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Abstract

Late-stage metamorphic (ca. 2.64 Ga) and punctuated magmatic-hydrothermal mineralization models (2.67-2.64 Ga) are pro-
posed for gold mineralization in the Kalgoorlie gold camp (~2300 t Au; Archean Yilgarn craton, Western Australia). We pre-
sent structural, whole-rock geochemical, pyrite trace element, and multiple sulfur isotope data to evaluate these models. Both
the Fimiston and Hidden Secret lodes were emplaced in ca. 2675 Ma D,, transtensional settings as releasing bends developed
along the Golden Mile and Towns faults, respectively, and are related to the ingress of a H,0-CO,-Au-Te-As-S-K-Rb-Ba
fluid concomitant with the intrusion of andesitic dikes. In the Hidden Secret orebody, this magmatic-hydrothermal fluid
evolved from an early, As-enriched, greenstone-buffered fluid during the formation of disseminated pyrite mineralization
(8S pyrite =3-42 10 3.85%0; APS 151, =0.25 10 0.43%0) to an Ag-Cu-Pb-Sb-Te-TI-V-Zn—enriched fluid during the develop-
ment of banded quartz-carbonate-sericite-pyrite veins (634Spyrite= -10.74 t0-0.17%o; A33Spyrite=0.06 to 0.19%o0). Oroya
gold-telluride lode mineralization formed during later, ca. 2660 Ma D, transpression from a V-S—Au-Ag-Hg-Te—enriched
magmatic-hydrothermal fluid represented by 634Spyme= -11.56%o¢ to-4.96 and A33Spyme =0.08 to 0.17%o. The Fimiston/
Hidden Secret and Oroya mineralization events record oxidized magmatic-hydrothermal fluids represented by 634Spyn~te <0%o
and A3SSpyri[e~ 0.0 to 0.2%o. These oxidized magmatic-hydrothermal fluids interacted with surrounding wall rock, which
lowered fluid fO, and buffered 634Spyrite/A33Spyrile values to 634Spyme= ~1to 5%0/A33Spyme= ~0.2 to 0.7%o in greenstone
rock environments and to 634Spyme =~1to 5%0/A33Spyrite = ~ £0.3%0 and > 0.7%o in black shale environments. Anomalous
A% values in ore-stage sulfides formed locally due to the incorporation of sulfur during fluid-wall rock interaction. The
early, magmatic-hydrothermal Fimiston/Hidden Secret and Oroya gold-telluride lodes differ texturally, geochemically, and
mineralogically from the D5 Mt. Charlotte stockwork veins, which formed subsequent to ca. 2650 Ma and better adhere to
a late-stage metamorphic devolatilization model.
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Introduction

The sources of fluids and metals in orogenic gold deposits
are controversial, with various models including supra-crus-
54 Jordan A. McDivitt tal metamorphic sources (Phillips and Groves 1983; Groves
jordan.medivitt@research.uwa.edu.au and Phillips 1987; Phillips and Powell 2010; Tomkins 2010;
Large et al. 2011; Goldfarb and Groves 2015; Selvaraja et al.
Centre for Exploration Targeting, School of Earth Sciences, . .
e : o ° 2017; Laflamme et al. 2018), sub-crustal, oceanic slab- and
University of Western Australia, 35 Stirling Highway, . )
Crawley, WA 6009, Australia sedimentary wedge-derived sources (Goldfarb and Groves
. L . 2015; Groves et al. 2020), mantle sources (Colvine et al.
Centre for Microscopy, Characterisation, and Analysis, R .
University of Western Australia, 35 Stirling Highway, 1988; Cameron 1988; Hronsky et al. 2012), intrusion-related
Crawley, WA 6009, Australia sources (Gustafson and Miller, 1937; Mueller et al., 1988;
School of Earth and Planetary Science, John de Laeter Cameron and Hattori 1987; Burrows and Spooner 1987;
Center, Curtin University, Perth, WA 6845, Australia Clout 1989; Spooner 1993; Robert 2001; Bateman and
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Hagemann 2004; Mueller 2007; Ispolatov et al, 2008; Kend-
rick et al. 2011; Xue et al. 2013; Mueller and Muhling 2013;
Doublier et al. 2014; Mueller and Muhling 2020; Mueller
et al. 2020a), and a combination of the above (Kerr et al.
2018; McDivitt et al. 2018; Thébaud et al. 2018; Masurel
et al. 2019; McDivitt et al. 2020) proposed. A key issue
fueling the controversy is the presence or absence of multi-
ple mineralization events and how far in time these events
are spaced. For example, the presence of a singular, late-
stage gold mineralization event is compatible with conven-
tional metamorphic devolatilization models (i.e., Phillips
and Groves 1983; Groves and Phillips 1987; Phillips and
Powell 2010) and similarly more recent models that invoke
sub-crustal, oceanic slab- and sedimentary wedge-derived
fluids (Goldfarb and Groves 2015; Groves et al. 2020). The
presence of multiple mineralization events that differ in their
structural and metamorphic timings are more difficult to rec-
oncile with the aforementioned models, as they implicate
multiple fluid events which potentially differ in their genesis
and thus are not as easily explained by a singular, late-stage
metamorphic devolatilization event (e.g., McCuaig et al.
2001; Robert et al. 2005; Bateman et al. 2008; Dubé et al.
2017; McDivitt et al. 2017, 2018; Kerr et al. 2018; Thébaud
et al. 2018, 2020; Masurel et al. 2019). In some cases, the
term “broadly synchronous” has been applied to reconcile
the presence of multiple mineralization events with a sin-
gular, late-stage metamorphic devolatilization event (e.g.,
Vielreicher et al. 2010, 2016). However, there is an issue
with this reconciliation as studies suggest that the multiple
mineralization events may be punctuated over 10s of Ma
(Bateman and Hagemann 2004; Robert et al. 2005; Dubé
et al. 2017; Thébaud et al. 2018; Mueller et al., 2020b),
which disfavors the formation of multiple mineralization
events due to a singular, late-stage metamorphic devolatili-
zation event. This is further complicated by the interpreta-
tive nature of geochronological data, namely, the considera-
tion of geochronological ages as primary, inherited, or reset
(e.g., Robert et al. 2005; McDivitt et al. 2020). What may be
considered a primary age by one worker may be interpreted
as an inherited or reset age by another, leading to various
interpretations in the absolute timing of mineralization (e.g.,
Vielreicher et al. 2015a, b; Bateman and Jones 2015).

Gold mineralization in the Kalgoorlie gold camp (~2300 t
Au; Yilgarn craton, Western Australia; McDivitt et al. 2020)
is considered a type example of orogenic gold mineraliza-
tion (Hagemann and Cassidy 2000). The immense endow-
ment of the camp has led to the proposition that it records
the optimization of typical orogenic ore-forming processes
associated with late-stage, metamorphic devolatilization of
supra-crustal or sub-crustal volcano-sedimentary succes-
sions (Phillips 1986; Phillips et al. 1987, 1996; Groves et al.
2016; Vielreicher et al. 2016). Although mineralization in
the camp is considered archetypal orogenic mineralization,
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the controversies and difficulties outlined in the preceding
paragraph are well-exemplified. For example, the different
mineralization types in the camp (Fimiston, Hidden Secret,
Oroya, Mt. Charlotte) are considered by some workers to
be broadly synchronous at ca. 2.64 Ga (Vielreicher et al.
2010, 2016) and by others to have formed via punctuated
mineralization events from ca. 2.67 to 2.64 Ga (Bateman
and Hagemann 2004; Robert et al. 2005; Mueller 2020a).
Those that prefer broadly synchronous mineralization at ca.
2.64 Ga tend to invoke metamorphic fluids in the forma-
tion of mineralization (Vielreicher et al. 2010, 2016). In
contrast, those that favor punctuated mineralization from
ca. 2.67 to 2.64 Ga suggest magmatic-hydrothermal fluid
models for the Fimiston and Oroya mineralization types
(Mueller et al., 1988; Clout 1989; Bateman and Hagemann
2004; Mueller 2007; Mueller and Muhling 2013; Mueller
and Muhling 2020; Mueller et al. 2020a). The geochemi-
cal data from the different mineralization types is variably
interpreted to record a broadly synchronous hydrothermal
system (Vielreicher et al. 2016) or to record multiple punctu-
ated hydrothermal systems (Bateman et al. 2001a; McDivitt
et al. 2020). Therefore, the Kalgoorlie gold camp provides
an excellent setting to provide insight into key issues fuelling
controversy for genetic and timing models in orogenic gold
systems. For this purpose, we present new structural and
geochemical data (hydrothermal alteration mass balance,
LA-ICP-MS and SIMS for trace elements and multiple sul-
fur isotopes in pyrite, respectively) for the well-character-
ized Fimiston and Oroya gold-telluride lode mineralization
types as well as the poorly characterized Hidden Secret gold-
telluride lode mineralization type from the newly discovered
lower Hidden Secret orebody. The Hidden Secret gold-tel-
luride lodes have not been studied in the same detail as the
other mineralization types in this camp, and their structural
timing, geochemical nature, and relationship to other min-
eralization types are largely unconstrained. Additionally,
most samples of Oroya mineralization that have been stud-
ied in detail come from the Oroya shoot area in the Paringa
South mine (e.g., Radtke 1963; Godefroy-Rodriguez et al.,
2020a; Godefroy-Rodriguez et al., 2020b; Mueller 2020b;
Mueller et al. 2020a), proximal to the Oroya Shale interflow
sedimentary rock horizon, with the latter interpreted to have
a significant influence on the geochemistry of mineraliza-
tion (Mueller et al. 2020a). Access to the newly discovered
underground Hidden Secret orebody as well as Oroya miner-
alization recently exposed at depth in the Golden Mile Super
Pit, distal from the Oroya shoot area, provides new evidence
for the punctuated or synchronous nature of mineralization
in the Golden Mile and constrains genetic models for the
broader orogenic gold deposit class. Furthermore, the ability
of geochemical data to discriminate different mineraliza-
tion events, fingerprint genetic processes, and constrain the
source components of gold mineralization in orogenic gold
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deposits is scrutinized by this study, with cautionary aspects
regarding the use of the A%S parameter emphasized.

Geologic setting and gold mineralization
Geologic setting

Gold deposits of the Kalgoorlie gold camp (Fig. 1A) com-
prise the super-giant Golden Mile Super Pit (~1780 t Au
produced), which hosts the high-grade Oroya shoot (> 62 t
Au produced), as well as the Mt. Charlotte (~ 155 t Au pro-
duced), Mt. Percy (~8 t Au produced), and Hidden Secret
(~2.4 t Au) orebodies (Mueller 2015, 2020a; McDivitt et al.
2020). The deposits are exposed in a window of Kambalda
Sequence stratigraphy through the overlying Kalgoorlie
Sequence (Fig. 1B; Hand 1998; Krapez et al. 2000; Krapez
and Hand 2008), where ultramafic and mafic dolerite sills
have intruded the volcano-sedimentary pile. These include
the 2685 +4 Ma (20) Golden Mile Dolerite (U-Pb SHRIMP
zircon; Tripp 2013), the 2696 + 5 Ma (20) Williamstown
Dolerite (U-Pb SHRIMP zircon; Fletcher et al. 2001), and
the undated Aberdare, Federal, and Eureka dolerites (Clout
1989; Bateman et al. 2001b). From oldest to youngest,
Kambalda Sequence stratigraphy comprises the Hannan
Lake Serpentinite (2708 +7 Ma (20); U-Pb SHRIMP zir-
con; Nelson 1997), the Devon Consols Basalt, the Kapai
Slate (2692 +4 Ma (20); U-Pb SHRIMP zircon; Claoué-
Long et al. 1988), and the Pargina Basalt. The upper ter-
mination of the Kambalda Sequence is marked locally by
the Oroya Shale horizon and tholeiitic basalts of the Lower
Black Flag Group (Fig. 1B; Clout et al. 1990; Bateman
et al. 2001b; Mueller et al. 2020b). The latter comprises ca.
2690-2680 Ma volcanic sandstone, siltstone, and sulfide-
rich black shale (Squire et al. 2010; Mueller 2015; Mueller
et al. 2020b) and demarcates the transition to the Kalgoor-
lie Sequence. The Kalgoorlie Sequence consists of Lower
and Upper Black Flag Groups, with the boundary between
the Lower and Upper Black Flag Groups represented by the
Gidji Lake unconformity (Tripp 2013, 2014). The Upper
Black Flag Group comprises turbididic mudstones, silt-
stones, sandstones, tuff, agglomerate, and intermediate
to felsic volcanic flow rocks (Woodall 1965; Eaton 1986;
Clout et al. 1990). Late-stage porphyry dikes cross-cut the
Golden Mile Dolerite and Lower Black Flag Group in the
Golden Mile Super Pit (Fig. 2A—C). These dikes include ca.
2675 Ma (U-Pb SHRIMP zircon), leucocratic, quartz-feld-
spar-phyric porphyries as well as mesocratic, hornblende-
phyric porphyries and melanocratic lamprophyres, with the
latter two dike types interpreted to have been emplaced from
ca. 2675 to 2640 Ma (U-Pb SHRIMP zircon; Woods 1997,
Yeats et al. 1999; Gauthier et al. 2004; McNaughton et al.
2005; Vielreicher et al. 2010).

Various deformation schemes for the camp (i.e., Mueller
et al. 1988; Swager 1989; Bateman and Hagemann 2004;
Weinberg et al. 2005; Mueller 2015, 2020a) have been sum-
marized and re-interpreted in McDivitt et al. (2020) and inte-
grated with local and regional geochronological constrains
on the timing of deformation provided by Krapez et al.
(2000), Fletcher et al. (2001), Ross et al. (2004), Gauthier
et al. (2004), Mueller (2007), Tripp (2013), and Mueller
et al. (2020b). Further work by McDivitt et al. (2021a)
refines the deformation history of the camp as follows:
early D, fold-and-thrust-type deformation, when structures
such as the Golden Mile fault zone and Kalgoorlie anticline
(Fig. 1A) formed, is constrained with a maximum age of
2684 +5 Ma (20; U-Pb SHRIMP zircon; Tripp 2013) and a
minimum age of 2680 +3 Ma (2¢; U-Pb SHRIMP zircon;
McDivitt et al. 2021a). Regional D, sinistral transpression
from ca. 2675 to 2655 Ma (McDivitt et al. 2020) is sub-
divided locally into the following (McDivitt et al. 2021a):
D,, sinistral strike-slip at 2680 + 3 Ma (26; U-Pb SHRIMP
zircon; McDivitt et al. 2021a); D, sinistral transtension at
ca. 2675 Ma; and D, sinistral-reverse deformation at ca.
2660 Ma. Late, N- to NNE-tending D; dextral faults formed
from ca. 2650 to 2640 Ma.

Gold mineralization

Fimiston lodes are preferentially NW-striking, steeply dip-
ping (ESM Fig. 1A) banded, brecciated, colloform, and
crustiform carbonate-quartz vein zones with sulfides (pre-
dominantly pyrite), sulfosalts (tennantite-tetrahedrite + enar-
gite), magnetite, hematite, telluride minerals, and native gold
(Clout et al. 1990; Mueller 2007; Godefroy-Rodriguez et al.,
2020a; Mueller, 2020a). They are surrounded by proximal
and distal alteration zones comprising sericite-ankerite-
siderite-quartz-hematite-pyrite-telluride and ankerite-seric-
ite-quartz-pyrite, respectively (Clout et al. 1990; Bateman
and Hagemann 2004). The lodes are deformed by a NNW-
striking sub-vertical cleavage (ESM Fig. 1B; Gauthier et al.
2004; McDivitt et al. 2020) and sub-divided on the basis
of their orientation (Fig. 2B) into Main lodes (140/60-75;
150/90), Caunter lodes (120/70-60; 104/80-60), and Cross
lodes (026/90) (Travis et al. 1971; Bateman and Hagemann
2004; Mueller 2020a). These various lode orientations are
interpreted to record Riedel shear zone-type structures
formed during D, sinistral transcurrent shearing (Mueller
et al. 1988; Mueller 2020a). More recently, it has been sug-
gested that the Fimiston lodes formed within a ca. 2675 Ma
D,,, sinistral transtensional environment related to the devel-
opment of a releasing bend during sinistral shearing along
the Golden Mile fault zone (McDivitt et al. 2021a).
Mineralization in the Hidden Secret area (Fig. 1A)
includes that from the historic upper Hidden Secret ore-
body (~ 1.2 t Au produced; Feldtmann 1916; Keats 1987;
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«Fig. 1 After McDivitt et al. (2020). A Camp-scale geologic map pro-
duced from KCGM mapping and compilation. The location of the
Gidji Lake Unconformity is from G.I. Tripp (personal communica-
tion, 25/07/2019). Gold deposits of the Kalgoorlie gold camp (the
Golden Mile, Mt. Charlotte, Hidden Secret, and Mt. Percy depos-
its) as well as the Oroya shoot are shown as yellow dots. Stereonets
(lower hemisphere, equal area) are produced from the KCGM data-
base of oriented drill core and display contoured poles (1% area;
start=2%; contour intervals=2%) of planar features. Upper left ste-
reonet shows poles to regional cleavage measurements and trends
of camp-scale structures such as the Golden Mile fault (GMF),
Boulder-Lefroy fault (BF), Boomerang anticline (BA), and late, N-
to NNE-tending dextral faults. The upper right stereonets display
poles to bedding planes and lithologic contacts. Map coordinates
in UTM zone 51 J, WGS84 datum. The thrust kinematics indicated
for Boulder-Lefroy fault and other NW- to NNW-striking faults may
record late, ENE-WSW bulk shortening superimposed on earlier
sinistral strike-slip faults (Mueller et al., 2020b). B Scaled strati-
graphic column depicting the volcanic, sedimentary, and intrusive
rocks of the Kalgoorlie gold camp in the context of geochronologi-
cal age constraints. Stratigraphic nomenclature after Krapez et al.
(2000); reported radiometric ages are U-Pb SHRIMP zircon (20)
from Claoué-Long et al. (1988), Kent and McDougall (1995), Nelson
(1997), Fletcher et al. (2001), and Tripp (2013)

Mueller 2020a) and the newly discovered lower Hidden
Secret (~2.4 t Au), which is the subject of this study.
Hidden Secret-type gold-telluride lode mineralization is
located in the lower Hidden Secret orebody at the S-folded
contact between the Devon Consols Basalt and the Wil-
liamstown Dolerite at the Kapai Slate interflow sedimen-
tary rock horizon on the steeply dipping western limb of
the Kalgoorlie anticline, which plunges ~20° SE (Fig. 3A,
B; Fitzgerald and Nixon 2016). Hidden Secret lodes com-
prise banded quartz-carbonate-sericite veins containing
pyrite, chalcopyrite, galena, sphalerite, pentlandite, sulfo-
salts, tellurides, and gold surrounded by proximal quartz-
carbonate-sericite-fuchsite and distal carbonate-quartz-
sericite-chlorite alteration zones (Verbeeten 2014; Sellman
2016). The Hidden Secret lodes differ from the Fimiston
lodes by higher hessite (AgTe) and petzite (AuAg;Te;) and
lower calaverite (AuTe,) concentrations, which is reflected
geochemically by higher Ag:Au ratios and a stronger
Au—Ag correlation in the Hidden Secret lodes (Simpson
and Gibson 1912; Keats 1987; Mueller and Muhling 2013;
Fitzgerald and Nixon 2016; Sellman 2016; McDivitt et al.
2020). The Hidden Secret lodes are similar in orientation
to the Fimiston lodes and are NW-striking and sub-vertical
to steeply SW dipping (ESM Fig. 1C), with zones of high-
grade ores that plunge ~40° to 150°. Like in the Golden
Mile, a prominent NNW-striking, sub-vertical cleavage is
well-defined in the lower Hidden Secret orebody (ESM
Fig. 1D).

Oroya-type mineralization is a gold-telluride lode
mineralization type that is best characterized in the
Oroya shoot area (Fig. 2A), where shallowly plung-
ing ore shoots occur in proximity to the Oroya Shale

horizon at the Golden Mile Dolerite-Paringa Basalt
interface. The Oroya shoot plunges 15°-30° SE and is
bound by the NW-striking and SW-dipping Oroya hang-
ing wall and footwall D, thrust faults (Lungan 1986;
Mueller et al. 1988; Muller and Muhling 2020); these
thrust faults cross-cut and offset earlier D,, Fimiston
lode structures (Mueller 2020a). Oroya mineraliza-
tion is distinguished by deep-green, quartz-sericite-
carbonate-pyrite-telluride-nolanite-titanium vanadate-
vanadium muscovite Green Leader alteration (Tomich
1958; Nickel 1977; Eaton 1986).

Mt. Charlotte-type stockwork veins are another min-
eralization type in the camp. They are most prevalent
in the Mt. Charlotte area (Fig. 1A; Clark 1980; Clout
et al. 1990; Ridley and Mengler 2000; Mueller 2015)
where they constitute the Charlotte, Reward, Northern,
and Maritana orebodies. The stockwork veins comprise
planar quartz-carbonate-sericite-albite-scheelite-sulfide-
gold veins (Clark 1980; Clout et al. 1990; Ridley and
Mengler 2000; Mueller 2015). The veins occur as steeply
NW- or SE-dipping and shallowly to moderately N-dip-
ping sets (ESM Fig. 1E, F; Clout et al. 1990; Ridley and
Mengler 2000). The veins are surrounded by yellow-gray
(bleached) ankerite-sericite-albite-pyrite-siderite-rutile
alteration halos that become increasingly pyrrhotite and
albite rich at depth (Clark 1980; Mernagh et al. 2004;
Bateman and Hagemann 2004; Mueller 2015). The Mt.
Charlotte-type stockwork veins are interpreted to have
formed late during D; (McDivitt et al. 2021a).

Methods

The analytical methods utilized in this manuscript are
outlined in detail in the Electronic Supplementary Mate-
rial (ESM) Appendix 1. Samples for microscopic, geo-
chemical, and microstructural analysis were collected
during lode-scale mapping of the Golden Mile Super Pit,
particularly the deep levels below 500 m depth, and the
underground Hidden Secret orebody at the 230-430 m ref-
erence levels (RLs). Polished thin sections were studied in
transmitted and reflected light, and analyzed using back-
scattered electron imaging (BSE) and energy-dispersive
spectroscopy (EDS).

Samples collected from location 2 in the Super Pit
(Fig. 2A) for hydrothermal alteration mass balance cal-
culations include Fimiston- and Oroya-altered (proximal)
Golden Mile Dolerite (Unit 8) as well as least-altered
Golden Mile Dolerite (Unit 8). Additional Fimiston-
altered (proximal) Golden Mile Dolerite (Unit 9) and
least-altered Golden Mile Dolerite (Unit 9) were col-
lected from DDH OLGDO001G (Fig. 1A). In the Hid-
den Secret area, altered (proximal and distal) and
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Fig.2 A Geologic map of the Golden Mile Super Pit. The red dots
labeled 1 and 2 denote the Fimiston lode exposures documented in
this study. B The distribution of Fimiston lodes in the Super Pit as
recorded by historic underground mapping. The rose diagram dis-
plays the relative frequency of different lode orientations as deter-

least-altered Williamstown Dolerite was collected from
DDH TFUDO0036 (Fig. 1A), and porphyry dike samples
were collected from the underground Hidden Secret ore-
body. Rock samples were analyzed for whole-rock geo-
chemical data at ALS in Perth. Mass balance calculations
utilized the procedures outlined by Grant (1986) and
Huston (1993). The results of whole-rock geochemical
analysis and mass balance are presented in ESM Appen-
dix 2 and Appendix 3. Samples for laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS)
pyrite trace element analysis were analyzed at the Geo-
History Facility, John de Laeter Centre, Curtin Univer-
sity (ESM Appendix 4). Triple sulfur isotope analysis
(328, 38, 348) of pyrite was completed on a secondary
ion mass spectrometer (SIMS) Cameca 1280 at the Cen-
tre for Microscopy Characterisation and Analysis, at the
University of Western Australia (ESM Appendix 5).

@ Springer

Fimiston Lodes

Williams Town Dolerite

mined by line orientation analysis. C The distribution of porphyry
intrusions in the Super Pit as recorded by historic underground map-
ping. The rose diagram displays the relative frequency of different
porphyry orientations as determined by line orientation analysis. Fig-
ures produced from KCGM mapping and data compilation

Results

Structural and relative timing relationships

Super pit At location 1 (Fig. 2A), D,, Fimiston lodes are
NW- to WNW-striking, steeply SW- or NNE-dipping, and
flanked by narrow, NW- to WNW-striking, steeply SW-dip-
ping marginal veins, which define upward-pointing, acute
bifurcations where they intersect the lodes (ESM Fig. 2A).
Within the lodes, asymmetric breccia clasts define a D,
normal shear component (ESM Fig. 2B, C). On the lode
margins, S, fabric drag defines a normal shear component
(ESM Fig. 2D); sub-horizontal lineations and steps define a
sinistral strike-slip shear component (ESM Fig. 2E). Fimis-
ton lode veins include foliated wall rock (ESM Fig. 2F)
and define asymmetric folds illustrating both D,, normal
and D, reverse shear components (ESM Fig. 2G). Where
asymmetric folds define a D, reverse shear component, a
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Fig.3 Geologic plan map (A) and cross-section (B) of the Hidden Secret orebody. Figures produced from sections provided by the KCGM mine

geology team

D,,-banded vein, which is in turn cross-cut by a D5 stock-

work vein (Fig. 5B).

NW-striking, sub-vertical S, cleavage is axial planar to the

folds (ESM Fig. 3).

In the 290 m RL south drive, a WNW-striking, mod-

erately SW-dipping D, -banded vein (HS1 vein) and

At location 2 (Fig. 2A), NW- to WNW-striking, sub-vertical

D,,, Fimiston lode veins (ESM Fig. 4A, B) are surrounded

breccia defining a lode are hosted in carbonate-fuchsite-
quartz—altered Williamstown Dolerite (Fig. 6A). The HS1

by proximal albite-sericite-siderite alteration in Golden Mile
Dolerite (Fig. 4A, B). Along the lode margins, sub-hori-
zontal slickenlines are developed in association with

vein is host to hessite included within pyrite (Fig. 6B). A
leucocratic dike is located in the hanging wall and footwall

of the lode. A WNW-striking, moderately to steeply SW-

steps

recording sinistral strike-slip shear zone movement (ESM
Fig. 4C). Reverse D, kinematics are defined along the lode

dipping cleavage is developed in the lode, altered dolerite,

margins by S,.S and S,-C fabrics (ESM Fig. 4D). The lodes
and the albite-sericite-siderite—altered Golden Mile Doler-

and the dike. The cleavage, lode, altered dolerite, and dike
are cross-cut by WSW- to SW-striking, sub-vertical to mod-

Oroya-type pyritic

colored
ESM Fig. 4A

ite are cross-cut at a high angle by D,
stringer veins surrounded by dark-

quartz alteration halos (Fig. 4A;

erately N-dipping D5 stockwork veins (Fig. 6A). The lode is

sericite-albite-

’

also cross-cut and offset by a N-striking, steeply W-dipping
D,,, fault filled with a mesocratic dike (Fig. 6A, C). Lami-

.E).

nated veins (HS2 veins) occur along the offset fault and par-
allel the dike (Fig. 6C); these HS2 veins also host hessite

Hidden secret underground In the 310 m RL south drive, a

D,,-banded Hidden Secret vein is hosted in green, carbon-

which is intergrown with pyrite (Fig. 6D). The HS2 veins
are linked with NW-striking, moderately SW-dipping veins
at the margins of the fault, and these marginal veins parallel
an S,, cleavage and are dragged along the HS2 veins defin-
ing a normal sense of D,, shear movement (Fig. 6C). Later
D, reverse deformation is evidenced by a NW-striking,

ate-fuchsite-quartz—altered Williamstown Dolerite and is
folded and transected by later D5 stockwork veins (Fig. 5A).

The carbonate-fuchsite-quartz—altered Williamstown Doler-

ite is intruded by a leucocratic dike, and tan-colored reac-

tion halos are developed around dolerite xenoliths (Fig. 5B).

Both the altered dolerite and the dike are cross-cut by a

pringer
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«Fig.4 Fimiston-Oroya relationships from location 2 in the Super Pit
and mass balance results. Isocon diagrams use scaled values (Grant
1986). (A) Sample from where sub-vertical Fimiston lode veins are
cut at a high angle by the pyritic stringers in ESM Fig. 4. The light-
colored areas in the sample correlate to Fimiston alteration devel-
oped in the Golden Mile Dolerite. The dark-colored areas represent
Oroya alteration which cross-cuts the earlier Fimiston mineraliza-
tion. Whole-rock geochemical data and mineralogy for these altera-
tion types is given in ESM Appendix 2. Relative changes in element
concentrations determined by mass balance calculations are reported
in ESM Appendix 3. (B) Mineralogy of the Fimiston alteration zone
shown in a false-colored, SEM-BSE-EDS image with modal percent-
ages given on the corresponding graph. Fimiston alteration comprises
albite (Alb), sericite (Ser), siderite (Sid), ankerite (Ank), TiO2 min-
eral, quartz (Qtz), apatite (Ap), ilmenite (Ilm), and sulfide. (C) Isocon
diagram illustrating the elemental gains and losses associated with
Fimiston alteration. The isocon slope < 1 is indicative of mass gain in
the alteration zone. (D) Histogram diagram displaying the elemental
changes recorded in Fimiston alteration as percentage change. Gold
grades in the least-altered sample and altered sample are 0.003 ppm
and 0.355 ppm, respectively. (E) Mineralogy of the Oroya alteration
zone shown in a false-colored, SEM-BSE-EDS image with modal
percentages given on the corresponding graph. Oroya alteration
comprises sericite, albite, quartz, sulfide, ankerite, and Ti-V oxide.
(F) Isocon diagram illustrating the elemental gains and losses asso-
ciated with Oroya alteration. The isocon slope of ~1 is indicative of
constant mass in the alteration zone. (G) Histogram diagram display-
ing the elemental changes recorded in Oroya alteration as percentage
change. Gold grades in the least-altered sample and altered sample
are 0.003 ppm and 6.11 ppm, respectively

moderately SW-dipping reverse shear band that offsets the
mesocratic intrusion and the HS2 veins (Fig. 6C).

Other D,, lode offset faults are visible in the 290 m RL
south and 310 m RL north drives. In the 290 m RL south
drive, a banded vein hosted in dark, least-altered William-
stown Dolerite is offset by a N-striking, steeply W-dipping
D,, normal fault and juxtaposed against Devon Consols
Basalt (ESM Fig. 5A, B). In the 310 m RL north drive,
a foliated, NW-striking, steeply SW-dipping banded vein
hosted in carbonate-fuchsite-quartz—altered Williamstown
Dolerite is offset in an apparent normal sense by a NNE-
striking, steeply W-dipping D,, fault (ESM Fig. 5C). In
another area of the 310 m RL north drive, a banded and
foliated vein in carbonate-fuchsite-quartz—altered William-
stown Dolerite is offset by an E-striking, steeply S-dipping
D,,, fault with sub-horizontal slickenlines (ESM Fig. 5D).
The banded vein, foliation, and fault are cross-cut by NE- to
ENE-striking, moderately to steeply N-dipping D5 stock-
work veins (ESM Fig. 5E).

Along the 230-240 m RL incline, the D,. Cadiz fault
zone is exposed (Fig. 7A). The fault zone is~2 m wide and
offsets carbonate-fuchsite-quartz—altered Williamstown
Dolerite in the footwall from dark, least-altered Williams-
town Dolerite in the hanging wall (Fig. 7A). The fault zone
contains NW- to NNW-striking, sub-vertical to moderately
SW-dipping S, .S and S, C fabrics defining a reverse sense of
shear zone movement (Fig. 7B). Deformed laminated veins

similar to the HS2 veins at the 290 m RL south drive are pre-
sent within the fault zone (Fig. 7C). Tension gashes are spa-
tially linked to D, fault-fill veins (Fig. 7D), and moderately
SSW-plunging slickenlines are on S, C surfaces (Fig. 7E);
both of the aforementioned relate to D, reverse movement
in the fault zone.

Deformed, banded D,, Hidden Secret veins within dark,
least-altered Williamstown Dolerite are exposed along the
430 m RL south drive (ESM Fig. 6). The banded veins are
cross-cut by D5 stockwork veins, which locally define asym-
metric folds related to D; reverse movement (ESM Fig. 6).
Reverse movement related to the D5 stockwork veins is fur-
ther emphasized by NW- to WNW-striking, steeply to mod-
erately SW-dipping S;C, S;C’°, and S;S fabric geometries
(ESM Fig. 6). A SW-plunging slickenline is sub-parallel to
the dip of the S;C fabric, and the S;S fabric is axial planar
to the folded stockwork veins.

In nearby diamond drill hole TFUD0O036 (Fig. 1A), a
zoned hydrothermal alteration halo is developed around a
leucocratic dike (Fig. 8A, B). The alteration zone transi-
tions symmetrically from dark, least-altered Williamstown
Dolerite (Fig. 8C), to tan, quartz-carbonate-Cr-chlorite-
altered dolerite (Fig. 8D), to green, carbonate-fuchsite-
quartz—altered dolerite (Fig. 8E).Within the carbonate-fuch-
site-quartz-altered, a NW-striking, sub-vertical S, cleavage
is developed (Fig. 8F); fragments of the cleaved dolerite
occur within the leucocratic dike (Fig. 8B).

Alteration mineralogy and mass balance
calculations

Results of whole-rock geochemical analysis and mineralogy
for the alteration mass balance are presented in ESM Appen-
dix 2. The calculated elemental gains and losses relative to
least-altered samples as well as the scaling factors used for
the isocon diagrams are given in ESM Appendix 3.

Fimiston At location 2 in the Super Pit (Fig. 2A), proxi-
mal Fimiston alteration (Fig. 4A, B) shows extreme enrich-
ments (>250%; Fig. 4C, D) for Au, Te, W, S, and Hg.
Strong enrichments (100-250%) are shown for Rb, K,O,
Cs, and As. In proximal Fimiston alteration from drill hole
OLDGO0001G (Fig. 1A), extreme enrichments are shown
for Au, W, Te, As, S, Sb, and K,O; strong enrichments are
shown for Cs and Rb. When proximal Fimiston alteration
from location 2 is compared to that from OLDGO0001G, both
samples show strong to extreme enrichment in Au, Te, W, S,
Rb, K,0, Cs, and As.

Oroya Proximal Oroya alteration (Fig. 4A, E) in Golden
Mile Dolerite at location 2 in the Super Pit (Fig. 2A) shows
extreme enrichments (Fig. 4F, G) for Au, Te, S, Hg, V,
W, Ag, Tl, As, Rb, K,0, and Cs. Barium shows a strong
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Alteration:

Fig.5 Hidden Secret underground relationships (310 m RL south
drive). A Folded banded vein (BV) surrounded by proximal, carbon-
ate-fuchsite-quartz alteration (looking SSW in a vertical face). The
banded vein is cross-cut by late stockwork veins (SWV). B Carbon-
ate-fuchsite-quartz alteration is intruded by a leucocratic dike (HsPo

enrichment. When compared to the samples of Fimiston
alteration (ESM Fig. 7A, B), Oroya alteration shows similar
Au, Te, S, W, As, Rb, K,O, Cs, and Ba enrichments, but the
Au, Te, Hg, and S enrichments are much higher in Oroya
alteration. Furthermore, Oroya alteration is characterized by
extreme V, Ag, and Tl enrichments that are not defined in
the Fimiston alteration samples.

Hidden Secret Mass balance calculations of the distal altera-
tion (Fig. 8A, D) record extreme enrichment in (Fig. 9A)
Cu, S, W, Te, Bi, Au, As, and Sb. Mass balance calcula-
tions of the proximal alteration (Fig. 8A, E) record extreme
enrichment (Fig. 9B) in Te, As, K,O, S, Rb, Ba, Au, Cu,
and Sb. When the mass balance calculations of the distal
and proximal alteration are compared, both show similar
enrichments in Te, As, S, Au, Cu, Sb, and C, but the proxi-
mal alteration shows a higher level of enrichment in Au, As,
and Te. Furthermore, the proximal alteration shows extreme
KO, Rb, and Ba enrichment that is not present in the distal
alteration. When the proximal Hidden Secret alteration is
compared to the proximal Fimiston alteration, both alteration
types show Au-Te-As-S-K,0-Rb-C-Ba enrichment. Fimiston
alteration lacks the Cu enrichment in proximal and distal
Hidden Secret alteration and also the Bi enrichment of the
distal Hidden Secret alteration. Like the proximal Fimiston
alteration, the proximal Hidden Secret alteration lacks the
extreme V, Ag, and TI enrichments observed in proximal
Oroya alteration and the Au, Te, Hg, and S enrichments are
lower than they are for proximal Oroya alteration (ESM
Fig. 7A, B).

@ Springer

52400(D)); wall rock assimilation is indicated by tan-colored reac-
tion zones (Rx). The carbonate-fuchsite-quartz alteration and dike are
cross-cut by a banded vein (BV), which is in turn cross-cut by a late
stockwork vein (SWV)

LA-ICP-MS pyrite analysis

The results of LA-ICP-MS pyrite analysis are given in ESM
Appendix 4. Fimiston pyrite shows strong (> 0.6, p <0.05)
Au-Ag, Au-Te, and Au-TI correlations (ESM Fig. 7C, D, E).
Hidden Secret pyrite also shows strong Au—Ag and Au-Te
correlations (ESM Fig. 7C, D, E). Oroya pyrite shows strong
Au—-Ag and Au-Te correlations as well as strong Au-Cu,
Au-As (ESM Fig. 7G), Au—Ag, Au-Sb, Au-W, Au-Tl, Au-Pb,
Au-Ga, Au-V, and Au-Bi correlations (ESM Fig. 7C, D, E).
When the different pyrite types are compared, Fimiston,
Hidden Secret, and Oroya pyrite all show strong Au-Ag and
Au-Te correlations. Fimiston pyrite is distinguished from
Hidden Secret pyrite by a strong Au-T1 correlation. Oroya
pyrite is distinguished from Fimiston and Hidden Secret
pyrite by strong Au-Cu, Au-As, Au—-Ag, Au-Sb, Au-W,
Au-Pb, Au-V, Au-Ga, and Au-Bi correlations.

Box plots emphasize significant overlap in the absolute
concentrations of Ag, As, Cu, Pb, Sb, Te, V, and Zn in
Fimiston, Oroya, and Hidden Secret pyrite (ESM Fig. 7TH).
Fimiston and Oroya pyrites contain similar median Au val-
ues (2.88 and 2.70 ppm, respectively), which are higher than
the value in Hidden Secret pyrite (0.20 ppm). Hidden Secret
pyrite shows a marked Bi enrichment (2.67 ppm median)
when compared to Fimiston and Oroya pyrite (0.15 and
0.01 ppm, respectively). Fimiston pyrite is enriched in TI
(0.38 ppm median) relative to Oroya and Hidden Secret
pyrites (0.10 and 0.02 ppm, respectively).

When the pyrite from the proximal Hidden Secret alter-
ation is compared to pyrite from the Hidden Secret HS1
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and HS2 veins, Au-Te and Au—Ag correlations are very
similar in the different populations (0.79-0.91; p <0.05;
ESM Fig. 7D, E). The Ag:Au ratios are higher in pyrite
from the HS1 and HS2 veins than in the pyrite from the
proximal alteration (ESM Fig. 7D). When absolute ele-
mental values are considered (ESM Fig. 71), the median
value for Au is highest in the HS2 vein pyrite (2.06 ppm)
and lower in both the HS1vein pyrite and proximal altera-
tion pyrite (0.08 and 0.12 ppm, respectively). Median val-
ues for values for Ag, Cu, Pb, Sb, Te, Tl, V, and Zn show
progressive enrichment from proximal alteration pyrite to
HS1 vein pyrite to HS2 vein pyrite (ESM Fig. 7I). Median
As values are similar for HS1 vein pyrite and HS2 vein
pyrite (95.44 and 70.15 ppm, respectively); the median
value for pyrite from proximal Hidden Secret alteration is
significantly higher (2874.45 ppm).

Multiple sulfur isotope analysis

The results of multiple sulfur isotope analysis in pyrite
from proximal Oroya alteration (Fig. 4E), Hidden Secret
HS1 veins (Fig. 6A, B), and proximal Hidden Secret alter-
ation (Fig. 8E, F) are given in Appendix 5. In Fig. 10A,
B), the results are plotted with data from Godefroy-Rod-
riguez et al. (2020a) and McDivitt et al. (2021a). Pyrite
from the HS1 veins (n=18) ranges in 8°*S from — 10.75
to —0.17%o. The A33Spyrile values in the HS1 veins define a
restricted range from 0.06 to 0.19%o. Pyrite from proximal
Hidden Secret alteration (n=11) is restricted in range for
both §**S and A®S. The 634Spyrite values range from —1.16
to 3.85%o, with 10 of the 11 values ranging from 3.42 to
3.85%o. The A33Spyme values are higher than those in the
HS1 veins and range from 0.25 to 0.43%eo. Pyrite from the
Oroya alteration zone (n = 14) shows highly variable 534S
from-11.56 to-4.96%o and consistent A*S values that
range from 0.08 to 0.17%eo.

Mineralogy and whole-rock geochemistry
of the Hidden Secret dikes

Dikes HsPo 52400(D) (Fig. 5B), HsPo 52350 (Fig. 6C),
and HsPo 52690 (Fig. 8A, B) are similar in their miner-
alogy (ESM Fig. 8A, B) and comprise albite (37-42%),
carbonate (38-40%), quartz (10-15%), sericite (0-10%),
sulfides (1-2.5%), apatite (0.5-1%), barite (0-0.5%), and a
TiO, mineral (0-0.5%). Whole-rock geochemical data for
the dikes is presented in ESM Appendix 6. On the basis of
Nb/Y vs. Zr/TiO2 ratios, dike HsPo 52690 is dacitic and
dikes HsPo 52400(D) and HsPo 52350 are andesitic (ESM
Fig. 8C) in composition.

Discussion

Constraints on the structural setting and relative
timing of gold-telluride lode mineralization

The Fimiston and Hidden Secret lodes both preferentially
strike NW and range from sub-vertical to moderately SW
dipping (ESM Fig. 1A, C). Like the Fimiston lodes, the
Hidden Secret lodes are deformed by a NNW-striking, sub-
vertical cleavage (ESM Fig. 1B, D), folded (Figs. 6 and 9A),
and cross-cut by late D5 stockwork veins (Fig. 5A) that are
similar in orientation to the stockwork veins in the Mt. Char-
lotte orebody (ESM Fig. 1E, F). Evidence for D,, normal
deformation associated with Fimiston lode development is
present as upward-pointing acute vein bifurcations (ESM
Fig. 2A), the normal drag of S,, fabrics along lode margins
(ESM Fig. 2D), and asymmetric breccia clasts that record
a normal shear component (ESM Fig. 2C). In the Hidden
Secret orebody, hessite-bearing HS1 veins are offset by a
N-striking, sub-vertical D,, fault which hosts hessite-bearing
HS2 veins related to normal deformation (Fig. 6A-D). Pyrite
from both the HS1 and HS2 veins shows similar Au—Ag and
Au-Te correlations and elevated Ag: Au ratios in comparison
to Fimiston and Oroya pyrites (ESM Fig. 7D, E). Therefore,
it is likely that both the HS1 and HS2 veins record the same
hydrothermal event and D, structural environment. Addi-
tional evidence for D,, normal deformation in the Hidden
Secret orebody is shown by similar N-striking lode offset
faults (ESM Fig. 5A, B, C). Other E-striking lode offset
faults are cross-cut by stockwork veins (ESM Fig. 5D, E),
suggesting that the development of the lode offset faults pre-
dated the D3 Mt. Charlotte stockwork vein event and likely
reflect D, transtension.

Where the D, Fimiston lodes are cross-cut by low-
angle D, Oroya mineralization (Fig. 4A); ESM Fig. 4A),
the lodes are overprinted by reverse deformation as shown
by reverse S,.S-S,.C fabrics developed along the lode
margins (ESM Fig. 4D). Similar D, reverse deforma-
tion overprints the D,, Hidden Secret lodes (Fig. 6C), and
Hidden Secret lode mineralization is cross-cut by the D,
Cadiz reverse fault zone (Fig. 7A), which is similar in its
geometry and kinematics to the Oroya hanging wall and
footwall D,, thrusts in the Oroya shoot (Mueller 2020a).
These relationships suggest that, like the Fimiston lodes,
the Hidden Secret lodes also pre-date the D, event and its
associated Oroya style mineralization. Because both the
Fimiston and Hidden Secret lodes pre-date D,,, and there
are D, extensional structures associated with both types
of lode mineralization, it is probable that like the Fimiston
lodes, the Hidden Secret lodes also developed during D,
transtension, at a time when the Towns fault facilitated the
development of a releasing bend (Fig. 11A, B).
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«Fig.6 Hidden Secret underground relationships (290 m RL south
drive). (A) Sub-vertical exposure (looking SSW) of a lode compris-
ing a WNW- to W-striking, moderately S-dipping banded and brec-
ciated HS1 vein in carbonate-fuchsite-quartz alteration. A leucocratic
dike occurs in the hanging wall and footwall to the lode. A WNW-
striking, moderately to steeply south dipping cleavage is developed
within the lode and the intrusion, and a mineral lineation plunges
moderately to steeply SW along the intrusion-lode contact and along
the cleavage. Late stockwork veins that are WSW- to SW-striking and
sub-vertical to moderately N-dipping cross-cut the deformed lode.
On the right side of the image, the lode and carbonate-fuchsite-quartz
alteration are offset by a N-striking, steeply W-dipping fault filled
with a mesocratic dike and juxtaposed against least-altered (dark)
Williamstown Dolerite. (B) Scanned thin section (left) and SEM-BSE
image (right) of the banded HS1 Hidden Secret lode vein. The SEM-
BSE image displays hessite (He) as a bright inclusion within pyrite
(Py). (C) Close-up of the mesocratic fault-fill dike shown in (A). The
fault-fill dike (HsPo 52350) is offset by a NW-striking, moderately
SW-dipping S,. reverse shear band that is associated with a NW-
striking, sub-vertical S, S fabric and a NNW-striking, moderately
W-dipping S, C fabric. In the hanging wall of the fault, NW-striking,
moderately SW-dipping marginal veins are developed and linked with
laminated HS2 veins that parallel the fault zone. The marginal veins
are dragged along the dike and HS2 veins with S, fabrics defining a
normal sense of shear movement. (D) Scanned thin section (left) and
SEM-BSE image (right) of the laminated HS2 vein. The SEM-BSE
image displays hessite (He) intergrown with pyrite (Py)

Further evidence that the Fimiston and Hidden Secret
lodes were formed as part of a single mineralization event is
provided by alteration mass balance, the LA-ICP-MS pyrite
dataset, and by dikes in the Hidden Secret orebody. Both
the Fimiston and Hidden Secret alteration show similar Au-
Te-As-S-K,0-Rb-C-Ba enrichment in proximal alteration
zones (Figs. 4D and 9B), lack the extreme levels of S, V, Hg,
Te, and S enrichment shown in Oroya style alteration (ESM
Fig. 7A, B), and show lower levels of Au and Ag enrich-
ment than Oroya style hydrothermal alteration. Similarly,
both the Fimiston and Hidden Secret pyrites show strong
Au-Ag and Au-Te correlations, but lack the strong Au-Cu,
Au-As, Au-Ag, Au-Sb, Au-W, Au-Pb, Au-V, Au-Ga, and
Au-Bi correlations observed for pyrites from Oroya style
mineralization (ESM Fig. 7C). Fimiston lode development
occurred synchronously with the emplacement of meso-
cratic, hornblende-phyric porphyry dikes (Gauthier et al.
2004). The albite-carbonate-quartz dikes in the Hidden
Secret orebody are mineralogically and geochemically simi-
lar to the syn-Fimiston hornblende-phyric porphyry dikes,
with andesitic to dacitic compositions (ESM Fig. 8A, B;
Woods 1997; McDivitt et al. 2020). The dikes intrude gold-
bearing Hidden Secret proximal alteration (Figs. 5B and
8B), and cross-cut HS1 veins in the Hidden Secret orebody
(Fig. 6A), and are deformed by D, deformation (Fig. 6C).
Collectively, these relationships further indicate that the
albite-carbonate-quartz dikes in the Hidden Secret orebody
are syn-ore dikes and similar to the syn-ore dikes related to
Fimiston mineralization. Radiometric ages reported for the
Hidden Secret andesitic dikes in McDivitt et al. (in press)

of (U-Pb SHRIMP zircon; 20) 2678 +4 Ma, 2672 +9 Ma,
2676+ 6 Ma, 2678 +4 Ma, and 2680+ 7 Ma are similar
to other U-Pb SHRIMP zircon ages (20) reported for the
hornblende-phyric porphyry dikes of 2667 + 11 Ma and
2675 + 3 Ma (data from Vielreicher et al. 2010 recalculated
by McDivitt et al. 2020). These ages constrain the timing of
both D,, deformation and Fimiston/Hidden Secret minerali-
zation to ca. 2675 Ma (Fig. 11A).

Foliation development and gold-telluride lode
deformation

Because the D,, Fimiston lodes are deformed by a NNW-
striking, sub-vertical cleavage and the D; Mt. Charlotte
stockwork veins cross-cut the cleavage, the cleavage is
considered to be a key structural marker in the chronologi-
cal development of the district (Gauthier et al. 2004; Tripp
2013). The formation of this cleavage is typically attributed
to the ENE-WSW shortening conditions of D, and either
associated with compression (Weinberg et al. 2005; Tripp
2013) or sinistral transcurrent shear zone movement (Swager
1989). The cleavage is interpreted to have formed during
a single episode of late-stage deformation and metamor-
phism from ca. 2650 to 2640 Ma (Tripp 2013). McDivitt
et al. (2021a) constrain the development of a NNW-strik-
ing, sub-vertical S,, cleavage to 2680 + 3 Ma. In this study,
there is evidence for NNW-striking, sub-vertical cleavage
development during ca. 2675 Ma D,,, when the cleavage
was dragged along Fimiston lodes in a normal sense and
cross-cut by the lodes (ESM Fig. 2D, F). There is also evi-
dence for NNW-striking, sub-vertical cleavage development
during D, when the lodes were drag folded and deformed
during reverse movement (ESM Figs. 3 and 4). There is
further evidence for NNW-striking, sub-vertical cleavage
development during D; stockwork vein emplacement in
the Hidden Secret orebody (ESM Fig. 6), when early D,,
lode structures were subjected to a D, reverse reactivation.
Because D, structures, such as the D,, Fimiston lodes and
D, Oroya thrust faults, are similar in strike to the NNW-
striking, sub-vertical cleavage, it is likely that the S, and S,,
cleavages record preferred flattening during the ENE-WSW
regional bulk shortening of D,. In contrast, because major
D; faults are N- to NE-striking and have dextral kinematics,
it is likely that D5 bulk shortening differed from D,. Hence,
the similar NNW-striking, sub-vertical S; cleavage geom-
etry in the Hidden Secret orebody (ESM Fig. 6) may record
the influence of an anisotropy inherited from earlier lodes
on cleavage development during D5 (cf. Treagus 1983).
Importantly, these results illustrate that the development of
a NNW-striking, sub-vertical cleavage in the Golden Mile
occurred over a protracted history during both D, and D,
deformation events (Fig. 11A) rather than during a single
late-stage event as suggested by Tripp (2013). Furthermore,

@ Springer



Mineralium Deposita (2022) 57:1023-1046

AL NG
Carbenate-Fuchsite-Quartz -
= Alteration ,

A Ay u
r/ai

Tensior G.

- Reverse Steps

@ Springer




Mineralium Deposita (2022) 57:1023-1046

1037

«Fig.7 Hidden Secret underground relationships (230-240 m RL
incline looking SE). (A) Carbonate-fuchsite-quartz—altered William-
stown Dolerite (lower left) juxtaposed against dark, least-altered Wil-
liamstown Dolerite (upper right) by the Cadiz fault zone; fault zone
boundaries (FZB) are shown as the dashed, white lines. The stereonet
depicts NW- to NNW-striking, sub-vertical S, S fabric measurements
and NW-striking, moderately SW-dipping S,.C fabric measurements
along with a moderately SSW-plunging slickenline developed on the
S,.C fabric. Low-angle tension gashes (upper left) linked to a fault-
fill vein indicate reverse movement. (B) Close-up of the area indi-
cated in (A) showing S-C fabric geometries defining a reverse sense
of shear zone movement. (C) Close-up of the area indicated in (A)
where deformed veins similar to the HS2 veins shown in Fig. 6 are
present. (D) Close-up of the area indicated in (A) depicting low-angle
tension gashes. (E) Close-up of the area indicated in (A) showing a
slickenline developed on a C surface and steps indicating a reverse
shear sense

since the NNW-striking, sub-vertical cleavage developed
pre-, syn-, and post-Fimiston lode formation, the lodes do
not entirely pre-date the formation of the cleavage as sug-
gested by Gauthier et al. (2004). Accordingly, the cleavage
should not be considered as a robust chronological marker
in the evolution of the district.

Structural, geochemical, and magmatic evolution
of the Hidden Secret orebody

Fluid inclusion (Parker 2016) and mass balance calculations
suggest that the development of proximal Hidden Secret
alteration records the ingress of an H,0-CO, fluid enriched
in Au, Te, As, Cu, Sb, and large-ion lithophile elements
(LILE; Fig. 11B). The distal Hidden Secret alteration is a
LILE-poor expression of this fluid’s alteration (Fig. 11B).
Because the Au-Te-Ag correlations in the LA-ICP-MS pyrite
dataset are similar for the proximal Hidden Secret alteration,
HS1 veins, and HS2 veins (ESM Fig. 7D-E), it suggests
that the proximal Hidden Secret alteration, HS1 veins, and
HS2 veins all record the same H,0-CO, hydrothermal fluid
system. The syn-ore dikes that intrude the proximal Hidden
Secret alteration are cross-cut by HS1 veins (e.g., Fig. 5B),
indicating that the proximal Hidden Secret alteration formed
during an early stage of D,, hydrothermal activity along the
Towns fault when pervasive fluid flow (cf., Valley 1986)
was favored. Progressive D,, deformation along the Towns
fault lead to the development of a releasing bend (Fig. 11B),
which was associated with low mean stress and increased
fracture density resulting in a suction pump effect on hydro-
thermal fluids (Sibson 1987, 2001; Cox 2005), and the for-
mation of HS1 veins and HS2 veins in a D,, transtensional
setting where channelized fluid flow (e.g., Valley 1986)
was dominant. During later D, deformation, the Cadiz and
Salamanca faults offset and deformed the proximal Hid-
den Secret alteration, HS1 veins, and HS2 veins during the
development of the S, cleavage (Fig. 7A, B). During D5,
stockwork veins cross-cut the HS1 veins (Figs. 5A and 6A),

and the lode structures were subjected to a reverse reac-
tivation during the development of the S; cleavage (ESM
Fig. 6). It was likely during these later D,, and D, events
that the Hidden Secret lodes were folded (e.g., Fig. 5A) and
the moderate SE ore plunge was established (Fig. 5B), as
the ore plunge orientation is similar to that of S-C fabric
intersections in the D, Cadiz fault zone (Fig. 7A) and also
to S;C-S;S intersections in zones of D5 deformation (ESM
Fig. 6).

Geochemical differences are evident when assessing the
different paragenetic stages of the Hidden Secret orebody
(i.e., proximal Hidden Secret alteration, HS1 veins, HS2
veins). The 534Spyrite values in proximal Hidden Secret altera-
tion are more positive and restricted in their distribution than
the variably negative HS1 vein 6348pyrite values (Fig. 10B).
Because Au-Ag-Te systematics in the LA-ICP-MS pyrite
dataset are similar for both proximal Hidden Secret altera-
tion and the HS1 vein pyrite (ESM Fig. 7D, E), it is not
likely that the differences in the 634Spyrite values are attrib-
utable to different hydrothermal fluid systems. As 634Spyrite
is sensitive to intensive fluid conditions (e.g., fO,, pH), it is
possible that changes in physico-chemical fluid parameters
such as fO, may explain the differences between the proxi-
mal Hidden Secret alteration and HS1 vein 634Spyme values
(e.g., Phillips et al. 1986; Evans et al. 2006; Hodkiewicz
et al. 2009; Godefroy-Rodriguez et al., 2020a). In considera-
tion of A33Spyme, the values in the HS1 veins are consistently
lower than those from the proximal Hidden Secret alteration
(Fig. 10B). This suggests that the different 634Spyrite values
in the proximal Hidden Secret alteration and HS1 veins cor-
relate with different sulfur reservoirs: one which contains a
MIF signature (A%S =0.25 to 0.43%o) greater than the tra-
ditionally proposed MIF limit (A**S ~0.2%o; Farquhar and
Wing 2003) and one that does not (A*>S=0.06 to 0.19%o).
Because pyrite within the proximal Hidden Secret altera-
tion records conditions of pervasive fluid flow during the
development of the alteration, it records an environment of
relatively low fluid:rock ratio and it is likely that interaction
with the Williamstown Dolerite or perhaps the nearby Kapai
Slate country rock contributed local MIF sulfur (A**S=0.25
to 0.43%o) to the fluid. Pyrite within the HS1 veins records
channelized fluid flow conditions during vein formation
within a releasing bend (Fig. 11B) and an environment of
relatively high fluid:rock ratio. Hence, the lower A33Spyrite
values in the HS1 vein likely approximate the original fluid
values (A**S =0.06 to 0.19%o). In this case, the negative
5°*S values in the HS1 veins are not explained by oxida-
tion due to local fluid-rock interaction (e.g., Philips et al.
1986; Evans et al. 2006). In contrast, the effects of fluid-rock
interaction during the development of the proximal Hidden
Secret alteration under a pervasive flow regime yielded a
restricted 63481[,yrite range of 3.42 to 3.85%o that is consist-
ent with decreased fluid fO, under greenstone-buffered
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Fig.8 Hidden Secret drill core relationships (TFUD0036 347—
366 m). (A) Symmetrically zoned alteration surrounding a leuco-
cratic dike in altered Williamstown Dolerite. (B) Close-up of the dike
shown in (A) where it is in contact with proximal carbonate-fuchsite-
quartz alteration. An S, foliation is developed in the carbonate-fuch-
site-quartz alteration, and S,-foliated fragments are entrained as xeno-
liths in the intrusion. The intrusion and the S, foliation are cross-cut
by late-stage tension gashes. Stereonet (lower hemisphere, equal area)
displays S, foliation measurements from the drill hole. (C) Mineral-
ogy of least-altered Williamstown Dolerite shown in a false-colored

conditions (Fig. 12). Overall, the sulfur isotope data from
the Hidden Secret orebody supports a model whereby an
oxidized, magmatic-hydrothermal ore-forming fluid with
mantle-like A%S (e.g., Mueller et al., 2020a) was locally
reduced during fluid-rock interaction in alteration zones.
The progressive Ag, Cu, Pb, Sb, Te, T1, V, and Zn enrich-
ment in LA-ICP-MS pyrite data from Hidden Secret proxi-
mal alteration to the HS1 and HS2 veins (ESM Fig. 71)
suggests that fluid fO, imparted a strong control on pyrite
geochemistry (Xing et al. 2019; Godefroy-Rodriguez et al.,
2020b). During early pervasive fluid flow, when the proxi-
mal Hidden Secret alteration developed, the decreased
concentrations of these metals in pyrite may reflect the
diminished solubility of these metals due to lowered fO,
conditions resulting from buffering by the ferrous William-
stown Dolerite (Fig. 12). In contrast, the HS1 and HS2 veins
developed in channelized flow regimes where fluid-rock
interaction with the Williamstown Dolerite was diminished,
suggesting that the increased Au, Cu, Pb, Sb, Te, T1, V, and
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SEM-BSE-EDS image: Mg-Fe-Ca carbonate (carb), quartz(Qtz), Cr-
chlorite (Chl), talc (Tlc), and TiO, mineral. (D) Mineralogy of dis-
tal quartz-carbonate-Cr-chlorite alteration shown in a false-colored
SEM-BSE-EDS image: quartz (Qtz), Mg-Fe-Ca carbonate (carb), Cr-
chlorite (Chl), albite (Ab), and apatite (Ap). (E) Mineralogy of proxi-
mal carbonate-fuchsite-quartz alteration shown in a false-colored
SEM-BSE-EDS image: Mg-Fe-Ca carbonate (carb), fuchsite (Fuc),
quartz (Qtz), pyrite (Py), and gersdorffite (Ger). (F) Close-up of the
area indicated in (B). An SEM-BSE image displays the S, foliation
defined by preferentially oriented fuchsite grains

Zn concentrations in HS1 and HS2 pyrite may reflect the
increased solubility of these metals under high fO, condi-
tions (Fig. 12). Hidden Secret mineralization is distinguished
from Fimiston mineralization by Bi and Cu enrichments in
proximal and distal alteration, respective Au depletion and
Bi enrichment in LA-ICP-MS pyrite data, and higher Ag:Au
ratios in LA-ICP-MS pyrite data. As suggested by Mueller
and Muhling (2013), these distinctions likely reflect the for-
mation of the Hidden Secret lodes in the distal portion of a
laterally zoned, camp-scale hydrothermal system.

Constraints on the nature of Oroya mineralization

It is well-documented that Oroya mineralization is charac-
terized by a distinct V enrichment (Tomich 1958; Nickel
1977; Mueller 2020b; Mueller and Muhling 2020; Mueller
et al. 2020a). However, most of the well-characterized sam-
ples come from the Oroya shoot area (Fig. 2A) in proxim-
ity to the Golden Mile Dolerite-Paringa Basalt contact at
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Fig.9 Hidden Secret mass balance for distal quartz-carbonate-
Cr-chlorite alteration (A) and proximal carbonate-fuchsite-quartz
alteration (B). Isocon diagrams use scaled values (Grant 1986).
Whole-rock geochemistry is given in ESM Appendix 2 and relative
elemental changes are given in ESM Appendix 3. Isocon diagrams
display the elemental gains and losses associated with alteration and
the histogram diagrams display the elemental changes as percent-
age change. The isocon slope of ~1 is indicative of constant mass in

the Oroya Shale horizon (e.g., Godefroy-Rodriguez et al.,
2020a; Mueller 2020b; Mueller and Muhling 2020; Muel-
ler et al. 2020a). Pronounced MIF A33Spyrite anomalies in
Oroya shoot mineralization (Fig. 10A, B) are typically
attributed to interaction with local sedimentary wall rock
such as the Oroya Shale, where fluids were reduced to the
pyrite-pyrrhotite stability field (Godefroy-Rodriguez et al.,
2020a; Mueller et al. 2020a). As shale units may be enriched
in V, As, Mo, Se, Ni, Ag, and Zn (VAMSNAZ suite; Large
et al. 2011), it is possible that the distinct V enrichment in
Oroya shoot mineralization records local interaction with the
Oroya Shale or perhaps a shale-derived fluid source (Large
et al. 2011). The sample of Oroya mineralization from loca-
tion 2 (Fig. 2A) is distal from the Oroya Shale horizon. The
A33Spyrite values (0.08 to 0.17%o) do not record an interac-
tion with the Oroya Shale, suggesting that the well-defined
V enrichment in mass balance calculations (Fig. 4G) and the
Ti-V oxides in the alteration assemblage record a V com-
ponent of Oroya hydrothermal fluid that was not sourced
from local shale units (Fig. 4E). The Oroya pyrite analyzed
at location 2 in the Golden Mile Dolerite did not return the

the distal quartz-carbonate-Cr-chlorite alteration zone. The isocon
slope of > 1 is indicative of constant mass in the proximal carbonate-
fuchsite-quartz alteration zone. Modal mineralogy of the alteration
types is displayed in the upper right portions of the figures. Gold
grades in the least-altered sample, distal quartz-carbonate-Cr-chlo-
rite alteration, and proximal carbonate-fuchsite-quartz alteration are
0.002 ppm, 0.020 ppm, and 0.094 ppm, respectively

same positive 634Spyrile and MIF A33Spyrite values as docu-
mented by Godefroy-Rodriguez et al. (2020a) for Oroya min-
eralization in the Oroya shoot area (Fig. 10B). Because the
Oroya sample from location 2 is distal from the Oroya shoot
area, it supports the conclusions of Mueller et al. (2020a)
that the 834810yrite and A% Spyrite Values in Oroya Stage 1 and
Stage 2 reflect the interaction of an oxidized magmatic fluid
with the Oroya Shale (Figs. 10B; 12).

Implications for the formation and geochemistry
of orogenic gold deposits

Singular vs. multiple mineralization events and genetic
mechanisms Part of the argument used to support late-
stage, broadly synchronous mineralization at ca. 2.64 Ga
is the lack of a coherent structural framework to miner-
alization (Vielreicher et al. 2015b). The incorporation of
the Hidden Secret mineralization type into the structural
framework of the camp emphasizes a coherent and con-
sistent structural framework that may be used to chrono-
logically group gold mineralization styles (Fig. 11A). The
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Fig. 10 Multiple sulfur isotope data from Hidden Secret and Oroya
mineralization (ESM Appendix 5) integrated with data from Gode-
froy-Rodriguez et al. (2020a) and McDivitt et al. (2021a). (A) Compi-
lation of multiple sulfur isotope data from different ore styles includ-
ing Fimiston, Mt. Charlotte, Oroya shoot, Hidden Secret HS1 vein,
Hidden Secret carbonate-fuchsite-quartz alteration (HS Prox Alt),
and Oroya in the Golden Mile Dolerite (GMD) from location 2 in
Fig. 2A. The Golden Mile fault (GMF) samples from McDivitt et al.
(2021a) represent Fimiston and Oroya mineralization hosted in Lower

structural-hydrothermal framework outlined by this study
(Fig. 11A) supports a model for punctuated mineralization
from ca. 2.67 to 2.64 Ga (Bateman and Hageman 2004;
Gauthier et al. 2004; Robert et al. 2005; Mueller 2020a). The
Fimiston/Hidden Secret lodes formed during ca. 2675 Ma
D,,, transtension, the Oroya lodes during ca. 2660 Ma D,
contraction, and the later Mt. Charlotte stockwork veins
from ca. 2650 to 2640 Ma during D5 dextral shearing. This
punctuated timing model for mineralization is similar to
those suggested for other gold deposits of the Yilgarn cra-
ton such as the nearby Kanowna Belle deposit (Sugiono
et al. 2021) and those of the Agnew district (Thébaud et al.
2018). The results of this and other studies emphasize that
genetic models for orogenic gold deposits that account for
punctuated mineralization within prolonged orogeny (in this
case ca. 40 Ma) are likely more realistic than those that do
not. The growing recognition that numerous orogenic gold
deposits record multiple mineralization events and punctu-
ated hydrothermal histories gives credibility to mineraliza-
tion models that invoke multiple genetic mechanisms (e.g.,
Bateman and Hagemann 2004; Lawrence et al., 2013; McDi-
vitt et al., 2018; Thébaud et al., 2018; Kerr et al., 2018;
Masurel et al., 2019). Although the results of this study sup-
port magmatic-hydrothermal models for Fimiston/Hidden
Secret and Oroya mineralization (e.g., Clout 1989; Bateman
and Hagemann 2004; Mueller 2007; Mueller and Muhling
2013; Mueller and Muhling 2020; Mueller et al. 2020a), the
late Mt. Charlotte stockwork veins differ in their structural
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Black Flag Group sedimentary rocks of the GMF. (B) Close-up of the
area indicated in (A). The thick, dashed lines correspond to empirical
trends that are inferred trends from inherently oxidized magmatic flu-
ids in channelized flow regimes to greenstone belt rock-buffered flu-
ids (1) and shale-buffered fluids (2) in pervasive flow regimes. Fluid
interaction with local greenstone and shale wall rocks is interpreted
to result in the restricted 53*S ranges and non-zero A3S ranges that
characterize the rock-buffered fields

timing, texture, mineralogy, and geochemistry when com-
pared to the Fimiston, Hidden Secret, and Oroya gold-tellu-
ride lode types (McDivitt et al. 2020), and better adhere to
late-stage gold mineralization models that invoke metamor-
phic devolatilization (e.g., Phillips 1986; Phillips et al. 1987,
1996; Groves et al. 2016; Vielreicher et al. 2016). Hence,
it is likely that multiple, genetically distinct mineralization
varieties are recorded in the camp’s punctuated hydrother-
mal history, with magmatic-hydrothermal mineralization
varieties represented by the early gold-telluride lodes and
late metamorphic-hydrothermal mineralization represented
by the Mt. Charlotte stockwork veins.

Mass balance and LA-ICP-MS pyrite data Mass balance
calculations are useful to differentiate between the Fimis-
ton/Hidden Secret and Oroya gold-telluride mineralization
events: Fimiston and Hidden Secret are grouped distinctly
from Oroya using multiple parameters including Au, Ag, Hg,
Te, Ag, S, V, and Te (ESM Fig. 7A, B), with Oroya showing
higher levels of enrichments in these elements than Fimis-
ton and Hidden Secret. These results illustrate that altera-
tion mass balance studies are useful in fingerprinting fluid
chemistry and discriminating among multiple mineralization
events in orogenic gold settings. Correlation coefficients in
LA-ICP-MS pyrite data reveal a distinct trace metal signa-
ture for Oroya (strong Au-Cu, Au-As, Au—Ag, Au-Sb, Au-W,
Au-Pb, Au-V, Au-Ga, and Au-Bi correlations) that is not
present in the Fimiston and Hidden Secret mineralization
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Fig. 11 A Chronological summary diagram for deformation and min-
eralization in the Kalgoorlie gold camp. D, fold and thrust: maximum
age provided at 2685+4 Ma by the Golden Mile Dolerite (Tripp
2013); minimum age provided at 2680+3 Ma by a quartz-sericite-
ankerite dike in the Golden Mile Fault zone (McDivitt et al. 2020).
D,, sinistral strike-slip: constrained at 2680+3 Ma by a quartz-
sericite-ankerite dike in the Golden Mile Fault zone (McDivitt et al.
2021a). Dy, sinistral transtension: interpreted at ca. 2675 Ma when
pre-Fimiston quartz-feldspar porphyries and syn-Fimiston hornblende
porphyries were emplaced (McDivitt et al. 2021a). Age constraints
on the pre- and syn-Fimiston dikes are provided by Yeats et al.
(1999), Gauthier et al. (2004), Vielreicher et al. (2010), and McDi-
vitt et al. (2021a). D,, sinistral-reverse deformation: represented by
NW-striking thrust and reverse faults with sinistral strike-slip compo-
nents that cross-cut and offset the D,, Fimiston lodes and porphyries

styles (ESM Fig. 7C). When the absolute concentrations of
trace elements in pyrite are considered, there is significant
overlap among the Fimiston, Hidden Secret, and Oroya
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(i.e., Nepture, Flannagan, Cadiz, Salamance, Oroya thrusts). Inferred
at ca. 2660 Ma based on the timing of similar structures in the Mt.
Shea-Hannan’s South area (Krapez et al. 2000; Fletcher et al. 2001;
Mueller 2007). D; dextral shearing: represented by N- to NNE-trend-
ing dextral faults that are prominent in the Mt. Charlotte area. Con-
strained from ca. 2650 to 2640 Ma by the Liberty Granodiorite and
U-Pb xenotime geochronology from Mt. Charlotte veins (Rasmussen
et al. 2009; Vielreicher et al. 2010; Mueller et al. 2020b). B Sche-
matic summary diagram illustrating the development of early miner-
alization and dikes during a D, pervasive fluid flow regime, and the
formation of HS1 and HS2 main gold-telluride lode veins during a
channelized fluid flow regime related to D, transtension. Overprint-
ing deformation occurred during D, when the Cadiz and Salamanca
faults cross-cut the gold-telluride lode mineralization

mineralization styles (ESM Fig. 7H), emphasizing the con-
clusion of Godefroy-Rodriguez et al. (2020b) that absolute
concentrations of trace elements in pyrite are not well-suited

@ Springer



1042

Mineralium Deposita (2022) 57:1023-1046

Fig. 12 The pH vs. fO, diagram
adapted from Godefroy-
Rodriguez et al. (2020a) and
references therein. Experimen-
tal conditions are T=300 °C,
mNa+ =1, mK+ =0.1,
mCa2+ =0.01, and

3'8°*S =0%o. Mineral stability -~
fields in the Fe—O-S system
(3:$=0.05 mol/kg) are shown
as dashed lines. Blue lines are
534S values for pyrite and H,S.
Fimiston, Hidden Secret, and
Oroya inherent fluid fO, condi-
tions are represented by the red
rectangle. Greenstone belt rock-
buffered fO, conditions and
shale-buffered fO, conditions
are represented by the green and
gray rectangles, respectively.
The inferred fluid pH (4-5.5) is
from Mueller et al. (2020a) o2
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for discriminating different mineralization events. A good
example of this is noted on the Au vs. V bivariate plot in
ESM Fig. 7F, which shows that although Oroya pyrite has
a distinct Au-V correlation relative to Fimiston and Hidden
Secret pyrite (ESM Fig. 7C), the absolute concentration data
from the different pyrite types overlaps significantly. These
results and those of Godefroy-Rodriguez et al. (2020b)
emphasize cautionary aspects in the use of absolute trace
element concentrations in LA-ICP-MS pyrite datasets to
discriminate and characterize the trace element signatures
of different gold events. For these latter purposes, correla-
tion coefficients derived from log;, LA-ICP-MS pyrite trace
element data show better suitability, as shown by this study
and that of McDivitt et al. (2021b).

Multiple sulfur isotopes Neither 8*S, ;,, nor A¥S ;.
shows good suitability in discriminating the Fimiston/Hid-
den Secret gold-telluride event from the Oroya gold-tellu-
ride event as the data show significant overlap (Fig. 10B).
Hence, caution is emphasized in using these parameters
in isolation to define and discriminate different gold min-
eralization events. The 634Spyrite and A33Spyrite values for
Oroya from location 2 overlap with both Fimiston pyrite
and Hidden Secret HS1 vein pyrite. All show a prevalence

of negative 84S values and consistently low A**S

pyrite pyrite
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values (Fig. 10B). The negative 634Spyrile values in the Hid-
den Secret HS1 veins suggests that like Fimiston and Oroya
mineralization, fluid fO, conditions at/or near the pyrite-
hematite and pyrite-magnetite stability fields are recorded
in Hidden Secret mineralization (Phillips et al. 1986; Clout
1989; Bateman and Hagemann 2004; Godefroy-Rodriguez
et al., 2020a; Mueller et al. 2020a). The models of Phillips
et al. (1986) and Evans et al. (2006) suggest that reduced
metamorphic fluids may become oxidized due to local wall-
rock interaction. Using empirical relationships in A% Spyrite/
634810},rite data (see rock buffering trends in Fig. 10B), this
study illustrates a contrary model as in both the Hidden
Secret and Oroya mineralization types, there is evidence
for a transition from variably negative 634Spyrite values with
low, mantle-like (~0+0.1%0) A¥S .. values to positive,
restricted 8%*S_ ;.. values (~0 to 5%0) with well-defined
A33Spyrite MIF anomalies (> 0.1%o or < -0.1%o). Based on
the host rock and vein-hosted or disseminated settings of
the samples, the trends in Fig. 10B are best explained by
local wall-rock buffering of isotopically juvenile fluids (i.e.,
A3S ~0%0) by greenstone belt rocks and carbonaceous
shales (e.g., Cox et al. 1991; Phillips et al. 1996; Mickuki
1998; Polito et al. 2001; Mueller 2020b; Mueller et al.
2020a). This buffering is inferred to lower fluid fO, from
pyrite-hematite and pyrite-magnetite stable assemblages to
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pyrite-stable and pyrrhotite-stable assemblages (Fig. 12).
Multiple studies suggest that MIF A*’S anomalies in oro-
genic gold mineralization record recycled sulfur liberated
during metamorphic devolatilization (Selvaraja et al. 2017,
Laflamme et al. 2018; Groves et al. 2020). The results of this
study emphasize an important caveat to this interpretation:
A3S MIF anomalies in ore-stage sulfides can be generated
from the local interaction of hydrothermal fluids with wall
rocks.

Conclusion

Both the Fimiston and Hidden Secret gold-telluride lodes
developed as magmatic-hydrothermal gold events from a
similar H,0-CO,-Au-Te-As-S-K Rb-Ba fluid attendant with
andesitic magmatism. The Fimiston and Hidden Secret lodes
formed in ca. 2675 Ma D,, transtensional architectures
related to releasing bends along NW-striking master faults,
namely, the Golden Mile and Towns faults, respectively. The
Fimiston and Hidden Secret lodes were deformed during ca.
2660 Ma D,,. sinistral-reverse deformation, when Oroya min-
eralization developed from a relatively S-V-Au-Ag-Hg-Te-
enriched fluid, and again from ca. 2650 to 2640 Ma when D;
dextral faults and the Mt. Charlotte stockwork veins formed
throughout the camp. Gold mineralization in the camp was
punctuated from ca. 2675 to 2640 Ma. The majority of gold
endowment reflects early, ca. 2675-2660 Ma magmatic-
hydrothermal events (Fimiston/Hidden Secret 4+ Oroya);
however, the Mt. Charlotte stockwork veins likely record
late metamorphic fluids which contributed to the earlier Au
endowment.

Geochemical methods that aid in discriminating the
Fimiston/Hidden Secret Au-Te mineralization event from the
later Oroya Au-Te mineralization event include relative per-
centage changes in alteration mass balance calculations and
correlation coefficients in LA-ICP-MS pyrite trace element
data. These discriminatory geochemical methods quantify
relative changes in alteration and trace metal systematics
that seem to be inherent fingerprints of gold events. Sul-
fur isotope data (634Spyme, A335pyrne) does not contribute
to discriminating the Fimiston/Hidden Secret Au-Te min-
eralization event from the later Oroya Au-Te mineralization
event; rather, it highlights the effect of wall-rock buffering
by ferrous greenstone belt rocks and carbonaceous shales
on oxidized hydrothermal fluids. During the gold-telluride
lode mineralization events, oxidized, juvenile magmatic flu-
ids, represented by 634Spyme= <0%o and A33Spyme= ~0.0
to 0.2%o0, were buffered to 6348pyrite =~1to 5% and
A33Spyme= ~0.2 to 0.7%o by greenstone belt rocks and to
8*S pyrite= ~ 1 10 5%0 and APS | ;.= ~ <0.3%o,>0.7%0 by
interflow shales during the acquisition of locally sourced
A®S anomalies in ore-stage sulfides. These locally sourced

A33S anomalies in ore-stage sulfides emphasize that such
anomalies may not record the involvement of recycled sulfur
liberated during metamorphic devolatilization. Rather, A**S
anomalies in ore-stage sulfides can reflect variable fluid-
rock interaction resulting from channelized or pervasive flow
regimes within the mafic greenstone belt rocks and interflow
shale horizons that comprise country rock near ore deposi-
tional sites.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00126-021-01077-w.
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