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A B S T R A C T

Gold mineralization occurs in several different deposits hosted in the Paleoproterozoic Pine Lake greenstone belt 
of the Trans-Hudson orogen in northern Saskatchewan, Canada, where over 2 million ounces of gold have been 
produced. The connections between deposits throughout the Seabee Gold Operation are not well understood, 
including the role of ca. 1875 Ma intrusions in the mineralization. The focus of our study is comparing the ore 
systems of the Santoy mine and the Fisher property, which are connected by the Santoy shear system, using 
sulfide mineral chemistry from LA-ICP-MS, mineral paragenesis, and geochronology (U-Pb, Re-Os) to link with 
regional tectonic events. Our results show i) an early influx of potentially magmatic-hydrothermal, polymetallic 
fluids prior to deformation (Py1); ii) early- to syn-deformation mineralization (Py2); iii) mainstage orogenic-style 
mineralization, which includes inclusion-bearing, trace metal-rich Py3a- inclusion-free Py3b-Cpy2-Po1-native gold 
mineralization from metamorphic fluids or sub-crustal fluids from slab devolatilization syn- to late-deformation; 
iv) and remobilization, which includes fracture-filling Py4-Po2-Cpy3-native gold-Tbi-Ttd mineralization. The 
source of the fluids is not known but was likely a combination of metamorphic fluids or from dehydration of 
mantle lithosphere. . New geochronology addresses the age of main-stage mineralization: ca. 1764 Ma (pyrite Re- 
Os) remobilized, gold-associated Py4 at Fisher, and igneous host rocks: ca. 1882 Ma and 1886 Ma (zircon U-Pb). 
These data show that an intrusion-related model does not fit the main-stage mineralization. We demonstrate a 
multi-stage, orogenic-dominated gold-mineralizing system along the Santoy shear system that culminated in a 
remobilization event at ca. 1764 Ma, generating a better understanding of gold systematics within the Trans- 
Hudson orogen.

1. Introduction

Here we present a study of gold mineralization within the Glennie 
domain of the Reindeer zone of the Trans-Hudson orogen in northern 
Saskatchewan, Canada. The Glennie domain forms part of a district well- 
known for orogenic gold endowment that formed during or after 
transpressional deformation linked to the collision of juvenile terranes 
and the Archean Hearne, Sask, and Superior cratons during the ca. 1.8 
Ga Trans-Hudson orogen (Corrigan et al. 2007, Morelli and Maclachlan 
2012, Lawley et al. 2020). These deposits formed through either meta
morphic devolatilization (Goldfarb et al. 2005) or sub-crustal fluids 
during enriched mantle wedge devolatilization (Goldfarb and Groves 

2015, Groves et al. 2020) and followed by structure-focused fluid flow. 
Earlier collisional or magmatic settings, however, may have contributed 
to gold mineralization via magmatic-hydrothermal fluids (Meffre et al. 
2016). These ore forming processes could be followed by varying de
grees of subsequent fluid events that further upgraded, introduced, or 
remobilized metals, as seen in other Precambrian deposits (e.g., the 
Chalice deposit, Yilgarn craton; Bucci et al. 2004; the Wasamac deposit, 
Abitibi greenstone belt; Mériaud and Jébrak 2017). The development of 
shear zones and fluid pathways at contrasting rheological boundaries (e. 
g., supracrustal-intrusion contacts) that generates dilatational zones for 
gold mineralization is an example of how intrusions play a role and must 
be considered alongside orogenic gold models (Groves et al. 2018). 
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Understanding the spatial relationship between auriferous quartz veins 
and intrusions, the identification of hydrothermal fluid origins, and 
mineralizing systematics are crucial for understanding ore genesis. 
Furthermore, sulfide minerals associated with gold mineralization, 
including pyrite and pyrrhotite, take up trace elements reflecting hy
drothermal fluid chemistry (Deditius et al. 2011; e.g., Reich et al. 2005, 
Keith et al. 2018, Belousov et al. 2016, Babedi et al. 2022), and thus can 
be used in metallogenic studies to clearly identify multi-stage compo
nents of gold mineralization. Pyrite trace-element analyses from the 
Wasmac deposit, Abitibi greenstone belt, Canada, for example, revealed 
early porous inclusion-rich pyrite phases within potassic alteration with 
Te-Ag-Au-Mo-Pb-Bi-W magmatic-hydrothermal signatures, while later 
pyrite phases associated with fracture-controlled sulfide-gold-telluride 
in albite-rich alteration had Te-Ag-Au-Pb-Bi-Ti compositions from 
overprinting orogenic processes (Mériaud and Jébrak 2017). Another 
example from the Yilgarn craton, Australia identified pyrite with Au-Ag 
± As-Sb-Bi-Te-Co-W compositions from orogenic processes, as well as 
earlier hydrothermal contributions (Belousov et al. 2016). Pyrite is 
particularly useful to differentiate between these models since pyrite 
from orogenic gold systems typically exhibit enrichment in Au-Ag ± As- 
Sb-Bi-Te (e.g., Belousov et al. 2016, Dubosq et al. 2018, Gao et al. 2019, 
Wu et al. 2019, Babedi et al. 2022, Cao et al. 2023), while magmatic- 
hydrothermal pyrite shows enrichment in Au-Te-Bi-As ± W, Mo, Cu, 
Pb, Zn, Sn, Sb (e.g., Sung et al. 2009, Cook et al. 2016, Mériaud and 

Jébrak 2017, Mathieu 2019).
Gold deposits in the Reindeer zone are typically hosted in ductile 

shear systems found along contacts between granitoid intrusions and 
volcanic, volcaniclastic, and siliciclastic rocks (Van Schmus et al. 1987, 
Thomas and Heaman 1994, Maxeiner and Kamber 2011). Estimates for 
timing of emplacement of gold mineralization regionally ranges from ca. 
1830 Ma to ca. 1720 Ma, aligning dominantly with terminal collisional 
episodes and reactivation of structures post-peak metamorphism, how
ever, the older ages suggest the potential for earlier magmatic- 
hydrothermal mineral deposits during arc development. In support of 
this, genetic relationships between gold deposits and felsic intrusions are 
proposed for the La Ronge, Kisseynew, and Glennie domains (Morelli 
and Maclachlan 2012). One of the main objectives of this study is to 
understand the gold deposits of the Seabee Gold Operation, including 
the Seabee and Santoy deposits, and if they are linked to an orogenic- 
style model (e.g., Tourigny et al. 2004, McEwan 2013, Wood 2016), 
linked to felsic intrusions (Helmstaedt 1986, Tourigny 2003, Tourigny 
et al. 2004), or a combination of orogenic and intrusion-related gold 
mineralization.

The objectives of this study overall are to: i) characterize the 
chemistry of sulfide mineral phases (pyrite-pyrrhotite) at the Fisher 
property and Santoy Mine Complex at the Seabee Gold Operation that 
occurs within the Glennie domain of the Reindeer zone of the Trans- 
Hudson orogen in northern Saskatchewan, Canada; ii) use 

Fig. 1. Geological map showing the lithostructural subdivisions of Precambrian rocks in Saskatchewan (SK) and Manitoba (MB), which includes the Hearne craton 
(Wollaston, Peter Lake domains), Reindeer zone, Superior craton (Pikwitonei, Thompson Ni Belt) and the Athabasca Basin. Blue box shows study area of Glennie 
domain in Fig. 2. The detailed geology and ages for domains within the Reindeer zone is based on Maxeiner et al. (2021) and Manitoba Geological Survey (2018). 
Lithological classifications in Manitoba are correlated to the lithology outlined in Maxeiner et al (2021); SBZ: Superior boundary zone. The following are deposit 
annotations: Tz: Twin Zone; K: Komis; Sl: Star Lake; Jo: Jojay; Bg: Bingo; Ar: Anglo-Rouyn; Cl: Contact Lake; Gw: Greywacke; SGO Seabee Gold Operation: Seabee, 
Santoy; Ml: MacLellan; Bt: Burnt Timber; Ll: Laurel Lake; Ts: Triple Seven; Nb: New Britannia; Tt: Tartan Lake; Ri: Rio/Bootleg; La: Lalor Lake; Rt: Ruttan; Ff: 
Flin Flon.
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geochronology to better constrain the ages of the host rocks and the 
mineralization; and iii) use these data in conjunction with the structural 
framework to test the existing orogenic gold model and test the link of a 
potentially interconnected gold mineralizing system across the Pine 
Lake greenstone belt.

The two study areas are connected by the Santoy shear system 
(Fig. 1), which is a splay of the crustal-scale Tabbernor fault system 
crosscutting volcanic and intrusive units that host auriferous quartz 
veins. In both areas, the spatial association of auriferous quartz veins 
and intrusions has led to some doubt over an entirely orogenic miner
alization model. To address this, we present new mineral chemistry of 
sulfide mineral phases associated with gold, and new geochronology 
data, including a pyrite Re-Os model age, and zircon U-Pb crystallization 
ages for intrusive and extrusive volcanic host rocks, both by thermal 
ionization mass spectrometry (TIMS), to constrain the mineralization. 
These data help constrain the overall temporal framework of the Pine 
Lake greenstone belt, its mineralization history, and how ore genesis fits 
into the wider context of the Reindeer zone of the Trans-Hudson orogen.

2. Geological setting

2.1. Regional geology

2.1.1. Reindeer zone of the Trans-Hudson orogen
The Trans-Hudson orogenic belt in Manitoba and Saskatchewan is 

generally divided into the internal Paleoproterozoic Reindeer zone and 
the Hearne and Superior craton margins to the west and east, respec
tively (Stauffer 1984). The Reindeer zone features a complex litho- 
structural arrangement of juvenile domains, namely the Wathaman- 
Chipewyan, Rottenstone-Southern Indian, La Ronge-Lynn Lake, and 
Kisseynew domains, and the Flin Flon-Glennie complex (Fig. 1; Lewry 
et al. 1994, Corrigan et al. 2005). The Reindeer zone is a structural 
amalgam of supracrustal and associated intrusive rocks emplaced within 
the Manikewan Ocean between ca. 1.91 to 1.83 Ga, which formed in 
primitive to evolved successor volcanic arc and back − arc settings, and 
marginal sedimentary basins (Hoffman 1988, Ansdell 2005, Corrigan 
et al. 2009).

The formation of the rocks in the Reindeer zone occurred as the 
Manikewan Ocean started to close, with the formation of juvenile arcs 
and associated plutons from 1.92-1.88 Ga (Stauffer 1984, Lewry and 
Collerson 1990, Ansdell 2005, Corrigan et al. 2005). From ca. 1.88 to 
1.865 Ga, widespread regional D1 deformation resulted from intra- 
oceanic accretion, forming the Flin Flon-Glennie complex (Lewry et al. 
1990, Lucas et al. 1996, Ashton 1999). Accretion of the La Ronge and 
Lynn Lake arcs and associated marginal basins, along the eastern Hearne 
margin occurred during the same period and extended to ca. 1.85 Ga 
(Corrigan et al., 2005, 2009; Meyer et al., 1992), resulting in the 
emplacement of a continental-arc, the Wathaman-Chipewyan batholith 
(ca. 1.865–1.855 Ga; Fumerton et al. 1984, Meyer et al. 1992). Similar 
age plutonic rocks formed in the Flin Flon-Glennie complex (1.86–1.846 
Ga; (Bickford et al. 1987, Whalen et al. 1999), possibly due to collisions 
between the already accreted La Ronge-Lynn Lake arc domains and the 
Flin Flon-Glennie complex (Zwanzig, 2000, Corrigan et al. 2005). 
Extension of the Flin Flon-Glennie complex, potentially from slab roll- 
back, resulted in back-arc basin development, and deposition of ca. 
1.85 to 1.83 Ga fluvial and alluvial sediments on the exhumed accreted 
arc terranes (Ansdell et al. 1995, Corrigan et al. 2009). This period 
preceded the development of the Pelican décollement due to the un
derthrusting of the northward-moving Sask craton (Ashton et al. 2005, 
Corrigan et al. 2009).

The final closure of the Manikewan Ocean during the collision of the 
Superior and Rae-Hearne cratons with the Reindeer zone (ca. 1.83–1.80 
Ga) is marked by the cessation of successor arc plutonism ca. 
1.83–1.825 Ga (Van Schmus et al. 1987, Ansdell 2005, Corrigan et al. 
2009). During this collisional phase, there was widespread deformation 
(D2) and regional greenschist and amphibolite facies metamorphism 

(Lewry and Collerson 1990). The final stage (ca. < 1.80 Ga) recorded 
late- to post-collisional deformation (D3) across the Reindeer zone, 
during which some regional-scale shear zones underwent brittle reac
tivation, including the Tabbernor system (Lewry et al. 1990, Elliott 
1995, Wood 2016). Orogenic gold deposits in the Reindeer zone share a 
broad spatial and temporal association with these ductile–brittle sys
tems, reactivated during D3 deformation (Corrigan et al., 2007). Volu
metrically small, late- to post-peak metamorphic granitoid and 
pegmatite occur throughout the Reindeer zone, including the Jan Lake 
granite suite (ca. 1770–1760 Ma) in the Flin Flon-Glennie complex 
(Bickford et al. 1987).

2.1.2. The Pine Lake greenstone belt in the Glennie domain
The Glennie domain, which is bounded by the Stanley shear zone and 

Tabbernor fault system (Delaney and Cutler 1992), comprises volcanic 
and siliciclastic assemblages between plutonic rocks. The Pine Lake 
greenstone belt is divided into three assemblages (Fig. 2): Assemblage A 
(ca. 1884–1870 Ma), Assemblage B (ca. 1840 Ma), and the Porky Lake 
Group (>1842 Ma). Mafic to intermediate, volcanic to volcaniclastic 
rocks of Assemblage A are unconformably overlain by the felsic volcanic 
to volcaniclastic and sedimentary rocks of Assemblage B. The silici
clastic Porky Lake Group occurs primarily within the core of the Ray 
Lake synform in contact with Assemblage A rocks (Fig. 2; Delaney and 
Cutler 1992, McNicoll et al. 1992). The age of the Porky Lake Group is >
1842 ± 4.5 Ma, based on the age of a cross-cutting granodiorite intru
sion (Dixon et al. 2026). Various intrusive units cut Assemblage A 
(Fig. 2) including: the gabbroic to dioritic rocks of the Laonil Lake 
intrusive complex near the Seabee deposit (1879 ± 1.3 Ma; Witvoet 
2023), granodioritic Eyahpaise Lake pluton (1859 ± 5 Ma; Van Schmus 
et al. 1987), the multiphase Eisler intrusive complex near the Fisher 
property (1883.8 ± 0.9 Ma; Witvoet 2023), and the tonalitic Lizard Lake 
pluton near the Santoy deposits (1874.6 ± 1.9 Ma; Wood 2016). The 
Santoy shear system primarily crosscuts adjacent Assemblage A and 
intrusive units and hosts auriferous quartz veins (Delaney and Cutler 
1992, Durocher et al. 1992, Wood 2016). These supracrustal units were 
cut by late granodioritic plutons and pegmatite dykes, including the 
1807 ± 7 Ma anatectic Packman Lake pluton near Santoy (Lewry et al. 
1990, Wood 2016).

The structural history of the Pine Lake greenstone belt is summarized 
by the regional deformation history. Southwest directed thrusting dur
ing the intra-oceanic accretion event resulted in regional D1 deforma
tion, which includes north- to northwest trending isoclinal folds (F1) 
(Lewry et al. 1990). Glennie domain rocks were then involved with the 
collision with the Sask craton, and the subsequent collision between the 
Superior and Hearne craton (ca. 1840–1800 Ma). This phase of ductile 
deformation (D2) generated i) east–west-trending folds (F2); ii) trans
posed regionally pervasive, axial-planar S2 foliation (S0/1/2); and iii) 
shear zones and domain-bounding high-strain zones (Lewry et al. 1990, 
McEwan 2013, Wood 2016). Late- to post-collisional deformation (D3; 
ca. 1800–1735 Ma) is characterized by regional scale, north-northwest- 
plunging folds, including i) the Ray Lake synform; ii) the Carruthers 
Lake antiform; and iii) the Carruthers Lake synform, from west to east, 
respectively (McEwan 2013, Wood 2016). Additionally, D3 resulted in i) 
north–south-trending transposed axial planar foliation (S3) parallel with 
shear zone development and reactivation; ii) Type 2 and 3 interference 
folds (F2-3); and iii) the Tabbernor system exhibited shear movement 
from dextral-reverse oblique-slip (early-D3) to terminal ductile D3 
sinistral strike-slip (Elliott 1995, Wood 2016). Post-collisional short
ening between the Rae-Hearne and Superior cratons and associated 
brittle deformation (D4; <1735 Ma) lead to the formation of northeast- 
plunging Type I interference folds (F4), forming regional dome-basins 
structures (Lewry 1977, McEwan 2013). Rocks of the Glennie domain 
were subjected 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), peaking at 1810 ± 10 Ma (Schneider 
et al. 2007) resulting in regional upper greenschist to lower amphibolite 

D. Beaudin et al.                                                                                                                                                                                                                                Ore Geology Reviews 192 (2026) 107257 

3 



Fig. 2. A) Geology of the Pine Lake greenstone belt at the Seabee Gold Operation 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 structure. Deposit labels: SB: Seabee; 7: Santoy zone 7; 8: Santoy zone 8; Gap: Santoy gap; 
8E: Santoy zone 8 east; P: Porky Main; PW: Porky West (modified from Delaney 2016, Beaudin et al. 2024). RLS: Ray Lake synform; CLA: Carruthers Lake antiform; 
CLS: Carruthers Lake synform. B) Santoy deposit model showing that gold deposits are contained within a releasing bend on the Santoy shear zone. The following are 
the labels for B) 7: Santoy zone 7; 8: Santoy zone 8; Gap: Santoy gap; Gap HW: Santoy gap hanging wall; IV: intermediate volcanic; Cpx-MV: clinopyroxene-phyric 
mafic volcanic; MV: mafic volcanic; Grd: granodiorite; Qdi: quartz-diorite; Ton: tonalite.
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grade metamorphism.

2.2. Geological characteristics of the host rocks and mineralization at the 
Seabee gold Operation

Gold mineralization characteristics at the Seabee Gold Operation, 
including the Seabee and Santoy Mine complexes and the Fisher prop
erty are variable (e.g., Durocher et al. 1992, Tourigny 2003, Wood 2016, 
Kenwood 2017). The Laonil Lake shear system at Seabee hosts high 
grade ore (~7 g/t; SRK Consulting 2017) within auriferous quartz- 
tourmaline-carbonate veins, which include free to sulfide-bound gold 
and cut through the Laonil Lake intrusive complex adjacent to felsic 
dykes (Basnett 1999, Tourigny 2003, Tourigny et al. 2004). At Santoy, 
higher grade (~10 g/t; SRK Consulting 2017) native to sulfide-bound 
gold is hosted by quartz-carbonate veins within the Santoy shear sys
tem, cutting Assemblage A and adjacent intrusions (Durocher et al. 
1992, McEwan 2013, Kremer and Carlson 2017). Increased fracture 
density associated with a compressional jog along the Santoy shear 
system and the buttressing effect of the Packman Lake pluton during D3 
may explain the mineralized zones at Santoy (Wood 2016). The deposits 
adjacent to Porky Lake (Porky Main and Porky West) show indicated 
gold grades of 5.2 g/t (SLR International Corporation, 2024), are mostly 
vein-hosted and occur as visible gold.

Host rocks at the Seabee Gold Operation typically comprise sheared 
and altered Assemblage A volcanic rocks and various intrusive rocks. 
Fisher and Santoy properties contain similar rock types, mineral as
semblages, and textures, suggesting that the lithology and structures at 
Santoy extend south through the structural corridor onto the Fisher 
property (e.g., McEwan 2013, Wood 2016, SRK Consulting 2017, SSR 
Mining 2019, Onstad 2021, Witvoet 2023). Three quartz vein genera
tions (V1-V3) occur at Fisher and Santoy, cutting lower amphibolite- 
grade sheared meta-basalt to chlorite-hornblende-biotite ± garnet 
schist, and granodiorite to tonalite host rocks (Figs. 3, 4). The V1 quartz 
veins are deformed and in places mylonitized, and contain minor pyrite 
and pyrrhotite; the V2a veins are weakly crenulated and boudinaged, 
cm-scale quartz-albite ± diopside-sulfide-K-feldspar-carbonate veins; 
the V2b veins are weakly deformed, cm- to m-scale recrystalized quartz- 
carbonate ± sulfide veins; V3 veins are crosscutting cm-scale quartz 
and/or carbonate-hematite veins (Beaudin et al. 2024). Similar 
alteration-mineralization assemblages were identified at Fisher and 

Santoy (Fig. 3C-F), including distal sericite-biotite-chlorite-clinozoisite 
± albite, titanite (Fig. 3C,E) to vein-adjacent, coarse-grained diopside-K- 
feldspar-albite-actinolite ± apatite, titanite calc-silicate alteration 
(Fig. 3E,F), associated with main-stage pyrite3a, 3b-chalcopyrite2-pyr
rhotite1-gold mineralization (syn-late-D3); remobilized, fracture-filling 
pyrite4-pyrrhotite2-chalcopyrite3-gold-tetradymite-tellurobismuthite 
mineralization within the calc-silicate assemblage (Fig. 3F) (late-D3); 
and early colloform pyrite2 (late-D2 to syn-D3) and intrusion-hosted, 
inclusion-rich pyrite1 (pre-D1) (Beaudin et al. 2024). This study builds 
on this framework, providing a comprehensive analysis of sulfide min
eral phases and trace-element chemistry to further understand hydro
thermal processes associated with gold mineralization along the Santoy 
shear system.

By contrast, the Porky deposits in the Seabee Gold Operation do not 
occur along the Santoy shear system and are hosted in both Assemblage 
A and Porky Lake Group. The Porky deposits (Porky Main and Porky 
West) occur primarily along the late-D2 Pine Lake shear zone and within 
the D3 Ray Lake synform (Fig. 1.). While the mineral paragenesis of the 
Porky deposits is considered to be similar to that of the Santoy and 
Fisher system, the V2 veins that contain visible gold and their Apy-Py4a/ 
b-Po3-Ccp3 association are considered the main gold stage that pre- 
dated peak metamorphism associated with D2 (Dixon et al. 2026). 
Gold was remobilized during exhumation associated with the transition 
to brittle deformation, likely coeval with other deposits in the belt ca. 
1.76 Ga (Dixon et al. 2026).

3. Materials and methods

Polished thin sections were prepared from core samples with vari
able alteration and mineralization (Appendix A) collected from the 
Santoy 7 and Santoy Gap deposits and the Fisher property. They were 
analyzed by transmitted and reflected light petrography using a Nikon 
Eclipse E200 polarizing microscope to determine mineral assemblages, 
textures, and rock type. A detailed analysis of vein and vein-adjacent 
mineralogy was performed to identify mineral phases associated with 
progressive alteration and mineralization to facilitate construction of 
the paragenetic sequence. Prefixes were assigned to the unaltered to 
vein-adjacent alteration mineral assemblages, where “WR-” denotes the 
unaltered and foliated mineral phases, and “H-” denotes the wider halo- 
shear alteration located in the unaltered and distal alteration 

Fig. 3. Representative and altered lithologies from the Fisher and Santoy properties, modified from (Beaudin et al. 2024). A) representative mafic volcanic rock with 
minor albite alteration. B) Altered granodiorite with moderate Ser-Kfs-Ab alteration adjacent to V2a vein, hosting Py-Mt-Cpy mineralization from Santoy Gap HW. C) 
Distal Ser-Bt-Ep ± Ab-Ttn alteration associated with V2a vein and vein-hosted Py3a-Chl-Act within a Chl-Hbl-Bt schist. 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. E) Bt-Ser-Ab-Ttn ± Ep alteration distal to V2b vein 
within a Chl-Bt-Hbl Schist. F) Coarse grained Di-Act-Ttn-Kfs-Ap ± Ab alteration within fine-grained Ep-Ser. Associated with Au-Po mineralization adjacent to V2b 
vein within a Chl-Ep-Hbl schist.
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assemblage, respectively. Additionally, “VA-” indicates mineral phases 
located in the proximal to vein-adjacent alteration assemblage, and “V-” 
denotes mineral phases hosted within quartz veins. These phases 
precipitated as fluids propagated along open fractures, with the pre
cipitation of distal and proximal phases within relatively cooler wall 
rock, respectively, followed by VA- phases along the fracture, and V- 
phases that closed the fracture. Mineral abbreviations from Whitney and 
Evans (2010) are used and the prefix “meta” is omitted from lithology 
names for simplicity, however, all rocks in this area have been 
metamorphosed.

3.1. Imaging and geochemistry methods

Samples from Assemblage A and felsic intrusive rocks with various 
phases of alteration minerals and associated mineralization were 
analyzed at the Microbeam and Image Analysis Facility in the Depart
ment of Earth Sciences, University of Manitoba, Canada. Imaging and 
major/minor element characterization of sulfide minerals was done 
using a back-scattered electron imaging system and wavelength 
dispersive X-ray microanalysis attached to a Cameca SX-100 electron 
microprobe. Operating conditions include an accelerating potential of 
25 kV, beam currents of 5–20nA, a beam diameter of 1 µm, and counting 
times of 20 s on peak and background were used. Elemental peaks were 
standardized using synthetic and pure metals. PAP matrix correction 
routines (Pouchou and Pichoir 1984) were applied to all analyzed 
phases using a FFAST mass absorption coefficient table. Mineral formula 
calculations were carried out with MS Excel spreadsheets downloaded 
from GabbroSoft (2011). These analyses were utilized for imaging and to 
provide an internal standard for the normalization of laser ablation- 
inductively coupled plasma mass spectrometry (LA-ICPMS) analyses 

(Appendix B).
Some of these samples were chosen for LA-ICP-MS analysis at the 

Queen’s Facility for Isotope Research in the Department of Geological 
Sciences and Geological Engineering at Queens University, Canada. An 
NWR-ESI 193 nm ArF Excimer laser coupled with a Thermo X-Series 2 
Quadrupole ICP-MS was used for LA-ICP-MS analyses. Helium was used 
as a carrier gas, and additional Ar was mixed in after the ablation 
chamber before introduction of the sample into the plasma. Calibration 
was performed using the NIST610, NIST612 and NIST614 standard 
reference materials. The UQAQ sulfide reference materials FeS4, FeS5, 
CCu1e and PTC1b, were used as secondary reference materials to cali
brate for sulfide minerals major element concentrations (e.g., Fe, S) and 
for QA/QC purposes. The reference materials were analysed at regular 
intervals during analysis to correct for drift and mass bias before and 
after each map. The sulfide mineral phases (py, po) were analyzed for Si, 
S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Nb, Mo, Ru, Rh, Pd, Ag, Cd, 
In, Sn, Sb, Te, Ba, Re, Os, Ir, Pt, Au, Hg, Pb, W, Tl and Bi (Appendix B). 
The reported elements in this paper (Cr, Fe, Co, Ni, Cu, As, Se, Ag, Cs, Sb, 
Te, Au, Pb, W, Tl, and Bi) were selected dependant on correlation within 
phases, strength of trends, and utilization in defining mineralizing sys
tematics (Berthier et al.2023, Kadel-Harder et al. 2020, Perret et al., 
2021).

The analytical runs utilized a beam size of 15, 25, and 35 µm for spot 
analyses, based on grain size, and a laser frequency of 20 Hz. Line an
alyses (lines or maps) were performed using a scan speed set to half the 
beam size in µm/s) (i.e. scan speed of 10 µm/s for a beam size of 20 µm) 
to maximize image resolution and decrease potential cross- 
contamination from one area to the next during the ablation. Line an
alyses were conducted across both inclusion-poor and inclusion-rich 
minerals. Data was reduced using Iolite 4 (using NIST 610 and FeS4 

Fig. 4. Paragenetic sequence for the Fisher and Santoy samples with some sulfide minerals reclassified from Beaudin et al. (2024), as well as metals and other 
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 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. These phases precipitated as fluids propagated along open fractures, with the precipitation of distal and 
proximal phases within relatively cooler wall rock, respectively, followed by VA- phases along the fracture, and V- phases that closed the fracture.

D. Beaudin et al.                                                                                                                                                                                                                                Ore Geology Reviews 192 (2026) 107257 

6 



for external standard normalization) and further processed using a 
constructed Python program Appendix D; Beaudin and Beaudin 2023) 
which normalizes the line data to electron microprobe Fe values (Ap
pendix B) as the internal standard and generates the element stack plot. 
Quantitative results obtained from line analyses were compiled and 
summarized by location and phases, with the mean and median values 
present in Appendix B and Table 1, and spot analyses extracted from line 
data to construct a box-whisker diagram.

3.2. U-Pb geochronology methods

For zircon U-Pb geochronology (Appendix C), a granodioritic sill 
from Mac South (KE-19–090), and an Assemblage A tuff (PK-19–047) 
from the Footprint area (Fig. 2) were collected in the field and subse
quently sent to Zirchron LLC in Arizona, U.S.A. for mineral separation. 
The Z1 and Z2 fractions of both samples show clear to weakly orange, 
prismatic to weakly rounded zircon grains of group G1 and P mor
phologies or clear, prismatic to weakly rounded, stubby, zircon grains of 
group L3-L5 and S3-S5 morphologies, respectively (Pupin 1980). The 
best quality zircon grain populations were chosen and analyzed at the 
Radiogenic Isotope Geology Lab at Purdue University, U.S.A. via isotope 
dilution-thermal ionization mass spectrometry (ID-TIMS). Grains were 
chemically abraded by annealing in a muffle furnace at 900◦C for 60 h 
followed by partial dissolution in 24 mol/L HF and 1 mol/L HNO3 while 
held at 210◦C for 10 h in a steel jacketed PTFE digestion vessel. Residual 
grains were rinsed, mixed with the ET535 spike (Condon et al. 2015, 
McLean et al. 2015), dissolved, and the Pb and U fractions were 

separated using ion chromatography methods. Both Pb and U isotopic 
ratios were measured on an Isotopx Phoenix TIMS instrument at Purdue 
University.

3.3. Re-Os geochronology methods

For Re-Os analyses (Appendix C), pure Py mineral separates were 
produced from a Fisher sample of gold-Py-mineralized mafic volcanic 
rock at the Re-Os Crustal Geochronology Laboratory at the University of 
Alberta, Canada. The Re-Os dating of pyrite was conducted to establish 
temporal relationships between potential mineralization events and 
regional magmatic, volcanic, and metamorphic events. As discussed 
later in this study, macroscopic observations determined this phase was 
fracture-controlled, porous, associated with gold mineralization, and 
hosted within V2b veins, of which coincide with the textural character
istics of remobilized Py4. Py aliquots (MD1 and MD2) were processed for 
Re-Os isotope geochemistry by isotope dilution (Hnatyshin et al. 2020) 
using weighed aliquots of mixed “185Re+188Os+190Os” spike solution. 
Purified aliquots of Re and Os were loaded onto nickel and platinum 
filaments, respectively, for analysis by negative thermal ionization mass 
spectrometry (N-TIMS) on a ThermoScientific Triton mass spectrometer 
(Hnatyshin et al. 2020). Laboratory blanks of < 5 pg Re and < 0.1 pg Os 
were reported in the course of analysis. The Reference Material 8599 
Henderson molybdenite (Markey et al. 2007) was routinely analyzed as 
a standard, and during the past 8 years returned an average Re-Os date 
of 27.78 ± 0.08 Ma (n = 45), indistinguishable from the reference age 
value of 27.66 ± 0.1 Ma (Wise and Watters 2011). Rhenium-osmium 

Table 1 
Summary of elemental concentrations of intrusion-hosted Py1 and Assemblage A mafic volcanic- hosted colloform Py2, Py3, Py4, and Po2, showing a quartile range, 
mean, and median. Calculated from averaged quantitative line analyses. S- from Santoy, F- from Fisher.

Mineral Phase Co Ni Cu W Pb As Ag Te Bi Au

Py1 Q1 1.9 91.1 15.4 1.0E-02 21.5 208 0.24 1.1 0.41 1.0E-02
n = 110 Q3 15.2 1870 580 4.6 46.6 502 1.5 6.3 4.6 3.0E-02
​ Mean 12.1 1602 783 1.2 101.00 416.00 1.30 5.4 5.30 0.34
​ Median 5.21 678 109 1.0E-02 123 331 0.65 3.1 1.4 1.0E-02
Py2 Q1 329 766 5.2 27.2 0.30 0.36 0.01 1.2 3.0E-02 1.0E-02
n = 75 Q3 444 141 9.5 53.6 0.72 1.2 0.16 2.2 9.0E-02 0.1
​ Mean 388 1116 124 41.8 5.5 2.0 0.45 2.2 0.12 1.6
​ Median 387 114 7.0 38.5 0.46 0.58 0.14 1.3 6.0E-02 1.0E-02
F-Py3a Q1 2.4 343 7.5 1.0E-02 0.10 1.2 1.0E-02 1.0E-02 0.10 1.0E-02
n = 457 Q3 334 2350 22.1 34.7 3.9 7.7 1.1 2.2 3.9 1.0E-02
​ Mean 328 1630 254 18.2 290 9.0 0.97 4.1 3.4 0.43
​ Median 24.7 962 22.1 1.4 5.7 2.3 0.32 1.0E-02 0.48 1.0E-02
S-Py3a Q1 68.5 47.8 1.7 1.0E-02 34.7 112 1.0E-02 8.7 5.1 1.0E-02
n = 22 Q3 560 94.0 23 5.3 172 908 2.0 78.1 25.4 1.5
​ Mean 487 108 16 5.3 251 550 0.92 49.7 18.5 0.90
​ Median 311 67.8 8.8 5.3 102 377 0.41 26.0 13.9 0.62
F-Py3b Q1 4.0 69.8 6.2 1.0E-02 0.72 4.9 1.0E-02 1.0E-02 1.0E-02 1.0E-02
n = 355 Q3 426 3830 77.0 1.0E-02 25.1 130 5.0 5.3 1.2 1.0E-02
​ Mean 2300 3640 509 3.0 54.2 94.2 5.6 6.6 1.5 1.1
​ Median 49.0 556 14.8 1.0E-02 2.5 71.6 1.0E-02 1.0E-02 0.30 1.0E-02
S-Py3b Q1 12.3 1.9 5.2 0.0 5.6 1.6 0.30 1.0E-02 1.0E-01 1.0E-02
n = 520 Q3 144 120 338 3.1 39,000 156 44.2 81.4 128 0.930
​ Mean 292 371 1020 2.3 34,600 105 33.0 49.0 79.3 43.7
​ Median 41.7 5.8 28.6 1.0 248 11.1 2.1 5.4 1.7 1.0E-02
F-Py4 Q1 12.8 96,000 13.9 1.0E-02 3.8 5.6 1.0E-02 1.0E-02 0.28 1.0E-02
n = 617 Q3 154 1350 1240 1.0E-02 119 40.9 5.7 20.4 4.2 0.69
​ Mean 213 1310 14,000 0.65 1060.0 34.2 411 14.2 3.0 15,000
​ Median 71.0 382 57.5 1.0E-02 31.1 17.9 1.1 3.3 1.20 1.0E-02
S-Py4 Q1 124 1.2 375 1.0E-02 4540 298 50.8 62.4 154 0.88
n = 77 Q3 339 7.9 917 0.45 10,900 685 86.5 149 245 2.00
​ Mean 238 13.0 996 0.50 9190 519.0 79.1 108 197 2.10
​ Median 250 4.4 650 1.0E-02 6240 419 64.9 99.5 204 1.33
F-Po2 Q1 15.5 69.8 16.2 1.0E-02 1.9 1.9 1.0E-02 1.0E-02 0.15 1.0E-02
n = 98 Q3 236 3830 141 3.1 56.7 12.4 3.4 1.0E-02 0.59 0.34
​ Mean 136 3020 2590 3.9 765 11.3 2.4 1.3 0.4 27.9
​ Median 53.9 1400 33.7 1.0E-02 5.8 5.6 0.90 1.0E-02 0.28 1.0E-02
S-Po2 Q1 818 774 8.95 0.00 2.6 3.9 1.0E-02 12.6 2.1 1.3
n = 253 Q3 1800 1490 62.3 3.87 52.6 13.8 2.0 48.7 15.6 20.9
​ Mean 1320 1120 67.5 4.97 1160.0 10.7 81.6 51.2 25.0 8410
​ Median 1270 1160 24.7 1.0E-02 10.3 6.6 1.0E-02 26.6 5.7 3.6
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model dates are calculated by using the value for the decay constant of 
187Re according to Smoliar et al. (1996). Precision of individual dates is 
reported at the 2 sigma (2σ) level.

4. Results

4.1. Fisher and Santoy sulfide mineral phase characteristics and 
association with gold mineralization

Paragenetic relationships among alteration, sulfide, and vein min
erals at Fisher and Santoy, and their relationship to phases of defor
mation (Fig. 4), were initially established by Beaudin et al. (2024). This 
section describes the Py generations and associated sulfide minerals to 
provide context for the new mineral chemistry data. In summary, Py1 is 
pre-D1; Py2 is late-D2 to syn-D3, syn V1, and wall rock hosted; Py3 is late 
D3, syn V2, and wall rock hosted; and Py4 is late D3 or even post D3 
(Fig. 4).

Py2 occurs within schistose altered rocks at Fisher, where the earliest 
subhedral cubic or colloform (Fig. 5A, B) pyrite (Py2) is commonly 
overprinted by subsequent sulfide and silicate mineral phases. Py2 is 
present as relic crystals within cm-scale Py3-Po2-Cal lenses (Fig. 5A), cut 
by Cpy2-Sp2 veinlets. Py2 has minor Ilm-Cpy1 inclusions and high µm- 
scale porosity, replacing adjacent Hbl and Bt minerals. Py2 occurs 
adjacent to thin V2a veins semi-concordant to S3 foliation, weakly 
associated with distal to vein-adjacent alteration, indicating formation 
during late-D2 to early-syn-D3.

Py3 is associated with gold mineralization. Py3a is primarily associ
ated with subhedral, pitted to fractured, replacement-style and occurs 
within schists and intrusive rocks, containing Cpy1-Bt < Pl < Sp1-Mt-Po- 
Ilm inclusions (Fig. 5D). Py3a occurs among the distal to vein-adjacent 
alteration assemblages, aligned semi-concordant to S3 foliation, 
defined by strongly aligned Bt-Chl-Am, and adjacent Qz veins (Fig. 5A). 
Py3a also occurs in thin, deformed V2a and larger, recrystalized V2b 
veins, both of which are locally observed concordant to S3 foliation. 
Inclusion-poor, sub-euhedral, homogenous, medium-grained Py3b is 
present as replacement-style or fracture-filling within the wall rock and 
V2a,2b veins, cross-cutting and enveloping Py3a and earlier phases 
(Fig. 5D,E,F,G). Porous, anhedral to subhedral, replacement-style Po1 
forms around both Py3 phases, overprinted by porous, anhedral Cpy2 
(Fig. 5B,C). Associated oxide minerals include subhedral, pitted Mt and 
disseminated fine-grained Ilm. Both Py3a and Py3b phases are also 
associated with fine-grained Sp1, trace Apy, trace Hm, trace medium- 
grained Sch, typically within the vein-adjacent calc-silicate assem
blage and associated with Py3-Po1 and trace fine-grained, disseminated 
Au-Ttd-Tbi mineralization. These phases correspond to mineralization 
during syn-late-D3 deformation, highlighted by i) the concordance of 
these Py phases with S3 foliation and V2a and V2b veins; ii) abundance 
within the distal, proximal, and locally vein-adjacent alteration assem
blages; and iii) association with fine-grained, disseminated native gold 
and Bi-telluride mineralization.

Py4 occurs as fracture-filling, inclusion-rich (Qz < Pl < Ilm-Gn < Py- 
Cpy), sieve-textured, pitted, and is fine-grained anhedral- to locally 
euhedral. Py4 occurs in schists and intrusive rocks at the Fisher and 
Santoy properties, primarily filling foliation-concordant fractures 
throughout the wall rock (Fig. 5F,I), or locally concentrated within 
fractured competent grains, such as Di, within the calc-silicate alteration 
assemblage (Fig. 5J,K). This phase forms around Py3 and other associ
ated sulfide phases (Fig. 5B,C,F), is associated with an-subhedral me
dium- to coarse-grained Po2, Cpy3, and Sp2 mineralization (Fig. 5G), and 
is distributed throughout the vein-adjacent assemblage and V2a and V2b 
veins, locally occurring in vein microfractures. Po2 and Cpy3 phases are 
an-subhedral, pitted, porous, sieve-textured and form thin veinlets with 
Py4 within fractured wall rock and earlier sulfide phases (Fig. 5C), or, 
locally, they form around replacement-style, fine- to medium-grained 
Py4 within the vein-adjacent assemblage of the wall rock (Fig. 5F).

Santoy yields higher grade gold mineralization (notable intercept 

include 15–110 g/t gold over 0.25–3 m; OreWin, 2021) relative to Fisher 
(notable intercept − 10.0 g/t gold over 1 m; (SSR Mining 2019), coupled 
with a modal increase in Po2, which locally replaces Py3 mineralization 
(Fig. 5L) and is associated with minor fracture-filling Gn, locally filling 
the pores of earlier Py3a (Fig. 5G,M), subhedral Mt, trace Hm and iso
lated Apy, euhedral, replacement-style Mol, and trace replacement-style 
Sch within the vein-adjacent alteration (Fig. 5K). A minor occurrence of 
subhedral, fine- to medium-grained, less porous, inclusion-free Py4b 
over-growth is present, locally, on the edge of Py4 (Fig. 5M). Significant 
gold mineralization is associated with fracture-filling Py4-Po2 mineral
ization in Fisher and Santoy samples (Fig. 5J,K), and is typically 
enveloped by Tbi, which also forms around Ttd. Gold is locally present 
as thin veinlets within the wall rock and as inclusions within fracture- 
filling Py4 mineralization (Fig. 5J). The fracture-filling and late para
genetic relationships that Py4 and associated sulfide-gold-telluride 
phases share with the proximal to vein-adjacent alteration assem
blages suggests that these phases were remobilized during continuous 
late-D3 deformation (Fig. 4).

Similar sulfide phases are observed at the Fisher property and Santoy 
Mine Complex adjacent to or within V2a and V2b veins that cut intrusive 
lithologies (Fig. 5M,N). Py1, which is inclusion-rich (Ilm-Gn-Cpy < Pl- 
Qz), sub-euhedral, pitted, fractured, and deformed, occurs as dissemi
nations within intrusive wall rock (Fig. 5N,O). Py1 is overprinted and 
enveloped by Py3b and Py4 within the proximal to vein-adjacent as
semblages (Fig. 5M,N).. Thus, Py1 formed prior to D3 deformation and 
broadly coeval with pre-kinematic intrusions, which is evidenced by 
significant fractures and deformed fabrics within Py1, occurrence solely 
within intrusive host rocks, and an early paragenetic relationship with 
other phases. Although Py1 is not apparent in V2a and V2b veins, a modal 
percentage increase of base metal minerals is observed in V2b veins that 
cut intrusive lithologies, comprising i) fine-grained, fracture- and pore- 
filling galena, typically filling porous Py3a (Fig. 5M); ii) medium- 
grained, an-subhedral Mt associated with Py3a and Py3b mineraliza
tion; iii) fine- to medium-grained, anhedral, fracture-filling Sp2, typi
cally associated with Py3b; and iv) fine- to medium-grained, anhedral, 
porous Cpy2 and Cpy3 which form around earlier phases and fill frac
tures. Similar to schists, V2b veins that cut intrusive lithologies host 
inclusion-rich, subhedral, porous, medium-grained Py3a, enveloped by 
inclusion-free, sub-euhedral Py3b, of which is rimmed by anhedral, 
sieve-textured, fine-grained Py4 (Fig. 5M,P). This latter Py4 phase is 
typically associated with other remobilized minerals, such as Gn, Mt, 
Sp2, Cpy, trace Hm, and locally trace gold-telluride mineralization 
(Fig. 5N,P,Q).

4.2. Fisher and Santoy sulfide mineral chemistry

Composite mineral element maps (Figs. 6, 7) show variable con
centrations of elements within the four pyrite generations, some of 
which appear to be hosted in the pyrite lattice, and others in inclusions 
within grains. Table 1 summarizes the range of concentrations for Co, 
Ni, Cu, W, Pb, As, Ag, Te, and Bi in pyrite and pyrrhotite. The values for 
Au are typically low (<1 ppm), and the highest values are observed in 
Py3 from Santoy (Table 1). Overall, the element abundances and pat
terns are consistent across equivalent pyrite phases (Py1-Py4) at Fisher 
and Santoy.

Py1 shows elevated concentrations of lattice-bound and inclusion- 
controlled Se, Pb and As (Fig. 6A). Py4 envelopes Py1 and shows 
elevated concentrations of As, Bi, Pb and Te (Fig. 6A). The element 
variations in Py4 appear to be controlled by inclusions, which are not 
discernible in BSE (Fig. 6A). In Py4 As, Se, Te, Pb, and Bi are spatially 
related, but heterogenous in their distribution within the grain, and 
likely occur in elevated concentrations within inclusions Fig. 6A,C). In 
contrast Co, Ni, and Se are more homogenously distributed throughout 
the lattice. In contrast, Py2 is enriched in Co and Ni, with subtle variation 
in W and Cs towards the contact with Py3b (Fig. 6B).

Compared to Py1 and Py2, the concentrations of most elements are 
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generally higher in Py3a and Py3b, although the distribution is complex (Fig. 7A-C). In Py3a, lattice-bound Co and Se are homogenous, however, 

Fig. 5. Photomicrographs, BSE images, and core photo showing multiples stages of sulfide mineralization in Assemblage A mafic volcanic rock and felsic intrusive 
rock samples (modified from Beaudin et al. 2024). A) Py3b overprinting Py3a with anhedral Po2 forming around earlier phases and relict Py2 (20DBF-24). B) Porous 
Py3a overprinting colloform Py2 with Py4 forming along the grain boundaries and overprinting Po within a sulfide lens (20DBF-24). Red box shows a zoomed view of 
collform Py2. C) Py3a overprinted by Py3b and Py4 forming around the edges of earlier phases (Po2 and Cpy2 which form around Py3) (20DBF-13B). D) Py3b forming 
around porous Py3a core with Py4 along the outside (21DBS-12). E) V2b vein hosting Py3a with enveloping Py3b and fine-grained Py4 filling fractures and forming 
along the edges of earlier phases (20DBF-2B). F) Anhedral Py3b with Po2 forming around and fracture-filling Py4 and Cpy3 mineralization (20DBF-13B). G) V2b vein 
hosting Py3b mineralization with fine-grained Py4 forming along the outside and filling fractures associated with Gn and Sp2 (20DBF-16B). H) Zoomed insert of D; 
showing minor Au-Ttd mineralization associated with Py3 (20DBF-24). I) Py4 forming around euhedral Py3b core (21DBS-12). J) fracture-filling Py4 associated with 
gold mineralization adjacent to V2b vein (20DBF-1A). K) Py4 associated with Po2, minor Sch, and gold-telluride mineralization (SAN7-05). L) Po2 replacing Py3b 
associated with gold elsewhere in the sample (SAN7-05). M) V2b vein hosting Py3b with Py3a cores with Py4/4b forming along the edge associated with Sp2 and Gn 
(21DBS-04). N) Porous, inclusion-rich Py1 with Py4 forming along the edges (20DBF-10A). O) Inclusion-rich Py1 core with Py4 forming along the outside adjacent to a 
V2b vein (20DBF-10A). P) Corresponding Py-Au mineralization occupying a microfracture in a V2b vein that cuts altered granodiorite (21DBS-03). Q) V2b vein cutting 
altered granodiorite, hosting Py-Au mineralization (21DBS-03).

Fig. 6. Semi-quantitative LA-ICP-MS element maps showing the elemental distribution of selected elements within Py phases. Element maps are of the area identified 
with the blue box on respective BSE images. A) 20DBF-10A (granodiorite), B) 20DBF-24 (Hbl-Bt-Chl schist), and C) 20DBF-24 (Hbl-Bt-Chl schist). BSE images and 
photomicrographs of sulfide minerals are outlined in red, which correspond to the area outlined in red on the element maps. Elements are in order of atomic weight.
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As, Ag, Te, and Bi concentrate at- or near inclusions, and generally increase towards the rim (Fig. 7A-C). Similarly, Py3b displays similar 

Fig. 7. Semi-quantitative LA-ICPMS element maps showing the elemental distribution of selected elements within Py3 and Py4 phases. The corresponding elements 
encompass the entire area of the respective BSE image, however, figures maps C and B are zoomed out from the BSE image. A) 21DBS-12 (Bt-Hbl schist), B) 20DBF-24 
(Hbl-Bt-Chl schist), C) 21DBS-04 (tonalite) and D) 20DBF-13B (Chl-Di-Bt-Hbl schist). BSE images and photomicrographs of sulfide phases are outlined in red, which 
correspond to the area outlined in red on the element maps. Elements are in order of atomic weight.

Fig. 8. Elemental stack plots, showing the concentration of selected elements along the line portrayed on the respective BSE or photomicrograph images of Py and Po 
phases. A) 20DBF-10A (granodiorite), B)20DBF-24 (Hbl-Bt-Chl schist), C) 20DBF-24 (Hbl-Bt-Chl schist) D) 21DBS-04 (tonalite), E) 20DBF-16B (Hbl-Chl Bt schist), F) 
Combined analyses from SAN7-05 where Po2 replaces Py3b (Ep-Chl-Hbl schist).
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elemental relationships to Py3a, albeit in higher abundances that 
concentrate towards the rim, and which are not controlled by inclusions 
(Fig. 7A,B). Relative to Py3a, however, Py3b exhibits higher concentra
tions in lattice-bound Co, Sb, and Pb coupled with a decrease in Ni 
(Fig. 7A-C).

Although each of the Py1 to Py 4 phases yield rare gold inclusions, 
µm- to cm-scale free gold is primarily associated with inclusion-rich 
Py3a, Py3b, and Py4 (Fig. 5J,Q 7D). Gold and associated elements (As, 
Ag, Te, Bi), as well as other elements (Co, Ni, Sb), locally increase in 
abundance within fine-grained, fracture-filling Py4 (Fig. 7C,D). Within 
this phase, Au, As, Ag, Te, and Bi are heterogeneously distributed and 
are locally concentrated within the core of individual grains or 
controlled by inclusions (Fig. 7C). In contrast, lower concentrations of 
these elements display a homogenous distribution within the inclusion- 
poor zones of the pyrite lattice (Fig. 7C). This phase hosts around 3 ppm 
lattice-bound Au, although Py4 is also associated with free gold and 
other remobilized metals (Fig. 7C). Elemental information from quan
titative LA-ICP-MS line analyses (Fig. 8) helps address lattice-bound vs. 
inclusion-controlled chemistry.

Quantitative LA-ICP-MS line analyses (Fig. 8, Appendix B2) and 
compiled extracted spot analyses (Fig. 9) determined elemental 
composition within individual mineral phases, including coeval sulfide 
mineral phases of Fisher and Santoy. Quartile and median values are 
reported to limit the effects that outliers have on the dataset because 
mean values can overestimate concentrations due to the nugget effect 
and/or micro-inclusions (Table 1). Thus, a high quartile range reflects a 
more homogenous elemental distribution within the crystal lattice of the 
sulfide phase. Py1 (Fig. 8A) yields high but variable concentrations of 
lattice-hosted Co, Ni, Cu, Pb, and the maximum range of invariant As 
(Fig. 9, Table 1). Within the inclusion-rich areas, Py1 contains fluctu
ating concentrations of Cu, Ni, Co, as well as Ag, Te, W, Bi, and 0.01 to 
16.8 ppm trace gold as micro-inclusions or nanoparticles (Fig. 8A, 9, 
Table 1). Colloform Py2 shows elevated abundances of lattice-bound Co, 
Ni, Cu, and W, associated with relatively low, inclusion-controlled As, 
Ag, Te, Pb, Bi, and 0.01 to 51.9 ppm gold micro-inclusions (Fig. 9, 
Table 1). Zoning present in semi-quantitative images of colloform Py2 is 
less apparent in the element stack plots (Fig. 8B).

In subsequent pyrite phases, only minor variations between the 
Fisher and Santoy properties are present. All Py3a shows similar 
elemental abundances of inclusion-controlled/lattice-hosted Cu, W and 
Pb, which are primarily hosted within the pyrite lattice (Fig. 8B,C, 9, 
Table 1), whereas Fisher Py3a (Fig. 8B,C) bears significantly more 
lattice-bound Ni and lower Co concentrations in comparison to Santoy 
Py3a (Fig. 7A, 9, Table 1). Although concentrations of inclusion- 
controlled As, Ag, Te, and Bi (Fig. 8B,C) are variable between Fisher 
and Santoy Py3a, within this phase, they are broadly similar (Fig. 9, 
Table 1). Gold concentration, however, is notably higher in Santoy Py3a 
(0.01–1.46, up to 3.36 ppm) than Py3a at the Fisher property (0.01, up to 
1.02 ppm) (Fig. 9, Table 1) and comprise gold inclusions and micro- 
inclusions. Additionally, Fisher and Santoy Py3b phases show similar 
elemental concentrations to the Py3a from both properties (Fig. 8, 
Table 1), including lattice-enriched, internally zoned Ni, Co, W, and 
variable Cu (Fig. 8C,D,E). Py3b phases present at Santoy, however, 
contain significantly more Pb than Fisher Py3b (Fig. 9, Table 1). Addi
tionally, both Fisher and Santoy Py3b contain higher Pb concentrations 
than Fisher and Santoy Py3a phases (Fig. 9, Table 1). In some Py3b an
alyses, high concentrations of zoned Te, As, Bi, and Ag are observed and 
decrease towards the rim (Appendix B2, Table 1). However, Ag exhibits 
higher concentrations within Santoy Py3b phases than Fisher equivalents 
(Fig. 9, Table 1). Within this Py3b phase, trace gold inclusions and micro- 
inclusions are present (Fig. 8C,E) and are in higher abundance in Santoy 
Py3b (0.01–0.93, up to 16,500 ppm) in comparison to Fisher Py3b (0.01, 
up to 5.23 ppm), resulting in higher Au concentrations (Fig. 9, Table 1).

Similar relationships were determined for Py4, which displays com
parable Co and Cu concentrations to the earlier phases (Fig. 9). In 
contrast, however, Ni is enriched in Fisher and Santoy Py4 (Fig. 8D,E, 9) 

but is depleted in earlier phases at Santoy (Fig. 9, Table 1). Within Fisher 
and Santoy Py4, elevated lattice- and inclusion-controlled concentra
tions of As, Ag, Te, and Bi were identified (Fig. 8D,E) in comparison to 
previous phases (Fig. 9, Table 1). Py4 from both properties show 
increased Au concentrations, which is present as inclusions and invisible 
Au (Fig. 7A,C, 8D), although Santoy Py4 contains higher concentrations 
of invisible Au (0.88–2.00, up to 89.2 ppm) in comparison to Fisher Py4 
(0.01–0.69, up to 22,300 ppm) (Fig. 7C, 9, Table 1). Arsenic, Ag, Te, and 
Bi concentrations are similar between Fisher and Santoy, however, 
Santoy Py4 exhibits slightly higher concentrations and less variability 
(Fig. 9, Table 1). An important observation is that Po2 exhibits the lowest 
variability between the Santoy Mine Complex and the Fisher property 
(Table 1), in the elements closely associated with Au (Ag, Bi, Te, As). 
Contrasting with previous phases, Santoy Po2 (Fig. 8F, 9) exhibits higher 
lattice-controlled Co concentrations than Fisher Po2 (Fig. 9, Table 1) and 
earlier phases, with consistent Ni, Cu, As, Ag, W, Pb, and Bi hosted 
within the lattice, which are within the range of concentrations identi
fied within Py phases (Fig. 8F, Table 1). Santoy Po2, however, is slightly 
more enriched in Te than Po phases present at the Fisher property 
(Table 1). Of note is the elevated concentration of invisible Au present in 
Po2, specifically in Santoy Po2 (1.29–20.9, up to 1367 ppm) that replaces 
Py3b, in comparison to Fisher Po2 (0.01–0.34, up to 62.07 ppm) (Fig. 8F, 
Table 1).

4.3. Zircon u-pb and pyrite Re-Os geochronology

4.3.1. Zircon u-pb geochronology
Zircon from a low-strain granodiorite from Fisher at Mac South (KE- 

19–090) and Assemblage A Hbl-phyric dacitic tuff from the Footprint 
area (PK-19–047) were analyzed for U-Pb geochronology. Regressions 
from Concordia plots utilize Isoplot model 1 constraints with n = 4 and 
n = 1 discordant data points for the PK-19–047 and KE-19–090 samples, 
respectively. The weighted mean 207Pb/206Pb crystallization age for the 
granodiorite (KE-19–090) is 1882.1 ± 1.7 Ma (n = 5, MSWD = 0.19) 
(Fig. 10A), whereas the weighted mean 207Pb/206Pb crystallization age 
for the Assemblage A Footprint tuff (PK-19–047) is 1885.58 ± 0.80 Ma 
(n = 13, MSWD = 0.98) (Fig. 10B).

4.3.2. Pyrite Re-Os geochronology
Py grains that occur within pyrite-rich vein samples (V2b) equate to 

the characteristics of Py4 and are associated with gold mineralization 
through remobilization (Fig. 4, 5 J). Preliminary analyses of four Py4 
samples recovered from Fisher sample 20DBF-01 revealed adequate 
concentrations of Re to warrant further Re-Os geochronology analyses. 
This sample was also identified to be a low level-highly radiogenic 
(LLHR) sample by an initial Re-Os analysis. Both MD1 and MD2 sepa
rates have similar Re and Os contents: 22.56–26.02 ppb Re, 
14.18–16.38 ppb 187Re, 0.4236–0.4877 ppb 187Os, and 1.1–1.4 pg total 
common Os (Appendix C). The Re and Os concentrations of these Py 
separates are consistent with lower-range values determined for Py4 by 
LA-ICP-MS analyses, which range from < 0.5 to 3.6 ppm Re. The two Re- 
Os model dates for the MD1 and MD2 separates were determined to be 
1761.4 ± 8.4 and 1766.6 ± 7.7 Ma, respectively. The weighted mean 
Re-Os model age for Fisher LLHR Py separates from this sample (Table 2) 
was determined to be 1764.2 ± 5.6 Ma (n = 2, MSWD = 0.84, proba
bility = 0.36, 95% CI).

5. Discussion

5.1. Sulfide mineral textures, chemical heterogeneity, and hydrothermal 
constraints

The paragenetic relationship between sulfide phases (Fig. 4), and the 
textural and geochemical observations of these sulfide minerals are used 
to develop a model for the mineralization stages along the Santoy shear 
system (Fig. 11). Element heterogeneity within phases is likely from the 
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Fig. 9. Box and whisker plot from spots extracted from line data, showing the averaged trace-element compositions from various Py and Po phases. Green and Red 
arrows show relative anomalous element enrichments and depletions within phases, respectively. A) averaged combined Fisher and Santoy samples, Green arrows: i) 
linear increase in Co amongst evolving sulfide phases, and anomalously high concentrations of ii) As in Py1, iii) W within Py2, and iv) Au within Py4 and Po2 phases; 
Red arrows: anomalously low concentrations of i) As, ii) Sb, iii) Pb, and iv) Bi with Py1. B) and C) shows Fisher and Santoy sulfide phases where the arrows define 
trends between the two diagrams, from left to right being i) An increase in Ni within Fisher sulfide phases relative to equivalent Santoy phases, ii) a decrease in Zn 
within Santoy Py3a compared to Fisher Py3a, but overall increase in the abundance of Zn within Santoy phases, iii) anomalously high As in Santoy Py3a relative to 
Fisher Py3a, which is lower than subsequent Fisher phases, and iv) decrease in W within Fisher Py3a and Py3b phases compared to equivalent Santoy phases. 
Additionally, Santoy phases show an overall increase in the concentration of v) Au, vi) Pb, and vii) Bi compared to Fisher sulfide phases. Reference values of pyrite 
phases from other settings from 1Cao et al. (2023), 2Belousov et al. (2016), 3Babedi et al. (2022).
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inclusion-controlled nature of elements as well as the recrystallization or 
precipitation of minerals during later hydrothermal events as discussed 
below.

Sulfide phases found in altered granitoid intrusions that cut Assem
blage A volcanic rocks (Fig. 11A), were interpreted to have formed early 
in the paragenetic sequence. The intrusion-hosted, inclusion-rich Py1 
phase, which contains anhedral porous textures and numerous in
clusions, is consistent with crystallization from Py-supersaturated solu
tions under low fluid/rock ratios and non-equilibrium conditions (Craig 
et al. 1998, Cioacǎ et al. 2014, Wu et al. 2021, Liu et al 2023). These 

conditions promote lattice deformities and resulting vacancies, favour
ing the uptake of As, Au, Te (Fig. 9A), and other associated elements 
(Reich et al. 2005, Keith et al. 2018). The characteristics of Py1 
demonstrate these traits, including i) presence of gold inclusions or Au 
nanoparticles, and porous textures; ii) isolated occurrence in intrusive 
units; iii) presence of deformed fabrics and fractures from subsequent 
deformation events; and iv) Ni-Cu-Zn-As lattice-controlled and 
inclusion-controlled As-Te-Au trace-element anomalies (Fig. 6A, 8A, 9). 
The latter are known polymetallic signatures in intrusion-hosted systems 
(Sillitoe and Thompson 1998, Ispolatov et al. 2008) and in magmatic- 

Fig. 10. Concordia diagram for ID-TIMS U-Pb zircon results from Fisher A) Assemblage A Hbl-phyric tuff (PK-19–047) from Footprint. B) Photomicrograph of the 
Assemblage A tuff from Footprint. Left: transmitted light, right: cross-polarized light C) MAC south granodiorite (KE-19–090) Concordia diagram. All uncertainties 
are 2σ. Grey band around represents the Concordia location uncertainty from decay constant uncertainties. Weighted mean age uncertainties X/Y/Z represent the 
sequential inclusion of analytical/tracer/decay constant uncertainties. Insets: Ranked age plots of the 207Pb/206Pb dates from individual crystals. Grey band is the 
weighted mean age and uncertainty. Decay constants are those defined by Jaffey et al. (1971). D) Photomicrograph of the granodiorite sill from Fisher at Mac South. 
Left: transmitted light, right: cross-polarized light.

Table 2 
Rhenium-osmium isotope geochemistry data for two aliquots of Py-001 MD1 and MD2.

Sample Composition Dates (Ma)
Re (ppb) ± 2σ 187Re (ppb) ± 2 s 187Os (ppb) ± 2σ Total common Os (pg) Model Age ± 2σ

20-DBF-001 PY-001 MD1 26.06 0.07 16.38 0.05 0.4877 0.0011 1.4 1761.4 8.4
20-DBF-001 PY-001 MD2 22.56 0.06 14.18 0.04 0.4236 0.0005 1.1 1766.6 7.7
Weighted Mean Age (Ma) ​ ​ ​ ​ ​ ​
Model Age ± 2σ MSWD P ​ ​ ​ ​ ​ ​
1764.2 5.6 0.84 0.36 ​ ​ ​ ​ ​ ​
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Fig. 11. Metallogenic sulfide mineral-gold model for the Fisher property and Santoy Mine Complex, highlighting the characteristics and relative timing of alteration 
and minerals. Sulfide minerals and gold are enlarged in this diagram to portray textural characteristics. A) Pre-D1 Py1 mineralization and associated proposed 
alteration assemblage. B) Rotation of stratigraphy from orogenesis and development of shear zones, late-D2 to early-syn-D3 Py2 mineralization, proposed V1 vein 
generation, and associated distal-proximal alteration. C-D) Syn-late-D3 main-stage Py3a-Py3b-Po1-Au mineralization, V2a and V2b vein generation, and associated 
distal 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 Py3-Po2-Au mineralization at 
E) Fisher and F) Santoy, with an increase in Po2 replacement and Au. Red arrows show remobilized metals.
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hydrothermal Py (Fig. 9; e.g., Sung et al. 2009, Cook et al. 2016, 
Mériaud and Jébrak 2017, Mathieu 2019, Babedi et al. 2022). Accord
ingly, Py1 and associated mineral phases suggest an early component of 
Au-associated Ni-Cu-Zn-As ± Sb-Te polymetallic input from potentially 
magmatic-hydrothermal fluids, particularly as they are hosted by pre- 
D1 intrusions. The new zircon U-Pb age of 1882 ± 2 Ma for the grano
diorite sill on the Fisher property (Fig. 10C) provides a maximum age for 
Py1,which was affected by later deformation events, suggesting trace- 
elements could have been remobilized during recrystallization (e.g., 
D2/M1 and D3 events) (e.g., Sung et al. 2009, Dubosq et al. 2018, George 
et al. 2018).

In contrast to previous studies that interpreted the presence of a 
colloform pyrite at Fisher and Santoy to reflect a late overprinting phase 
during D4 (cf. Wood 2016, Onstad 2021), those studies lacked clear 
overprinting relationships to determine relative timing. This study 
identified a colloform pyrite phase (Py2) that is overprinted by other 
phases and is interpreted to have formed relatively early in the para
genetic sequence. The inclusion-rich nature and colloform textures can 
be characteristic of magmatic-hydrothermal pyrite (Craig et al. 1998, 
Zhang et al. 2017), although this is not diagnostic of its mineral deposit 
setting. Py2 is characterized by its occurrence within sulfide lenses 
adjacent to V2a veins. As such, the textural characteristics of mafic 
schist-hosted Py2 likely represents an early influx of Co-Ni-Cs-W ± Te- 
Au in sulfur-bearing fluids (Mathieu 2019) from which pyrite precipi
tated (Barrie et al. 2009, Atanassova 2010, Shang et al. 2016) during 
late-D2 or early- to syn-D3 deformation (Fig. 11B). However, this phase 
has the lowest abundance of Au-associated elements (As, Ag, Sb, Te, Bi) 
(Fig. 9A), which are typical pathfinder elements in orogenic gold de
posits (Fig. 9; e.g., Belousov et al. 2016, Dubosq et al. 2018, Gao et al. 
2019, Wu et al. 2019, Babedi et al. 2022, Cao et al. 2023).

The textural characteristics of subsequent pyrite phases, such as 
subhedral, moderately cubic, inclusion-rich Py3a, which is enveloped by 
euhedral, cubic, inclusion-poor Py3b, represent a transition in hydro
thermal processes. The presence of numerous inclusions in the slightly 
earlier Py3a phase, may suggest a rapid rate of crystallization (Craig et al. 
1998, Cioacǎ et al. 2014, Wu et al. 2021), or growth via coupled 
dissolution-reprecipitation (Putnis, 2009, Hastie et al., 2020).

Py3b likely crystallized more slowly based on i) inclusion-free and 
euhedral-cubic crystal habit; ii) enveloping mode of Py3b formation 
around Py3a; and iii) the chemical similarity of Py3b, but slight reduction 
in trace element abundances compared to Py3a (Huston et al. 1995, Craig 
et al. 1998, George et al. 2018). Thus, several lines of evidence suggest 
that main-stage orogenic-style mineralization occurred syn-late-D3, with 
the overlap in timing of the Py3 phases, V2 veins, and alteration as
semblages (Fig. 4, 11C, D). The similar chemical characteristics of Py3a 
and Py3b at both the Fisher property and Santoy Mine Complex (Fig. 9A, 
11C,D) suggest they formed in an interconnected system under similar 
conditions. The pyrite minerals have elevated Co-Ni-Pb ± Ag-Te-Au-Bi 
concentrations, which agree with metal associations determined for 
numerous orogenic gold systems (Fig. 9; e.g., Belousov et al. 2016, 
Dubosq et al. 2018, Gao et al. 2019, Wu et al. 2019, Babedi et al. 2022, 
Cao et al. 2023). However, there is a slight difference in element con
centrations between Santoy Py3a and Santoy Py3b phases hosted within 
mafic volcanic rock, with lower Ni along with Co and Au in Santoy Py3a. 
whereas Santoy Py3b exhibits higher Ag, Au and Pb (Fig. 11D).

The textures and chemical variation observed in Py4 suggest hy
drothermal remobilization of metals and sulfur during late-D3 defor
mation (transition to ductile–brittle conditions). Py4 share similar trace 
element patterns at both Fisher and Santoy and is associated with native 
gold and gold inclusions while also exhibiting higher Au concentrations 
(Fig. 9A, 11E,F). This suggests an interconnected hydrothermal system 
during late-D3 deformation. Although Fisher and Santoy Py4 analyses 
show an increase in the concentration of all trace elements, this phase 
exhibits a decrease in Ni in Santoy Py4, and a small decrease in W in all 
Py4. An overall elevated concentration of Ni-Cu-As-Sb-Pb ± Ag-Te-Au-Bi 
(Fig. 9B,C) suggests interaction of hydrothermal fluids with previous 

sulfide phases (Py1-3b,), resulting in a homogenization of their 
geochemical compositions. Concentrations of Au, along with As-Ag-Bi 
are significantly higher in Santoy Py4, however, similar relationships 
with Au have also been observed in other gold deposits (Hastie et al., 
2020). Although continuous D3 deformation and the consequent 
episodic fluid injections and remobilization are interpreted to be broadly 
consistent along the Santoy shear system, this discrepancy in 
lattice-bound Au and associated elements is attributed to more active 
fluid fluxing at Santoy.

At Santoy, there is a significantly higher modal amount of native gold 
and pyrrhotite observed in comparison to the Fisher property (Beaudin 
et al. 2024; illustrated in Fig. 11F). We interpret this to be related to 
higher fluid flux during and after D3 deformation associated with the 
Santoy shear system, which provided longer-lived structural conduits to 
facilitate hot fluids that could explain higher heating at Santoy relative 
to Fisher (Cox et al. 2001). Two distinct alteration-associated trends in 
amphibole compositions at Santoy also support this (Beaudin et al. 
2024). The local replacement of Py4 and Py3b phases with Po2 and Po1- 
Po2, respectively, and association with an increase in native gold 
mineralization at Santoy, further alludes to the evolving and longer- 
lived nature of these hot fluids throughout D3 deformation. This 
mineralogical relationship, as well as the similar trace-element patterns 
between Fisher and Santoy Po2, suggest that these fluids were likely 
cogenetic, leading to formation/precipitation of Po2 with a high Co-Ni- 
Pb-Ag ± Au-Te-Bi concentrations during late-D3. The presence of Au and 
Te (0.01–8.96 and 12.59–48.70 ppm, respectively) within the Po2 lattice 
and increased occurrence of gold inclusions (up to 1367 ppm) also 
indicate an association between the release of Au from the pyrite 
structure and replacement by pyrrhotite. Wood (2016) suggested that a 
zone of low pressure had been established at Santoy, linked to a 
compressional jog (buttressed by the Packman Lake pluton), which 
increased fracture density and facilitated fluid flow during D3 (Cox et al. 
2001). Thus, the higher fluid flux at Santoy during late-D3 deformation 
could promote the replacement of pyrite by pyrrhotite, which would i) 
be associated with the release of lattice-bound Au within Py phases that 
would be upgraded and further remobilized during syn-late-D3 defor
mation; ii) precipitate the gold in preferential areas of low pressure; and 
iii) potentially result in higher grade gold mineralization at Santoy.

The interconnectivity between hydrothermal activity at Fisher and 
Santoy, as suggested by consistent sulfide mineral characteristics, tex
tures, and mineralogical associations during the evolution of the system 
(Fig. 11), and similarities in trace-element compositions (Fig. 9A), is also 
supported by similar host rock lithologies, characteristics, and fabrics 
(Onstad 2021, Beaudin et al. 2024) and similar alteration assemblages, 
comprising distal Ser-Bt-Chl-Czo ± Ab, Ttn to vein to coarse-grained Di- 
Kfs-Ab-Act ± Ap, Ttn calc-silicate alteration (syn-late-D3) (Beaudin et al. 
2024). Additionally, we previously documented a change in major and 
minor elements within Fisher and Santoy alteration minerals associated 
with progressive alteration and mineralization (Beaudin et al. 2024). 
These mineralogical changes are similar to other orogenic gold systems, 
corresponding with the orogenic trace-element compositions identified 
in dominant sulfide phases in this study (Py2, 3a, 3b, 4). Furthermore, 
Beaudin et al. (2024) identified similar geothermobarometric con
straints of fluid conditions between the Fisher property and Santoy Mine 
Complex (Fisher: ~310-320◦C, 3 kbar; Santoy: ~360◦C, 2–3 kbar under 
cooling conditions), which are comparable to the 366-386◦C and 
1.1–2.5 kbar conditions determined for the Seabee gold deposit by a 
fluid inclusion study (Tourigny et al. 2004) and between 360 and 430◦C 
based on a stable isotope study (Schultz, 1996). These fluid conditions 
during mineralization are similar to other orogenic gold systems 
(Goldfarb and Groves, 2015) and therefore are consistent with an 
orogenic-style model for main-stage late D3 mineralization at the Seabee 
Gold Operation.
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5.2. Age constraints

Comparable features between the Fisher property and Santoy Mine 
Complex indicate an interconnected gold-mineralizing system along the 
Santoy shear system. According to the lithological and structural 
framework, Assemblage A and intrusive host rocks at both Fisher and 

Santoy underwent similar deformation along the Santoy shear system (e. 
g., Stauffer 1984, Lewry and Collerson 1990, SRK Consulting 2017, 
Onstad 2021). Additionally, the Assemblage A Footprint tuff U-Pb age of 
1885.58 ± 0.8 Ma in this study (Fig. 10A) provides the first direct age of 
the Assemblage A volcanic package, which was previously only con
strained with a minimum age of ca. 1879 Ma by the cross-cutting Laonil 

Fig. 12. Time-event chart highlighting significant events in the Pine Lake greenstone belt relative to rocks elsewhere in the Glennie domain. Red outlined boxes 
represent geochronologic constraints defined in this study. Volcanism ages from this study, Durocher et al. (1992), Stern et al. (1999), and Witvoet (2023). Sediment 
ages from Ansdell and Kyser (1992), Durocher et al. (1992), Ansdell (1993), Zwanzig (1999), and Maxeiner and Kamber (2011). Labels A-E represent Glennie domain 
plutonism suites from Wood (2016). Intrusion ages from this study, Bickford et al. (1987), Van Schmus et al. (1987), Chiarenzelli (1989), and Wood (2016). U-Pb 
hydrothermal Ttn age from Wood (2016). Peak metamorphic age from Schneider et al. (2007). Mineralization ages from Ansdell and Kyser (1992), Thomas and 
Heaman (1994), Fayek and Kyser (1995), Hrdy and Kyser (1995), Fedorowich et al. (1995), He (1997), Lafrance (1999), Lafrance and Heaman (2004), Morelli and 
Maclachlan (2012), Wood (2016), and Lawley (2020,2023).
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Lake intrusive complex (Witvoet, 2023).
In this study, gold-associated, LLHR Py4 was dated by Re-Os 

geochronology at ca. 1764.2 ± 5.6 Ma (Table 2). This defines the 
proxy-age of a remobilized gold mineralization event at Fisher (Fig. 11E) 
and constrains the latter stages of mineralization spanning from syn to 
late-D3. This Re-Os age overlaps with the 1756 ± 8/9.76 Ma U-Pb age of 
calc-silicate-associated titanite at the Santoy deposit, which is inter
preted as an alteration mineral that formed at the same time as gold 
(Wood 2016). These two ages are consistent with synchronous and 
connected hydrothermal activity that reflects gold remobilization at the 
Fisher property and Santoy Mine Complex. The earlier pyrite genera
tions have not been dated directly. We interpret Py1 as early and pre- 
deformation (Fig. 4), whereas Py2, Py3a,3b formed during D2 and D3 
deformation which are more closely related in time to peak regional 
metamorphism (Fig. 4). Thus, there is likely a direct linkage between the 
production of metamorphic fluids in the crust and the main-stage 
orogenic-style mineralization. The ca. 1764 Ma Re-Os age of remobi
lized gold-associated Py4 significantly post-dates peak metamorphism 
(ca. 1810 Ma; Schneider et al., 2007) and implies a time-disconnect 
between the favored orogenic-style model and associated meta
morphic fluids from devolatilization. This discrepancy could be a result 
of either diachronous metamorphism at different levels in the crust 
(Goldfarb et al. 2005), or the presence of sub-crustal fluids from the 
devolatilization of lithospheric mantle related to the final cessation of 
slab subduction (Seno and Kirby, 2014, Goldfarb and Groves 2015). 
Further studies are needed to delineate the composition and source of 
fluids associated with the Py4 yielding the ca. 1764 Ma age.

5.3. Tectonic context within the Trans-Hudson orogen

Orogenic-style gold mineralization occurs throughout the evolution 
of the Reindeer zone of the Trans-Hudson orogen (Fig. 12) (Corrigan 
et al. 2007). Accreted terranes during early stages of the Reindeer zone 
evolution (ca. 1.88–1.865 Ga) included variably auriferous, volcanic- 
hosted massive sulfide deposits (Fig. 1), as well as possible epigenetic- 
, and porphyry-style mineralization, but orogenic-style gold-minerali
zation was not present at this stage (Corrigan et al. 2007, Morelli and 
Maclachlan 2012). In the earliest (ca. 1.88 to 1.87 Ga) phase of the Pine 
Lake greenstone belt, Assemblage A hosts Au-bearing Py1, suggesting an 
early magmatic-hydrothermal introduction of gold associated with 
Assemblage A intrusions (Fig. 12) (e.g., ca. 1874 Ma Santoy ore adjacent 
dyke; Wood 2016, ca. 1882 Ma Fisher granodiorite sill, this study). In 
this study, early colloform Py2 was identified to be associated with 
sulfide-gold mineralization (Py3a, 3b-Cpy2-Po1-Au), alteration assem
blages, and V2a and V2b veins, thus providing evidence for an additional 
early introduction of gold (Fig. 12). This stage of mineralization along 
the Santoy shear system is thus proposed to have occurred during the 
onset of late- to post-collisional regional D3 (ca. 1.80–1.78 Ga; Corrigan 
et al. 2007, 2009. Other studies have recognized early orogenic-style 
gold mineralization during regional D2 deformation based on Re-Os 
model age of 1824 ± 12 Ma for arsenopyrite within an auriferous 
quartzvein at the MacLellan deposit in the Lynn Lake belt (Lawley et al. 
2020) structural relationships at the New Britannia deposit in the Flin 
Flon belt (Rubingh et al. 2024), and paragenetic relationships at the 
Porky deposits in the Seabee Gold Operation area (Dixon et al. 2026).

Regional orogenic-style mineralization throughout the Reindeer 
zone also occurs during the D3 late- to post collisional deformation (ca. 
1800–1735 Ma) (Corrigan et al. 2007, Morelli and Maclachlan 2012). In 
this study, main-stage orogenic mineralization during syn-late-D3 (ca. 
1780–1755 Ma) is defined by structurally-controlled Py3a, 3b-Cpy2-Po1- 
Au mineralization within- and adjacent to V2a and V2b veins (Fig. 12). 
Similar characteristics of mineralization, alteration assemblages, and 
timing of gold mineralization are also apparent from numerous La 
Ronge-Lynn Lake belt and Flin Flon domain studies. This includes i) the 
ca. 1720 Ma Jasper deposit and ca. 1740–1750 Ma Star Lake deposit (He 
1997) in the La Ronge domain (Fayek and Kyser 1995, Hrdy and Kyser 

199); ii) the ca. 1769–1751 Ma Rio deposit (Ansdell and Kyser 1992) and 
ca. 1795–1787 Ma Tartan Lake deposit (Fedorowich et al. 1995) in the 
Flin Flon domain; and iii) the 1782 ± 16 Ma MacLellan gold deposit 
within the Lynn Lake belt (Lawley et al. 2020). During the later stages of 
D3 deformation in the Reindeer zone continual fluid focussing and hy
drothermal activity along reactivated structures potentially triggered 
remobilization throughout many deposits in the Reindeer zone 
(Lafrance and Heaman 2004, Corrigan et al. 2007, Morelli and Macla
chlan 2012). In this study, fracture-controlled Py4-Po2-Cpy3-Au-Ttd-Tbi 
mineralization represents the continual influx of fluids and consequen
tial remobilization during progressive D3 deformation (1755–1736 Ma) 
in the Pine Lake greenstone belt and overprinting of earlier minerali
zation (Figs. 11, 12). Additionally, the 1764.2 ± 5.6 Ma Re-Os model 
age determined for Fisher LLHR Py and 1756 ± 8 Ma U-Pb age for gold 
associated hydrothermal titanite at Santoy (Wood 2016) agree with 
these ages and suggest that gold mineralization and remobilization was 
a prominent factor during late- to post collisional D3 deformation in the 
Reindeer zone.

6. Conclusion

In summary, host rocks along the Santoy shear system, including the 
Santoy Mine Complex and Fisher property at the Seabee Gold Operation, 
portray characteristics of an interconnected multi-stage mineralizing 
system, within a greenschist- to lower amphibolite-grade Paleoproter
ozoic greenstone belt. Aspects of gold mineralization within this overall 
orogenic system, however, were complex and included an early intro
duction of Au, and growth of Py1, from a potential magmatic- 
hydrothermal source prior to metamorphism. The Assemblage A vol
canic and intrusive rocks in the Pine Lake greenstone belt host coeval 
sulfide mineral phases in the Fisher property and Santoy Mine Complex. 
Pre- to early-syn-D3 influx of fluids, likely generated during the early 
stages of regional metamorphism led to the growth of Py2, which in 
places exhibits a colloform texture, and preserve generally low con
centrations of trace metals. The main-stage V2a and V2b veins, distal- to 
vein-adjacent alteration, and Py3a, 3b-Cpy2-Po1-native gold mineraliza
tion formed during syn- late-D3, Py3ais inclusion-rich, and has elevated 
trace metal concentration, whereas Py3b is inclusion-free and often 
overgrows Py3a Continued flux of fluids during late-D3 caused the 
remobilization of metals from earlier sulfides, including Au, and pre
cipitation of fracture filling Py4-Po2-Cpy3- native gold-Ttd-Tbi mineral
ization. Our new Re-Os age of 1764.2 ± 5.6 Ma from Py4 provides a 
constraint on the timing of this late remobilization event. Additionally, 
structural features at Santoy likely produced a higher degree of focused 
fluid fluxes relative to the Fisher property, which bolstered pyrite 
replacement by pyrrhotite under changing physio-chemical parameters, 
amplified the release of invisible Au, and produced higher modal 
pyrrhotite-native gold at the Santoy Mine Complex.

Recent metallogenic studies in the Reindeer zone of the Trans- 
Hudson orogen have revealed multi-stage mineralizing processes in 
orogenic systems, resulting from a complex evolutionary history. Most 
studies have highlighted the development of orogenic gold deposits 
during the latter stages of the closure of the Manikewan Ocean associ
ated with late-post collisional deformation, spanning from D2 to late-D3, 
respectively. Our results provide support for orogenic-style mineraliza
tion during these deformation events, and thus are in agreement with 
the relative timing of other orogenic gold deposits in the Reindeer zone, 
such as those in the La Ronge, Lynn Lake, and Flin Flon domains, as well 
as the Porky deposits in the Seabee Gold Operation area (Dixon et al. 
2026). Additionally, we document an early stage which may be related 
to a magmatic-hydrothermal fluid, previously unrecognized, that 
introduced gold into the Santoy shear system during the early stages of 
mineralization. This provides further support for the existence of earlier 
stages of pre-D2 gold mineralization, which are rarely preserved, within 
other orogenic-dominated systems across the Reindeer zone, related to 
the complex collisional history during the closure of the 
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