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A B S T R A C T   

The Seabee Gold Operation, located in northern Saskatchewan, Canada, hosts the Santoy and Seabee gold de-
posits, as well as the Fisher property; the latter is an important exploration target. This gold mineralization is 
hosted in rocks of the Pine Lake greenstone belt that is within the Glennie domain of the larger Paleoproterozoic 
Trans-Hudson orogen. Mineralization is focused within shear zones, including the Santoy shear system that 
extends south onto the Fisher property. The role of ore-adjacent intrusions, systematics of gold mineralization, 
and relationship between the mineralization of the properties are largely undefined. In this study, 
hydrothermally-altered samples from locations along the Santoy shear system, namely the Santoy 7, Santoy Gap, 
and the Fisher property, were analyzed to identify and compare the mineralogical and geochemical character-
istics related to sulfide-gold mineralization and associated alteration. 

The altered host rocks primarily comprise upper greenschist to lower amphibolite-grade sheared metabasalt to 
chlorite-hornblende-biotite ± garnet schist, and intrusive rocks dominated by granodiorite and tonalite. These 
lithologies are cut by similar quartz vein generations and are associated with similar alteration assemblages and 
mineralization, including (i) syn-late-D3 “distal” (~0.4 to 3 m wide) sericite-biotite-chlorite-clinozoisite ± albite, 
titanite to vein-adjacent coarse-grained diopside-K-feldspar-albite-actinolite ± apatite, titanite calc-silicate 
alteration, associated with main-stage Py2a, 2b-Cpy2-Po1-Au (syn-late-D3) mineralization; (ii) remobilized, 
fracture-filling Py3-Po2-Cpy3-Au-BiTel (late-D3) mineralization within the calc-silicate assemblage; and (iii) early 
colloform Py1a (pre-syn-D3) and intrusion-hosted, inclusion-rich Py1b (pre-D3). Microprobe analyses reveal 
similar mineralogical trends between Fisher and Santoy alteration minerals typical of orogenic gold systems. 
Empirical geothermobarometric calculations of gold-associated vein-adjacent and vein-hosted chlorite and bio-
tite exhibit orogenic-style formation conditions (~320–330 ◦C, 3 kbar, ~9 km depth). As such, these analyses 
suggest that the Fisher property and Santoy Mine Complex underwent inter-connected, multi-stage hydrothermal 
processes. These stages comprise (i) a potential early introduction of gold into the system closer to the timing of 
plutonism (Py1b magmatic-hydrothermal; pre-D1) or during the onset of gold mineralization (Py1a; orogenic; late- 
D2 to early-syn-D3) during the evolution of the Reindeer zone; (ii) orogenic main-stage mineralization (syn-late- 
D3) concurrent with late- to post- collisional deformation throughout the Reindeer zone; and (iii) remobilization 
during continuous deformation (late-D3) where elevated cyclical fluid fluxes and higher fracture density at 
Santoy produced higher-grade mineralization.   

1. Introduction 

Orogenic gold mineralization within the Canadian extent of the 
Paleoproterozoic Trans-Hudson orogen is particularly abundant in the 
La Ronge-Lynn Lake belt and the Flin Flon-Glennie domains in the 

provinces of Saskatchewan and Manitoba, Canada (Fig. 1; Corrigan 
et al., 2007, Morelli and MacLachlan, 2012, Lawley et al., 2020). In 
these domains, orogenic gold mineralization occurred from ca. 1.83 to 
1.79 Ga during or after deformation associated with the collision be-
tween juvenile terranes and the Archean Hearne, Sask, and Superior 
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cratons (Corrigan et al., 2007). However, mineralizing systems attrib-
uted to earlier geodynamic or magmatic settings during the evolution of 
these domains, may have also been present or overprinted. Relative to 
orogenic processes amidst greenstone belt evolution, preceding miner-
alizing processes have been identified in other Precambrian terranes, 
including (i) the input of magmatic fluids during syn-volcanic plutonism 
that may form early low-grade gold that is subsequently upgraded by 
orogenic gold systems (Meffre et al., 2016); (ii) the interaction of 
magmatic-hydrothermal fluids in the latter stages of an evolving 
greenstone belt during orogenesis (e.g., the Chalice deposit; Yilgarn 
craton, Bucci et al., 2004); and (iii) the formation of intrusion-related 
gold deposits, which are overprinted in an orogenic system (e.g., the 
Wasamac deposit, Abitibi greenstone belt; Mériaud and Jébrak, 2017). 
In addition, orogenic processes following the emplacement of intrusive 
bodies promotes the development of shear zones and fluid pathways at 
rheological contrasts between supracrustal-intrusion boundaries, facili-
tating orogenic gold mineralization (Groves et al., 2018, e.g. Granny 
Smith deposit, Yilgarn craton; Ojala et al., 1993). As such, these pro-
cesses result in a distinct spatial association between intrusions and 
auriferous quartz veins; therefore, the origin of hydrothermal fluids and 
interaction between systems is critical to understanding their genesis. 

Orogenic gold deposits typically form on a regional-scale during the 
terminal stages of accretionary and collisional orogens within a forearc 
or back-arc tectonic setting. These epigenetic deposits are hosted in 
lower metamorphic grade (e.g., greenschist facies) rocks, yield late- to 

post-peak metamorphic timing of gold deposition, and show 
structurally-controlled mineralization (Groves et al., 1998). Orogenic 
gold deposits form by hydrothermal processes involving either meta-
morphic or subcrustal fluids during orogenic events, which propagate up 
crustal-scale structures and precipitate gold at higher levels in the crust 
(~4–15 km) (Groves, 1993, Kerrich and Cassidy, 1994, Goldfarb et al., 
2005). These fluids tend to (i) be reduced, near neutral, moderate 
temperature (350◦ ± 50 ◦C), low-salinity, H2O-CO2 ± CH4 ± N2 hy-
drothermal fluids, characteristic of low-sulfidation systems (Groves 
et al., 1998); (ii) transport gold as a bisulfide complex, creating deposits 
with Au-Ag ± As, Sb, Bi, Te metal signatures; and (iii) deposit native 
gold within structurally controlled quartz-carbonate veins from phase 
separation, or as disseminated gold and minor sulfide-bound gold in wall 
rock from fluid-rock sulfidation reactions (Sibson et al., 1988, Groves 
et al., 1998, 2018; Cox, 1999). Intrusion-related gold systems within 
greenstone belts are considered local-scale magmatic-hydrothermal 
systems, with a genetic association between intermediate to felsic in-
trusions and mineralization (Sillitoe and Thompson, 1998, Dubé and 
Mercier-Langevin, 2015). In these systems intrusive magmas propagate 
to higher levels in the crust via fault structures and exsolve a metal- 
bearing fluid phase upon crystallization, which can interact with sur-
rounding country rock and structures (Robert, 2001, Dubé and Mercier- 
Langevin, 2015). In contrast to orogenic systems, these magmatic fluids 
tend to be oxidized, saline, hot (~500 ◦C), and have a moderate-high 
CO2 content (Sillitoe and Thompson, 1998, De Souza et al., 2019). 

Fig. 1. Geological map showing the lithostructural subdivisions of the Precambrian rocks in Saskatchewan (SK) and Manitoba (MB), comprising the Hearne province 
(Wollaston, Peter Lake), Reindeer zone, Superior province (Pikwitonei, Thompson Ni Belt) and Athabasca Basin, below the younger Phanerozoic cover. Red box 
identifies study area shown in Fig. 2. The detailed geology and ages for domains within the Reindeer zone is based on Maxeiner and Kamber (2011) and Manitoba 
Geological Survey (2018). Lithological classifications in Manitoba are correlated to the lithology outlined in Maxeiner and Kamber (2011); SBZ: Superior boundary 
zone. The following are deposit annotations: Ar: Anglo-Rouyn; Bg: Bingo; Bt: Burnt Timber; Ff: Flin Flon; Gw: Greywacke; Jo: Jojay; K: Komis; La: Lalor; Ll: Laurel 
Lake; Ml: MacLellan; Nb: New Britannia; Ri: Rio/Bootleg; Rt: Ruttan; SS: Seabee, Santoy; Sl: Star Lake; Tt: Tartan Lake; Ts: Triple 7; Tz: Twin zone. 
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These deposits typically yield a Au-Te-Bi ± W, Mo, Cu, Pb, Zn, As, Sn, Sb 
polymetallic signature, dependant on intrusion composition, oxidation 
state, and tectonic setting of formation (Sillitoe and Thompson, 1998). 
In contrast to the dominant occurrence of native gold in orogenic gold 
systems, intrusion-related systems typically yield invisible gold or 
micro-inclusions within disseminated sulfide minerals amongst fine- 
grained disseminated native gold (Sillitoe and Thompson, 1998, Ispo-
latov et al., 2008, Mériaud and Jébrak, 2017). 

The protracted evolution of the Reindeer zone provides multiple 
geodynamic and tectonic settings in which various deposit types have 
formed (Corrigan et al., 2007). The La Ronge-Lynn Lake belt and Flin 
Flon domain, located to the west and east of the Glennie domain, 
respectively, hosts multiple orogenic gold deposits (Fig. 1; e.g., Ansdell 
and Kyser, 1992, Thomas and Heaman, 1994, Lawley et al., 2020). In 
these domains, orogenic gold deposits form within earlier ductile com-
ponents of secondary and higher order shears that define the contact 
between, and cut into, upper greenschist to lower amphibolite grade 
mafic volcanic to siliciclastic rocks and adjacent tonalite to granite 
plutons (Van Schmus et al., 1987, Thomas and Heaman, 1994, Maxeiner 
and Kamber, 2011). These deposits include the well-known Maclellan, 
Star Lake, Jolu, Japser, and Jojay deposits, as well as the Komis and 
Bingo deposits in the La Ronge-Lynn Lake belt (e.g., Thomas and Hea-
man, 1994, Hrdy and Kyser, 1995, Lafrance, 1999, 2000; Samson et al., 
1999, Morelli and Maclachlan, 2012, Lawley et al., 2020). In the Flin 
Flon domain, these orogenic gold deposits include the Rio, and Tartan 
Lake deposits (e.g., Ansdell and Kyser, 1992, Fedorowich et al., 1995). 
By contrast, deposits that yield genetic associations between felsic in-
trusions and gold mineralization are known to occur within subduction- 
related arc tectonic environments (Sillitoe and Thompson, 1998). In the 
Reindeer zone, this association has been suggested for (i) the Bingo 
North and Bingo South showings in the La Ronge domain (e.g., Tourigny 
2003a), with some researchers supporting a similar genetic relationship 
for the Komis deposit (e.g., Asbury, 1986); (ii) the Greywacke deposit in 
the Kisseynew domain (Morelli and Maclachlan, 2012); and (iii) multi-
ple showings in the Brownell Lake Area of the Glennie domain (Delaney, 
1992, Morelli and Maclachlan, 2012). In summary, the spatial re-
lationships these orogenic-style deposits share with proximal intrusions 
have inspired debate regarding the nature of hydrothermal processes 
that governed their formation. Additionally, recent metallogenic studies 
have progressively identified a component of magmatic-hydrothermal 
input within orogenic terranes (e.g., Bucci et al., 2004, Mériaud and 
Jébrak, 2017, Mathieu, 2019). In terms of the Glennie domain, previous 
structural, fluid inclusion, and geochemical studies (e.g., Tourigny et al., 
2004, McEwan, 2013, Wood, 2016) suggest orogenic-style mineraliza-
tion at the Seabee and Santoy deposits. In contrast, a genetic link be-
tween gold mineralization and felsic dykes was also previously argued 
for the Seabee deposit (Helmstaedt, 1986, Tourigny 2003b, Tourigny 
et al., 2004). As such, this study provides further constraints towards the 
nature of structurally-controlled, intrusion-proximal gold mineraliza-
tion from properties hosted within the Reindeer zone. 

This study analyzes the mineral chemistry of samples from the Fisher 
property and Santoy Mine Complex from the Seabee Gold Operation, 
hosted within the Glennie domain of the Paleoproterozoic Tran-Hudson 
orogen (Fig. 1). At Santoy, auriferous quartz veins are hosted by the 
Santoy shear system, which (i) is interpreted to be a secondary splay off 
the crustal-scale Tabbernor fault system; (ii) are broadly developed 
along or proximal to contacts between intrusive rocks and mafic to in-
termediate volcanic to volcaniclastic rocks; and (iii) extend south 
through a structural corridor onto the Fisher property. Aside from the 
spatial relationship between shear-hosted mineralization and adjacent 
intrusions, the role these intrusions play and source of the hydrothermal 
fluid is still unknown. This study presents the lithological characteristics 
of host rocks and alteration assemblages, as well as the major and minor 
elemental variation, mineralogical trends, and geothermobarometric 
conditions of alteration minerals associated with sulfide-gold minerali-
zation from the Fisher property and Santoy Mine Complex host rocks. 

This data can facilitate the development of a metallogenic model and 
determine the relationship between hydrothermal processes in the Pine 
Lake greenstone belt, as well as Fisher, Santoy, and adjacent intrusions. 
Additionally, this data will constrain the timing of gold mineralization 
throughout the Seabee Gold Operation, relative to regional processes in 
the Glennie domain and the Reindeer zone of the Trans-Hudson orogen. 

2. Regional geology 

2.1. Reindeer zone of the Trans-Hudson orogen 

The extent of the Paleoproterozoic Trans-Hudson orogenic belt in the 
provinces of Manitoba and Saskatchewan is typically separated into 
three main components, comprising (i) the internal Paleoproterozoic 
Reindeer zone; (ii) the Hearne margin to the west; and (iii) the Superior 
margin to the east (Fig. 1; Stauffer, 1984). The structurally complex 
Reindeer zone includes litho-structural subdivisions of juvenile inter-
nides, from west to east being the Wathaman-Chipewyan, Rottenstone- 
Southern Indian, La Ronge-Lynn Lake domains, as well as the Flin Flon- 
Glennie Complex and Kisseynew domain (Fig. 1; Lewry et al., 1994, 
Corrigan et al., 2005). These domains are comprised of rocks generated 
from primitive to evolved volcanic arcs, inter-arcs, successor arcs, 
marginal sedimentary basins, and associated plutonism generated 
within the Manikewan Ocean between ca. 2.07–1.80 Ga (Stauffer, 1984, 
Hoffman, 1988, Ansdell, 2005, Corrigan et al., 2009). 

The tectonic evolution of the Reindeer zone encompasses episodes of 
convergence as the Manikewan Ocean closed (Corrigan et al., 2005, 
2009). The oldest rocks are associated with juvenile arc formation and 
syn-volcanic plutonism (Van Schmus et al., 1987, Chiarenzelli, 1989, 
Stern et al., 1995) during the initial closure of the Manikewan Ocean 
from ca. 1.92–1.88 Ga (Lewry and Collerson, 1990, Corrigan et al., 
2005). Intra-oceanic accretion of these older arc rocks (regional D1 
deformation), formed the Flin Flon-Glennie complex ca. 1.87 Ga, 
comprising the Snow Lake arc assemblage, Amisk collage, Hanson Lake 
block, and the Glennie domain (Lewry et al., 1990, Lucas et al., 1996, 
Ashton, 1999). Continued west-dipping subduction under the eastern 
Hearne craton margin, led to accretion of the La Ronge-Lynn Lake arc 
and the generation of the Wathaman-Chipewyan batholith (ca. 
1.865–1.855 Ga; Fumerton et al., 1984, Meyer et al., 1992, Corrigan 
et al., 2005, 2009) which were coeval with successor-arc and 
continental-arc plutonism in the Flin Flon-Glennie Complex (Bickford 
et al., 1987, Chiarenzelli, 1989). The Flin Flon-Glennie complex collided 
with the previously accreted La Ronge-Lynn Lake arc (Zwanzig, 2000, 
Corrigan et al., 2005), prior to subsequent rifting of the Flin Flon- 
Glennie complex (ca. 1.85–1.84 Ga) to form a back-arc basin, deposi-
tion of continental sediments (Ourum, Pine Lake, Missi, and Wapawekka 
groups), and post-successor arc magmatism (Ansdell et al., 1995, Cor-
rigan et al., 2009). Additionally, subsequent (ca. 1.84–1.83 Ga) collision 
between the north-shifting Sask craton with the overriding Flin Flon- 
Glennie complex generated the Pelican thrust, a structural zone sepa-
rating the Glennie domain and underlying Sask Craton (Ashton et al., 
2005). 

The final main episode (ca. 1.83–1.80 Ga) encompasses the collision 
between the Superior craton, Reindeer zone, and Hearne craton, 
resulting in the final closure of the Manikewan Ocean, late-arc intrusions 
and cessation of successor arc plutonism ca. 1.83–1.825 Ga, (Van 
Schmus et al., 1987, Ansdell, 2005, Corrigan et al., 2009), as well as 
widespread deformation (D2) and peak regional metamorphism (Lewry 
and Collerson, 1990). Late- to post-collisional deformation (D3) is pre-
sent throughout the Reindeer zone (Lewry et al., 1990, Elliott, 1995, 
Wood, 2016), and includes the generation and reactivation of shear 
structures semi-coeval with orogenic gold mineralization throughout 
the Flin Flon, Glennie, and La Ronge domains (Fig. 1; Corrigan et al., 
2007). 
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2.2. The Glennie domain 

Occupying the western portion of the Flin Flon-Glennie complex, the 
Glennie domain is constrained by the northeast-trending Stanley shear 
zone in the west, Phanerozoic sedimentary cover in the south, as well as 
mylonites and overlying orthogneisses to the east, roughly defining the 
Kisseynew boundary that extends south along the Hanson Lake Block 
contact (Fig. 1; Delaney and Cutler, 1992, Ashton, 1999). The Glennie 
domain generally comprises volcanic, arkosic, and pelitic/psammope-
litic assemblages, occurring among plutonic rocks, and structurally 
overlying the Archean granitoids of the Sask craton (Delaney and Cutler, 
1992). The Glennie domain is dominated by subordinate and elongate 
supracrustal belts which have undergone multi-phase deformation, and 
associated regional upper greenschist to lower amphibolite grade 
metamorphism, peaking at 1810 ± 10 Ma (Durocher et al., 2001, 
Schneider et al., 2007). Specifically, the rocks in the Glennie domain 
were buried to temperatures and pressures around 500–650 ◦C and 
2.5–7 kbar during D2 (Durocher, 1997) and 655–705 ◦C and 6.1–7.3 
kbar during D3 (Durocher et al., 2001). 

2.3. The Pine Lake greenstone belt 

The supracrustal rocks of the Pine Lake greenstone belt in the 
northeastern section of the Glennie domain and hosting the Seabee Gold 
Operation, are divided into three assemblages (Fig. 2). The first being 
the older (ca. 1884–1870 Ma; Delaney and Cutler, 1992, Durocher et al., 
2001, Witvoet, 2023) mafic to intermediate, volcanic to volcaniclastic 
rocks of Assemblage A (Fig. 2). The 1879 ± 1.3 Ma (Witvoet, 2023) 
plutonic rocks of the multiphase Laonil Lake intrusive complex intrudes 
this assemblage to the west near the Seabee deposit, consisting of gab-
bro, diorite, minor lenses of granodiorite, and intermediate-felsic dykes 
(Chiarenzelli, 1989). Also intruding this assemblage is the 1859 ± 5 Ma 
granodioritic Eyahpaise Lake pluton south of the Seabee mine (Van 
Schmus et al., 1987), the oldest 1883.8 ± 0.9 Ma quartz gabbro from the 
multiphase Eisler intrusive suite to the southeast near Fisher (Witvoet, 
2023), and the 1874.6 ± 1.9 Ma tonalitic Lizard Lake pluton to the east 
near the Santoy deposits (Fig. 2; Wood, 2016). The second assemblage 
comprises younger (ca. 1840 Ma; Delaney and Cutler, 1992, McNicoll 
et al., 1992), unconformably overlying, felsic volcanic to volcaniclastic 
and sedimentary rocks of Assemblage B. The third assemblage consti-
tutes a younger (inferred; ca. <1830 Ma), unconformably overlying, 
siliciclastic succession of the Porky Lake Group, occurring primarily 
within the core of the Ray Lake synform to the northwest (Fig. 2; 
Delaney and Cutler, 1992, McNicoll et al., 1992). The Assemblage A 
units are typically cut by the Santoy shear zone, a secondary shear 
structure that splays off a ductile component of the crustal-scale Tab-
bernor system, with quartz veins and associated gold mineralization 
occurring within or adjacent to the secondary structures (Delaney and 
Cutler, 1992, Durocher et al., 1992, Wood, 2016). The boundary be-
tween Assemblage A and B rocks is characterized by a laterally extensive 
basal polymictic conglomerate unit of Assemblage B and is intercalated 
with a rhyolite near Porky Lake (1838 ± 2 Ma; McNicoll et al., 1992). 
These supracrustal units were subsequently cut by granodioritic plutons 
and pegmatite dykes, including the 1807 ± 7 Ma anatectic Packman 
Lake pluton to the southwest of Santoy (Lewry et al., 1990, Wood, 
2016). 

Regionally, D1 deformation comprises overall north- to northwest- 
trending tight to isoclinal folds (F1) and associated composite, axial- 
planar schistosity (S0/1) from intra-oceanic accretion and southwest 
directed thrusting (Lewry et al., 1990). Subsequent ductile deformation 
(D2) ca. 1840–1800 Ma during Manikewan corridor closure generated 
(i) east–west-trending folds (F2); (ii) transposed regionally pervasive, 
axial-planar S2 foliation (S0/1/2); and (iii) ductile shear zones and 
domain-bounding high-strain zones (Lewry et al., 1990, McEwan, 2013, 
Wood, 2016). Late- to post-collisional D3 deformation (ca. 1800–1735 
Ma) is defined by large, north-northwest-plunging folds, from west to 

east being (i) the Ray Lake synform; (ii) the Carruthers Lake antiform; 
and (iii) the Carruthers Lake synform (Fig. 2; McEwan, 2013, Wood, 
2016). Additionally, late- to post collisional D3 is defined by (i) north-
–south-trending transposed axial planar foliation (S3) as well as shear 
zone development and reactivation; (ii) Type 2 and 3 interference folds 
(F2-3); and (iii) transition of Tabbernor shear movement from dextral- 
reverse oblique-slip (early-D3) to terminal ductile D3 sinistral strike- 
slip (Elliott, 1995, Wood, 2016). D4 brittle deformation is regionally 
recognized as northeast-plunging type I interference folds (F4), gener-
ating regional dome-basin structures coeval with the post-collisional 
shortening between the Rae-Hearne and Superior cratons (Lewry, 
1977, McEwan, 2013). 

2.4. Mineralization at the Seabee Gold Operation 

The host rocks that occupy the Seabee Gold Operation typically 
include sheared and altered Assemblage A and intrusive lithologies. 
Previous studies (e.g., McEwan, 2013, Wood, 2016, Srk Consulting, 
2017, Onstad, 2021) indicate that the Fisher and Santoy properties yield 
comparative lithologies, mineralogy, and textures, and suggest that the 
lithology and structures at Santoy extends south through the structural 
corridor onto the Fisher property. Furthermore, these studies identified 
resemblance between the prominent S3 foliation, textures, characteris-
tics, and mineralogy of Fisher and Santoy host rocks and confirm that 
deformation along the Santoy shear system likely was analogous in 
nature and occurred concurrently. 

Characteristics of gold mineralization, however, vary throughout the 
Seabee Gold Operation, including the Seabee and Santoy deposits, as 
well as current exploration targets, such as the Fisher property (e.g., 
Durocher et al., 1992, Tourigny 2003a,b, Wood, 2016, Kenwood, 2017). 
Generally, mineralization at Seabee consists of shear-controlled (Laonil 
Lake shear system) auriferous quartz-tourmaline-carbonate veins that 
contain low grade (~7 g/t; Srk Consulting, 2017), free to sulfide-bound 
gold, hosted within the multiphase Laonil Lake intrusive complex 
adjacent to felsic dykes (Basnett, 1999, Tourigny 2003b, Tourigny et al., 
2004). These characteristics change at Santoy, which comprises shear- 
hosted auriferous quartz-carbonate veins, yielding slightly higher- 
grade (~10 g/t; Srk Consulting, 2017) native to sulfide-bound gold 
within Assemblage A rocks adjacent to granodiorite intrusions (Dur-
ocher et al., 1992, McEwan, 2013). In general, however, gold mineral-
ization at Santoy is spatially associated with secondary shear splays off 
the Tabbernor system, specifically located along the Santoy shear zone, 
which roughly defines basalt-granodiorite contacts (Fig. 2; Delaney, 
1986, Durocher et al., 1992). As such, the regionally pervasive east-
–west-trending S2 foliation is strongly transposed in shear-adjacent li-
thologies to north–south-trending S3 fabrics that parallel shear zone 
orientation. At the Santoy Mine Complex the ore bodies occur sub- 
parallel, dip 40◦ − 60◦ east, and plunge to the north, yielding distinct 
structurally-controlled mineralization concentrated within a dilata-
tional jog along the Santoy shear system (Fig. 2). Although the rela-
tionship between mineralization and adjacent granodiorite to diorite- 
tonalite intrusions (1874.6 ± 2.9 Ma), genetically related to the 
1874.6 ± 1.9 Ma Lizard Lake pluton, was previously unknown at San-
toy, multiple lines of evidence suggest a structural relationship and 
orogenic-style mineralization (Wood, 2016). Hydrothermal titanite 
from the gold-associated calc-silicate alteration assemblage was dated at 
1755 ± 8 Ma, which post-dates adjacent dykes, and eliminates a model 
proposing a syngenetic relationship between intrusions and gold 
mineralization (Wood, 2016). Furthermore, a pegmatite dyke (1736 ±
1.9 Ma) that crosscuts zone 8 mineralization records final stage D3 
ductile deformation and provides a minimum age of gold mineralization 
(Wood, 2016). Additionally, the Packman Lake pluton is proposed to 
have acted as a buttress during D3 (minimum age of flexure 1807 ± 7 
Ma), causing a compressional jog within the Santoy shear zone (Gap; 
Fig. 2), increasing fracture density and potential for mineralization (Cox 
et al., 2001, Wood, 2016). 
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Fig. 2. (A) Geology of the Pine Lake greenstone belt of the area highlighted in Fig. 1 showing the Seabee Mine Complex, Santoy Mine Complex, and Fisher property, 
as well as important units and surrounding structures (modified from Delaney, 2016). RLS: Ray Lake synform; CLA: Carruthers Lake antiform; CLS: Carruthers Lake 
synform. (B) Cross-sections from red-highlighted points A (Fisher – Mac North) and B (Santoy – Gap). (C) Deposit model showing that gold deposits are contained 
within a releasing bend on the Santoy shear zone. The following are the labels for (B) and (C) IV: intermediate volcanic; Cpx-MV: clinopyroxene-phyric mafic 
volcanic; MV: mafic volcanic; Grd: granodiorite; Qdi: quartz-diorite; Ton: tonalite. 
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3. Materials and methods 

A total of 46 samples (see Appendix A for sample details) were 
collected from two main locations along a 16 km trend of the Santoy 
shear zone, including the Santoy 7 and Santoy Gap deposits, as well as 
Fisher property. Targeted samples include supracrustal and intrusive 
rocks with variable alteration and mineralization. These samples were 
cut into 58 polished thin sections and analyzed by transmitted and re-
flected light petrography using a Nikon Eclipse E200 polarizing micro-
scope to determine rock type. Additionally, an in-depth analysis of vein 
and vein-adjacent mineralogy supported the construction a paragenetic 
sequence and identification of hydrothermal phases associated with the 
degree of alteration or mineralization. 

3.1. Mineral prefixes 

Subsequent mineral names utilize the Whitney and Evans (2010) 
nomenclature, with the prefix “meta-” removed from lithology names as 
all rocks in this have been subjected to metamorphism. Phases were 
identified within the unaltered to vein-adjacent alteration assemblages, 
where “WR-” denotes the unaltered and foliated wall rock mineral 
phase, and “H-” denotes the wide halo-shear alteration, which are in the 
unaltered and distal halo (~0.4–3 m wide) alteration assemblage, 
respectively. Additionally, “VA-” indicates mineral phases located in the 
proximal (10–40 cm wide) to vein-adjacent (3–30 cm wide) alteration 
assemblage, and “V-” denotes phases hosted within quartz veins. 

3.2. Electron probe microanalysis 

Major and minor element compositions of sixteen samples consisting 
of alteration minerals and associated mineralization within Assemblage 
A and intrusive rocks were determined by a Cameca SX-100 electron 
microprobe housed at the Department of Earth Sciences, University of 
Manitoba, Canada. Operating conditions for silicate and apatite analyses 
include an accelerating potential of 15 kV, beam currents of 10–20 nA, 
beam sizes of 1–10 µm in diameter, and 20 s counting times on both peak 
and background. For sulfides and BiTe mineral phases, an accelerating 
potential of 25 kV, beam currents of 5–20 nA, a beam diameter of 1 µm, 
and counting times of 20 s on peak and background were used. X-ray 
intensities were standardized using natural standards in silicate, syn-
thetic phosphates for REE in apatite, and synthetic and pure metals in 
sulfide and BiTe mineral phases. Pouchou and Pichoir (1984) matrix 
correction scheme was applied to all analyzed phases using an x-ray 
form factor, attenuation and scattering (FFAST) mass absorption coef-
ficient table (Chantler, 2000). Oxygen was estimated using stoichiom-
etry and all Fe was treated as FeO except for mineral phases that are 
known to have ferric iron such as biotite, amphibole, epidote, clino-
pyroxene, and feldspar. Mineral formula calculations were carried out 
with MS Excel spreadsheets downloaded from GabbroSoft (2011) and 
plotted using IoGas. Abnormally high analytical totals in BiTe mineral 
phases are attributed to micro-inclusions. 

4. Results 

4.1. Representative lithologies 

The Seabee Gold Operation encompasses the Santoy Mine Complex 
and Fisher property, hosted within the Paleoproterozoic rocks of the 
Glennie domain. The supracrustal rocks at the Santoy Mine Complex and 
Fisher are dominated by the various volcanic, volcaniclastic and sedi-
mentary rocks (Fig. 2) of Assemblage A (ca. 1884–1870 Ga; Delaney and 
Cutler, 1992, Durocher et al., 2001, Witvoet, 2023), which generally 
strikes north-northwest and dips steeply at around 75–95◦ to the east 
(Fig. 2; Onstad, 2021). In this area, Assemblage A rocks typically occur 
between the Packman Lake pluton and Eisler intrusive complex to the 
west of Santoy and Fisher, respectively, with the Uskik granodiorite in 

the east (Fig. 2). Various granodiorite to tonalite intrusions cut Assem-
blage A rocks and share a similar north-northwest strike with the sur-
rounding supracrustal rocks. 

Samples in this section are of least-altered metamorphosed host 
rocks to provide context for the following sections. Mineral abundances 
for the following lithologies are shown in Table 1. Because this paper 
primarily addresses altered samples, lithologies present on the property 
that do not correlate with an unaltered equivalent are excluded. The 
lithologies are consistent extending from the Santoy Mine Complex 
through to the Fisher property. As these units extend south towards the 
tighter section of the shear corridor at Fisher, a noticeable grain size 
reduction is observed and is specifically apparent in the intrusive units. 
Additionally, the units become deformed, foliated, sheared, and altered 
proximal to the Santoy shear system and associated mineralization. 

4.1.1. Assemblage A lithologies 

4.1.1.1. Mafic volcanic unit. One of the thickest units (~1 km) that 
extends from the Santoy Mine Complex to the Fisher property is the 
mafic volcanic unit (Figs. 2 and 3A), which is the dominant host rock of 
gold mineralization. This unit typically occurs as fine- to medium- 
grained, but often yields concordant gradational contacts with 
clinopyroxene-phyric mafic volcanic rock and gradational to sharp 
concordant contacts with minor units of intermediate volcanic rock. The 
mafic volcanic unit is dark grey/black/green in colour and characterized 
by hornblende porphyroblasts associated with biotite and chlorite 
within a quartz and plagioclase groundmass. Also present are accessory 
sulfide minerals and apatite, epidote, and titanite. The clinopyroxene- 
phyric mafic volcanic rock (Fig. 3B) is identifiable by the mm-scale 
relict primary clinopyroxene phenocrysts and hornblende porphyro-
blasts associated with chlorite and biotite and hosted within a fine- 
grained groundmass of plagioclase and minor quartz. The main fabric 
(S2) has been transposed to S3 from extensive shearing and is defined 
primarily by biotite, chlorite, and hornblende. 

4.1.1.2. Intermediate volcanic unit. The intermediate volcanic unit 
(~200 m thick; Onstad, 2021) is typically fine-grained, medium grey, 
and primarily in contact with the mafic volcanic unit (Figs. 2 and 3C). 
The intermediate volcanic rocks have distinguishable blotchy elongated 
blebs of albite-quartz ± K-feldspar-epidote alteration that are ~2 cm 
wide and moderately- to widely-spaced. Generally, this unit comprises 
hornblende porphyroblasts, biotite, chlorite, and accessory fine- to 
medium-grained apatite, epidote, and titanite within a quartz and 
plagioclase groundmass. The S3 fabric is primarily defined by biotite, 
chlorite, and hornblende. 

4.1.1.3. Volcaniclastic unit. Volcaniclastic equivalents of the above 
units are also present in variable thicknesses that extend from Santoy to 
Fisher. This unit is primarily characterized based on macroscopic fea-
tures, including bedding and clasts. The volcaniclastic lithology, how-
ever, becomes indistinguishable with increased proximity to the Santoy 
shear system and resulting shearing, alteration, and mineralization. 
These volcaniclastic rocks are primarily dacitic to andesitic in compo-
sition and occasionally present as tuffs. 

4.1.2. Intrusive lithologies 

4.1.2.1. Granodiorite. The intrusive units (Figs. 2 and 3D–F) typically 
intrude Assemblage A, where granodiorite observed near the Santoy 
shear system at the surface and at depth (Figs. 3E and 2). This grano-
diorite unit comprises subequal amounts of equigranular and coarse- 
grained sericitized plagioclase, alkali feldspar, and quartz phenocrysts, 
as well as minor muscovite and biotite, which roughly defines a weak 
foliation. Also present are accessory fine- to medium-grained dissemi-
nated sulfide minerals, magnetite, ilmenite, and titanite, apatite, 
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Table 1 
Mineralogical composition (%) of unaltered lithofacies, sheared equivalents, and associated alteration assemblages. Alteration minerals section comprises numerous phases associated with each lithofacies or alteration 
assemblage.    

Unaltered Altered   

Assemblage A Intrusive Assemblage A Intrusive   

MV Cpx- 
MV 

IV Grd Qz-Di Ton Hbl-Bt meta- 
basalt 

Chl-Hbl-Bt 
schist 

Chl-Act 
schist 

Bt 
schist 

Distal 
halo 

Proximal Vein- 
adjacent 

Grd- 
Ton 

Distal 
halo 

Proximal Vein- 
adjacent 

Pre-alteration 
minerals 

Cpx – 35–45 – – – – – – – – – – – – – – –  

Am 25–50 20–25 15–20 – <5 – 10–25 10–15 10 10 <5–5 <5 – – – – –  
Bt 5–15 5–10 5–15 5–10 5–10 5–10 5–20 15–20 – 10–15 <5–5 <5 – 5–10 <5–5 – –  
Chl 5–15 5–10 5–15 <5 <5 <5 – 5–10 10–15 5 <5–5 <5 – <5 <5 – –  
Ms – – – 5–10 5–10 5–10 – – – – – – – 5–10 <5 – –  
Grt Tr-<5 Tr-<5 – – – – – tr – – tr – – – – – –  
Kfs – – – 10–25 10 5–10 – – – – – – – 5–25 5–15 5–10 <5–5  
Pl 15–20 20–30 10–25 30–40 60–65 40–50 10–15 5–10 5–10 5–10 5–10 <5–5 – 30–65 10–20 10–15 <5–5  
Qz – – – 20–30 15–20 30–40 – – – – – – – 15–40 5–20 5–10 <5–5  
Ap <5 <5 <5 tr tr tr – tr – – – – – tr tr – –  
Ep <5 <5 <5 tr tr tr – tr 5–10 <5 – – – tr-5 tr – –  
Ttn <5 <5 <5 <5 <5 <5 – tr tr <5 – – – <5 tr <5 –  

Alteration 
minerals 

Qz 5–15 5–10 20–30 – – – 10–15 10–15 5 5–10 5–10 5–10 5–10 <5 5–10 5–10 5–10  

Ser 5 5 5 5–10 5–10 5–10 10 10–15 10–15 10–15 10–15 10–15 5–10 5–10 10–15 15–30 20–35  
Bt <5 <5 – <5 – – 5–10 5–10 <5–5 20–30 15–20 10–15 <5–5 <5 5–15 5–15 10–25  
Chl <5 <5 – <5 – – 5–10 5–10 20–25 5–10 10–15 10–15 5–10 <5 5–15 5–10 10–20  
Act – – – – – – <5–5 5–10 20–25 <5 5–10 10–15 5–10 – – <5–5 <5–5  
Di – – – – – –  tr tr – <5 <5–5 15–20 – tr tr tr  
Czo – – <5 – – – tr tr tr 5–10 5–10 5–10 5–10 – <5–5 <5 <5–10  
Ab – – – – – – 5 5 5 5 10–15 5–10 15–20 <5 <5 5–10 5–15  
Kfs – – 5 – – –  tr tr tr tr <5–5 10–15 <5–5 5–10 5–10 5–15  
Ttn – – – – – – tr <5 <5 <5–5 5 <5–5 5–10 <5 5 5 5  
Cal – – – – – – – <5 <5 – <5 <5 <5–5 – <5 <5 <5–5  
Ap – – – – – – tr <5 <5 <5 <5–5 <5–5 <5–10 – – <5 <5–5  
Py tr tr tr tr tr tr <5 <5 <5 <5 <5 <5–5 <5–5 tr <5 <5 <5–5  
Po tr tr tr Tr Tr Tr <5 <5 <5 <5 <5 <5–5 <5–5 Tr tr <5 <5  
Cpy Tr tr Tr <5 <5 <5 <5 <5 <5 tr <5 <5 <5 <5 <5 <5 <5–5  
Sp Tr Tr Tr Tr Tr Tr tr tr tr tr <5 <5 <5 Tr <5 <5 tr-5  
Apy – – – – – – – – – – – tr tr – – – tr  
Tel – – – – – – – – – – – tr tr – – – tr  
Au – – – – – – – – – – – tr tr – – – tr  
Sch – – – – – – – – – – – – tr – – – –  
Mt Tr Tr Tr <5 <5 <5 Tr tr tr tr <5 <5 tr <5 <5 <5–5 <5–5  
Ilm <5–5 <5–5 <5–5 <5–5 <5–5 <5–5 <5–5 <5–5 <5–5 5 5 <5 tr <5–5 <5 <5 <5  
Hm Tr – Tr Tr Tr Tr Tr tr tr – tr tr tr Tr <5–5 <5–5 <5  
Gn – – – Tr Tr Tr – tr – tr tr tr tr Tr <5 tr-<5 tr-5  
Mo – – – – – – – – – – – tr tr – – – tr  
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chlorite, and epidote. In comparison to the Santoy Mine Complex, this 
unit becomes more fine-grained at the Fisher property, which encom-
passes the narrow section of the shear corridor. 

4.1.2.2. Quartz-diorite and tonalite. Also intruding Assemblage A, is the 
quartz-diorite unit which occurs in close proximity to granodiorite rocks 
and the Santoy shear system at depth (Fig. 2), and at the surface. This 
unit is characterized by a distinct speckled white-black appearance, 
however, is also occasionally present with secondary intermittent K- 
feldspar alteration and is similar in appearance to the granodiorite unit 
(Fig. 3F). The quartz-diorite unit comprises equigranular quartz, ser-
icitized plagioclase, and alkali feldspar phenocrysts, and minor weakly 
foliated muscovite and biotite. Also present are medium-grained horn-
blende porphyroblasts, accessory disseminated sulfide minerals, 
magnetite, ilmenite, and fine- to medium-grained titanite, apatite, 
epidote, and chlorite. At Santoy, there is a noticeable decrease in quartz 
diorite units with an increase in tonalitic intrusions (Figs. 2 and 3D), 
comprising coarse-grained, equigranular quartz and sericitized plagio-
clase, and alkali feldspar phenocrysts, and similar minor and accessory 
mineralogy. 

4.2. Altered lithologies 

4.2.1. Sheared-altered assemblage A equivalent lithologies 
The Fisher and Santoy lithologies become more strained and altered 

proximal to the Santoy shear system and associated mineralization. 
Generally, the lithologies are consistent between the Santoy Mine 
Complex and the Fisher property, comprising sheared intrusive rocks 
and Assemblage A equivalents which range from hornblende-biotite 
meta-basalt to chlorite-actinolite schist (Figs. 2 and 4A–E). The 
observed alteration assemblages (Fig. 5A–H) generally comprise a 
relatively wide (~0.4–3 m) distal biotite-sericite ± albite-titanite-cli-
nozoisite halo assemblage, transitioning to a thin (~3–30 cm) quartz- 
carbonate vein adjacent assemblage, comprising coarse-grained diop-
side-albite-K-feldspar ± titanite-apatite-actinolite. Mineral abundances 
for the following lithologies and alteration assemblages are shown in 
Table 1. 

4.2.1.1. Hornblende-biotite meta-basalt. The hornblende-biotite meta- 
basalt is present most distal to the Santoy shear system. Similarly, this 
sample is dark grey to black in colour and characterized by variable 
hornblende porphyroblasts and biotite within a subequal quartz and 
plagioclase groundmass (Fig. 4A). The samples also comprise minor 
sulfide minerals and accessory apatite, clinozoisite, and titanite. 

Fig. 3. Representative lithofacies from the Fisher and Santoy property. (A) Mafic volcanic with minor albite alteration. (B) Clinopyroxene-phyric mafic volcanic with 
chlorite and amphibole foliated around sub-mm-scale clinopyroxene. (C) Intermediate volcanic with cm-scale, blebby, K-feldspar-albite alteration. (D) Tonalite with 
albite-epidote alteration cut by thin quartz vein. (E) Medium-grained granodiorite with weak foliation. (F) Albitized contact between mafic volcanic and moderately 
foliated quartz diorite. 
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Secondary variably intense chlorite alteration is apparent replacing 
biotite and hornblende, and moderate-strong sericite alteration is pre-
sent as a fine-grained alteration on feldspar grains throughout the 
samples (Fig. 5A, E). Occasionally, these samples are cut by thin (mm- 
scale) biotite-sericite- to chlorite-dominated shear and alteration bands, 
similar in composition to the schists mentioned below, that often host 
thin (mm-scale) quartz ± albite-sulfide veins (Fig. 5B). 

4.2.1.2. Chlorite-hornblende-biotite schist. One of the most common 
sheared units is the chlorite-hornblende-biotite schist (Figs. 2 and 4B). 
This unit is dark brown/green/grey in colour and characterized by 
variable, fine-grained, strongly foliated chlorite, hornblende, biotite, 
and trace garnet porphyroblasts within a finer-grained matrix of mod-
erate to strongly sericitized plagioclase, quartz, and biotite. Commonly, 
thin (~0.12–0.5 mm) quartz-albite ± carbonate-sulfide veins and 
thicker (cm- to m-scale) recrystalized quartz-sulfide ± carbonate veins 
cut the wall rock concordant to foliation (Fig. 5C, G). 

4.2.1.3. Chlorite-actinolite schist. The chlorite-actinolite schist (Figs. 2 
and 4C, D) is observed in sharp contact with sheared chlorite- 
hornblende-biotite schist and biotite schist. This unit is typically dark 
green in colour and dominated by strongly foliated and crenulated 
chlorite and actinolite occurring amongst minor epidote within a sub-
equal groundmass of sericitized plagioclase and quartz (Fig. 4C). Simi-
larly, this unit is occasionally cut by thin (mm-scale) biotite-chlorite- 
dominated alteration bands, thin (0.12–0.3 mm) quartz-albite ± sul-
fide-diopside veins, and less so by 1–30 cm recrystalized quartz ± sul-
fide veins. 

4.2.1.4. Biotite schist. The intensely sheared and foliated biotite-schist 
(Figs. 2 and 4E) primarily yields a gradational contact with less 

sheared Assemblage A units and chlorite-hornblende-biotite schist. This 
unit is dark grey/brown in colour and dominated by fine-grained, 
strongly foliated and crenulated biotite associated with chlorite and 
foliated around minor hornblende porphyroblasts within a fine-grained 
groundmass of strongly sericitized plagioclase and quartz. Notably, the 
biotite schist present at the Santoy Mine Complex is coarser grained 
(~0.5–1.25 mm) in comparison to that present at the Fisher property 
(~0.12–0.5 mm). This unit is commonly cut by thin (~0.12–0.6 mm) 
quartz-albite ± carbonate-sulfide-diopside veins and large (cm- to m- 
scale), recrystalized quartz ± sulfide-diopside veins concordant to 
foliation. 

4.2.1.5. Distal and proximal alteration assemblages. The distal halo 
(0.4–3 m) alteration assemblage to these quartz veins and sheared seg-
ments is dominated by moderate to strong secondary biotite-chlorite- 
actinolite which is foliated around and overprints sericitized albite, 
medium-grained clinozoisite, fine-grained euhedral apatite, fine- 
grained anhedral disseminated titanite with ilmenite cores (Fig. 5B, 
F), and trace fine-grained diopside (Fig. 5B). Locally within this 
assemblage there is intense replacement of biotite with chlorite, 
commonly occurring adjacent to variably intense sulfide mineralization 
(Fig. 4E) or quartz veins. Minor foliation parallel, replacement-style 
pyrite-pyrrhotite-chalcopyrite, disseminated fine-grained ilmenite, and 
trace magnetite occurs variably throughout this assemblage (Fig. 5B, F) 
amongst fine-grained, disseminated ilmenite and minor medium- 
grained sphalerite. 

Proximal to these quartz veins (10–40 cm wide), mineralogy is 
dominated by fine- to medium-grained biotite-chlorite-actinolite alter-
ation that defines C-S fabrics and is foliated around medium-grained 
clinozoisite, medium-grained sericitized albite, and fine- to medium- 
grained subhedral titanite, locally overprinted by medium-grained 

Fig. 4. Photomicrographs and hand sample images of sheared-altered Assemblage A lithologies. (A) Hornblende-biotite meta-basalt (20DBF-23). (B) Chlorite- 
hornblende-biotite schist cut by thin V2a quartz vein (20DBF-16A). (C) Chlorite-actinolite schist cut by thin V2a quartz vein with moderate vein-adjacent Di-Ab 
alteration (21DBS-10). (D) Chlorite-actinolite schist from FIS-20–057. (E) Bt-schist cut by V2a quartz vein with minor-moderate chlorite alteration (20DBF-15). 
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acicular actinolite and fine-grained diopside (Fig. 5C, G). Pyrite-pyr-
rhotite ± chalcopyrite-magnetite-sphalerite mineralization commonly 
forms replacement-style or fills fractures within this assemblage. Addi-
tionally, an increase in biotite-chlorite alteration occurs adjacent to 
sulfide minerals, which yield local associations with gold-telluride 
mineralization. 

4.2.1.6. Vein-adjacent alteration assemblage. Overprinting the proximal 
alteration assemblage is a directly vein- and shear-adjacent (3–30 cm 
wide) calc-silicate alteration assemblage (Fig. 5D, H). Although the 
modal mineral percentage of this alteration assemblage varies, it 
generally includes coarse-grained albite and diopside, K-feldspar alter-
ation, and variable titanite, apatite, and actinolite. Within this assem-
blage, the calc-silicate alteration occurs within a groundmass of 
primarily fine-grained sericite and clinozoisite. Typically, this alteration 
assemblage is boudinaged, with quartz and fine-grained pyrite-pyrrho-
tite mineralization present within the boudin necks. Although dominant 
pyrite-pyrrhotite mineralization is associated with this assemblage, 
regularly forming within fractures of more competent diopside grains 
and associated with gold and bismuth telluride mineralization (Fig. 5H), 
replacement-style pyrite-pyrrhotite often replaces actinolite and diop-
side and is cut by chalcopyrite. In areas with intense gold mineralization, 
tetradymite often forms around tellurobismuthite and/or around gold 
grains. In some samples, minor to trace scheelite, galena, hematite, 
molybdenite, arsenopyrite and more commonly medium-grained 
magnetite is present in this assemblage. In contrast, the Santoy sam-
ples show higher concentrations of pyrrhotite than pyrite associated 
with gold mineralization, where pyrite is replaced by pyrrhotite. Addi-
tionally, euhedral titanite sphenoids and anhedral apatite in this 
assemblage is much coarser-grained, both of which are associated with 
coarse-grained, anhedral K-feldspar and albite (Fig. 5H). 

4.2.1.7. Relative timing of alteration and relationship between properties. 
Collectively, the distal halo and proximal alteration assemblages share 
similar characteristics between the Fisher property and Santoy Mine 
Complex. These alteration assemblages are concordant to foliation and 
generally gradational based on proximity to quartz veins and sheared 
segments which acted as fluid pathways. The semi-concordant orienta-
tion of quartz veins and associated alteration with dominant S3 foliation 
present in samples from shearing suggests formation coeval with syn- 
late-D3 deformation. Additionally, these alteration assemblages are also 
associated with foliation parallel, fracture-filling and replacement-style 
pyrite-pyrrhotite mineralization which coexists with gold mineraliza-
tion. As such, the distal halo and proximal alteration assemblages and 
associated sulfide-gold mineralization represents the onset of main-stage 
gold mineralization during syn-late-D3 deformation. 

Characteristics of the vein adjacent calc-silicate alteration assem-
blage associated with pyrite-pyrrhotite ± gold mineralization are also 
consistent between the Fisher property and Santoy Mine Complex. The 
overprinting relationship that the vein-adjacent alteration assemblage 
yields with the distal halo and proximal assemblages in conjunction with 
the semi-concordant orientation to strong S3 foliation, suggests devel-
opment during syn-late-D3 deformation. It is important to note that due 
to continued D3 deformation and the cyclical nature of structurally 
hosted mineralization, the distal to vein-adjacent alteration assemblages 
are likely semi-coeval and a product of multiple fluid pulses during the 

same relative hydrothermal event. Although the calc-silicate alteration 
assemblage shares similar formation conditions and relative timing with 
the distal halo and proximal alteration assemblages, the overprinting 
relationship implies the subsequent generation of the vein-adjacent 
assemblage and associated mineralization during late continuous D3 
deformation. As a result of the continuous D3 deformation event, the 
competent calc-silicate alteration assemblage became boudinaged and 
fractured, forming low pressure zones, in which sulfide-gold minerali-
zation preferentially precipitated as well as remobilized during late-D3. 
These features are consistent between the Fisher property and Santoy 
Mine Complex samples and, as such, represent the cyclical nature of 
main-stage gold mineralization during multiple fluid injections during 
syn-late and late, ongoing D3 deformation. 

4.2.2. Sheared-altered intrusive lithologies 

4.2.2.1. Sheared-altered granodiorite to tonalite. The sheared intrusive 
units generally share similar mineralogy to their unaltered equivalents, 
however, the sheared lithologies portray moderate to intense grain-size 
reduction (Fig. 6C–F). Typically, these units yield sharp contacts or 
occur as rafts within adjacent sheared Assemblage A units and large (cm- 
to m-scale) recrystalized quartz ± sulfide veins (Figs. 2 and 6A). Mineral 
abundances for the following lithologies and alteration assemblages are 
shown in Table 1. Distal to quartz veins and shear zones, halo alteration 
comprises intense sericitization of feldspars, associated with muscovite, 
fine-grained biotite, and chlorite of which strongly defines foliation and 
weak C-S fabrics. Within this assemblage disseminated, fine-grained 
titanite, clinozoisite, calcite, magnetite, ilmenite, hematite, and trace 
diopside is present (Fig. 6C, E). Sulfide mineralization occurs as fine- to 
medium-grained, foliation parallel, inclusion-rich, porous pyrite-chal-
copyrite ± magnetite and minor pyrrhotite (Fig. 6F). Proximal to quartz 
veins (10–40 cm wide), moderate to intense sericitization is present, 
associated with overprinting, fine- to medium-grained biotite-chlorite 
alteration. Late, overprinting K-feldspar-hematite alteration is also 
present and pervasively occurs over intermittent m-scale intervals 
(Fig. 6B). 

4.2.2.2. Vein-adjacent alteration assemblage. The alteration assemblage 
directly adjacent to the veins and sheared intervals, overprints this vein- 
and shear-proximal mineralogy. This vein-adjacent assemblage com-
prises biotite, chlorite, intense sericitization, and minor muscovite, 
titanite, epidote, apatite, and trace diopside (Fig. 6D, F). Within this 
assemblage, fine-grained biotite and chlorite alteration overprint adja-
cent mineralogy and is associated with fine- to medium-grained sub- 
euhedral titanite and medium-grained, anhedral apatite (Fig. 6D). Sul-
fide minerals are dominated by medium-grained, porous inclusion rich 
pyrite-chalcopyrite and minor pyrrhotite mineralization. Within this 
assemblage medium-grained magnetite, sphalerite, and minor galena 
also occur adjacent to large, recrystalized quartz veins (12E). In these 
veins, similar mineralogy is observed with a local increase in magnetite- 
sphalerite ± galena mineralization associated with mainly pyrite-chal-
copyrite ± pyrrhotite and potential gold mineralization (Fig. 7). 

4.2.2.3. Relative timing of alteration and relationship between properties. 
Comparably, characteristics of the distal halo and proximal alteration 
assemblages in intrusive rocks are consistent between the Fisher 

Fig. 5. Photomicrographs showing progressive alteration from unaltered to vein-adjacent in Fisher (top) and Santoy (bottom) samples. (A) Hbl-porphyroblastic meta 
basalt (20DBF-23). (B) Distal Ser-Bt-Ep ± Ab-Ttn halo alteration associated with V2a vein and vein-hosted Py2a-Chl-Act within a Chl-Hbl-Bt schist (20DBF-2A). (C) 
Proximal Ser-Bt-Chl-Am-Ttn-Ab-Cal ± Ap-Ep-Di and vein-adjacent Di-Ttn-Kfs-Ap-Act alteration associated with V2b vein within a Chl-Hbl-Bt schist (20DBF-19). (D) 
V2a vein associated with vein-adjacent Di-Kfs-Ab-Act-Ttn ± Ap alteration and Py with proximal Ser-Bt-Chl-Am-Ttn-Ep alteration within a Chl-Act schist (20DBF-13). 
(E) Lesser-altered segment of a meta-basalt with Hbl porphyroblasts within a fine-grained Qz and sericitized Pl groundmass (21DBS-10). (F) Bt-Ser-Ab-Ttn ± Ep halo 
alteration distal to V2b vein within a Chl-Bt-Hbl Schist (21DBS-11). (G) Proximal Am-Ser-Chl-Bt-Ttn-Ab-Ep ± Ap-Cal-Di and vein adjacent Di-Ttn-Kfs-Chl-Act 
alteration associated with V2a vein within a Bt-Hbl schist (21DBS-12). (H) Coarse grained Di-Act-Ttn-Kfs-Ap ± Ab alteration within fine-grained Ep-Ser. Associ-
ated with Au-Po mineralization adjacent to V2b vein within a Chl-Ep-Hbl schist (SAN7-06). 
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property and Santoy Mine Complex. The gradational nature between the 
distal halo and proximal assemblages and semi-concordant orientation 
with quartz veins and S3 foliation defined by shearing suggest coeval 
development during syn-late-D3 deformation. The relative timing of 
these alteration assemblage agrees with the synonymous distal and 
proximal alteration assemblages present within Assemblage A rocks, 
suggesting formation under similar and semi-coeval conditions. 

The characteristics of the vein-adjacent alteration assemblage in 
intrusive rocks are similar between the Fisher property and Santoy Mine 
Complex. The alteration assemblage yields a semi-concordant relation-
ship with quartz veins and S3 foliation, implying generation during 
continuous syn-late-D3 deformation, slightly subsequent to the distal 
halo and proximal alteration assemblages and under semi-coeval con-
ditions to the vein-adjacent assemblage in Assemblage A rocks. In 

Fig. 6. Altered granodiorite with moderate Ser-Kfs-Ab alteration adjacent to V2a vein, hosting Py-Mt-Cpy mineralization from Santoy Gap HW (21DBS-01). (B) 
Altered and sheared granodiorite with moderate Ser-Chl-Ep alteration cut by late, brittle, D4 faults that offset ductile D3 foliation (from FIS-20–057). (C) Coarse- 
grained tonalite defined by Pl > Qz and minor alkali feldspar phenocrysts with minor Ser alteration throughout sample (21DBS-05). D) Medium-grained tonalite 
with intense Ser and minor to moderate Bt-Chl alteration adjacent to V2b vein (21DBS-02). (E) Coarse-grained granodiorite defined by subequal Qz-Pl and minor 
alkali feldspar phenocrysts with moderate Bt-Ser alteration throughout sample (20DBF-11). (F) Recrystalized, medium-grained granodiorite with intense Bt-Ser-Chl 
alteration associated with Py-Cpy mineralization and V2b vein. 

Fig. 7. (A) V2a Di-Ab-Qz vein cutting sheared Chl-Hbl-Bt schist (21DBS-09) concordant to foliation with minor foliation-parallel, disseminated, fine-grained Py and 
trace gold mineralization. (B) V2a Kfs-Ab-Qz vein concordantly cutting Bt-dominated shear band within a Chl-Hbl-Bt schist (20DBF-8B). (C) Ab-Qz-Di V2a vein cutting 
Chl-Bt-Hbl schist with vein-adjacent Chl, Am, and Di alteration. (D). V2b vein within a Bt-schist (20DBF-7B) with V-Bt and V-Chl forming around Py2b and Cpy2 
mineralization. (E) Contact between deformed V1 and recrystalized V2b hosting VA-Ap, VA-Di, VA-Ep, and V-Ttn within a Chl-Hbl-Bt schist (20DBF-14). (F) Py2b-Py3- 
Sp2-Cpy2 and minor Gn mineralization hosted within a V2b vein that cuts a sheared tonalite (21DBS-04). 
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contrast to Santoy samples, Fisher samples show a considerably more 
intense grain size reduction between alteration assemblages, and is 
likely the result of more intense shearing within the tighter portion of 
the shear corridor. 

4.3. Vein classification 

The veins that cut both the sheared Assemblage A and intrusive units 
are variable, both in composition and in relative timing (Fig. 7A–E). The 
earliest veins (V1; Fig. 7E) are present as cm- to m-scale extensively 
deformed quartz mylonite, semi-concordant to foliation, and comprising 
quartz (85–90 %), rotated pyrite and pyrrhotite (<5–5 %), biotite- 
chlorite stringers (5–10 %), and feldspar augens (<5%). Locally, these 
veins are crosscut by subsequent vein generations. Based on the exten-
sive deformation, rotated clasts, and feldspar augens present in V1 veins, 
coupled with the crosscutting nature of subsequent vein generations and 
moderately foliation-concordant occurrence this vein set is interpreted 
to have developed primarily early-to syn-D3. 

The most prevalent veins present at the Fisher property and Santoy 
Mine Complex are thin (0.12 mm–3 cm) quartz-albite ± diopside-sul-
fide-K-feldspar-carbonate veins (V2a; Fig. 7A–C) and large (m-scale) 
recrystalized quartz ± sulfide veins (V2b; Fig. 7D–F). V2a veins are 
typically weakly to moderately deformed, semi-concordant to foliation, 
and occasionally boudinaged and weakly crenulated. These veins typi-
cally comprise mosaic-textured quartz (60–95 %), albite (10–25 %), and 
variable amounts of K-feldspar (<5–10 %), diopside (<5–10 %), pyrite 
(<5–15 %), chalcopyrite (<5–5 %), magnetite (<5%), sphalerite (<5%), 
and pyrrhotite (<5–10 %). Additionally, within these veins there are 
thin biotite-chlorite stringers, acicular actinolite, minor interstitial 
calcite, coarse-grained diopside and apatite, and euhedral titanite, 
where biotite and chlorite typically form along the edges of sulfide 
minerals (Fig. 7B). V2b veins are larger, semi-concordant to foliation, 
and dominantly comprised of mosaic-textured quartz. Within these 
veins there is a variable amount of chloritized and diopside-actinolite- 
altered wall rock fragments, biotite-chlorite stringers, coarse titanite 
and apatite, and sulfide mineralization (Fig. 7D–F). Similarly, biotite- 
chlorite-actinolite alteration is present on the edges of sulfide minerals 
(Fig. 7D). Mineralization in these veins generally comprise pyrite (5–15 
%), pyrrhotite (5–15 %), chalcopyrite (<5–5 %), and magnetite (<5–5 
%), where sphalerite, galena, and chalcopyrite content increase in V2b 
veins that cut intrusive rocks (Fig. 7F), suggesting that metal remobili-
zation within intrusive sample was present. 

The similarities between the characteristics of alteration, and prox-
imity between V2a and V2b quartz veins as well as association with the 
calc-silicate alteration assemblage, suggest that these veins are roughly 
coeval and interpreted to have developed during syn- to late-D3 defor-
mation. V2a veins, which frequently develop proximal to V2b veins, are 
interpreted to have manifested in thin fluid pathways adjacent to V2b 
veins, as opposed to being a distinct generation. Contrastingly, V1 veins 
that lack rotated clasts and feldspar augens could potentially be repre-
sentative of non-recrystalized V2b veins. As such, these vein generations 
likely represent main-stage gold mineralization spanning from syn- to 
late-D3 deformation and are likely synonymous across all lithologies. 

A late set of veins (V3) is evident across the Seabee Gold Operation, 
manifesting as thin (~0.5 cm) quartz or carbonate-quartz veins. These 
veins dominantly comprise quartz or pink-stained carbonate with minor 
quartz, both of which are associated with adjacent K-feldspar alteration 
and hematization. These veins crosscut the altered wall rock, as well as 
S3 foliation and previous vein generations at a 30–60◦ angle and are 
present at the surface with roughly and east–west trend. Although rare, 
these veins are also observed with minor chalcopyrite-pyrite minerali-
zation. This vein set, which crosscuts foliation, previous vein genera-
tions, and fill brittle fractures are interpreted to have developed under 
brittle conditions during D4 deformation. 

4.4. Alteration mineral phases and associated chemistry 

A paragenetic sequence (Fig. 8) was constructed to summarize the 
above observations and facilitate the characterization of elemental 
variations associated with hydrothermal alteration and sulfide-gold 
mineralization. As such, the results of electron microprobe analyses on 
these mineral phases are described below. 

4.4.1. Feldspar 
The occurrences of K-feldspar and plagioclase are intimately asso-

ciated with one another and similar between the Fisher and Santoy 
properties. These phases were identified as (i) WR-, hosted within the 
distal halo assemblage either within the groundmass in meta-basalt and 
schists (Fig. 5A, E) or as medium-grained phenocrysts in intrusive rocks 
(Fig. 6C, E), both occurring amongst foliated biotite-chlorite-amphibole; 
(ii) H-, occurring as fine-grained alteration as thin ~0.12–1.25 mm 
bands within the distal halo and proximal assemblages in schists and 
intrusive rocks (Fig. 5F); and (iii) VA- coarse-grained, anhedral alter-
ation within the vein-adjacent calc-silicate alteration of schists (Figs. 5D 
and 7E). 

Chemical compositions of plagioclase and K-feldspar are present in 
Appendix B. In terms of K-feldspar, minimal chemical variation is pre-
sent between WR- and VA- phases, where unaltered compositions record 
An0.0-Ab0.07-0.06-Or0.93-0.92. Although H- phases of K-feldspar in mafic 
volcanic rocks show limited variability versus their altered equivalent 
(An0.0-Ab0.08 -0.06-Or0.94-0.92), H- phases in granodiorite exhibit minor 
element variability, including more Na-rich compositions (An0.0-Ab0.06- 

0.01-Or0.99-0.94) in altered granodiorite (Agrd). VA- phases, associated 
with quartz veins, calc-silicate alteration, and potential sulfide-gold 
mineralization, comprises variable compositions (An0.0-Ab0.11-0.06- 
Or0.94-0.89), however, minor element variability, including more Na-rich 
compositions is weakly evident throughout the entirety of the samples 
(Fig. 9A). In WR- phases, notable impurities comprise FeO (0.16–0.17 wt 
%) and BaO (0.74–2.58 wt%), whereas in VA- phases, BaO is the only 
main impurity (0.65–1.19 wt%). 

In contrast, there is a weak trend from labradorite-andesine plagio-
clase varieties in unaltered rocks to albite plagioclase in altered rocks 
(Fig. 9A). In mafic volcanic samples, WR-plagioclase compositions re-
cord andesine chemistry (An0.41-0.33-Ab0.66-0.58-Or~0.01), and a previ-
ously analyzed high-chromium unaltered basalt from the Fisher 
property yields a labradorite chemical composition (An0.58-Ab0.41- 
Or~0.01) (Onstad, 2021). VA- phases, associated with calc-silicate 
alteration and sulfide-gold mineralization typically yield albite min-
eral chemistry (An0.14-0.07-Ab0.99-0.85-Or<0.01), with intermediary H- 
phases plotted within the andesine-oligoclase field. Notable impurities 
include FeO (0.07–0.16 wt%) and SrO (0.05–0.15 wt%) in WR- and FeO 
(0.03–0.39 wt%) in VA-plagioclase phases, respectively. The chemical 
transition from labradorite-andesine to albite plagioclase compositions 
associated with alteration is weakly uniform among the Fisher and 
Santoy samples, and has been recognized in other orogenic gold systems 
(Goldfarb et al., 2005). 

4.4.2. Amphibole 
The Fisher and Santoy properties yield variable occurrences of 

analyzed amphibole phases (Appendix B). These phases were identified 
in meta-basalts and schists as (i) WR-, strongly foliated, subhedral, fine- 
to medium-grained porphyroblasts within the unaltered assemblage 
(Fig. 5A, E); (ii) H-, foliated, medium-grained, subhedral rhombic 
crystals that are weakly chloritized and occur within the distal halo 
assemblage (Fig. 5F); (iii) VA-, adjacent to calc-silicate alteration, quartz 
veins, and sulfide mineralization, as medium-grained, euhedral bladed 
to acicular crystals with green-light green pleochroism within the 
proximal to vein-adjacent assemblage (Figs. 5G and 7C); and (iv) V-, 
chloritized, medium-grained, euhedral acicular crystals, locally forming 
fibrous aggregates hosted within V2a and V2b veins (Fig. 5H). These 
identified amphibole phases include both coexisting calcic and Ca-Mg- 
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Fe-Mn-Li groups that occur amongst each other and are subsets of the 
calcic amphibole supergroup. It is important to note that although calcic 
amphiboles share similar WR- to VA- occurrences to the Ca-Mg-Fe am-
phiboles, the former occur in higher grade host rocks in closer spatial 
proximity to a higher density of quartz-sulfide-gold veins (m-scale). 
These parameters for the classification of amphibole subgroups are as 
follows: CaB ≥ 1.50, (Na + K)A ≥ 0.50, and Ti < 0.50 for calcic, and CaB 

≥ 1.50, (Na + K)A < 0.50, CaA < 0.50 for Ca-Mg-Fe amphiboles (Leake 
et al., 1997). 

In terms of both the Ca-Mg-Fe and calcic amphibole groups, chemical 
compositions vary between WR- and V- phases associated with increased 
intensity of alteration and mineralization. For Mg-Fe amphiboles, WR- 
amphibole phases primarily occur within the Mg-hornblende field 
(Table 2). The H- and VA- phases yield a wide distribution, weakly 
trending from Mg-hornblende to Actinolite, however V-phases dominate 
the latter (Table 2). In general, the trend from Mg-hornblende to 
actinolite is weakly related to increasing alteration and proximity to 
veins and sulfide mineralization in primarily Fisher amphiboles and 
some Santoy samples (Fig. 9B), associated with a slight increase in Mg 
and decrease in K, Na, Fe, and Al. 

For calcic amphiboles, mineral chemistry ranges from edenite to 
ferro-pargasite compositions, with single occurrences of pargasite and 
ferro-edenite. The unaltered WR- phases primarily consist of edenite 
mineral chemistry (Table 2). Although there is no occurrence of calcic V- 
phases, amphibole compositions weakly shift to ferro-paragastie, 
defined primarily by VA- phases (Table 2, Fig. 9C). In contrast to Ca- 
Mg-Fe amphiboles, the calcic amphibole chemistry shows an increase 
in Ca, Fe, and Al and a decrease in Mg associated with alteration. These 
elemental variations, which are opposite to those defined by Ca-Fe-Mg 

amphiboles, potentially suggests the presence of continuous hydro-
thermal processes during the same relative hydrothermal event. As the 
trend in calcic amphiboles related to alteration is defined more by 
Santoy amphiboles, these continuous hydrothermal processes would 
have been more prevalent at the Santoy Mine Complex. 

4.4.3. Chlorite 
The Fisher and Santoy samples yield similar chlorite compositions 

(Appendix B) and show weak chemical trends associated with alteration 
and sulfide-gold mineralization. Chlorite phases were identified as (i) H- 
, within the distal halo alteration assemblage and shear bands, occurring 
as fine- to medium-grained, foliated, subhedral crystals, or as chloriti-
zation at the edge of Bt-shear bands within schists (Fig. 4A–C, E); (ii) VA- 
, adjacent to sulfide mineralization, V2a and V2b veins, or within the calc- 
silicate alteration assemblage as fine- to medium-grained an-subhedral 
crystals in the proximal to vein-adjacent assemblages in schists and 
intrusive rocks (Figs. 5C, D and 6D); and (iii) V-, within V2a and V2b, or 
fracture-filling, as fine- to medium-grained, an-subhedral crystals or 
chloritization of wall rock fragments within schists (Fig. 5B). 

There are weakly similar chemical trends between the Fisher and 
Santoy samples, where less altered intermediate-clinochlore composi-
tions shift toward the Fe-rich chamosite endmember (Fig. 9D), all of 
which are type I (Mg + Fe > Al + Q), with increasing alteration. For H- 
phases, compositions comprise intermediate-clinochlore mineral com-
positions (Table 2). The VA- phases exhibit a transitional distribution to 
V- phases, which are indicative of chamosite compositions (Table 2). 
Notable impurities include Na and Ca, which reach up to 0.12 wt% and 
0.11 wt% in H-phases, respectively, as well as Cl which increases slightly 
in V- phases (up to 0.04 wt%). As such, these mineralogical changes in 

Fig. 8. Paragenetic sequence developed for the Fisher and Santoy samples, comprising sulfide minerals, metals, silicates, and alteration minerals. Prefixes denote 
mineral phases as WR- wall rock, in altered and representative wall rock; H- halo, associated with halo alteration and shearing within the distal halo assemblage; VA- 
vein-adjacent, directly adjacent to V2a and V2b veins within the proximal and vein-adjacent calc-silicate assemblage; V- vein, hosted within V2a and V2b veins or 
within the vein-adjacent assemblage. 
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Fisher and Santoy chlorites correspond to an increase in Fe and Aliv, 
decrease in Mg, Mn, and variable Altot and Q associated with increased 
alteration and mineralization. 

4.4.4. Biotite 
Similar phases and corresponding elemental variations were identi-

fied between Fisher and Santoy biotite phases. These phases include (i) 
WR-, foliated and crenulated, brown, subhedral, fine- to medium- 
grained crystals within unaltered sections of meta-basalt groundmass 
(Fig. 5A, E); (ii) H-, strongly foliated and crenulated, sub-euhedral, 
medium-grained crystals with brown-slightly red pleochroism within 
this distal halo assemblage and shear bands of schists (Figs. 4E, 5B, and 
7B); (iii) VA-, juxtaposed against the calc-silicate assemblage, sulfide 
mineralization, and quartz veins, occurring as medium-grained, an- 
subhedral crystals with deep brown–red pleochroism and more random 
orientations within the proximal and vein-adjacent assemblages of 
schists and intrusive rocks (Fig. 5G and 6F); and (iv) V-, medium- to 
coarse-grained, sub-euhedral crystals within fractures, the calc-silicate 
alteration assemblage, V2a and V2b veins, or adjacent to 

mineralization, with light brown–red pleochroism and crosscutting 
orientations within schists (Fig. 7D). 

The process developed by Li et al. (2020) was used for calculations 
(Appendix B), and a weakly similar trend from Fe-biotite to Mg-biotite, 
towards phlogopite, was identified in Fisher and Santoy samples 
(Fig. 10A). Less altered WR- phases typically comprise Fe-biotite that 
approaches the siderophylite field, however, a WR- phase from Santoy 
yields Fe-Mg-biotite (Table 2). H- and VA- phases share similar com-
positions, however a slight trend toward Mg-biotite compositions is 
present. V- phases, associated with V2a and V2b veins, calc-silicate 
alteration, and specifically form around the edges of vein-hosted sul-
fide minerals comprises Mg-biotite mineral chemistry (Table 2). In 
summary, biotite associated with alteration and mineralization exhibit a 
minor increase in Mg, Al and Ti and a decrease in Fe. 

4.4.5. Other mineral chemistry analyses 
Other elemental variations (Fig. 10B–D) were identified in alteration 

minerals at Fisher and Santoy, the analyses of which are made available 
in Appendix B. Similar phases of titanite were recognized for Fisher and 

Fig. 9. Mineral chemistry diagrams using atoms per formula unit (apfu) of respective mineral phases from meta-basalts, schists, and intrusive units. (A) ternary 
classification diagram for feldspars (Deer et al., 1998). (B) Ca-Mg-Fe-Mn-Li amphibole classification diagram (Leake et al., 1997). C) Calcic amphibole classification 
diagram (Leake et al., 1997). (D) Ternary (Al + Q)-Mg-Fe classification diagram for chlorite (Zane and Weiss, 1998). 
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Santoy samples, which show distinct morphologies between phases, but 
minimal chemical variation (Figs. 5A, F, H, and 7E), where Ti, Al, Fe, 
and Ca vary only by a few wt% between WR- and V- phases (Fig. 10C). 
Although clinopyroxene in samples was determined to be dominantly 
diopside (Fig. 10B), which occurs in the vein-adjacent assemblage 
associated with mineralization (Fig. 5H). In terms of apatite, WR- to 
VA_phase compositions occupy the fluorapatite field and yield varia-
tions that shift to F-rich compositions (from 0.72 to 0.99 apfu). Addi-
tionally, BiTe mineral phases were identified to comprise tetradymite 
(Bi2Te2S) which typically forms around a tellurobismuthite (Bi2Te3) or 
gold core (Fig. 10D). 

4.5. Mineralization and sulfide mineral phases 

The sulfide minerals and their paragenetic relationship with other 
alteration minerals (Fig. 11A–F) are similar between the Fisher and 
Santoy properties (Fig. 8; Appendix A). Their textural relationships and 
chemistry are described in detail in Beaudin et al. (in review) but are 
summarized here. In schists and intrusive lithologies, sulfide minerals 
are dominated by subhedral, pitted, replacement-style Py2a minerali-
zation with Cpy1-Bt < Pl < Sp1-Mt-Po0-Ilm inclusions, occurring 
concordant to S3 foliation within the alteration assemblages and quartz 
veins (Fig. 11A, C, F). Py2b and associated phases are observed cross- 
cutting and forming around Py2a and earlier phases (Fig. 11A, F), 
however, an-subhedral Po1 and Cpy2 are observed overprinting the 
former (Fig. 11A, F). The occurrence of these phases within the distal 
halo, proximal, and locally vein-adjacent alteration assemblages, 
concordance to S3 foliation, and association with free, fine-grained, 
disseminated gold-telluride minerals suggests a syn-late-D3 timing for 
mineralization (Fig. 8). As such, these sulfide phases and associated gold 
mineralization define the onset of main-stage orogenic-style gold 
mineralization during syn-late-D3 deformation. Additionally, anhedral 
(locally euhedral), inclusion-rich, sieve-textured, pitted, fine-grained 
Py3 overprints earlier sulfide phases in schists and intrusive rocks. 
This phase is associated with Po2 and Cpy3 that have similar textures and 
primarily (i) fills foliation-parallel fractures or is concentrated within 
fractured competent grains, such as diopside, within the calc-silicate 
alteration assemblage (Fig. 5H); and (ii) is associated with free gold- 
telluride mineralization. Py3-Po2-Cpy3 and associated gold mineraliza-
tion thus portray characteristics of remobilization, and precipitated 
within vein-adjacent calc-silicate alteration assemblage during frac-
turing from continuous late-D3 deformation. Consequently, these sulfide 
phases and associated gold mineralization represent the cyclical nature 
of gold deposition related to multiple fluid events during D3 deformation 
(Fig. 8). 

In terms of earlier pyrite generations, similar mineralization char-
acteristics are observed, in intrusive rocks, however, the mentioned 
phases occur primarily adjacent to or within V2a and V2b veins 
(Fig. 11F), suggesting formation akin to those present within Assem-
blage A rocks. Sulfide minerals in Assemblage A and intrusive rocks are 
typically similar. However, a deformed, inclusion-rich (Qz-Pl-Ilm-Cpy- 
Mt), sub-euhedral, replacement-style, pitted, fractured, fine- to medium- 
grained Py1b phase (Fig. 11B, E) is observed disseminated throughout 
the alteration assemblages of intrusive samples. The isolated occurrence 
within intrusive samples and early paragenetic relationship with other 
phases suggests the crystallization of this phase preceded D3 deforma-
tion (Fig. 8). Additionally, relict, grainy subhedral-cubic or euhedral- 
colloform Py1a (Fig. 11C) is locally observed and overprinted by Py2 
and subsequent phases within schists. The colloform nature of this phase 
implies crystallization from likely supersaturated fluids (Barrie et al., 
2009, Atanassova, 2010, Shang et al., 2016). The textures and timing of 
Py1a and Py1b suggests the potential for introduction of gold-bearing 
fluids into the system prior to or during early-D3 deformation. 
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5. Discussion 

5.1. Composition of alteration minerals and constraints on formation 
conditions 

Similar mineralogy and changes in mineral chemistry are observed 
between the Fisher property and Santoy Mine Complex associated with 
progressive alteration and associated sulfide-gold mineralization. Fisher 
and Santoy plagioclase show a trend in composition related to alteration 
from andesine-labradorite WR-phases to albite VA-phases. This increase 
in Na-compositions and occurrence of albite associated with alteration 
has been identified in numerous orogenic gold systems (e.g., Groves 
et al., 2020). Amphiboles in both Fisher and Santoy samples yield 
compositional trends from Mg-Hbl to Act, with a weak trend from 
edenite to ferroparagasite and stronger trend from ferroedenite to fer-
roparagasite at Fisher and Santoy, respectively. This mineralogical 
variation is likely explained by concurrent fluid events, generating a 
compositional shift from Mg-Hbl to Act at both Fisher and Santoy during 
early alteration, followed by a later fluid flux from which ferropar-
agasite in Fisher and, to a greater degree, in Santoy samples precipitated. 
This evidence for an increased exposure to cyclical fluid fluxes (Sibson 
et al., 1988) at Santoy during D3 deformation and main-stage gold- 
mineralizing event, could provide justification for the higher grade of 
mineralization observed at that location, which would also have been 
remobilized and locally concentrated during late D3 (McCuaig and 
Kerrich, 1998). Furthermore, this shift from hornblende to actinolite 

compositions associated with alteration has been observed in numerous 
orogenic gold systems (e.g., Mueller, 1992, Samson et al., 1999, Zhao 
et al., 2019, de Souza et al., 2021), and actinolite has been observed in 
numerous alteration assemblages in the La Ronge domain (Komis: 
Asbury, 1986, Lafrance, 2000; Jolu: Thomas and Heaman, 1994; Tower 
East: Simpson, 2006). The compositional trend from Fe- to Mg-Bt 
coupled with a shift in composition from Mg- to Fe-Chl has also been 
recognized in multiple orogenic gold systems (e.g., Mueller, 1992, 
Samson et al., 1999, Gaillard et al., 2018, De Souza et al., 2019, Groves 
et al., 2020, de Souza et al., 2021). 

To provide temperature constraints on the conditions of alteration, 
calculations using chlorite geothermometers were made using phases 
from the distal halo and vein-adjacent assemblages at the Fisher and 
Santoy properties. Since Fe/(Fe + Mg) values presented by (K) Krani-
diotis and MacLean (1987) are compatible with some of the Fisher and 
Santoy chlorites and used in other studies on orogenic gold systems (e.g., 
de Souza et al., 2021), this geothermometer was chosen, although the V- 
Chl phases reach the upper limit of the mentioned ratio. As such, the 
geothermometers of (C) Cathelineau (1988) and (Z) Zang and Fyfe 
(1995) were also tested and discussed below. Generally, the geo-
thermometers presented by (K) and (C) agree across all phases (standard 
deviation of ~48 and 44 ◦C for H and VA-V, respectively), and represent 
the maximum and minimum of the presented temperatures ranges, 
respectively. The calculated temperature of formation for H-Chl was 
determined to be 260–270 ◦C within the distal halo alteration assem-
blage and 320–330 ◦C for VA- and V-Chl within the proximal to vein- 

Fig. 10. Mineral chemistry diagrams using atoms per formula unit (apfu) of mineral phases from meta-basalts, schists, and intrusive lithofacies. (A) Ternary 
classification of biotite from Foster (1960). (B) Clinopyroxene ternary classification diagram (Morimoto, 1988). (C) Al + Fe:Ti biplot for titanite. (D) Telluride-group 
mineral discrimination diagram (Cook and Ciobanu, 2004) and associated representative photomicrograph. 
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adjacent assemblages, associated with sulfide-gold mineralization (Ap-
pendix B). These values are ~30–100 ◦C hotter than those calculated 
using the formula outlined by (Z). This under-estimation of temperature 
likely stems from the calibration and resulting correction (Z) applied to 
Chl with high XFe values (0.78–0.81), of which occupies a small range of 
values present in Fisher and Santoy chlorite. These proposed crystalli-
zation temperatures for gold-associated VA- and V- Chl agree with the 
300 ± 50 ◦C formation conditions expected for orogenic gold deposits 
(Goldfarb and Groves, 2015). 

Similarly, empirical calculations were completed to ascertain pres-
sure conditions of alteration and associated sulfide-gold mineralization. 
Uchida et al. (2007) determined a positive correlation between Altot and 
the estimated pressure conditions during the formation of biotite in 
hydrothermal processes. H-Bt within the distal halo alteration assem-
blage yields a value of about 2 kbar, corresponding to a depth of about 7 
km according to Willson (2010). Additionally, the pressure estimates for 
VA- and V-Bt within the proximal to vein-adjacent assemblage and 
associated with calc-silicate alteration and sulfide-gold mineralization is 
around 3 kbar with an equivalent depth of 9 km (Willson, 2010; Ap-
pendix B). These pressure conditions and associated depths during the 
crystalization of gold-associated VA- and V-Bt from hydrothermal fluids 
corresponds to the propsed range of pressures and depths for orogenic 
gold deposit formation of 1.5 ± 0.5 kbar and 4–15 km depth at the 
transitional ductile–brittle boundary (Goldfarb and Groves, 2015, 
Groves et al., 2020). 

The temperature and pressure ranges of Fisher and Santoy generally 
agree (Fisher: ~310–320 ◦C, 3 kbar; Santoy: ~360 ◦C, 2–3 kbar). 

Furthermore, these determined hydrothermal conditions are compara-
ble to the results of fluid inclusion studies of quartz at the Seabee deposit 
by Tourigny et al. (2004), which identified homogenization tempera-
tures and pressures of about 370 ◦C and 1.1–2.5 kbar from paired liquid- 
rich and vapour rich aqueous-carbonic fluid inclusions. In contrast, the 
vein-adjacent calc-silicate alteration assemblage, specifically diopside, 
and K-feldspar, suggests the involvement of higher temperature hydro-
thermal fluids (~525 ◦C; McCuaig and Kerrich, 1998). Although this 
high temperature calc-silicate alteration assemblage is atypical of 
orogenic gold systems, the Chalice deposit in the Yilgarn craton (Bucci 
et al., 2004) provides an example of such an occurrence. 

In summary, the similar mineralogical variations and trends associ-
ated with progressive alteration and mineralization in Fisher and Santoy 
host rocks suggests a closely related hydrothermal system. These 
elemental variations and trends are similar to those present in other 
orogenic gold systems, and as such, provide support for orogenic-style 
mineralization. Furthermore, the thermal conditions (~320–330 ◦C) 
determined for the formation of VA- and V- Chl, as well as the pressure 
conditions and determined depth during the crystallization VA- and V-Bt 
(~3 kbar and ~9 km depth) are also consistent with fluid conditions 
proposed for orogenic gold systems (300 ± 50 ◦C; 1.5 ± 0.5 kbar, 4–15 
km depth; (Goldfarb and Groves, 2015, Ridley and Diamond, 2020). 
Consequently, both the Fisher property and Santoy Mine Complex likely 
have undergone analogous hydrothermal events attributed to a regional- 
scale orogenic gold-mineralizing system in which metamorphic devo-
latilization reactions at the greenschist-amphibolite grade transition 
(Goldfarb and Groves, 2015) generated fluids which were subsequently 

Fig. 11. Photomicrographs and back-scattered electron images showing multiples stages of sulfide mineralization in mafic volcanic and intrusive samples. (A) Py2a 
overprinted by Py2b and Py3 forming around the edges of earlier phases (Po2 and Cpy2 which form around Py2) (20DBF-13B). (B) Porous, inclusion-rich Py1b with Py3 
forming along the edges (20DBF-10A). (C) Porous Py2a overprinting colloform Py1a with Py3 forming along the grain boundaries and overprinting Po within a sulfide 
lens (20DBF-24). (D) fracture-filling Py3 associated with gold mineralization adjacent to V2b vein (20DBF-1A). (E) Inclusion-rich Py1b core with Py2b forming along 
the outside adjacent to a V2b vein (20DBF-10A). (F) V2b vein hosting Py2b with Py2a cores with Py3/3b forming along the edge associated with Sp2 and Gn (21DBS-04). 
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concentrated along deep fracture systems which focused the migration 
of fluids along structures (Kerrich and Cassidy, 1994), such as the Santoy 
shear system. 

5.2. Character and evolution of alteration and mineralization at Santoy 
and Fisher, Seabee Gold Operation 

Analogous mineralogical relationships are present across lithologies 
from the Fisher property and Santoy Mine Complex alteration assem-
blages, spanning from the distal halo assemblage to the vein-adjacent 
calc-silicate assemblage (Fig. 12). Additionally, comparable alteration 
assemblage and mineralization characteristics at Fisher and Santoy 
suggests a closely related, multi-stage gold mineralizing system along 
the Santoy shear system. 

Multiple lines of evidence presented in this study suggests that gold 
was introduced early into the system. An early inclusion-rich, intrusion- 
hosted Py1b phase was identified to have formed prior to D3 and, as it is 
deformed and fractured, may have formed earlier (Fig. 12A). The 
characteristics and nature of occurrence of intrusion-hosted Py1b are 
consistent with a magmatic-hydrothermal fluid origin and include the (i) 
greater proportion of inclusions, including minor gold inclusions; (ii) 
isolated occurrence in intrusive units; (iii) Co-Ni-Cu-Zn-As-Pb lattice- 
controlled and inclusion-controlled As-Ag-Te-W-Au-Bi trace-element 
signature (Beaudin et al., in review); and (iv) early paragenetic rela-
tionship with subsequent phases (Fig. 12A; e.g., Sillitoe and Thompson, 
1998, Ispolatov et al., 2008, Mériaud and Jébrak, 2017, Mathieu, 2019). 
These characteristics along with the more fractured and deformed na-
ture of Py1b, suggest early gold and metal introduction into the system 
semi-coeval with intrusion formation pre-D1. The Hemlo deposit in the 
Superior province provides an example of a multi-stage hydrothermal 
system involving magmatic ± metamorphic fluids that generated a calc- 
silicate alteration assemblage (Pan and Fleet, 1992, Muir, 2002, Tom-
kins et al., 2004). Early relict, subhedral-cubic or euhedral-colloform 
Py1a was recognized within schists and is interpreted to have formed 
pre- to early-syn-D3, and at the same time as the highly deformed V1 
veins (Fig. 12B). This phase suggests the presence of a pyrite supersat-
urated fluid early in the system and is a well-documented pyrite texture 
in magmatic-hydrothermal deposits (Barrie et al., 2009, Atanassova, 
2010, Shang et al., 2016). In contrast the (i) isolated occurrence of 
colloform Py1a adjacent to V2a veins that cut schists semi-concordant to 
S3 foliation; (ii) a similar paragenetic relationship with adjacent distal 
halo to proximal alteration assemblages associated with subsequent Py 
phases; and (iii) a Co-Ni–W ± Au-As-Ag-Cs-Te-Bi element signature, 
weakly similar but distinct from subsequent phases (Beaudin et al., in 
review), suggests an origin and relative time of formation semi- 
analogous with Py2a and Py2b (Fig. 12B). As such, this phase reveals 
the potential for early orogenic-style gold mineralization during late-D2 
to early-syn-D3 deformation. These phases and proposed associated 
alteration assemblages were overprinted during subsequent main-stage 
alteration and sulfide-gold mineralization during syn-late-D3 minerali-
zation and late D3 remobilization. 

In subsequent sulfide phases, comparable textures and mineralogical 
relationships are present across alteration assemblages from the Fisher 
property and Santoy Mine Complex (Fig. 12C–F). Syn-late-D3 cyclical 
fluxes during main-stage mineralization developed (i) distal sericite- 
biotite-chlorite-clinozoisite ± albite, titanite halo to vein-adjacent, 
coarse-grained diopside-K-feldspar-albite-actinolite ± apatite, titanite 
calc-silicate alteration; (ii) thin, deformed quartz-albite ± diopside- 
sulfide-K-Feldspar-carbonate veins (V2a) and large, recrystalized quartz 
± sulfide veins (V2b); and (iii) main-stage Py2a, 2b-Cpy2-Po1-Au miner-
alization, associated with native gold (Fig. 12C, D). Continuous late-D3 
deformation caused the calc-silicate alteration assemblage to be subse-
quently fractured and boudinaged, forming low pressure zones in which 
remobilized fracture-filling native gold and Py3-Po2-Cpy3-Au-BiTel 
would preferentially precipitate (Fig. 12E, F). Similarly, during this 
stage Po2 replacement of earlier Py phases is more evident in Santoy host 

rocks, which is associated with an increase in gold mineralization 
(Fig. 12F). The characteristics, relative timing, and association with free 
gold identified for inclusion-rich Py2a, overprinting cubic Py2b, fracture- 
filling Py3, and associated phases are typical of other orogenic gold 
deposits (e.g., Groves et al., 1998, Liu et al., 2011, Belousov et al., 2016, 
Gao et al., 2019). Additionally, a trace element study on these pyrite 
phases (Beaudin et al., in review) identified As-Ag-Te-Bi-Au and variable 
Co-Ni-Cu ± Se-Sb-W element signatures in Py1a, 2a, 2b, 3, characteristic of 
orogenically-derived fluids (e.g., Belousov et al., 2016, Gao et al., 2019). 
As such, the similarities between sulfide phases and associated alteration 
likely reflect syn-late D3 main-stage mineralization (Fig. 12C, D) and 
subsequent late D3 remobilization (Fig. 12E, F), respectively, from hy-
drothermal fluids that propagated along the Santoy shear system during 
regional orogenesis. 

The most significant difference in the mineralization between the 
Santoy Mine Complex and Fisher property is the increase in modal Po 
and associated gold at Santoy (Fig. 12D, F). This discrepancy between 
Po-Au abundance between Fisher and Santoy could be related to an 
increase in fluid fluxes and higher degree of remobilization present at 
Santoy. This difference is likely structurally influenced, where the 
compressional jog formed by the buttressing Packman Lake pluton 
facilitated fluid flow and preferentially developed and locally remobi-
lized gold during D3 (Cox et al., 2001, Wood, 2016). Similarly, shearing 
within the tighter section of the corridor at Fisher between the Eisler 
intrusive suite and the Uskik granodiorite, potentially produced finer- 
grained fabrics and less preferential low pressure structural condi-
tions. Lower pore fluid pressure, higher porosity, and space for mineral 
growth throughout D3 deformation could have promoted a higher de-
gree of Po replacement of Py at Santoy (Fig. 12D, F; Cox et al., 2001). 
This notion is further supported by the increase in Sp, Cpy, Gn, and other 
base metals in V2b veins that cut intrusive lithologies, suggesting a 
higher degree of remobilization and scavenging of metals from juxta-
posed host rocks during large pressure drops (Sibson et al., 1988). It is 
important to note that the absence of hematitization and significant 
potassic alteration in V2b veins that cut intrusive lithologies, as well as 
similar alteration of vein-hosted wall rock fragments across lithologies, 
indicate that V2b are likely not of magmatic-hydrothermal origin and are 
interpreted to be associated with main-stage mineralization during syn- 
late-D3. In summary, the consistency observed across the sulfide mineral 
phases, mineralization characteristics, and mineralogical association 
with gold suggests a closely related, multi-stage gold mineralizing sys-
tem along the Santoy shear system, from Santoy to Fisher. Previous 
studies (e.g., Tourigny 2003b, Tourigny et al., 2004, McEwan, 2013, 
Wood, 2016, Onstad, 2021) have suggested an orogenic model for the 
Seabee Gold Operation, including the Seabee and Santoy mine com-
plexes, as well as the Fisher property. Furthermore, these proposed 
models for the nature of mineralization along the Santoy shear system 
are supported in this study by the elemental variation and mineralogical 
trend present in alteration mineral phases associated with progressive 
mineralization. The petrographic analysis on sulfide mineral phases in 
this study and concurrent trace-element analyses (Beaudin et al., in re-
view) suggest a complex, albeit interconnected, multi-stage, dominantly 
orogenic mineralizing system along the Santoy shear system, with minor 
early gold enrichment. 

6. Conclusions 

Host rocks at the Santoy Mine Complex and Fisher property of the 
Seabee Gold Operation portray characteristics indicative of an inter-
connected, dominantly orogenic-style gold mineralizing system within a 
greenschist- to lower amphibolite-grade, Paleoproterozoic greenstone 
belt. The meta-basalt to Hbl-Bt-Chl schists and host rocks at Fisher and 
Santoy show similar distal Ser-Bt-Chl-Czo ± Ab-Ttn halo and vein- 
adjacent, coarse-grained Di-Kfs-Ab-Act ± Ap-Ttn calc-silicate alter-
ation associated with foliation parallel Py-Po-Cpy ± Au-Mt and fracture- 
filling Py-Po-Cpy ± Au-BiTel-Mt-Gn-Sp mineralization, respectively. 
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Fig. 12. Schematic sections highlighting the characteristics, mineralogical relationships, and relative timing of alteration and mineralization between the Fisher 
property and Santoy Mine Complex. (A) pre-D1 Py1b mineralization and associated proposed alteration assemblage. (B) Rotation of stratigraphy from orogenesis and 
development of shear zones, late-D2 to early-syn-D3 Py1a mineralization, proposed V1 vein generation, and associated distal halo to proximal alteration. (C–D) Syn- 
late D3 main-stage Py2a-Py2b-Po1-Au mineralization, V2a and V2b vein generation, and associated distal halo to vein-adjacent calc-silicate alteration at (C) Fisher and 
(D) Santoy, with an increase in Po1 and Au. (E–F) late D3 remobilization and Py2-Po2-Au mineralization at (E) Fisher and (F) Santoy, with an increase in Po2 and Au. 

D. Beaudin et al.                                                                                                                                                                                                                                



Ore Geology Reviews 166 (2024) 105950

21

These alteration characteristics are similar in intrusive lithologies. The 
rocks at Santoy and Fisher are also cut by similar quartz vein generations 
(V1-V3). Together the comparable mineralogy, textures, vein genera-
tions, and alteration assemblages between Fisher and Santoy suggest an 
interconnected relationship between lithology, structures, hydrothermal 
processes and associated alteration and mineralization. This is further 
supported by the corresponding trends shown by Fisher and Santoy Fsp, 
Am, Chl, and Bt alteration mineral chemistry which yield geo-
thermobarometric constraints (~320–330 ◦C, 3 kbar, ~9 km depth) 
typical of orogenic gold systems. 

In relation to the evolution of the Trans-Hudson orogen, the main- 
stage alteration (distal halo to vein adjacent) and associated sulfide- 
gold mineralization (Py2a,2b-Cpy2-Po2-Au) primarily commenced syn- 
late-D3 concurrent with late- to post- collisional deformation present 
throughout the Reindeer zone. Continuous deformation (late-D3; ca. 
1755 Ma) however, resulted in the remobilization of sulfide minerals 
and gold (Py3-Po2-Cpy3-Au-BiTel) within fractures and low-pressure 
zones, potentially being mobilized and upgraded to a higher degree at 
Santoy by cyclical fluid fluxes and preferential precipitation within a 
higher density of fractures. Early pyrite phases identified in this study, 
however, provides new constraints towards the mineralizing system at 
the Santoy Mine Complex and Fisher property at the Seabee Gold 
Operation. Early, intrusion-hosted Py1b and colloform Py1a, the former 
of which yields a magmatic-hydrothermal origin, suggests an early 
introduction of gold into the system semi-concurrent with intrusions 
(magmatic-hydrothermal; pre-D1) and during the onset of gold miner-
alization (orogenic; syn-D3), respectively. Overall, the nature of miner-
alization at the Santoy Mine Complex and Fisher property at the Seabee 
Gold operation portrays textural, mineralogical, and mineralization 
typical of an interconnected multi-stage orogenic gold mineralizing 
system, with potential for a minor introduction of gold into the miner-
alizing system prior to or during orogenesis, providing implications for 
future exploration in the Glennie domain. As such, this study emphasizes 
the importance of considering the tectonic and magmatic evolution of an 
orogenic terrane as an integral part of delineating multi-stage ore gen-
esis and upgrading. 
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