1,  Decade; 2, Jolu; 3, Rush Lake; 4, Blindman; 5, Star Lake; 
6, T m ,  7, James-Jasper-Roxy; 8, MacLeod Main. 



include rnetatuff breccia and meta-agglomerate with unsorted, manix-supported, 

heterolithic or monolithic hgrnents. 

Felsic metm>olcanic rocks: The felsic metavolcanic rocks are composed of 

lapilli and crystai metam, monolithic ~ f f  breccia and massive flows. The felsic flows 

are fine-grained to aphanitic and massive to weakly foliated. They are typically 

interbedded with the intemediate metavolcanic rocks with abrupt lithological contacts. 

Peiitic Sedimentary Roch 

Pelitic sedimentary rocks rnainly occur in the Crew Lake Belt in the vicinity of 

the Alpat Lake. The metasediments, generally fine grained and equigranular, are ofien 

interlayered with fine grained metavolcanic rocks at the transition between the Central 

Metavolcanic Belt and the Crew Lake Belt. Rimary sedimentary featwes such as 
bedding or lamination are largely obliterated. Compositional bandhg, probably 

representing transposed primary layering, occurs on scales fiom millimetres to metres. 

The pelitic assemblages possess a moderately- to well-developed schistosity. 

The metasediments are characterized by abundant, pervasive quartz segregations one 

millimetre to several centirnetres thick, which may make up a few percent of the rocks. 

The quartz segregations are concordant with the schistosity. 

Meta-A rkoses and Meta-Conglomerates 

The southeast part of the snidy area is underlain predominately by meta- 

arkosic rocks of the McLeman Group, which structurally underlie, and are in faulted 
contact with, the rnetavolcanic rock of the Central Metavolcanic Belt. The meta- 

arkosic rocks are typically medium to fine grained, and generally grey, pale pink and 

greyish pink, and have a strong penetrative foliation, parailel to, or slightly oblique to 

the compositional layering. 

A unit of arkosic polymictic meta-conglomerates occurs northwest of Jaysmith 

Lake, in faulted contact with the metavolcanic rocks. This unit is at least 150 m thick 

and can be traced for approximately 500 m dong the strike. The conglomerates are 



predorninantly arkosic-rnatrix supported and contain 20 to 65 percent heterolithic 

pebbles and cobbles of granitic and arkosic lithologies, quartz and subordinate 

metavolcanic rocks. The pebbles and cobbles are well rounded, and are fiattened and 

elongated to various degrees. The matrix is comparable to the nearby meta-arkosic 

rocks. 

Star Lake pluton: The Star Lake pluton is a zoned intrusion ranging fiom a 

gabbro-diorite marginal zone, through a monzonite-granodiorite transitional zone, to a 

quartz monzonite-granite core (Thomas, 1985; Ames et ai., 1987). Along the 

northwestem rnargin and localities noah of the David Lake, a phase of plagioclase 

porphyritic diorite was mapped and included with the marginal zone (see Figure 3-23). 

The transitions between zones are locally precisely defined but are, more commonly, 

gradational. 

Diorite and gabbro of the marginal zone range fiom medium to coarse grained. 

Gabbro often displays mesoscopic layering up to tens of centimetres thick, formed by 

cumulate augite, amphibole and plagioclase. Porphyritic diorite contains 20-35% 

plagioclase laths. The plagioclase laths are euhedral to subhedral, up to 8 mm long. 

The rocks in the marginal zone range from undefomed to moderately foliated. 

Granodiorite and monzonite in the transitional zone are medium to coarse grained, and 

are equigranular or porphyritic. The central quartz monzonite and granite are feldspar- 

porphyritic. The plutonic rocks in the transitional and central zones are largely 

undeformed. 

Island Lake pluton: The Island Lake pluton is more uniform in composition 

than the Star Lake pluton. The bulk of the intrusion is medium to coarse grained 

porphyritic granite, with plagioclase phenocrysts 3 to 10 mm long. Subordinate, fine to 

coarse grained, equigranular to porphyritic monzodiorite and granodiorite occur as 

marginal phases dong the southeastern and northem margins of the pluton. 

Dykes: The dykes range in composition fiom mafic to felsic. The thickness of 

the dykes varies fiom a few centimetres to a few rnetres, with strike lengths up to 



several hundred metres. They are subvertical with predominantiy northeast strike. A 

small nurnber of dykes strike approximately east-west and north-south. In the Island 

Lake pluton, the dykes occur mainly in the southeastem marginal phases. In the Star 

Lake pluton, they are more abundant and more evenly distributed. Some of the dikes 

show evidence of multiple emplacement episodes nom early mafic to late felsic 

composition (Poulsen et al., l986b). 

Major Structures and Metamorphkm 

In the northwestem part of the area, the Alpat Lake Tectonic Zone (Thomas, 

1985) marks the transition from the metavolcanic rocks of the Central Metavolcanic 

Belt to the pelitic rocks of the Crew Lake Belt. The McLeman Lake Tectonic Zone 

(Lewry, 1 983; Thomas, 1 985) separates the metavolcanic rocks from the meta-arkoses 

and meta-conglomerates of the McLennan Group to the southeast. No major fold 

structures were identified in the metavolcanic rocks. A regional penetrative foliation 

with an associated Iineation is developed in most of the supracrustal rocks and in the 

marginal phases of the plutons. The fabric is overprinted by locally developed shears 

and cataclastic zones, and finally by the gold-bearing shear zones in the plutons. 

Peak metamorphism appears to be coeval with the development of the regional 

penetrative fabric (Poulsen et al., 1987). Lower to middle arnphibolite conditions were 

reached across most of the region, however, upper greenschist facies was attained in 

the vicinity of Jojay Lake (Thomas, 1985). Retrograde rnetamorphism is indicated in 

the high strain structures by formation of biotite and chlorite at the expense of 

homblendes. However, the local preservation and growth of hornblendes within these 

structures, in conjunction with the post-tectonic overgrowth of homblende 

porphyroblasts outside the structures, indicates that metamorphic conditions of 

arnphibolite facies lasted through the entire deformation events. Detailed metamorphic 

studies are presented in Chapter 4. 



Gold mineralkation occurs exclusively within noaheast-striking shear zones in 

the Star Lake and Island Lake plutons. The location of the gold deposits and 

occurrences are shown in Figure 2-4. From the north to the south, the gold deposits or 
occurrences are Decade, Jolu, Rush Lake, Blindman, Star Lake, Tamar, and James- 

Jasper-Roxy. They are epigenetic, structurally controlled quartz vein type or lode gold 
mineralkation. 

The gold-bearing quartz veins are mineralogically simple, comprising 

ubiquitous pyrite accompanied by gold, pyrrhotite, chalcopyrite, galena and sphaierite 

(Table 2-2). There is no obvious wall rock alteration associated with the rnineralization 

with the exception of the Jasper deposit, where the alteration envelope of muscovite is 

up to several metres wide. The previous studies of fluid inclusions in the Star Lake 

deposit (Ibrahim and Kyser, 199 1) and the Jasper deposit (Hrdy and Kyser, 1995) 

indicate that the dominant fluids associated with gold-bearing quartz veins were HzO- 

CO2-NaCI in composition, with low to moderate salinity. The oxygen and hydrogen 

isotope compositions are compatible with formation of the fluids fiorn devolatilization 

reactions during prograde metamorphism at depth (Ibrahim and Kyser, 199 1 : Hrdy and 

Kyser, 1995). 

Table 2-2. Description of gold occurrences in the Star Lake-McLennan Lake area 
-- 

Occurrence Vein m i n e r a ~ ~ ~ ~ '  Host rocks 

Decade Qtz-Pyr-Po-Cp y- Au Star Lake pluton/ 
pelitic rocks 

Jolu Qtz-Po- Pyr-C py-Mo-Au Star Lake pluton 

Rush Lake Qtz-m-Po-Cpy-Mo-Au Star Lake pluton 

Biindman Qtz-Pyr-Po-Cpy-Apy-Sph-Gd-Au Star Lake pluton 

Star Lake Qtz-E'yr-Cpy-Sch-Chai- Apy-Au Star Lake pluton 

Tammar Star Lake phton 

Jasper Qtz-Pyr-Marc-Gai-Sph-Cpy-Au Island Lake pluton 
- 

' Thomas, 1993, and references therein. 



Mineralization occurred f i e r  the emplacement of the host plutons, however, 
the timing of gold mineralization and its relationship to regional metamorphism is 
uncertain. Ibrahim and Kyser (199 1) and Hrdy and Kyser (1995) suggest that 
minerakation occurred at the waning stages of the regionai metamorphism, whereas 
Thomas and Heaman (1994) suggest that it predated the culmination of peak thermal 
conaitions in the immediate area but was coeval with high-grade metarnorphism at 

deeper structural IeveI. 



CHAPTER 3 

STRUCTURAL GEOLOGY 

Introduction 

Three phases of deformation were recognized in the McLennan Lake-Star 

Lake area, of which Di and Dz are defmed on the basis of mesoscopic structures alone. 

The Dj defonnation involved the development of the shears that host the gold-bearing 

quartz veins, and their subsequent defonnation. 

The M c L e ~ a n  Lake Tectonic Zone (MLTZ) and the Alpat Lake Tectonic 

Zone (ALTZ) are regional structures that pass through the map area (Figure 2-4). 

They predate Dz and D3 structures, but their relationship to DI is less certain and is 

inferred, to a large extent, fiom stratigraphie relationships and from a snidy of the 

interna1 fabric of the structures. The David Lake Shear and the Mallard Lake Shear are 

megascopic structures, smaller than the MLTZ and the ALTZ, and are confined to the 

map area. The attitude of these structures and the fact that they are post-DI and pre- 

Dj suggest that they are large scale D- 1 structures. 

The following sections describe the charactenstics of the structures and history 

of deformation. Detailed petrographic descriptions of the structures are given in 

Chapter 4. 

Di Deformation 

The structures developed by the DI deformation are a regional penetrative S 1- 

LI fabric and, in the supracrusta1 rocks, mesoscopic folds. The penetrative fabric is 

defined by the preferred alignment of amphibole, micas and feldspars, and by 

aggregates of these minerais, as well as by the shape of deformed pebbles, lapilli, 



breccia clasts, etc. The primary lithological and cornpositional layering in the 

supracrusta1 rocks is transposed into the Si foliation. 

Supracrusta1 Rocks 

The SI penetrative foliation is moderately to weakly developed in most of the 

supracrustal rocks, and becomes more strongly developed as the MLTZ and the ALTZ 
are approached. The foliation has a general northeast strike, and dips 6S0 to 85' to the 

northwest. In the vicinity of the Star Lake and Island Lake plutons, it is deflected to 

paralle1 the lithological contacts, reflecting the competency contrast between the 

plutons and the more ductile supracrustal rocks. Figure 2-4 illustrates the continuous 

variation in attitude of the Sl foliation in the supracrustal rocks and in the southem 

part of the Island Lake pluton. 

The deformed metavolcanic rocks contain a mineral lineation, LI, which lies in 
the Si foliation and plunges moderately to steeply NNE to NW. The relationship of the 

plunge of the lineation to the attitude of the foliation with which it is associated is 

shown in Figure 3- 1A and B. The Li  lineation in the meta-arkoses of the McLeman 

Group is weakly developed, but the orientation of the fabric is in good agreement with 

the lineation in the metavolcanic rocks (Figure 3- 1 C). 

Because of the lack of traceable distinctive lithological units and few indicators 

of younging direction in the metavolcanic rocks and the meta-arkoses, the regional 

fold pattern in this area are not established. The largest fold defined in the area has a 

half-wavelength of at least 25 metres. The majority of the fol& observed in the field 

have half-wavelengths of a few centimetres to several tens of centimetres (Figure 3- 

2A). They are tight to isoclinal. The fold axes plunge 40° to 70° northeast to West 

northwest, with the majority plunging to the north northeast (Figure 3-2B). 

Plutonic Rocks 

In the Star Lake and Island Lake plutons, the Si penetrative foliation is less 



Figure 3- 1, Stereographic plots of Si-Li fabrics. (A) Metavolcanic rocks: S, poles to foliation with 
strike < 035; mean attitude 20 1/77 is shown as a plane. L, Iineation; mean plunge 343/69 (N=85; 
contour interva1 1.5,9.0, 16.5,24.0,3 1.5,39.0% per 1% area). (B) Metavolcanic rocks: S, poles to 
foliation with strike > 035; mean attitude 23 1/74 is shown as a plane. L, lineation; mean plunge 6/69 
(N=74; contour interval 1.5,8.0, I4.5,21.0,27.5,34.0% per 1% area). (C) McLennan Group: S, 
poles to foliation; mean attitude 230172 is shown as a plane. L, Iineation; mean plunge 3/66 (N=35; 
contour interval 2, 10, 18,26,34,42% per 1% area). @) Island Lake pluton: S, poles to foliation; 
mean attitude 234175 is shown as a plane. L, lineation; mean plunge 1 1/69 @J=63; contour interval 1, 
8, 15,22,29% per 1% area). 



Figure 3-2. (A) Photograph of Di isoclinal fol& in a unit of tuffaceous metavolcanic rock. (B) 
Stereographic plot of Dl fold axes (N=15). 



developed and less continuous, and more variable in strike than in the supracrusta1 

rocks. Consistent S 1 in the plutons occurs only in the southem part of the Island Lake 

pluton, where it strikes northeast, and in the Star Lake pluton in the vicinity of David 

Lake, where it strikes north northeast, parallel to the penetrative foliation in the nearby 

metavolcanic rocks (Figure 2-4). An associated LI lineation plunges steeply NNE- 
NNW (Figure 3- 1 D). 

Strain Pattern 

The regional fabric is predominantly a S-L fabnc, but locally it rnay be 

represented by S-fabric or L-fabric. It is consistent with a NW-directed flattening and 

a coincident subvertical extension, with local variation in the vicinity of the plutons, 

where the plane of flattening O[-Y plane of the strain ellipsoid) is parallel to the 

contact of the plutons with the supracrustal rocks. 

Dz Deformation 

The structures associated with the DI deformaion include mesoscopic shears 

and mesoscopic, tabular cataclastic zones. 

The Dz shears are developed in both the supracmtal and plutonic rocks. They 

are zones of strongly foliated rock, typically a few centimetres wide with strike lengths 

of several metres (Figures 3-3 and 3-4). The D2 shears postdate the Si foliation, as 

shown by the fact that they deflect and transect the earlier fabnc. 

Attiiude of The 9 Shenrs 

The D2 shears strike between 34S0 and 120° uid dip steeply to the north, 

northwest or West. Multiple sets of shears usually occur in the same outcrops (Figure 



Figure 3-3. Photographs of D2 shears. (A) An east-striking D shear in granite, viewed on the 
horizontal sdace. No S 1 was detected on the outcrop. See Figure 3-7 for details. (B) A north-striking 
02 shear in meta-arkose, viewed on the horizontal surface, S is sinistraIly deflected into the shear. 



Figure 3-3. (C) Horizontal surface of an outcrop of mafic rnetavolcanic rock showing multiple sets of 
D2 shears. Detailed outcrop map is shown in Figure 3-4A. 



Figure 3-4. (A) Map of 4 shears in an outcrop of mafic metavolcanic rock. Poles to the shears are 
plotted in the stereonet. The attitudes of the planes correspondhg to the contoured maxima are 
177/70,227/75 and 262/85. 





3-4). Figure 3-5 surnrnarizes the attitudes of the shean from the plutons, metavolcanic 

rocks and meta-arkoses. Using the subtraction method of Robin and Jowett (1 986), 

three populations of shears were de fineci, the attitudes of which are given in Table 3- 1 . 

Table 3- 1. The mean attitude of each population of D2 shears and the mean 
plunge of associated Iineation 

ppppp 

Lithology Mean amtude Mean lineation 

Plutonic rocks 183/82 35 116 1 

23217 5 02263 

Metavolcanic rocks 

The foliation generated by the Dz shean contains a well defined mineral 

lineation, which collectively plunges steeply to NE-NNW (Figure 3-5D). The mean 
attitudes of the lineation derived by the subtraction method are summarized in Table 3- 

1. Synoptic diagrams of the D2 shears from each lithology are given in Figure 3-6. The 
orientation of the shears is not dependent on rock type. 

The most cornmon D2 shears are those sûiking northeast and north-south, and 
the least common are those striking east-west. 

Shear movement is indicated on horizontal outcrop surfaces by the deflection 

of the Si foliation into the shears (Figure 3-3B). On the vertical surfaces perpendicular 

to the shears there is no evidence for the deflection of Si. However, the deflection of a 



Figure 3-5. Stereographic plots of planar and linear fabncs from D 2 shears. (A) PoIes to the shears in 
plutons (N=140; contour interval 0.7, 2.6,4.5,6.4,8.3, 10.2% per 1% ma).  (B) Poles ta the shears in 
metavoIcanic rocks (N=114; contour interval 0.9,3.7,6.5,9.3, 12.1, 14.9% per 1% area). (C) Poles to the 
shears in McLennan Group (N=82; contour interval 1.2,3.5,5.8, 8.1, 10.4, 12-7% per 1% ma).  0) 
Minerai lineation (N=42; contour interval 2,6, 10, 14, 18,22% pet. 1 % m a ) .  



Figure 3-6. Synoptic diagrams of D2 shears fiom (A) plutons; (B) metavolcanic rocks; and (C) McLeman 
Group. 



pre-existing fabric is an imprecise indicator of shear direction. More dependable 

kinematic indicators were obtained fiom thin sections of the shears. On sections cut 

parallel to the lineation and perpendicular to the foliation, the fabric of the shears is 

invariably syrnmetric (Figure 3-7A); whereas on sections perpendicular to the 

lineation, the fabric is asymmetric (Figure 3-7B). These shear-sense indicators 

demonstrate sinisiral movement in the north-striking shears, and dextral movement in 

northeast-striking and east-s&g shears (Figure 3-6). Where the D2 shears of 

different orientation intersect, the northeast-strikuig planes always deflect or dislocate 

the others in a dextrai sense (Figure 3-4A), suggesting comparatively late or prolonged 

development for the northeast-striking shears. 

The above observations indicate that the formation of the D2 shears involves a 

shear deformation, and that the direction of shearing is at a high angle to the steeply 

plunging mineral lineation and accordingly at a high angle to the maximum extension 

axis of the saain ellipsoid. 

DL, Cataclastic Zones 

The cataclastic zones, fmt recognized in this region by Roberts (1993), are 

restricted to the plutons, and are particularly abundant in the diorite of the Star Lake 

pluton. They are tabular structures with boundaries that mark abrupt change in grain 
size (Figure 3-8A). Sm11 crushed minerals and mineral aggregates of quartz and 

feldspan f o m  within the cataclastic zones whereas the wall rocks are weakly 

deformed or undeformed (Figure 3-8B). The structures involve the generation of new 

minerals, biotite and homblende, in association with the cataclastic process. The 

cataclastic structures are a few centimetres wide and less than a few metres in strike 

length, and lack continuous foliation. Shear-sense indicators were not found in the 

cataclastic zones, but the Si foliation is locally deflected into the structures, as in the 

D2 shears (Roberts, 1993). 

The cataclastic zones occur in a wide range of orientations, and are classified 

into three sets: northeast, north-south, and southeast. The most common sets are those 

strikuig northeast and north-south. These two sets of cataclastic structures are 



Figure 3-7. Photomicrographs of deformation features in the D 2 shear shown in Figure 3-3A (plane 
light, bar = 5 mm). (A) Fabnc is syrnmetric on section p d l e l  to the lineation and perpendicdar to 
the foliation. (B) Asymmetric fabnc indicatùlg dextrai shear on section perpendicular to the lineation. 



Figure 3-8. (A) A horizontal view of a tabular D 2 cataclastic zone in diorite of the Star Lake pluton. 
(B) Photornicrograph of the cataclastic zone in A showing successive stages of deformation. The 
coarse minerals in the host wall rock (right), mainly amphibole, feldspars and biotite, are repIaced by 
rounded feldspar grains in a ma& of feldspar, quartz, biotite and trace amphibole (left) (cross 
nickel; bar = 4 mm). 



comparable to the Dz shean in te- of orientations. The southeast-striking set is 

comparatively rare. The cataclastic zones are included in the D2 deformation because 

they postdate the Si fabric (which they deflect), and predate the D3 shears. 

Furthemore, several D2 shears contain a central, tabular zone of cataclasite identical 

to that in the cataclastic zones. 

Steeply-dipping shears that host the gold-bearing quartz veins were formed 

during the Dla deformation and were subsequently defomed at a later stage of the 

same deformation Dsb). Shdlow-dipping shears with a conjugate relationship to the 

steeply-dipping shears were also formed during the Dg. deformation. The shallow- 

dipping shears are not as well developed nor as continuous as the steeply-dipping 

shears. 

General Characteristics 

D3 structures are northeast-trendhg shears that occur in both the Star Lake 

and Island Lake plutons. They transect DI and D2 structures and are more extensive 

than the earlier D2 shears in that they are continuous vimially completely across the 

Star Lake piuton, and, in the Island Lake pluton, form a zone with a strike length of 

approxirnately four kilometres in the vicinity of the Broeder Lake (Figure 2-4). They 

are also distinguished from the earlier Dz structures in that they contain evidence of 

dip-slip movernent, in which the northwest side moved down relative to the southeast 

side. 

Two episodes of deformation are recognized in the D3 shears: the Dr episode 

involves dipslip movement and the formation of the shears; the D3b episode involves 

strike slip or oblique slip on the earlier D3, shear fabric. Fabrics related to the D3b 

strike slip are found in al1 the shears. Oblique slip is believed to occur only in the Rod 

shear at the Jolu Mine. The gold-bearing quartz veins were emplaced during the Dga 



episode of deformation. Later quartz v e k ,  ernplaced during the D3b episode, are not 

gold-bearing . 

Two areas were examined in detail: the James-Jasper-Roxy shears in the Island 

Lake pluton, in which the Jasper deposit is located, and the Rod shear in the Star Lake 

pluton, in which the Jolu Mine is located (Figure 2-4). 

James-Jasper-Roxy S hears 

The James-Jasper-Roxy zone is composed of a series of narrow shears and 

quartz veins that strike between 030" and 040" (Figure 3-9A). The shears each 

typically consist of a centrai zone of mylonite 10 to 30 centimetres wide, bordered by 

protomylonite up to three metres wide. Gold-bearing quartz veins are emplaced 

parailel to the shear fabric in the central mylonite of the main shears. The veins are 

continuous, and comprise several layers of quartz that, together, constitute a single 

vein up to 25 centimetres thick. Geological map of shears and veins in the Roxy 

deposit is shown in Figure 3- 10. 

ilJa Dip-Slip Shearing 

The D3. dip-slip shearing in the main shears is indicated by a strongly 

developed mineral lineation defïned by the preferred orientation of biotite and 

feldspars, which plunges steeply to the north (Figure 3-9A), and by a S-C fabric, which 

indicates movement in the direction of the lineation (Figure 3- 1 1). Shallow-dipping 

shears conjugate to the main shears are exposed at the northeast end of the Jasper 

shear. The line of intersection of the main shears and the shallow-dipping shears is 

sub horizontal. 

The field evidence indicates that the gold-bearing quartz veins were emplaced 

in the shean during the D3. deformation. The principal evidence for this is that both 

shears and veins were subsequently deforrned and folded by the strike-slip rnovement 

of the D3t, deformation (Figure 3-12A). Elsewhere, the veins occur in shears that show 

evidence of dip-slip shearing but no evidence of Dlb shearing, suggesting that their 



Figure 3-9. Stereographic plots of shear fabrics fiom D3, shears. (A) James-Jasper-Roxy shears: S, 
poles to shear planes; mean attitude 2 15/82 shown as a plane. L, mineral heation; mean plunge 9/72 
(N = 58; contour interval 2,6, 10, 14, 18,22% per 1% area). (B) Central and northeastem segments 
of the Rod shear: S, poles to shear planes; mean attitude 238/78 shown as a plane. L, mineral 
lineation; mean plunge 9/70 (N = 69; contour interval 2,8, 14,20,26,32% per 1% area). 





Figure 3-1 1. S-C fabric in protomylonite in granite from the James shear indicating D 3a dipslip shearing 
(bar = 1.25 cm). 



emplacement is not associated with the D3, deformation. 

Structures related to the Djb shearing are shown in Figure 3- 12 and are 

summarized in Figure 3- 13. The relationships among the structural fabrics are shown 

in Figure 3- 14. 

The D 3 ~  deformation is expressed as sûike-slip, dextral shearing along the 

shear fabric generated by the D3, defornation. The mylooitued central parts of the 

early shears are locations of the greatest strain during the strike-slip shearing. 

Striations, defined by fine-grained micaceous minerais, form on the shear 

planes created by the D3a dip-slip shearing. The striations overprint the steep north- 

plunging minera1 lineation. They plunge at approximately 2 7 O  to the southwest (Figure 

3- 13A), and are assumed to indicate the vector of the transcurrent shearing. 

The most strikùig mesoscopic features related to the D3b strike-slip shearing 

are a senes of fol& of D3. fabnc, and fold-related north-south shears and quartz veins. 

The fol& have 2-shaped asymmetry, and occur in areas with relatively low saike-slip 

shear strain between narrow, more highly strained D3. shears (Figures 3-12A and 3- 

14B), which typically serve as decollement structures during the Djb strike-slip 

shearing. The axial surfaces of the folds are vertical and strike north-south (30' to 3 5 O  

to the main shears), and the fold axes plunge to the north, approximately perpendicular 

to the striations (Figure 3-13B). 

The fabric developed by the Dib shearing, which overprints the D3. shear 

fabric, is most obvious where it intersects and passes through the folded D3. shear 

fabrics (Figure 3- 12A). The development of quartz subgrains is pervasive in deformed 

rocks within the shears, with the shape fabric of subgrains consistently indicating 

dextral strike-slip shearing (Figure 3- 12B). 

The fol& are usually accompanied by shears that develop at their axial surfaces 

(Figure 3-12A). The shears are two to ten centimetres wide and up to five rnetres 



Figure 3-12. Structural feames developed by sûike-slip shearing in the James-Jasper-Roxy 
shears. (A) A 2-shaped, asymmetric fold of ha dipslip shear fabnc and associated veins produced by 
Qb shike-slip shearing. A shear was formed at the axial plane of the fold. New shear planes (arrow) 
pass through the fold with continued strike-slip shearing. 



Figure 3- 12. (B) Photornicrograph of quartz shape fabric in a shear sbiking at 035, taken fiom section 
paralle1 to subhorizontal striations. The sense of obliquity is indicative of dextral shearing (nicols crossed; 
bar = 0.05 mm). (C) Photornicrograph of sigrnoidai fabric defined by micas in a north-south shear, taken 
fi-om section perpendicdar to the contained lineation. (nicoIs crossed, bar = 0.05 mm). 



Figure 3-12. @) A typical sigrnoidai north-south quartz vein formed by deflection of the tips of vein 
into higher strain strike-slip shears. (E) Photograph showing the relationship of a shallow-dipping 
vein, lying on a subhorizontal outcropping surface, to a north-south vein (arrow). The attitudes of the 
shallow-dipping and north-south veins are 82/29 and l7O/88, respectively. 



Figure 3-13. Stereographic plots of smctural fabrics developed by D j b  strike-slip shearing in the 
James-Jasper-Roxy shears. (A) Striations on shear surfaces; mean plunge 22 1/27 (N=33). (B) Axes to 
folds; mean plunge 7/50 (N=21). (C) Poles to N-S shears and veins (N=20). @) Poles to shailow- 
dipping veins (W7). 



D3b shailow-dipping vein 

, D 3 b  N-suiking shear and vein 

- û 3 b  striations - - 
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vein 

Figure 3-14. (A) Stereographic illustration of relationships among structural fabncs related to D ,b 

strike-slip shearing. (B) Schematic illustration of relationships among structural fabncs related to the 
Bb shearing. 



long. They transect and dextrally rotate the D3, fabric. Within the shears, dextral sense 

of shearing is indicated by a micadefined sigmoidal fabric (Figure 3-12C). A 

subvertical mineral lineation is developed in the shears. The norih-south quartz veins 

are an expression of brittle defoxmation associated with the north-south shears and 

fol& The veins are typically three to five centimetres wide and up to several metres in 

strike length. They are not Iayered, and tend to be deflected dextrally into the higher 

strain strike-slip shears, giving them a sigmoidal shape (Figure 3- 12D). No direct 

cross-cutting relations were observed between the north-south veins and the 

mineralized veins in the main shears. 

Shallow-dipping veins that strike between 068O to 085O and dip at 25" to 3 8" 

to the south were also found in the area (Figure 3- 12E). The veins are approximately 

perpendicular to the steep north-plmging mineral lineation (Figure 3- 13D), and have 

the same oxygen isotopic compositions as the north-south veins (see Chapter 5 for 

details). 

Rod Shear 

The Rod shear occurs in the northem part of the Star Lake pluton (Figure 2-4). 

It trends 055" to 060° and dips steeply to the northwest in the central and northeastem 

segments where the shear is hosted by mafic dyke (Figure 3-9B). At the Jolu Mine, it 

strikes 060° and dips at 8 2 O  to 8 7 O  towards the southeast, following the contact of 

granodiorite with diorite or porphyritic diorite of the Star Lake pluton (Figures 3- 15 

and 3- 16). 

The highly strained central zone of the Rod shear is in diorite or porphyritic 

diorite, in contact with granodiorite, and consists of phyllonite. The central zone, four 

to six metres wide, is bordered to the northwest by a zone of interlayered 

protomylonite and phytlonite up to seven metres wide and to the southeast by 

granodioritic protomylonite up to two metres wide Figure 3-16). The phyllonite of 
the central zone possesses a strong penetrative foliation defined by biotite and 
hornblende, and by a microlayering formed by the segregation of mafic and felsic 

minerais. 







0, Dip-Slip Shearing 

The dip-slip direction of shearing is most evident in the protomylonitic fabric at 

the outer parts of the Rod shear (Figure 3- 17A). At the Jolu Mine, the shear foliation 

in the protomylonite dips northwestward at 80' to 85O. in contrat to the foliation in 

the phyllonite zone which dips steeply southeast, parallel to the shear zone and to the 

contact of granodiorite with diorite or porphyritic diorite (Figure 3- 16). The mineral 

lineation in the protomylonite pitches to the northeast at 75' on the shear foliation. 

Shears with conjugate relationship to the gold-bearing shears, up to ten 

centimetres wide and up to ten metres in strike length, were found at the Rush Lake 

shear and the Star Lake shear near the eastem margin of the Star Lake pluton. They 

are not well exposed due to their shallow dip. The strain associated with them is low 

relative to the main shears, and is generally represented by S-C fabric, without the 

development of rnylonite. They strïke subparallel to nearby gold-bearing shears, and 

dip 30' to 40" towards the northwest. The conrained minera1 lineation is parallel to the 

dip of the shear fabric, and S-C fabric indicates dip-slip reverse movement (Figure 3- 

17B). 

D36 Oblique-Slip Shearing 

The oblique-slip shear movement is rnanifested by asymmetric fol& in the D3. 
fabric of the phyllonite zone of the shear and interlayered phyllonite and 

protomylonite. The folds in the phyllonite zone are isoclinal, generally with sheared 

out limbs (Figure 3-1 8A). The half-wavelength of the folds are up to three centimetres. 

In interlayered phyllonite and protomylonite, the half-wavelength of the folds increases 

to 10 to 25 centimetres as the amount of protomylonite increases, and the folds 

become more open (Figure 3- 18B). The fol& may also be defined by narrow aplite 

dykes in the shear and by the displacement and rotation of veins and dykes emplaced 

during the D a  deformation. The dislocated dykes and veins form a 'kight stepping" 

pattern on horizontal surfaces (Figure 3-1 9). The D3. phyllonitic fabnc is overprinted 

by younger phyllonitic fabric defined by a new generation of biotite k homblende 

(Figure 3- 18C). 



Figure 3- 17. (A) S-C fabrics in protomylonite in granodionte from the Rod shear (bar = 1.5 cm). (B) 
S-C fabric fiom a shallow-dipping shear, close to the northeastern end of the Star Lake shear (bar = 
1.5 cm). 



Figure 3-18. Structural feaiures developed by D3b dextral oblique-slip shearing in the Rod shear near the 
jolu Mine. (A) Photomicrograph of an isoclinal fold in the central phyllonite zone (plane light; bar = 5 
mm). (B) Photograph of folded phyllonite interlayered with protornylonite, looking d o m  the fold axes 
(see Figure 3-16 for location). (C) Photomicrograph of the earlier folded shear fabric, overprinted by the 
new fabric defined by a new generation of biotite (plane light; bar = 2 mm). 



Figure 3-19. (A) Quartz vein and aplite dykes defonned during the D 3b oblique shearing by thnist shears 
oriented at low angles to the shear foliation. The segments of the dykes or veins are displaced dextrally 
aIong the thnist shears to fom a nght stepping pattern; horizontal surface. (B) Line drawing showing 
detailed structural fabrics in (A). (C) Stereographic plot of shear fabric and thmt shears fiom (A). 



The intersection of the folded D,. shear foliation with the younger D3t, foliation 

f o m  a lineation which plunges at 54O to the southwest, parallel to the axes of the 
fol& (Figure 3- 16). The shear vector associated with D3b is as~umed to be 

perpendicular to this direction and the sense of movement fiom the asymmetry of the 

fol& and displacement of earlier veins is dextral, northwest side down. 

D J ~  Strike-Slip Shearing 

Structures produced by strike-slip shear movement are illustrated in Figure 3- 

20. The structures occur in the protomylonite of the Rod shear at the Jolu Mine, and in 

the Rod shear northeast of the mine. They are comparable to those in the James- 

Jasper-Roxy shear system, however, the fol& in the Rod shear are less abundant and 

tighter, with axial sudaces at lower angles (1 5" to 20") to the shear zone walls (Figure 

3-20B and C). In addition, quartz veins emplaced in the axial plane shears are much 

less common than those in the James-Jasper-Roxy system. The veins are a few 

millimetres to one centimetre thick and up to 0.5 metres in strike length. 

Megascopic Structures 

David Lake Shear 

The David Lake Shear @ILS), defined by Poulsen et al. ( l987), is a north- 

south trending high strain zone, in the metavolcanic rocks near the western margin of 

the Star Lake pluton (Figure 2-4). It is up to 30 metres wide and approximately five 

kilometres long. The rocks of the zone are characterized by a strong S-L fabric which 

strikes north-south and dips 7S0 to 90° to the West, and in which the strong mineral 

lineation plunges steeply to the north northwest (Figure 3-2 1A). The boundaries of the 

DLS are defined by the deflection of the stdce of the regional Si foliation in the 

country metavolcanic rocks, fiom 20" - 30" to approximately north-south, and by an 

increase strain as indicated by the intensity of the foliation. 

The fabric of the DLS is symrneaic in sections parallel and perpendicular to the 

lineation. The only kinematic indicators are the sinistral deflection of the regional SI 



Figure 3-20. Fabrics developed by il&b strike-slip shearing in the central segment of the Rod shear. (A) 
Shear planes related to the D 3b strike-slip shearing cut through the D 3, folded fabric, horizontal surface. 
(B) Steeply-plunging folds of the B. fabric and associated veins (horizontal cut surface; bar = 2.0 cm), 
(C) Shear and associated veinlet (arrow) fonned at the axial plane to a subverticd fold. The angle between 
the axial surface and the shear zone wall is approximately 17 " (horizontal cut surface; bar = 2.0 cm). 



Figure 3-2 1.  (A) Stereographic plot of foliation and lineation fiom the David Lake Shear: S, poles to 
foliation; mean attitude l78/79 show as a plane. L, lineation; mean plunge 338160 (N=16). (B) 
Stereographic plot of foliation and lineaion fiom the Mallard Lake Shear. S, poles to foliation; mean 
attitude 214/72 plotted as a plane (N=78; contour interval 2,8, 14,20,26,32% per 1% area). L, 
Iineation; mean plunge 350168 (N=58; contour interval 2, 10, 18,26,34,42% per 1% ma). 



fabric described above, and sinistrally rotated boudinage structures which indicate a 

strike-slip movement. 

Mallard Lake Shear 

The Mallard Lake Shear (MLS) lies at the northwestem boundary of the Star 

Lake pluton but cuts into the porphyritic dionte of the pluton southwest of Mallard 

Lake (Figure 3-22). The strike of the shear changes from NNE in the south, to NE, 
south and east of the Mallard Lake. It can be traced for approximately 1,500 metres 

fiom southwest of the Jolu Mine to the e s t  of the Mallard Lake. Linearnents on air 

photographs indicate that it probably extends beyond the boundaries of the structure 

shown in Figure 3-22. 

The MLS is defhed by a rapid gradient in the intensity of the fabric from the 

DI, S-L fabric of the country rocks to the L-S and locally L fabric of the shear. The 

foliation and the lineation of the shear are parallel to the fabric in the adjacent country 

rocks (Figures 3-2 1B and 3-22). There is no evidence of asymmetry in the fabrics, and 

hence no kinernatic indicators or evidence of shearing. 

The MLS is deflected by the D3 Rod shear near the Jolu Mine (Figures 3- 16 

and 3-22). Southeast of Mallard Lake, the Decade shear (a D3 gold-bearing structure) 

occurs within, and overprints the fabnc of, the MLS (Figure 3-22). The gold-bearing 

structure on the surface strikes 047' and dips subverticdly. The dip-slip movement on 

the Decade shear is indicated by deflection of the fabric of the MLS. The general 

attitude of the Decade shear cannot be detennined on the surface due to lack of 

exposure of the shear. According to Thomas (1985, 1993), the main gold-bearing zone 

strikes 045O and OCCLUS in the metasedimentary rocks dong the northem boundary of 

the Star Lake pluton. Field observations indicate that the fabric of the MLS is 
generally conforniable to this lithological contact, which dips at 75' to 80° to the 

northwest. Hence the overall orientation of the Decade shear is probably parallel to the 

fabnc of the MLS. 
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Figure 3-22. Geological map of the Mallard Lake area R, the location of the Alimak raise at the Jolu mine. 



Relationship to Dz Structures 

The MLS is deflected and overprinted by, and therefore predates, the Ds 
structures (Figure 3-22). The relationship of the MLS to the DI deformation is 

ambiguous since it is parallel to S ,. It is inferred from the relationship described above 

that the DLS postdates the DI deformation. Poulsen et al. (1987) describe the 
displacement of the DLS by the Blindrnan shear, a D3 structure. However, although 

the structure descnbed by Poulsen et al. (1987) has the charactenstics of the DLS, it is 

probably approximately 25 metres east of the DLS as detemiined in this study (Figure 

3-23). Nevertheless, the orientation and fabric of the DLS and MLS, and the evidence 

of their timing, suggest that they cm be classified with the D- structures. 

Regional Structures 

Definition and Stratigraphie Relationships 

The regional struchues in the map area are the McLeman Lake Tectonic Zone 

(Thomas, 1985) and the Alpat Lake Tectonic Zone (Thomas, 1985). They were 

defined in the field as zones of high strain expressed by distinctly more strongly 

foliated rocks at the contact of IWO lithologies. 

McLennan Lake Tectonic Zone 

The MLTZ is at or near the contact between the rnetavolcanic rocks of the 

Central Metavolcanic Belt to the northwest and the meta-arkoses of the McLeman 

Group to the southeast (Figure 3-24). It can be traced northeastward from Barker 

Lake, where it tenninates in a senes of shear splays (Thomas, 1993), to the Payne 

Creek pluton. In the northeast, the Redhill Lake Shear Zone, previously named Redhill 

Lake Tectonic Zone (Harper, 1985) and described as the northeast extension of the 

MLTZ (Harper, 1985; Lewry et al., 1 WO), occurs within the McLeman Group meta- 
arkoses, approximately tens of metres to several hundred metres from the contact with 
the Central Metavolcanic Belt (Harper, 1996) (Figure 3-24). 
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Figure 3-23. Outcrop map of the Blindrnan shear, approximately 25 metres east of the David Lake Shear. 
The foliation, which parallels the fabric of the David Lake Shear, has been dextrally defiected by the 
BIindman shear. 



Anticline and syncline with plunge 
F I  Unconformïty 

Figure 3-24. Extent of the McLennan Lake Tectonic Zone and Alpat Lake Tectonic Zone (after Thomas, 
1993; Harper, 1986, 1996), and geoIogy of the Scriver Lake area (after Yeo, 1996). ALTZ, Alpat Lake 
Tectonic Zone; LLTZ, Looney Lake Tectonic Zone; MLTZ, McLeman Lake Tectonic Zone; RLSZ, 
Redhill Lake Shear Zone. Intrusions: 1, Contact; 2, Payne Creek; 3, Island Lake; 4, Kruger Lake. 



In the map area, the MLTZ is at the contact of the metavolcanic rocks and the 

meta-arkosic rocks, and extends laterally into both units. It also transects the 

southeastem boundary of the Island Lake pluton between the Cratty Lake and the 

Scriver Lake (Figure 2-4). The zone is wider in the metavolcanic rocks, up to several 

hundred metres, than in the meta-arkoses, where it is several tens of metres wide. 

Largely based on the relative ages of the metavolcanic rocks and the meta- 
arkoses, and the presence of the down-dip mineml lineation, Lewry (1983) defined the 

MLTZ as the McLeman Lake Thnist, displacing the rocks of the Central 

Metavolcanic Belt southeasterly over the McLennan Group after the emplacement of 

the major regionai plutons. 

It is evident that the stratigraphie contact between the metavolcanic rocks of 

the Central Metavolcanic Belt and the meta-arkoses and meta-conglomerates of the 

McLennan Group is an unconformity. The unconformity was first recognized by 

Lewry (1986) and Thomas (1986) at the south end of the La Ronge Domain, in the 

MacKay Lake area, approximately 18 kilometres south of the tennination of the 

MLTZ. During recent remapping of the MacKay-Hebden lakes area, Maxeiner and 

Sibbald (1 995) described the contact as a volcano-sedimentary transitional suite that 

unconformably overlies the volcanic and intrusive rocks of the Central Metavolcanic 

Belt and grades to the overlying meta-arkoses and arkosic meta-conglomerates of the 

McLennan Group. 

The unconfonnable relationship is exposed in the footwall of the MLTZ north 

of Scriver Lake (Yeo, 1996) and in the hanghg wall of the Redhill Lake Shear Zone in 

the Sucker-Fleming lakes area (Harper, 1996) (Figure 3-24). The unconformiiy is 

overlain by polymictic meta-conglomerate, or by a transitional assemblage of mafic 

schists, calc-silicates and meta-arkoses similar to the sequence defined by Maxeiner 
and Sibbald (1 995) in the MacKay-Hebden lakes area. 

North of Scriver Lake, the unconfomiity is folded into an isoclinal anticline and 

syncline with a wavelength of approximately 250 metres (Yeo, 1996) (Figure 3-24). 

The axial planes of the fol& strike northeast and dip steeply northwest. The 

northwestem limb of the syncline is bounded by the MLTZ, which is coincident with a 



lineament that extends just north of Jaysmith Lake. A unit of polymictic rneta- 

conglomerate occurs north and northwest of Jaysmith Lake, and is probably the 

continuation of the northwestern limb of the syncline. The meta-conglomerate is highly 

flattened at the faulted contact with the metavolcanic rocks (Figure 3-28A). 

Alpat Lake Tectonic Zone 

The ALTZ is part of a broad zone of high strain at the contact between the 

Central Metavolcanic Belt and the Crew Lake Belt (Figure 3-24). It extends 

southwestward through the Larocque and Forbes lakes to the Kruger Lake pluton 

(Thomas, 1993). The Looney Lake Tectonic Zone f o m  the northeast extension of 

the ALTZ (Harper, 1986). In the study area, the ALTZ trends north northeast and is 

up to 600 metres wide. 

Intemal Structures 

Most of the interna1 structures of the regional-scale tectonic zones have been 

described fkom the MLTZ. 

Foliation and Lineation 

Both the MLTZ and the ALTZ are defined by S-L fabric, which consists of a 

steeply dipping foliation with an approxirnately down-dip mineral lineation. The fabnc 

consists of minera1 assemblages of amphibolite facies, identical to those associated 

with the regional Si-LI fabric. The attitude of the S-L fabric of the MLTZ and the 

ALTZ is summarized in Figures 3-25A and 3-26A, respectively. 

The S-L fabric of the MLTZ strikes approximately 050°. The mean dip of the 

foliation is 6 3 O  northwest (Figure 3-25A), which is 5" to 15' shallower than the SI 
foliation in both the metavolcanic rocks and meta-arkosic rocks. 

The S-L fabnc of the ALTZ strikes approximately 20° and dips vertically or 

steeply to the northwest or southeast (Figure 3-26A). The highly foliated rocks of the 



Figure 3-25. Stereographic plots of interna1 fabrics in the MLTZ. (A) S-L fabric: S, pales to foliation; 
mean foIiation 23 1/63 shown as a plane. L, lineation; mean plunge 35616 1 (N= 126; contour interval 
1,8, 15,22,29,36% per 1% ma). (B) Asymmeûic foId axes; mean plunge 1 1/60 (N=46; contour 
interval 2.2,9.8, 17.4,25.0,32.6,40.2% per 1 % area). (C) Striation on foliation surfaces; mean 
plunge 246/26 ( W 3 0 ) .  



Figure 3-26. Stereographic piots of intemal fabncs in the ALTZ. (A) S-L fabric: S, poles to foliation 
(Nt75; contour interval 2,8, 14,20.26,32% per 1% area); mean attitude 199/84 shown as a plane. 
L, lineation (N=27); mean plunge 358/76. (B) The axes of S-shaped asymmetric fol& (W18). 



ALTZ typically contain narrow quartz segregation or quartz veins one millhetres to 

several centimetres wide, consistently parailel to the foliation. 

Finite strains in the MLTZ were measured in outcrops of arkosic polymictic 

meta-conglomerate in contact with the metavolcanic rocks, northwest of the Iaysmith 

Lake (Figures 3-24 and 3-28A). Measurements were made on horizontal surfaces and 

vertical d a c e s  perpendicular to the foliation, which approximately represent the Y-Z 
and X-Z principal planes, respectively, of the finite strain ellipsoids. Finite strains were 

also measured fkom oriented hand specimens of lapilli tufTs taken fkom north of the 

Cratty Lake. The clasts are flattened and elongated in the foliation with their longest 

axes parallel to the mineral Iineation (Figure 3-27C). 

The results of measurements are shown in Tables 3-2 and 3-3, and are plotted 

on Flinn diagrams (Figure 3-27A and B). The majority of the finite strain ellipsoids are 

the flattening type (O < K < 1). The type of strain is closely related to the strain 

intensity, in that, highest strain is associated with oblate strain ellipsoids, and lower 

strain with more prolate strain ellipsoids. 

Evidence of Dip-Slip Shear Movemenf 

Fabrics: The S-L fabric of the MLTZ indicates flattening in the X-Y plane and 

extension parallel to the X axis of the finite strain ellipsoid. There is no evidence in the 

fabric of shear movement. 

Schaaf and Schwerdtner (1992) reported evidence for reverse shear movement 

in microscopic quartz shape fabnc fkom defomed alaskite at the contact between the 

metavolcanic rocks and meta-arkoses in the Dickens Lake area, approximately 30 

kilometres southwest of the map area. This observation is confirmed by this study 

(Figure 3-28B). The quartz shape fabric is composed of inequidimensional quartz 

subgrains of similar orientation aligned oblique to the foliation defhed by micas. The 

fabnc is interpreted as a steady state fabric formed as a consequence of shear 

deformation and syntectonic recrystallization. The sense of obliquity is considered to 



Table 3-2. Strain data rneasured fiom meta-conglomerate 

Distance to Axial ratio Percent extension Orientation 
contact (m) XNIZ X Y Z X XY 

Table 3-3. Strain data rneasured tiom metavolcanic rocks 

Distance to Axial ratio Percent extension Orientation 
contact (m) X/YlZ X Y Z X XY 



Figure 3-27. (A) Flinn diagram for deformed pebbles in aeta-conglomerates fkom the footwall of the 
MLTZ, northwest of the Jaysmith Lake. (B) Flinn diagram for deformed lapilli in lapilli tuff fiom the 
hanging wail of the MLTZ, northwest of the Craîiy Lake. (C) Stereographic plot of principal axes of 
deformed pebbIes and lapilli. Circles, x-axis; squares, y-axis; triangles, z-axis (N=33). 



Figure 3-28. (A) Strongfy flattened conglomerate pebbles at the contact with the metavolcanic rocks 
NW of the Jaysmith Lake, horizontal surface. (B) Photomicrograph of quartz shape fabric in highly 
deformed alaskite at the contact between the metavolcanic rocks and meta-arkoses, Dickens Lake area 
(nicols crossed; bar = 0.05 mm). 



be a reliable shear sense indicator (e.g. Knipe and Wintsch, 1985; Burg, 1986). 

Schaaf and Schwerdtner (1 992) described a divergent pattern of stretching 

lineations in the map area, in which the plunge of the Lineations varies from north-north 
northeast around Cratty Lake to approximately West close to the southwestern end of 

McLeman Lake. The authors suggested that the divergent pattern of the lineations is 

characteristic of thrust sheets, however, the present study could not reproduce the 

divergent pattern (Figures 2 4  and 3-25A); it was fond  that the lineation dong the 

MLTZ in the map area consistently plunges to the north. 

Microstructures: Quartz c-axis fabrics have been used as a tool for describing 

the kinernatics of deformed tectonites in ductile shear zones. It is based largely on the 

close relationship between the syrnmeûy of crystallographic fabrics and the flow 
regime. The quartz c-axis fabric was investigated in order to determine the nature of 

strain in the MLTZ. Five representative samples, four from the quartz-rkh meta- 
arkoses of the McLeman Group in the study area and one from the deformed alaskite 

in the Dickens Lake area, were investigated. The localities of the samples are shown in 

Figure 3-29A. 

Al1 the specimens were subjected to recrystallization to various degrees. 

Specimen 92-407 contains quartz sbape fabric indicative of reverse sense of shearing 
(Figure 3-28B). Quartz c-axis measurements were canied out on thin sections cut 

perpendicular to the foliation and parallel to the lineation using a universal stage. Only 

the grains not in contact with micaceous minerals were measured. The patterns of 

quartz c-axes are given in Figure 3-29B. 

The c-axis figure of specimen 92-130 shows well-dehed cross-girdles, 

characterized by an intemal symmetry, and an extemal symmetry with respect to the 
foliation and the lineation. In specimen 92-57, the c-axes tend to form four maxima 
more or less centered around the foliation nomial. Specimens 92-36 and 92-407 have 

similar cross-girdle patterns, with marked asymmctry with respect to the foliation. 

Specimen 92-35 contains a well defined maximum of c-axes close to the lineation. 

Variations in the c-axis patterns of the specimens could reflect the influence of 



Figure 3-29. (A) Locations of specimens used to determine quartz c-axis preferred orientations in the 
McLennan Lake area and Dickens Lake area. 



Figure 3-29. (B) Preferred-orientations diagrams of quartz c-axes. XZ sections, facing southwesî, 
solid line is the trace of the foliation plane and of the lineation direction. 92-130: N=33 1, contour 
interval 0.6, 1.2, 1.8,2.4, 3.0,3.6% per 1 % area 92-57: N=46l, contour interval 0.8, 1.6,2,4,3.0% 
per 1% area. 92-36: N=416, contour interval 0.8, 1.6,2.2,2.8,3.4% per 1% area 92-407: N=40 1,  
contour intemal 1 .O, l.6,2.2,2.8,3.4,4.0% per 1% area- 92-35: N=328, contour interval 0.5, 1.1, 
2.2,3.3,4.4,5.5% per 1% are& 



the type of strain history and the variations in the operative slip systems. If the saah  

is coaxial, then the resulting c-axis patterns will dways be symmetric with respect to 

the foliation, whereas if the stmin is non-coaxial, the resulting c-axis patterns will show 

asymmetry with respect to the foliation. In nanirally deformed rocks, most patterns of 

quartz c-axis preferred orientations are involved in slip along the crystallographic <a> 
direction (Schmid and Casey, 1986); but under high temperature or in the presence of 

fluids, slip dong prism CC> may be dominant (Garbutt and Teyssier, 199 1 ). 

The syrnmetric cross-girdIes, as recorded in specimen 92- 130, have been 

interpreted as an indicator of coaxial s e  by Tullis (1977), Lister and Hobbs (1 980), 

Schmid and Casey (1986) and Law (1986). The c-axis preferred orientation in 

specimen 92-57 may be also interpreted as indicative of the coaxial strain. However, 

the asyrnrnetrïc cross-girdles of specimens 92-36 and 92-407 are indicative of a non- 

coaxial strain, in which the sense of shear is in the direction opposite to the inclination 

of the cross-girdle skeleton with respect to the foliation (Lister, 1977; Lister and 

Hobbs, 1980; Krohe, 1990). This sense of shear is in agreement with the reverse 

movement indicated by the quartz subgrain fabrics in specimen 92-407 (Figure 3-28B). 

The relation to the strain of the c-axis pattern in specimen 92-35 is unclear. This 

pattern may be suggestive of dominant pnsm cc> slip, promoted by fluids along the 

MLTZ that hydrolytically weakened quartz and allowed prism cc> slip to operate at 

relatively low temperature (Garbutt and Teyssier, 199 1). 

Dj6 Structures 

The S-L fabric of the MLTZ and ALTZ is defomed by structures identical to 

those recognized in the dextral strike-slip movement of the Djb episode of 

deformation. The same structures were recognized by Poulsen et ni. (1 987). 

Pull-apart structures: Boudinage and pinch-and-swell structures are developed 

in competent units and veins parallel to the foliation (Figure 3-30A and B). The pull- 

apart structures generally indicate extension both parallel and perpendicular to the 

lineation. Extension in the direction of the lineation causes pinch-and-swell structures; 

while extension perpendicdar to the lineation results in both pinch-and-swell and 

boudinage structures. In the direction of the lineation the structures are symmetric 



Figure 3-30. Djb stNCtures fiom the MLTZ and the ALTZ. (A) A horizontal view of a detached, 
asyrnmetnc boudin in the MLTZ, whose asymmetry indicates a dextml sense of shearing. (B) An 
asymmetric pinch-and-swell structure in the MLTZ, horizontal surface. The "pinchs" are thin, 
approximately 0.5 cm, but still connect adjacent "swells". 



Figure 3-30. (C) A Z-shaped asymmetric fold in the MLTZ, viewed on horizontal surface. An 
associated vein (arrow) is formed at the axial d a c e  of the fold. The axial surface is subvertical and 
strikes 18 to 20 . @) A vertical S-shaped asyinmetric fold of penetrative foliation in the ALTZ, 
horizontal surface. 



about the foliation; however, on the horizontal surfaces, they exhibit both symrnetrical 

and asymmetncal pattern. The asymmetry of the pull-apart structures, such as that 

shown in Figure 3-30A, indicates that they formed by a component of dextral 

progressive shear parallel to the foliation (Lister and Williams, 1983) (Figure 3-3 1 A). 

The dextral shear is also indicated by back-rotation of the pinch-and-swell structures 

(Figure 3-30B), in which the swells and their intemal foliation rotate counterclockwise 

approximately lSO  to 20° to the overail penetrative foliation, opposite to the sense of 

the dextral shear (Hanmer, 1 986). 

Folds: In the MLTZ, fol& of the foliation and transposed layering, as well as 

boudinage structures are characterized by their 2-shaped asymmetry on horizontal 

surfaces (Figure 3-30C). The asymmetrical folds occur at scales ranging fiom 

centimetres to metres, and Vary fiom open to closed, cornmonly with angular fold 

closures. The axial d a c e s  d e  north-south to northeast and dip steeply 

northwestward. The variability of the axial surface orientations c m  be seen in single 

outcrop and even in single layer. Close to the contact of the metavolcanic rocks with 

the meta-arkoses, the fol& tend to become tighter. Crenulation cleavage is associated 

with the folds; it is best developed in the hinge area of the folds in rnafic metavolcanic 

rocks. The crenulation cleavage is vertical or steeply dipping. 

The 2-shaped folds generally occur as isolated folds, which die out dong the 

strike of the axial surfaces- The axes of the folds lie in the surfaces of the foliation, and 

plunge to the north at 60°, approximately parallel to the earlier stretching lineation 

(Figure 3-25B). The consistent asymmetry of the fol& indicates that dexîral, foliation- 

parallel shearing is a viable mechanisrn for their formation (Figure 3-3 1B). 

Shears and associated quartz veins, usually two or three centimetres thick, 

develop at the axial surfaces of some of the Z-shaped folds (Figure 3-30C). These 

structures are confined to the fol& and tenninate at the undisturbed foliation surfaces 

that bound the folds, and are best developed in fol& located in more highly strained 

sections of the MLTZ. The asymmetrical folds and associated shears and veins are 
similar in every aspect to those in the James-Jasper-Roxy shears. 

As in the MLTZ, non-coaxial strain in the ALTZ is observed on horizontal 



Figure 3-3 1. Schematic illustrations of the development of asymmetric strucnires as a resuit of progressive 
de- shear deformation: (A) Boudinage structures. (B) Z-shaped folds. 



erosional surfaces, and is mainiy reflected in the defonnation of the foliation into tight 

to isoclinal S-shaped asymmetrical intrafolial folds (Figure 3-30D). The fol& are 

vertical, with subvertical fold axes lying on the penetrative foliation planes (Figure 3- 

26B). The fol& are identical to the asymmetrical fol& in the MLTZ, but with 

asymmetry that indicates sinistral transcurrent shear dong the foliation. 

Striations: In some areas, striations were observed on the surfaces of the 

foliation. They are defined by fine-grained micaceous minerais, overprinting the steeply 

to moderately plunging mineral lineation. The striations occur in both the metavolcanic 

rocks and meta-arkoses of the MLTZ, particularly in the more highly strained rocks. 

The plunge of the striations, 2 6 O  to the southwest (Figure 3-25C), is assumed to 

indicate the direction of a D3b displacement on these foliation planes. 

Discussion 

The structural significance of the high saain zone that defines the MLTZ is 

important in terms of tectonic evolution, but it may also be significant in terms of the 

genesis of the gold deposits of the area. It is well established that gold deposits in the 

Abitibi greenstone belt of Canada and the Yilgam Block of Australia are spatially 
related t:, regional faults or "breaks" (Colvine et al., 1988; Groves and Foster, 199 1). 

With some exceptions, the deposits are not hosted in the regional structures, but in 

smaller scale structures that are interpreted to be splays of the regional faults. There is 

good evidence that the Archean regional structures are fundamental in the sense that 

they penetrate deeply into the crust. The evidence includes the following: the 
structures may separate contrasting t e m e s  (see Colvine et al., 1988); they are 

associated with molasse-srpe (Timiskaming-type) sediments generated by movement 

on the faults (Corfu et al., 199 1); they control the distribution of akalic plutons that 

are believed to have originated at the base of the crust or the rnantIe (McNeil and 

Kemch, 1986; CorfÙ et ai., 199 1). Such structures would be capable of tapping deep- 
seated hydrotheml fluids of metamorphic-magmatic origin. 

It has been suggested by Lewry (1983) that the MLTZ is a thrust fault of 

regional significance, and this receives some support from the observations of Schaaf 



and Schwerdtner (1992) on the divergent pattern in the stretching lineation and the 

microfabric (Figure 3-28B). Lewry (1983) and Lewry et al. (1990) pointed out that 

the McLennan Group fomis the core of an oveminied regional syncline in which the 

MLTZ occupies the northwest limb. This suggests that the MLTZ is a zone of high 

strain at the contacts of units with contrasting rheologies. 

However, that the MLTZ once acted as a t h s t  fault with large displacement 

is questionable. The observed unconforniable relationship between the Central 

Metavolcanic Belt and the M c L e ~ a n  Group is dificult to reconcile with large 

displacement on the MLTZ, since the unconformity occurs in the hanging wall of the 

MLTZ in the Scriver Lake area and in the footwall of the Redhill Lake Shear Zone 

northeast of the Payne Creek pluton (Figure 3-24). Assuming that the Redhill Lake 

Shear Zone serves as the northeastem extension of the MLTZ (Lewry et al., 1990), 

the preservation of the unconfomity in the hanging wall of the tectonic zone suggests 

that no large displacement has been taken place, otherwise, the uplifi and erosion 

caused by the thnistuig displacement would have eliminated the unconforrnity in the 

hanging wall of the tectonic zone. 

The observations made in this study show that the fabric of the MLTZ is a 
flattening fabnc, and there is no evidence for reverse-sense displacement in the S-L 

fabric in the deformed rocks of the MLTZ. The S-L fabric in the MLTZ is sunilar in 

style and orientation to the regional fabric. It is probable that the fabrics were 

formed as a consequence of the same strain, that is, northwest-directed shortening and 

subvertical extension. The evidence for reverse shearing, such as the asymmetry of 

quartz c-axis patterns and quartz shape fabric, can be explained by local rotational 

strain produced by heterogeneous flattening, or by shearing at a fold limb due to 

differential movement at the contacts of rheologically contrasting units. 

In summary, the tectonic fabric of the MLTZ and its relationship to the 

unconformity between the Central Metavolcanic Belt and the McLeman Group are 

not compatible with the hypothesis that the MLTZ is a regional thrust fault. It is 

probably a shear zone related to limb sliding of the regional synform cored by the 

McLennan Group. 



Transpression 

Introduction 

The tenn trampression was first introduced by Harland (1 97 1) to describe the 

deformation of a zone confied within two blocks of lithosphere moving with respect 

to each other in combined convergent and tramcurrent movements. Since then, 

nurnerous studies have been canied out to understand the strucniral expression of 

traospression (e.g. Sanderson and Marchini, 1984; Hudleston et al., 1988; Fossen and 

Tikoff, 1993; Robin and Cruden, 1994; Tikoff and Teyssier, 1994; ECrantz, 1995; 

Teyssier et al., 1995; Greene and Schweickert, 1 995; Tikoff and Greene, 1 997). In 
these studies, the variation of the attitude of stretching lineation within a 
transpressional zone has received the most attention. 

Transpression was first kinematically modeled by Sanderson and Marchini 
(1 984) under conditions in which a vertical tabular zone is laterally confined between 

undeformed walls. In their study, the deformed material maintains constant volume 

and is able to escape upwards by fieely slipping dong the walls in response to the 

movement of the walls. It is assurned that the internai flow and strah are unifomily 

disaibuted across the zone. The model provides a finite s t r a h  solution which predicts 

that the vorticity vector, or the intemal axis of rotation, is always vertical and shear- 

sense indicators always indicate transcwent movement. The model also predicts that 

the long axis of the finite strain ellipsoid is vertical if transpression involves a large 

amount of pure-shear component across the deformation zone. 

Robin and Cruden ( 1 994) speci fically addressed the role of stretching 
lineations in their model of transpression in which flow with triclinic symmetry is 

developed that accommodates the boundary conditions of transpression but maintains 

strain compatibility with the bounding walls. The model explores the instantaneous, 
infinitesimai s a  patterns, and predicts systematic variations in lineation orientation 

fiom horizontal to vertical across a transpressional zone and the presence, at the same 
exposure level, of both tmnscurrent and dip-slip shear movements. The authon 

demonstrated that vertical lineation and synchronous transcurrent shear indicators are 

developed under transpressional conditions of high ratios of pure-shear to simple-shear 



strain; and shear indicators become parallel to the vertical lineation when the ratio of 

pure-shear to simple-shear strain reaches maximum values. 

However, the model of Robin and Cruden (1994) does not allow 

generalizations concemhg finite strain, with which fabrics in naturally deformed rocks 

(e.g. foliation and lineation) are primarily associated (Tikoff and Teyssier, 1994; Tikoff 

and Greene, 1997). Using a strain mode1 of homogeneous transpression, Fossen and 

Tikoff (1993) and Tikoff and Teyssier (1 994) pointed out that the instantaneous and 

finite strain axes are not coincident, and there is no simple relationship between 

instantaneous strain and structures developed over a protracted period of deformation. 

In the case of pure shear-domhated aanspression, the long axis of the fuiite strain 

ellipsoid is always verfical; in the case of wrench-dominated transpression, the long 

axis of the finite strain ellipsoid initiaily lies in the horizontal plane, but becornes 

vertical with increasing deformation (Fossen and Tikoff, 1993; Tikoff and Teyssier, 

1994). This is due to the fact that the finite strain axes are parallel to the instantaneous 

strain axes for the pure-shear strain of trampression, and consequently, the pure-shear 

strain is more efficient at accumulating finite s h  in the vertical direction than the 

simple-shear strain in the horizontal direction (Figure 3-32). 

The model of homogeneous transpression assumes no disconbnuity withùi the 

defomiing zone. However, transpressional deforxnation associated with obliquely 

convergent plates may be accompanied by faulting or shearing. Tikoff and Teyssier 

(1 994) suggested that in a transpressional regime, the simple-shear strain of 

transpression is accommodated by the development of vertical d e - s l i p  faults, and 

the pure-shear stniin of ûanspression is taken up by the formation of reverse faults. 

Vertical stretching lineations within a vertical shear zone, perpendicular to the 

simple-shear vector of deformation, were fïrst interpreted to be the result of 

trampressional deformation by Hudleston et al. (1988). Since then, several other 

transpressional shear zones containhg vertical stretching lineations or both shallowly- 

plunging and steeply-plunging heations have been described by Robin and Cruden 

(1994), Greene and Schweickert (1995), and Tikoff and Greene (1997). 



Simple shear 

mire shear 

Figure 3-32. The finite strains as a consequence of two increments of decomposed pure-shear and 
simple-shear components of transpression (Tikoff and Teyssier, 1994). Both components are 
incrementally equai. Re, the ratio of the long over short axes of the strain ellipsoid; y, the shear strain; 
k, the pure strain. 



Tectonic Fabric Development 

The tectonic fabrics of the area define three periods of defomation. Of these, 

the Dz and D3b fabrics have morphologies which indicate their formation by a 

combination of components of pure-shear strain and simple-shear strain. These fabrics, 

following the interpretations of Hudleston et al. (1988), Robin and Cmden (1993) and 

others, provide direct evidence of transpressional deformation. On the other hand, the 

fabrics of the DI and D3= deformation, considered in isolation, do not indicate 

transpression; but since the fabncs of dl three deformations each consist of planar 

structures with contained, steeply plunging lineations developed under similar 

metamorphic conditions (see Chapter 4), it is reasonable to assume that they were 

foxmed under the same tectonic regime. It is therefore concluded that the three 

deformations represent progressive strain, or the evolution of s&n, in a 

transpressional regime. 

The Si -L fabric of the DI deformation is a manifestation of pure-shear strain in 

which the foliation lies in the XY plane of the finite strain ellipsoid for bulk 

defolmation, and the steeply plunging mineral lineation defines the X-mis. The fabric 

is typically poorly developed and is absent from much of the plutons. It indicates 

flattening and extension as the result of northwest-directed compressional forces. 

As defomation progressed, strain increased and was partitioned into the 

narrow, discontinuous tabular zones which characterize the D2 deformation. The 

tabular zones of high strain provide weak layers which pennitted the release of the 

regional transcurrent stresses. The resulting kinematic indicators for subhorizontal 

shear on the structures, in conjunction with the subvertical lineation, provide the fnst 

manifestation of trampressional strain in the area. 

The tabular zones of hi& strain of the Dz deformation express the simple shear 

component of transpression, and their orientation is analogous to structures developed 



in simple shear zones. Shear hctures developed in zones of simple shear were first 
desmibed by Riedel (1929) and have since been reproduced in numerous laboratory 

experiments, with results that Vary accordhg to the type of material being sheared 

(e-g. Tchalenko, 1968, 1970; Wilcox et al., 1973; Mandl et al., 1977; Harris and 

Cobbold, 1984; Naylor, et al., 1986). Typical shear fractures formed by simple shear 

in the experiments include: low-angle Riedel shear fractures (R), hi&-angle Riedel 

shear fkactures (R'), and P shear fractures (P) (Figure 3-33A). The R and R' shear 

fiachues are interpreted as a conjugate set. They are the k t  fractures initiated in the 

deforming material, and are govemed by the Coulomb-Mohr slip concept. The acute 
angle of intersection of the two hctures is dependent on the nature of the deformed 

materid. It is given by most authors to be approximately 60' to 70'. This angle is 

bisected by the direction of maximum compression, which attains an instaotaneous 

orientation at 45' to the general shear direction during simple shear (Mandl et al., 

1977). The P shear fractures f o m  subsequently to the R and R' fractures to take up 

increased shear displacement, since the R and R' shear fractures are unfavourably 

oriented to sustain M e r  displacement (Tchaienko, 1970; Naylor et al., 1986). They 

are oriented approximately opposite to the R shear fractures, and fiequently truncate 

and offset the R and R' fractures (e.g. Tchalenko, 1968). The sense of slip along the R, 
and P shear fi-actures is the sarne as that of the shear zone, whereas that of the R' shear 

fractures is opposite. Tchalenko ( 1970) demonstrated similar development and 
distribution patterns of shear fractures from a microscopic scale to a regional scale. 

Structural features developed in simple shear zones are modified under 

conditions of transpression. The orientation of the horizontal section of the 

instantaneous strain ellipsoid depends on the ratio of pure-shear strain to simple-shear 

strain; at high ratios, the long axis of the horizontal ellipse approaches the shear 

direction (Krantz, 1995). Consequently, the conjugate R and R' shear fractures rotate 

clockwise from their orientation in a simple shear zone in order to accommodate the 

pure-shear strain across the zone of dextral shear (Sanderson and Marchini, 1984; 
Krantz, 1995). The P shear fiachires are expected to fonn close to the direction of 

transcurrent movement as their counterparts in a simple shear zone. Because the R and 

R' shear hciures are initiated at high angles to the direction of transcurrent movement 

to accommodate the imposed pure-shear strain, their orientation is incapable of 

sustaining the increased simple-shear strain. Consequently, the P shear fractures would 



Figure 3-33. (A) Plan view of geometric relations among typicai shear fractures in a simple shear 
zone. Et, low-angle Füedel shear hcture; RB, high-angle Riedel shear fracture; P, tbnist shear fracture 
or P shear. (B) Expected modification in the orientation of the bride shear fractures under conditions 
of dextral transpression, see text for detail. (C) Expected modification in the orientation of the ductile 
shears under conditions of dextral transpression, see text for detail. 



be developed close to the simple-shear direction to efficiently accommodate the 

simple-shear strain. The shear hctures anticipated in a hanspressionai zone are given 

in Figure 3-33B. 

The experiments that describe the generation of the E& R' and P shear Fractures 

model conditions of bitüe deformation. The angular relationship of the conjugate 

shears (R and R') under ductile conditions is such that the obtuse angle between the 

shears, generally 90 to 130 degrees, faces the greatest shortening direction of the 

deformation system, in contrast to that of brittle shear fractures where the acute angle 

faces the greatest shortening direction (Cobbold et al., 1971; Ramsay, 1980) (Figure 

3-33C). 

It is suggested, therefore, that the development and orientation of the Dt 
structures is controlled by the simple-shear cornponent of transpression. The east- 

West, north-south, and northeast-southwest Dz shears are equated with R, R' and P 

shears developed in a ductile trampressional zone (Figure 3-33C). The cataclastic 

zones, which strike southeast, noah-south, and northeast, are equated with the brittle 

conjugate shear Fractures (R and R') and P shear fractures in a transpressional zone 

(Figure 3-33B). The orientation of the D2 structures is therefore defined by the 

horizontal ellipse of the instantaneous strain ellipsoid. Consequently, they intersect in 

the direction of the vertical axis of the instantaneous strain ellipsoid. in this 
interpretation, the D2 structures do not form in the plane of the principal shear 

direction. This is assumed to be controlled by the northwest boundary of the Reindeer 

Zone, which, in tum, is parallel to the MLTZ. This interpretation is in agreement with 

the observations that the northeast structures, or the P shears in the model, always 

truncate and dislocate the planes of other orientations, indicating thek comparatively 

late or prolonged development. It is suggested that the cataclastic zones developed 

simultaneously with the shears but in rocks with different viscosity, as suggested by 
their restncted location in the diontic rocks of the plutons. 

D3, Deformation 

The D3. structures are conjugate sets of shears with stretching lineations and 

dipslip shear vectors perpendicular to the subhorizontal intersection of the shears. The 



steeply dipping members of the conjugate set are continuous, gold-bearing structures 

that extend completely across the plutons. The shallow-dipping members are 

characterked by low strain (S-C fabric) and are discontinuous. 

As conjugate structures, the D3, shears formed in response to cnistal 

shortening across the area, and subvertical extension, with the plane of flattening 

approximately parallel to the MLTZ (Figure 3-34). In ternis of bulk strain, they are the 

consequence of the pure-shear strain component of trampression. 

The steeply dipping Dfs shem are approximately padlel to northeast-trending 

planes of the D2 structures. The relationship between the D2 and D3 structures is 

illustrated southeast of the Mallard Lake, where the D3, Decade shear occurs in, and is 

in general parallel to the fabric of, the D2 Mallard Lake Shear (Figure 3-22). It is 

probable that the steeply dipping D3 shears nucleated in the northeast set of the D2 
structures. 

The @slip shearing dong the steeply dipping shears was accompanied by 

the emplacement of layered auriferou quartz veins (see next section), indicating that 

the dip-slip shear movement would be enhanced and the shear system changed to 

brittle-ductile regime as a consequence of increased fluid pressure. This, in conjunction 

with the probable nucleation of the steeply dipping Dfa shem in the DZ structures, may 

explain the better development of the Dfa gold-bearing shears than the shallow-dipping 

conjugate ones. 

The steeply dipping D3. shears provide planar, weak structures, ideally oriented 

to release the stresses that generated the strike-slip or tmscurrent movement of 

trampression: Dfb structures. The movement in the Dfb deformation is represented by 
two types of shearing: srrike-slip shearing in al1 of the D3, shear zones, and oblique-slip 

shearing in the Rod shear at the Jolu Mine. The strike-slip and oblique-slip may 

represent two consecutive shear movements fonned according to changing strain 

conditions. However, there is no evidence in the James-Jasper-Roxy system of 

oblique-slip shearing. The ciifferences in the slip directions and structural feahves are 
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Figure 3-34. (A) Stereographic plot of mean attitudes of D 3, gold-bearing shears (23 8/78) and 
shalIow-dipping shears (225/35), and the MLTZ (23 1/63). Slip on the shears are indicated by filled 
circles. (B) Schematic illustration of relationships among the MLTZ, D 3a gold-bearing shears and 
shallow-dipping shears. Note the flattening plane to the conjugate set of shears is approxirnately 
parallel to the MLTZ. 



probably related to the mechanical properties of the shear systems rather than changing 

conditions of defomtion. 

In the James-Jasper-Roxy system, the D3, defomation generated layered 

structures consisting of narrow, weak zones of mylonite, 10 to 30 centirnetres thick, 

separating strong or lower strain zones or layers, which are somewhat thicker than the 

weak mylonite zones (Figure 3- 10). The quartz veins in the centrai parts of the shears 

also provide more competent layers. The D3b deformation is here represented by 
strike-slip shearing, largely confined to the narrow mylonite zones. The fol& 

formed where the shear resistance was greatest, or where the shears locked, and 

movement was taken up by folding of the D3a-generated shears. The north-south veins 

formed in sheared axial surfaces of the folds, and in some locations north-south veins 

and host shears formed without the formation of the folds. Such shears are indicated 

by the development of foliation with steeply plunging mineral lineation, and are 

kinematically identical to the Dz shears. They demonstrate that a deformation took 

place in the wall rocks to the shears, coeval with shearing. Furthermore, this 

deformation involved vertical extension. 

Similar structures, although much less abundant, occur in the 

protomylonite of the Rod shear. In the Rod shear at the Jolu Mine, the zone of high 

strah, and host to the gold-bearing quariz veins, is a phyllonite unit, up to six metres 

thick (Figure 3- 16). The phyllonite is a homogeneous ductile unit; it does not consist 

of layers of alternathg weak and strong units as in the Rod shear protomylonite and 

the James- Jasper-Roxy system. 

It is assumed that the phyllonite zone formed during the dip-slip shear 

movement of the D3. deformation when much of the stress that produced the buk 
pure-shear strain was accomrnodated. However, during the Dfb defomation the 
phyllonite behaved as a ductile body. The oblique slip may be reconciled as the 

resultant of cornponents of dextral strike-slip and dip-slip vectors of shear. 

The high strain zones that define the MLTZ and the ALTZ were generated 

during the DI deformation. The high strain structures may have acted as weak planes 

for the release of the transcurrent stresses following the& development. Therefore, the 



D 3 ~  structures observed within the MLTZ and the ALTZ were not necessarily 

exclusively produced by the D3b deformation, but are more likely the expression of 

accumulated transement strain after the DI deformation. Unlike the MLTZ, 

deformation in the ALTZ is manifested by sinistral transcurrent movement (Figure 3- 

30D). The sinistral movement was probably controlled by the orientation of the ALTZ, 

which trends north northeast in the map area. The resultant stress of transpression 

wouid be such that it pushed the northwest side south-southwestward (Figure 3-35). 

Conc luding Statement 

The gold-bearing shears were produced during the transpressional 

deformation, and are in effect a "fabnc" fonned as deformation advanced. They were 

fomed (as were the D2 structures) by the concentration or partitionhg of strain into 

tabular zones of high strain within the deformiog rock units. Although it is difficult to 

prove conclusively, it is very probable that the footwalls and hanging walls to the 

shears were being deformed at the same tirne as deformation progressed within the 

shears. As such, the shears may be described as "stretching shean" according to the 

definition of Means (1 989). This contrasts with the mode1 of Poulsen (1 989) in which 

the gold-bearing shear are presented as third-order structures to the second-order and 

ht-order  structures of the David Lake Shear and the MLTZ, respectively. 

Relationship of Gold Minerakation to Deformation 

In the following, brief descriptions are given of the Jasper and Jolu deposits, 

based on mapping of surface exposures and mine plans, following which arguments are 

presented on the relative timing of rnineralization and the geometry of the deposits. 

Jasper Deposit 

The Jasper deposit consists of shear-hosted ore shoots on two parallel shears, 

the Jasper South and the Jasper North (Figure 3-36). The quartz veins are layered and 



Figure 3-35. Schematic diagram illustrating sinistral transcurrent movement on the ALTZ under dextral 
transpression. 



sw Jasper North Jasper North 
South bfock North biock NE 

Level 1 

. . . . 

Iasger South 
Jasper South 

Boundiuy lem North extension 

Figure 3-36. Longitudinal section of the Jasper deposit showing the steep northeast pitch of the ore shoots 
(modified From Roberts, 1993). 

Figure 3-37. Longitudinal section of Rod Main orebody, Jolu Mine (modified fkom Roberts, 1993). 



emplaced paralle1 to the shear fabric in the highly strained central parts of the shears. 

The ore shoots (defined by the gold content of the veins) are up to two metres thick 

and are elliptical, the long axes of which pitch 70° to 75" to the northeast, parallel to 

the steeply plunging lineation of the host shears (Figure 3-36). 

Jolu Deposit 

The Jolu deposit consists of Rod Main zone and Rod South zone (Figure 3- 

15). The Rod Main zone occurs in the cenaal phyllonite zone of the Rod shear, which 

strikes 060" and dips approximately 85' southeast in the Jolu Mine area. The Rod 

Main is approximately 200 metres in length and up to 7 metres thick, and extends from 

surface to approximately 385-metre level (Thomas, 1993). The orebody dips 82' south 

and the long axis on longitudind section pitches at approximately 65" to the southw-est 

(Figure 3-37), in contrast to the Jasper deposit where the ore shoots plunge northeast, 

parallel to the stretching lineation of the shear. The Rod South is a smaller ore zone, 

occupying a subordinate shear that strikes at 080" and dips approximately 85' 

southeast. The Rod South orebody also pitches to southwest at approximately 65'. 

Gold-bearing quartz veins of the Jolu deposit in the geological level plans are 

oblique to the wall of the host shears, and make up a "right stepping" pattern (Figure 

3-15). 

Relative Timing of Mïneralization 

The formation of the layered quartz veins in the central, highly strained 

segments of the shears indicates that the central segments of the shears are permeable 

zones for focusing hydrothermal fluids. The layered quartz v e k ,  charactenstic of 

many lode gold deposits (e-g. Robert and Brown, 1986), reflect syn-kinematic 

deposition of veins as a result of periodic discharge of hydro thed  fluids during 

progressive shearing (Robert and Brown, 1986). Sibson et al. (1 988) proposed a 

'Tadt-valve" model, which links formation of layered quartz veins to a regime of 

active reverse faulting under conditions of incrernental strain. According to the model, 



fluid discharge and vein formation in shear zones occurred when the system was open 

and fluid pressure was decreasing from supralithostatic to hydrostatic values 

immediately following a seismic event 

The distribution pattern of gold as elliptical ore shoots in the main shears, 

paralle1 to the shear vector of the D3. deformation (Figure 3-36), does not suggest the 

association of goid mineralization with the D3b deformation. This is supported by the 

absence of gold in the Djb north-south vehs (Billard, persona1 communication 199 1 ; 

Hrdy and Kyser, 1995, p. 1924). The pattern of the ore shoots indicates that during 

the D3a deformation, the differential movement in the plane of shears appears to 

control the fluid flow. The greater focusing of flow would result in higher erosion and 

dissolution by h y d r o t h e d  fluids of wall rocks, which would M e r  increase the 

focusing of flow. By this process, diflerential permeability would be generated in the 

direction of stretching lineation, leading to lineation-parallel ore shoots. The colinear 

relationship between ore shoots and shear vector is also reported in the Chimo deposit 

in the Val d'Or camp (see Poulsen and Robert, 1989). It is thus concluded that gold 

mineralization was sync hronous with the dip-slip shearing during the Di. deformation. 

Based on a ''young" muscovite ' O A ~ / . ' ~ A ~  age of 1703 Ma and the observations 

that gold was sited in late microfractures of quartz veins, Hrdy and Kyser (1 995) 

speculated that quartz veining and gold emplacement in the Jasper deposit were not 

directly related. They suggested that barren quartz veins were emplaced into the D3 
shears (presumably during the D3. clip-slip shearing) at the later stages of regional 

tectonic accretion (m. 1820 Ma), and that gold was introduced into the late 

microfiactures in the earlier veins approximately 100 million years later. However, this 

interpretation contradicts the observations that the orebodies are colinear with the D3. 
stretching lineation, and that gold is notably absent in the Dib north-south quartz veins. 

The occurrence of gold in the late hctures of quartz grains does not 

necessarily indicate post-veining introduction of gold Since gold is highly soluble 

under reduced and neutml to slightly aikaline conditions, and in the presence of pyrite 

(see Romberger, 1986; Roberts, l987), remobilization during deformation and 

recrystallization could also produce texturally late gold that was introduced with the 
host veins (Romberger, 1986). The young 4 0 ~ r / 3 9 ~ r  age of muscovite likely reflects 



the age of argon isotopic resetting or the age of closure of muscovite to argon loss, 

rather than the age of gold deposition (see Chapter 6). Therefore, the preferred 

interpretation for the siting of gold in the Jasper deposit is one in which gold was 

coeval with the deposition of the D3. quartz veins, and was mbsequently remobilized 

into the late microfrachues in quartz grains generated by the deformation or any 

later defonnation that affected the quartz in a brittle way. 

The Rod Main orebody of the Jolu deposit plunges to the southwest, 

apparently not controlled by the DSa stretching lineation. Furthemore. it cannot be 

shown to be controlled by the intersection of shears hosting the Rod Main and Rod 

South (Figures 3-15 and 3-38). The Rod Main orebody is more or Iess planar and is 

confined to the host shear zone over a length of 200 rnetres, and mineralization is 

absent fiom the intersection (Figure 3- 15). Therefore, the intersection has no control 

on gold mineralization. 

As was stated earlier, the Rod shear at Jolu Mine has undergone two periods 

of shearing (D3. dip-slip shearing and Djb oblique-slip shearing). Roberts (1 993) 
suggested that the D3b oblique-slip shearhg of an hitially steeply plunging oreshoot 

could explain the shape of the deposit, and the southwest plunge of the deposit. The 

modification of the shape and plunge of the oreshoot is illustrated in Figure 3-39. The 

outline of the ore in the longitudinal section is irregular; it consists of segments 

plunging steeply to the northeast, and segments plunging at moderate angles to the 

southwest (Figure 3-37). It is assumed that the orebody was originally emplaced as a 

single planar vein with the southwest edge of the ore pitching 7S0 to the northeast 
(Figure 3-39A). The oblique-slip shearing of the ore, operating in a shear vector 

plunging 36" to the northeast, disrupts the planar orebody through the development of 

a senes of thmt  shears (Figure 3-39B, C, and D), and consequently the irregular 

shape of the southwest boundary of the ore in the longitudinal section is developed. 

Although both the Jasper and Jolu deposits have been deformed by the 

shearhg, the results of defonnation of the deposits are substantially dflerent. There 

are two factors that probably affect the deformation processes: slip vector of the Djb 
shearing; and response of the deformed layers to the shearing. In the Jolu deposit, the 

Dfb slip vector plunges 36' to the northeast, oblique to the inferred original plunge of 
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Figure 3-38. Stereographic plot illustrating the relationships between the plunge of the Rod Main 
orebody (solid circle) and the intersections of shears. 



Figure 3-39. Diagrams i1lusirate how the shape and orientation of the Rod Main orebody in 
longitudinal section may be obtained by the Djb oblique-slip shearing of aa original orebody pitching 
to NE at 75" (rnodified fiom Roberts, 1993). (A) The southwest edge of the orebody pitching 7 9  to 
the northeast in the plane of the D 3, dipsIip shear. (B) - @) The orebody is defomed by t h t  shears 
acting along a shear vector that pitches at 36 O to northeast. The locations at which the orebody is 
faulted, a, b, c, etc., and their displacements to al, b 1, c 1, etc., are chosen to reproduce the present 
shape and orientation of the orebody, (E) The anticipated relationship of the segments of the 
deformed orebody, on a section perpendicular to the intersection lineation fonned by the thnist shears 
and the shear fabric; the oblique angle of the thmt shears to the shear zone walls is based on the field 
data illustrated in Figure 3- 19. 



the oreshoot (Figure 3-39). During the Da deformation, the D3. fabric and veins may 

initially behave as active layers, fomhg fol& with the axes perpendicular to the shear 

vector (Figure 3-18A and B). However, as the deformation proceeded, and the Djb 
shear fabric developed and overprinted the system completely, the Dr fabric and veins 

became passive folded layers. As a result, the shearing changed the shape of the 

oreshoot, and caused it to plunge perpendicular to the D3b shear vector (Figure 3- 
39D). 

In the Jasper deposit, the slip vector of the D3t, transcun-ent shearing plunges 

27" to the southwest, approximately perpendicular to the dip-slip direction or the long 

axes of the ore shoots. The D3b shear fabric in the Jasper shear system was less 

penetrative than in the Jolu shear system, and the D3, fabric and associated veins 

behaved as active layers, forming isolated fol& with the fold axes perpendicular to the 

D3b shear vector (see Figure 3- 12A). Consequently, the overd  shape and orientation 

of the oreshoots is not substantially changed by the D3b defortnation. 

Conclusions 

The Star Lake-McLeman Lake area was deformed under conditions of 

trampression, which involved northwest-southeast compression with subvertica1 

extension, coeval with dextral transcurrent movement parallel to the southeastem 

boundary of the Central Metavolcanic Belt, during and following the terminal 

continent-continent collision of the Trans-Hudson Orogen. 

The trampression is manifested in the fabrics as three phases of deformation 

(DI to D3). The gold-bearing shears were comparatively late structures in the 

trampressive regime, and developed during an episode of dip-slip shearing of the D,. 
deformation. The D3. shears probably nucleated in the northeast-striking D2 stmchires 

under conditions of elevated fluid pressure. 

The auriferous quartz veins were emplaced into the Dja structures during the 

dip-slip shearing. The veins and dip-slip fabrics were subsequently deformed by 

transcurrent and (at the Jolu Mine) oblique-slip shearing of the D3b deformation. The 



D3b de formation probably controlled the final s hape and orientation of ore bodies. 

The interpretation of the McLeman Lake Tectonic Zone as a thnist fadt is not 

supported by this study. The MLTZ is probably not a transcrustal-scale structures, but 

a shear zone initiated fiom l h b  sliduig shear associated with a regional syncline cored 

by the McLennan Group meta-arkoses. 

The gold-bearing shears are not subsidiary structures of the McLeman Lake 

Tectonic Zone nor the David Lake Shear. The shears may be stretching structures, the 

development of which probably involved synchronous deformation of the wall rocks. 



CHAPTER 4 

METAMORPHISM, METASOMATISM AND WALL-ROCK ALTERATION 

Introduction 

In this chapter the P-T conditions for each phase of defonnation are defined 

using mineral assemblages and mineral chemistry. From this, constraints c m  be placed 

on the conditions under which gold mineralization took place. The geochemistry of 

wall-rock alteration is also described in an attempt to characterize the alteration 

associated with both barren and auriferous fluids, 

Petrography and Mineral Geochemistry 

Detailed petrography of 197 samples which cover the MLTZ and the Di to D3 

structures is summarized in Table 4- 1. Veins associated with the structures in the 

plutonic rocks are also descnbed. Microprobe analyses of major mineral phases 

(including amphibole, plagioclase, biotite, and gamet) were determined by wavelength- 

dispersive electron microscopy using a fully autornated JEOL JXA-8600 X-ray 

microanalyser in the Department of Geologicd Sciences, University of Saskatchewan. 

Data are presented in Tables A- 1 through A-4 of Appendix A. Statistical error at the 

95% confidence level is +1% for major elements and + 10% for minor elements. 

D I: Deformation 

Metavolcanic Rocks 

Meîamorphic assemblages from mafic and intermediate metavolcanic rocks 

consist principally of calcic amphibole, plagioclase and biotite in varying proportions, 

with minor quartz, potassium feldspar, and accessoq epidote, sphene, apatite, chlorite 



Table 4- 1. Mineral assemblages associated with DI to D3 deforniations 

Lithology MLTZ DI Regional D2 Shears and D3 Gold-bearing shcars 
penetrative fabric cataclastic zones D3, shearing DJb shearing 

Pelitic rocks 

Meta-arkoses Kspar, Qk,  Musc, 
Plag, f Bt, 4Sil 

Mafic-intermediate Hbl, Plag, Bt, Kspar, 
metavolcanics Qtz, i-Ep, fSph, f llm 

Diorite / Plag, Hbl, Bt, Qtz, 
Porphyric diorite 1 Kspar, f Ep, f Sph, f Py, 
Granodiorite *Mt, *Cc 

Granite 

Plag, BI, Qtz, Musc, 
Kspar, Ep, Chl, f Hbl, 
*Gt 

Kspar, Qtz, Musc, 
Plag, f Bt, f Sil 

Hbl, Plag, Bt, Kspar, 
Qtz, f Ep, f Spli, f llm, 
f Diop 

Plag, Hbl, Bt, Qtz, 
Kspar, f Ep, f Sph, 
IIlm, f Mt, f Diop 

Plag, Kspar, Qtz, Bt, 
Hbl, *Musc, f Ep, *Mt 

Kspar, Qtz, Musc, 
Plag, IBt 

Plag, Bt, Kspar, Ep, 
Qtz, Hbl, fChl, *Cc, 
&Mi 

Plag, Bt, Hbl, Kspar, Bt, Plag, Kspar, Qtz, Bt, Plag, Kspar, Qtz, 
Qtz, Ep, *Cc, f Chl, Hbl, *Cc, f Sph, IEp, Hbl, Ep, Cc, * Sph, 
ISph, &Mt &Mt, fChl K h i ,  *Mt 

Plag, Kspar, Bi, Qtz, Plag, Kspar, Musc, Bt, Plag, Kspar, Qtz, 
Musc, f Cc, f Ep f Ep, *Cc, f Hbl Musc, Ep, Cc, f Bt 

Abbreviations: Bt, biotite; Cc, calcite; Chl, chlorite; Cd, cordierite; Diop, diopside; Ep, epidote; Fspar, feldspar; Gi, gamet; Hbl, homblende; Ilni, ilmenite; 
Kspar, potassium feldspar; Mt, magnctite; Musc, muscovite; Plag, plagioclase; Py, pyrite; Qtz, quartz; Sil, sillimanite; Sph, sphenc. 



and ilmenite. 

Metamorphic amphiboles d l y  have a bimodal distribution of grain sizes. 

They occur both as coane grained porphyroblasts and as a fine grained phase in the 

groudmass (Figure 4-1). The porphyroblasts, up to 4 mm long, are idioblastic or . 
subidioblastic and occur in the fonn of augen aggregates 5 to 7 mm across. Some 

metamorphic arnp hiboles pseudomorph primary pyroxenes. The porp hyroblasts are 

optically uniform, and show limited replacement by fine grained biotite a d o r  chlorite, 

fonning fibrous rims around the porphyroblasts. Amphiboles in the matrix are 

subidioblasts to xenoblasts, less than 0.5 mm long, and show well-defined preferred 

orientation. The dimensional shape of amphiboles generally parallels the compositional 

layering and defines the SI -LI fabric. Even in weakly foliated rocks, the preferred 

crystallographic orientation of amphiboles defines a strong subvertical Iinear fabric 

(Figure 4-2). The observations indicate that the main penod of amphibole growth was 
coeval with the DI deformation. In addition to the fabric-defining grains, amphiboles 

also occur as large and randomly oriented idioblasts in some of mafic metavolcanic 

rocks, overprinting the Si-Li fabric. The occurrence of the idioblasts indicates an 

episode of amphibole overgrowth which postdates the DI deformation. 

Amphiboles that define Si  -L fabric in the mafic metavolcanic rocks include 

rnagnesio-homblende and ferro-homblende (Table A- 1). The homblendic amphiboles 

are either uniform or zoned. The zooing pattern is core-to-rim increase of Na/(Ca + 
Na) and AL/(Si + Al) (Figure 4-3). The most pronounced variation is recorded in 

sample 457, where a magnesio-hornblende core is overgrown by a ferro-honiblende 

rim. This is typical of prograde (i.e. increasing temperature) amphiboles (Holland and 

Richardson, 1979; Laird and Albee, 1 98 1 ). Zonation is difficult to ascertain in the 

matrix amphiboles because of the fine grain size. 

Plagioclase in the metavolcanic rocks occurs as fuie grained, granoblastic- 

polygonal crystals. It typicdly makes up the groundmass and occurs interstitially to 
fine grained amphiboles and biotite. Electron microprobe analyses of plagioclase in the 
mafic metavolcanic rxks yield compositions of Anw to (Table A-2). Igneous 

phenocrysts of plagioclase are preserved in weakly foliated feldspar-phyric 

metavolcanic rocks and make up as much as 20% of the rocks. The phenocrysts are 



Figure 4-1. Birnodal grain six of D 1 amphibole in moderately foliated maf& metavolcanic rock (plane 
tight; bar = 4 mm). 



Figure 4-2. D 1 amphiboles in weakly foIiated mafic metavolcanic rock (plane light; bar = 0.2 mm). (A) 
amphiboles in the forms of pseudohexagons or rhombs, or short pnsms in the section perpendicular to the 
lineation; (B) long prismatic amphiboles with dimensional ratios up to IO: 1 in the section parallel to the 
lineation and perpendicular to the foliation. 



Figure 4-3. Zoning patterns of D amphiboles. Amphibole core and rim compositions are joined by solid 
Iines with arrows indicating the core-to-rim trend in composition. Circles, mafic volcanic rocks; stars, 
pelitic rocks; squares, granodiorite; diamonds, porphyritic diorite; triangles, diorite. 



euhedrd to subhedral, up to 6 mm. Al1 the phenocrysts have been subjected to 

moderate to strong alteration to epidote, sencite and carbonate. The altered areas are 

concentrated in the cores of the phenocrysts, sometimes surrounded by virtually 

undtered rims. 

Biotite is absent fiom some mafic metavolcanic rocks, and is most abundant in 

intermediate to felsic metavolcanic rocks. It occurs in the groundmass as individual 

fine grained crystals in the form of long slender subidioblasts, intergrown with fine 

grained amphiboles, or as aggregates replacing amphibole porphyro blasts. The matrix 

biotite has a monomodal size distribution, and is w o n e d  and homogeneous. The 

Mg/(Mg + Fe) ratios in biotite range fiom 0.42 to 0.54 (Table A-3). The flakes of 

biotite typically show a marked crystallographic preferred orientation, defining the S 1 - 
LI fabric. Biotite probably has a continuous, syn- to post-amphibole growth history in 

the metavolcanic rocks. 

Pelitic Rocks 

Pelitic assemblages consist r n d y  of plagioclase, biotite and quartz, with minor 

muscovite and potassium feldspar. Accessory minerals include epidote, sphene, 

chlorite, and carbonate. Amphibole and gamet occur as porphyroblasts in some pelitic 

rocks. Pelitic rocks, interlayered with metavolcanic rocks, southwest of the Jolu Mine. 

contain the metamorphic assemblage of gamet + amphibole + plagioclase + biotite + 
quartz k muscovite + chlorite. This assemblage was used in this study to detemüne the 

pressure-temperature conditions of metamorphism in the DI deformation. 

Biotite and muscovite are present as fine grained, thin tabular crystals with a 

marked preferred alignment, defining the Si-LI fabric in the pelitic rocks. The biotite 

flakes are unzoned, homogeneous and moderately magnesian (Table A-3). 

Plagioclase and quartz occur as fine granoblastic-polygonal grains and make up 

most of the matrix of the rocks. In the three units of pelitic rocks analyzed, plagioclase 

is unzoned and has relatively narrow range of composition (An3, and hl) (Table A- 

2) - 



Amphibole porphyroblasts range fiom idioblastic to xenoblastic. They are 

distributed sporadically in the rocks or fonn amphibole-rich microlayers that are 

conforniable with the Si foliation, with individual grains subparailel to the foliation. 

Amphiboles in the pelitic rocks are tscherrnakite (Table A-1) and are optically 

homogeneous. However, the electron microprobe analyses reveai that they are weakly 

zoned, with the ratios of Na/(Ca + Na) and AI/(Si + Al) decreasing fiom core to rim 

(Figure 4-3). 

Gamet porphyroblasts are idioblastic to nibidioblastic, one to two rnillimetres 

in grain size. They contain irregular, fine grained felsic inclusion trails, some of which 

tend to be parallel to the SI foliation. Biotite flakes wrap around gamet and are 

incorporated into the foliation. Gamet is rich in almandine, with the mole fraction of 

Fe (&) in a narrow range of 0.6 1 to 0.65 (Table A-4). Minor compositional 

variations occur between cores and rims. Weak core-to-rim increases in Mn and Ca 

correspond to decreases in Fe and Mg and a decrease in MgEe ratio. This type of 

zoning is the reverse of typical prograde gamet growth (Tracy, 1982; Spear et al., 

1990). Both gamet and amphibole are interpreted to grow during the DI deformation. 

The compositional zonation of gamet and amphibole may suggest retrograde growth 

or that difisive exchange took place in the rims under retrograde conditions. 

The metarnorphic assemblages in the meta-arkoses are comprised 

predorninantly of potassium feldspar, quartz and muscovite with subordinate 
plagioclase and sillimanite and minor biotite. The micas are moderately to well aligned 
whereas feldspars and quartz fom polyhedral grains. Sillimanite occurs maioly as 
nodule aggregates. The nodules usually have an ellipsoidal shape, conforniable with 
the Si foliation. The long axes of the nodules are parallel to the Li lineation. Inside the 

nodules siIlimanite tends to grow parallel or subparallel to the foliation. Randomly 

onented grains were also observed. The sillimanite metacrysts are partially 

retrogressed to muscovite, with the latter usually incorporated into the foliation. The 
relationships of the nodules and individuai grains of sillimanite to the S i-Li fabnc 

suggest that the main penod of sillimanite growth was concurrent with progressive 



development of the fabric, and the randomly aligned sillimanite completed its growth 

under relatively static conditions at the end of or after DI deformation. 

The mineral assemblages in the Star Lake and Island Lake plutons consist 

mainly of plagioclase, amphibole, biotite, potassium feldspar and quartz in varying 

concentrations according to bulk rock compositions. In the diontic rocks plagioclase 

and amphibole are the major phases, whereas potassium feldspar, quartz and biotite 

are dominant in the granitic rocks. Other minor minerals in the plutons include epidote, 

magnetite, ilmenite, sphene, apatite, and rare gamet. 

Plagioclase occurs as large laths up to 10 mm long and as fine grained, 

granoblastic, polygonal grains. The plagioclase laths are subhedral to anhedral, and are 
randomly distributed. In foliated rocks they show milled and rounded corners, 

unddose extinction and microfractures, and tend to be aligned to the foliation. The 

cores of the laths are moderately to extensively altered to epidote, sericite and 

carbonate, while the rims show little or no alteration. This alteration pattern suggests a 

more calcic composition of the cores relative to the rirns. The plagioclase laths are 

interpreted to be relicts of phenocrysts based on the inferred difference in core-rim 

compositions and the cumulate texture tbat was observed in some diontic and 

gabbroic rocks. The fine grained plagioclase is andesine, ranging from h3 in the 

diorite to An3a in the granodiorite (Table A-2). Potassium feldspar occurs as small 

subhedrai to anhedral grains, with subordinate development of large crystals. It tends 

to form granoblastic mosaics along with equidimensional quartz, interstitial to larger 

plagioclase laths, and shows litile alteration. 

Amphiboles in relatively undefomed rocks occur rnainly as large 

porphyroblasts but also form aggregates of subidioblasts. Subhedral to euhedral 

pyroxenes in diorite are generally pseudomorphed by aggregates of amphiboles. In the 
foliated rocks, amphiboles, dong with biotite, define the foliation and lineation by 

foxming aggregates with an elongation and preferred alignment. Randomly oriented 

amphibole porphyroblasts develop locdly and overprint the foliation, suggesting a 

post-tectonic overgrowîh. Coarse grained amphiboles are invariably retrogressed in 



part to biotite or biotite and chlorite. In granodiorite and phorphyritic diorite, 

amphiboles are of rnagnesio- or fmo-homblendic composition, and display prograde 

growth by having higher ratios of AV(Si + AI) and Na/(Ca + Na) in the r ims  than in the 

cores. In diorite, amphiboles are tschermakite or ferro-tschemiakite, with no 

substantial zoning in the grains (Figure 4-3, Table A-1). 

Biotite in diorite occurs prirnarily as the retrogressive product of amphiboles. 

In granodiorite and granite, biotite is the major mafic mineral, and occurs as fme flakes 

which Vary from randorn onenration to having a preferred crystallographic alignment. 

In some cases it is retrogressed to patches of muscovite or sericite. The ratio of 

Mg/(Fe + Mg) in biotite varies with the buik rock composition, with averages of 0.4 1 

in diorite, 0.47 in granodiorite and 0.53 in porphyritic diorite (Table A-3). 

Epidote occurs as euhedral to subhedral grains in association with biotite 

aggregates, or as a fine grained alteration product of plagioclase. Magnetite and 

ilmenite are most abundant in the least deformed and altered plutonic rocks. The grains 

are small(< 0.2 mm) and are commody intergrown with one another as aggregates of 

separate grains. Ilmenite also occurs as fine inclusions in amphibole porphyroblasts. 

Sphene is fme grained and euhedral, typically present with epidote as an alteration 

product of plagioclase. 

The rnineralogy of veins associated with the Si foliation in the plutonic rocks 

includes quartz + potassium feldspar + biotite t albite, and is devoid of sulphide 

rninerals. Quartz is the rnost abundant phase, and is transparent to translucent. It fonns 

a mosaic of interlockhg grains showing variable degrees of strain in the form of 

undulose extinction and serrated grain boundaries. Potassium feldspar makes up to 10 

percent of the veins. Biotite forms a minor phase, disseminated in the veins. Some of 

the quartz veins have a selvage of amphibole and biotite several millimetres thick. The 

term selvage is used here to denote the mineral assemblages in the veins at the 

immediate contact between the veins and wall rocks. 



McLennan Lake Tectonic Zone 

The foliated metavolcanic rocks in the MLTZ are mineralogically simiiar to 

their regional equivalents (Table CI), however, the minerals (maùily amphibole and 

biotite) display a strongly preferred crystallographic orientation. No relict pyroxenes 

are preserved in the mafic metavolcanic rocks, suggesting a complete replacement of 

pyroxenes by amphiboles. Two generations of amphiboles were recognized. The 

eadier Dl amphiboles are magnesio-homblende, ferro-pargasite and pargasite (Table 

A-1), and are coeval with the development of the S-L fabric. Compositional zoning of 

amphiboles is weak or absent (Figure 4-4). The later generation of amphiboles occurs 

in association with the Djb 2-shaped asymmetric folds, crosscutting the folded foliation 

(Figure 4-5). The later D3b amphiboles (sample 824- 1 b) occur as fine grained idioblasts 

and have a sirnilar composition to the earlier amphiboles (sample 824- la) that defines 

the folded foliation. Plagioclase coexisting with the amphiboles has restricted 

compositions (Anio and b2) (Tabie A-2), whereas biotite shows a range of Mg/(Mg 
+ Fe) ratios fkorn 0.35 to 0.55 (Table A-3). 

ïhe  meta-arkoses in the MLTZ have undergone moderate to strong 

recrystallization. Quartz and feldspars commonly form fine grained polyhedral grains 

with triple-grain junctions meeting at 100' to 120' angles. Sillimanite occurs mainly as 

fine crystals and less cornmonly as small elongated lenses of silIirnanite-muscovite 

aggregates. In both cases sillimanite exhibits a syn-tectonic growth by being aligned 
parallel to the foliation. 

The MLTZ transects the southeastem rnargin of the Island Lake pluton 

between Cratty Lake and Scriver Lake. The granodionte is highly deformed, and is 
composed of plagioclase, amphibole, quartz, biotite, potassium feldspar, and trace 

epidote, magnetite and sphene. Compared with the less undefomed precursor, both 

plagioclase and potassium feldspar have been reduced in grain size, with concomitant 

occurrence of fme grained white micas. Plagioclase is of andesine composition (An3o 

to An34) (Table A-2). Amphiboles (ferro-pargasite and pargasite, Table A-1) are 

unzoned and have a srnaller grain sYe than the counterparts in the less undeformed 

rock. Biotite occurs as individual flakes or as an alteration phase of amphiboles. It is 

moderately magnesian, with Mg/(Mg + Fe) ratios of 0.48 to 0.50 (Table A-3). 



Figure 4-4. Zoning patterns of D 1 amphiboles in the MLTZ. Amphibole core and rim compositions are 
joined by solid lines with arrows indicating the core-to-rim trend in composition. Circles, mafic 
metavolcaaic rocks; squares, granochorite. 



Figure 4-5. Photomicmgraph of D 3b amphiboles growing in the hinge area of a 2-shaped asymmetric fold 
in the MLTZ and crosscutting the folded foliation and compositional layering defined by plagioclase- and 
amphibole-rich layers (plane light; bar = 0.5 mm). 



Veins conformable with the S-L fabric of the MLTZ are variously deformed, 

either boudinaged or folded. Quartz is the principal phase of the veins, fomiing more 

than 90% of the total volume. It is translucent to transparent. Interlocking grains of 

quartz exhibit undulose extinction, serrated grain boundaries and subgrain 

development. Other phases in the veins include potassium feldspar, biotite, rninor 

tourmaline. Potassium feldspar locally form nodule-shaped aggregates up to several 

centimetres long, in which potassium feldspar is brecciated with quartz, biotite and 

tourmaline filling the fÎachires. 

DZ Defunnation 

Minerals associated with the Dz structures are summarized in Table 4- 1. 

Compared with the host rocks, mineral assemblages in the D2 structures involve a 

decrease of amphibole and increases of biotite and epidote. Textural evidence indicates 

that the fomiation of the assemblages was coeval with the development of the 

structures. This is best illustrated by a representative shear in a unit of mafic 

metavolcanic rock (Figure 4-6). The host rock is composed of Di subhedral to 

anhedral amphibole porphyroblasts, fine grained plagioclase and rninor biohte and 

quartz (Figure 4-6A). Biotite occurs as the fine-grained alteration product along the 

margins of some of the porphyroblasts. 

Towards the margin of the shear, where the rnafic rock is moderately 

deforrned, the Di amphiboles are strained and elongated into gains with larger aspect 

ratios than their equivalents in the host rock (Figure 4-6B). Recrystallization of the 

deformed porphyroblasts produces fine subgrains of amphiboles, which are partially 

altered to biotite and epidote. A later generation of amphiboles is superirnposed on the 

amphibole subgrains and their alteration products. Within the shear, the original fabric 

is completely obliterated. D2 amphiboles foxm as long prismatic porphyroblasts with a 
strong p r e f e d  orientation, defining the shear foliation (Figure 4-6C). 

Sirnilar changes in mineralogy were observed in the Dz cataclastic zones (see 

Figure 3-8). The rninerals in the wail rock, mainly plagioclase, amphibole, potassium 

feldspar, quartz and biotite, are reduced in grain size by cataclastic deformation, 



Figure 4-6. Progressive syn-kinematic metamorphism and fabric development in a D 2 shear hosted by 
mafic metavolcanic rock southwest of the Jolu Mine (plane light; bar = 0.5 mm). (A) weakly deformed 
host wall rock; (B) moderately defonned rock at the margin of the shear; (C) strongly deformed rock 
within the shear. 



accompanied by partial to total replacement of amphiboles by biotite. Feldspars are 

milied and rounded. The deforrned grains of feldspars show undulatory extinction and 

are partially recrystallized to s d l  polygonal strain-free grains with approximate 120' 

triple junctions. Fine biotite flakes tend to wrap around the rounded feldspar grains, 

fomiing a short-range foliation. Amphiboles occur as a remnant of deformed 

porphyroblasts and make up a minor phase in the cataclastic zones. 

Amphiboles formed in the Dz structures include ferro-pargaite, ferro- 

tschermakite, magnesio-hornblende and ferro-homblende (Table A- 1). The bulk 

compositions of the host rocks appear to have an influence on the mineral chemistry of 

amphiboles. The amphiboles in these structures are slightly to moderately zoned, 

showing both core-to-rim increase and decrease in AV(Si + Al) and Na/(Ca + Na) 

ratios (Figure 4-7). 

Compared with Dr amphiboles in the host rocks, D2 amphiboles defhe an 

overall decreasing trend in the contents of Alw and ~ l "  + ~ e "  + Ti + Cr, and in the 

ratios of Na/(Ca + Na) and AV(Si + Al) (Figure 4-8). An exception was observed in 

the shear hosted in the mafic metavolcanic rock, where Dz amphiboles are enriched in 

AlN and + ~ e "  + Ti + Cr, and have higher ratios of Na/(Ca + Na) and AY(Si + 
Al) than Di amphiboles in the host rock. 

Matrix plagioclase in the D2 structures is oligoclase-andesine (AnZ8 to An38) 

(Table A-2). Compared to plagioclase in the host rocks, plagioclase in the D1 
structures generally contains less anorthite (Figure 4-9). However, a slight increase in 

anorthite content is recorded in the rnafic metavolcanic-hosted shear. 

Biotite in the D2 structures occurs as fine flakes. It is moderately magnesian 

with Mg/(Fe + Mg) ranging fiom 0.39 in a diorite hosted cataclastic zone to 0.56 in a 

porphyritic diorite hosted shear (Table A-3). Fomula proportions of ~ l " ,  MW and Ti 

are shown in Figure 4-10, with reference to those fiom the host rocks. Biotite 

becomes slightly to moderately enriched in Ti. Alw and ~ l "  are either enriched or 

depleted, showing no systematic composition variation. 

Veins in the 4 structures occur only as lenses typically up to three centimetres 



Figure 4-7. Zoning patterns of amphiboles in the D r structures. Amphibole core and rim compositions are 
joined by solid lines with arrows indicating the core-to-rim trend in composition. Circles, shear in mafic 
rnetavolcanic rock; squares, shear in granodiorite; diarnonds, the Mailard Lake Shear in porphyritic 
diorite; triangles, cataclastic zone in diorite. 
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Figure 4-8. Variation in the composition of D 2 amphiboles with respect to Di amphiboles. (A) 100Ai/(Si + 
Ai) vs. 100Na/(Ca + Na); (B) AIN vs. Ai" + ~ e ~ +  + Ti + Cr. Only rim composition is plotted. 
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Figure 4-9. Variation in the composition of plagioclase in D 2 sîructu~s with respect to plagiocIase in the 
host rocks. 



Figure 4-10. Variations in the composition of biotite in D 2 structures with respect to biotite in the host 
rocks. (A) AI" vs. Al: (B) ~ l "  vs. Ti. Symbols are as in Figure 4-8. 



thick and twenty centimetres long, and consist mainly of quartz and potassium 

feldspar, with subordinate albite, biotite and tourmaline, and minor amphibole. Quartz 

comprises 75% to 100% of the vein matenal. It is variably deformed and shows 

unddose extinction, serrated grain boudaries and subgrain development. Locally, 

recrystallization of quartz forms polygonal grains free of saain. Potassium feldspar 

makes up 0% to 25% of the veins. Biotite and amphiboles occur principally in the vein 

selvages, and exhibit undulose extinction. 

D3 Deformation 

Mineral assemblages associated with D3. and Djb episodes of deformation in 

the gold-bearing shears are shown in Table 4- 1. 

Rod Shear 

The Rod shear which hosts the Rod Main orebody is developed at the contact 

of granodiorite with diorite and porphyritic diorite (see Figures 3- 15 and 3-22). In the 

three types of host rocks to the Rod shear, the mineral assemblages are dorninated by 

plagioclase, amphibole and biotite which make up to 80 to 90% of the rocks. Minor 

phases in the assemblages include potassium feldspar, epidote, quartz, calcite, 

magnetite, ilmenite, and sphene. 

In the protomylonite where the fabric of D3, dip-slip shearing is preserved, Di 
amphibole porphyroblasts are defomed into grains with larger aspect ratios. The 

deformed amphiboles tend to recrystallize to ke r ,  strain-fkee grains, with secondary 

biotite along the margins or cleavages. The growth of amphiboles during D1i shearing 

is evident in folded D3. phyllonite, where vestiges of the onginal DI fabnc are 

completely obliterated, and replaced with the Di. fabric d e h e d  by subhedral to 

anhedrai amphiboles and fine flakes of biotite (Figure 3-1 8C). 

Amphiboles formed during D3b shear deformation are anhedral, up to 2 mm. 

They define the axial planes of the Djb folds or occur incorporated into the D3, shear 

fabnc within the phyllonite zone (Figure 4-1 1). 



Amphiboles associated with D3. and D 3 b  episodes of deformation are 

magnesio- and ferro-hornblende (Table A- l), and are zoned. In the deformed dionte 

and porphyritic diorite, the M(Si  + Al) and Na/(Ca + Na) ratios increase fiom core to 

rim, whereas a reversal zoning pattern occurs in amphiboles fiom defomed 

granodiorite (Figure 4-12). Compared with Di amphiboles in the least defomed host 

rocks, D3, and DJb amphiboles contain l e s  Alw and AIw + ~e~~ + Ti + Cr, and have 

lower ratios of Na/(Ca + Na) and Al/(Si + Al) (Figure 4- 13). 

Large plagioclase laths are milled and rounded, to attain a uniforni grain size 

and shape. ConcomitantIy, they are replaced by fine-grained, euhedrai epidote, and 

sericite. The replacement typicdly takes place fiom the cores of plagioclase. In the 

phyllonite, there is a complete destruction of the plagioclase laths, and plagioclase 

occurs only as fine-grained granoblastic-polygonal aggregates. Matrix plagioclase in 

the defomed rocks of the Rod shear is oligoclase (An2, to An3o) (Table A-2). It is 

depleted in anorthite content relative to the conterpart in its least deformed rocks 

(Figure 4-14). Potassium feldspar undergoes the same grain-size reduction as 

plagioclase, but shows only weak alteration. 

Biotite occm mainly as a replacement phase of amphiboles. It forms fuie 

grained aggregates (0.05 - 0.3 mm) or large single flakes (>OS mm), both of which 

have strong crystallographic preferred orientation, defining the D3. and D3b fabncs. 

Compared with biotite in the least deformed rocks, biotite in the shear has a slight to 

moderate increase in Ti, but shows no systematic changes in ~ l "  and NW (Figure 4- 

15). 

Chlorite occurs mainly in the dioritic segment of the Rod shear. It f o m  fine 

grained aggregates at the expense of amphiboles and biotite and is incorporated into 

the D3, and Djb shear fabncs. It shows no systematic modal variation across the Rod 

shear. 

Calcite in the lest  deformed host rocks is fine grained, interstitial to biotite, 

amphiboles and feldspars. It increases slightly in protomylonite and phyllonite, where it 

dso f o m  veinlets less than one mm thick, dong the shear fabrics. 



Figure 4-1 1.  D 3 b  amphibote porphyroblasts in the centrai phyllonite zone of the Rod shear zone (plane 
light; bar = 0.5 mm). 
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Figure 4- 12. Zoniag patterns of D 3, and Djb amphiboles in the Rod shear zone. Amphibole core and rirn 
compositions are joined by solid lines with arrows indicating the core-to-rim trend in composition. 



Figure 4- 13. Variation in the composition of D 3, and D3b amphiboles in the Rod shear with respect to D 1 

amphiboles. (A) IOOAV(Si + Al) vs. IOONa/(Ca + Na); (B)  AI^ vs. A\" + ~ e "  + Ti + Cr. Only rim 
composition is plotted. 
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Figure 4-14. Variation in the composition of plagioclase in the D 3 Rod shear with respect to plagioclase in 
the host rocks. 
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Figure 4-15. Variation in the composition of biotite in the Rod shear zone with respect to biotite in the 
host rocks. (A) Al" vs. A"; (B) ~ l "  us. Ti. Symbols are as in Figure 4-13. 



Epidote occurs as an alteration phase of plagioclase. It has no significant modal 
variation in the deformed diorite and granodiorite. In the deformed porphyriîic diorite, 

epidote after plagioclase phenocrysts may account for as much as five modal percent 

of the rocks. 

Gold-bearing veins in Rod shear consist of more than 90% quartz, intergrown 

with subordinate sulphide minerais, potassium feldspar, biotite, tourmaline, calcite, 

chlorite and albite. The sulphides are rnainly pymhotite, pyrite, chalcopyrite, and trace 

molybdenite, and cobaltite (Burrill, 1987). 

James-Josper-Roxy Shears 

The James-Jasper-Roxy shears are hosted in the granite of the Island Lake 

pluton. The least strained granite which borders the protomylonite consists of 

plagioclase, potassium feldspar, quartz, subordinate biotite and amphibole, and trace 

muscovite, epidote, magnetite, and apatite. With increasing strain towards the shears, 

the mineral assemblage exhibits systematic variations which involve modal increases in 

muscovite, potassium feldspar, quartz and calcite, and modal decreases of plagioclise 

and biotite, as well as complete destruction of amphiboles. 

Both plagioclase and potassium feldspar are deformed and reduced in grain 

size. The breakdown of plagioclase is typically accompanied by appearance of 

muscovite. The relict plagioclase is recrystallized to fom relatively-low strain, 

polygonal grains. The deformed grains of potassium feldspar generally show no sign of 
alteration but are instead replaced by aggregates of dynamically recrystallized 

polygonal grains. 

Amphibole porphyroblasts are replaced by flakes of biotite. Most of the 

replacement is completed in the protomylonite and there are no amphiboles preserved 

in the mylonite. Both DI biotite and secondary biotite after amphiboles are altered to 

muscovite. The alteration is most pervasive in the mylonitized centrai parts of the 

shears, where the greatest strain of the Djb strike-slip shearing is located. The flakes of 

muscovite dways show evidence of strain in the form of undulose extinction. 



Quartz in the deformed rocks shows abundant evidence of deformation in the 

form of undulose extinction, subgrain formation and dynamic recrystallization. The 

recovery process, in the form of quartz subgrains, is most prevalent in the mylonite. 

The auriferous quartz veins contain approximately 70-80% chext-like quartz 

and 5-20% pyrite, with minor muscovite, tourmaline, biotite, chlorite, carbonate and 

albite. Other rninerals include hematite, chalcopyrite, sphderite, bornite, galena, gold, 

and trace Ag-Au tellurides, mapetite, pyrrhotite, molybdenite, scheelite, monazite, 

uraninite, and rutile (Hrdy and Kyser, 1995). 

The deformed rocks of the north-south D3b shears consist of muscovite. quartz, 

feldspars, epidote and trace biotite. The north-south veins are composed of irregular 

and ribbony quartz grains which show variable strain in the form of undulose 

extinction and serrated grain boundaries, and have less pervasive subgrain 

development than the auriferous quartz. The veins also contain minor muscovite, 

biotite and potassium feldspar. 

Relative Timing of Deformation and Metamorphkm 

As described previously, the growth of minerals, notably arnp hiboles, was 
coincident with the structural development associated with the Di to D3 deformations. 

Based on episodes of growth of amphiboles and their relationships with the 

defonnations, three metamorphic events (MI to M3) were defined in this region. 

Early metamorphism MI was synchronous with the DI regional penetrative 

deformation and gave rise to syntectonic assemblages of homblende + plagioclase + 
biotite + epidote in the metavolcanic and plutonic rocks, plagioclase + homblende + 
gamet + biotite + quartz in the pelitic rocks as well as siIlimanite + muscovite in the 

meta-arkoses. The defomed rocks in the MLTZ are mineralogically sirnilar to their 
regional equivalents, suggesting that they underwent the same metamorphism as the 

regional rocks. The mineral assemblages indicate that the peak metamorphism of 

arnphibolite facies was anained during the Di deformation. 



Mz metamorphism followed Ml metamorphism and was concurrent with the 

development of the Dz structures. M3. episode of metamorphism was defined in 

association with the D3. dip-slip shear de formation in the gold-bearing shears, and M3b 

was coeval with D3t, dextral shear deformation in the gold-bearing shears and the 

MLTZ. 

Post-MI amphiboles are not restricted to the D2 and D3 structures, they also 

occur as randomly oriented idioblasts in the metavolcanic and plutonic rocks, outside 

the Dt and D3 structures, overprinting the DI fabric. 

Temperature and Pressure of MI Metamorphism 

As described in Chapter 2, metamorphic grade changes fiom arnphibolite facies 

across most of the study area to upper greenschist facies in the vicinity of Jojay Lake. 

In order to minimize the effect of spatial variation in metamorphic grade, P-T 
conditions for the deformations were determined fkom the DI, D2 and D3 structures 

around the Jolu Mine. 

Pressure and temperature conditions of Ml metamorphism were constrained on 

the basis of the mineral assemblage gamet + amphibole + biotite + quartz + plagioclase 

f muscovite f chlorite in the pelitic rocks southwest of the Jolu Mine. The applied 

geothennobarometry for this minera1 assemblage includes gamet-biotite 

geothermometry (Ferry and Spear, 1978; Hodges and Spear, 1 982), gamet-hornblende 

geothemometry (Graham and Powell, 1984), and gamet-homblende-plagioclase- 

quartz geobarometry (Kohn and Spear, 1989). In addition, quartz-homblende isotopic 

geothermometry of Boninga and Javoy (1973, 1975) was used to estirnate 

temperature of formation of metamorphic assemblages in the plutonic rocks (see 

Chapter 5). 



The gamet-biotite geothermometer of Ferry and Spear (1978) is the most 

widely used geothermometer for greenschist and amphibolite grade rocks. As stated 

previousiy, biotite is unzoned and homogeneous, whereas garnet experienced 

retrograde growth or retrogressive diffusion exchange in the rims as indicated by the 

slight increases of Mn and Ca in rims relative to cores. To avoid any potential 

compositional disequilibrium between gamet and biohte due to re-equilibratïon, only 

rirn composition of garnet was used in calculatioo. Gamet and biotite are in contact in 

all cases analyzed. Compositional variation from grain to grain is insignificant and 

consequently, average compositions were used in the temperature calculations. 

Gamet-biotite geothermometry is based on the distribution of Mg and Fe 

between coexisting gamet and biotite according to the exchange reaction: 

Fe&Si,O 12 + KMg3AlSis0 1 dOH)z = Mg3N2SiiO lz  + KFe3AlSbOi o(OH)2. 
almandine phlogopite PYrOPe anni te 

Several activity models for garnet have been proposed for use with the gamet-biotite 

themorneter. The two models used in this study are the ideal activity model used in 

the original calibration by Ferry and Spear (1978) and the non-ideal activity model of 

Hodges and Spear (1982). An estimate of pressure is required in these calibrations of 
the gamet-biotite geothermometer. But since the geothermometer is relatively 

insensitive to pressure (for example, a change of 1 kbar yields only a 4OC temperature 

change using these calibrations), any reasonable pressure would have littie eEect on 

the calculated temperattues. Therefore, a pressure of 4 kbars was used for the 

calculations and the results are presented in Table 4-2. 

The calibration of Ferry and Spear (1978) yields temperatures between 545" 

and 575OC. Hodges and Spear's (1982) model gives temperatures more than 50°C 

higher (599' to 63 1°C). Feny and Spear (1978) reported an experimental error of 

+50°C for their calibration. The temperatures fiom Ferry and Spear's (1978) model 

are favored since they are in agreement with the temperature calculated fiom garnet- 

hornblende thermornetry of Graham and Powell (1984) (see below). 



Application of the gamet-biotite geothermometer rnay be hindered by the eRect 

of Mu and Ca in gamet and Al and Ti in biotite. High Mn and Ca in gamet leads to 

preferential ~ e "  substitution in gamet relative to biotite and a corresponding increase 

in calculated temperature. Conversely, an increase in Ti and ~ l \ "  in biotite results in 

preferential ~ e "  substitution in biotite and cornespondhg decrease in calculated 

temperature (Dalimeyer, 1974). With these considerations, Ferry and Spear (1 978) 
cautioned that this calibration can only be applied without correction when in 

gamet, or (Ca + Mn)/(Ca + Mn + Fe + Mg), is -< 0.20 and X ~ i + A l v i  in biotite, or (Ti + 
Al")/(~i + ~ l "  + Fe + Mg), is I 0.15. Biotite in the pelitic rocks has X ~ + ~ h i  of 0.1 1 to 

0.12, while in gamet ranges fiom 0.23 to 0.29, higher than the recommended 

limit of application of this thennometer. Therefore, the calculated temperatures may 

overestimate rim temperature. 

Table 4-2. Temperature and pressure associated with MI metamorphism in pelitic rocks 
southwest of the Jolu Mine. The temperatures are rounded to the nearest 5°C. and the pressures 
to the nearest 0.5 kb. 

GT321 GT321 GT325 GT325 GT327 GT327 Refmnces 
Core RUn Core Rim Core Rim 

1 .Gamet-biotite geothermometry (Ferry and Spear, 1978). 
2.Garnet-biotite geothermornetry (Hodges and Spear, 1982). 
3.Garnet-homblende geothermornetry (Graham and Powell, 1984). Fe in hornblende is 

prexnt as ~ e ' +  in calculation. 
4.Gamet- hornblende-plagioclasequartz geobarometry (Kohn and Spear, 1989). Fe in 

homblende is present as ~ e "  in calculation. 



The gamet-hornblende geothemometer of Graham and Powell (1984) is a 

function of the exchange reaction: 

3NaCa2Fe.&13 Si6022(OH)z + 4Mg3AlzSi3Ol 
Fe pargasite PYrOPe 

= 3NaCa2Mg4Al&O2z(OH)2 + 4Fe3A12Si3012. 
Mg pargasite almandine 

The thennometer is applicable at temperatures below 850°C to rocks containing Mn- 

poor gamet O[Mn < 0.1) and cornmon hornblende with restricted range of chemistry. 

The slightly higher Mn concenlration in gamet WMn = 0.12 to 0- 15, Table A-4) may 

cause this geothermometer to lose some precision. 

The porphyroblasts of homblende and gamet in the pelitic rocks are 

compositionally zoned, and the zoning patterns suggest retrograde growth or re- 

equilibration in the rims during cooling from metamorphic peak. Both the core and rim 

compositions of the two minerals were used in calculation with assumption that 

themial peak may be reflected in the cores of the minerals. Using Graham and Powell's 

(1 984) empirical calibration, the calculated temperatures from mineral rims are from 
550" to 580°C, in satisfactory agreement with the gamet-biotite temperature estirnates 

of Ferry and Spear (1978) (Table 4-2). The mineral cores yield temperatures of 560' 
to 5 85"C, 5' to 3 O°C higher than the rim temperatures. Uncertainties for the gamet- 

homblende geothemometer were not quoted by Graham and Powell (1984). An 

average error of +4S°C was reported by Boyle and Westhead (1 992) for this 
geothemometer in their study of metamorphism in Sulitjeha, Scandinavian 

Caledonides. 

Quartz-Horn blende Isotopic Geothennometry 

Using the quartz-hornblende isotopic geothemometer of Bottinga and Javoy 
(1973, 1975), the 6180 values of coexisting quartz and homblende from the Dl 



metamorphic assemblages in the plutonic rocks yield isotopic equilibration 

temperatures of 500" to 590°C, with an average of 550°C (see Chapter 5). 

Gamet-Hornblende-PIagioclere-Quartz Geobarometers 

The samples used for temperature calculation also satisfjr the compositional 

cnteria of minerals that were used for the calibrations of the gamet-homblende- 

plagioclase-quartz geobarometers (Kohn and Spear, 1989). The geobarometers of 

Kohn and Spear (1989) are based on the reactions: 

6CaAlzSiz08 + 3NaA1Si30s + 3CazM&Si8022(OH)z = 
anonhite albite trernoli te 

2Ca3A12Si30iz + Mg3Al2Si3Oi2 + 3NaCazMg&13S&Ozt(OH)2 + 1 8SiOz 
grossular P F O P e  pargasi te q- 

and 

2Ca3A12Si30i2 + Fe3Ai2Si3012 + 3NaCazFe4A13Si6022(0H)2 + 18Si02. 
grossular almandine Fe-pargasite q- 

Since plagioclase in these samples is fine-grained and unzoned, and probably re- 

equilibrated after peak metamorphic conditions, only the rim compositions of gamet 

and homblende were used in pressure calculations. Temperatures obtained fiom Ferry 

and Spear's ( 1978) calibration were adopted because of the consistency between this 

calibration and the gamet-homblende thermometer of Graham and Powell ( 1982). ï h e  

geobarometers yield pressures of 4.5 to 5.0 kbars (Table 4-2). The reported 

imprecisions for the geobarometers are +1 to +2 kbars (Kohn and Spear, 1989). 

Temperature and pressure of MI metamorphkm in the Jolu Mine area were 

calculated to be approximately 545' to 575OC and 4.5 to 5.0 kbars, respectively, From 

the rim compositions of coexisting minerals in the pelitic rocks interlayered with 
metavolcanic rocks. Higher tempenihues of 560° to 585OC were derived from the 



cores of gamet and homblende. The core-to-rim decrease in the calculated 

temperature is consistent with the zoning patterns in gamet and hornblende. Therefore, 

the actual temperatures of peak metamorphism were probably higher, and the 

temperatures of 545' to 57S°C and the pressures of 4.5 to 5.0 kbars are considered as 

minimal for MI metamorphism. The calculated P-T conditions, in addition to the 

petrographic observations, are consistent with peak metamorphism in low to middle 

amphibolite facies (Spear, 1993). 

Figure 4- 16 shows the range of the calculated temperatures and pressures for 

MI rnetamorphism and the petrogenetic grid for pelitic rocks in the system Sioz- 

Ai203-FeO-MgO-KzO-Hfl (KFMASH) of Spear and Cheney (1989). As indicated by 

Spear and Cheney (1 989). the addition of Mn0 and Ca0 to gamet increases the 

stability field for the assemblage gamet + chlorite + biotite. The thin lines in Figure 4- 

16 outline the expansion of the gamet + chlorite + biotite stability field as a result of 

the addition of Mn0 to gamet. Gamet porphyroblasts in the pelitic rocks of this study 

contain approximately 0.15 to 0.20 of Mn/Mn+Fe+Mg and coexist with biotite and 

chlorite. The range of the calculated temperatures and pressures for the pelitic rocks is 

largely within the expanded stability field, and are consequently consistent with the 

mineral paragenesis in the rocks. 

Temperature and Pressure of Mz and M3 Metamorphism 

Geothermobarometry 

In addition to quartz-hornblende isotopic geothermometry, Spear's (1 980) 

plagioclase-amphibole thennometer and Plyusnina's ( 1 9 82) plagioclase-homblende 
themobarometer were applied to constrain temperature and pressure of MZ and M3 

metamorphisrn associated with the D2 structures and DJ gold-bearing shears. 
Plagioclase and amphibole associated with S-L fabric of the MLTZ and &-Li fabric in 

metavolcanic rocks and plutonic rocks were used as comparison. The samples of the 

pelitic rocks are excluded since the occurrence of gamet has a considerable effect on 

the ccnposition of amphibole (Laird and Albee, 198 1). All the samples chosen contain 
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Temperature ( O C )  

Figure 4-16. Petrogenetic grid for the KFMASH system (Spear and Cheney, 1989). Thin lines depict the 
effect of (Mn/Mn+FeMg) in gamet on the stability of gamet + chlorite. Abbreviations: Ad, 
andalusite; Alm, almandine; Ann, annite; Bt, biotite; Cd, cordierite; Ch, chlorite; Ct, chloritoid; Ga, 
gamet; Kf, K-feldspar, Ky, kyanite; Mu, muscovite; Py, pyraphyllite; Qz, quartz; Si, sillimanite; St, 
staurolite, 



amphibole + plagioclase + chlorite + epidote + Ti phase + Fe oxide + quartz + 
carbonate + mica, the "common assemblage" of Laird and Albee (198 1). 

Plagioclase-Amphibole Geothermornetry 

The plagioclase-amphibole geothermometry of Spear (1980) is based on an 
empincal calibration of the exchange equilibrium between plagioclase and amphibole: 

2NaAlSi308 + CazMg3&SioOzz(OH)2 
albite tsc hennakite 

The geothermometry is considered suitable for use in the region of approximately 450" 

to 750°C, with an accuracy of approximately H I 0 C  (Spear, 1980). The uncertainties 

in the calculation of the amphibole formula fiom a microprobe analysis may hinder the 

application of the thennometer. 

The plagioclase-amphibole geothermometer is given in Figure 4-17. The SI-LI 
regional fabric falls in the range of 5 10" to 540°C. Temperatures fiom the S-L fabric 

of the MLTZ, from 5 10" to 550°C, is approximately in the same range as the Si-L! 

fabric. Samples from D2 structures yield temperatures of 500" to 5 10°C, whereas the 

D3. and Djb fabrics of the gold-bearing shears are approximately 480" to 500°C. 

The plagioclase-hornblende geothermobarometer of Plyusnina ( 1982) is 

applicable in rnafic rocks containing the bbcornmon assemblage" of Laird and Albee 

(1 98 1), of which calc amphibole + plagioclase + epidote or zoisite is considered as the 

major lirniting assemblage (Plyunina, 1 982). The geothermobarometer was 
experimentally calibrated based on the reaction: 

homblende + zoisite (epidote) + Hz0 + CO2 

= plagioclase + chlorite + carbonate + quartz 



1 2 3 4 

l n ( ~ a / ~ a ) ~ ~  in amphibole 

Figure 4- 17. Empirical geothexmometer for plagioclase-amphibole exchange equiIibrium (Spear, 1980). 
Filled squares, Di fabric; open squares, S-L fabnc of the MLTZ; triangles, D 2 structures; shaded circles, 
&a structures; open circles, D 3b structures. 



under hydrothermal conditions of Pm& = 2,4,6 and 8 kbar and &or = 0.1. The 

resolution of this thermobarometer is f 1 kbars and f 1  SOC on an analytical uncertainty 

of i l  .O mole % Al and Ca in amphibole and plagioclase (Plyusnina, 1982). The 

geothennobarometer and the compositions of coexisting amphibole and plagioclase are 
given in Figure 4- 1 8. 

Temperatures estimated fiom the thennometer are approximately 540" to 

590°C for the Si-Li regional fabric and the S-L fabnc of the MLTZ, 53S0 to 570°C for 

D2 structures, and 525O to 540°C for D3. and Dfb fabrics of the gold-bearing shears. 
This thermorneter yields higher temperatures than Spear's (1980) calibration by 30" to 

40°C, but both of the thermometers outline sirnilar relative temperature variations for 

the structures. 

The geobarometer gives pressures of 2.5 to 4.5 kbars for the Si-LI regional 

fabric and 3.0 to 5.0 kbars for the MLTZ, with the majority plotting between 3.0 and 

4.5 kbars. The pressures for the Dz structures range from 3.0 to 5.0 kbars, with five of 

the six samples within a more resticted range of 3.0 to 4.0 kbars. The D3. and Dib 

fabrics of the gold-bearing shears have the most scattered pressure estimates, from less 

than 2.0 kbars to 5.0 kbars, with most falling between 3.0 and 4.0 kbars. 

Quartz- Horn blende Isotopic Geothermometry 

The quartz-homblende isotopic geothermometer of Bottinga and Javoy ( 1 973, 

1975) yields isotopic equilibration temperatures of 500" to 520° for the MLTZ, 550" 

for the D2 structures and 480" to 5 10° for the Dj gold-bearing shears (see Chapter 5). 

Discussion 

The estimated temperatures and pressures derived nom the above 

geothemobarometers are summarized in Table 4-3. The S-L fabnc of the MLTZ 

indicates sirnilar P-T conditions to the Si -L regional fabric, whereas the Dz and D3 
stnict-res probably developed subsequent to the attainment of the peak of MI 
meramorphism. This can be evaluated from the variations in the compositions of 
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Altot;ir in hornblende 

Figure 4-1 8. Experimentai plagioclase-honiblende geothermobarometer (Plyumina, 1982). Symbols are as 
in Figure 4- 17. 



minerals associated with Dl to D3 defonnations. 

Table 4-3. Temperature and pressure of deformation and metamorphism derived from 
plagioclase-amphibote geothermometry (Spear, 1980), pIagioclase-honiblende 
geothermobarometry (Ptyusnina, 1982). and quartz-homblende isotopic geothermometry 
(Bottinga and Javoy, 1973; 1975) 

Mi MLTZ M2 M30/M3b References 
($LI fabric) (S-L fabnc) (Dz structures) @3 shears) 

Temperature (OC) 

510 - 550 510 - 550 500 - 510 480 - 510 (1 

540 - 590 540 - 590 535 - 570 525 - 510 (2) 

500 - 590 500 - 520 550 480 - 510 (3) 

Pressure (Kbars) 

3.0 - 4.5 3.0 - 4.5 3.0 - 4.0 3.0 - 4.0 (2) 

1 .Plagioclase-amphibole geothermometry (Spear, 1 980). 
2.Plagioc lase-hornblende geothermo barometry (Plyusnina, 1 982). 
3.Quartz-hornblende isotopic geothermometry (Bottinga and Javoy, 1973; 1975). 

The important chernical changes of amphibole and plagioclase in mafic rocks 

that occur in response to changing P-T conditions during metarnorphism were 

summarized by nurnerous studies (e.g. Laird, 1980; Laird and Albee, 198 1 ; Jacobson, 

1995), and were confïrmed by experimental work on rocks of basaltic composition 

(e.g. Spear, 1 98 1 ). Unlike pelitic rocks, which may undergo various divariant 

exchange reactions separated by disconMuous univariant reactions, rnafic assemblages 

have a relatively constant assemblage over a substantial range in metamorphic grade. 

Reactions during the metamorphism of mafic rocks are typically continuous and result 

in compositional changes of mineral solid solutions. Laird and Albee (198 1) outlined 

the metarnorphism of the cbcommon assemblage" and identified systernatic mineral 

compositional variations which occur in response to changing metamorphic conditions. 

With increasing temperature and pressure, amphiboles become emiched in Al, Ti, Na 

and (Al" + ~ e ) +  + Ti + Cr) and depleted in Si, Ca and Mg. Plagioclase becomes more 

anorthitic with increasing grade and shows discrete compositional jumps at the 
pensterite gap (albite to oligoclase) in medium- to low-pressure facies series (Laird 



and Albee, 198 1). In addition to amphibole and plagioclase, biotite may show 

increases in Ti and AlN, and probably A.lw with increasing metamorphic grade (Laird 

and Albee, 198 1). A decrease in Alw with metamorphic grade was reported by 

Guidotti ( 1 984). 

However, because the parameters showing chemical variations are dependent 

on the nomdization method used to convert analytical data to formula proportions, 
some of the apparent variations could be artifacts of dam normalization. ~a~~ in 

amphiboles is particularly sensitive to ~e'*/Fe'' recalculation. The ratios of Na/(Ca + 
Na) and Al/(Si + Ai), however, are independent of the method of ~ e " / ~ e ~ *  

recalculation and assignment of cations to sites within the structures, and are rnost 

suitable for illustrahg the chemical variations of amphiboles with varying P-T 

conditions (Laird and Albee, 198 1). 

The chemical variations in amphiboles fiom the Dz and D3 structures, with 

respect to amphiboles fkom DI structure, are summarized in Figures 4-8 and 4- 13. The 

metamorphic changes in Dz and D3 structures are predominantly the reverse of the 

regional prograde variations. The exceptions are amphiboles in the Dz shear hosted in 

the mafic metavolcanic rock, which show prograde variation (Figure 4-8), and 
amphiboles in deformed porphyritic dionte of the Rod shear, which exhibit either 

minor prograde (Figure 4- 13A) or retrograde variations (Figure 4- 13B). 

There are two situations that could lead to the observed chemical changes in 
amphiboles: the growth of Mz and M3 amphiboles under lower P-T conditions than Mi 

metamorphism; or M2 and M3 amphiboles undergoing more extensive retrograde 

diffusion exchange with infiltrating fluids than Mi amphiboles. Ifthe chemical changes 

were caused by retrograde diffusion exchange following the formation of Mz and M, 
amphiboles, it would be expected that the amphiboles would have a unique retrograde 

zoning pattern. However, the majority of the M2 and M3 amphiboles show a prograde 

zoning pattern (Figures 4-7 and 4- 12), indicating that no retrograde exchange was 

substantially involved following their formation. Therefore, the changes in amphibole 

chemistry Likely reflect declining P-T conditions as deformation proceeded. 



The development of the Dt and D3 structures under lower-than-peak 

metamorphic conditions is aiso suggested by plagioclase, which becomes less 

morthitic in the Dz and Dj structures than in the l e s t  deformed host rocks, with the 

exception of the D2 shear in the mafic metavolcanic rock (Figures 4-9 and 4- 14). 

Biotite shows no systematic variation in AlN and AIw, but becomes e ~ c h e d  in 

Ti in the Dz and D3 structures (Figures 4- 10 and 4- 15). The latter suggests increasing 

P-T conditions &aird and Albee, 198 1; Ghent and Stout, 1984). The reasons for this 

are uncertain. It may be such that biotite probed in the relatively undeformed rocks is 

not a phase of the peak metamorphic assemblage. Petrographic observations indicate 

that biotite is a minor phase in mafic rocks and mainly occurs as a retrograde product 

d e r  amphiboles. Although an effort was made to use biotite least likely to be a 
replacement phase, it cannot ruled out that the alteration phase was probed. Therefore, 

biotite is not as good an indicator of relative metamorphkm as amphibole and 

plagioclase. 

The major problems in utilking the chemistry of amphibole to indicate P-T 
variations are the influences that bulk rock composition, composition of the fluid 

phase, and fm, have on the mineral chemistry and mineral stability fields (Brodie and 

Rutter, 1985). Although cornparisons of amphibole compositions were only made 

between relatively undeformed rocks and their deformation products in order to Iimit 

the effect of variation in bulk rock composition on the mineral chemistry, 

metasomatism which took place coeval with the development of the Dz and D3 
structures resulted in changes in bulk, trace and isotopic chemistry of the deformed 

rocks (see below and Chapter 5). Whether or not metasornatism played a critical role 

in the systematic variation in chemistry of amphiboles, or the degree of the variation is 
difficult to evaluate. Figure 4- 19 gives amphibole compositions with reference to the 

host-rock chemistry. It shows that the changes in amphibole and the host-rock 
chemistry are not necessarily coincident. In addition, the relative P-T conditions 

suggested by chemical variation of amphibole and plagioclase are in good accord with 

the quartz-homblende oxygen-isotopic geothexmorneûy, which is independent of the 

b d k  rock composition. Therefore, the variation in amphibole composition is more 

likely controlled by changing P-T conditions than by the variation in the buk rock 

chemistry. 





Chernistry of Wall-Rock Alteration 

Wall-rock alteration associated with the D3 gold-bearing structures, including 

the James-Jasper-Roxy shears, the 2 1 zone of the Star Lake mine, and the Rush Lake 

shear, has previously been studied by Appleyard (1 99 1). The present study of 

alteration was canied out on: the MLTZ; the D2 Mallard Lake Shear; the D3 Rod 

shear; and the D3 MacLeod Main shear, in addition to the D3 James-Jasper-Roxy 

shears. Deformed rocks and reference precunon which show no evidence of alteration 

and minimal effects of shearing were sarnpled and analyzed for major and rninor 

elements. The analytical results are presented in Table B- 1. 

Chernicd Mass Balance 

Chemical data were corrected for mass and volume changes using the general 

metasomatic equation of Gresens (1967) and the procedures outlined in Appleyard 

(1990). In order to identifi a rneaaingful reference frame for alteration, immobile 

components must be known. Mass balance calculations presume that immobile 

elements can be identified by a clustering of (volume change factor for zero 

element change) values (Taylor and Appleyard, 1983; Appleyard, 1990). Elements 

found to be immobile are given in Table B-2. The most immobile element, in terms of 

fiequency in mass balance caiculations, is Ti (14), followed by Al (8), Tb (7), Sm (5) ,  
Yb (9, Nb (4), Hf (4) and Sc (4). In the absence of clustering of values, Ti is 

assumed to have acted as an immobile element, Once immobile elements are 

determined, the volume change and the mass flux of elements are computed relative to 

the reference precursor. The calculations were carried out only for elements analyzed 

with the same analytical technique to ensure that variations in composition are not the 

result of variations in the analyticai techniques. Table B-2 lists the computed results in 

terrns of net compositions, Le. the amount of each element remaining afier cubic units 

of the host rock have been altered. Major elements are presented as grams per one 

hundred cubic centimetres of the protolith (g/lOOcc) and trace elements as grams per 

cubic metre of the protolith (gh?). 

The calculated volume changes for al1 structures are between -9.9% and 



+11 .O% (Table B-2), indicating rock volume was slightly changed during deformation 

and wall-rock alteration. The positive volume changes suggest net precipitation of 

material during alteration; the negative volume changes suggest leaching of matenal 

during alteration. 

Alteration Chemistry 

Selected elements fiom the resuits of mass balance calculations are plotted in 

Figures 4-20 to 4-22. The data nom the MLTZ and the Dz Mailard Lake Shear are 

illustrated in ternis of percentage gains and losses relative to reference precursors 

(Figures 4-20 and 4-2 1). The data from the D3 gold-bearing shears, including the 

James shear, Roxy shear, Rod shear and MacLeod Main shear, are summarized as 

variation diagrarns (net composition vernis distance) (Figure 4-22). 

Because the D3 gold-bearing shears involved two episodes of deformation (D3a 

and D3t,)? the alteration chemistry of the shears probably reflects the net alteration 

effects associated with the D3. and DJb deformations. This may also hold true for the 

MLTZ, where the alteration associated with the Dib defonnation may overprint the 

earlier alteration associated with the development of the S-L fabnc. 

McLennan Lake Tectonic Zone 

The host granodionte to the MLTZ in the southem edge of the Island Lake 

pluton has consistent major and trace element chernistry (see samples 93-4 and 93- 1 18 

in Table B- 1), suggesting that the calculated elemental flux represents alteration effects 

and is not a result of variations in the prllnary geochemistry of the host rock The mass 
flux is characterized by a gain of Ca and a loss of K (Figure 4-20). Si, Fe and Na 

display minor fluctuations. Mg and P are added to or stripped from the deformed 

rocks. Ba and Rb are lost fkom the deformed rocks dong with K, whereas Sr shows no 

correlation with Ca. Au is either enriched or depleted, and is positively correlated with 

Cu. The WRb and K/Ba ratios fiom the defonned granodiorite are 160 to 244 and 13 

to 25, respectively (Table 4-4). 



Figure 4-20. Percent mass flux of selected major and trace elements in the deformed granodionte of the 
McLennan Lake Tectonic Zone. 



Table 4-4. K/Rb and WBa ratios from the MLTZ, Di shears and Dj gold-bearing shears and fiom 
the host Star Lake pIuton (SLP) and Island Lake pluton (ILP). Ratios from potassic alteration zones 
of Archean Iode gold deposits and average crust are given for cornparison 

Ratio SLP and ILP MLTZ Archean Iode Average Dz shears D3 shears Au dmsits' cm?  

1.  Kerrich and Fryer ( 1988) and Kerrich ( 1989). 
2. See Kemch ( 1989). 

& Mallard Lake Shear 

The mass flux in the Dz Mallard Lake Shear in the porphyritic diode-hosted 

portion involves the addition of K by 147% to 156% and loss of Na by up to 86%, 

with the former being accompanied by strong gains in Ba and Rb (Figure 4-2 1). Al, 

Fe, Mn, Ca and P display overall gains, Mg is either added or removed, and Si is 

relatively unchanged. Sr behaves antipathetically to Ca, being stripped by hydrotherrnal 

solutions. AU, Cu and Zn are introduced into the shear during alteration. The 

defonned rocks of the Mallard Lake Shear and other D2 shears have KRb ratios of 

247 to 41 0 and K/Ba ratios of 19 to 45 (Table 4-4). 

D3 GoM-Bearing Shears 

The aIteration associated with the D3 shears is characterized by a strong 

introduction of Au, coupled with a moderate gain of K and a loss of Na (Figure 4-22). 

An exception is observed in the dioritic segment of the Rod shear, where the 
introduction of Au is coincident with a minor loss of K and a minor gain of Na. 

Si shows a systematic gain throughout most of the shears with the exception 

that slight depletions occur in the mylonites of the Roxy shear and the Rod shear 

hosted in the porphyritic diorite. 



Figure 4-2 1. Percent mass flux of selected major and trace elements in the defonned porphyritic diorite 
of the D2 Mallard Lake shear. 



Distance (metres) 
-A- Roxy shcar * Rod shear in gramdionte 
+ James shcar -b Rod shear in porphyritic dioritc 
* MacLeod Main shcar + Rod shcar in dioritc 

Figure 4-22. Geochemical variation diagrams for selected elements h m  the D3 gold-bearing shears. 



Distance (metres) 

Figure 4-22. (continued) Composition scales are linear for major elements and logarithmic for trace 
elements. Distance scales are fixed with point zero at the central mylonite zone of the shears; minus 
values extending towards the northwestern wall and plus values towards the southeastern wall. 



Fe, Mn, Mg, and Ca are either added to or removed fkom the shear systems, 

showing no consistent variations. P is largely enriched, except for minor downtums in 

the mylonites of the James and Roxy shears and in the dioritic segment of the Rod 

shear. 

Arnong the trace elements, the moderate to strong, s y s t e d c  introduction of 
Cu is notable throughout the sequences. Rb and Ba exhibit strong CO-variations with 

K, with WRb = 132 - 366 and WBa = 14 - 38 (Table 4-4), whereas Sr behaves 

sympathetically with Ca. Although Zn and Pb are either introduced or lost, the sum of 

the base metals (Cu + Pb + Zn) is systematically increased towards the central 

mylonites of the shears, showing consistent CO-variations with the introduction of Au. 

Discussion 

As pointed out by Appleyard (1992), a study of alteration does not specifically 

describe the nature of the hydrothermal fluids. However, through the nature of the 

eiemental fluxes that occurred during alteration, it is possible to determine the relative 

abundances of elements between the fluid and the rock it infiltrated. 

The effects of hydrothemial alteration are controlled by temperature, pressure, 

the availability of elements in the host rock, permeability, fluid composition, and 

duration of fluid activity (Appleyard, 1990). Of these, temperature, pressure and fluid 

composition are the most important factors in controlling elemental fluxes occurred 

during alteration (Appleyard, 1990). 

The porphyritic dionte-hosted D2 Mallard Lake Shear and D1 Rod shear 

exhibit remarkable similarity in gain-Ioss profiles (Figure 4-23). Because the D2 and D3 
structures developed under similar P-T conditions (Table 4-3), the similarity would be 

critically controlled by the composition of the infiltrathg fluids. In this regard, 

elemental fluxes in these structures would have resulted fiom interaction with fluids of 

similar composition. The fluids were enriched in Au, Al, Fe, Mn, Ca, K, P, Ba and Rb, 

and depleted in Na, Sr and possibly Mg with reference to the porphyritic diorite. An 

implication of this is that gold-bearing h y d r o t h e d  fluids may already have b e e ~  





generated prior to the development of the D3 structures. In the course of D3. 
defomtion, the noaheast-saiking Dz structures were developed into Da shears with 

dip-slip shearing (see Chapter 3), likely along with increased pemeability. The 

enhanced penneability would allow a larger volume of fluid to pass through the D3 
shears than the D2 structures, as indicated by the fluid/rock oxygen ratios (see Figure 

5-8, Chapter 5),  and consequendy, it may play an important role in controlling gold 

minerdization in the D3 shears. 

The alteration geochernistry of the D3 gold-bearing structures is similar to thar 

of typical Archean lode gold deposits, which are characterized b y major introduction 

of SiOt and COz, along with additions of K, Rb, Li and Cs and depletion of Na 

(Kemch, 1983; McCuaig and Kemich, 1994). The structures also show CO-enrichment 

in K., Rb and Ba, with WRb and &'Ba ratios comparable to the ratios of the potassic 

alteration zones of the Archean lode gold deposits and the average cmst (Kemch and 

Fryer, 1988; Kerrich, 1989) (Table 4-4). 

Kemch and Fryer (1988) and Kemch (1989) suggested that the CO-enrichment 

of K, Rb and Ba in the gold deposits, in conjunction with the cornpliance of WRb and 

WBa with the ratios of average crut, would not be expected from late-stage 

magmatic processes involving crystal hctionation of biotite, plagioclase and K- 
feldspar. Such processes systematically reduce WRb and enhance WBa in residual 
magma and magmatic volatiles. The authors suggested that the cornpliant WRb and 

K 5 a  ratios wouid be generated by dehydration reactions in the source rocks or by 
equilibration with the source rocks under conditions of low watedrock ratio, resulting 

in partitionhg of K, Rb, and Ba into the hydrothemial fluids in approximately the same 
ratios as in the source rocks. 

The elemental Aux of the MLTZ involves addition of Ca to the deformed 

gnuiodiorite and release of K, Rb, and Ba from the deformed rocks (Figure 4-20). The 
irreguiar gain and loss of Au suggest a local migration of Au within the MLTZ. This 

elemental flux may result fkom fluid infiltration during peak metamorphism. As 

previously descnbed, the ductile defomtion in the MLTZ was coeval with MI 
amphibolite facies metamorphism. The development of S-L fabnc in deformed rocks 

increased the pemeability with respect to the relatively undeformed rocks, allowing 



infiltration of hydrothermal fluid. When the fluid was transported through the 

defomed rocks dong the closely spaced S-L fabric, it interacted with, and leached K, 
Rb and Ba fkom, the deformed rocks of the MLTZ. 

Conclusions 

The Star Lake-McLennan Lake area was subjected to three metamorphic 

events (MI to M3). The peak rnetamorphism of amphibolite facies, MI,  was attained 

during the Dl deformation. Temperature and pressure of Mi metamorphism were 

approximately 545" to 575OC and 4.5 to 5.0 kbars, respectively. The MLTZ was 

probably deformed and metarnorphosed under the same conditions as the DI regional 

fabric. 

The subsequent metamorphic events, Mz and M3, were coincident with the Dz 
and D3 deformations, respectively, following the attainment of the peak 

metamorphism. Mz metamorphism involved temperatures of approximately 500' to 

550°C and pressures of 3.0 to 4.0 kbars. The M3 metamorphism, including MjD and 

&, took place under conditions of 480" to 50O0C and 3.0 to 4.0 kbars. 

Amphibole and plagioclase associated with Mz and M1 metamorphism show 

systematic variations in chernistry relative to their Mi equivalents. The changes in 

minera1 chemisîry were likely caused by changing P-T conditions. 

The deformed rocks of the MLTZ, D2 and D3 structures underwent 

compositional changes through interaction with hydrotheml fluids. The fluids that 

infiltrated the Dz and D3 structures were possibly of similar composition, and were 

possibly generated by dehydration reactions in the source rocks or by equilibration 

with the source rocks under conditions of low water-rock ratio. 

Mineralkation is strongly associated with the introduction of K, Rb, Ba, and 

Cu (+ Pb + Zn), and depletion of Na. The variations in concentration of these elements 

in the rocks could be used as criteria to identiQ potential gold-bearing structures. 



CHAPTER 5 

OXYGEN AM) HYDROGEN ISOTOPIC SYSTEMATICS 

Introduction 

The purpose of this study is to use oxygen and hydrogen isotopic analyses of 

weli defined structures to address aspects of the nature of hydrothermal fluids and 

thermal conditions associated with structural development and gold mineralkation. 

Previous studies of isotopic systernatics were carried out on the Star Lake deposit and 

the Jasper deposit by Ibrahim and Kyser (199 1) and Hrdy and Kyser (1995), 

respectively. These snidies mainly focused on quartz veins on deposit scale, with little 

effort to relate hydrothemal auriferous activities to regional defornational events. 

Since defomiation was typicaliy accompanied by the emplacement of quartz 

veins, many structures are composed of two or three stnicturaily and compositionally 

distinct lithologies: veins of quartz plus other minor phases, mylonitic or phyllonitic 

rocks Unmediately adjacent to the veins, a d o r  protomylonitic rocks bordering the 

mylonîte or phyllonite. Stable isotopic data in this study were collected from these 

individual lithologies in order to relate isotopic data to the processes of fluid-rock 

interaction in the structural-controlled systems and to present reliable evidence to 

elucidate their formation and tectonic significance. 

Sampling and Analytical Techniques 

Samples for isotopic analyses were chosen after petrographic examinations 

Mineral concentrates from granodiorite and granite and their defomed rocks were 

prepared from the crushed and sieved samples ushg conventional magnetic and heavy- 

liquids techniques, and quartz was separated nom alkali felcispar by bnef washing in 

dilute hydrofluoric acid. Mineral separates were finally hand-picked from the 



concentrates to remove altered, ragged, and composite grains. Mineral separates fiom 

quartz veins were obtained by hand-picking from the crushed and sieved samples. 

Stable isotopic anaiyses were performed in the Department of Geological 

Sciences, the University of Saskatchewan. Oxygen was extracted fkom silicates using 
the BrFs technique developed by Clayton and Mayeda (1963). Hydrogen and the water 

content of hydrous minerals were obtained using the uranium technique of Bigeleisen 

et al. (1952) as modified by Kyser and O'Neil(1984). An intemal laboratory standard 

was included in each run of the analyses. Isotopic data are reported as &values in units 
of per mil relative to Vienna Standard Mean Ocean Water (VSMOW). Isotopic ratio 

meanirements were made with conventional isotopic ratio mass spectrometers. 

Replicate analyses show that reproducibility at the 2a confidence level is S . 2  per mil 

for oxygen and k3 per mil for hydrogen. 

Oxygen and Hydrogen Isotopic Data 

Over 1 10 oxygen and hydrogen isotopic analyses of mineral separates from 

quartz veins and the bordering defomed rocks were perfomed in this study. Minerals 

selected from veins include quartz, feldspars, tourmaline, biotite, muscovite and 

calcite. Minerals obtained from the host rocks include quartz, homblende, biotite, and 

muscovite. The analytical results are given in Tables 5-1 and 5-2 and are summarized 

in Figures 5- 1 to 5-3. The isotopic data from previous studies of the Star Lake deposit 

(Ibrahim and Kyser, 199 1) and the Jasper deposit (Hrdy and Kyser, 1995) are also 

compiled in these tables and figures. 

Oxygen and Hydrogen Isotopic Compositions of Quariz Veins 

Oxygen Isotopes 

Quartz veins associated with the MLTZ, the Dl regional peneaative fabric and 

the Dz structures are barren. Quartz 6'*0 values fa11 to the narrow ranges of 10.6 - 
11.0 per mil, 10.2 - 11.9 per mil, and 9.9 - 10.8 per mit, respectively (Figure MA). 



Table 5- 1. Oxygen and hydrogen isotopic compositions of vein minerais; calculated temperatures; 
and oxygen and hydrogen isotopic compositions of hydrothermal fluids. 

Sample ~ ine ra l '  Minera1 Equilibration ~ a t e 2  
event 61S0 6D ~ e r n ~ e r a t u r e ( ~ ~ ) '  6"0 6D 

The MLTZ 

93-5 Qe 10.6 
93-1 1 Qm 10.8 
93-12 QQ 11.0 

k ~ a r  9.6 
Tour 8.6 

DI Regional Penetrative Fabnc 
163 Qe 10.2 
377 Q= 1 0.5 
378 Qe 11.9 

a Shears and Cataclastic Zones 
165 QE 10.2 
449 QQ 9.9 

k ~ a r  10.8 
Tour 7.2 

453-2 QQ f 0.5 
Ab 8.9 
Biot 5.2 

453-5 QQ 10.6 
454 Qa 10.7 

Ab 9.0 

D3 Rod Shear 
(Jolu Deposit) 

93-8 QQ 
Biot 
Calc 

185 QQ 
230 Qe 
419 Qe 
93-53 Q= 

Tour 
455-4 QQ 

Kspar 
Biot 

93-59 QG 
Tour 

IO. 1 
5.0 
7.9 

11.2 
12.3 
11.2 
11.1 

5 1 O (Qtz-Ab) 
-86 (3.4) 520 (Qtz-Biot) 

-85 (3.3) 530 (Qtz-Biot) 
450 (Qtz-Calc) 
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Table 5- 1. (continued) 

Sample Mineral Mineral Equilibration Water 
event ~ ' ~ 0  6D Temperature ( O C )  6' '0 6D 

(Parn South) 
188 Qa 11.4 

Tour -47 (3.1) 

(Pam North - NE Portion) 

Rush Lake shearJ 
Rush-Au Qtz 

Tour 
Rush-con. Qtz 

Tour 
0066 QQ 
0068 Qe 
007 1 Qtz 
HT- 1 QQ 

Biot 
HT-2 QQ 

Tour 
Biot 

Star Lake Shear 

(Star Lake ~ e ~ o s i t ) ~  

60 A-2 Qtz 
Biot 

60-4b QE 
60-5 QE 
60-6 Qm 
21009A Qtz 

Calc 
Hbl 

260 A-1 Qtz 
Biot 

260 A-6 Qtz 
Biot 

360- 1 Qa 
360-3 QQ 
HG-14 Qtz 

Mt 

7.4 
7.7 
7.5 
7.3 
7.2 
7.5 
7.8 
8.0 

5 10 (Qtz-Biot) 8 -3 
8.0 
7.2 

500 (Qtz-Biot) 8.1 

6.9 
460 (Qtz-Biot) 6.4 

7.0 
7.8 
7 -3 
8 -2 

480 (Qtz-Calc) 8 .O 
520 (Qtz-Hbt) 8.6 

7.1 
490 (Qtz-Biot) 7.1 

7.2 
470 (Qtz-Biot) 6.8 

7.9 
6.8 
6.8 

500 (Qtz-Mt) 6.9 



Table 5- 1. (continued) 

Smcîurai Sample Mineral Mineral Equilibration Water 
event 6180 6D Temperature (OC) 6D 

KI8-1 Qtz 
h p a r  

K18-2 Qtz 
Ksp= 

16-912 Qtz 
Epid 

DN-2 Qtz 
Biot 

DN-3 QQ 11.2 
Biot 5.3 

7.5 
560 (Qtz-Kspar) 

7-4 
4 10 (Qtz-Kspar) 

7.6 
-78 (2.0) 490 (Qtz-Epid) 8.0 -43 

7.9 
-88 420 (Qtz-Biot) 6.5 -49 

7.9 
-99 (4.3) 480 (Qtz-Biot) 7.7 -60 

(Central and NE portions) 

Broeder Lake Shear 

Qtz 

Qtz 
Qa 
QQ 
QQ 
Qtz 
Biot 
Biot 
Tour 
Qa 
Musc 
QQ 
Biot 
Qtz 
Qtz 
Musc 

8.9 
9.4 
9.6 
8.6 
9.7 

-67 500 (Qtz-Biot) 9.9 -28 
460 (Qtz-Biot) 9.1 

-67 9.4 -48 
10.5 

460 (Qtz-Musc) 10.0 
IO. 1 

390 (Qtz-Biot) 7.9 
10.0 
10.4 

-63 480 (--MUSC) 10.1 -44 



Table 5- 1. (continued) 

Smcniral Samplc Mineral Mineral Equilibration Water 
event 6"0 6D Temperature('C) 6180 SD 

(Roxy) 
182 QQ 12.3 

mar 9.9 360 (Qtz-Kspar) 
Musc 8.2 -5 1 (4.5) 420 (Qtz-Musc) 

(NE portion) 
205 QQ 10.6 
208 QQ 10.4 
2 12 QQ 10.1 
213 QtZ 9.8 

D3b North-South Veins and Flat Veins in James-Jasper-Roxv 

468 QQ 11.1 
472 Qtz 12.6 
473 QQ 12.5 
474A QQ 10.0 
474B QQ 9.7 
93-72 QQ 9.8 

Notes: 

1. Mineral abbreviation: Ab, albite: Biot, bioute; Calc, calcite; Epid, epidote; Hbl, hornblende: 
Kspar, potassium feldspar; Mt, magnetite; Musc, muscovite; Qtz, quartz; Tour, t o m a l  ine. 

2, Calculation of equilibration temperatures was based on the fractionation factors of Bomnga and 
Javoy ( 1973. 1975). and O'NeiI et al. (1969). 

3. Calculation of fluid isotopic composition was based on the fiactionation factors of Bottinga and 
Javoy (1973, 1975)' and Suzuoki and Epstein (1976). and the average temperatures as estimated 
fiom quartz-hornblende hctionations. 

4. Compiled and caiculated fiom ibrahim and Kyser (199 1). 
5.  Compiled and calculated fiom Hrdy and Kyser (1995). 



Table 5-2. Oxygen isotopic composition of rninerals and calculated equilibration temperatures fiom 
deformed rocks of the MLTZ and DI to D3 structures; and oxygen isotopic composition of 
hydrothennal fluids in equilibrium with the quartz 

Sample Rock Type & Fabric ~ i n e r a l l  6180 Equilibration 6180 
Event (Mineral) Temperame (OC)' (~20)' 

The MLTZ 
93-4 Granodiorite Qtz 

Hbl 
Biot 

93-3 Protomylonite Qtz 
Hbl 
Biot 

93-2 Mylonite Q@ 
Hbl 
Biot 

Regional Penetrative ~abric" 
707 1 Mafic volcanic rock Hbl 

Structures 
93- 102 Dioritic cataclasite Qtz 

Hbl 
NS-2 Granodiorite mylonite Qtz 

Rod Shear 
(Jolu Deposit) 
93-42 Granodiorite Qn 

Hbl 
Biot 

93-44 Protomylonite QQ 
Biot 

93-46 Mylonite Qa 
Hbl 
Biot 

228 Mylonite Hbl 
Biot 

(Pam South) 
93-62 Granodiorite QQ 

Hbl 
Biot 

93-63 Protomylonite @ 
Biot 

520 (QG-HbI) 
480 (Qtz-Biot) 
330 (Hbl-Biot) 

500 (Qtz-Kbl) 
450 (Qtz-Biot) 
280 (Hbl-Biot) 

520 (Qd-ml)  
440 (Qtz-Biot) 
220 (Hbl-Biot) 

500 (Q~z-Hbl) 
440 (Qtz-Biot) 
260 (Hbl-Biot) 
450 (QQ-Biot) 

490 (Qtz-Hbl) 
440 (Qe-Biot) 
260 (HM-Biot) 
200 ml-Biot )  

570 (Qtz-Hbl) 
500 (Qtz-Biot) 
280 (Hbl-Biot) 

470 (Qtz-Biot) 
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Table 5-2. (continued) 

Smcniral Sample Rock Type & Fabric Minera1 8"0 Equilibration #'O 
Event (Mineral) Temperature (OC) (H20) 

93-64 Mylonite 

Star Lake Shear 

93- 18 Protomy lonite 

93- 17 Mylonite 

Broeder Lake Shear 

(James) 
93-29 

93-28 

93-26 

(~as~er) '  
62-50 

62-70 

62-90.3 

62-95.1 

62- 102.3 

62- 1 O7 

62-1 13.1 

62- 1 17.3 

Granite 

Protomylonite 

My lonite 

Granite 

Mylonite 
(Centre of the shear) 

QQ 

Hbl 
Biot 

Qtz 
Hbl 
Biot 

Q= 
Hbl 
Biot 

QQ 
Hbl 
Biot 

Q= 
Biot 

QQ 
Biot 

QQ 
Biot 

QQ 
Biot 

Q= 
Biot 

QQ 
Biot 

Q= 
Biot 

Qtz 
Biot 

QQ 
Biot 

Qtz 
Biot 

480 (QU-Hbl) 
450 (QU-Biot) 
3 10 (Hbl-Biot) 

510 (Qtz-ml) 
460 (Qtz-Biot) 
290 (Hbl-Biot) 

480 (Qtz-Hbl) 
440 (Qtz-Biot) 
280 (Hbl-Biot) 

590 (Q~z-Hbl) 
480 (Qtz-Biot) 
200 (Hbl-Biot) 

430 (Qtz-Biot) 

490 (Qtz-Biot) 

500 (Qtz-Biot) 

540 (Qtz-Biot) 

430 (Qtz-Biot) 

490 (Qtz-Biot) 

450 (Qtz-Biot) 

570 (Qtz-Biot) 

430 (Qtz-Biot) 

4 10 (Qtz-Biot) 



Table 5-2. (continued) 

Smcniral Sampk Rock Type & Fabric Mineral 6"0 Equilibration ~ " 0  
Event (Mineral) Temperature (OC) (&O) 

62- 140 Granite Qa 9.4 7.0 
Biot 2.9 450 (Qtz-Biot) 

(Roy) 
904-1 Myloaite Qa 11.5 8.2 

MUSC 8.1 480 (QQ-Musc 
Biot 5.0 450 (Qtz-Biot) 

Minera1 abbreviation: see Table 5- 1. 
Calculation of equilibration temperatures was based on the hctionation factors of Bomnga and 
Javoy ( 1973, 1975). 
Calculation of fluid oxygen isotopic composition was based on the hctionation factors of 
Bottinga and Javoy (1973, 1975), and the average temperatures as estimated fiom quartz- 
hornblende fractionation. 
Samples of granodiorite and granite are presented with their defomed rocks associated with the 
MLTZ and D3 shears. 
Temperatures calculated fiom Hrdy and Kyser (1995). Rock fabric is not described in the 
litennue. 



Rod Rush Star Broeder 
Lake Lake Lake 

MLTZ 

A 

Rod Rush Star Broder 
Lake Lake Lake 

O 

Figure 5- 1 .  Plots of oxygen isotopic compositions of miner& h m  veins with respect to host structures. 
(A) Quartz; crosses represent quartz sampIes h m  ore bodies. (B) Tourmaline (filled squares); K-feldspar 
(triangles); biotite (open squares); muscovite (pluses); calcite (stars); epido te (filled circles); honiblende 
(open circles); magnetite (diamonds). 



Quartz fi0111 veins in the D3 shears displays wider variations of oxygen isotopic 

composition, fiom 10.0 to 13.8 per mil. The range of values, however, is more 
restricted in individual D3 shears (e-g. the Rod shear, 10.1 - 12.3 per mil; the Rush 

Lake shear, 10.5 - 11.3 per mil; the Star Lake shear, 10.1 - 11.5 per mil). Quartz 

fiom the orebodies generally shows minor "0 enrichment relative to quartz fiom the 

other parts of the shears (Figure 5- 1 A). Barren quartz veins e ~ c h e d  in ''0 were also 

found sporadically in the shears, such as sample 227 fiom the northeast of the Pam 

North of the Rod shear (14.1 per mil) (Table 5- 1). They are massive, lenticular quartz 

veins, undeformed or weakly deformed, and were considered to have been emplaced 

into the D3 shears after major periods of shear development This type of veins is 

excluded fkom further discussion in this study. 

The auriferous veins in the D3 James-Jasper-Roxy system are characterïzed by 

the emiched 6180 values of 12.0 - 13.8 per mil (Figure 5- LA). The 6180 values differ 

substantially from the other deposits in the study area by approximately 2 to 3 per mil. 

The variation in the oxygen isotopic composition of quartz also occurs along the trend 

of the Broeder Lake shear zone. The 6180 values decrease From 12.0 - 13.8 per mil in 

the James-Jasper-Roxy system to 9.8 - 10.6 per mil in the northeastern segment of the 

Broeder Lake shear zone (Table 5-1). 

Quartz veins associated with the D3b north-striking shears in the James-Jasper- 

Roxy system are unmuleralized (David Billard, personal communication 199 1 ; Hrdy 

and Kyser, 1995). The 6180 values of quartz range fiom 9.7 to 12.6 per mil, with the 

major@ falling between 9.7 and 1 1.1 per mil (Figure 5- 1 A). 

Minerals associated with the quartz veins have similar patterns of oxygen 

isotopic compositions to the quartz (Figure 5- 1 B). Biotite, tourmaline and potassium 

feldspar are isotopically unifom in structures other than the James- Jasper-Roxy 

shean, with the 6180 values of 4.0 - 5.9 per mil, 7.2 - 8.9 per mil, 8.6 - 10.8 per mil, 

respectively. in the James-Jasper-Roxy shears, enrichment in ''0 was observed in 

biotite (5.5 - 7.5 per mil) and tourmaline (10.6 per mil). 



Hydrogen Isotopes 

Al1 hydrous silicates anaiyzed for hydrogen isotopic composition were from 

vein materials. Hydrous silicates in suscient abundance to allow analysis could not be 

found in veins associated with the Dl fabnc and the D3b north-south veins. The 

hydrous vein rninerals, mainly biotite and tourmaline, have a wide range of GD values 

From 4 5  to - 1 13 per mil (Table 5- 1 ; Figure 5-2). The variation in 6D values is more 

resaicted for individual minerals. Biotite has 6D values of -67 to - 1 1 1 per rnil, with 

biotite from the Jasper deposit lying at the deuterium rich end of the range (Hrdy and 

Kyser, 1995) (Figure 5-2). The 6D values of vein biotite are either identicai to or 

lower than the values of biotite from plutonic rocks, which range from -70 to -80 per 

mil (Kyser et al., 1986). Tourmaline from the D2 shears and the D3 gold-bearing shears 

is substantially more deutenum enriched (-45 to -67 per mil), with the exception of 

sample HT-2 from the D3 Rush Lake shear, which has a 6D value of - 108 per mil 

(Ibrahim and Kyser, 199 1). Tourmaline from the MLTZ is low in 6D value (- 104 per 

mil). 

Oxygen Isotopic Composition of Deformed Rocks 

To permit rneaningfid cornparison and interpretation of oxygen isotopic 

composition of the deformed rocks, minerals nom the least deformed granodiorite and 

granite of the Star Lake and Island Lake plutons close to the MLTZ, the D2 shears and 

the D3 gold-bearing shears were chosen to constrain the initial oxygen isotopic 

composition of the deformed materials (Table 5-2). The ~ ' ~ 0  values of minerals from 

granodiorite of the Star Lake and Island Lake plutons indicate uniform oxygen 

isotopic compositions of quartz (10.0 - 10.3 per mil), homblende (5.2 - 6.0 per rnil) 

and biotite (3.6 - 4.1 per mil). The granite of the Island Lake pluton also has uniform 

61B0 values of 9.4 - 9.5 per mil and 2.9 - 4.0 per mil for quartz and biotite, 

respectively. The 6180 value of homblende from the granite is 5.5 per mil. The isotopic 

data fiom the plutonic rocks presumably reflect the themial conditions of the MI 
metamorphism. 

Minerais, including quartz, hornblende and biotite, in defomed rocks 
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Figure 5-2. Plot of hydrogen isotopic composition of hydrous vein minerals with respect to host structures. 



associated with the MLTZ, the Dz shears and the D) gold-bearing shears show positive 

shifts in oxygen isotopic composition from the least deformed precursors to the 

mylonite of the structures (Figure 5-3). A similar trend of 6'*0 variation was reported 

in quartz and biotite from the host rock of the Jasper deposit (Hrdy and Kyser, 1995). 

The 6180 values of the minerals in the mylonite of the bounding wall rocks are 

comparable to the values of their vein cornterparts (Tables 5-1 and 5-2), indicating 

that the fluids infiltrathg the structures acquired isotopic equilibrium with the 

imrnediate mylonitic wall rocks. 

Isotopic Geothermometry 

Oxygen isotopes provide a useful pressure-independent equilibrium 

temperature by virîue of the fractionation of 180 and 160 with temperature between 

different phases (Clayton and Epstein, 196 1; O'Neil, 1986). The variation in the 

differences between the &'*O values of quartz and any other phase with temperature is 

described by an equation of the fom: 

where a is the fractionation factor for quartz and a c o e x i s ~ g  mineral, A and B are 

experimentally or empirically derived constants, and T is temperature. For relatively 

small fractionation, &uam-Mned can be approximated by 6,- - 6,i"d (Kyser, 1987). 

Equilibrium temperatures for quartz veins and bounding deformed rocks 
associated with various structures were calculated fiom oxygen-isotopic fractionation 

between quartz and coexisting minerals, employing appropriate fractionation 
equations. The use of three phases permits an evaluation of the extent of isotopic 

equilibrium preserved in a sample. The empirical isotope geothermometers of Bottinga 

and Javoy (1973, 1975) were chosen for this study because they include an intemally 

consistent set of hctionation factors for most of the concemed minerals. This avoids 

the problems inherited from experimentally determined calibrations such as 

inaccuracies in their determination, uncertainty in the CO2-HzO isotopic fractionation 

factor, differences in the composition of solutions used in the laboratory for synthesis 
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Figure 5-3. Positive shifts in oxygen isotopic composition of minerals in deformed rocks associated with 
the MLIZ, D shear and D gold-bearing shean. (A) Quartz. (B) Hornblende. (C) Biotite. Average 6'80 
mineral values of the granodiorite of the Star Lake pluton are used as the precursors for D 2 shear and D3 
Star Lake shear. Filled squares = Precursors; triangles = protomylonites; open squares = rnylonites. 



of different minerals, as well as differences in chemistry between the solutions used in 

laboratory experiments and the naturd fluids nom which the minerals grew (Deines, 

1977). Although internally consistent, experimentally based, hctionation factors for 

many of the common silicate minerals are available (Chiba et al., 1989)' homblende 

and biotite, which are the major conceni in this study, are not as yet included. Isotopic 

temperatures fiom quartz-calcite pairs were obtained using the ernpirical isotope 

geothennometes of O'Neil et al. (1969) and Botthga and Javoy (1973). 

The calculated temperatures are rounded to the nearest 10°C. The results are 

presented in Tables 5- 1 and 5-2. For respective hctionation factors, the analytical 

reproducibility of f0.2 per mil for oxygen isotopic composition translates into errors 
of calculated temperatures of up to SO°C (Table 5-3). The isotopic data are also 

plotted on isotherm plots (Javoy et al., 1970) in Figure 5-4 to assess the degree of 

relative isotopic equilibrium among the minerals. The solid iines in Figure 5-4 

represent the theoretical equilibrium hctionation between quartz and other minerals 

at the temperatures of 300°, 400°, 500°, and 600°C using the empincal thennometers 

of Bottinga and Javoy (1 973, 1975). 

Table 5-3. Temperature uncertainties resulting fkom a M.2%0 precision of the 
18 18 A O q m - m i n a 1  and A Ohombleride-bioriic measurements- 

Temperature OC 350" 400" 450" 500" 550' 600° 

Quartz-Homblende 

Quartz-Biotite 

Quartz-Muscovite 

Quartz-Magneti te 

Quartz-Epidote 

Quartz-Calcite 

Quartz-K-feldspar k24 

Homblende-Biotite 



Temperatures Calculated from Quartz Veuis 

Veins associated with the MLTZ, the Dz structures, and the D3 gold-bearing 

shears typically have one or more phases of silicates that are in textural equilibrium 

with quartz. This provides an opportunity to assess the temperatures at which minerals 

acquired their isotopic equilibrium. The lack of sufficient quantity of silicates other 

than quartz in veins related to the Di penetrative fabric and the Djb north-south veins 

prevents the calculation of isotopic equilibrium temperatures for îhese structures. 

The isotopic hctionation between quartz and potassium feldspar yields a 

temperature of 560°C for the MLTZ (Table 5-1). In the Dz structures, the quartz- 

biotite and quartz-albite pairs give concordant temperatures of 480" to 520°C (Table 

5-1). 

Isotopic equilibrium temperatures derived from quartz-potassium feldspar pairs 

from the D3 gold-bearing shears scatter berneen 360" and 560°, whereas the other 

quartz-mineral pairs exhibit closely concordant temperatures (Table 5- 1 ; Figure MA) .  

Quartz-biotite pairs constrain a range of temperatures from 420° to 530°, with only 

one falling out of this range. Quartz-muscovite and quartzcalcite hctionations 

correspond to the temperatures of 420" to 480' and 450° to 480°, respectively. The 

pairs, quartz-magnetite, quartz-homblende and quartz-epidote, from the Star Lake 

deposit give concordant temperatures between 490" and 520'. Using the calibration of 

Eslinger et al. (1979), Hrdy and Kyser (1995) gave considerably lower temperatures 

of 300" to 3 10° from the quartz-muscovite hctionation for the Jasper deposit. 

Temperatures Calculated from Deformed Rocks 

Temperatures for the MLTZ, the D2 shears, and the D3 gold-bearing shears 

were obtained from deformed rocks associated with these structures. For the Dl 

regional penetrative fabric, temperatures were calculated nom the Ieast deformed 

plutonic rocks close to the MLTZ and the shears. The results are presented in Table 5- 

2 and Figure W B .  
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Figure 5 4 .  lsotherm plots of oxygen isotopic equilibration temperatures for quartz and coexisting 
minerais. (A) Quartz veins. (B) Host rocks. Filled triangles, the MLTZ; filled circles, D 1 fabric; open 
circles, D2 structures; open squares, Dj gold-bearing shears. A and B are constants for each quartz- 
mineral pair in the equation 1000 Ina (quartz-mineral) = A + B K  2 (Bottinga and Javoy, 1975). 



The deformed granodiorite of the MLTZ yields quartz-homblende 

temperatures of 500° to 520°C. Quartz-homblende hctionations associated with the 

Dl regional deformation correspond to equilibration temperatures of 500" to 590°C, 

with an average of 550°C. A single temperature of 550°C was obtained for the Dz 
shears. Quartz and homblende in the deformed rocks of the Dj gold-bearing shears, 

including protomylonite and mylonite, define a narrow range of temperanies fiom 

480° to 5 1 O°C. The temperatures calculated fiom the quartz-homblende pairs are in 

good agreement with temperatures derived fiom the cation exchange geothermometers 

as presented in Chapter 4. 

Quartz-biotite equilibration temperatures range fiom 410" to 570°C for al1 the 

structures (Figure 5-4B). The majority of the temperatures cluster at 430' to 500°C. 

Sample 904- 1 yields quartz-muscovite equilibration temperature of 480°C, very close 

to the quartz-biotite temperature of 450°C. The quartz-biotite pairs yield consistently 

lower temperatures than quartz-homblende pairs by 30' to 1 1 0'. The discrepancies in 

apparent temperatures calculated from different pairs of minerals are common in 

metamorphic rocks and igneous rocks (e-g. Deines, 1977; Bowman and Ghent, 1986). 

Discussion 

Difision Effect on Oxygen Isotopic Exchange 

Vein minerals contemporaneously precipitated fiom hydrothermal fluids are 

generally considered capable of recording isotopic equilibrium. For oxygen isotopes of 

deformed rocks to record fluid interactions and fluid temperature accurately, isotopic 

exchange equilibrium must occur between the rocks and infiltrating fluids. The isotopic 

data presented above indicate that the 6180 values of the minerals in the host rocks 

associated with the structures of high strain, i.e. the MLTZ, Dt structures and Di gold- 

bearing shears, were shifted positiveiy fiom the granodiorite or granite to the 

deformed rocks, and approximated the values of vein minerals, presumably as a result 

of interaction with a fluid phase (Figure 5-3). Quartz is the most notable mineral that 

records the shift. This indicates that fluids and rocks appeared to be approaching 

oxygen isotopic equilibrium with one another, and that oxygen isotopic compositions 



of the minerals in the deformed rocks adjacent to the quartz veins can be used to 

reflect fiuid-rock interaction, 

The general assumption in measuring the oxygen isotopic compositions of 

minerais, in order to derive the equilibration temperatures, is that minerals equilibrate 

at temperatures close to temperatures of formation, and then remain closed systems to 

oxygen thereafier (e.g. Bottinga and Javoy, 1973). Isotopic equilibrium rnay be 

verified if the isotopic compositions of three associated rninerals yield two temperature 

estimates that agree within experirnental error (Clayton and Epstein, 1958). The 

calculated isotopic equilibrium temperatures in this study, particularly the temperatures 

from the granodiorite and granite, and their deformed rocks, show inconsistencies 

between different quartz-mineral pairs. Such temperature discrepancies derived from 

isotopic geothermometers have been recognized in previous snidies (e.g. Huebner et 

al., 1986). They rnay be ascribed to low temperature fluid exchange a d o r  continued 

diffusion of oxygen between mineral phases afier crystallization at peak conditions. 

The low temperature fluid exchange and continued diffusion of oxygen during 

cooling may be responsible for the temperature discrepancies if the rates of oxygen 

diffusion in the minerals are substantially difEerent (Huebner et al., 1986). To evaluate 

oxygen difision in minerals, it is usehl to consider the concept of closure 

temperature. The closure temperature is defined as the temperature at which 

measurable isotopic exchange of oxygen by diffusion would cease in a given phase 

during cooling. The closure ternperature depends on the shape and size of the mineral, 

the difision rate, and the rate of cooling (Giletti, 1986). Parameters related to 

oxygen-isotopic exchange for various minerals are summarized in Table 5-4 and 

Figure 5-5 dong with computed closure temperatures and difision rates at 550°C and 

600°C. There are no published data for oxygen d i f i i on  in epidote and calcite. The 

closure temperatures for the phases in question were calculated using an equation of 

Dodson (1973), assuming a crystal0.05 cm in diameter and using cooling rate of 

10°Clm.y. This cooling rate approximates the esbmated cooling rate fiom the 
40 ~ r l ~ ~ ~ r  systematics of hornblende and biotite (see Chapter 6). 

The diffusion data and calculated closure temperatures indicate that the order 

of oxygen-isotope closures among minerals from the earliest to the latest is 
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Figure 5-5. Diffusion rate of "O in minerals plotted as  a fuoction of temperature. Also included on this 
diagram are closure temperatures (open squares) calculated for oxygen exchange in 0.05 cm diameter 
crystals of the minerais except feldspars using coolhg rate of I O  "C/m.y. See Table 5-3 for the ongins of 
the minerai diffiision data. 



Table 5-4. Clonire temperatures (Tc) and difision rates @) of 180 in various minerals 

a Quartz 

P Qu- 
Homblende 

Magnetite 

Muscovite 

Biotite 

K-feldspar 

Albite 

1 .CIosure temperatures for these miaerals were calculated using equation of Dodson (1 973), 
assuming a crystal0.05 cm in diameter or length and using the cooling rate of 10°C/m.y. 

2.References: (1) Giletti and Yund (1984), (2) Farver and Giietti (1985), (3) Gilettï and Hess 
(1 988), (4) Fonier and Giletti (1 99 l), (5) Giletti et al. ( 1978). 

hornblende, rnagnetite, quartz, muscovite, biotite and feldspars. The difisivities of 

feldspars are comparable to those of micas, but in most cases micas become closed 

systems for oxygen isotopic exchange before feldspars. The implications of the 

diffusion rates and closure temperatures for natural systems are such that hornblende is 

resistant to oxygen isotopic exchange at comparatively high temperature, followed by 

rnagnetite and quartz at temperature of approximately 480' to 490°. Muscovite and 

biotite, especially biotite, cm continue to exchange oxygen isotopes by diffusion as 

temperature drops to as Iow as 300° while feldspars readily exchange isotopes down 

to approximately 250° or less. The differences in diffusion rates and closure 

temperatures are crucial to evaluate the calculated isotopic equilibration temperatures 

since the calculated temperatures are based on the partitionhg of oxygen between two 

minerals. 

In view of these considerations, the temperature disequilibrium seen in the 

minerals may be collectively interpreted in temis of differential oxygen exchange rates 

of the rninerals with fluids during cooling. It is probable that homblende, magnetite 



and quartz became closed systems to oxygen diffusion exchange at relatively high 
temperatures, but that biotite and muscovite continued to exchange to lower 

temperatures. Consequently, quartz-homblende and quartz-magnetite pairs can 

provide the best estimates of temperatures, and the quartz-mica or homblende-mica 

pairs would not give the sarne estimates. It is concluded that the differences in oxygen 

diffision exchange resuit in the discordant equilibration temperatures observed 

between quartz-hornblende and quartz-biotite or quartz-muscovite pairs. This is only 

one possible explmation, however, since other factors such as susceptibility to mineral 

reactions andor the poorly constrained nature of the oxygen isotopic hctionation 

factor for biotite (Bottinga and Javoy, 1975) might also be responsible for the 

O bserved behaviour. 

Isotopic Equilibration Temperatures of Deformation and Alteration 

As noted above, oxygen isotopic equilibration temperatures require isotopic 

concordance among coexisting minerals. The application of this criterion m u t  take 

into consideration the isotopic difision of mineral phases. The diffusion discussed in 

the previous section suggests that even though isotopic equilibrium is found among 

minerals, the concordant temperatures do not necessarily reflect the peak thermal 

condition at which the minerals attain their first isotopic equilibrium, because the 

minerals rnay remain close to isotopic equilibrium with one another at lower 

temperatures during retrograde exchange if they have similar diffision rates (Deines, 

1977). In addition, the absolute temperature at which isotopic exchange equilibrium 

was attained cannot be estirnated fiom the isotopic data alone because calibrations of 
isotopic exchange geothermometers by different workers are not in good agreement. 
The calculated equilibration temperatures, either derived from the empirical set of 

thennometers or deduced fiom experimentally detemiined hctionation factors, may 

not represent real temperatures. But they do indicate the relative equilibration 

temperatures for various mineral pairs despite di fferences in their absolute 

temperatures. Therefore, it is critical that other independent geothermometers are 

employed to evaluate the isotopic equilibration temperatures. 

In this study, hornblende has the slowest diffusion rate and therefore, the 



highest closure temperature. Although quartz differs slightly tiom homblende in 

closure temperature, the similarity between the quartz-homblende equilibration 

temperatures and the temperatures calculated independently fiom mineral chemistry 

indicates that the isotopic composition of quartz did not change substantially as 
temperature fell below the closure temperature of homblende. It is likely that both the 

quartz and homblende have retained their isotopic compositions and the hctionation 

between these two minerals can yield good temperature estimates. This may be applied 

to the mineral pairs of quartz-magnetite as well. 

Variations in oxygen isotopic hctionations between the mineral pairs of 

quartz-homblende, quartz-biotite and homblende-biotite during the development of 

the D3 gold-bearing shears are shown in 6180-6180 plots of Figure 5 6 .  The isotopic 

data from the granodiorite and granite, and the defonned equivalents (protomylonite 

and mylonite) defme good linear relationships, which are subpardlel to theoretical 

equilibrium hctionations at specific temperatures. Whiie al1 of the minerals shifi in 

oxygen isotopic composition to progressive e ~ c h m e n t  of 6180 towarûs the central 

mylonite of the structures (Figure 5-3), the hctionations between the mineral phases 

increased slightly. Although retrograde exchange may have occurred to one or both 

phases of the mineral pairs, the linear relationships in the 6180 - 6"0 diagrams, and 

thus the relative temperatures among the least deformed plutonic rocks and their 
deformed rocks, have not been rnodified considerably. It is therefore concluded that 

the thermal conditions did not change substantially during the development of the D3 
shears. 

The isotopic equilibration temperatures for the stnicturaI development and 
alteration fiom the isotopic hctionation between quartz and homblende are 

summarized in Table 5-5. Also listed for cornparison are quartz-biotite and 

homblende-biotite temperatures. The hornblende-biotite pair yields unrealistically low 

equilibration temperatures of 200° to 330°C. This raises the question about the 

possibility that hornblende and biotite rnight never have reached isotopic equilibrium. 

However, because the oxygen isotopic hctionation between hornblende and biotite is 

snall, a +0.2%0 analytical precision would result in an uncertainty as high as 7S°C at 

500°C (Table 5-3). Furthemiore, a smaii isotopic shift by diffusion exchange in biotite 

would cause a large temperature difference since biotite has a rapid rate of exchange 
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Figure 5-6. 6180 - 6"0 plots of coexisting mineral pairs h m  grandorite and granite (filled squares), 
and the D shear-related protomylonite (open triangles) and mylonite (open squares). (A) Quartz vs. 
homblende. (E3) Quariz vs. biotite. (C) Homblende vs. biotite. The family of solid lines are temperatures 
corresponding to equilibrium fiactionation between the mineral pairs (Bottinga and Javoy, 1973; 1975). 
The dashed line is regression of the plotted isotopic data, representing the trend of oxygen isotopic 
variation. Bars represent +/- 0.2 per mil uncertahties. 



and, therefore, substantially Iower closure temperature than homblende. It is therefore 

concluded that temperatures based on Fractionation between hornblende and biotite are 

not meanin@. 

Table 5-5. Quartz-hornblende oxygen isotopic equilibration temperatures (OC).  Average 
temperatures are in parentheses 

The MLTZ 500 - 520 (5 IO) 440 - 450 (445) 280 - 220 (250) 

DI Penetrative Fabric 500 - 590 (550) 440 - 500 (475) 200 - 330 (270) 

Dz Stnictures 550 

D3 Gold-Bearing Shears 480 - 5 10 (490) 430 - 490 (450) 200 - 3 IO (265) 

The mineral pairs from quartz veins, mainly quartz-biotite, generally give 

comparable apparent temperatures to their cornterparts nom the wall rocks 

(Tables 5-1 and 5-2; Figure 54). The quartz-feldspar pairs yield a wide range of 

apparent temperatures fiom 360' to 580°C, some of which are even higher than the 

quartz-homblende temperatures. The high temperatures recorded by the quartz- 
feldspar pairs do not necessarily mean a lack of retrograde exchange. Quantitative 

modeling of oxygen exchange by d i f i i on  indicates that quartz-feldspar hctionations 

may become less than those at peak conditions, and in some cases may even be slightly 

negative (Massey et al., 1 994). 

The equilibration ternperatures of the quartz-hornblende pair fkom the 

deformed rocks of the Dj deformation are consistent with temperatures of 490° to 

520" from quartz-homblende, quartz-magnetite and quartz-epidote fractionations from 

the auriferous veins of the Star Lake deposit (Ibrahim and Kyser, 1991). The 
temperatures are substantially higher than the quartz-muscovite equilibration 

temperatures of 300" to 3 1 O0 from the Jasper deposit (Hrdy and Kyser, 1995). The 

difference in the calculated temperature is prïmarily due to the different calibrations 

used for the calculations. The calibration of Eslinger et al. (1 979) on the quartz- 

muscovite pair was used in Hrdy and Kyser's (1995) calculation, which generally gives 



lower temperatures than Bottinga and Javoy's (1973, 1975). In addition, isotopic 

diffusion of muscovite during cooling would also contribute to the big difference 

between the quartz-honiblende and quartz-muscovite pairs. 

In s u . ,  integration of isotopic and mineralogicai data indicates that 

oxygen isotopic exchange equilibrium was likely obtained at approximately 500' to 

590°C during the DI regional deformation. The temperature was 550' for the D2 
structures, and 480' to 5 LO0C for the D3 gold-bea~g shears. Isotopic exchange 

equilibrium and mineral-fluid equilibrium were likely attained in the gold-bearing 

shears under conditions close to the peak metamorphism. 

Isotopic Compositions of Hydrothermal Fluids 

The oxygen isotopic composition of the hydrothermal fluids was calculated on 

the basis of the measured quartz 6180 values and temperatures estimated above, in 

conjunction with the quartz-water hctionation equation of Bottinga and Javoy 

(1973). The hydrogen isotopic composition of the fluids were obtained by the same 

means as for 6I8oH20, employing the measured 6D values of minerais, rnainly biotite 

and tourmaline, and the estimated temperatures, coupled with the appropriate mineral- 

water hctionation equations (Sunioki and Epstein, 1976). Because the exchange of 

hydrogen between water and hydrous minerais is more rapid than the exchange of 

oxygen (O 'Neil and Kharaka, 1 W6), hydrogen may continue to exchange well below 

the closure temperature of oxygen. Thus the 6D values of the fluids, which were 

calculated to be in equilibrium with the hydrous minerais on the bais  of the apparent 

temperatures recorded by '80/160 partitionhg between quartz and hornblende, 

represent only the minimum values. 

Given the hi& estimated temperatures for the structural development and vein 

emplacement, the magnitude of corrections to the calculated isotopic composition of 

hydrothermal fluids is probably srnall. Evidence fiom the study of fluid inclusions 

indicates that most hydrothermal fluids involved were dilute solutions (Ibrahim and 

Kyser, 199 1 ; Hrdy and Kyser, 1995). Accordingly, it is assumed that any such 

corrections to take account of salinity are small. 



The calculated oxygen and hydrogen isotopic compositions of waters from 

vein minerals are given in Table 5-1 and plotted in Figure 5-7. The 6180 values of 

hydrothermal fluids in equilibrium with the deforrned wall rocks were also calculated 

and are presented in Table 5-2. The rnajority of calculated oxygen isotopic 

composition values of hydrothermal fluids, based on the isotopic composition of the 

dominant vein quartz, are in the restricted interval between 6.8 and 8.3 per mil for 

almost al1 structures with the exception of the James-Jasper-Roxy shears, where the 

fluids are enriched in oxygen isotopic composition by up to 2 per mil. The hydrogen 

isotopic composition of hydrothermal fluids varies fiom -89 to -26 per mil, in contrast 

to the unifom fluid 6180 composition. The compositional range of the hydrothemal 

fluids in equilibrium with the vein minerals overlaps the fields of fluids that have 

derived fiom or interacted with metamorphic or magrnatic rocks at high temperatures 

(Figure 5-7). The fluids are comparable to those fiom the Iode gold deposits in the Flin 

Flon domain of the Trans-Hudson orogen (e.g. Ansdell and Kyser, 1992; Fedorowich 

et al., 199 1 ) and the Archean counterparts (see Kemch, 1987). 

Estimate of Water-Rock Ratios 

The amount of hydrothermal fluids that exchanged with the defomied rocks of 

the quartz-bearing structures may be estimated by calculating ratios of water oxygen 

to rock oxygen according to the mas-balance formula for a "single pass" open system: 

18 f 18 f W/R (oxygen) = ln {(6 O ,r - 6'80i,~)l[ 8180imm - (8 O mck - A)] + 1 

18 f (Taylor, 1977). 6180imk and 6 0 ,k are the oxygen isotopic composition of the rock 

prior to and following fluid-rock interaction, respectively; 6' bi,, refers to the initial 
composition of infiltrating fluid prior to interaction with the rock mass; and A = 

18 f 18 f 6 O mk - 6 0 ,m. The A value is conveniently approxirnated by assuming that rock 

6180 at equilibrium is equal to the *O value of plagioclase (An3o) (Taylor, 1977). 

In this study, the calculation of the water-rock ratio was based on quartz 6 180 
due to the lack of whole rock 6180 values. The calculation, however, is reasonable 

because quartz, homblende and biotite from the defomied wall rocks are al1 enriched 
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Figure 5-7. Calculated oxygen and hydrogen isotopic compositions of waters involved in the formation of 
quartz veins. Metamorphic fluid in equilibrium with the Star Lake pluton, presumably during the D I 

regional penetrative defonnation, was obtained h m  Kyser et al. (1986). The isotopic compositions of 
meteoric waters, sea water, and values typical of metamorphic and magmatic waters are shown for 
reference (Taylor, 1974; Kyser, 1987). The typicat range of values exhibited by Archean lode gold 
deposits is taken h m  Kerrich (1987). 



in 6180 with respect to the counterparts in the contiguous parent rocks (Figure 5-3), 

and have comparable 6180 values to their vein equivalents. The observations suggest 

that the deformed wall rocks, like the constituent minerais, would exchange with and 

approach oxygen isotopic equilibnum with the fluid phase that deposited the veins. 

The results of the calculations are presented in Figure 5-8. For cornparison, the 

water-rock ratio based on the whole-rock 6180 values in the Jasper deposit was also 

calculated fiom the isotopic data of Hrdy and Kyser (1 995). Although the quartz- 

based calculation does not allow strict constraints on water-rock ratios for the 

structures as a whole, it places the upper limits on the water-rock ratios and allows 

cornparisons between the structures. Assuming that the deformed rocks of the 

structures of high strain interacted with a single uniform fluid with an initial 6180 value 

of 1 1.0 per mil, the oxygen water/rock ratios for the MLTZ, the D2 shear, the D3 Rod 

shear and Jasper shear are 0.40,0.23,0.53, and 1.95, respectively. The mass 

waterlrock ratios are slightly greater than half the oxygen watedrock ratios since the 

granodiorite and water contain approximately 50% and 89% oxygen, respectively. The 

waterlrock ratios of the structures are in the order of D, Jasper shear > D, Rod shear 

> MLTZ > D? shear. It is evident that for fluids with reasonably enriched '*O 

composition, the water-rock ratios of the structures are fairly large, suficiently so that 

an extemally-derived hydrothexmal fluid is indicated. 

Controls on The Oxygen Isotopic Composition of Quartz Veins 

The oxygen isotopic composition of quartz veins is primarily controlled by 

ambient temperature of deposition, the oxygen isotopic composition of fluids and 

fluidhock ratios (Kemch, 1989; Ansdell and Kyser, 1 992). 

Except for auriferous quartz in the D3 James-Jasper-Roxy system, the oxygen 

isotopic composition of vein quartz fiom the other structures is rather uniform, with 

the auriferous quartz from the Jolu, Rush Lake and Star Lake deposits showing only 

Iimited e ~ c h m e n t  in 6180 (Figure 5-1). The uniformity in oxygen isotopic 

composition of quartz implies a corresponding uniformity in the 6% values of the 

hydrothermal fluids. The minor enrichment of 6"0 in the auriferous quartz relative to 
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Figure 5-8. Fluidhck oxygen ratio versus 6180 of Mitrathg fluids in the MLTZ D 2 shear, D3 Rod and 
Jasper shears on the basis of quartz 6% values (thin lines). The thick line is based on the whole rock 
6180 values in the Jasper deposit Wdy and Kyser, 1995). As granodiorite and water are approximatdy 
50% and 89% oxygen, respectively, the mass water-rock ratio is sIightIy over hdf  the oxygen water-rock 
ratio (Taylor, 1977). 



barren quartz could be the result of difference in ambient temperature of vein 

deposition. It could also be the result of interaction with wall rocks at conditions of 

different fluidrock ratios. It has been shown that the hydrothemal fluids passing 

through the host structures were not in isotopic equiiibrium with the wall rocks, and 

the wall rocks became enriched in 6"0 through interaction with the fluids (Figure 5- 

3). By implication, the isotopic composition of the fluids would shift towards that of 

the rocks as a result of interaction. The extent of modification of the fluid composition 

is critically controlled by fluidrock ratios. At a low fluid/rock ratio the isotopic 

composition of the fluids would be buffered by the isotopic composition of the wall 

rocks contiguous to the fluid conduit, whereas at a high fluid/rock ratio the control of 
the 6180 of the fluids by the wall rocks is minunal and the fluids more likely retain their 

composition. Since the barren structures have low fluidhock ratios with respect to the 

D3 gold-bearing structures (Figure 5-81, the fluids infiltrating the barren snuctures 

would have become relatively depleted in 6180 compared with the fluids infiltrating the 

D3 structures. 

With respect to the other deposits, the auriferous quartz fkom the James- 

Jasper-Roxy system is e ~ c h e d  in 6180 by up to three per mil (Figure 5-1). If the 

variation in the isotopic composition is solely the result of difference in depositional 

temperature, a range of temperature of up to approximately ZOO0 would be required. 

Although the temperature in the James-Jasper-Roxy system is not as well defmed as in 

the other deposits due to the absence of minerals with high closure temperatures to 

oxygen exchange, such low temperature of deposition would not be expected because 

it camot be reconciled with the history of deformation and metamorphism in this area. 
Thus, the temperature variation aione is an unlikely explanation for the observed 

variation in the isotopic composition between the James-Jasper-Roxy system and the 

other deposits. The hydrothermai fluid that deposited the auriferous quartz veins in 

this system must have acquired the distinct isotopic composition, possibly through 

interaction with 180-enriched conduit rocks or mixing with a local reservoir of 180- 
e ~ c h e d  fluids before it reached the site of deposition. 



Conclusions 

The oxygen isotopic composition of quartz from d l  types of structures is 
mostiy in the restricted range of 10.0 to 1 1.5 per mil. Auriferous quartz of the Jolu, 

Rush Lake, and Star Lake deposits has minor 6'80 e ~ c h m e n t  relative to the barren 

quartz. The difference in isotopic composition between the auriferous and barren 

quartz could be the result of interaction of the fluids with the wall rocks at different 

fluid/rock ratios, and/or the result of changing temperature of vein deposition. 

The auriferous quartz in the James-Jasper-Roxy shears is e ~ c h e d  in 6180 by 

up to 3 per mil relative to the other deposits. The enrichment in 6180 is possibly the 

result of interaction with '80-enriched rocks or mixing with a local reservoir of 180- 

enriched fluid. 

The e ~ c h m e n t  of quartz 6180 fiom the auriferous veins relative to the barren 

veins indicates that the oxygen isotopic composition of quartz is a potential tool for 

exploration. 

Minerals in the deformed rocks associated with the McLeman Lake Tectonic 

Zone, the Dz structures and the D, gold-bearing shears are e ~ c h e d  in oxygen isotopic 
composition with respect to their equivalents in the precunors. The minerals are 

isotopically comparable to their vein counterparts. Isotopic equilibrium has been 
attained between hydrothexmal fluids and the bounding defomed wall rocks. 

Stable-isotopic systematics yield different isotopic equilibration temperatures 

among different mineral pairs, of which the pair quartz-hornb lende yields temperatures 
that are closest to temperatures given by independent cation exchange 

geothermometers. The lower temperatures of the other mineral pairs probably indicate 

retrograde ciiffision exchange. 

The fractionation of oxygen isotopes between coexisting quartz and 

hornblende indicates that oxygen isotopic exchange equilibrium was probably achieved 

at 500" to 590°C during the Di deformation. In the course of the development of the 



D2 structures and D3 gold-bearing shears, isotopic exchange equilibriurn and minerai- 

fluid equilibrium were attained at approximately 550' and 480° to 5 1 0°, respectively. 

The oxygen and hydrogen isotopic compositions of hydrothermai fluids that 

deposited quartz veins are 6.8 to 10.3 per mil and -89 to -26 per mil, respectively. The 

fluids may have been derived fiom or interacted with metamorphic or magmatic rocks 

at high ternperatures. 

The D3 gold-bearhg shears have larger waterhock ratios than the McLennan 

Lake Tectonic Zone and the D2 structures. The deformed rocks associated with the 

structures may have interacted with extemally-derived hydrothermal tluids. 



CHAPTER 6 

GEOCHRONOLOGY 

Introduction 

Recent attempts to date the age of gold mineralization in shear-hosted, lode- 

gold deposits in the Star Lake-McLe~an Lake district, based on the age of formation 

of associated hydrothermd minerais, have produced results that spau over 80 Ma 

(Ibrahim and Kyser, 199 1 ; Krdy and Kyser, 1995; Thomas and Heaman, 1994). The 

wide span of the ages may be due to gold emplacement (or remobilization) at 

successive deformation episodes, or they may reflect the specific minera1 isotopic 

systems used for age determination. 

A detailed 4 0 ~ r / 3 g ~ r  study was undertaken on metamorphic homblendes fkom 

structures of different ages as demonstrated by their crosscutting relationships, 

including homblende from a gold-bearing shear, in an attempt to bracket the timing of 

gold mineralization and to test whether the dates given by 4 0 ~ r / 3 9 ~ r  technique 

represent the ages of mineralization or only reflect argon resethg subsequent to the 

peak of regional metamorphism. 

Previous Results 

Previous geochronological data fiom the La Ronge Domain are summarized in 
Tables 6- 1 and 6-2, and are outlined in Figure 6-1. The ages for volcaaism in the 

Central Metavolcanic Belt were detemiined by Bickford et al. (1986) fiom U-Pb ages 

of zircons to be 1882 to 1879 Ma. The U-Pb and Pb-Pb ages of zircons of magmatic 

ongin fiom the Star Lake and Island Lake plutons, nom three sources, Bickford et al., 

(1 986), Thomas and Heaman (1 994) and Hrdy and Kyser ( 1999, are 1855 to 1846 

Ma. U-Pb and Pb-Pb ages of rnetarnorphic zircons from seven plutons in the southem 

part of the La Ronge Domain, and one fiom metanorphic zircons in metavolcanic 
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Figure 6- 1.  Schematic diagram outlining the major geologicaI events through time that affected the 
Star Lake-McLeman Lake area. References: 1, Bickford et al. (1986); 2, Thomas and Heaman 
(1 994); 3, Hrdy and Kyser (1995); 4, Ibrahim and Kyser (199 1); 5, Kyser and Stauffer ( 1  995); 6, this 
mdy. 



Table 6-1. Surnmary of geochronological &ta for volcanism, plutonism, metamorphism and gold 
rnineralization fiom the Star Lake-McLennan Lake area 

Mineral Host Minera1 Origin Dating Method Age (Ma) References* 

Voicanism and Plutonism 

Felsic metavolcanic Magmatic U-Pb zircon 

Felsic metavolcanic Magmaric U-Pb zircon 

Star Lake pluton Magmatic U-Pb zircon 
U-Pb zircon 

Island Lake pluton Magmatic U-Pb zircon 
Pb-Pb zircon 

Star Lake plutor Metamorphic U-Pb titanite 

Mineralized mafic dyke, Hydrothermal U-Pb titanite 
JO f u deposit /metamorphic 

Gold-bearing quartz Hydrothermal Rb-Sr 
vein, Star Lake deposit tourmaline-feldspar 

Gold-bearing quartz Hydrothennal Rb-Sr 
vein, Jasper deposit tourmaline-muscovite 

Ar- Ar muscovite 

* References: 1, Bickford er al. (1986); 2, Thomas and Hearnan (1994); 3, Hrdy and Kyser (1 995); 
4, lbrahim and Kyser ( 1 99 1 ) 

rocks, constrain ages of regional metamorphism to 1798 to 1820 Ma (Kyser and 

StaufTer, 1995). The metamorphic ages are consistent with what have been observed 

elsewhere in the Trans-Hudson Orogen, such as the Glermie Domain (1 830- 1800 Ma, 
Chiarenzelli, 1989; 1 8 15 Ma, Durocher, 1997), the Hanson Lake Block (1 808- 1 804 

Ma, Heaman et al., 1994), the Kisseynew Domain (1 8 15- 18 10 Ma, Gordon et al., 
1990; 1808- 1804 Ma, Ashton et al., 1 992), and noahwestern Flin Flon Domain 
(1 807- 1806 Ma, Ashton et al., 1992). Thomas and Hearnan (1 994) reported a 



significantly younger age of 1784 Ma for metamorphism of the Star Lake pluton on 
the basis of the U-Pb systematics of tiranite. 

TabIe 6-2. Metamorphic arcon ages fiom the southem portion of the La Ronge 
Domain (Kyser and Stauffer, 1995) 

Jepson Lake pluton 

Sulphide Lake volcanic complex 

Bridgeman Lake pluton 

Bing Lake pluton 

Kruger Lake pluton 

Moir Lake pluton 

Wilson Lake stock 

Roundish Lake stock 

U-Pb 

Pb-Pb 

Pb-Pb, U-Pb 

Pb-Pb 

Pb-Pb 

Pb-Pb 

Pb-Pb 

Pb-Pb 

Ibrahim and Kyser (1991) presented a Rb-Sr age of 1742 t 87 Ma fiom 

hydrothermal tourmaline and feldspar in the Star Lake deposit. Hrdy and Kyser (1995) 

constrained the age of gold mineralization in the Jasper deposit at 1703 Ma frorn a 

disturbed M ~ r / 3 9 ~ r  age of gold-related muscovite, and 1720 Ma frorn Rb-Sr isotope 

systematics of muscovite and tourmaline. From this, the authors concluded that 

mineralization postdated peak metamorphism by as much as 100 million years. Thomas 

and Heaman (1 994) dated mineralization at 1807 Ma, based on a U-Pb titanite age 

fiom a deformed and mineralized mafic dyke in the Jolu Mine. This predated peak 

metamorphism, 1784 Ma, by as much as 20 m.y. 

Horn blende Systematic 

Sampling and Analytical Method 

Three homblende samples, representing three episodes of hornblende growth 



in the DI, Dt and D3 structures, were selected from the Jolu Mine area. HBL707 1 

defines the &-LI penetrative fabnc in a unit of mafic metavolcanic rock (Figure 4-1). 

HBL072 cornes fiom a D2 shear hosted in the mafic metavolcanic rock (Figure 4-6C). 

HBL228 is fiom the central phyllonite zone of the Rod shear that hosts the Rod Main 

orebody and represents the Djb episode of homblende growth (Figure 4-1 1). 

Samples for age determination were selected after detailed petrographic 

examination and electron microprobe analyses, which are presented in Table A- 1. 

Mineral concentrates were prepared by standard cmhing, sieving, magnetic separation 

and heavy-liquid flotation. Final sarnple separates were hand-picked to ensure purity. 

Ar-Ar isotope analyses were perfomed at the Department of Geological Sciences, 

Queen's University using irradiation, extraction, mass spectroscopie, and correction 

procedures as descnbed by Baksi et al. (1996). 

The isotopic data for the three homblende samples and one duplicate fiom the 

step-heating analyses are presented in Table 6-3 and, in the forxn of step-heating age 

spectra, in Figure 6-2. An age plateau is one where at least two successive heating 

steps which represent more than 50% of the total gas released have apparent ages that 
are identical within experimental uncertainty at the 2<r level (Fleck et al., 1 977). 

Accordingly, the spectra of homblende HBL707 1, HBL072 and HBL228 have plateau 

ages of 1753 f 6 Ma (seven steps representing 92.4% of the total 3 9 ~ r  released), 1754 

+ 10 Ma (two steps, 84.5% of the total gas) and 1748 + 9 Ma (six steps, 76.4%), 

respectively. The spectrum of HBL072 duplicate bas a 1752 f 13 Ma plateau (six 

steps, 92.7% of the total gas). The age specm of hornblendes have young ages in the 

first or second low-temperature increments, but acquire well-defined plateaus quickly 

and systematically in their higher-temperature increments. Such datum profiles may 

reflect 4 0 ~  loss resulting from late-stage heating or volume diffusion which likely 

causes more " ~ r *  loss in the rims than in the cores of the mineral. 
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Table 6-3. Analyticd data for " ~ r / " ~ r  stepheating experiments 

Power Age (Ma * 20) 

0.091 19.60 64.45 
0.007 27.33 98.22 
0.009 28.54 98.50 
0.000 25.27 91.43 
0.125 2724 85.3 1 
0.000 28.00 97.55 
0.000 27.15 82.65 

0.000 28.89 95.84 

KBL072 Duplicate 
0.222 3.02 41.34 
0.059 12.56 85.88 
0.000 22.98 93.82 
0.0 19 25.65 97-41 
0.007 26.34 98.99 
0.009 25.38 99.88 
0.000 25.79 100.05 
0.000 24.95 98.94 
0.026 25.62 98.98 
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Figure 6-2. 4Ar?9~r  incrementai-release age spectra and apparent CaK spectra of homblende separates. 
Uncertainty in ages (2a) is represented by vertical heights of the bars. PIateau ages are indicated by 
shaded bars. 



Implications of The Age Data 

The ' O A ~ / ) ~ A ~  homblende dates presented in this study are the same within 
error and show no dependence on paragenesis. The consistency of the dates strongly 

indicates a close link of 4 0 ~ r / 3 9 ~ r  systematics to closure of hornblende to argon loss 

with decreasing regional temperature. The loss of argon is v e y  probable, because the 

generally accepted closure temperature to argon diffusion in hornblende 

isapproxirnately 500°C (Harrison, 198 l), which is below the estimated temperature of 

hornblende formation associated with MI and M2 metamorphic events. me " ~ r / ~ ~ A . r  
plateau ages of homblendes, therefore, would record the time of cooling through 

approximately 500°C, rather than the time of homblende crystallization. 

The last thermal event M3b, which was coeval with the D3b dextral shear 

defornation, attained estirnated temperatures of approximately 480" to 5 1 0°C. The 
temperatures are roughly equal to the blocking temperature of hornblende for argon 

retention. Consequently, the ' O ~ r l ~ ~ ~ r  plateau age of ca. 1750 Ma may be able to 

provide a close estimate for the time of the D3b deformation and the coeval 

metamorphism, and a minimum estimate of age for gold mineralization. 

The relationship of " ~ r / ~ ' ~ r  systematics to closure of rninerals to argon 

difision indicates that a dated mineral that has a lower closure temperature would 

yield a younger age. Based on this consideration, the disturbed 4 0 ~ r / 3 9 ~ r  muscovite 

age of 1703 Ma from the Jasper deposit (Hrdy and Kyser, 1995) would approximate 

the time of cooling through 350°C, the closure temperature of muscovite to argon loss 

(Hanes, 199 1). Comparatively, young ages of 1 7 19 Ma are also reported for biotite 

from the Rush Lake shear zone and adjacent wall rock (Kyser et al., 1992), reflecting 

the 300°C closure temperature for biotite (Harrison et al., 1985). The 4 0 ~ r / 3 g ~ r  ages 

of hornblende and biotite, in conjunction with the closure temperatures for these 

minerais, reveal a slow linear cooling rate of approximately 6S°C/m.y. after the 

regional temperature dropped through SOO°C. 

The structura1 and metamorphic evidence kom this study does not support a 

pre-peak metamorphic mode1 for gold mineralization as proposed by Thomas and 

Heaman (1994), but does agree with the suggestion that gold-bearing quartz veins 



were emplaced into the shear zones subsequent to the attainment of regional peak 

metamorphism (Kemch, 1989). Thomas and Heaman's (1 994) mode1 does not take 

into consideration metamorphic paragenesis. Because this region underwent several 

episodes of deformation and metamorphism, several generations of titanite may be 

anticipated. Therefore, the interpretation of 1784 Ma age fiom a single fraction of 

titanite as the age of peak metamorphism is questionable. The reported metamorphic 
zircon ages in the southem part of the La Ronge Domain span a period of CU. 20 m.y. 

from 1798 to 1820 Ma (Kyser and StauEer, 1995). Six of the eight samples, including 

two From the Wilson Lake pluton and Roundish Lake stock, approximately 15 to 20 

km to the southwest of the study area, have a more restricted range of 1798 to 1805 

Ma, as much as 20 my. earlier than the 1784 Ma titanite age. It is probable that these 

dates represent different metamorphic events. If the metamorphic zircon ages of 1798 

to 1805 Ma are taken to constrain the timing of peak metamorphism, then the 1784 

Ma titanite age may represent one of the post-peak thermal events. 

The geochronologic snidies to date have yet to provide a convincing timing of 

gold mineralization in this region. The U-Pb titanite age of 1807 Ma, which was 

proposed as the best estimate for gold minemlization by Thomas and Heaman (1994), 

is approximately identical to the metamorphic zircon ages of 1798 to 1805 Ma. The 

titanite fractions were sampled fiom an amphibolitized mafic dyke in the rnineralized 

zone. As stated by the authon, the ongin for the titanites is likely hydrothermal or 

metamorphic. The tiranite dates are somewhat discordant (2.6 to 5.1%). One titanite 

fraction is distinctly low in uranium content (38 ppm) relative to the other two 

fractions (207 and 276 ppm, respectively), which suggests a mked origin or 

paragenesis of titanites in this sample. If the titanites are of hydrothemal origin, the 

gold mineralization was thus broadly syn-metamorphic. If they are a metamorphic 

phase, the age provides a maximum estimate for mineralization. In conjunction with 
the ' O A ~ / ~ ~ A ~  homblende ages of this study, the timing of gold mineralization in the 
region can be bracketed in a broad penod between 1807 and 1750 Ma. 



Conclusions 

The hornblende ages derived frorn the 4 0 ~ r / 3 9 ~ r  technique are the same, within 
error, and there is no relationship between the ages and paragenesis. The hornblende 

ages of ca. 1750 Ma probably reflect the time of cooling through the closure of 

homblende to argon diffusion at 500'. 

The age of ca. 1750 Ma may approxirnate the time of the Djb defonnation and 

the simuitaneous metamorphism, and provides a minimum age for gold mineralkation. 

The emplacement of the gold-bea~g quartz vehs into the shear zones 

probably took place subsequent to the peak of regional metamorphism, at the time of 

1807 to 1 750 Ma. 

The Star Lake-McLeman Lake area undenvent a slow cooling of 

approximately 6.S°C/m.y. afier the temperature passed below 500°C. 



CHAPTER 7 
SUMMARY AND DISCUSSION 

Summary and Contributions to Knowledge 

1. The shear-hosted lode gold deposits are located in the calc-alkaline Star Lake 

and Island Lake plutons (Janser, 1993), emplaced in the calc-alkaline and low- 

potassium tholeiitic volcanic rocks of the Central Metavolcanic Belt (Harper et 

al., 1986; Watters and Pearce, 1987). The Central Metavolcanic Belt 

represents the remnant of one of the juvenile island arcs formed during the 

Trans-Hudson Orogen, which involved convergence and collision between the 

Archean Supenor and Hearne cratons during the Paleoproterozoic Era 
(Hoffman 1988, 1990). 

2. During and following the terminal continent-continent collision of the Tram- 

Hudson Orogen, the area underwent a period of transpression, which involved 

northwest-southeast compression and associated subvertical extension, and 

simultaneous dextral transcurrent shearing parallel to the southeastem 

boundary of the Central Metavolcanic Belt. The transpression is expressed in 

the fabncs as three episodes of deformation: DI regional penetrative 

defomiation; D2 defornation which resulted in the fornation of mesoscopic 
shears and cataclastic zones; and D3 deformation which involved the 

development of the gold-bearing shears, and their subsequent deformation. 

3. The gold deposits were emplaced into the Di shears during the relatively late 

stage of transpression, synchronously with the dipslip shearing. The deposits 
were subsequently deformed by the saike-slip and (at the Jolu Mine) oblique- 

slip shearing of the Dib deformation. 

4. The McLennan Lake Tectonic Zone is probably not a tramcrustal-scale 

feature, but a shear zone related to limb sliding of the regional synform cored 

by the McLennan Group, developed at the contacts of lithological units with 



contrasthg rheologies. The rocks of the McLennan Lake Tectonic Zone were 

deformed and metamorphosed under the same conditions of the DI regional 

penetrative fabric. 

5. There are no intrinsic relationships between gold mineralization and the 

tectonic history of the McLeman Lake Tectonic Zone. The interpretation of 

the Dj gold-bearing shears as subsidiary structures of the McLennan Lake 
Tectonic Zone is not justified. 

6 .  Tbree episodes of metamorphism are defïned in the area from the fabncs of the 

DI to Dj defonnatioo. The peak metarnorphism of low to middle amphibolite 

grade (MI) was coeval with the DI deformation. Temperature and pressure of 

the Ml metamorphism were approximately 54S0 to 575OC and 4.5 to 5.0 kbars 

(Table 4-2). The P-T conditions of the M2 rnetwrphism, which was 

synchronous with the D2 deformation, were approximately 500' to 550°C and 

3.0 to 4.0 kbars (Table 4-3). The M3 metarnorphism, with which the gold 

mineralization was associated, was under conditions of 480" to 500°C and 3.0 

to 4.0 kbars (Table 4-3). 

7. Amphibole and plagioclase associated with the Di, D2 and D3 structures show 

systematic changes in chemistry (Figures 4-8,4-9,4- 13 and 4- 14), which 

reflect the changing P-T conditions of the DI to D3 deformations. 

8. The " ~ r / - ' ~ ~ r  ages of homblendes from the Di, D2 and D3 smictures are the 

same, within error. Consequently, there is no relationship between the ages and 

paragenesis. The hornblende ages of ca. 1750 Ma probably reflect 

the Mie of cooling through the closure of hornblende to argon Loss at 500°C, 

and approxhate the tirne of D3b defonnation and synchronous metamorphism. 

9. Hydrothermal activity linked to the formation of the gold deposits is bracketed 

between 1807 Ma (Thomas and Heaman, 1994) and ca. 1750 Ma. The 

mineralization postdates volcanism at 1882 to 1879 Ma (Bickford et al., I986), 

the emplacement of the Star Lake and Island Lake plutons at 1855 to 1846 Ma 

(Bickford et al., 1986; Thomas and Heaman, 1994; Hrdy and Kyser, 1995), 



and the early episode of transpressional deforrnation Di), and synchronous 

peak metamorphism (Ml) at 1820 to 1798 Ma (Kyser and Stauffer, 1995). 

10. As a result of the geochronological study, it is concluded that the muscovite 
40 ~ r / . ' ' ~ r  age of 1703 Ma from the Jasper deposit (Hrdy and Kyser, 1995) 

refiects the time of closure of muscovite to argon diffusion at approximately 

350°C, and not the t h e  of gold rnineralization as suggested by Hrdy and Kyser 

(1 995). The siting of gold in late microfractures in quartz grains (Hrdy and 

Kyser, 1995) would be caused by remobilization processes related to the 

deforrnation or any later deformations that affected the quartz veins in a brittle 

way. 

1 1. The alteration associated with the MLTZ, the D? structures and the D3 gold- 

bearing shears involved enrichment of 6% of silicate minerals (quartz, 
amphibole and biotite) in the deformed rocks relative to the l e s t  deformed 

precursors (Figure 5-3), reflecting the interaction with relatively 180-e~ched 

hydrothemal fluids. The waterkock ratio associated with alteration in the 

structures was greater in the Dj shears than in the MLTZ and the D2 structures 

(Figure 5-8). 

12. The hydrothermal fluids that infiltrated the Dz and D3 structures were possibIy 
of similar composition, and the occumence of gold mineralization in the D3 
structures was related to a larger fluid flow. The alteration associated with the 

Dz Mallard Lake Shear and the D3 gold-bearing shears involved introduction of 

Au, Cu, and Cu + Pb + Zn, and CO-e~chment of K, Rb, and Ba (Figures 4-2 1 

and 4-22). The WRb and WBa ratios are comparable to the ratios in the 

potassic alteration zones of Archean lode gold deposits (Table 4-4). 

13. Quartz from al1 types of structures, with the exception of the Jasper deposit, 

has a restricted range of oxygen isotopic composition of 10.0 to 1 1.5 per mil, 

with auriferous quartz showhg minor "0 e ~ c h m e n t  relative to the bmen 

quartz (Figure 5-1A). The restricted range of oxygen isotopic composition of 

quartz suggests a uniformity in the 6180 values of hydrothermal fluids. 



Relative to the Jolu, Rush Lake and Star Lake deposits, the auriferous quartz 

in the Jasper deposit is enriched in the oxygen isotope composition by up to 3 

per mil (Figure 5- 1A). This enrichment is possibly the result of interaction with 
18 O-emiched rocks or mixing with a local reservoir of 180-enriched fluids. 

The application of oxygen isotopic geothermometen requires the consideration 

of the isotopic ciiffision of minera1 phases. Quartz and hornblende have sirnilar 

diffusion rate and high closure temperatures to oxygen exchange; the mineral 

pair of quartz-homblende provides the better estimates of temperature than 
quartz-mica or quartz-feldspar pairs. 

The calculated oxygen and hydrogen isotopic compositions of hydrotherrnal 

fluids that deposited the quartz veins in al1 types of structures are 6.8 to 1 O.3%0 

and -89 to -26%0, respectively (Figure 5-7). Such oxygen and hydrogen 

isotopic values are comparable with fluids derived from a metarnorphic or 

magmatic source, or with fluids that acquired isotopic equilibrium with 

metarnorp hic or magmatic rocks at high temperatures. 

The hydrotherrnal fluids associated with the gold-bearing quartz veins from the 

Star Lake and Jasper deposits are CO?-bearing and of low sdinity (Ibrahim and 
Kyser, 199 1; Hrdy and Kyser, 1995). 

Discussion 

The gold deposits in the Star Lake-McLeman Lake area are epigenehc, 

structurally controlled quartz vein type or Iode gold deposits. They are sùnilar to 

Archean mesothexmal Iode gold deposits in that they are associated with greenstone 

belts, and are located at convergent plate margins (Hodgson, 1993). They are also 

sirnilar to their Archean counterparts in terms of alteration, isotopic geochemistry and 

fluid composition (Kerrich, 1989; McCuaig and Kemch, 1994). The Proterozoic 

deposits of the Star Lake-McLeman Lake area are associated with a calc-akaline and 

low potassium tholeiitic assemblage, in contrast to the Archean deposits that are most 



typically associated with a komatiitic and high-magnesian assemblage (Hodgson, 

1993). 

Sources of Hydrothermal Fluids 

The similarities in the characteristics of Proterozoic and Archean lode gold 

deposits possibly reflect similar ore-forming processes (Kemch and Wyman, 1990). In 

a convergent plate tectonic setting, there is the potential for large volumes of 

hydrothermal fluids to be generated fiom magmatism, or from metamorphic 

devolatilization (Hodgson, 1 993). Accordingly, the proposed primary sources for 

hydrothermal fluids which formed the lode gold deposits revolve around rnagmatic or 

rnetamorphic origin. 

Magmatic Hydrothermal Fluids 

The models for a magmatic origin for hydrotherrnal fluids argue for the 

ubiquitous association of gold mineralization with episodes of magmatism. Gold- 

bearing hydrothennal fluids are considered to be generated by exsolution of volatile 

phases fiom the felsic intrusions, and rnagmatic or magrnatic-hydrothemal processes 

provided the ingredients and driving mechanism for ore concentration and deposition. 

The magmatic-hydrothed fluids are suggested by the following: 

1. Many Archean lode gold deposits are spatially associated with post-volcanic 

felsic plutons (Hodgson and Troop, 1988; Colvine et al., 1988). In the Abitibi 

greenstone belt, the felsic plutons constitute less than 4% of the belt, but make 
up more than 25% of the host rocks to mineralization (Colvine et al., 1988). 

2. Some Archean lode gold deposits have close comection to episodes of 

magmatism. In the Kiena mine, the Val d'Or camp, Morasse et al. (1995), 

based on precise U-Pb zircon dating of a granodiorite dyke that crosscuts the 

gold-bearing vein system, constmined a minimum age of 2686 Ma for 

mineralization. In conjunction with other U-Pb dating of intrusive events in the 

area, the authors concluded that gold mineralization occurred at Ca. 2694 to 



2686 Ma, coeval with the emplacement of intrusions (ca. 2694 to 2680 Ma), 

but before regional synmetamorphic deformation (ca. 2677 to 2645 Ma). The 

conclusion is strengthened by Robert's (1997) observations of some syenite- 

associated gold deposits in the Abitibi greenstone belt. The deposits were 

broadly coeval with Tirniskaming sedimentation and syenitic magmatism, and 

were overprinted by subsequent folding and penetrative deformation. This 
suggests that gold mineralization was linked to large magmatic-hydrothermal 

systems generated by the emplacement of the syenite stocks (Robert, 1997). 

Although the emplacement of some gold deposits have been demonstrated to 

be temporally associated with episodes of magmatism (Morasse et al., 1995; Robert, 

1997), in most cases, gold mineralization postdates the host intrusions by several tens 

of million years (see Colvine et al., 1988). The time intervals strongly implicate no 

genetic co~ec t ion  between mineralization and magmatism (Colvine et al., 1988; 
Hodgson, 1993). This is reinforced by the lack of spatial association of mineralization 

with any known plutons in the Archean goldfield, Kalgoorlie, Australia (Groves and 

Phillips, 1987). 

Metamorphic Fhids 

The association of gold mineralization with the metamorphic fluids is 

suggested by the following: 

1. The ubiquitous occurrence of the lode gold deposits in a range of metamorphic 

setthgs world wide from subgreenschist to lower granulite facies, with the 

rnajority in metamorphic terranes of greenschist facies. The gold-bearing 

structures were developed during crusta1 shortenhg and metamorphism. 

2. The timing of gold mineralization is variable with respect to peak 

metamorphism. Miaeralization in lower grade metamorphic terranes largely 

postdates peak metarnorphisrn (e.g. Clark et al., 1989), whereas mineralization 

in higher grade metamorphic terranes is broadly synchronous with peak 

metamorphism (e.g. Bamicoat et al., 199 1 ; McCuaig et al., 1993; Knight et 

al., 1993). This is consistent with suggestions that peak metamorphic 



conditions would be attained later at deeper crustal levels due to crustal 

thickening as a consequence of transpressional collision (England and 

Thompson, 1984, Kemch and Wyman, 1990). 

3. Most lode gold deposits show common timing of rnineralization throughout the 

Yilgam Block of Australia (see Groves, 1993) and the Abitibi greenstone belt 

of Canada (see Colvine et al., 1988). The mineralization postdates the host 

plutons by several tens of million yean (Colvine et al., 1988). 

Groves and Phillips (1987) proposed a metamorphic model which suggests that 

the metamorphic fluids were an integral part of greenstone belt development. The 

model favours generation of hydrothermal fluids by devolahlization of stratigraphically 

lower parts of greenstone successions at greenschist-amphibolite transition during 

prograde metamorphism and synchronous regional deformation. Gold is considered to 

be leached from the underlying supracrusral rocks by the metamorphic fluids, which 

were driven by seismic pumping and channeled upward via transcrustal-scale fadt 

zones. Gold minerakation occurred in the subsidiary structures of the regional fault 

zones, largely at greenschist facies conditions as a result of a decrease in temperature 

and fluid-rock interaction. 

Recently, the model of metamorphic fluids has been replaced by the crusta1 

continuum model (Groves et al., 1992; Groves, 1993). The model describes the 

occurrence of the lode gold deposits in a range of metamorphic settings extendiug 

from subgreenschist to lower granulite facies. The model involves deeply sourced 

hydrothermal fluids for the lode gold deposits, including rnetarnorphic fluids and 

magmatic fluids in the lower cmtal levels undergoing granulite facies metamorphism, 

rather than the ubiquitous origin of fluids by devolaalization of the greenstone 

succession at the greenschist-amphibolite transition as described above. 

A major problem arising with bo t .  the metamorphic fluid model and the crustal 

continuum model is that they cannot account for the pre-metamorphic gold deposits 

such as those described by Morasse et al. (1995) and Robert (1997). 



Genesis of Mineralization in The Star Lake-McLennan Lake Area 

The gold deposits in the Star Lake-McLennan Lake area are hosted in shears 

developed during an episode of w r e s s i o n a l  deformation. The mineralization 

postdates the emplacement of the Star Lake and Island Lake plutons by more than 50 

million years, and postdates the culmination of regional metamorphism. The temporal 

relationships of gold mineralization suggest a closer connection of mineralization to 

metamorphism than to plutonism. 

Since the deposits were sited in the amphibolite grade terrane, and the 

emplacement of the deposits postdates the attainment of peak metamorphic conditions, 

the fluids must be sourced in deeper levels of the crust which undenvent higher grade 

metamorphism and possibly partial rnelting as predicted by the crusta1 continuum 

mode1 (Groves et al., 1992; Groves, 1993). Hodgson (1993) proposed a mechanism 

for gold mineralization, assuming that barren fluids were originally generated by 

metamorphic devolatilization at lower levels of the crut. The fluids were likely driven 

into the c m t  of higher levels by buoyancy forces and high fluid pressure due to 

continued devolatilization reactions (Etheridge et al., 1984). Such a fluid flow may 

occur by microfracturing along the foliation formed as a result of regional penetrative 

deformation (Walther and Orville, 1982; McCuaig, 1984). By this process, local fluid 
reservoirs would form in the rock profile above the zone of fluid generation. While the 

fluids were stored in these reservoirs they would be expected to react with, and leach 

gold fiom, the wall rocks of the reservoir. 

Although the gold deposits were exclusively emplaced into the Dj shears in the 

plutons during the clip-slip shearing of the D3. deformation, it is possible that the 

hydrothermal fluids were generated pnor to the development of the Dj structures. This 

is suggested by (a) the unifom oxygen isotopic composition of vein quartz related to 

the Di to D3 structures (Figure 5-l), which indicates the corresponding unifonn 

isotopic composition of the hydrothermal fluids; and (b) by the similar alteration 

geochemistry of the Dz structures to the D3 structures (Figure 4-23), which reflects 

interaction of the host structures with auriferous fluids of similar composition. 

The above observations, in conjunction with the observations that the D3 



shears have larger fluïd flow than the Dz structures (Figure 5-8), indicate that 

mineralization was critically controlled by the effectiveness of the host structures to 

focus large volume of auriferous fluids fiom depth. Sibson et al. (1988) and Cox et al. 

(1 99 1) suggested that the structures most favourable for fluid focusing are steeply 

dipping, reverse shears and faults, developed in a compressional or transpressional 

regime, which have the potential to function effecrively as fault-valve systems for a 

rapid, high volume discharge. The DZ structures, with the exception of the Mallard 

Lake Shear and the David Lake Shear, have a Iimited strike length of a few metres, 

and the structures are discontinuous. Presumably the limited strke dimension, coupled 

with strike-slip shear movement, is indicative of a limited dip dimension. It is probable 

that during the Dz deformation, the strike-slip D2 structures did not act as effective 

fault-valve systerns in tapping the fluids from depth; consequently, insufficient volume 

of fluids was introduced into the Dz structures to form mineralization. By contrast, 

since the steeply dipping D3. shears are continuous structures that extend completely 

across the plutons, and involve dip-slip shear movement, they probably have 

correspondingl y large dip dimension. The Di, structures were thus capab le of 

establishing contact with a hydrothermal fluid reservoir at depth, fomiing effective 

pumping systems which focused the ascent of larger volumes of fluids along the 

permeable zones provided by the D3, shears. 

However, the involvernent of a magmatic source for the mineralizing fluids 

cannot be discounted on the basis of the time interval between plutonism and the 

emplacement of gold in the host structures. Studies carried out in the Chibougamau 

area, Quebec suggest that Cu-Au vein-type mineralization associated with pre-tectonic 

intrusions could be sited into syn-tectonic shear zones tens of millions of years later. 

The Cu-Au vein-type mineralization is hosted in shear zones close to the margins of 

the Chibougamau pluton, a high-level cauldron subsidence complex (Pilote and Guha, 

1995). The Cu-Au deposits are surrounded by extensive mineralized zones of 

disseminated or fracturetontrolled sulphide minerais, tens to hundreds of metres wide 
(Sinclair et al., 1994). Robert (1 994) and Sinclair et al. (1 994) demonstrated that the 

Cu-Au deposits are closely associated with porphyry copper mineralization. Both 

types of rnineralization are believed to be related to the same pre-tectonic magmatic- 

hydrothermal activity produced by the emplacement of the Iate intrusive phases (ca. 

27 15 to 27 18 Ma) of the Chibougamau pluton (see Pilote and Guha, 1995). The shear 



zones hosting the Cu-Au orebodies are interpreted to be subsidiary smctures of 

regional, east-west trending fault zones, which were developed during the fmal stage 

of the Kenoran event (Chown et al., 1995), a period of regional penetrative 

deformation that occurred at ca. 2695 to 2700 Ma (Corfb et al., 1989). The shear 

zones are commonly localized in the sencite alteration zones related to fractures that 

focus an early stage of hydrotheml activity (Robert, 1997). The orebodies show 

signs of overprinting by the shear zones (Sinclair et al., 1994). Although there is no 

consensus on the timing of the emplacement of the Cu-Au deposits in the shear zones, 

it is possible that the mineralization predates the development of shear zones, and was 

subsequently remobilized into the shear zones during the regional defoxmation (Pilote 

and Guha, 1995), or that the magrnatic hydrothermal fluids were active during the 

shear zone development (Guha et al., 1983). Nevertheless, the final siting of the 

mineralization was syn-tectonic, postdating the genetic-related intrusive event by CU. 

15 to 20 million yem. 

The alteration associated with the gold deposits in the study area is generally 

weak, and there is no evidence of pre-shear zone, fracture-hosted porphyry-type 

mineralization that represents an early stage of hydrotheml activity, as was observed 

in the Chibougamau area (e.g. Robert, 1994). This rules out the possibility that gold 

was associated with an episode of porphyry-type mineralization or that gold was 

remobilized fkom porphyry-type deposits to the shears as suggested by Tessier and 

Hodgson (1994) in the snidy of the Portage mine, Chibougamau. 

If the gold deposits were formed directiy fkom fluids generated by the 

emplacement of the host plutons, the fluids must have been stored in reservoirs in the 

plutons or surrounding supracrustal rocks for more than 50 million years before they 

were tapped by the D3 structures. There is no evidence to support or refute the 

possibility of occurrence of pre-DI fluid resemoirs. However, the reservoin formed in 
the rock profiles, if any, were possibly limited in size due to the limited availability of 

space in the rocks. Consequently, supply of hydrotheml fluids by the reservoirs 

would be limited. This c m o t  be reconciled with the suggestions that a large volume 

of hydrothennal fluids was required for gold mineralization (Sherlock, 1993). It is 

concluded, therefore, that direct involvement in the gold rnineralization of magmatic- 

h y d r o t h e d  fluids generated by the host plutons is unlikely. 



The formation of the gold deposits in the D3 shears within the Star Lake and 

Island Lake plutons is possibly attributed to the higher competency of the plutons 

relative to the surrounding supramstal rocks. Such a competency contrat is well 

demonstrated in the SI foliation trajectory in Figure 2-4. The higher competency of the 

plutons would permit a relatively bnttle response to deformation even at deep levels of 

the cmt ,  and consequently retain relatively high permeability that focused the ascent 

of hydrothermal fluids (Colvine, 1989). In addition, the pathways of pluton ascent that 

connect the lower cmst and the site of emplacement rnay also be the preferential 

pathways for fluid focusing, leading to the occurrence of mineralkation in the plutons. 

The lack of evidence for direct derivation of ore fluids fiom the host plutons 

does not necessarily preclude a rnagmatic source for the hydrothermal fluids. As 

described above, the gold deposits were sited in the amphibolite grade terrane, the 

hydrothermal solutions would be sourced in the lower crut  levels that involved higher 

grade metamorphism, i.e. upper amphibolite to grandite facies. Partial melting would 

occur in the source areas under the high metamorphic conditions, resulting in 

magmatism that outlasted the peak rnetamorphism in the upper levels of the crust. The 

post-tectonic magmatic activities, exhibited in the form of small intrusions in higher 

levels of the cmst, may last as late as 1773 to 1780 Ma in the Reindeer Zone (Bickford 

et al., 1990), broadly coeval with gold mineralization in the study area. The generation 

of auriferous fluids may be related to the post-tectonic rnagmatic processes. This 

d e s  magmatic or metamorphic ongin for hydrothermal fluids indistinguishable. 

Although the gold deposits of the region are broadly similar to the Archean 

mesothemal gold deposits, a major diflerence is that the amount of gold discovered is 

s d l  in cornparison to their Archean counterparts. This possibly reflects the difference 

in the structural setting of the deposits. The Archean mesothermal gold deposits are 

spatially associated with regional-scale fault zones that were active during the later 

stages of arctontinent or continent-continent collision (Hodgson and Hamilton, 

1989). The fault zones cornmonly separate contrasting terranes (see Colvine et al., 

1988), and are characterized by carbonate alteration dominated by made-derived 

carbon (Groves et al., 1988). They control Timiscaming-type sedimentation and 

alkaline igneous intrusions that have probably been derived at the base of the crust or 

the mantle (McNeil and Kerrich, 1986; Corfb et al., 199 1). The transcrustal-scale 



structures would be capable of tapping deeply sourced hydrothermal fluids of 

metarnorphic-magmatic ongin. Consequently, the Archean gold-fomiing processes 

may have involved large, deep-sourced reservoirs of hydrothermai fluids. 

The gold-bearing D3 shears in the study area occur in the hanging wall of the 

McLennan Lake Tectonic Zone, and are viewed as subsidiary structures to the latter 

(Poulsen, 1989). However, the structural analyses carried out in this study indicate 

that there is no genetic association of the Dj structures with the MLTZ. The MLTZ 
lacks the features that characterize the regional fault zones in Archean greenstone belts 

as transcrustal-scale structures (see above). The interpretation of the MLTZ as a 

regional thnist fault is rejected. Thus, it is unlikely that the MLTZ acted as a primary 

fluid conduit comecting the deep c m t  and the sites of deposition. Although it is 

possible that fluids were driven upwards via the pathways of the pluton ascent as 

suggested above, the access was possibly v e y  limited. This is because the plutons 

were emplaced C a .  50 million years earlier than the mineralkation, the regional 

penetrative deformation, resulted fiom the closure of the Trans-Hudson Orogen, may 

have obliterated the pathways and reduced their effectiveness for later fluid transport. 

Therefore, it is concluded that the lack of continuous, penetrative structures limited 

the access to large fluid reservoirs, and constrained the gold mineralization in the Star 

Lake-McLennan Lake area, and by implication, in the Cenaal Metavolcanic Belt. 

In summary, the gold mineralization in the Star Lake-McLennan Lake area was 

likely the result of lower cmstal tectonothermal activities related to cwtal  thickening 

caused by transpressional collision during the final stages of the Paleoproterozoic 
Tram-Hudson Orogen. The hydrothermal fluids were possibly derived by 

devolatilization of the lower levels of the cmst during prograde metarnorphism. The 
small size of gold deposits with respect to Archean counterparts may stem fiom the 

lack of deep plumbing systems that comect the deep cmst and the deposition sites. 



REFERENCES 

Abbas-Hasanie, S., Lewry, J.F., and Perkins, D., 199 1, Metamorphic P-T studies in 
the Jan Lake area, Hanson Lake Block: in Summary of Investigations 199 1, 
Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Miscellaneous 
Report 9 1-4, p. 69-7 1. 

Ames, D.E., Poulsen, KH., and Galley, A.G., 1987, Geology and gold deposits, Star 
Lake pluton, La Ronge Domain, Saskatchewan: Geological Survey of Canada, Open 
File Report 1469, 1 : 10,000 scale map with marginal notes. 

Ansdell, KM., and Kyser, T.K., 1992, Mesothemal gold mineralization in a 
Proterozoic greeostone belt: westem Flin Flon domain, Saskatchewan, Canada: 
Economic Geology, v. 87, p. 1496-1524. 

Ansdell, KM., and Yang, H., 1995, Detrita1 zircons in the M c L e ~ a n  Group meta- 
arkoses and MacLean Lake Belt, westem Trans-Hudson Orogen: in Hajnal, Z., and 
Lewry, J., eds., Lithoprobe, THOT Report, No. 48, p. 190-197. 

Appleyard, E.C., 1990, Mass balance corrections applied to lithogeochemical data in 
mineral exploration: Ni Beck, L.S. and Harper, C.T. eds., Modern exploration 
techniques, Sask. Geol. Soc., Spec. hbl., v. 10, p. 2740. 

Appleyard, E.C., 199 1, Alteration halos associated with gold-bearing shear zones in 
the Star Lake and Island Lake plutons: in Surnmary of Investigations 199 1, 
Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Miscellaneous 
Report 91-4, p. 85-92. 

Appleyard, E.C., 1992, Alteration geochemistry of the Rio Zone, Bootleg Lake Gold 
Mine, Creighton area: in Summary of Investigations 1992, Saskatchewan Geological 
Survey, Saskatchewan Energy and Mines, Miscellaneous Report 92-4, p. 138- 145. 

Ashton, ICE., Hunt, P.A., and Froese, 1992, Age constraints on the evolution of the 
Flin Flon volcanic belt and Kisseynew gneiss belt, Saskatchewan and Manitoba: 
Radiogenic Age and Isotopic Studies, Report 5, Geological Survey of Canada, Paper 
9 1-2, p. 55-69. 

Bailes, A.H., and McRitchie, W.D., 1978, The transition from low to high grade 
metamorphism in the Kisseynew sedimentary gneiss belt, Manitoba: in Fraser, J.A., 





Bowman, J.R., and Ghent, E.D., 1986, Oxygen and hydrogen isotope study of 
minerals fiom metapelitic rocks, staurolite to sillimanite zones, Mica Creek, British 
Columbia: Jounial of Metamorphic Geology, v. 4, p. 13 L - 14 1. 

Boyle, A.P., and Westhead, R.K., 1 992, Metamorphic peak geothermobarometry in 
the Furuiud group, Sulitjeha, Scandinavian Caiedonides: implications for uplifi: 
Journal of Metamorphic Geology, v. 10, p.6 15-626. 

Brodie, KH., and Rutter, E.H., 1985, On the relationship between deformation and 
metamorphism, with special reference to the behavior of basic rocks: In Thompson, 
A.B. and Rubie, D.C., eds., Metamorphic reactions, Advanced in Physical 
Geochemistry, v. 4, p. 138- 1 79. 

Burg, J.P., 1986, Quartz shape fabric variations and c-axis fabrics in a nbbon- 
mylonite: arguments for an oscillating foliation: Journal of Structurai Geology, v. 8, 
p.123-131. 

BumiIl, G.H.R., 1987, Mallard Lake gold deposits: Geological Association of Canada - 
Mineralogical Association of Canada Annual Meeting, Saskatoon, 1987, Field Trip 
Guide Book 4, p. 32-42. 

Card, ICD., Poulsen, K.H., and Robert, F., 1989, The Archean Superior province of 
the Canadian Shield and its lode gold deposits: Economic Geology Monograph 6, p. 
19-36. 

Chiarenzelli, J.R., 1989, The Nistowiak and Guncoat gneisses: Implications for the 
tectonics of the Glennie and La Ronge domains, northern Saskatchewan, Canada: 
unpublished Ph.D. thesis, the University of Kansas, 229p. 

Chiarenzelli, J.R, and Lewry, J.F., 1 988, The Nistowiak Gneisses: Evidence of a 
collisional suture in the Trans-Hudson orogen, northern Saskatchewan: Geological 
Association of Canada - Mineralogical Association of Canada, Program with 
Abstracts, v. 13, p. N O .  

Chiba, H., Chacko, T., Clayton, RN., and Goldmiith, J.R., 1989, Oxygen isotope 
hctionations involving diopside, forsterite, mapetite, and calcite: application to 
geothermometry: Geochimica et Cosmochimica Acta, v. 53, p. 2985-2995. 

Chown, E.H., Daigneault, R., Mueller, W., and Pilote, P., 1995, Geological setting of 
the eastem extremity of the Abitibi belt: in Pilote, P., ed., Metallogenic evolution and 
geology of the Chibougamau area - fiom porphyry Cu-Au-Mo to rnesothermal Iode 
gold deposits, field trip guidebook, Geological Survey of Canada, Open File 3 143, p. 
1-30. 



Clark, M.E., Carmichael, D.M., Hodgson, C.J., and Fu, M., 1989, Wallrock alteration, 
Victory gold mine, Kambalda, western Austraiia: processes and P-T-&02 conditions 
of metasornatism: in Keays, R.R., Ramsay, W.RH., and Groves, D.I., eds., The 
Geology of Gold Deposits: The Perspectives in 1988, Economic Geology, 
Monograph, v. 6, p. 445-459. 

Clayton, RN., and Epstein, S., 1958, The relationship between '80/160 ratios in 
coexisting quartz, carbonate, and iron oxides from various geologic deposits: Journal 
of Geology, v. 66, p. 352-37 1. 

Clayton, RN., and Epstein, S., 196 1, The use of oxygen isotopes in high temperature 
geological themometry: Journal of Geology, v. 69, p. 447-452. 

Clayton, RN., and Mayeda, T.K., 1963, The use of bromine pentafluonde in the 
extraction of oxygen from oxides and silicates for isotopic analysis: Geochimica et 
Cosmochimica Acta, v. 27. p. 43-52. 

Cobbold, P.R., Cosgrove, J.W., and Summers, J.M., 197 1, Development of interna1 
structures in deforrned anisotropic rocks: Tectonophysics, v. 12, p.23-53. 

Colvine, A.C., 1989, An empincal mode1 for the formation of Archean gold deposits: 
products of fmal cratonization of the Supenor Province, Canada: in Keays, R.R., 
Ramsay, W.R.H., and Groves, DL, eds., The Geology of Gold Deposits: The 
Perspectives in 1988, Economic Geology, Monograph, v. 6, p. 37-53. 

Colvine, AC., Fyon, J.A., Heather, K.B., Mamont, S., Smith, P.M., and Troop, D.G., 
1988, Archean lode gold deposits in Ontario: Ontario Geological S w e y ,  
Miscellaneous Paper 1 39, 1 36p. 

Coornbe, W., 1984, Gold in Saskatchewan: Saskatchewan Energy and Mines, Open 
File Report 84- 1, 134p. 

Coombe, W., Lewry, J.F., and Macdonald, R., 1986, Regional geological setting of 
gold in the La Ronge Domain, Saskatchewan: in Clark, L.A., ed., Gold in the Western 
Shield, Canadian Institute of Mining and Metallurgy, Special Volume 38, p. 26-56. 

C o f i ,  F., Jackson, S.L., and Sutcliffe, R.H., 199 1, U-Pb ages and tectonic 
significance of late Archean ahl ic  magmatisrn and nonmarine sedirnentation: 
Timiskaming Group, southem Abitibi belt, Ontario: Canadian Journal of Earth 
Sciences, v. 28, p. 489-503. 

C o f i ,  F., Krogh, T.E., Kwok, Y.Y., and Jensen, L.S., 1989, U-Pb zircon 
geochronology in the southwestern Abitibi greenstone bel< Supenor Province: 



Canadian Joumal of Earth Sciences, v. 26, p. 1747- 1763. 

Cox, S.F., Ethendge, M.A., and Wall, V.J., 199 1, Fluid pressure regimes and fluid 
dynamics during deformation of low-grade metarnorphic terranes - Implications for the 
genesis of mesothermal gold deposits: in Robert, F., Sheahan, P.A., and Green, S.B., 
eds., Greenstone Gold and Crustal Evolution, NCMA Conference Volume, Geological 
Association of Canada, p. 46-53. 

Dallmeyer, R.D., 1974, The role of crystal structure in controllhg the partitioning of 
Mg and ~ e "  between coexisting gamet and biotite: American Mineralogist, v. 59, p. 
20 1-203. 

David, J., Machado, N., Baikes, A., and Syme, E., 1993, U-Pb geochronology of the 
Proterozoic Flin Flon Belt, Snow Lake area, Manitoba: Geological Association of 
Canada, Program with Abstracts, v. 18, p. A-22. 

Deines, P., 1977, On the oxygen isotope distribution among mineral triples in igneous 
and metarnorphic rocks: Geochimica et Cosmochimica Acta, v. 41, p. 1709- 1730. 

Dodson, M.H., 1973, Closure temperature in cooling geochronological and 
petrological systems: Contributions to Mineralogy and Petrology, v. 40, p. 259-274. 

Durocher, K.E., 1997, A study of the P-T-t-fluid evolution of the Glennie Domain, 
Trans-Hudson Orogen: unpublished Ph.D. thesis, the Universiw of Saskatchewan, 
Cana&, 302p. 

England, P.C., and Thompson, A.B., 1984, Pressure-temperature-time paths of 
regional metamorphism 1: Heat transfer during the evolution of regions of thickened 
continental crust: Journal of Petrology, v. 25, p. 894-928. 

Eslinger, E.V., Savin, S.M., and Yeh, H., 1979, Oxygen isotope geotherrnometry of 
diagenetically altered shales: Society of Economic Paleontologists and Mineralogists 
Special Publication 26, p. 1 13- 124. 

Ethendge, M., Wall, V., and Cox, S., 1984, High fluid pressures during regional 
metamorphism and deformation: Implications for mass transport and defornation 
mechanisms: Journal of Geophysical Research, v. 89, p. 4344-43 58. 

Farver, J.R., and Giletti, B. J., 1985, Oxygen diffusion in hornblende: Geochimica et 
C o s m o c ~ c a  Acta, v. 49, p. 1403- 14 1 1. 



Fedorowich, J., Stauffer, M., and Kemch, R, 199 1, Structural setuog and fluid 
characteristics of the Proterozoic Tartan Lake gold deposit, Trans-Hudson orogen, 
Northem Manitoba: Economic Geology, v. 86, p. 1434- 1467. 

Fedorowich, J., StaufTer, M., Lewry, J., and Kemch, R., 1995, The age of the Needle 
Falls shear zone: in Hajnal, Z., and Lewry, J., eds., Lithoprobe, THOT Report, No. 
48, p. 102- 103. 

Ferry, J.M, and Spear, F.S., 1978, Experimental calibration of the partitionhg of Fe 
and Mg between biotite and gamet: Contributions to Mineralogy and Petrology, v. 66, 
p. 113-117. 

Fleck, R.J., Sutier, J.F., and Elloit, D.H., 1977, hterpretation of discordant 4 0 ~ r / 3 9 ~ r  
age-spectra of Mesozoic tholeiites from Antarctica: Geochirnica et Cosmochimica 
Acta, V. 42, p. 15-32. 

Fortier, S.M., and Giletti, B.J., 1991, Volume self-diffusion of oxygen in biotite, 
muscovite, and phlogopite micas: Geochirnica et Cosmochimica Acta, v. 55, p. 13 19- 
1330. 

Fossen, H., and Tikoff, B., 1993, The defornation matrix for simultaneous pure shear, 
simple shear, and volume change, and its application to transpression/transtension 
tectonics: Journal of Stmctural Geology, v. 15, p. 413-425. 

Fumerton, S.L., Stauffer, M.R., and Lewry, J.F., 1985, The Watharnan batholith: 
largest known Precambrian pluton: Canadian Journal of Earth Sciences, v. 2 1, p. 
1082- 1097. 

Garbutt, J.M., and Teyssier, C., 199 1, Pnsm cc> slip in the quaraites of the Oakhurst 
Mylonite Belt, California: Journal of Structural Geology, v. 13, p.657-666. 

Ghent, E.D., and Stout, M., 1984, TiOz activity in metamorphosed pelitic and basic 
rocks: principles and applications to metarnorphism in southeastern Canadian 
Cordillera: Contributions to Mineralogy and Petrology, v. 86, p. 248-255. 

Gilboy, C.F., 1982, Geology of an area around Rottenstone and Dobbin lakes @art of 
NTS area 74A): Saskatchewan Department of Mineral Resources, Report 193,68p. 

Giletti, B.J., 1986, Diffusion effects on oxygen isotope temperahves of slowly cooled 
igneous and metamorphic rocks: Earth and Planetary Science Letters, v. 77, p. 2 1 8- 
228. 



Giletti, B.J., and Hess, KC., 1988, Oxygen diffusion in magnetite: Earth and Planetary 
Science Letters, v. 89, p. 1 15-1 22. 

Giletri, B.J., Semeî, M.P., and Yund RA., 1978, Studies in diffusion. III. Oxygen in 
feldspar, an ion microprobe determination: Geochimica et Cosmochirnica Acta, v. 42, 
p. 45-57. 

Giletti, B.J., and Yund, RA., 1984, Oxygen diffusion in Quartz: Journal of 
Geophysical Research, v. 89, p. 4039-4046. 

Gordon, T.M., Hunt, P.A., Bailes, A.H., and Syme, E.C., 1990, U-Pb zircon ages 
nom the Flin Flon and Kisseynew belts, Manitoba: chronology of Early Proterozoic 
crust fornation at an Early Proterozoic accretionary margin: in Lewry, J.F., and 
Staufler, M R ,  eds., The Early Proterozoic Trans-Hudson Orogen of North Amenca. 
Geological Association of Canada Special Paper 37, p. 177-1 99. 

Graham, CM., and Powell, R-, 1984: A gamet - homblende geothermometer: 
calibration, testing, and application to the Pelona schist, southem California: Joumal of 
Metamorphic Geology, v. 2, p. 13-3 1. 

Greene, D.C., and Schweickert, RA., 1995, The Gem Lake shear zone: Cretaceous 
dextral transpression in the northem Ritter Range pendant, eastem Sierra Nevada, 
California: Tectonics, v. 14, p. 945-96 1. 

Gresens, EL., 1967, Composition-volume relations of rnetasomatism: Chernical 
Geology, v. 2, p. 47-65. 

Groves, D.I., 1993, The crustal continuum mode1 for late-Archaean Iode-gold deposits 
of the Yilgarn Block, western Ausaalia: Mineralium Deposita, v. 28, p. 366-374. 

Groves, D.I., Barley, M.E., Barnicoat, A.C., Cassidy, KF., Fare, R.J., Hagemann, 
S.G., Ho, S.E., Hronsky, L.M.A., Mikuski, E.J., Mueller, A.G., McNaughton, N.J., 
Pexring, C.S ., Ridley , J.R., Vearncombe, J.R., 1 992, Sub-greenschist to granulite- 
hosted Archean Iode-gold deposits of the Yilgam Craton: a depositional continuum 
from deep-sourced hydrothemÿil fluids in crustal-scale plumbing systerns: Geology 
Department (Key Centre) and University Extension, The University of Western 
Australia Publication, v. 22, p. 325-337. 

Groves, D.I., and Foster, R.P., 199 1, Archaean lode gold deposits: in Foster, R.P., 
ed., Gold Metallogeny and Exploration, Blackie, p. 63- 1 03. 





Harper, C-T., 1996, La Ronge-Lynn Lake Bridge project: Sucker-Fleming Lake area: 
in Summary of Investigations 1996, Saskatchewan Geological Survey, Saskatchewan 
Energy and Mines, Miscellaneous Report 964, p. 66-78. 

Harper, C.T., Thomas, D., and Watters, B., 1986, Geology and petrochemisûy of the 
Star-Waddy Lakes area, Saskatchewan, in Clark, L.A., ed., Gold in the Western 
Shield: Canadian Institute of Mining and Metallurgy, Special Volume 38, p. 57-85. 

Harris, L.B., and Cobbold, P.R., 1984, Developrnent of conjugate shear bands during 
buk simple shearing: Journal of Structural Geology, v. 7, p. 37-44. 

Harrison, T.M., 198 1, Diffusion of %r in hornblende: Contributions to Mineralogy 
and Petrology, v. 78, p. 324-33 1. 

Harrison, T.M., Duncan, L, and McDougall, L, 1985, Difision of ''Ar in biotite: 
Temperature, pressure, and compositional effects: Geochimica et Cosmochimica Acta, 
V. 49, p. 246 1-2468. 

He, J., and Roberts, R.G., 199 1, Deformation in the Star Lake-McLennan Lake area, 
La Ronge Domain: in Summary of Investigations 199 1, Saskatchewan Geological 
Survey, Saskatchewan Energy and Mines, Miscellaneous Report 9 1-4, p. 8 1-84. 

He, J., and Roberts, R.G., 1992, Structural setting of Iode gold deposits in the 
McLennan Lake-Star Lake area, northern Saskatchewan. Saskatchewan Energy and 
Mines, Interna1 Report, 4 p. 

H e m ,  L.M., Maxeiner, R.O., and Slimmon, W.L., 1994, 1993-94 U-Pb 
geochronological investigations in the Tram-Hudson Orogen, Saskatchewan: in 
Su- of Investigations 1994, Saskatchewan Geological Survey, Saskatchewan 
Energy and Mines, Miscellaneous Repoa 94-4, p. 96-99. 

Hodges, KY., and Spear, F.S., 1982: Geothermometry, geobarometry and the 
A12Si03 triple point at Mt. Moosilauke, New Hampshire: Amencan Mineralogist, v. 
67, p. 1118-1 134. 

Hodgson, C. J., 1 993, Mesothermal Iode-gold deposits: in Kirkham, R-V., Sinclair, 
W.D., Thorpe, RI., and Dulce, J.M., eds., Mineral Deposit Modeling, Geological 
Association of Canada, Special Paper 40, p. 635-678. 

Hodgson, C.J., and Hamilton, J.V., 1989, Gold mineralkation in the Abitibi 
greenstone belt: End-stage result of Archean collisional tectonics? in Keays, KR., 
Ramsay, W.R.H., and Groves, D.I., eds., The Geology of Gold Deposits: The 
Perspectives in 1988, Economic Geology, Monograph, v. 6, p. 86- 100. 



Hodgson, C.J., and Troop, D.G., 1988, A new cornputer-aided rnethodology for area 
selection in gold exploration: A case study fiom the Abitibi greenstone belt: Economic 
Geology, v. 83, p. 952-977. 

Hoflbm, P.F., 1988, United plates of Arnerica, the birth of a craton: Early 
Proterozoic assembly and growth of Laurentia: Annual Review of Earth and Planetary 
Sciences, v. 16, p. 543-603. 

Hofkan, P. F., 1989, Precarnbrian geology and tectonic history of North Amencan: in 
Bally, A.W., and Palmer, A.R., eds., The Geology of North America - An Overview, 
Geological Society of Arnerica, The Geology of North America, v. A, p. 447-5 1 2. 

Hofnnan, P.F., 1990, Subdivision of the Churchill province and extent of the Trans- 
Hudson Orogen: in Lewry, J.F., and StaufTer, M K ,  eds., The Early Proterozoic 
Tram-Hudson Orogen of North Amerka, Geological Association of Canada Special 
Paper 37, p. 15-39. 

Holland, T.J.B., and Richardson, S., 1979, Amphibole zonation in metabasites as a 
guide to the evolution of metamorphic conditions: Contributions to Mineralogy and 
Petrology, v. 70, p. 143- 148. 

Hrdy, F., and Kyser, T.K, 1995, Origin, timing, and fluid characteristics of an 
auriferous event: the Proterozoic Jasper lode gold deposit, Saskatchewan, Canada: 
Economic Geology, v. 90, p. 19 18- 1933. 

Hudleston, P.J., Schultz-Ela, D., and Southwick, D.L., 1988, Transpression in an 
Archean greenstone belt, northem Minnesota: Canadian Journal of Earih Sciences, v. 
25, p. 1060- 1 068. 

Huebner, M., Kyser, T.K., and Nisbet, E.G., 1986, Stable-isotope geochemistry of 
high-grade metapelites fiom the Central zone of the Limpopo belt: American 
Mineralogist, v. 7 1, p. 1343- 1353. 

Ibrahim, M.S., and Kyser, T.K., 199 1, Fluid inclusion and isotope systernatics of the 
high-temperature Proterozoic Star Lake lode gold deposit, northem Saskatchewan, 
Canada: Economic Geology, v. 86, p. 1468-1490. 

Jacobsen, C.E., 1995, Qualitative therrnobaromeû-y of inverted metamorphisrn in the 
Pelona and Rand Schists, southem California, using calciferous amphibole in mafic 
schist: Journal of Metamorphic Geology, v. 13, p. 79-92. 



Janser, B.W., 1993, The Star Lake pluton, La Ronge Domain, northem Saskatchewan: 
petrogenesis of a Proterozoic island-arc pluton: Precambrian Research, v. 70, p. 145- 
164. 

Javoy, M., Fourcade, S., and Nlegre, CJ., 1970, Graphical method for examination of 
18 0 / '~0  fractionations in silicate rocks: Earth and Planetary Science Letters, v. 10, p. 
12-16. 

Kemch, R, 1983, Geochemistry of gold deposits in the Abitibi greenstone belt: 
Canadian Institute of Mining and Metallurgy, Special Volume 27,75p. 

Kemch, R., 1987, The stable isotope geochemistry of Au-Ag vein deposits in 
metamorphic rocks: in Kyser, T.K., ed., Stable Isotope Geochemistry of Low 
Temperature Fluids, Mineralogical Association of Canada Short Course Handbook, v. 
13, p. 287-336. 

Kemch, R., 1989, Geochemical evidence on the sources of fluids and solutes for shear 
zone hosted mesothemal Au deposits: Geological Association of Canada Short 
Course Notes, v. 6, p. 129- 198. 

Kemch, R, and Fryer, B. J., 198 8, Lithophile-element systematics of Archean 
greenstone belt Au-Ag vein deposits: implication for source processes: Canadian 
Journal of Earth Sciences, v. 25, p. 945-953. 

Kemch, R., and Wyman, D.. 1990, Geodynarnic setting of mesothemal gold deposits: 
An association with accretionary tectonic regimes: Geology, v. 18, p. 882-885. 

Knight, J.T., Groves, D.L. and Ridley, J.R., 1993, The Coolgardie Goldfield, Western 
Australia: district-scale controls on an Archaean gold camp in an amphibolite facies 
terrane: Mineralium Deposita, v. 28, p. 436-456. 

Knipe, RJ., and Wintsch, R.P., 1985, Heterogeneous deformation, foliation 
development, and metamorphic processes in a polyphase mylonite: in Thompson, 
A.B., and Rubie, D.C ., eds., Metamorphic reactions, Advances in Physical 
Geochemistry, v. 4, p. 180-2 10. 

Kohn, M.J., and Spear, F.S., 1989, Empincal calibration of geobarometers for the 
assemblage gamet + homblende + plagioclase + quartz: American Mineralogist, v. 74, 
p. 77-84. 

Krantz, RW., 1995, The transpressional strain mode1 applied to strike-slip, oblique- 
convergent and oblique-divergent defonnation: Journal of Stmchual Geology, v. 17, 
p. 1125-1137. 



Krohe, A., 1990, Local variations in quartz [cl-axis orientations in non-coaxial 
regirnes and their significance for the mechanics of S-C fabrics: Journal of Structural 
Geology, v. 12, p. 995- 1004. 

Kyser, T.K., 1987, Equilibrium fractionation factors for stable isotopes: in Kyser, 
T.K., ed., Stable Isotope Geochemistry of Low Temperature Fluids, Mineralogical 
Association of Canada Short Course Handbook, v. 13, p. 1-84. 

Kyser, T.K., Fayek, M., and Sibbald, T.I.L, 1992, Geochronologic studies in the La 
Ronge and Glennie domains: in Summary of Investigations 1992, Saskatchewan 
Geological Survey, Saskatchewan Energy and Mines, Miscellaneous Report 924, p. 
130-134. 

Kyser, T.K., Janser, B.W., Wilson, M.R., and Hattie, L, 1986, Stable isotope 
geochemistry related to gold mineralkation and exploration in the Western Shield: in 
Clark, L.A., ed., Gold in the Western Shield, Canadian Institute of Mining and 
Metallurgy, Special Volume 38, p. 470-498. 

Kyser, T.K., and O'Neil, J.R., 1984, Hydrogen isotope systematics of subrnarine 
basalts: Geochimica et Cosmochunica Acta, v. 48, p. 2 123-2 133. 

Kyser, T.K, and Stauffer, M.R., 1995, Petrogenesis and ages of plutons in the Central 
Metavolcanic Belt, La Ronge Domain: in Hajnal, Z., and Levny, J., eds., Lithoprobe, 
THOT Report, No. 48, p. 122-1 30. 

Laird, J., 1980, Phase equilibria in mafic schist from Vermont: Journal of Petrology, v. 
21, p. 1-37. 

Laird, J., and Albee, A.L., 198 1, Pressure, temperature, and thne indicators in mafic 
schist - Their application to reconstructing the polymetamorphic history of Vermont: 
Amencan Journal of Science, v. 28 1, p. 127- 175. 

Law, R.D., 1986, Relationships between strain and  LEU& crystallographic fabrics in 
the Roche Maurice quartzites cf PLougastel, western Brittany: Journal of Structural 
Geology, v. 8, p. 493-5 15. 

Leake, B.E., Woolley, A.R., Arp, C.E.S., Birch, W.D., Gilbert, M.C., Grice, J.D., 
Hawthorne, F.C., Kato, A., Kisch, H.J., JSrivovichev, V.G., Linthout, K., Laird, J., 
Mandarino, J.A., Maresch, W.V., Nickel, E.H., Rock, N.M.S., Schumacher, J.C., 
Smith, D.C., Stephenson, N.C.N., Ungaretti, L., Whinaker, E.J.W., and Guo, Y., 
1997, Nomenclature of amphiboles: report of the subcommittee on amphiboles of the 
international mineralogical association, commission on new minerals and mineral 
names: Canadian Mineralogist, v. 35, p. 21 9-246. 





Roterozoic Trans-Hudson Orogen of North America, Geological Association of 
Canada, Special Paper 37, p. 75-94. 

Lister, G.S., 1977, Discussion: Cross-girdle c-axis fabrics in quartzites plastically 
deformed by plane strain and progressive simple shear: Tectonophysics, v. 39, p. 5 1- 
53. 

Lister, G.S., and Hobbs, B.E., 1980, The simulation of fabric development during 
plastic deformation and its application to quartzite: the influence of deformation 
history: Journal of Structural Geology, v. 2, p. 355-370. 

Lister, G.S., and Williams, P.F., 1983, The partitionhg of deformation in flowing rock 
mas: Tectonophysics, v. 92, p. 1-33. 

Loch, K., 1994, The Jolu gold deposit in northem Saskatchewan: n i e  relationship 
between the strucnual history and the thickness and grade of the deposit: Unpublished 
B.Sc. thesis, University of Waterloo, 46p. 

Lucas, S.B., Green, A., Hajnal, Z., White, D., Lewry, J., Ashton, K.. Weber, W., and 
Clowes, R., 1993, Deep seismic profile across a Roterozoic collision zone: surprises 
at depth: Nature, v. 363, p. 339-342. 

Macdonald, R., 1987, Update on the Precambrian geology and domainal classification 
of northem Saskatchewan: in Summary of Investigations 1987, Saskatchewan 
Geological Survey, Saskatchewan Energy and Mines, Miscellaneous Report 87-4, p. 
87- 104. 

Machado, N., 1990, Timing of collisional events in the Tram-Hudson Orogen: 
evidence fiom U-Pb geochronology for the New Quebec Orogen, the Thompson Belt, 
and the Reindeer Zone (Manitoba and Saskatchewan: in Lewry, J.F., and Stauffer, 
M.R., eds., The Early Proterozoic Trans-Hudson Orogen of North Amenca, 
Geological Association of Canada Special Paper 37, p. 433-44 1. 

Mandl, G., de Jong, L.N.J., and Maltha, A., 1977, Shear zones in granular material: 
Rock Mechanics, v. 9, p. 95-144. 

Massey, J.A., Harmon, R.S., and Harris, N.B. W., 1994, Contrasting retrograde 
oxygen isotope exchange behavior and implications: examples nom the Langtang 
Valley, Nepal: Journal of Metamorphic Geology, v. 12, p. 26 1-272. 

Maxeiner, RO., and Sibbald, T.I.L, 1995, Controvenial rocks in the Hebden-MacKay 
lakes area, southern La Ronge Domain: in Summary of Investigations 1995, 



Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Miscellaneous 
Report 95-4, p. 79-85. 

McCuaig, A., 1984, Fluid-rock interaction in some shear zones fkom the Pyrenees: 
Journal of Metamorphic Geology, v. 2, p. 129- 142. 

McCuaig, T.C., and Kemch, R, 1994, P-T-t-deformation-fluid characteristics of lode 
gold deposits: evidence fkom alteration systernatics: in Lentz, D.R, ed., Alteration and 
Alteration Processes Associated with Ore-Fonning Systems, Geological Association 
of Canada, Short Course Notes, v. 1 1, p. 339-379. 

McCuaig, T.C., Kemch, R., Groves, DL, and Archer, N., 1993, The nature and 
dimensions of regional and local gold-related hydrothermal alteration in tholeiitic 
metabasalts in the Noseman goldfields: the missing link in a crusta1 continuum of gold 
deposits?: Mineralium Deposita, v. 28, p. 420-435. 

McNeil, A.M., and Kemch, R., 1986, Archean lamprophyre dykes and gold 
mineralization, Matheson, Ontario: The conjunction of LILE-enriched mafic magmas, 
deep crusta1 structures, and Au concentration: Canadian Journal of Earth Sciences, v. 
23, p. 324-343. 

Means, W.D., 1989, Stretching faults: Geology, v. 17, p. 893-896. 

Meyer, M.T., Bickford, M.E., and L e w ,  J.F., 1992, The Wathaman Batholith: an 
Early Proterozoic continental arc in the Trans-Hudson orogenic belt, Canada: 
Geological Society of America Bulletin, v. 104, p. 1073- 1085. 

Morasse, S., Wasteneys, H.A., Cormier, M., HeImstaedt, H., and Mason, R., 1995, A 
pre-2686 Ma intrusion-related gold deposit at the Kieoa mine, Val d'Or, Quebec, 
southem Abitibi subprovince: Economic Geology, v. 90, p. 13 10- 132 1. 

Murphy, W.L., 1986, Geology and exploration history of the gold mineralization in the 
Star Lake area, Saskatchewan: in Clark, L.A., ed., Gold in the Western Shield, 
Canadian Institute of Mining and Metallurgy, Special Volume 38, p. 2 12-220. 

Naylor, M.A., Mandl, G., and Sijpesteijn, C.H.K., 1986: Fault geometries in basement- 
induced wrench faulting under different initial stress States: Journal of Structural 
Geology, v. 8, p. 737-752. 

Nelson, K.D., Baird, D.J., Walters, J.J., Hauck, M., Brown, L.D., Oliver, J.E., Ahern, 
H.L., Hajnal, Z., Jones, A.G., and Sloss, L.L., 1993, Tram-Hudson Orogen and 
Williston basin beneath northeastern Montana and northem Dakota: New COCORP 
deep profiling results: Geology, v. 2 1, p. 447-450. 



O'Neil, J.R., 1986, Theoretical and experimental aspects of isotopic fractionation: in 
Valley, J.W., Taylor, H.P., Jr., and O'Neil, J.R., eds., Stable Isotopes in High 
Temperature Geological Rocesses, Mineralogical Society of Amenca Reviews in 
Mineralogy, v. 16, p. 1-40. 

O'Neil, J.R., Clayton, RN., and Mayeda, T.K., 1969, Oxygen isotope fractionation in 
divalent metal carbonates: Journal of Chemical Physics, v. 5 1, p. 5547-5558. 

O'Neil, J.R, and Kharaka, Y.K., 1976, Hydrogen and oxygen isotope exchange 
reactions between clay minerals and water: Geochimica et Cosmochimica Acta, v. 40, 
p. 241-246. 

Pilote, P., and Guha, J., 1995, Metallogeny of the eastern extremity of the Abitibi belt: 
in Pilote, P., ed., Metallogenic evolution and geology of the Chibougamau area - from 
porphyry Cu-Au-Mo to mesothermal lode gold deposits, field trip guidebook, 
Geological Survey of Canada, Open File 3 143, p. 3 143. 

Plyusnina, L.P., 1982, Geothemometry and geobarometry of plagioclase - homblende 
bearing assemblages: Contributions to Mineralogy and Petrology, v. 80, p. 140-146. 

Poulsen, K.H., 1986, Auriferous shear zones with samples fiom the Western Shield: in 
Clark, L.A., ed., Gold in the Western Shield, Canadian Institute of Mining and 
Metallurgy, Special Volume 38, p. 86- 103. 

Poulsen, K.H., 1989, La Ronge structural studies: in Investigations by the Geological 
Survey of Canada in Manitoba and Saskatchewan during 1984- 1989 Mineral 
Development Agreements, Geological Survey of Canada, Open File Report 2 133, p. 
50-55. 

Poulsen, K.H., Ames, D.E., and Galley, A.G., 1985, Struchual studies of gold 
mineralkation in the La Ronge area: in Summary of Investigations 1985, 
Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Miscellaneous 
Report 85-4, p. 96-98. 

Poulsen, K.H., Ames, D.E., and Galley, A.G., 1986a, Gold mineralization in the Star 
Lake pluton, La Ronge belt, Saskatchewan: a prelimlliary report: in Current Research, 
Part A, Geological Survey of Canada, Paper 86- 1 A, p. 205-2 12. 

Poulsen, KH., Ames, D.E., and Galley, A.G., 1986b, Controls on gold mineralization 
in the Star Lake Pluton, La Ronge Domain: in Summary of Investigations 1986, 
Saskatchewan Geological S v  Saskatchewan Energy and Mines, Miscellaneous 
Report 86-4, p. 139- 140. 



Poulsen, K.H., Ames, D.E., Gdley, A.G., Derome, L, and Brornrnecker, R., 1987, 
Structural studies in the northern part of the La Ronge Domain: in Summas, of 
Investigations 1987, Saskatchewan Geological Survey, Saskatchewan Energy and 
Mines, Miscellaneous Report 87-4, p. 107- 1 14. 

Poulsen, K.H., and Robert, F., 1989, Shear zones and gold: practical examples from 
the southem Canadian Shield: in Bursnall, J.T. ed., Mineralization and Shear Zones, 
Geological Association of Canada, short Course Notes 6, p. 239-266. 

Ramsay, J.G., 1980, Shear zone geometry: a review: Journal of Structural Geology, v. 
2, p. 83-99. 

Riedel, W., 1929, Zur Mechanik geologischer Brucherscheinungen: Zb. Miner. Geol. 
Palaeont. Abh., v. 1929B, p. 354-368. 

Robert, F., 1994, Timing relationships between Cu-Au mineralization, dykes, and 
shear zones in the Chibougarnau camp, northeastem Abitibi subprovince, Quebec: in 
Current Research 1 994-C, Geological Survey of Canada, p. 28'7-294. 

Robert, F., 1997, A preliminary geological mode1 for syenite-associated disseminated 
gold deposits in the Abitibi belt, Ontario and Quebec: NI Current Research 1997-C, 
Geological Survey of Canada, p. 20 1-2 1 O. 

Robert, F., and Brown, A.C., 1 986, Archean gold-bearing quartz veins at the Sigma 
Mine, Abitibi greenstone belt, Quebec: Part 1. Geologic relations and formation of the 
vein system: Economic Geology, v. 8 1, p. 578-592. 

Roberts, R.G., 1987, Archean lode gold deposits: in Roberts, R.G., and Sheahan, 
P.A., eds., Ore Deposit Models, Geological Association of Canada, Geoscience 
Canada Reprint Senes 3, p. 1 - 1 9. 

Roberts, R.G., 1990, Structural controls on gold deposits in the Star Lake and Island 
Lake plutons: in Summary of Investigations 1990, Saskatchewan Geological Survey, 
Saskatchewan Energy and Mines, Miscellaneous Report 90-4, p. 58-59. 

Roberts, R.G., 1993, The relationship between the gold-bearing quartz veins of the 
Star Lake and Island Lake Plutons, and the deformation of the Plutons: Saskatchewan 
Energy and Mines, Open File Report 93-5,29p. 

Roberts, KG., and Schwann, PL., 1989, Structural controls on gold deposits in the 
La Ronge Domain, Saskatchewan: Progress report: in Sumrnary of Investigations 
1989, Saskatchewan Geological Survey, Saskatchewan Energy and Mines, 
Miscellaneous Report 89-4, p. 36-40. 



Romberger, S.B., 1986, The solution chemistry of gold applied to the ongin of 
hydrotherrnal deposits: in Clark, L.A., ed., Gold in the Western Shield, Canadian 
hstitute of Mining and Metallurgy, Special Volume 38, p. 168- 186. 

Robin, P-Y.F., and Cruden, A.R., 1994, Strain and vorticity patterns in ideally ductile 
transpressive zones: Journal of Structural Geology, v. 16, p. 447-466. 

Robin, P-Y.F., and Jowett, E.C., 1986, Characterization of superposed Fisher 
distributions fiom point density nirfaces. Geological Association of Canada, Annual 
Meeting, Abstract Volume. 

Sanderson, D.J., and Marchini, W.R.D., 1984, Transpression: Journal of Structural 
Geology, v. 6, p. 449-458. 

SchAaf. M., and Schwerdtner, W.M., 1992, Structural anaiysis of McLeman Lake 
Fault (MLF), La Ronge Domain: Progress report: in Lithoprobe Report. THOT 
report, No. 26, p. 28-39. 

Schmid, S.M., and Casey, M., 1986, Complete fabric analysis of some commonly 
observed quartz c-axis patterns: in Hobbs, B.E., and Heard, H.C., eds., Mineral and 
Rock Deformation: Laboratory Studies, Amencan Geophysical Union, Geophysical 
Monograph, v. 36, p. 263-286. 

Sherlock, R.L., 1993, The geology and geochemistry of the McLaughlin Mine sheeted 
vein complex, northern Coastal Ranges, California: unpublished Ph.D. thesis, the 
University of Waterloo, Canada, 309p. 

S ibbald T.I.I., 1 978, Geology of the Sandy Narrows (east) area, Saskatchewan: 
Saskatchewan Department of Mineral Resources, Report 170. 

Sibson, R.H., Robert, F., and Poulsen, KH., 1988, High-angle reverse faults, fluid- 
pressure cycling, and mesothennal gold-quartz deposits: Geology, v. 16, p. 55 1-555. 

Sinclair, W.D., Pilote, P., Kirkham, R.V., Robert, F., and Daigneault, R., 1994, A 
prelllninary report of porphysr Cu-Mo-Au and shear zone-hosted Cu-Au deposits in 
the Chibougamau area, Quebec: in Current Research 1994-C, Geological Survey of 
Canada, p. 303-309. 

Slimmon, W.L., 1 992, Bedrock geological mapping, Hanson Lake-S turgeon-weir 
River area @art of NTS 63 L- 1 0 and - 1 5): in Summary of Investigations 1 992, 
Saskatchewan Geological Survey, Saskatchewan Energy and Mines, Miscellaneous 
Report 92-4, p. 23-29. 





Syme, E.C., 1990, Stratigraphy and geochemistry of the Lym Lake and Flin Flon 
metavolcanic belts, Manitoba: Ni Lewry, J.F., and Stauffer, M.R, eds., The Early 
Proterozoic Tram-Hudson Orogen of North America, Geological Association of 
Canada Special Paper 37, p. 143- 162. 

Taylor, G.F., and Appleyard, E.C., 1983, Weathering of the zinc-lead load, Dugald 
River, northwest Queensland: 1. The gossan profile: Journal of Geochemical 
Exploration, v. 18, p. 87- 1 10. 

Taylor, H.P., Jr., 1974, The application of oxygeo and hydrogen isotope studies to 
problems of hydrothermal alteration and ore deposition: Economic Geology, v. 69, p. 
843-883. 

Taylor, H.P., Jr., 1977, Watedrock interactions and the origin of H20 in granitic 
batholiths: Geological Society of London Journal. v. 133, p. 509-558. 

Tchalenko, J.S., 1968, The evoiution of kink bands and the developrnent of 
compression textures in sheared clays: Tectonophysics, v. 6, p. 159- 174. 

Tchalenko, J.S., 1970, Similarity between shear zones of different magnitudes: 
Geological Society of Amenca Bulletin, v. 8 1, p. 1625- 1640. 

Tessier, A.C., and Hodgson, C.J., 1994, Syn-tectonic auriferous quartz-carbonate 
vein-type orebodies fonned by metamorphic remobilization of Au and Cu fkom pre- 
metamorphic sulphide lenses at the Portage Mine, Chibougamau, Quebec: implication 
for crustal recycling of metals and the origin of metal provinces: Geological 
Association of Canada - Mineralogical Association of Canada Annual M e e ~ g ,  
Program with Abstracts, v. 19, p. 1 1 1. 

Teyssier, C., Tikoff, B., and Markley, M., 1995, Oblique plate motion and continental 
tectonics: Geology, v. 23, p. 447-450. 

Thom, A., Arndt, N.T., Chauvel, C., and Stauffer, M., 1990, Flin Flon and western La 
Ronge belts, Saskatchewan: products of Proterozoic subduction-related volcanism: in 
Lewry, J.F., and Stauffer, M.R., eds., The Early Proterozoic Trans-Hudson Orogen of 
North Amenca, Geological Association of Canada Special Paper 37, p. 163-175. 

Thomas, D. J., 1985, Geology of an area around Star Lake: Saskatchewan Energy and 
Mines, Open File Report 85-6,83p. 

Thomas, D. J., 1986, Bedrock geological mapping, Esmay Lake area: in S u .  of 
Investigations 1986, Saskatchewan Geological Survey, Saskatchewan Energy and 
Mines, Miscellaneous Report 86-4, p. 19-3 1. 



Thomas, D.J., 1988, Bedrock geological mapping, Palf Lake area: in Surnmary of 
Investigations 1988, Saskatchewan Geological Survey, Saskatchewan Energy and 
Mines, Miscellaneous Report 88-4, p. 20-25. 

Thomas, D.J., 1993, Geology of the Star Lake-Otter Lake portion of the Central 
Metavolcanic Belt, La Ronge Domain: Saskatchewan Energy and Mines Report 236, 
132p. 

Thomas, D.J., and Heaman, L.M., 1994, Geologic setting of the Jolu gold mine, 
Saskatchewan: U-Pb age conmaints on plutonism, deformation, mineralization, and 
metamorphism: Economic Geology, v. 89, p. 10 17- 1029. 

Tikoff, B., and Greene, D., 1997, Stretching lineation in transpressional shear zones: 
an example h m  the Sierra Nevada Batholith, California: Journal of Structural 
Geology, v. 19, p. 29-39. 

Tiko ff, B., and Teyssier, C ., 1 994, Strain modeling of displacement- field paxtitionhg 
in transpressional orogens: Journal of Structural Geology, v. 16, p. 1 575- 1588. 

Tracy, RJ., 1982, Compositional zoning and inclusions in metamorphic minerais: 
Reviews in Mineralogy, v. 10, p. 355-397. 

Tullis, J., 1977, Preferred orientation of quartz produced by slip during plane strain: 
Tectonophysics, v. 39, p. 87- 102. 

Van Schmus, W.R, Bickford, M.E., Lewry, J.F., and Macdonald, R., 1987, U-Pb 
geochronology in the Tram-Hudson orogen, northem Saskatchewan, Canada: 
Canadian Joumal of Earth Sciences, v. 24, p. 407-424. 

Walther, J., and Orville, P., 1982, Volatile production and transport in regiooal 
metamorphism: Contributions to Mineralogy and Petrology, v. 79, p. 252-257. 

Watters, B.R., 1984, Geochemical patterns for metavolcanic rocks of the La Ronge 
Domain: in Summary of Investigations 1984, Saskatchewan Geological Survey, Sask. 
Energy and Mines, Misc. Rep. 84-4, p. 88-9 1. 

Watters, B.R., 1985, Geochemistry of metavolcanic and plutonic rocks, Star Lake and 
Waddy Lake areas; in Summary of Investigations 1985, Saskatchewan Geological 
Survey, Saskatchewan Energy and Mines, Miscellaneous Report 85-4, p. 28-34. 

Watters, B.R., and Armstrong, EL., 1985, Rb-Sr Study of metavolcanic rocks fiom 
the La Ronge and Flin Flon domains, northern Saskatchewan: Canadian Joumal of 
Earth Sciences, v. 22, p. 452-463. 



Watters, B.R., and Pearce, J., 1987, Metavolcanic rocks of the La Ronge domain in 
the Churchill Province, Saskatchewan: geochemical evidence for a volcanic arc origin: 
in Pharaoh, TC., Beckinsale, RD. ,  and Richard, D., eds., Geochemistry and 
Mineralization of Proterozoic Volcanic Suites, Geological Society of London Special 
Publication 33, p. 167-1 82. 

Wilcox, RE., Harding, T.P., and SeeIy, D.R., 1973, Basic wrench tectonics: American 
Association of Petroleum Geologists Bulletin, v. 57, p. 74-96. 

Yeo, G.M., 1996, Geological investigations in the Scriver Lake area, La Ronge 
Domain (NI'S 73P- 16-NE): in Su- of Investigations 1996, Saskatchewan 
Geological Survey, Saskatchewan Energy and Mines, Miscellaneous Report 96-4, p. 
79-9 1. 

Zwanzig, H.V., 1 990, Kisseynew gneiss belt in Manitoba: stratigraphy, structure, and 
tectonic evolution: in Lewry, J.F., and Stauffer, M.R., eds., The Early Proterozoic 
Tram-Hudson Orogen of North Amenca, Geological Association of Canada Special 
Paper 37, p. 95- 120. 



APPENDIX A 

ELECTRON MICROPROBE ANALYSES 
OF AMPHIBOLE, PLAGIOCLASE, BIOTITE, AND GARNET 



Table A- i.  Electron microprobe anal- of amphi le  associd  with the MLTZ 

SampIe 355 355 358 358 824-la 824-1b 93-4 93-4 93-2 93-2 
Rock type' Mv Mv Mv Mv Mv Mv Gd Gd Gd Gd 
Location Core Rirn Core Rim Rim Rim Core Rim Core Rim 
Analyses 3 2 3 2 3 4 2 2 2 2 

Si&- 
Ti& 
Al203 

Fe0 
crt03 
Mn0 

Mso 
Cao 
Na20 
&O 

Total 

Si 
Alrv 
Al"' 
Al- 
Ti 
Cr 
~ e *  

~e '+  

Mg 
Mn 
Ca 
N~M" 
~a~ 
~ i i ' ~  

K 

Total 

Nomencl- 
ature2 

40.49 
0.8 1 

11.36 
2 1.44 
0.06 
027 
8.3 1 

1 1-67 
138 
1-52 

97.3 1 

6206 
1.794 
0.256 
2.050 
0.093 
0.007 
0.726 
2.022 
1.899 
0.035 
1.916 
0.045 
0.365 
0.410 
0297 

15.663 

Hast 

Numbers of cations on the basis of 23 O 

MG- MG-Hbl MG-HbI 
Hast 

Hast Hast 

6.40 1 

1.599 
0.093 
1.692 
0.107 
0.006 
0.752 
1.994 
2.04 1 
0.055 
1.895 
0.056 
0.373 
0.429 
0216 

15.589 

MG- 
Hast 

42.03 
0.69 
9.70 

2 1-90 
0.0 1 
0.39 
8.80 

1 1-60 
1.44 
1 .O9 

97.65 

6.397 
1.603 
0.136 
1.739 
0.079 
0.00 1 
0.787 
2.000 
1.997 
0.050 
1.892 
0.058 
0.367 
0.425 
0.212 

15.579 

MG- 
Hast 

41.17 
0.84 

10.24 
2 1.57 
0.04 
0.35 
8.26 

1 1-59 
1-26 
1.10 

96.42 

6.350 
1.650 
0.2 10 
1.860 
0.097 
0.005 
0.738 
2.045 
1.899 
0.046 
1.915 
0.045 
0.332 
0.377 
0.216 

15.548 

Hast 

41.14 
0.73 
9.97 

2 1-45 
0.00 
0.38 
8.50 

1 1-69 
1 -25 
1 .O5 

96-16 

6.354 
1.646 
O. 168 
1.814 
0.085 
0.000 
0.797 
1.975 
1.957 
0.050 
1.935 
0.035 
0.339 
0.374 
0.207 

15.546 

Hast 

1. Abbreviations: Mv, Mafic metavolcanic rock; Gd, Grandorite; D, Dionte; Pd, Porphyritic diorite. 
2. Nomenclature is based on the classification diagrams of Leake et al. (1997) (Figure A- 1). Eden, Edenite; 

FE-, Ferro-; Ebm, Hastinpite; Hbt, Homblende; MG-, Magnesio-; Tsch, T s c h d t e .  



24 1 

Table A-1 . (continued) Electron microprobe analyses of amphibole associateci with DI deformaaon 

Sample 457 457 7071 7071 7072 7072 GT321 GT321 GT325 
Rock type Mv Mv Mv Mv Mv Mv Pelite Petite Pelite 
Location Core Rirn Core Rim Core R h  Core Rirn Core 

Si& 
Ti& 

A1203 

F e 0  
Cr203 

Mn0 

M g 0  
Cao 
Nat0 

&O 

Total 

Si 
Alw 

Alm 

AlTd 

Ti 
Cr 
~e~ 

~e~ 

Mg 
Mn 
Ca 
~a~~ 

~ a *  

~a~~ 

K 

Total 

Nomencl- 

50.32 

0.30 
5.08 
18.87 
0.0 1 
0.24 

1 1-73 
1 1.93 
0.76 
0.06 

99.30 

7.306 
0.694 

O. 1 74 

0.868 

0.033 
0.00 1 
0.382 

1.909 

2.539 
0.030 
1.856 
0.077 

0.137 

0214 

0.01 1 

15.148 

Mg-Hbl 

Numbers of cations on the basis of 23 O 

Tsch Tsch Tsch 



Table A- 1. (continued) Electron microprobe anaIyses of amphibole associated with DI defonnation 

Sample GT325 GT327 GT327 9342 93-42 93-72 93-72 93-52-1 93-52-1 
Rock type Pelite Pelite Pelite Gd Gd Pd Pd D D 
Location Rim Core R h  Core Rim Core Rim Core Rirn 

Si& 
Ti& 
Al203 
F e 0  
Cr203 
Mn0 

Mg0 
Cao 
Na20 

K20 

Total 

Si 
Alw 

Al"' 

AlTd 

Ti 
Cr 
~e~ 

~ e *  

Mg 
Mn 
Ca 
Na* 

NaA 

~ a ~ " '  

K 

Total 

Nomencl- 
ature 

43.60 
0.47 

1 1.44 

20.14 
0.03 
0.45 
9.72 

1 1.59 
1.15 

0.27 

98.84 

6.397 
1.603 

0.374 

1.977 

0.052 
0.003 
0.933 

1.539 

2.126 
0.056 
1,822 
0.095 

0.232 

0.327 

0.05 1 

15283 

Tsc h 

Nurnbers of cations on the basis of 23 O 

6.269 
1.73 1 

0.543 

2.274 

0.042 
0.000 
0.853 

1.687 

1.898 
0.052 
1 .MO 
0.085 

0.278 

0.363 

0.058 

15.336 

Tsc h 



Table A-1. (continued) E l m u  microprobe adyses of amphibole associated with & deformation 

Sample M2(072) M2(072) 444 444 93-91 93-90 93-90 450 450 

R o c k W  Mv Mv Gd Gd Pd Pd Pd D D 
Location Core Rim Core Rim R i .  Core RM Core Rim 
Analyses 2 4 3 2 2 4 2 2 2 

Si& 
Ti& 
A1103 

Fe0 
Cr203 

Mn0 

M g 0  
Cao 
Na20 

&O 

Total 

Si 
Alw 

AlM 

Al- 

Ti 
Cr 
~ e *  

~e '"  

Mg 
Mn 
Ca 
~a~ 
~a~ 
~ a ~ " '  
K 

Total 

Nomencl- 
ature 

Numbers of cations on the b a i s  of 23 O 

Hast FE-Tsch MG-Hbl MG-Hbl MG-Hbl MG-Hbl MG-Hbl 



Table A- 1. (continued) Electron microprobe anaiyses of amphibole associateci with Dt de formation 

Samp te 93-352 93-352 
Rock type D D 
Location Core Rim 
Analyses 3 1 

Total 99.22 98.09 

Si 
AP 
Alw 

Alrd 

Ti 
Cr 
~e~ 

~ e "  

Mg 
Mn 
Ca 
t4aW 

~a~ 

~ a ~ " '  

K 

Total 

Nomencl- 
ature 



Table A-1 . (continued) Electron microprobe analyses of amphibole associated with D3 deforrnation 
--- - -- -- 

Sample 445 445 904-6 904-6 93-46 93-46 93-73 93-73 93-74 
Rock type Gd Gd Gd Gd Gd Gd Pd Pd Pd 
V 3 b  b Dk Dk &a D3b a b  h Dh b b  

Location Core Rim Core Rim Core Rim Core Rim Core 
Analyses 2 2 2 3 7 2 1 2 1 

Si02 
TiOi- 

A 1 2 0 3  
F e 0  
Cr203 

Mn0 

M g 0  
Ca0 
Na20 

GO 

Total 

Si 
Alw 

AlM 

'41Td 

Ti 
Cr 
~ e *  

~ e "  

Mg 
Mn 
Ca 
Naw 

~ a "  

NaTd 

K 

Total 

Nomencl- 
ature 

Nurnbers of carions on the basis of 23 O 



Table A-1. (continued) EIectron microprobe analyses of amphibote associated with D3 deformation 

Sample 93-74 93-76 93-78 (228) 93-52 93-52 93-51 93-51 
Rock type Pd Pd Pd Pd D D D D 
-3b D3b Dk h b  D3b Dk Dj. b b  &b 

Location Rim Rim Core Rirn Core Rim Core Rim 
Analyses 2 4 3 2 2 3 3 2 

Si@ 
Ti& 
Al203 
F e 0  
Cr203 
Mn0 

MgO 
Cao 
Na20 
K20 

Total 

Si 
AI"' 
AI"' 

AITd 
Ti 
Cr 
~e~ 

~ e "  

Mg 
Mn 
Ca 
PJaM4 

hIaA 

~a~~ 

K 

Total 

Nomencl- 

Numbers of cations on the basis of 23 O 



Tremoli te 

Ferro- hombhde 

Edenite 

Tsc hermakite 

Ferro-tsc hermakite 

Pargasite 
(Aw r ~ 2 +  ) 

Magnesio- 
hastingsite 
(Alw < Fe3+) 

8 - 
m 

Fempargasite 
(Alv 2 Fe3+) 

Hastingsite 
(AI" C F e  ) 

Magnesio- 
sadanagai te 

Sadanagaite 

t 

Figure A-1. Classification of calcic amphiboles (Lake  et al., 1997). (A) (Na + K)* < 0.50. (B) (Na + K)* 
>/= 0.50. Open squares, D 1 ; fiiied squares, MLTZ; filled circles, D2; fïiled triangles, D3. 



Table A-2. Etectron microprobe analyses of plagidase associateci with the MLTZ 

Sample 355 358 824-1 93-4 93-2 
Rock type' Mv Mv Mv Gd Gd 
Analyses 4 3 3 3 5 

Si02 
Ti& 
A 1 2 0 3  

Fe0  
M n 0  

M s o  
Ba0 
Cao 
Na20 
Kr0 

To ta1 

Si 
Al 

Ti 
~ e "  

Mn 
Mg 
Ba 
Ca 
Na 
K 

Total 

Ab 
An 
Or 

Numbers of ions on the basis of 32 O 

1. Rock-type abbreviations are as in Table A- 1. 



Table A-2. (continueci) Electron micropro be analyses of plagioclase associateci with D 1 de formation 
- - -  - - - 

Sample 457 7071 7072 GT321 GT325 GT327 93-42 93-72 93-52-1 

Rock type Mv Mv Mv Pelite Pelite Pelite Gd Pd D 
Analyses 4 4 3 4 3 4 4 4 4 

Sioz 
Ti& 
A1203 
F e 0  
M n 0  

Mg0 
Ba0 
Cao 
Na20 
&O 

Total 

Si 
Al 
Ti 
~ e "  

Mn 

Mg 
Ba 
Ca 
Na 
K 

Total 

Ab 
An 

Or 

Numbers of ions on the basis of 32 O 



TabIe A-2. (continued) Elecwn microprobe analyses of pIagioclase associated with & deformation 
- 

Sample M2(072) 444 93-91 93-90 450 93-352 
Rock type Mv Gd Pd Pd D D 
Analyses 4 4 5 3 4 4 

Si@ 
Ti@ 
A1203 
Fe0  
Mn0 

M g 0  
Ba0 
Ca0 
Na20 
KT0 

Total 

si 
Al 
Ti 
~e~ 

Mn 

M g  
Ba 
Ca 
Na 
K 

To ta1 

Ab 
An 
Or 

Numbers of ions on the basis of 32 O 



Table A-2, (continued) Electron microprobe analyses of pIagioclase associated with D3 d e f o d o n  

Sample 445 904-6 93-46 93-73 93-74 93-76 93-78 93-52 93-51 
Rock type Gd Gd Gd Pd Pd Pd Pd D D 
D k / D 3 b  &a Dk b b  Dk D3b Dk D3b &a D3b 

Analyses 4 4 4 4 2 4 4 4 4 

Si& 
Ti@ 
Al203 

F e 0  
Mn0 

MgO 
Ba0 
Ca0 
Na20 
K20 

To rai 

Si 
Al  
Ti 
~ e ' +  

M n  

Mg 
Ba 
Ca 
Na 
K 

Total 

Ab 
An 

Or 

Numbers o f  ions on the b a i s  of 32 O 



Table A-3. Electron microprobe analyses of biotite associated with the h4LTZ 

Sampie 355 358 824-1 93-4 93-2 
Rock type' Mv Mv Mv Gd Gd 
Analyses 2 2 4 3 4 

Si& 
Ti@ 
A203 
F e 0  
Mn0 

M g 0  
Ca0 
Nat0 
K20 

Total 

Si 
AlN 
AI"' 
Ti 
~ e ' +  

Mn 

Mg 
Ca 
Na 
K 

Nmbers of ions on the basis of 22 O and O OH 

Cations 15.610 15.489 15.580 15.725 15.660 

1. Rock-type abbreviations are as in Table A- 1. 



Table A-3. (continueci) Electron microprobe analyses of bioate associated with Di defonnation 

Sample 457 7071 7072 GT321 GT325 GT327 93-42 93-72 93-52-1 
Rock type Mv Mv Mv Pelite Pelite Pelite Gd Pd D 
Analyses 4 2 3 2 4 3 4 4 4 

Total 96.73 

Cations 1 5.627 

Numbers of ions on the basis of 2î O and O OH 





Table A-3. (conhued) Elecaon microprobe andyses of biotite associated with D3 defornaon 

Sarnple 445 904-6 93-46 93-73 93-74 93-76 93-78 93-52 93-51 
Rock cype Gd Gd Gd Pd Pd Pd Pd D D 
Dk/D3b h D3a ab &a @b Dh bb Dh D 3 b  
Analyses 4 4 4 4 7 4 4 3 4 

Total 97.73 

Cations 15.625 

Numbers of ions on the basis of 22 O and O OH 



Table A-4. Elecûonic microprobe analyses of gamet 

Sample Gï321 GT321 GT325 GT325 GT327 GT327 
Location Core Rim Core Rim Core Rirn 

Formulae based on 12 oxygens 



APPENDUC B 

MAJOR AND TRACE ELEMENT CHEMISTRY AND NET COMPOSITION 



Table B-l . Major and trace element chemisûy of deformed and least defomed rocks 
related to the McLeman Lake Tectonic Zone, the D2 StIUCtures, and the D3 gold- 
bearing shears. 

Notes: 

Rock-type abbreviations: D, dionte; G, granite; Gd, granodiorite; Pd, porphyritic 
diorite. 
Rock fabric abbreviations: P, least deformed precursor; Pm, protomylonite; M, 
mylonite. 
Analytical techniques: ( 1 ) Major elements were analyzed by XRF-F and trace 
elements by XRF-F, INAA and ICP while Au by FADCP at XRAL Laboratones 
(2) Major elements were determined by XRF-F at McGill University; tmce 
elements were measured on a Perkin Elrner Sciex Elan 5000 ICP-MS in 
Department of Geological Sciences, University of Saskatchewan. 
Major elements are reported in percentage, trace elements in ppm, and gold in ppb. 
Specific gravity of al1 specimens were detemiined using a B e c h a n  Mode1 930 Air 
Cornparison Pycnometer. 



Table B- 1. (continued) The McLennan Lake Tectonic Zone 

Sarnple 9 3 4  93-2 93-2 93-14 93-118 93-1 17 
Rock type' Gd Gd Duplicate Gd Gd Gd 
Rock fabric2 P M M M P M 
T'echnique3 (1)  (1) (1) (1) (1 1 (1) 

si% ' 
Ti@ 
&Os 
Fez03 
Mn0 
Mg0 
Cr203 
Ca0 
Na10 
G O  
PI05 
LOI 
Total 

Li 
B 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 

Sc 
Cr 
Cs 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
ni 
u 
Co 
Ni 
Cu 
Zn 
Mo 
Pb 

Au 
As 

s.G.' 



Table B- 1. (continued) Di, stnicnires 

Sample 93-90 93-9 1 443 450 
Rock type Pd Pd D D 
Rock fabric M M M M 
Technique (1) (1) (1) (1)  

Sioz 
Ti&- 
A1103 
Fe03 
Mn0 
MgO 
Cr203 
Ca0 
NatO 
K20 
ho5 
LOI 
Total 

Li 
B 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 

Sc 
Cr 
Cs 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Y b  
Lu 
Hf 
Th 
u 
Co 
Ni 
Cu 
Zn 
Mo 
Pb 

Au 
Ag 

S.G. 



Table B- 1. (continued) D3 Rod shear 

Sample 93-52- 1 93-52 93-5 1 93-42 93-42 93-44 93-46 
Rock type D D D Gd Duplicate Gd Gd 
Rock fabric P Rn M P P Rn M 
Technique ( 2 )  (2) (2) ( 2 )  ( 2 )  (2) (2) 

Sich 
Ti@ 
&Os 
Fez03 
Mn0 
M g 0  
Cr203 
Cao 
Na20 
&O 
P20s 

LOI 
Total 

Li 
B 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 

Sc 
Cr 
Cs 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
Th 
u 
Co 
Ni 
Cu 
Zn 
Mo 
Pb 

Au 
Ag 

S.G. 



Table B- 1. (continued) D3 Rod shear and MacLeod Main shear 

Sample 93-72 93-73 93-74 93-4 904-6 904-7 
Rock type Pd Pd Pd Gd Gd Gd 
Rock fabnc P Pm M P Rn M 
Technique (1) (1) (1) (1) (1) ( 1 )  

Si& 
Ti& 
Al203 
Fa03 
Mn0 
M g 0  
Cf203 
Cao 
Na20 
&O 
p,os 
LOI 
Total 

Li 
B 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 

Sc 
Cr 
Cs 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
Th 
U 

Co 
Ni 
Cu 
Zn 
Mo 
Pb 

Au 
43 

S.G. 



Table B- 1. (continued) D3 James-Roxy shears 

Sarnple 93-29 93-28 93-26 93-4 1 93-39 93-38 
Rock type G G G G G G 
Rock fabric P Rn M P Pm M 
Technique (2) (2) (2) (2) (2) (2) 

Si@ 
Tiol 
A1703 
Fez03 
lMn0 
MgO 
Cf203 
Ca0 
Na20 
K2O 
Pz05 
LOI 
TotaI 

Li 
B 
Rb 
Sr 
Y 
Zr 
Nb 
Ba 

Sc 
Cr 
Cs 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
Th 
u 
Co 
Ni 
Cu 
Zn 
Mo 
Pb 

Au 
As 

S.G. 



Table B-2. Net composition of deformed and least deformed rocks related to the 
McLenrian Lake Tectonic Zone, the D2 structures, and the Di gold-bearing shears 
(gram/ 1 00cc for major elements, gramskubic metre for trace elements). 

Notes: 

1. Rock-type abbreviations are as in Table B- 1. 
2. Rock-fabric abbreviations are as in TabIe B- l .  



Table B-2. (continueci) The McLennan Lake Tectonic Zone 

Sample 93-4 93-2 93-14 93-1 18 93-1 17 
Rock type1 Gd Gd Gd Gd Gd 
Rock fabric' P M M P M 

Si 
Ti 
Al 
TFe 
Mn 
Mg 
Ca 
Na 
K 
P 

O 

Li 
B 
Sc 
Cr 
Co 
Ni 
Cu 
Zn 
Rb 
Sr 
Y 
Zr 
Nb 
Mo 
Cs 
Ba 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
Au 
Pb 
Th 
u 
FV 
Vol. change 

Immobile 

64.9 
129 
24.6 
12-90 
0.17 
3.12 
9.98 
8.84 
6.6 1 
0.56 

112 

31.5 
275 
25 
28 

1 12.0 
135.0 
225 
1590 
48 
558 
30.0 

2390 
I3O 
228 
100 
15.8 
6.3 

5.5 
0.83 
15 

0.010 
13 
9.5 
5.7 

0.90 
- 1 O?'o 

Ti, Sm 

87.3 
1-30 
23.7 

1 1-70 
0.22 
3 .O9 
10.70 
7.58 
2.65 
0.19 

135 

25.3 
655 
23 
3 1 

84.3 
1 16.0 
122 
817 

424 

9 
1670 
40 
85 
29 
7.4 
2.6 

4.0 
0.66 

1 1  
0.006 

7.1 
4.8 

1 .O4 
4% 

Ti, Al 
element Yb 



Table B-2. (continued) & smctures 
- - 

Sample 93-72 93-90 93-91 
Rock type Pd Pd Pd 
Rock Wric P M M 

Si 
Ti 
AI 
TFe 
Mn 
Mg 
Ca 
Na 
K 
P 

O 

Li 
B 
Sc 
Cr 
Co 
Ni 
Cu 
Zn 
Rb 
Sr 
Y 
Zr 
Nb 
Mo 
Cs 
Ba 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 
Hf 
Au 
Pb 
Th 
u 
Fv 
Vol. change 

Immobile 

74.7 
1-03 
32.3 

2 1-50 
0.55 
8.37 

16-30 
6.76 

1 1.50 
0.42 

138 

67.1 
767 
54 

121 
236.0 
368.0 

23 3 
1890 

20 1 

16000 
48 

102 
32 

10.2 
3.5 

5.1 
0.90 

3 
0.0 1 O 

7.4 
3 -5 

1.1 1 
11% 

Ti, Yb 



Table B-2. (continued) D3 Rod shear 

Sample 93-52-1 93-52 93-51 93-72 93-73 93-74 93-42 93-44 93-46 
Rock type D D D Pd Pd Pd Gd Gd Gd 
Rock fabric P h M P Rn M P Pm M 

Vol. change 

ImmobiIe 
element 

75.5 
1-21 
28.2 

17.80 
0.26 
6.52 

1 1 S O  
8.7 1 
7.72 
0.53 

13 1 

113 
97 

44.1 
309 
7 1 

140 
190.0 
235.0 

31 1 
23 50 

68 
270 
3 2 
3 

10 
23 10 

117 
243 
Il5 

19.5 
4.9 
2.2 
6.3 

0.90 
8 

0.082 
42 

11.6 
8.7 

1 .O3 
3% 

Ti, Al 
Sc, Nb 

Sm, Eu 
Tb 

78.4 
1.19 
27.7 

19.40 
0.28 
8.83 

14.00 
8.59 
7.33 
0.52 

137 

76 
57 

54.6 
844 
84 

224 
258.0 
244.0 

264 
2240 

6 1 
435 
3 3 
2 

10 
1900 
117 
243 
124 

20.2 
5.1 
2.0 
5.8 

0.76 
12 

O. 156 
3 5 

12.0 
5.6 

1 .O8 
8% 

Ti, Al 
Nb, Cs 

Sm 

Ti, Sc,Y 
Zr, Nd 

Sm, Eu 
fb, Yb 

82.2 
0.55 
27.9 

10.00 
0.18 
2.9 1 
7.88 

10.20 
7.59 
0.2 1 

132 

70 
54 

19.2 
86 
3 9 
3 8 

164.0 
96.8 
213 

1580 
3 3 

326 
17 

1 
8 

3360 
68 

13 1 
59 

10.0 
2.8 
0.9 
3 -7 

0.54 
9 

0.111 
19 

27.9 
8.9 

1 .O5 
5% 

Ti, Al 
Y, Cs 

La, Tb 

86.4 
0.56 
27.7 

1 1.30 
0.20 
3.45 
9 .O4 
9.18 
8.69 
0.29 

138 

74 
53 

26.9 
1 O7 
44 
60 

238.0 
69.2 
227 

1270 
47 

600 
27 
3 

10 
3 120 

10 1 
197 
85 

13.5 
3 -4 
1.5 
4.2 

0.63 
16 

0.606 
17 

25.7 
8.7 

1 .O9 
9% 

Ti, Al 



Table B-2. (continued) Dj James-Roxy shears 

Sampie 93-29 93-28 93-26 93-41 93-39 93-38 
Rock type G G G G G G 
Rock fabric P Prn M P Rn M 

Vol. change 

Immobile 
element 

88.8 
0.43 
22.0 
6.1 1 
0.09 
1.68 
4.29 
6.9 1 

10.60 
0.12 

130 

7 1 
17 

12.1 
149 
25 
3 8 

3 1.9 
89.8 
353 

1 O80 
18 

3 15 
21 

1 
7 

2740 
67 

110 
3 8 
5.6 
1.5 
0.5 
1 -9 

0.28 
11 

1.030 
88 

23 -4 
8.1 

1 .O3 
3% 

Ti, Ai 
fi, Tb 

95.8 
0.43 
22.9 
5.30 
0.07 
1.66 
2.90 
5.70 

12-30 
0.1 1 

138 

65 
76 

12.4 
1 62 
2 1 
3 5 

4 15.0 
155.0 

367 
804 

19 
339 
25 
2 
7 

2690 
88 

153 
53 
7.3 
1.9 
0.6 
1.9 

0.29 
1 O 

1.290 
249 

27.2 
17.1 

1-09 
9% 

Ti, Lu 
Th 

9 1.6 
0.4 1 
23.5 
3.59 
0.10 
1.30 
4.34 
8.24 
8.52 
o. 12 

134 

3 7 
33 
7.9 
168 

9 
16 

17.6 
46.3 
26 1 
818 

19 
34 1 

19 
2 
4 

3250 
55 
84 
3 7 

5.3 
1.4 
0.5 
1.5 

0.25 
Il  

0.135 
3 3 

18.0 
4.1 

1 .O5 
5% 

Ti, Sm 
Tb, Yb 

90.4 
0.39 
22.7 
4.73 
0.08 
1.31 
4.02 
6.8 1 
9.13 
0.09 

132 

4 1 
63 

10.6 
140 
14 
28 

191.0 
127.0 

362 
783 

18 
305 
20 

1 
6 

3260 
69 
9 1 
41 
6.0 
1.8 
0.6 
1.8 

0.25 
9 

0.894 
62 

22.6 
6.9 

1 .O3 
3% 

Ti, Sc 
Y, 



Table B-2. (continued) D3 MacLeOd Main shear 

Sample 93-4 904-6 904-7 
Rock type Gd Gd Gd 
Rock fabric P Pm M 

Vol. change 

Immobile 
element 

79.7 
1.26 
24.7 
12-90 
o. 18 
4.14 
8.05 
9.44 
9.76 
0.37 

129 

26.8 
569 
34 
63 

339.0 
174.0 
367 
1440 
60 

i O60 
57 

1 1  
2270 

139 
268 

85 
18.5 
3.1 

5.7 
0.88 
23 

0.060 
1 1  

42.7 
15.9 

1 .O2 
2% 

Ti, Al 
Nb, La 
Nd Yb 

81.1 
128 
24.9 
12-40 
0.09 
4.00 
4.58 
5.49 

1 1-90 
0.45 

128 

35.3 
336 
48 
118 

1460.0 
20 1 .O 
75 1 
93 0 
53 

1180 
59 

22 
4 170 
Il8 
224 

134 
13.7 
2.2 

4.2 
0.62 
28 

2.160 
20 

47.6 
21.6 

1.01 
1% 

Ti, Al 
Cr, Nd 



NOTE TO USERS 

Oversize maps and charts are microfilmed in sections in the 
following manner: 
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OVERLAPS 

The following map or chart has been microfilmed in its entirety at 
the end of this manuscript (not available on microfiche). A 

xerographic reproduction has been provided for paper copies and is 
inserted into the inside of the back cover. 

Black and white photographic prints (17"x 23") are available for an 
additional charge. 
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LEGEND 

QUATERNARY 

1 1 Swamp. lake, slream deposits. glacial till and grave1 

MINOR INTRUSIVE ROCKS 

Granodiorite, quartz monzodiorite: greenish grey to greyish pink, medium grained, feldspar LbJ prphyritic, iocaily equigranular, massive to weakly faiiated; 55 to 70% feldspar, 5 to 1 5 1  
biotite and hornblende, 5 to 15% quartz, k epidote, I magnetite, i sphene, I pyrite 

Gabbro, pyroxenite, hornblendite: Gabbro - light grey to greenish grey, medium to coarse 
grained, inequigranulai; 15 to 65% amphibole, 20 to 55% plagiodase, + pyroxene, k biotite, 
I chlorite. Pyroxenite - greyish green, coarse grained, equigranular, massive, locally weakly 
foliated; up to 95% augite and actinolite, + olivine, ? magnetite. Hornblendite - dark grey to 
greenish black, coarse grained, massive: hornblende, I biotite, I chlorite 

MAJOR INTRUSIVE ROCKS 

Star Lake Pluton (after Thomas, 1985; Ames et al., 1987): 

Granite - pink to pinkish grey, medium to coarse grained, porphyritic or equigranular, 
massive; 20 to 45% plagioclase, 25 to 40% potassium feldspar, 20 to 35% quartz, 5 to 8% 
biotite, k hornblende, i muscovite 

Quartz monzonite, granodiorite - light pink to pinkish grey, medium to coarse grained, 
equigranular to porphyritic, massive to weakly foliated; 35 to 50% plagioclase, 25 to 45% 
potassium feldspar, 10 to 15% quartz, 5 to 15% biotite and hornblende, + epidote, I 
magnetite 

Diorite - greenish grey to dark grey, fine to coarse grained, equigranular or porphyritic, weakly 
foliated; 40 to 60% plagioclase, 15 to 25% homblende, quartz, + epidote, + biotite, + 
potassium feldspar 

pq Porphyritic diorite - grey to greenish grey, medium grained, plagioclase porphyritic, weakly to 
strongiy foliated; 35 to 60% plagioclase, 15 to 25% hornblende, i potassium feldspar, + 
quartz, & epidote, k biotite 

Gabbro - greenish grey to dark grey, medium to coarse grained, equigranular to porphyritic, 
locally preserved cumulate texture, massive to weakly foliated; 40 to 7O0I0 plagioclase, 25 to 
35% hornblende, + pyroxene, 5 potassium feldspar, ,+ actinolite, a biotite, + chlorite 

Island Lake Pluton (after Thomas, 1985): 

)I Granite - pale pink to greyish pink, medium to coarse grained, feldspar porphyritic, massive 
to weakly foliated; 25 to 45% plagioclase, 25 to 40% potassium feldspar, 10 to 25% quartz, 5 
to 1M biotite, 4 homblende, i epidote, k magnetite, f muscovite 

Quartz manzonite. quartz momodionte - light grey to pinkish grey, medium to fine grained, 
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45% plagioclase, 25 to 35% potassium feldspar, 10 to 25% quartz, 5 biotite, 2 hornblende, I 
magnetite 

Microbrecciated granite - greyish pink, medium to coarse grained, porphyritic, well-developed 
cataclastic or rnicrobrecciated to weakly foliated: 25 to 45% plagiochse, 25 to 40% 
potassium feldspar, 10 to 25% quartz, + biotite, I hornblende, + epidote, 5 magnetite 

Hybrid quartz monzonite, monzodiorite, intrusion breccia - greyish pink, medium to fine 
grgraineci, massive to wsakly foliated, with intrusion breccia "p to tens of centimeters in 
diameter; 30 to 45% plagioc~ase, 25 to 35% potassium feldspar, 10 !O 15% quartz, 3 to 10% 
biotite and hornblende, i epidote, + rnagnetite 

I ' J  Gibbons Lake Pluton (after Thomas, 1985): GPa, quartz diorite; GPb, quartz monzodiorite. 
granodiorite: pale pinkish grey to grey, medium Io coarse grained, poqhyritic, massive to well 
foliated; 55 to 70% plagioclase, 5 to 2 5 O h  potassium feldspar, 10 to 25% quartz, 5 to 20% 
hornblende and biotite. + epidote, + carbonate, k magnetite 

Neyrinck Lake Intrusion (after Thomas, 1985): metagabbro - light to dark grey, greenish 
black, medium to coarse grained. porphyritic, massive; 50 to 90% plagioclase, 5 to 40 
amphibole, + biotite, 5 pyroxene, + potassium feldspar, + chlorite 

METASEDIMENTARY ROCKS 

171 Fefdspathic metaarkoses: grey. pale pink lo light greyish pink, fine to medium grained. 
- - equigranular, weakly to strongly foliated; 30 to 55% feldspar (potassium feldspar dominant 

over plagioclase), 25 to 60% quartz, 5 muscovite, + biotite, t sil!imanite, t magnetite 

Pelitic, psammopelitic and psamrnitic gneiss 1 schist: light grey or greenish grey to dark 
grey, iine to medium grained, equigranular to inequigrandar. locally amphibole or garnet 
porphyritic, locally preserved primary bedding, weakly to well-developed schistosity; 25 to 
45% feldspar, 30 to 50% quartz, 5 to 40% biotite and muscovite, _Ç chlorite, f amphibole, 2 
garnet, +. epidote 

METAVOLCANIC ROCKS 

Mafic metavolcanic rocks (basaltic, basaltic-andesitic rocks): greenish black or greyish 
MIack; PO lo 75% hornblende, 10 to 50% plagioclase, t actirtolite, 2 epidote, t chlorite, f 
biotite 

Ma, flow - fine to medium grained, equigranular, typkally with hornblende porphyroblasts up 
to 7 mm, weakly to well foliated; local pillow flow, pillows ranging from 35 by 45 cm to 65 by 
85 cm, with chilled selvages up to 3 cm wide, weakly deformed 

Mb, ieldspar porphyritic flow - 10 to 35% subhedral to euhedral plagioclase phenocrysts up to 
8 mm long, with altered cores, in a fine grained, equigranular groundmass; weakly to 
moderately foliated 

Mc, volcaniclastic rocks - mainly metatuff breccia and meta-agglornerate, monolithic to 
heterolithic clasts ranging from 0.5 by 2.5 cm to 35 by 10 cm, poorly sorted; matrix- 
supported, more felsic than the matrix; locally lapilli and ash metatuff, massive to larninated 

Intermediate metavolcanic rocks (andesitic and dacitic rocks): medium grey to greenish 
grey; 25 to 60% plagioclase, 10 to 35%  otite and homblende, 5 Io 25% potassium feldspar, 
5 quartz, I chlorite, + actinolite, -i. gamet 

la, flow - fine to medium grained, localy aphanitic, homogeneous and equigranular, massive 
to schistose, locally quartz amygdaloidal or homblende porphyroblastic 
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supported, more felsic than the matrix; locally lapilli and ash metatuff, massive to laminatea 

Intemediate metavolcanic rocks (andesitic and dacitic rocks): medium grey to greenish 
grey; 22 to 60% plagiodasa, 10 to 35% biotite and homtdende, 5 Io 25% potassium feldspar. 
t quark, chlorite, + actinolite, _t gamet 

la. flow - fine to medium grained, locally aphanitic, homogeneous and equigranular. rnassiye 
to schistose, locally quartz amygdaloidal or hornblende porphyroblastic 

Ib, feldspar porphyritic flow - aphanitic to fine grairied, equigranufar groundmass; 15 to 30% 
euhedral plagioclase phenocrysts, 2 to 6 mm long, randomly ta moderately oriented 

Ic, volcaniclastic rocks - mainly metatuff breccia and meta-agglomerate with unsorted, matrix- 
supporteci, heterolithic and felsic fragments up to 30 by 15 cm, weakly to moderately 
defomed 

Felsic metavolcanic rocks (rhyodacitic and rhyolitic rocks): cream to light grey or greyish 
browwn: 15 to 60% quam. 20 Io 45%0 palassium feldspar. 15 Lo 25% plagioclase. 5 to 1099 
biotite, e homblende, 5 chlorite, + epidote 

Fa, flow - aphanitic to fine grained, massive to weakly fofiated 

Fb, volcaniclastic rocks - predominantly lapilli and crystal metatuff, massive to laminated, 
locally thickly bedded 

SYMBOLS 

Primary bedding 

Foliation with dip 

Mineral lineation with plunge 

Shear zones 

isoclinal fold with plunge 

Lithological boundary 

Outcrop 

Road 

Gold deposits and occurrences: 1, Decade; 2, Jolu; 3, Rush Lake; 
4, Blindman; 5, Star Lake; 6, Tarnrnar; 7, Jasper; 8, MacLeod Main 
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