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ABSTRACT 

The Fisher property is part of the Seabee Gold Operation in northern Saskatchewan, which also 

includes the active Santoy mine and the recently decommissioned Seabee mine. These 

Paleoproterozoic orogenic gold deposits are hosted by secondary shear zones in the Pine Lake 

greenstone belt of the Glennie Domain. This region has a complex geological history related to 

accretionary episodes during the development of the Reindeer zone of the larger Trans-Hudson 

Orogen. The structures and lithological units, which host the Santoy and Seabee deposits, are 

interpreted to extend to the Fisher property, located to the southeast of the Santoy mine. However, 

the characteristics of the supracrustal and intrusive rocks that host the auriferous quartz veins in 

the Fisher property are not well known. Representative samples of these rocks were collected from 

13 drillholes along an 8 km trend of the extension of the Santoy shear zone through the Fisher 

property. Petrographic, geochemical and mineralogical characteristics were determined for these 

samples to test their correlation with rocks hosting the Santoy deposit. The host rocks are 

dominated by transitional to calc-alkaline basalts to dacites, with associated intrusive rocks 

dominated by granites and diorites, that formed in a maturing arc. All  rocks were subsequently 

metamorphosed to lower amphibolite grade conditions. Sampling of variably altered rocks, and 

auriferous quartz (+/- pyrite, chalcopyrite, pyrrhotite, arsenopyrite, sphalerite, native gold) veins 

from outcrop and drill core show evidence of a thin (~50 cm), proximal calc-silicate alteration halo 

and a distal biotite-sericite halo. The alteration assemblage consists of variable proportions of 

biotite, chlorite, and sericite (+/- calcite, clinozoisite, epidote, diopside, actinolite, tremolite, 

tourmaline, scheelite) in mafic rocks, and sericite (+/- biotite, chlorite, tourmaline, epidote, calcite) 
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in granitoids.  Basalts from the Fisher property were further discriminated based on their chromium 

content. High Cr basalts (HCrB; typically > 60 ppm Cr) have a transitional to calc-alkaline affinity 

and stronger depletions in the LREEs, especially Nb. Low Cr basalts (LCrB; typically < 60 ppm 

Cr) have a tholeiitic to transitional affinity and are relatively enriched in LREEs. Textural 

relationships from auriferous quartz veins observed in thin section analysis have been used to 

constrain a paragenetic sequence encompassing sulphides, precious metals, and alteration phases. 

Of note, brecciated textures, Bi-tellurides, and pyrite were associated with high-grade gold. 

Petrographic observations also noted variations in alteration minerals morphology, colour and 

structural location. The chemistry of these minerals was studied using microprobe analysis to 

identify any corresponding chemical changes which were notably observed in chlorite, where a 

Fe-endmember chlorite is typical of vein-hosted chlorites, but were absent in other phases, such as 

biotite.  Molar Element Ratio diagrams and mass change plots suggest that gains in K and losses 

in Na reflect feldspar destruction and subsequent sericite and/or biotite/chlorite formation, which 

tend to be stronger in HCrB relative to LCrB. Zr-weighted enrichment/depletion plots show HCrB 

have stronger enrichments in K, Rb, Ba, Pb, As, Mo and depletions in Na. Principal Component 

Analysis identified element clusters reflecting primary igneous features and a possible Au or 

chalcophile-related signature of Pb, As, As, Mo, W + Bi, Te, and Sb. Fluid conditions were likely 

constrained by low salinities, made evident by low concentrations of base metals, and were likely 

boron-enriched. Gold mineralization at the Fisher property likely has a strong relationship with 

structures, however, HCrB, LCrB, granites and metasedimentary rocks all have potential as 

favourable host rocks. 
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 INTRODUCTION  

1.1 Background Summary and Research Hypothesis 

Classically, orogenic gold deposits consist of quartz veins and associated altered rocks 

hosted by crustal-scale structures, in predominantly greenschist grade metamorphic host rocks. 

Although Archean cratons include some of the largest and most economic orogenic gold deposits 

in the world and in Canada (Robert et al., 2007; Goldfarb et al., 2005), there has been increasing 

recognition that significant orogenic gold deposits also occur in younger, Paleoproterozoic rocks 

of the Canadian Shield (e.g. Lawley et al., 2016; Wood, 2016; Thomas and Heaman, 1994). In 

addition, some of these deposits are hosted by amphibolite grade metamorphic rocks (Hardy, 1994) 

which emphasizes that other terranes of varying age and metamorphic grade in the Canadian Shield 

may warrant further investigation.   

Historical gold exploration in the Reindeer zone of the Precambrian Shield in northern 

Saskatchewan dates to the early 1900ôs (Morelli and MacLachlan, 2012). Overall, most of the gold 

in Saskatchewan has been mined from volcanogenic massive sulphide or orogenic gold deposits. 

The Seabee Gold Operation, which lies within the Glennie Domain comprises several examples of 

these orogenic gold deposits and includes the active Santoy mine and the recently decommissioned 

Seabee mine (Selby, 2017). These Paleoproterozoic orogenic gold deposits are hosted by multiple 

shear zones (Tourigny, 2003), such as the Santoy Shear zone, which are likely splays off the 

Tabbernor fault which has a history of early ductile deformation and later brittle reactivation 

(Wood, 2016; Lewry et al., 1990).  
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The intent of the project is to determine the petrographic, geochemical, and mineralogical 

characteristics of host rocks and alteration haloes to auriferous quartz veins. The overarching 

research hypothesis is that the host rocks to gold on the Fisher property are equivalent to those 

which host known mineralization at the Santoy deposit. This will be examined through the 

following objectives:  

(1) Characterize host rock lithologies using petrology and lithogeochemistry to constrain those 

that are favourable for gold mineralization. 

(2) Identify alteration haloes and pathfinder elements associated with certain host rocks and 

the hydrothermal alteration paragenetic sequence. 

(3) Evaluate chemical variations associated with host rock, distal and proximal mineral phases. 

 

The host lithologies and structures of the Santoy and Seabee deposits are interpreted to 

extend into the Fisher property, which is the focus of this study. Overall, this study will provide 

further constraints on the characteristics of orogenic gold deposits occurring in Paleoproterozoic 

amphibolite-grade metamorphic rocks and will enhance our understanding of them for continued 

exploration. 

1.2 Research Objectives 

The research objectives described above are expanded on here to provide a clear approach 

on how the overall research hypothesis was assessed. 

(1) Characterization of host rock lithologies is crucial prior to making interpretations 

on alteration/mineralization processes. Hand samples and thin sections will be used to identify 

primary mineralogy, respective modal percentages, and primary igneous textures. These will 
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provide suitable rock names and potentially provide insight on primary magmatic processes. 

Lithogeochemical data aids in rock identification and can be used to interpret tectonic settings and 

magmatic affinities. Comparisons to host rocks at the Santoy deposit will also be drawn to 

determine their correlation.   

(2) Increasing alteration typically coalesces with quartz veining and associated 

mineralization due to the presence of hydrothermal fluids (Groves et al., 1998; McCuaig and 

Kerrich, 1998). The alteration phases and associations with host rocks can be useful information 

to integrate in an exploration strategy. Alteration haloes will be characterized with core/outcrop 

samples analyzed using lithogeochemical and petrographic methods. Lithogeochemistry aims to 

identify pathfinder elements towards gold mineralization, and to understand the alteration framing 

quartz veins. A paragenetic sequence will be developed based on textural relationships established 

in thin section and microprobe analysis. Using molar element ratios, which make use of major 

elements potentially related to alteration, we will also be able to characterize the types of alteration 

that exist in specific units (Davies and Whitehead, 2006; Stanley and Madeisky, 1996). In addition, 

various isocon diagrams and density/element-corrected bar plots will be used to identify certain 

element mobilities, which will aid in understanding relative mobility due to hydrothermal 

alteration (Gresens, 1967). 

(3) Understanding chemical variations/zoning in minerals associated with auriferous 

quartz veins can reveal important relationships, which may not be apparent through other 

analytical methods. Microprobe analysis will be used to compare the chemistry between unaltered 

and altered mineral phases and to identify variations influenced by protolith compositions. 

Identification of textures associated with mineralization can indicate controls on hydrothermal 

processes not apparent in petrographic analysis.  
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1.3 Overview of Canadian Orogenic Gold Deposits 

Orogenic gold deposits are typically hosted by secondary splays of crustal-scale structures, 

within greenstone belt terranes, and commonly in Archean age rocks. These deposits are found 

especially in the middle Archean to the Phanerozoic and form under higher pressure settings 

between 1.5 and 5 kbar at depths of 4 to 15 km (Goldfarb, 2001). Formation temperature are 

moderate relative to magmatic-hydrothermal deposits at 300 to 450 ęC (Ridley, 2013). Generally, 

the hydrothermal fluids that form these deposits are CO2-rich, concentrated in CH4 and/or N2 and 

have consistent fluid compositions indicating a single source influenced the formation of these 

deposits (Goldfarb, 2015). In Canada, the Archean Superior Province and Slave Craton (Fig.1-1) 

are well-known terranes with an extensive and well-studied history of orogenic gold production 

(Gosselin and Dubé, 2005). With recent investigations into exploring northern Canada, the 

Archean Rae-Hearne Province (Fig.1-1) has proved to be a suitable terrane for orogenic gold 

mining. In addition, the Paleoproterozoic Trans-Hudson Orogen (Fig.1-1) has a long history of 

gold exploration and production (Morelli and MacLachlan, 2012). 
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Figure 1-1 Map showing extents of the Archean cratons, including the Superior, Slave, and Rae-Hearne 

cratons, and Proterozoic orogenic belts, including the Paleoproterozoic Trans Hudson Orogen, in Laurentia 

(modified after Bleeker and Hall, 2007; Hoffman, 1988; Ross et al., 1991). Selected deposit/camp locations 

are highlighted with a yellow star and numbered: 1. Val-d óOr, QC, 2. Timmins, ON 3. Red Lake, ON 4. 

Giant-Con, NWT 5. Lupin, NU 6. Meadowbank, NU, 7. Meliadine, NU, 8. Lynn Lake, MB. 

The Archean Superior Province is exposed over a large portion of Ontario and southwestern 

Quebec. It comprises many gold-endowed greenstone belts, including the Abitibi, Wawa, Pontiac, 

and Uchi belts, which account for a significant portion of Canadaôs gold production. These 

greenstone belts host many world-class gold camps, such as Timmins, Red Lake, Porcupine, and 

Val dôOr (Colvine et al., 1988), stressing the relationship between greenstone belts and orogenic 

gold deposits. No consistencies in host rock lithologies to mineralization have been noted across 
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the various belts. For example, the Campbell Red Lake deposit is hosted by Fe-rich tholeiitic 

basalts and basaltic komatiites, opposed to the Sigma-Lamaque, which is hosted by andesitic 

flows, volcaniclastic rocks and dioritic intrusions (Gosselin and Dubé, 2005). An important 

relationship also lies in the association of regional-scale shear zones with gold deposits. The 

orientation of these faults (east ï west trending) in the Superior Province suggest they were related 

to regional north ï northwesterly-directed accretionary events (Colvine et al., 1988).  Greenschist 

metamorphism has affected most rocks, however amphibolite metamorphism has affected 

greenstone belts where aureoles occur adjacent to intrusive bodies (Colvine et al., 1988). The 

alteration packages associated with orogenic gold deposits vary depending on host-rock 

compositions. Carbonatization has been noted as the most common alteration product at the 

regional and mine scale (Colvine et al., 1988). In some deposits, carbonate and phyllosilicate 

zoning is present around the deposit (e.g. Kishada and Kerrich, 1987), however others lack zoning 

due to multiple auriferous fluid events (e.g. Andrews et al., 1986).  

The Slave Province is exposed in the Northwest Territories with prominent greenstone belts 

including the Yellowknife, Hackett River, and Courageous Lake belts. Archean orogenic gold 

deposits are typically associated with 2.73 ï 2.70 Ga tholeiitic greenstone belts (Bleeker and Hall, 

2007). These tholeiitic greenstone belts typically have a thick, folded turbidite bed adjacent to the 

belt and have a tightly infolded, synorogenic conglomerate package. The structures which are 

associated with these gold deposits developed along margins of major basement uplifts (Bleeker 

and Hall, 2007). The Con-Giant deposit is a well-known orogenic gold deposit in the Yellowknife 

greenstone belt which is controlled by reverse shear zones (Siddorn, 2011). The Lupin gold deposit 

is an example of a banded iron formation in which ore bodies are constrained by the limbs of an 

anticline-syncline pair (Lhotka and Nesbitt, 1989; Gardiner, 1986). Analogous to other Canadian 
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Archean Au deposits in the Superior, the Slave deposits typically occur proximal to a major 

structure, such as the Yellowknife River Fault in the case of the Giant-Con mine (Siddorn, 2011). 

Gold mineralization in the Slave craton is a result of D2 deformation and subsequent 

metamorphism which culminated ~2.6 to 2.59 Ga (Davis and Bleeker, 1999).  

Increased exploration in Canadaôs north has brought interest to Nunavut and the northern 

extents of the Rae-Hearne craton. The Meliadine Deposit in the Archean Rankin Inlet greenstone 

belt has become of significant economic interest in recent years (Lawley et al., 2015). This deposit 

differs from those in the Superior and Slave cratons since the auriferous fluids postdate volcanism 

in the belt by one billion years (Lawley et al., 2016). Gold in the Rankin Inlet greenstone belt is 

typically hosted within banded iron formations and argillites. The Pyke fault is the primary conduit 

for gold-bearing fluids (Carpenter and Duke, 2004). It is believed that gold emplacement is linked 

to Paleoproterozoic reactivation of the Pyke and associated faults related to regional 

metamorphism at ca. 1850 to 1830 Ma (Carpenter et al., 2005).  

Other younger orogenic gold deposits occur in the Cordillera in western Canada and the 

Appalachians in Atlantic Canada. Of focus to this project, the Reindeer zone of the Trans-Hudson 

Orogen is an example of a Paleoproterozoic terrane in Canada. The Reindeer zone comprises 

greenstone belts, which host both volcanogenic massive sulphide and orogenic gold deposits. The 

orogenic gold deposits were some emplaced due to thermotectonic events throughout the waning 

stages of the Trans-Hudson Orogen at ca. 1800 Ma (Morelli and Maclachlan, 2012). Typically, 

orogenic gold is hosted by quartz veins in volcanic, sedimentary, and plutonic rocks. Lithological 

contacts where competency contrasts exist, like those between gabbroic wallrock and dykes at the 

Seabee Deposit, are a favourable location for gold mineralization, and is a common characteristic 

of many orogenic gold deposits. Crustal scale shear zones are common in the Reindeer zone, such 
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as the Johnson Shear zone in the case of the Lynn Lake gold deposit. Gold mineralization at the 

Lynn Lake deposit is typically constrained to the Aggasiz Metallotect comprised of picrite, banded 

iron formation and exhalative sedimentary rocks (Beaumont-Smith and Böhm, 2003).  

1.4 Thesis Organization and Structure  

This thesis is separated into eight chapters with Chapter 1 introducing the studyôs objectives 

and an overview of orogenic gold deposits. Chapter 2 discusses the various methods used to answer 

the research hypothesis. Chapter 3 provides an overview of the regional geology of the project area 

including the Trans-Hudson Orogeny, development of the Reindeer zone, and an introduction to 

the local geology. Chapter 4 is intended to provide a complete overview of unaltered Fisher host 

rocks and discusses their petrographic and geochemical characteristics. Chapter 5 discusses the 

electron microprobe results of minerals from unaltered host rocks and altered rocks. Chapter 6 uses 

various lithogeochemical methods to characterize the alteration haloes associated with host rocks. 

Chapter 7 addresses interpretations, conclusions, and implications of the findings from previous 

chapters. This chapter also draws comparisons to work done on the Santoy deposit and provides a 

preliminary deposit model in which further work can expand on. Chapter 8 summarizes all the 

findings from this project and identifies areas for future research.  
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 METHODOLOGY  

A total of 57 unaltered and representative supracrustal rocks were collected from eight 

drillholes (FIS-18-001, 003, 016, 017, 018, 022, 023, 028) along an 8 km trend of the Santoy Shear 

zone (Fig. 2-1). Additionally, 26 variably altered samples were collected along the same trend 

from seven drillholes (FIS-18-020, 021, 023, 024, 028 & FIS-19-030, 035; Fig. 2-1). Samples were 

selected based on core images provided by SSR Mining Inc. and include samples from near surface 

to 720 m at depth. Altered samples were collected at varying intervals, depending on visible 

alteration and Au grade of the interval. Generally, a least, moderate, and highly altered sample was 

selected from an interval, ranging from 0.5 ï 2.0 m in length, encompassing the extents of the calc-

silicate alteration halo. An additional 20 least-altered surface grab samples were collected along 

two transects across the Fisher shear zone and provide a comprehensive overview of lithologies 

on the property. The complete list of all samples collected for this thesis and respective analyses 

is available in Appendix A. 
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Figure 2-1 Location of drillholes symbolized based on year of drilling program and surface grab samples 

collected for this thesis. Map was produced in ArcGIS. 
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2.1 Lithogeochemistry 

A total of 100 samples (74 unaltered, 26 variably altered) were sent for ICP Whole Rock 

analysis to Saskatchewan Resource Council Geoanalytical Laboratories in Saskatoon, SK, Canada. 

In addition to samples analyzed for this research, quality control and quality assurance (QA/QC) 

was monitored using duplicates for every 40 analyses, 3 standards, and 1 blank. Samples were 

crushed, split, and pulverized using an agate ring. Aliquots of samples are combined with a lithium 

metaborate and lithium tetraborate mixture and subsequently fused. The material is then poured 

into a dilute HNO3 solution and dissolved to be analyzed by Inductively Coupled Plasma ï Optical 

Emission Spectrometry (ICP-OES) and Inductively Coupled Plasma ï Optical Mass Spectrometry 

(ICP-MS) as part of the Whole Rock and Trace Element Analysis Package (WR/TR1). ICP-OES 

was used to analyze Al2O3, CaO, Fe2O3, MgO, MnO, P2O5, K2O, Na2O, TiO2 (detection limit: 

0.01%), SiO2, LOI (detection limit: 0.1%), Cr, V, and Sc (detection limit: 2 ppm). ICP-MS was 

used to analyze Pb (detection limit: 0.001 ppm), Dy, Er, Eu, Gd, Ho, Lu, Pr, Sm, Ta, Tb, Th, Tm, 

U, Yb, Y (detection limit: 0.01 ppm), As, Be, Bi, Cd, Cs, Co, Cu, Ga, Ge, Hf, Hg, Mo, Nd, Rb, 

Ag, Te, Sn (detection limit: 0.1 ppm), Sb, Ba, Ce, La, Nb, Ni, Se, W, Zn, and Zr (detection limit: 

1 ppm). 

The unaltered samples include texturally consistent intervals of supracrustal felsic to mafic 

volcanic rocks and various plutonic rocks. Major and trace element constituents of these samples 

were used to distinguish rock types and to determine the tectonic setting and magmatic affinities. 

All lithogeochemical plots were created in ioGAS, excel and OriginPro. The complete 

lithogeochemical data-set is listed in Appendix B. 
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  Alteration Analysis 

Use of Molar Element Ratios to quantify hydrothermal alteration is an approach commonly 

used in ore deposit studies, especially in VMS systems where large alteration haloes exist (Stanley, 

2013; Piercey, 2009). Molar Element Ratios include General Element Ratios (GERs) and Pearce 

Element Ratios (PERs) and are an appropriate approach to avoid the effects of closure (Stanley, 

2013). PERs are calculated directly from raw geochemical data, using Equation (1), and are used 

to gain insight on various rock-forming processes. The denominator of the equation, or ñzò, is a 

conserved element, which should be identified by prior conserved element analysis (Stanley, 

2013), further discussed in section 3.2. GERs differ in that the denominator of the equation (Eq. 

2) is not a conserved element. Instead, this element is one that participates in material transfer 

processes. GERs are intentionally constructed this way to show material transfers such as 

metasomatism (Stanley, 2013).  

(Eq. 1)  ὖὉὙȾ       

where x is the wt. % concentration of element x, z is the wt. % concentration of conserved 

element z and GFW is the oxide gram formula weight. 

(Eq. 2)  ὋὉὙȾ    

Where x is the wt. % concentration of element x, y is the wt. % concentration of non-

conserved element y, z is the wt. % concentration of conserved element z, and GFW is the oxide 

gram formula weight. 
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Isocon diagrams (Grant, 1986; Gresens, 1967) evaluate chemical variations only on a 

sample-to-sample basis by plotting an unaltered or least altered sample on the x axis, and an altered 

sample on the y axis. The isocon line is defined by immobile elements of equal concentration and 

variances from a slope of 1 indicate a volume change (Grant, 1986). If elements are gained through 

alteration, it will plot above the isocon line. If an element is lost during hydrothermal alteration, it 

will plot below the isocon line. Isocon lines were either forced through Zr (assuming it was 

immobile) or forced through a combination of conserved elements in that host rock, from the origin 

(y=0). As the R2 value gets closer to 1, there is greater immobility of elements.  If the slope of the 

isocon line is > 1, the elemental gains are stronger than elemental losses, and the reverse is true if 

the slope is < 1.  

Statistical analysis is an alternative approach to understanding elemental relationships in 

specific suites. Principal Component Analysis (PCA) reduces the dimensionality of data and can 

help identify element associations (Gazley, 2015). The first principal component is that which 

accounts for the most variation within the dataset, and each subsequent component accounts for 

less variance (Fig. 6-13). Eigenvectors are the result of the principal component calculation, and 

in this case, were calculated using Centred Log Ratio (CLR) transformed data. CLR transformed 

data is used to remove the effect of closure, which is common when using raw chemical 

composition data (Buccianti and Grunsky, 2014), by representing each element as a ratio to a 

central value (Aitchison, 1986). The CLR is calculated by taking the log of the ratio between 

observed frequencies and their respective geometric means. 

An alternative approach to analyzing alteration effects are Zr-weighted enrichment/depletion 

plots. These plots show elements of interest along the x axis, and their respective enrichments 

(non-quantitative) on the y axis relative to a least-altered sample (y=1).  
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Equation 4 is used to calculate the Zr-weighted enrichment/depletion factor (ZWEF). The 

ZWEF works in a similar way to the density-weighted enrichment/depletion factor (DWEF; Eq.3), 

which is the reciprocal of Equation 5 from Lesher, 1986. Since density data was not obtained in 

this study, an assumed immobile element (Zr) is selected as a factor. It is important to note that no 

quantitative results should be taken from this type of data, only relative comparisons. 

(Eq. 3)  ὈὡὉὊ 
ᶻ  

ᶻ
 

where X is the concentration and ɟ is the density of an element (i) of interest, in an altered 

rock (B) or unaltered rock (A). 

(Eq. 4)  ὤὡὉὊ  

where xZr is the concentration of zirconium, xi is the concentration of element i of interest, B 

is the altered rock and A is the protolith (or least-altered) rock. 

(Eq. 5)   

where  is the ratio of the volume of rock A (protolith, or least-altered) to that of rock B 

(altered), xi is the concentration of element i and ɟ is the density. 

Analyzing mass changes of elements is another useful approach to quantifying hydrothermal 

alteration. The single precursor method (MacLean and Kranidiotis, 1987) identified sample CO-

2019-123 (HCrB) as a least-altered precursor. Mass percent changes (ɲXi; Eq. 7) are calculated 

assuming Zr is conserved by using a Zr factor (fv; Eq. 6) (Gresens, 1967). Bivariate plots of mass 

changes of elements can indicate trends towards various types of alteration (Fig. 6-16). 
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(Eq. 6)  Ὢ   

where XZr is the concentration of zirconium in protolith A and altered rock B  

(Eq. 7)  ῳὢ Ὢ ὢz ὢ  

where fv is the Zr factor, X is the concentration of element i in a protolith B and an altered rock A 

2.2 Petrographic & Electron Microprobe Analysis 

A suite of 45 unaltered samples and 21 variably altered samples were cut perpendicular to 

or at an angle to the foliation using a rock saw at the University of Saskatchewan. Samples were 

sent to either Vancouver Petrographics or the University of Saskatchewan Thin Section Laboratory 

for thin section preparation and were cut at 30 ɛm thick to be examined using transmitted and 

reflected light petrography. 

Two separate labs were used for microprobe analysis due to circumstances that arose during 

the Covid-19 pandemic. Three unaltered samples (CO-2019-19, 33, 34) and one altered sample 

(CO-2019-28A2) were analyzed using a JEOL 8600 Superprobe electron microprobe analyzer at 

the Electron Microscopy Laboratory in the Department of Geological Sciences, University of 

Saskatchewan. Polished thin sections were wiped with a methanol-soaked Kimwipe, then given a 

30 second wash in methanol to remove fingerprints and contaminants. Carbon coating was applied 

using a carbon evaporator coater to produce a 200 angstrom carbon coating.  The microprobe 

conditions were pre-set with an accelerating voltage of 15 kV, a beam current of 5-10 nA and 

diameter of 10 microns. Three unaltered samples include a mafic volcanic, pyroxenite and an 

andesite, and the altered sample is a mafic volcanic (Appendix C). Samples were collected with 
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the intent of analyzing host rock mineral compositions, compositional zoning, exsolutions and 

micro-textures.  

In addition, six altered samples (CO-2019-48, 55, 61, 69, 81B, 93A) were analyzed using a 

JEOL JXA 8200 electron microprobe at the Department of Geoscience, University of Calgary 

(Appendix C). Polished thin sections were cleaned with methanol to remove fingerprints and 

contaminants. Carbon coating was applied using a Denton Vacuum DV-502A carbon evaporator.  

The microprobe conditions were pre-set with an accelerating voltage of 15 kV, a beam current of 

20 nA and diameter of 5 microns. A range of well characterized natural and synthetic standards 

were used. Altered samples were selected to: 1) compare mineral compositions between unaltered 

and altered host rocks; identify 2) textures associated with mineralization and internal textures of 

sulphide minerals; 3) alteration minerals not identified in petrographic analysis; and 4) 

compositional zoning.  

Photomicrographs and BSE images were labelled with abbreviations as outlined in Whitney 

and Evans (2010). The electron microprobe data is listed in Appendix C. 
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 GEOLOGICAL SETTING  

3.1 The Fisher Property & Seabee Gold Operation (SGO) 

The Fisher property, part of the Seabee Gold Operation, is in east-central Saskatchewan 

(Canada) in the Glennie Domain of the Reindeer zone. It is approximately 125 km ENE of La 

Ronge, SK and lies about 7 km southeast of the active Santoy mine. The SGO hosts the Santoy 

mining complex which accesses numerous deposits including, Santoy 7, 8, 8A, Gap, Gap Hanging 

Wall.  In 2019, the Santoy mine produced 350 000 tonnes of ore milled with an average grade of 

9.16 g/T Au (Saskatchewan Ministry of Energy and Resources, 2019). As of January 5, 2021, SSR 

Mining Inc. exercised a Second Option earn-in with Taiga Gold Corporation for a total interest of 

80% of the Fisher property (Taiga Gold Corp., 2021). The Fisher property can be accessed by an 

all-season road from the Seabee Gold Operation and is accessible by air from Missinipe/Otter Lake 

(Selby et al., 2017). 

Gold discoveries in the area date back to the 1940ôs (Morelli and Maclachlan, 2012), which 

brought initial interest to the area. This led to the discovery of the Seabee mine, which lies 

approximately 10 km west of the Santoy mine. The Seabee mine started producing in November 

1991 with an original feasibility study estimating recovery of 379,241 oz Au (Basnett, 1999). The 

Seabee mine was decommissioned in 2018 with a total of 608,000 oz Au recovered (Saskatchewan 

Ministry of Energy and Resources, 2019). At present (April , 2021), the Santoy Gold mine is the 

only actively producing gold mine in Saskatchewan. 

3.2 Regional Geology 

The Fisher property lies in the northeastern corner of the Glennie Domain within the 

Reindeer zone of the Paleoproterozoic Trans-Hudson Orogeny (THO; Fig. 3-1). The THO formed 
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by closure of the Manikewan Ocean (Stauffer, 1984) and delineates the collisional suture zone 

between the Rae-Hearne, Sask and Superior cratons (Ansdell, 2005). Possible extents have been 

traced from northern Europe through Nunavut, Saskatchewan, and Manitoba (Hoffman, 1988), 

and below the Phanerozoic sedimentary units of the Williston Basin. It is then believed to continue 

south to the Grand Canyon area (Bickford and Hill, 2007; Ansdell, 2005) where it is terminated 

by the Central Plains orogen (Sims and Peterman, 1986).  

 

Figure 3-1 Simplified geological map of the Canadian Shield with the approximate boundaries of the Trans-

Hudson Orogen shown by black lines (modified from Corrigan et al, 2014). The solid line represents a 

definite boundary, while the dashed line is approximate. Major Archean provinces (light pink) are labelled 

and the segment of the Reindeer zone of interest to this research is highlighted by a red box. 

 

The THO in Saskatchewan and Manitoba comprises three distinct segments, including the 

Cree Lake zone, the Superior Boundary zone, and the Reindeer zone (Fig. 3-2). The Cree Lake 
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zone, and the Superior Boundary zone, comprise reworked supracrustal rocks which 

unconformably overly the Archean Churchill, and Superior provinces, respectively. These 

reworked margins formed during rifting of the Manikewan Ocean where sedimentary rocks were 

preserved within continental margins (Ansdell, 2005). The Reindeer zone represents various 

juvenile internides including (from west to east) the Wathaman, Rottenstone, La Ronge, 

Kisseynew, Glennie, and Flin Flon domains. This 500 km wide zone consists of various 

subduction-related rocks which formed during closure of the Manikewan ocean (Ansdell, 2005; 

Stauffer, 1984). These include primitive to evolved oceanic volcanic rocks, plutonic rocks, interarc 

and successor arc rocks and marginal-basin sedimentary rocks. A minimum age of 1.92 Ga 

(Ansdell, 2005) provides an age for initial closure of the Manikewan ocean and subsequent arc 

subduction. The various internides of this zone all evolved separately, and comprise fragments of 

older continental crust, back-arc basins, oceanic plateaus, and juvenile arc crust. It has been 

suggested that the Manikewan Ocean had similar characteristics to modern-day southwestern 

Pacific (Corrigan et al., 2009; Ansdell, 2005). 
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Figure 3-2 Map of lithostratigraphic domains of northern Saskatchewan and Manitoba with relation to 

major components of the Churchill Province of the Precambrian Shield (Rae, Hearne, Reindeer zone), the 

Superior Province and northern extents of Phanerozoic cover. Internides of the Reindeer zone are labelled, 

with yellow stars illustrating the location of orogenic gold deposits. Note the location of the Seabee Gold 

Operation within the Flin Flon-Glennie complex (modified from Corrigan et al, 2007). SBZ: Superior 

Boundary zone; FRB: Fox River Belt. 

The Flin Flon-Glennie complex (FFGC) within the Reindeer zone comprises various 1895 

to 1870 Ma volcanic belts, sedimentary sequences, syn-volcanic and post-tectonic plutonic rocks 

(Morelli and MacLachlan, 2012; Lucas et al., 1995; Fig. 3-2, 3-3). A range of depositional settings 

occur across the FFGC including juvenile arc, evolved arc, back arc, and oceanic plateau 

assemblages (Syme et al., 1998). The greenstone belts (e.g., Pine Lake, Brownell Lake in the 

Glennie Domain) typically constitute arc or MORB/back-arc constituents. The volcanic 

assemblages of the Glennie and Flin-Flon domains were accreted between 1880 and 1865 Ma into 

a single package (Ashton, 1999; Lucas et al., 1996) resulting in the Paleoproterozoic 
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protocontinent referred to as the Flin Flon-Glennie complex (Ashton, 1999; Lucas et al., 1997). 

Subsequent subduction beneath this terrane led to successor arc magmatism (1870 ï 1835 Ma; 

Syme et al., 1998) resulting in calc-alkaline to alkaline plutonism across the Reindeer zone 

(Morelli and MacLachlan, 2012). The development of successor sedimentary basins ensued with 

siliciclastic sedimentation within and marginal to the Flin Flon-Glennie complex between 1855 ï 

1840 Ma (Syme et al., 1998). The largest of these basins is now preserved as the Kisseynew 

Domain, which either developed in a back-arc environment (Ansdell et al., 1995) or along an active 

continental margin (Zwanzig, 1997).  

The metamorphic and deformational history of the Glennie domain is preserved as early tight 

to isoclinal folds and layer-parallel high-strain zones, termed the D2 event by Lewry et al., (1990). 

This event was initiated at ca. 1835 Ma during underthrusting of the Sask craton (3.2 ï 2.5 Ga 

rocks in Fig. 3-3) below Paleoproterozoic rocks of the Flin Flon-Glennie complex (Ashton et al., 

2005). D3 involved late to post-collisional deformation (1800 ï 1770 Ma) resulting in north-

trending folds and NE-trending D4 folds. A series of subvertical strike-slip faults (e.g., Tabbernor 

fault) were formed during D3 which act as important structural corridors for hydrothermal fluids. 

These deformational events also coincide with peak metamorphism (1818 ï 1794 Ma) and 

produced a range of metamorphic grades across the Flin Flon-Glennie complex due to the 

variations in structural relief (Morelli and MacLachlan, 2012). An overview of these deformational 

events and associated structures, which are relevant for gold mineralization, will be discussed in 

Chapter 3.3.  
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Figure 3-3 Simplified geology of the Saskatchewan segment of the Reindeer zone. Location of the Seabee 

Gold Operation (outlined in red) and the Pine Lake greenstone belt (PLG) within the Glennie domain 

(modified from Wood, 2016; Morelli and MacLachlan, 2012; Saskatchewan Geological Survey, 2003). 
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3.3 Geology of the Seabee Gold Operation (SGO) 

The SGO lies within the eastern portion of the Pine Lake greenstone belt of the Glennie 

Domain (Fig. 3-3). Rocks in this area have been metamorphosed up to amphibolite facies (Wood, 

2016; Delaney and Cutler, 1992). The remainder of this chapter will refer to protolith rock names 

for simplicity since all rocks have been metamorphosed. Delaney and Cutler (1992) delineated two 

groups of supracrustal assemblages (A & B), and a succession of overlying siliciclastic rocks 

termed the Porky Lake Group (Fig. 3-4, 3-5).  

The oldest assemblage (Assemblage A) at 1.89 ï 1.87 Ga, consists of mafic-felsic volcanic, 

subvolcanic intrusive, volcaniclastic, and minor siliciclastic rocks (Delaney and Cutler, 1992; 

Chiarenzelli, 1989). The mafic volcanic rocks are typically fine-grained, dark green and consist of 

dominantly hornblende and plagioclase and display textural heterogeneity. The intermediate 

volcanic rocks are intercalated with mafic volcanic rocks and volcaniclastics and are identified by 

medium-grained plagioclase in a finer groundmass of quartz, hornblende, and plagioclase 

(Delaney., 1986). Felsic volcanic rocks are rare, but are fine-grained rocks comprised of quartz, 

feldspar with minor biotite. Volcaniclastic rocks consist of both pyroclastics and epiclastics but 

are difficult to distinguish at amphibolite grade metamorphic conditions. Other minor lithologies 

in this assemblage include conglomerates, feldspar porphyry flows, pelitic sediments, feldspathic 

arenites, and mica schists (Delaney, 1987).  

The younger Assemblage B (~1840 Ma) comprises variably deformed rocks of mainly 

volcaniclastics and sedimentary rocks of the Pine Lake greenstone belt (Delaney and Cutler, 1992; 

Fig. 3-4). This unit comprises felsic volcaniclastics, hornblende volcaniclastics and sediments, 

lapilli tuffs, chlorite-actinolite schists and a basal polymictic conglomerate. The conglomerate, 3m 
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at its thinnest to 70m at its thickest, lies at the contact with Assemblage A volcanic rocks and 

locally intercalates with a rhyolite dated as 1838 Ma + 2 (McNicoll, 1992). The felsic 

volcaniclastics are fine-grained and dominated by quartz, plagioclase and minor biotite and 

magnetite (Delaney and Cutler, 1992).  

The Laonil Lake intrusive complex (1889 + 9 Ma) is the oldest pluton within this part of the 

Glennie Domain and intrudes Assemblage A volcanic rocks (Chiarenzelli, 1989; Fig. 3-4). This 

composite ultramafic to dioritic plutonic package consists of mostly gabbro and diorite, lesser 

ultramafic rocks, and minor granodiorite, feldspar porphyry, intermediate and mafic dykes, 

(Delaney, 1986). The gabbro is a medium-grained and green-grey massive unit that typically forms 

as sheets. The diorite is texturally variable ranging from medium to coarse-grained and 

compositionally variable. Predominantly, gabbro and diorite rocks host the mineralization at the 

Seabee mine. 

The Eyahpaise Lake pluton (1859 + 5 Ma) intrudes Assemblage A volcanic rocks and the 

Laonil Lake and Eisler intrusive complexes (Fig. 3-4). This pluton consists mostly of a medium-

grained, massive tonalite (Delaney, 1987). The Lizard Lake pluton (~1874.6 + 1.9 Ma; Wood, 

2016) is a tonalite unit exposed at surface mainly to the East Santoy deposit. It contains xenoliths 

of the Assemblage A mafic volcanic indicating it post-dates emplacement of these volcanic rocks 

(Wood, 2016). Deformed, rusty quartz vein intersects the tonalite indicating mineralization post-

dates emplacement of these units. The Packman Lake pluton (1807 + 7 Ma; Wood, 2016; Fig. 3-

4) is a quartz syenite unit that likely formed in a syn-collisional environment during peak 

metamorphic conditions in the Glennie domain (Wood, 2016).  
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The Porky Lake Group is the youngest unit in the area and comprises a series of 

arkose/arenites, wackes, conglomerates and biotitic sediments (Delaney, 1986; Fig. 3-4). The 

arkose/arenite locally preserves crossbedding which denotes a younging direction to the south 

(Delaney, 1986). Porky Lake siliciclastic rocks are mainly exposed in the northwestern portion of 

Figure 3-4 in the core of the Ray Lake synform. The siliciclastic rocks of the Porky Lake group 

unconformably overlie the Assemblage B volcanic rocks (Fig. 3-5) along a highly strained contact, 

believed to represent a change in depositional environments (Lewry, 1977). It is thought this 

unconformity may have acted as a conduit for mineralizing fluids during deformational events in 

the Glennie Domain (Delaney and Cutler, 1992). 



 

26 

 

Figure 3-4 Simplified geology of the Pine Lake greenstone belt with Seabee deposits (left-side) and Santoy 

deposits (right-side) and the focus area of this research within the Fisher property outlined in black 

(modified from Delaney, 2016). 
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Figure 3-5 Schematic stratigraphic section through the Pine Lake greenstone belt (modified from Wood, 

2016). Colours used in this section correspond to those in Figure 3-4. 

 

 



 

28 

The important structural feature to the Seabee Gold Operation is the Santoy shear zone (Fig. 

3-4), which exact extents are not well defined, but is believed to be at least 3.5 km long (Wood, 

2016). Four deformational events can be observed in the Seabee Gold Operation. D1 included two 

folding events (F1 and F2) characterized by isoclinal recumbent folding and associated foliations 

related to SW-thrusting (Wood, 2016). D2 resulted from convergence of the Hearne, Sask and 

Superior provinces at about 1840 to 1800 Ma, which corresponds to peak metamorphism in the 

Glennie domain. This event refolded F2 folds which produced a composite S0/1 foliation resulting 

in an axial planar S2 foliation. This S2 foliation is typically defined by hornblende and/or biotite in 

most suites in the area, parallels bedding and dips moderately-steeply to the NE (Wood, 2016).  

During D3 (~1800 - 1736 Ma; Wood, 2016), F2 folds and the composite S0/1/2 foliation were 

refolded about a NNW-trending axes, corresponding to the Tabbernor fault zone, which locally 

produced type two and three interference patterns (Delaney and Cutler, 1992; Ramsey and Huber, 

1987). F3 sheath-like folds are WNW-trending and include the Ray Lake fold, Carruthers Lake 

antiform and Carruthers Lake synform (Wood, 2016). They along with the Pine Lake greenstone 

belt, warped around the competent Eyahpaise Lake pluton. The F3 folds have an S3 axial planar 

cleavage typically defined by biotite (Wood, 2016). A L2 lineation is also locally preserved in these 

S2/3 foliation surfaces as a penetrative mineral lineation defined by the alignment of amphibole and 

biotite (Wood, 2016).  

D3 is of economic significance as it is believed to be responsible for creating the 

compressional jog in an early phase of the Santoy shear zone which created the space for gold 

mineralizing fluids to precipitate. This jog was produced by dextral-reverse oblique slip movement 

along the Santoy Shear zone. The Packman Lake pluton also had an important role as it acted as a 

buttress around which the supracrustal rocks were warped (Wood, 2016). A L3 curvilinear, 
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stretching lineation has been noted to parallel high-grade ore in the Santoy 8 and 8 East deposits 

and tend to control the geometry of the folds (Wood, 2016; Helmsteadt, 1987, 1986). Auriferous 

quartz veins are folded by F3 folds indicating vein emplacement occurred before F3.  

Evidence of D4 is not preserved in the Seabee Gold Operation, but regionally can be 

recognized by F4 folds refolding F3 folds along upright, NE-SW trending fold axes resulting in 

dome-and-basin interference patterns (Lewry et al., 1990). These F4 folds preserve the L3 

lineations as weak crenulations overprinting L2 and S2/3.  
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 FISHER PROPERTY LITHOLOGIES  

 The Fisher property of the Seabee Gold Operation is hosted within Paleoproterozoic rocks 

of the Glennie Domain. The supracrustal rocks exposed across the Fisher property comprise 

volcanic rocks of intermediate to mafic compositions, various metasedimentary rocks and felsic-

mafic dykes which intersect these units. As previously mentioned, amphibolite grade metamorphic 

conditions affected this area and were accompanied by subsequent alteration and deformation 

related to the development of the Santoy shear zone, which runs N-S through the Fisher property 

(shown by black dotted line; Fig. 4-1). The most common lithologies observed at the Fisher 

Property consist of mafic volcanic, intermediate volcanic, mixed volcaniclastic, and 

metasedimentary rocks with lesser granites and diorites. Other rock types encountered across the 

Fisher property include felsic volcanic, quartz diorite and gabbroic rocks, and various schists.  

The various supracrustal volcanic, volcaniclastic and metasedimentary rocks across the 

Fisher property (shown by shades of green and yellow; Fig. 4-1) are attributed to Assemblage A, 

discussed further in Chapter 3. The metavolcanic and metasedimentary rocks of Assemblage A 

broadly trend N-S through the Fisher property and dip steeply (70-90ę) to the east. Assemblage A 

rocks are the oldest rocks (1.89 ï 1.87 Ga) in the Fisher property. On the west side of the Fisher 

property, the Eisler intrusive complex (shown in purple; Fig. 4-1) intrudes Assemblage A volcanic 

rocks. The Eisler intrusive complex comprises gabbro, quartz gabbro, pegmatitic gabbro, diorite, 

pyroxenite and tonalite rocks (Witvoet, 2019). Eisler units trend similarly to Assemblage A rocks 

with near vertical dips. The Uskik granodiorite (shown in magenta; Fig. 4-1) trends N-S on the far 

east edge of the Fisher focus area, and the Central Granodiorite (shown in orange; Fig. 4-1) pinches 

out at the surface on the far north of the Fisher property focus area where it intersects metavolcanic 

rocks of Assemblage A. Various intrusive rocks can be found across the property, and their sharp 
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and concordant contacts with supracrustal rocks aided in their identification. The origin of these 

units can only be speculated until age dating confirms their temporal relationship to surrounding 

rocks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Geological map of the ñfocus areaò, important to this research, within the Fisher property 

(extents not shown). Black dashed lines indicate approximate limits of the Santoy shear zone (modified 

from McEwan, 2013). 
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4.1 Description of Rock Units 

Samples used for this chapter were intended to represent least-altered host rocks to 

mineralization. The specific samples chosen were based on descriptions and rock names suggested 

by SSR Mining Inc. logging geologists. However, some of the rock names mentioned in Chapter 

4.1 have been reclassified based on geochemical analysis discussed in Chapter 4.2. The 

overprinting alteration will be discussed further in Chapter 6. 

One of the thickest (up to 1km) units at the Fisher property is the Fisher mafic volcanic (Fig. 

4-1) which also holds economic significance due to its association with gold mineralization. This 

unit typically occurs with intermediate volcanic rocks along concordant and gradational contacts. 

In hand sample, mafic volcanic rocks are fine-grained and medium to dark grey/green in colour 

(Fig. 4-2a). They are characterized by plagioclase (~10-30%), significant hornblende (20-40%), 

minor biotite and/or chlorite (5-15%), quartz (~10-25%), and sulphide minerals (0-5%). This 

predominance of hornblende rather than actinolite (Fig. 4-2e), is typical of basalts that have 

undergone lower amphibolite facies metamorphism (Spear, 1993). The main fabric associated with 

D2 pre-dates gold mineralization and is typically defined by biotite, chlorite and in some cases 

amphiboles, which becomes increasingly deformed with proximity to the Santoy shear zone. 

Accessory minerals in this unit include alkali feldspars, apatite, epidote, clinozoisite and titanite. 

Minor secondary minerals such as sericite and disseminated sulphide minerals are also observed.  

A pyroxene-bearing mafic volcanic is differentiated from mafic volcanic rocks based on 

macroscopic observations of granular relict pyroxenes (Fig. 4-2d) which have been replaced by 

hornblende (Fig. 4-2h) or secondary chlorite. The unit is locally well-exposed at surface and can 
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occur up to 250m thick. The unit comprises ~30-60% relict clinopyroxene phenocrysts in a 

groundmass of fine-grained plagioclase (~30%), and biotite/chlorite (~10%). 

The intermediate volcanic rocks are well-exposed at surface on the Fisher property and occur 

as thick packages (up to 250m) typically in contact with mafic volcanic rocks at surface (Fig. 4-1) 

and with depth. Hand samples are fine-grained with a medium grey colour (Fig. 4-2b). The 

intermediate volcanic can be subdivided into two units based on geochemical variations; further 

discusses in Chapter 4.2. Observations from thin section identified variations in hornblende (Fig.  

4-2e) and quartz content between the two units (Andesite-1 and Andesite-2). However, no distinct 

macroscopic identifiers have been noted. Intermediate volcanic rocks comprise lesser hornblende 

and plagioclase than the basalt unit, but both exhibit local biotite defining foliation (Fig. 4-2f). 

Generally, the intermediate volcanic rocks contain 20-40% quartz, 10-30% plagioclase, 5-25% 

hornblende, and 5-15% biotite and/or chlorite. Accessory minerals are present locally including 

epidote, titanite, magnetite, diopside, and various sulphide minerals. Myrmekitic textures were 

locally preserved.  

The felsic volcanic unit is a thin package (< 5m) relative to the other volcanic rocks and is 

not visible at the map scale in Figure 4-1. Overall, the unit does not host significant gold 

mineralization or exhibit strong alteration, thus minimal samples were collected. The felsic 

volcanic is a leucocratic, fine-grained unit (Fig.  4-2c) with a groundmass dominated by quartz, 

minimal biotite defining foliation (Fig. 4-2g) and minor to no hornblende grains. It comprises 30ï

60% quartz, 10-30% plagioclase, 5-10% alkali feldspars, 5-10% muscovite and/or biotite, and 0-

5% hornblende. There is also minor K-feldspar and sericite alteration, but no trace sulphide 

minerals were identified.  
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The volcaniclastic units vary in width across the Fisher property. They occur as a mixed 

package with sedimentary units occurring up to ~500m thick or solely as volcaniclastics up to 

~250m (Fig. 4-1). These units are typically distinguished based on macroscopic textures (bedding 

planes, presence of clasts) which differentiate them from other extrusive rocks. This unit is dacitic-

andesitic in composition and includes tuffs. The tuffs are very fine-grained with a groundmass 

dominated by quartz with minor plagioclase and has biotite and muscovite defining the foliation 

(Fig. 4-3c). The mineral assemblage includes 20-50% quartz, 10-35% plagioclase, 5-10% alkali 

feldspars, 10-20% biotite and/or muscovite.  

Various sedimentary packages are exposed on the Fisher property and typically occur within 

the mixed volcaniclastic package (Fig. 4-1). Currently, these include a conglomerate, a greywacke, 

and a sandstone unit. These units, especially the conglomerate, are identified in the field based on 

textural and grain size observations at the macroscopic level. The conglomerate comprises felsic 

to intermediate in composition clasts and can occur interbedded with mafic volcanic or 

sedimentary rocks of felsic composition. The groundmass has a felsic composition of dominantly 

quartz with andesitic to rhyolitic, pebble-sized clasts. Trace garnets have also been identified in 

this unit. The sandstone unit is fine to very fine-grained with very little to no micas present. The 

Figure 4-2 Typical mineral assemblages for representative unaltered extrusive units. A) Fine-grained dark 

green and moderately strained mafic volcanic with moderate chlorite and biotite alteration (CO-2019-58 

135.5m). B) Intermediate volcanic with minor silicification and sericite-pyrite veinlets (CO-2019-57, 

108.35m). C) Very fine-grained felsic volcanic exhibiting strain (CO-2019-20, 673.5m). D) A medium-

grained dark green clinopyroxene mafic volcanic where granular relict clinopyroxenes have been replaced 

by hornblende (FIS-18-024; 101.3m). E) Least altered mafic volcanic with coarse hornblende 

porphyroblasts in a groundmass of finer-grained quartz and plagioclase (CO-2019-123; outcrop). F) Biotite 

defining foliation in a weakly strained Andesite-1 with hornblende porphyroblasts (CO-2019-11; 157.3 m). 

G) A fine-grained felsic volcanic with minor biotite along foliation planes (CO-2019-20; 673.6 m). H) 

Coarse-grained ñclinopyroxene mafic volcanicò with hornblende porphyroblasts in a groundmass of mainly 

plagioclase and lesser quartz (CO-2019-36; 78.1m). 
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unit comprises ~ 50-70% quartz, 20-40% plagioclase, and ~5% muscovite (Fig. 4-3d). The wacke 

is fine-grained and of intermediate composition with a groundmass of quartz and plagioclase and 

biotite altering to chlorite locally along foliation planes (Fig. 4-3e).  Throughout the remainder of 

this paper, these units will be collectively referred to as ñmetasedimentary rocksò, since few 

representative samples were collected. 
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Figure 4-3 A) A fine-grained metasedimentary rock with minor pyrrhotite and chlorite alteration (FIS-19-

035; 107.8m). B) A leucocratic very fine-grained metasedimentary rock (FIS-18-017; 409.1m). C) Very 

fine-grained dacitic ash tuff with minor biotite and muscovite (CO-2019-117; surface). D) A fine-grained 

sedimentary rock with a groundmass of dominantly quartz (CO-2019-17; 409.2 m). E) Metamorphosed 

wacke with biotite along foliation planes and minor sericitization of feldspars (CO-2019-56A; 107.8 m). 
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The granite unit, referred to as ñFisher Granodioriteò in Figure 4-1, typically intrudes the 

mafic volcanic unit, and is exposed on surface near the southern margins of the ñfocus areaò of 

this research. In hand sample, granites are light grey with a pink tinge and black flecks (Fig. 4-4a). 

The rock is roughly equigranular and coarse-grained with a quartz-dominated groundmass and 

minor biotite and muscovite (Fig.  4-5a). The mineral assemblage includes approximately 30ï60% 

quartz, 20-30% alkali feldspars, 10ï20 % plagioclase, 5ï15 % muscovite and/or biotite and trace 

sulphides. Accessory minerals include apatite, zircon, and orthopyroxene. The unit exhibits minor 

to moderate sericitization of feldspars. Foliation fabrics are not well-preserved in the unit, but 

grains are locally elongated where shear zones intersect. Pyrite is a common disseminated sulphide 

in this unit.  

The diorite, referred to as ñFisher Gabbroò in Figure 4-1, is a unit that is commonly mis-

logged as a gabbro unit. The melanocratic appearance observed in core samples (Fig. 4-4c) makes 

identification difficult. The rock is finer-grained relative to the granite and granodiorite units with 

a groundmass of relatively equal quartz to plagioclase and larger crystals of hornblende (~1-2mm; 

Fig. 4-5c). It comprises 15-35% quartz, 20-40% plagioclase, 5-25% hornblende, and 5-15% biotite 

and/or chlorite. Zircon, titanite and calcite are accessory within this unit and trace pyrrhotite is 

common.  

The quartz diorite is a less-common unit, and its surface extents are currently unknown. The 

unit can be difficult to distinguish from granites in the field. However, in hand sample the unit has 

a distinct salt and pepper appearance (Fig. 4-4d), while in thin section, more hornblende and biotite 

are noted (Fig. 4-5b). This unit is coarse-grained and equigranular with polygonal quartz similar 

to the granite. It is characterized by plagioclase (20-40%), quartz (20-40%), biotite and/or chlorite 
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(5-15%), and hornblende (5-10%). Accessory minerals include titanite and zircon and overall has 

minor sericitization of feldspars.  

The extent of the gabbro unit through the Fisher property is currently unknown since many 

selected samples had a dioritic composition. Hand samples are mainly black with white specks 

throughout (Fig. 4-4c). The unit does not show any clear relationships with sulphide minerals and 

gold grades. It is coarse-grained with large crystals of hornblende (~2.5mm) in a finer groundmass 

of quartz and plagioclase. Locally, large relict plagioclase grains are moderately sericitized with 

twinning still preserved (Fig. 4-5d). The unit has 10-20% quartz, 25-45% plagioclase, 10-30% 

hornblende and ~10% biotite/chlorite. Accessory minerals such as epidote, titanite and magnetite 

occur as well as minor sericite and tremolite.  

The pyroxenite unit is not very common throughout the Fisher property and occurs as 5-10m 

thick packages (Fig. 4-1). Coarse-grained relict pyroxenes have been replaced by hornblende and 

ilmenite exsolutions are commonly observed (Fig. 4-5e). The unit has a finer groundmass of 

mainly cummingtonite and lesser plagioclase and quartz.  
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Figure 4-4 Typical mineral assemblages for various unaltered intrusive suites. A) A medium to coarse-

grained granite with a weak fabric defined by biotite (FIS-18-021, 249.5m). B) A medium-grained least-

altered diorite (FIS-19-030, 136.6m). C) A coarse-grained melanocratic gabbro (FIS-18-017; 720m). D) 

Coarse-grained quartz diorite with a speckled-appearance (FIS-18-001; 244.6m). 
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Figure 4-5 A) A granite dominated by coarse-grained quartz and finer plagioclase exhibiting minor 

sericitization (CO-2019-48; 249.1 m) B) Coarse-grained quartz diorite with minor deformation of 

hornblende porphyroblasts (CO-2019-08, 392.5 m). C) Diorite unit with a finer groundmass of quartz and 

plagioclase and hornblende porphyroblasts (CO-2019-81B; 56 m). D) A gabbro with sericitized coarse 

grains of plagioclase in a finer groundmass of quartz (CO-2019-31; 60.8 m). E) Hornblende porphyroblasts 

with ilmenite exsolutions in a groundmass of cummingtonite and plagioclase (CO-2019-33; 191.1m). 

4.2 Lithogeochemistry 

When classifying rocks which have undergone alteration and/or metamorphism it is 

important to differentiate units using conserved elements. Conserved elements are those which are 

not actively involved in material transfer processes, and thus stay relatively constant or immobile 

as rocks undergo chemical processes (Nicholls, 1988). All elements were plotted in bivariate 

Harker diagrams to assess their mobility  (Fig. 4-6). At the Fisher property, most high field strength 

elements (HFSEs) and rare earth elements (REEs) exhibit conserved element behavior (Fig. 4-6) 

and are acceptable to use for interpreting magmatic affinities. Zirconium and titanium were 

identified as conserved elements, while also displaying variations due to host rock chemical 

compositions and were used to classify the host rocks of the Fisher deposit. This approach 

identified five intrusive suites: a gabbro, pyroxenite, diorite, quartz diorite and granite unit (Fig. 

4-7a). At least four extrusive units including basalts (mafic volcanic rocks from Ch.3.1), two 

andesite units (intermediate volcanic rocks from Ch.3.1) and rhyolites (felsic volcanic rocks from 

Ch.3.1) were identified (Fig. 4-7a).  

The basalts were further discriminated into High Cr Basalts (HCrB) and Low Cr Basalts 

(LCrB) based on their respective chromium content. HCrB are those with greater than 60ppm Cr, 

while LCrB are those with less than 60ppm Cr. Sedimentary and volcaniclastic units were 

identified using a combination of hand sample and thin section observations and are also shown in 

selected classification diagrams (Fig. 4-7a,b,c). A conserved element classification diagram 
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(Pearce, 1996) using Zr/Ti and Nb/Y ratios (Fig. 4-7b) also agrees with the bivariate Zr vs Ti 

classification diagram. When compared to classification diagrams using major elements for 

volcanic rock classification (Fig. 4-7c) and plutonic rock classification (Fig. 4-7d), similarities are 

observed. It is important to note that the discrepancies in host rock classification between figures 

4-7c and 4-7d are likely due to effects of metamorphism and/or alteration. Geochemical 

characteristics of rock units identified by Figure 4-7a will be discussed below. 

 

Figure 4-6 Scatterplot matrix of selected conserved elements in HCrB and LCrB (n=36). Probability plots 

are shown along the diagonal and show the shape of the distribution of the unit. 
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Figure 4-7 Various trace element (A,B) and major element (C,D) plots for classifying igneous rock types. 

A) Zr vs. TiO2 classification diagram makes use of Zr/Ti ratios (from Hallberg, 1984) and natural breaks 

in the data. B) Zr/Ti vs. Nb/Y classification diagram for volcanic rocks from (Pearce, 1996). Note that Nb 

may be relatively mobilize in the Fisher area (Fig.6-15c) and should be used with caution. C) TAS 

classification diagram for volcanic rocks (from Le Maitre et al, 1989). D) TAS classification diagram for 

plutonic rocks (from Middlemost, 1994). 
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Table 4-1 Average chemical compositions of least-altered Fisher host rocks. 

 

 

The average HCrB unit is characterized by 52 wt.% SiO2, 11.2 wt.% Fe2O3, 5.5 wt.% MgO 

and 8.6 wt.% CaO (Table 4-1). The average LCrB is characterized by 54 wt.% SiO2, 11 wt.% 

Fe2O3, 3.3 wt.% MgO and 7.5 wt.% CaO (Table 4-1). Samples with a Cr-CLR value of more than 
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0.82 were assigned to HCrB and those with less than 0.82 were assigned to LCrB (Fig. 4-8a). The 

average Cr content in HCrB (137 ppm; Table 4-1) and LCrB (23 ppm; Table 4-1), relative to 170 

ppm in an average basalt (Price, 1997) suggests these samples are relatively depleted in Cr. Both 

units share relatively similar extended trace element variation diagrams with negative anomalies 

in Nb and Ti, and enrichments in LREEs relative to HREEs (Fig. 4-8b). Specifically, LCrB are 

more enriched in Y, Yb, and Tb relative to HCrB (Fig. 4-6).  The characteristic negative Nb and 

Ti anomalies and the location of HCrB and LCrB in Figure 4-8e indicate an arc environment. 

When discriminating magmatic affinities using Jensenôs Cation Plot, which uses major elements, 

LCrB are enriched in Fe relative to HCrB and have a more tholeiitic affinity, whereas HCrB have 

a more calc-alkaline affinity (Fig. 4-8c). However, when using Ross and Bédardôs classification 

diagram, the distinction in Th/Yb values is not as defined (Fig. 4-8d). The average HCrB is also 

enriched in Pb relative to LCrB and other Fisher host rocks (Table 4-1).   
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Figure 4-8 Various basalt discrimination diagrams displaying HCrB and LCrB. A) Probability plot of CLR-

transformed Cr with normal score of -0.56. B) Extended variation diagram normalized to primitive mantle. 

Line represents average of all least-altered samples for the corresponding unit. C) Jensen Cation Plot for 

classification of subalkaline volcanic rocks using cations of Fe2O3(total), Al and Mg (Jensen, 1976). D) 

Th/Yb vs. Zr/Y diagram for discrimination of magmatic affinities from Ross and Bédard (2009). E) Th/Yb 

vs. Nb/Yb classification diagram of basalts modified from subduction-related settings (Pearce, 2014, 2008). 
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The average Andesite-1 (AND-1) is characterized by 58 wt.% SiO2, 7.9 wt.% Fe2O3, 4.2 

wt.% MgO, 7.2 wt.% CaO and 3.3 wt.% Na2O (Table 4-1). Andesite-2 (AND-2) is characterized 

by 61.9 wt.% SiO2, 6.4 wt.% Fe2O3, 2.3 wt.% MgO, 4.4 wt.% CaO and 3.3 wt.% Na2O (Table 4-

1). Andesite-1 and Andesite-2 have calc-alkaline Th/Yb values (Fig. 4-9a,b) and have a trace 

element signature typical of arc environments (Fig. 4-9c). Andesite-2 is enriched in LREEs relative 

to Andesite-1 (Fig. 4-9d), indicating a more felsic composition. Andesite-2 is especially enriched 

in Zr, Hf, Ce, La, Y, Th and Nb relative to Andesite-1 (Table 4-1). 

The average rhyolite (Rhy) is characterized by 74 wt.% SiO2, 2.2 wt.% Fe2O3, 1.9 wt.% CaO 

and 3.9 wt.% Na2O (Table 4-1). The average volcaniclastic (VCLST) is characterized by 69 wt.% 

SiO2, 6.1 wt.% Fe2O3, 2.2 wt.% CaO and 3.1 wt.% Na2O (Table 4-1). The rhyolite has a calc-

alkaline affinity, while volcaniclastics have a transitional to calc-alkaline affinity (Fig. 4-9a,b). 

Rhyolites exhibit strong enrichments in trace elements (Fig. 4-9c) and have slightly steeper LREE 

trends (Fig. 4-9d) relative to all volcanic rocks.  

The average pyroxenite (PYRX) is characterized by 48 wt.% SiO2, 12.5 wt.% Fe2O3, 13.2 

wt.% MgO and 10.1 wt.% CaO (Table 4-1). The average gabbro (GAB) is characterized by 51 

wt.% SiO2, 12.1 wt.% Fe2O3, 6.1 wt.% MgO and 9.4 wt.% CaO (Table 4-1). Fisher gabbro rocks 

and pyroxenites also have tholeiitic to transitional Th/Yb values (Fig. 4-9a,b). Pyroxenite and 

gabbro rocks are enriched in Ni, Cr, Co, and Cu and depleted in Zr, Th, Tb, Pr, Nd, Lu, La, and 

Ce. 

The average diorite (DIO) is characterized by 59 wt.% SiO2, 9.0 wt.% Fe2O3, 2.2 wt.% MgO, 

5.6 wt.% CaO and 3.1 wt.% Na2O (Table 4-1). The average granite (GRNT) is characterized by 

74 wt.% SiO2, 2.5 wt.% Fe2O3, 1.6 wt.% CaO and 4.8 wt.% Na2O (Table 4-1). The average quartz 
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diorite (QD) is characterized by 62 wt. % SiO2, 5.6 wt.% Fe2O3, 5.2 wt.% CaO and 4.0 wt.% Na2O 

(Table 4-1). Diorites, quartz diorites and granites have a transitional to calc-alkaline signature (Fig. 

4-9a,b).   

 
 

  
Figure 4-9 A) Fisher rocks plotted on a Th/Yb vs. Zr/Y diagram for discrimination of magmatic affinities 

from Ross and Bédard (2009). B) Jensen Cation Plot for classification of subalkaline volcanic rocks using 

cations of Fe2O3(total), Al and Mg (Jensen, 1976). C) Representative volcanic rocks normalized to primitive 

mantle (from Sun and McDonough, 1989). Line represents average of all least-altered samples for the 

corresponding unit. D) Representative volcanic rocks normalized to chondrite (from McDonough and 

Sun, 1995). Line represents average of all least-altered samples for the corresponding unit. 
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 MINERAL CHEMISTRY  

Unaltered and altered rocks were selected for electron microprobe analysis (EMPA). Least 

altered samples were analyzed with the intent of gathering additional information on the 

mineralogy of least-altered samples to provide a reference for altered samples. Understanding 

chemical variations of minerals associated with alteration in orogenic gold deposits has been well 

studied (Dubosq et al., 2019, Gaillard et al., 2018; Lawley et al., 2015). Identification of phases 

related to mineralization versus those related to metamorphism is difficult at a macroscopic level, 

especially in amphibolite facies metamorphosed rocks. Thus, characterizing the variations with 

microprobe analysis can provide additional insights.  

Fisher Host Rocks:  

Least-altered samples analyzed included an Andesite-2 (CO-2019-19), an altered HCrB 

(CO-2019-28A2), a pyroxenite (CO-2019-33) and an unaltered HCrB (CO-2019-34). Minerals of 

interest in these samples were hornblende, chlorite, titanite and plagioclase (Appendix C). The 

composition of amphiboles analyzed varies depending on the host rock, but for the most part 

magnesiohornblende is the dominant amphibole at the Fisher property across all rock types 

analyzed (Fig. 5-1b; Hawthorne et al., 2012; Leake, 1997). Edenite is locally present in HCrB and 

Andesite-2 (Fig. 5-1a). Cummingtonite was also identified occurring in the groundmass of the 

pyroxenite unit (Fig. 4-5e). Plagioclase is commonly of an oligoclase-andesine composition (Fig. 

5-1c), and chlorites are of a Mg-Fe composition between clinochlore to chamosite (Fig. 5-1d). The 

altered HCrB showed a distinct chemical phase of biotite occurring closer to the chamosite end-

member (Fig. 5-1d), suggesting this could be a phase related to the alteration. 
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Figure 5-1 Classification diagrams of various pre-alteration minerals from samples using electron 

microprobe analysis. A) Calcic amphibole classification diagram with parameters from (Leake, 1997): CaB 

> 1.50; (Na+K)A > 0.50, Ti < 0.50 . B) Mg-Fe-Mn-Li amphibole classification diagram with parameters 

from (Leake, 1997): (CaB > 1.50; (Na+K)A < 0.50), CaA < 0.50. C) Ternary classification diagram for 

feldspars. An = anorthite, Ab = albite, Or = orthoclase. D) (Al+Q)-Mg-Fe compositional classification 

diagram of chlorites from the Fisher property (according to Zane and Weiss, 1998). 
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Fisher Alteration Assemblage:  

Microprobe analysis was also completed on six highly altered samples including two HCrB 

(CO-2019-55; CO-2019-93A), a LCrB (CO-2019-61), a granite (CO-2019-48), a diorite (CO-

2019-81) and a metasedimentary rock (CO-2019-69). Variations in mineral phases were noted 

during thin section investigation and warranted further investigation to determine if chemical 

changes corresponded with variations in petrographic attributes such as pleochroism, grain size, 

crystal form and association/occurrence. Mineral ñtypesò were assigned based on mineralôs 

context in host rocks, including ñHR_ò referring to minerals either found with; 1) no obvious 

association, or 2) defining a foliation not believed to be related to alteration. ñH_ò refers to any 

mineral phases which is believed to be part of the alteration halo and ñV_ò refers to minerals 

identified in quartz veins. These phases will be described in detail below with reference to biotite, 

chlorite, titanite, calcite and epidote. 

Biotite: 

Biotite (B) showed the greatest phase variations (Table 5-1) during thin section 

investigations (Fig. 5-2a,b,c). HRB phases were sampled distal to quartz veins and alteration 

haloes and were assumed to be a metamorphic fabric. HB were sampled within alteration haloes 

of quartz veins and typically occurred with chlorite, titanite, hornblende, and epidote. VB were 

those sampled from within quartz veins or within sulphide mineral veins (Table 5-1). The chemical 

compositions of biotite phases, however, did not correspond with the phase variations. When 

plotted on the Mg vs. AlVI+Fe3++Ti vs. Fe2+ +Mn ternary classification diagram (Foster, 1960), 

most biotite phases plot in the ñFerrous Biotiteò space (Fig. 5-3a). The ratio of Fe/(Fe+Mg) in 

biotite phases ranges between 0.438 ï 0.676 and tetrahedral aluminum varies between 0.95 ï 1.26. 
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This further confirms that biotite phases are ferrous and are mainly of annite composition (Fig. 5-

3b). Biotites analyzed from the metasedimentary sample are of a phlogopite composition (Fig. 5-

3b). Minor variations in biotite chemistry do exist but appear to reflect host rock compositions 

rather than changes associated with alteration or veining. 

Figure 5-2 PPL photomicrograph images of various biotite phases. A) B1 along a pyrite vein margin in a 

granite (CO-2019-48; 249m; FOV: 1.8mm). B) B1 along a quartz vein in a HCrB (CO-2019-55; 107.45m; 

FOV: 4.5mm). C) B3 in a pyrite vein in a HCrB (CO-2019-55; 107.45m; FOV: 4.5mm). 

 

Table 5-1 Descriptions of phase variations of biotite (B) where ñHò = halo, ñVò = vein, ñHRò = 

host rock. 

Phase Pleochroism Grain Size Crystal 

Form 

Association/ 

Occurrence 

Biotite 

ñTypeò 

B1 
deep red - 

brown 

fine ï very 

coarse 

an - 

euhedral 

along pyrite or 

quartz vein 

margins or in 

sheared quartz 

veins 

HB 

B2 
deep red - 

brown 
medium 

sub-

euhedral 
defines foliation HRB 

B3 brown 
medium to 

coarse 
euhedral vein-hosted VB 
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Figure 5-3 A) Mg vs. (Fe2+ + Mn) vs. (Fe3+ + AlVI + Ti) ternary classification diagram of biotites 

(Foster, 1960). B) Tetrahedral Al vs. Fe/(Fe+Mg) classification diagram of biotite (Deer et al., 1992).  

Chlorite & Titanite: 

Chlorite (C) showed similar mineral phase variations to biotite (Table 5-2) during thin 

section investigations (Fig. 5-4c) and particularly were of interest due to its occurrence along 

sulphide boundaries and interstices (Fig. 5-4a,b). Two types of HC were identified and either 

occurred along quartz vein margins with biotite, titanite, hornblende or occurred along shear zones, 

typically with sericite. VC was observed in quartz vein margins within the interstices of sulphide 

minerals (Table 5-2). The chemical compositions of chlorite phases analyzed, had a distinct 

correspondence with phase variations. Vein chlorites were of a chamosite end-member chlorite 

composition (Fig. 5-5a), which further supports findings from Fig. 5-1d. Halo chlorites tend to 

occur as an Fe-Mg chlorite but show a progression from the host rock chlorites (Fig. 5-1d). This 

boundary is not as well-defined since two granite halo chlorites occur in the vein chlorite ñzoneò.  

The variations in titanite (T; Table 5-2) showed less variation in thin section (Fig. 5-4c,d,e) 

but the association of coarse-grained (Fig. 5-4e) and locally euhedral titanite (Fig. 6-3b) associated 
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with alteration haloes was of interest. HRT were typically anhedral and deformed along foliations, 

while HT typically occur within alteration haloes in association with biotite and chlorite. The 

subhedral crystal form likely suggests these titanites were recrystallized primary titanites. VT were 

not common, but when noted, had a distinct euhedral shape suggesting they had been precipitated 

from hydrothermal fluids (Table 5-2). Very minor variations were identified, such as increases in 

Ca in vein titanites, but did not prove to be a robust approach to differentiation titanites (Fig. 5-

5b).  

Table 5-2 Descriptions of variations in phases of chlorite (C) and titanite (T) where ñHò = halo, 

ñVò = vein, ñHRò = host rock. 

Phase Pleochroism Grain Size Crystal 

Form 

Association/ 

Occurrence 

Mineral 

Type 

C1 green 
very fine - 

fine 
anhedral 

interstices of 

pyrite 
VC 

C2 green 
medium - 

very coarse 
subhedral 

along quartz vein 

margin 
HC 

C3 green 
fine - 

medium 

an - 

subhedral 

shear/fracture 

controlled 
HC 

T1 dirty sand medium subhedral 

associated with 

chlorite and 

biotite alteration  

HT 

T2 dirty sand medium 
sub - 

euhedral 

hosted in quartz 

vein 
VT 

T3 dirty sand medium 
an - 

subhedral 

not associated 

with veins 
HRT 
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Figure 5-4 A) BSE image ï interstitial C1 in pyrite grains along the margin of a quartz vein in a HCrB 

(CO-2019-55; 107.45m). B) BSE image- C1 along the margins of pyrite grain in a HCrB (CO-2019-55; 

107.45m). C) PPL- C2 in an alteration halo with T1 and biotite in an altered diorite (CO-2019-81B; 55.9m; 

FOV: 4.5mm) D) PPL- T3 with ilmenite core defining foliation in a LCrB (CO-2019-61; 139.1m; FOV: 

4.5mm) E) PPL- T1 in a LCrB in an alteration halo (CO-2019-61; 139.1m; FOV: 4.5mm). 
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Figure 5-5 A) Al -Mg-Fe ternary compositional diagram of chlorites analyzed from various Fisher host 

rocks. Black dots represent end-member chlorites, red area represents vein-type chlorites, turquoise area 

represents halo-type chlorites. B) Bivariate diagram plotting Ca vs. (Al + Fe) of titanite analyses. 
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Calcite & Epidote: 

Variations in calcite (Cal; Table 5-3) were noted during thin section analysis and included 

late stages of calcite (Fig. 6-5e), large calcite veins (Fig. 5-6a) and calcite occurring in association 

with pyrite grains (Fig. 5-6b,c). HRCal was typically anhedral calcite occurring within interstices 

of various host rock minerals. The HCal commonly occurred within interstices of sulphide 

minerals or, less-commonly, within alteration haloes. VCal was a phase of late cross-cutting calcite 

veins (Table 5-3). Minimal calcite was observed within quartz veins, but these were not analyzed. 

No obvious chemical variations were identified apart from calcite occurring in metasedimentary 

rocks which was slightly higher in Fe and Mg (Fig.  5-7b). Epidote (E) was noted to occur as a 

clinozoisite-quartz symplectite (Fig. 6-6c), as euhedral clinozoisite (Fig. 6-5h) and as euhedral 

epidote (Fig. 6-3c). These phases were always found in association with alteration haloes 

surrounding quartz veins suggesting a hydrothermal origin, rather than a primary or metamorphic 

origin. Clinozoisite typically occurred in association with plagioclase, muscovite and actinolite.  

Microprobe analysis was mainly used to confirm the presence of clinozoisite as opposed to epidote, 

which was confirmed (Fig. 5-7a). No other major chemical variations to distinguish these phases 

were observed. 
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Table 5-3. Descriptions of variations in phases of calcite (Cal) and epidote (E) where ñHò = halo, 

ñVò = vein, ñHRò = host rock. 

Phase Pleochroism Grain Size Crystal 

Form 

Association/ 

Occurrence 

Mineral 

Type 

Cal1 clear fine - coarse subhedral 

interstices of 

pyrite, or along 

QV margins 

HCal 

Cal2 clear 
fine - 

medium 

anhedral - 

subhedral 

late crosscutting 

veins 
VCal 

Cal3 clear medium 
sub - 

euhedral 

no association 

with veins/alt 
HRCal 

E1 
clear - 

yellow 

fine - 

medium 
anhedral 

symplectite 

texture 
HE 

E2 clear 
fine - 

medium 

anhedral - 

euhedral 

no distinct 

association 
HE 
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Figure 5-6 A) BSE image of Cal2 with pyrite occurring on calcite vein margin in a metasedimentary rock 

(CO-2019-69; 316.1m). B) BSE image of Cal1 along a quartz vein margin in a metasedimentary rock (CO-

2019-69; 316.1m). C) BSE image of a Cal1 in pyrite interstices of a HCrB (CO-2019-55; 107.45m). 
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Figure 5-7 A) Mn vs. Al vs. Fe ternary diagram for classification of epidote group minerals. ñ1ò refers to 

symplectite texture and ñ2ò refers to non-symplectite texture. B) Ca vs. Mg vs. Fe ternary diagram for 

classification of carbonate minerals with all samples plotting as calcite. 

 

In summary, vein-chlorite has a distinct chemical signature (Fe-rich; chamosite) which may 

be useful in identifying proximity to mineralized veins. Variations observed in biotite in thin 

section did not correspond to any accompanying chemical changes. Though other mineral does 

not have distinct chemical variations, their presence (based on associations with sulphide minerals) 

is still a useful indication of alteration haloes. 
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 HYDROTHERMAL ALTERATION  

Alteration haloes in the Fisher property are typically narrow (~50 cm), cryptic and 

mineralogically variable. Most commonly, the alteration assemblage is obvious adjacent to quartz 

veins ranging from 0.10 m to 2 m in thickness. The absence of pronounced zoning of alteration 

minerals makes identifying proximity to ore difficult and is complicated by host rock type and 

distance to the Santoy shear zone. However, ore zones can be identified by: 1) understanding the 

alteration assemblage for host rocks; 2) identifying small geochemical signatures and patterns; and 

3) detecting chemical changes in alteration phases at the mineralogical level. Only units which 

exhibit alteration will be discussed in this chapter including granites, diorites, metasedimentary 

and metavolcanic rocks.  

6.1 Textures & Mineralogy 

The alteration assemblages at the Fisher property vary considerably with the host rock, and 

thus the development of a paragenetic sequence is difficult, which is exacerbated by the narrow 

alteration haloes, and multiple fluid events. However, Fig. 6-1 provides the best summary of the 

timing of minerals associated with hydrothermal alteration, including sulphide minerals and gold. 

The alteration assemblages for each host rock type will be described below. 
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Figure 6-1 Paragenetic chart for the Fisher Deposit including sulphide and precious metal phases and 

hydrothermal alteration products. It should be noted that the paragenetic sequence with reference to 

sulphide phases was primarily based on relationships observed in one sample (CO-2019-72) and should be 

interpreted with caution. 

 

The alteration halo in granites in the Fisher property typically include calcite and chlorite + 

biotite, clinozoisite, epidote, sericite (fine-grained muscovite), muscovite, titanite, and diopside. 

Calcite occurs late in the alteration assemblage within interstices of pyrite grains (Fig. 6-2d) or 

along quartz vein margins with clinozoisite. Sericitization of feldspars was noted in many samples, 
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and locally, fine to medium-grained muscovite occurs along quartz vein margins (Fig. 6-2e). 

Locally, medium to coarse-grained biotite (Fig. 6-2b), fine-grained chlorite and muscovite 

concentrate along quartz vein margins and in interstices of pyrite (Fig. 6-2a,b,e). Clinozoisite 

occurs as coarse-grained anhedral crystals along quartz vein margins altering plagioclase (Fig. 6-

2f). Titanite forms in minor amounts and locally where diopside and clinozoisite alteration has 

occurred. The anhedral crystal form indicates these titanite grains were likely primary titanites 

which were subsequently recrystallized. The granite unit tends to host pyrite, chalcopyrite and 

arsenopyrite.  
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Figure 6-2 Alteration assemblages and textures of granites observed at the Fisher property. A) Bands of 

wispy biotite alteration along quartz vein margin with pyrite (CO-2019-74; 185.8m) B) Gradational contact 

between an altered mafic volcanic a granite exhibiting strong silicification, patchy chlorite, bands of 

epidote-diopside and foliation-controlled pyrite (CO-2019-77; 184.4m). C) XPL- Interstitial Fe-oxidation 

of euhedral pyrite grains in an altered granite (CO-2019-48, 249 m). D) PPL- Fine-grained, anhedral calcite 

within pyrite interstices in an altered granite (CO-2019-74, 185.8 m). E) PPL- Sub-euhedral pyrite along a 

quartz vein margin with proximal fine-grained, anhedral chlorite alteration, muscovite and medium to 
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coarse-grained biotite (CO-2019-48; 149m). F) XPL- Coarse-grained, anhedral clinozoisite alteration of 

Ca-feldspars along a contact between a granite and mafic volcanic (CO-2019-77, 184.5 m). 

The alteration halo in diorites from the Fisher property typically comprise calcite, biotite, 

chlorite, epidote, sericite and titanite. Anhedral, fine ï coarse-grained calcite crystals form within 

quartz veins along sutured quartz grain boundaries, along the margins of quartz veins with epidote, 

chlorite, and pyrite, or as late cross-cutting microveinlets indicating at least two generations of 

calcite exist. Multiple generations of biotite were observed including fine to medium-grained 

biotite locally defining foliation, a coarse-grained biotite locally altering to chlorite along quartz 

vein margins with titanite and recrystallized hornblende (Fig. 6-3a,b,c), fine-grained biotite 

occurring with chlorite in microshears, and a fine-grained biotite along quartz vein margins with a 

distinct association with epidote. Fine-grained and euhedral epidote only occurs locally along 

quartz vein alteration haloes with calcite, biotite, and chlorite (Fig. 6-3c). Sericitization is less 

commonly found in this unit compared to other felsic units. Titanite occurs as euhedral crystals in 

the host rock away from the alteration as subhedral crystals closer to the quartz vein, and as coarse-

grained euhedral crystals within the alteration halo of quartz veins (Fig. 6-3b).  
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Figure 6-3 Alteration assemblage of diorites from the Fisher property. A) Pyrrhotite and chlorite-biotite 

alteration along quartz vein (~3cm) margins and within vein in a diorite (CO-2019-81; 55.9m). B) PPL- A 

thin vein of alteration minerals including biotite altering to chlorite and euhedral titanite in an altered diorite 

(CO-2019-82B; 56.6 m). C) PPL- Thin alteration halo (2.5mm) of chlorite, biotite, epidote and titanite 

along a quartz vein margin (CO-2019-81B; 55.9m). 

Various metasedimentary units exist on the Fisher property and tend to have considerable 

alteration along contacts with mafic volcanic rocks. These metasedimentary units have less 

variable alteration assemblages, except when in contact with volcanic units.  The common 

alteration minerals for the sedimentary units consist of sericite-muscovite-chlorite-calcite + K-

feldspar, tourmaline. Along contacts with mafic volcanic rocks the alteration assemblage can be 

influenced by those assemblages (Fig. 6-4d). Sericitization of feldspars occurs throughout all 

samples with increasing concentration proximal to quartz veins (Fig. 6-4a). Medium-grained 

muscovite completely alters plagioclase (Fig. 6-4d) and forms with chlorite along quartz vein 

margins with trace euhedral pyrite grains. Tourmaline alteration was locally identified in 
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association with sphalerite (Fig. 6-4c) and within calcite veins (Fig. 6-4e). Calcite occurs as coarse-

grained anhedral alteration, especially in contact with mafic volcanic units (Fig. 6-4d,f). K-feldspar 

occurs locally with bands of diopside and epidote (Fig. 6-4b).  
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Figure 6-4 Alteration assemblages of metasedimentary rocks from the Fisher property. A) Quartz boudins 

in a strongly sericitized and biotite altered metasedimentary rock (CO-2019-73; 329.8m). B) Intensely 

altered metasedimentary rock with bands of diopside-epidote-K-feldspar and strong biotite and chlorite 

alteration (CO-2019-69; 316.2m). C) PPL- Tourmaline alteration in a metasedimentary unit showing 

sphalerite, arsenopyrite and pyrite mineralization (CO-2019-72, 329.2 m). D) XPL- Coarse-grained calcite 

and strong muscovite alteration of plagioclase in a contact between a mafic volcanic and a metasedimentary 

rock (CO-2019-69; 316.2 m). E) BSE image- Fine-grained tourmaline alteration in an anhedral pyrrhotite 

vein along a quartz vein margin (CO-2019-69; 316.2m). F) BSE image- Anhedral calcite vein with 

pyrrhotite (CO-2019-69; 316.2m) 
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The HCrB and LCrB alteration assemblages are significantly more complex than those 

identified in other units. The HCrB assemblage includes multiple generations of biotite, sericite, 

calcite + chlorite, tremolite, actinolite, titanite, clinozoisite, epidote, diopside and tourmaline. 

Biotite occurs locally as medium anhedral grains with no preferred orientation, coarse-grain 

subhedral crystals along quartz vein margins (Fig. 6-5b), a finer-grained variation also along vein 

margins and as shear bands, a medium-coarse grained ñpervasiveò alteration in particular samples, 

and a fine-grained variation defining C-S fabrics. Sericitization of feldspars occurs distally to 

quartz veins (Fig.6-5d), along quartz vein margins, as a pervasive replacement of plagioclase 

grains associated with clinozoisite (Fig.6-5c), locally, in association with fibrous actinolite (Fig. 

6-5g), and in micro-shear zones (Fig. 6-5f). Calcite forms as coarse-grained subhedral grains 

directly proximal to pyrrhotite (Fig. 6-4d), medium-grained anhedral crystals along quartz vein 

margins with biotite and/or chlorite (Fig. 6-5d), and fine-grained microveinlets cross-cutting quartz 

veins (Fig. 6-5e). Chlorite occurs as either a medium-coarse grained subhedral chlorite along 

quartz vein/pyrite margins (Fig.6-5d), especially pronounced in the ñMac vein zoneò (Fig. 6-5a), 

or a finer-grained variation occurring along shears and are typically associated with biotite and 

epidote. Clinozoisite occurs as a clinozoisite-quartz symplectite texture (Fig. 6-6e), or as coarse-

grained euhedral crystals (Fig. 6-5h). Medium, anhedral to subhedral titanite grains exit along 

quartz veins and as fine-medium grained anhedral crystals along foliation planes associated with 

biotite and diopside. Diopside also occurs boudins (Fig. 6-5b) or as coarse-grained crystals in 

quartz veins (Fig. 6-5a). Tourmaline alteration is limited and occurs as fine-grained sub ï euhedral 

crystals within pyrite grains with calcite alteration (Fig. 6-4e). 
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