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ARTICLE INFO ABSTRACT

Keywords: Accurately determining the timing of mineralization is essential for exploring syn-genetic stratiform mineral
Geochronology systems, such as volcanic-hosted massive sulfide (VHMS) deposits. This study integrates multiple geochrono-
VMS logical techniques to constrain both the age of syn-genetic mineralization and subsequent overprinting magmatic,
;ljgirn Craton metamorphic and deformation events at the King VHMS deposit, Western Australia. The timing of syn-genetic
Re-Os mineralization is collectively constrained by consistent ages from U-Pb zircon geochronology of host felsic
Lu_Hf volcanic rocks (2725 + 10 Ma), a Re-Os pyrite isochron (2730 + 26 Ma), and Pb-Pb galena model ages (ca.
Pb isotopes 2714-2718 Ma). Pyrrhotite, formed via metamorphic desulfidation of pyrite, records a younger Re-Os age of
2652 + 32 Ma, overlapping with the timing of prograde metamorphism dated by in situ Lu-Hf garnet analysis at
2680 + 28 Ma. A Re-Os age from massive sulfide ore (2664 + 23 Ma), reflecting a mixture of pyrite and pyr-
rhotite, produces a geologically meaningless average due to metamorphic re-equilibration, highlighting limita-
tions of bulk Re-Os dating in high-grade metamorphosed systems. Quartz monzonite intrusions that crosscut the
deposit and are associated with the regional M2 metamorphism yielded weighted mean U-Pb zircon ages of ca.
2676-2665 Ma, and are associated with minor molybdenite mineralization (Re-Os ages ca. 2650-2655 Ma).
Collectively, these results confirm that the King Zn deposit represents the first phase of VHMS mineralization
during the formation of the Kalgoorlie-Kurnalpi Rift (KKR), and significantly predates other VHMS deposits of the
Eastern Goldfields. This study also demonstrates that the Re-Os isotopic signature of syn-genetic pyrite can be
retained through amphibolite-facies metamorphism, providing a new opportunity to directly date VHMS deposits
affected by high-grade metamorphism in Archean cratons globally. In contrast, Re-Os ages of pyrrhotite record

prograde metamorphism, offering a potential tool for constraining metal remobilization events.
1. Introduction elucidates the regional geodynamic events (e.g., tectonism, meta-
morphism, magmatism and/or volcanism) responsible for ore formation
Determining the age of mineral deposits and their host rock se- (e.g., Hollis et al., 2015; Chiaradia, 2023; Dana et al., 2024). This is
quences is fundamental for exploration, as it not only establishes the particularly crucial for syn-genetic stratiform mineral systems, such as
temporal framework of prospective geological formations but also volcanic-hosted massive sulfide (VHMS) deposits. These deposits are
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typically clustered within volcanic belts along geologically favorable
stratigraphic horizons and are intimately linked to episodes of regional
extension and magmatism (e.g., Goodfellow and McCutcheon, 2003;
Barrote et al., 2020a; Kelly et al., 2024). However, in Archean cratons
these deposits are often affected by multiple post-ore metamorphic and
deformation events, which can obscure the primary isotopic signatures
of the original deposit (e.g., Araujo and Scott, 1996; Burton et al., 2000;
Gonzalez-Jiménez et al., 2012) and lead to local metal remobilization (e.
g., Plimer, 1987; Marshall et al., 1998; Tomkins, 2007). In some in-
stances, VHMS deposits can also be overprinted by younger
hydrothermal-magmatic events associated with orogenic Au minerali-
zation (e.g., Mt. Gibson: Yeats and Groves, 1998; Kelan: Xu et al., 2011;
Yushui: Chen et al., 2023), hampering efforts to constrain the age of the
early syn-genetic mineralization.

In the Archean Yilgarn Craton of Western Australia (Fig. 1), the
timing of VHMS mineralization is well constrained in the northwest
Youanmi Terrane (Hollis et al. 2015), but remains poorly constrained
across several understudied greenstone belts, particularly in the eastern
Youanmi Terrane (e.g., Gum Creek, Copper Bore), Southwest Terrane (e.
g., Wheatley) and most parts of the Eastern Goldfields Superterrane
(EGST). Although several studies have attempted to date VHMS deposits
across the Yilgarn Craton, robust geochronological constraints have so
far only been obtained from U-Pb zircon ages of the felsic host rocks (e.
g., Hayman et al. 2015; Hollis et al. 2015, 2017a), and limited Re-Os
ages of nodular pyrite and black shale at Nimbus (e.g., Barrote et al.,
2021), though the latter often have considerable uncertainty. Attempts
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to apply *°Ar-2°Ar geochronology on sericitised plagioclase laths and
U-Pb monazite dating at Nimbus yielded significantly younger dates,
associated with post-ore granitoid emplacement (Barrote et al., 2020b).
While Pb-Pb galena model ages are generally consistent with host rock
ages for VHMS deposits, significant discrepancies exist between model
ages and footwall rocks of ca. 40-25 Myr depending on the model used
(Maltese and Mezger, 2020; Zametzer et al., 2022, 2023) and analytical
uncertainties associated with Pb isotope analysis.

In this study, we employ multiple geochronological approaches
(U-Pb zircon and titanite; Lu-Hf garnet; Re-Os sulfide and molybdenite;
Pb-Pb galena) to constrain the syn-genetic mineralization age of the
King VHMS deposit. The combination of these chronometers also allows
us to understand the timing of subsequent events related to late granite
emplacement and associated molybdenite mineralization, prograde
amphibolite-facies metamorphism and late Proterozoic deformation.
The findings are significant for constraining the age of metamorphosed
VHMS deposits globally, and aiding regional exploration targeting
across the Yilgarn Craton.

2. Geological background
2.1. Tectono-magmatic evolution of the Yilgarn Craton

The Yilgarn Craton is composed of distinct tectono-metamorphic
terranes, each with unique deformation intensities and metamorphic,

stratigraphic, and magmatic histories. From west to east, these terranes
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include the Narryer, Southwest, Youanmi, Kalgoorlie, Kurnalpi, Burt-
ville and Yamarna terranes. The Paleo-Mesoarchean West Yilgarn (i.e.,
Narryer, Southwest, Youanmi) is separated from the Neoarchean Eastern
Goldfields Superterrane (EGST) by the Ida Fault Zone. The geological
characteristics of each terrane have been thoroughly documented by
previous studies (e.g., Cassidy et al., 2006, Goscombe et al., 2019). The
stratigraphic and deformation history of the Yilgarn Craton (Fig. 2) can
be divided into several key periods, which are outlined below.

2.1.1. West Yilgarn Craton

The Narryer and Southwest terranes are primarily composed of
granite and granitic gneiss, with minor inliers of supracrustal green-
stone. In the Narryer Terrane, the oldest units are the ~ 3.7 Ga Manfred
Complex and Meeberrie Gneiss, which were subsequently intruded by ~
3.3 Ga felsic magmas (Wyche et al., 2014). In the Southwest Terrane, the
oldest supracrustal successions (ca. 3.2-3.0 Ga) are found in the Chit-
tering, Jimperding, and Balingup metamorphic belts. These were later
intruded by granitic and pegmatite bodies dated between ~ 2.75 and
2.62 Ga (Mole et al., 2012).

In the Youanmi Terrane, early supracrustal sequences formed be-
tween ~ 3.0 and 2.9 Ga, marking the earliest phase of crustal extension
and volcanism (e.g., Twin Peaks, Tallering, Lake Johnston greenstone
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belts; Goscombe et al., 2019). Notably, the greenstone sequences from
this period often host volcanogenic massive sulfide (VHMS) minerali-
zation (e.g., Golden Grove, Mt. Gibson, and Weld Range; Yeats & Groves,
1998; Sharpe & Gemmell, 2002; Guilliamse, 2014). These older supra-
crustal units are unconformably overlain by the Norrie Group (ca.
2825-2805 Ma), dominated by mafic-ultramafic rocks and their intru-
sive equivalents (Ivanic et al., 2010; van Kranendonk et al., 2013). This
major mantle melting event, possibly plume-driven, may have contrib-
uted to partial breakup of the proto-Yilgarn Craton driving east-west
extension (Ivanic et al., 2010; Czarnota et al., 2010; Mole et al., 2015).
Overlying felsic volcanic rocks of the Kantie Murdana Volcanics Member
and Yaloginda Formation host VHMS mineralization at Austin-Quinns,
Just Desserts and Yuinmery (Ivanic et al. 2010; Hassan 2014; Duuring
et al. 2016).

The Norrie Group is disconformably overlain by the Polelle Group
(ca. 2800-2730 Ma), which includes older mafic-ultramafic sequences
(e.g., 2800-2760 Ma Meekatharra Formation) and younger
intermediate-felsic volcanic rocks (e.g., 2760-2740 Ma Greensleeves
Formation; van Kranendonk et al., 2013). The latter formation hosts
VHMS mineralization at Hollandiare, Jillewarra, Mt Mulchay and Dal-
garanga (Hayman et al. 2015; Hollis et al. 2017b). Subsequently, the
Polelle Group was unconformably overlain by the Glen Group (ca.
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Fig. 2. Regional correlation of stratigraphy, deformation and timing of mineralization across the Archean Yilgarn Craton (modified after Goscombe et al., 2019).
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2735-2700 Ma), which consists of mostly clastic sedimentary rocks (i.e.,
Ryansville Formation) and komatiitic basalts with minor rhyolite (i.e.,
Wattagee Formation; [vanic et al., 2010; Wyche et al., 2014). The Glen
Group is broadly equivalent to the ca. 2725-2720 Ma Gum Creek
greenstone belt in the Southern Cross Domain, which is notable for its
abundant clastic sediments, including graphitic shale spatially associ-
ated with VHMS mineralization at the Altair, The Cup, and Bevan de-
posits (e.g., Bodorkos et al., 2006; Hollis et al. 2015). The ca.
2734-2730 Ma Marda-Diemals greenstone belts in the Southern Cross
Domain may also broadly correlate to the Glen Group (Chen et al., 2003;
Morris et al., 2007).

2.1.2. Eastern Goldfields Superterrane (EGST)

The oldest supracrustal record in the Kalgoorlie and Kurnalpi Ter-
ranes is preserved as poorly exposed fragments of ca. 2.96-2.93 Ga
granitic gneiss basement (e.g., Nelson, 1995; Mole et al., 2015). This
basement is overlain by a ~ 2.81-2.71 Ga tholeiite-dominated volcanic
succession termed the Goldfields Tholeiitic Super Event (Hayman et al.,
2015; Austin et al., 2022). These older sequences are then unconform-
ably overlain by ~ 2.71-2.66 Ga greenstone successions which are
widely exposed across the Kalgoorlie and Kurnalpi terranes. In the
Kalgoorlie Terrane, this includes the ultramafic-mafic Kambalda
Sequence (ca. 2710-2692 Ma; Beresford et al., 2005; Austin et al.,
2022), which is overlain by the felsic volcanic/volcaniclastic Kalgoorlie
Sequence (ca. 2690-2660 Ma; Krapez and Hand, 2008) that includes the
TTG-like Black Flag Group. In the Kurnalpi Terrane, the older green-
stone succession is represented by the Kurnalpi Sequence (ca.
2720-2700 Ma; Kositcin et al., 2008; Austin et al., 2022), which is
overlain by bimodal volcanic rocks across the Gindalbie Sequence (ca.
2660-2650 Ma; Kositcin et al., 2008). To the east, these sequences are
equivalent to the Yamarna Group (ca. 2720-2670 Ma; Pawley et al.,
2012; Goscombe et al., 2019). All of these successions were later
intruded by granites associated with the widespread ~ 2.74-2.65 Ga
High-Ca and ~ 2.66-2.63 Ga Low-Ca granite bloom (e.g., Cassidy and
Champion, 2004; Czarnota et al., 2010; Goscombe et al., 2019). Previous
studies suggested that the formation of these greenstone sequences
correspond to a prolonged period of ENE-directed extension (D1) be-
tween 2720 and 2690 Ma alongside bimodal volcanism and extensive
high-Ca granite intrusions (e.g., Groenewald et al., 2006; Goscombe
et al., 2019).

In the EGST significant VHMS mineralization is largely confined to
the Kalgoorlie-Kurnalpi Rift (KKR) and dates to approximately
2705-2680 Ma (Hollis et al., 2015; 2017b). Three main deposits have
been mined from the ca. 2690 Ma Gindalbie volcanic rocks at the
Teutonic Bore camp (i.e., Teutonic Bore, Jaguar, and Bentley; Belford,
2010; Barrote et al., 2020a). Smaller VHMS occurrences have also been
recognized from ca. 2700 Ma felsic tuffs of the Kurnalpi Sequence (e.g.,
Anaconda), and the King Zn deposit at Erayinia in southern Kurnalpi
(Hollis et al., 2019a,b). Additional Ag-Zn-(Au) mineralization is found at
Nimbus (ca. 2703 Ma), located on the margin of the Kalgoorlie Terrane
(Hollis et al., 2017a; Barrote et al., 2020b).

2.2. Metamorphic history of the Yilgarn Craton

The metamorphic history of the Yilgarn Craton can be broadly sub-
divided into five stages based on overprinting relationships among
structural, magmatic, and metamorphic mineral growth events
described above, as well as distinct metamorphic responses in different
tectono-stratigraphic settings. The records of an initial metamorphic
event are very limited, and the P-T conditions are generally unknown
due to extensive reworking and metamorphism during the Neoarchean
(Goscombe et al., 2019). The oldest (ca. 3300-3180 Ma) metamorphic
records are preserved in the Narryer and Southwest terranes in the form
of metapelite granulite (Nieuwland and Compston, 1981; Kinny and
Nutman, 1996; Wilde and Spaggiari, 2007).

The early Neoarchean metamorphism (MO) is characterized by low-
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pressure/high-temperature (low-P/high-T) upper amphibolite to gran-
ulite facies conditions limited to ca. ~ 2730-2690 Ma and primarily
occurring within magmatic arcs in the Kurnalpi and Burtville terranes,
such as within the Gindalbie and Duketon volcanic rocks (e.g., Barley
et al., 2006; Cassidy et al., 2006; Goscombe et al., 2019). The second
phase (M1) involved high-P/moderate-T metamorphism (Barrovian se-
ries), and is linked to accretion and partial burial of magmatic arc
margins during ca. 2748-2706 Ma (e.g., Cassidy et al., 2006; Goscombe
et al., 2009; Champion and Cassidy, 2010; Goscombe et al., 2019).
Following this event, regional-contact metamorphism (M2, low-P/
moderate-T) associated with high-Ca granite emplacement and
contraction (D2) occurred during ca. 2685-2665 Ma (e.g., Cassidy et al.,
2006; Goscombe et al., 2009; Czarnota et al., 2010; Goscombe et al.,
2019). Extension-related metamorphism (M3) overprints M2 and is
characterized by low-P/moderate-T (Buchan series) metamorphism
associated with lithospheric extension during ca. 2665-2650 Ma,
localized in post-volcanic clastic basins or along D3 shear zones (e.g.,
Goscombe et al., 2009; Czarnota et al., 2010; Goscombe et al., 2019).
The final stage of regional low-P/high-T metamorphism (M4) was
driven by renewed contraction (i.e., D4-D5) and the arrival of a
diffusion-delayed thermal anomaly, likely triggered by lower-crust and
mantle lithosphere delamination during ca. 2650-2610 Ma (e.g.,
Champion and Sheraton, 1997; Champion and Cassidy, 2007; Goscombe
et al., 2019). Following this peak metamorphic activity, waning thermal
flux continued resetting isotopic systems between 2610-2545 Ma, with
the cratonization process concluded before 2410 Ma (Goscombe et al.,
2019 and references therein).

2.3. Geology of the King deposit and surrounding areas

The geology of the King deposit (2.15 Mt at 3.5 % Zn, 0.3 % Pb, 15 g/
t Ag, 0.2 g/t Au) has been well characterized by several previous studies
(Hollis et al., 2019b; Kelly et al., 2024; Dana et al., 2025) which are
summarized as follows. Regionally, the King deposit is located in the
Erayinia region at the southern part of the Kurnalpi Terrane where two
major faults (i.e., Claypan and Roe Hills faults) separate the region into
three domains: (i) Edjudina; (ii) Murrin; and (iii) Menangina (Fig. 3).
The stratigraphy of the King deposit belongs to the Edjudina domain,
predominantly composed of mafic-felsic metavolcanic complexes over-
lain by metasedimentary sequences including chert and banded iron
formation (Swager 1995; 1997).

Currently, geochronological data for this region is very limited. The
most recent U-Pb zircon ages (SHRIMP) are from an intermediate felsic
unit (2685 + 8 Ma) in the Erayinia NW area which is part of Murrin
domain, and is crosscut by a monzonite intrusion (2686 + 11 Ma; Hollis
et al., 2019a). Previous studies also reported U-Pb ages (SHRIMP) of a
metasiltstone unit from the Karonie mine (2703 + 5 Ma; Wingate and
Bodorkos, 2007a) and a rhyolitic volcaniclastic rock from the Erayinia
NW (2680 + 5 Ma; Wingate and Bodorkos, 2007b), which are also part
of Murrin domain. On the other hand, U-Pb zircon ages (SHRIMP) from
the Edjudina domain range from 2708 + 6 Ma (i.e., fragmental meta-
dacite porphyry in a felsic sequence ~ 100 km north of King; Nelson,
1995) to 2680 + 4 Ma (i.e., granite gneiss at Coonana Hill 30 km NE of
King; Wingate et al. 2016).

At the deposit scale, the King deposit is hosted within an overturned,
east-dipping, volcanic-dominated stratigraphy that was metamorphosed
to amphibolite facies. The footwall sequences consist of deeper mafic
and overlying intermediate-felsic units. The footwall mafic units
comprise mafic-derived metasedimentary rocks (i.e., biotite-muscovite
schist; Fig. 4i,j), overlain by tholeiitic mafic metavolcanics (i.e., garnet
amphibolite; Fig. 4k,1). The footwall intermediate-felsic units consist of
calc-alkaline lower- and upper-felsic metavolcanics (i.e., chlorite-
muscovite-quartz schist), which are separated by a narrow, intensely
Mg-altered felsic metavolcanic zone (i.e., muscovite-chlorite schist).
Overlying the footwall felsic units are the hanging-wall units, which
include thin metaexhalite horizons (i.e., strongly banded magnetite-
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Fig. 3. Geological map of Erayinia region highlighting the location of the King deposit and nearby prospects (modified after Jones, 2007).

amphibole-quartz schist), calc-alkaline mafic metavolcanics (i.e., garnet
amphibolite), and metasedimentary rocks (i.e., calcite-muscovite-quartz
schist).

The stratiform massive sulfide orebody, is composed predominantly
of pyrite and pyrrhotite with minor sphalerite, chalcopyrite and galena,
is hosted within the upper felsic unit (Fig. 5a), directly beneath the
metaexhalite horizon. However, it is unclear if the massive sulfide ore-
body formed through largely an exhalative or replacive processes just
below the seafloor. Clasts of felsic host rocks in the massive sulfides
might indicate subseafloor replacement processes (Hollis et al., 2019b),
though this might also be due to the extensive recrystallization and/or
milling of wall-rocks during latter deformation. Stringer sulfide miner-
alization hosted by felsic metavolcanic footwall is dominated by pyrite-
sphalerite-pyrrhotite vein-veinlets and become more chalcopyrite rich
with various tellurides towards the deep mafic metavolcanic footwall
unit (i.e., garnet amphibolite; Hollis et al., 2019b; Dana et al., 2025).
The entire stratigraphic sequence has been intruded by at least two
generations of quartz-feldspar porphyry sills, several monzonite-granite
intrusions (Fig. 5), and later-stage dolerite dikes. Further mineralogical
and geochemical details are available in Kelly et al. (2024) and Dana
et al. (2025).

3. Samples and analytical methods
3.1. Mineralogical characterization

Petrographic observations of thirty-three samples were performed
using a Leica DMLP polarizing microscope equipped with a DFC 420C

camera. Several representative samples were further characterized using
a Carl Zeiss SIGMA HD VP Field Emission scanning electron microscope
(SEM) at the University of Edinburgh, UK, equipped with an Oxford
AZtec ED X-ray analysis. The analytical conditions were set as follows:
accelerating voltage 15 kV, working distance 7 mm, beam current 20nA.
A pure metallic cobalt standard was used for calibration.

3.2. U-Pb geochronology

Four samples of granitoid intrusions and one felsic metavolcanic
footwall host rock (i.e., upper chlorite-muscovite-quartz schist) were
sent to Geotrack Mineral Services, Australia, for zircon separation by
heavy liquids and magnetic separation. The zircon separates were
thermally annealed at 900 °C for 48 h, mounted in epoxy and then
prepared for cathodoluminescence (CL) imaging. The CL imaging was
performed using the same SEM instrument as those for mineralogical
characterization, that is also equipped with a Centaurus CL detector.
Additionally, one sample of granitoid intrusion and one sample from the
mafic-derived metasedimentary footwall unit (i.e., biotite-muscovite
schist) were prepared for titanite U-Pb dating.

The isotopic ratios and trace element concentrations of both zircon
and titanite were analyzed by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the Institute of Geochem-
istry and Petrology, ETH Zurich, Switzerland, using a RESOlution S-155
(ASI/Applied Spectra) 193-nm ArF excimer laser ablation system
attached to an Element XR (Thermo) sector-field ICP-mass spectrometer.
The ablation spot diameters were set at 19 um for zircon and 29 pm for
titanite. The laser fluence and repetition rate for zircon were set at 2 J
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Fig. 4. Representative hand specimens and photomicrographs of samples used for geochronological analysis: (a-b) molybdenite in granitoid intrusions; (c)
molybdenite along foliation within footwall lower felsic metavolcanic unit; (d) chalcopyrite mineralization hosted by footwall mafic metavolcanic unit; (e-h) mode of
occurrences of pyrite and pyrrhotite within massive sulfide lens; (i) titanite grain hosted by footwall mafic-derived metasedimentary unit; (j—m) mode of occurrences

of garnet within footwall mafic and felsic metavolcanic units.

cm~2 and 5 Hz, whereas for titanite they were set at 2 J cm ™2 and 4 Hz.
For zircon analyses, the GJ-1 zircon (Jackson et al., 2004) was used as
primary reference material for U-Pb dating and validated using the
Plesovice (337 Ma; Slama et al., 2008), OG-1 (3467 Ma; Stern et al.,
2009) and 91,500 (1065 Ma; Wiedenbeck et al., 1995) zircons as sec-
ondary reference materials. The MKED1 titanite (Spandler et al., 2016)
was used as primary reference material for titanite U-Pb dating. The
accuracy of titanite ages was assured by analyzing the following as
unknowns: BLS (1050 Ma; Aleinikoff et al., 2007), 94-35 (52 Ma; Dana
et al., 2023), Khan River (516 Ma; Mazoz et al., 2022), Bear Lake (1068
Ma; Mazoz et al., 2022), Otter West (148 Ma; Butler et al., 2002), Ectall
West (92 Ma; Butler et al., 2002). All acquired data are available in
Supplementary Table A1-A2; including metadata (Supplementary
Table A3) with all relevant parameters after Horstwood et al. (2016).
For zircon analyses, data reduction was completed using Iolite 4

software with VizualAge (Paton et al., 2011; Petrus and Kamber, 2012).
No common-Pb correction was applied but integration intervals were set
to exclude inclusions, common Pb and discordant parts of the signal.
After signal timing, only zircon spots with (nearly) concordant ages
(<2% discordance) were used for the age calculation and the data were
plotted on Wetherill concordia plots. The weighted mean 2°”Pb/2°6Pb
age is reported to represent the crystallization age. All uncertainties on
207ph,/206ph ages were reported as 26 including Ggys (i.e., long-term
external uncertainty) which is in the range of 1.5 % for 2°’Pb/2°°U
ages. This is composed of the uncertainty from the applied corrections,
uncertainty of the decay constants, lacking common-Pb correction, the
uncertainty on the true 2%7Pb,/2%U ratio of the primary standard GJ-1,
and possible uncertainty from matrix effects. The Pb-loss age for the
remaining discordant zircon spots were calculated using LeadLoss v.1.0
application (Mathieson et al., 2025) where the distribution was modeled
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Fig. 5. Hand specimen of footwall felsic volcanic host-rock (a), syn-ore granite intrusion (b), and late quartz monzonite intrusions (c-e). A weighted mean

207ph,/206ph, zircon crystallization age is included for each sample.

over a range of 1-2600 Ma using a step size of 10 Myrs, 200 Monte Carlo
simulations and penalization for invalid ages. The result is visualized in
a Gaussian kernel density estimation (KDE) plot with smoothing band-
width of 50.

For titanite analyses, isotopic ratios were quantified using the
UcomPbine data reduction scheme available in Iolite 4 (Paton et al.,
2010, 2011; Petrus and Kamber, 2012; Chew et al., 2014). Final titanite
U-Pb ages were determined using IsoplotR v.6.5 (Vermeesch, 2018) via
linear regressions on Tera-Wasserburg concordia plots with lower
intercept inferred to represent the titanite crystallization age. Systematic
uncertainties were propagated on final ages by quadratic addition of (i)
the lower intercept age obtained using IsoplotR and (ii) the long-term
excess variance (1.0 %) composed of the uncertainty from the applied
corrections, uncertainty of the decay constants, uncertainty on the true
208pt, /238 ratio of the primary standard MKED1, and possible uncer-
tainty from matrix effects.

3.3. Lu-Hf geochronology

A total of four representative samples (Fig. 5) consisting of three
mafic footwall units (i.e., two garnet amphibolite and one biotite-
muscovite schist) and one felsic footwall unit (i.e., lower chlorite-
muscovite-quartz schist) were prepared as polished thin sections for in
situ Lu-Hf analysis at Adelaide Microscopy, University of Adelaide. The
analysis was carried out using an Agilent 8900x ICP-MS/MS, coupled to
a RESOlution-LR ArF excimer (193 nm) laser ablation system. Details of
the analytical conditions followed those described in Simpson et al.
(2021) and Simpson et al. (2023). The 17514 isotope was measured as a
proxy for 7%Lu, 76*82Hf and 78+82Hf were measured as mass-shifted
reaction products for 7°Hf and 77Hf, respectively. Isotopic ratios
were calibrated to repeatedly measured NIST-610 glass in the LADR
software (Norris and Danyushevsky; 2018). The Hogsbo garnet was used
to correct the Lu/Hf ratios for matrix-dependent fractionation and BP-1
(1745 + 14 Ma; Lane 2011; Glorie et al., 2024) and Heftetjern (930.3 +
1.0 Ma; Glorie et al., 2024) garnet secondary reference material were

used to verify the accuracy of the calibration. Measured Lu-Hf dates are
1747 + 18 Ma and 929.6 + 6.5 Ma, respectively. All data and meta-data
are available in Supplementary Tables A4-A5. For each sample and
reference material, inverse isochron Lu-Hf dates were calculated in
IsoplotR v.6.5 (Vermeesch, 2018), based on the matrix-corrected
1761u/76Hf and Y77Hf/7CHf isotopic ratios, their 2SE uncertainties
(95 % confidence intervals), and the calculated uncertainty correlations.
Inverse isochrons were chosen over normal isochrons as they provide a
more rigorous means for inspecting datasets with strong uncertainty
correlations (Li and Vermeesch, 2021). The uncertainties for the
isochron dates are reported in the 95 % confidence interval including all
sources of analytical uncertainty and decay constant (osys).

3.4. Re-Os geochronology

3.4.1. Isotope dilution and negative thermal ionization mass spectrometry
(ID-N-TIMS)

Three pure molybdenite mineral separates were prepared for Re-Os
analysis utilizing a room temperature HF separation method (Lawley
and Selby, 2012). The isotopic compositions were measured via ID-N-
TIMS using Faraday collectors at the Durham Geochemistry Center of
Durham University. The full details of the analytical protocol and data
handling follow those described in Li et al. (2017). In brief, sample and
tracer solution (*®°Re + normal Os) were digested and equilibrated in a
carius tube at 220C for 24 h. The Re and Os fractions were isolated and
purified using solvent extraction-anion chromatography, and solvent
extraction-microdistillation protocols, respectively. Although negligible
all Re-Os data were blank corrected, with the Re and Os blanks for the
study being 2.3 and 0.5 pg (n = 1), respectively. The molybdenite Re-Os
model age was calculated using the equation t = In (*370s/1%"Re + 1)/,
in which A is the decay constant (Smoliar et al., 1996). Quality of the
measurements of the Re- and Os isotopic compositions was monitored by
repeated analyses of in-house Re (*¥7Re/'®5Re = 0.5986 + 0.0014, n =
855) and Os (*870s/'#0s = 0.16098 + 0.00013, n = 147). Uncertainties
are reported at the 2¢ level and include all sources of analytical
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uncertainty and that of the decay constant.

3.4.2. Multicollector inductively coupled plasma mass spectrometry
(MC-ICP-MS)

A total of twenty samples were prepared for Re-Os analysis
comprising bulk massive sulfide possessing an almost equal mix of pyrite
and pyrrhotite (n = 9), pure mineral separates of pyrite (n = 6), pyr-
rhotite (n = 4), chalcopyrite (n = 1). Three whole-rock molybdenite-
bearing granitoid rocks (n = 2) and felsic metavolcanic footwall (n = 1)
were also prepared. Coarse-grained pyrite, pyrrhotite and chalcopyrite
were separated by handpicking while massive sulfide and molybdenite-
bearing granitoids were crushed in bulk. The analytical procedures
follow those previously described by Ohta et al. (2022) and further
detailed in Dana et al. (2023). For each sample, ~0.4 g powder, together
with a tracer solution of '®°Re and °°0s were digested in 4 mL of inverse
aqua regia in a Carius tube in an oven at 220 °C for 24 h. After cooling,
the Carius tube was opened, and the solution was transferred to a 30-mL
Teflon vial. Rhenium in the sample solution was then purified by two-
step chromatography using Muromac AG1-X8 anion exchange resin
after the Os isotope measurement. For the molybdenite-bearing samples,
the '870s was quantified by comparing its intensity with 1°20s intensity
that was assumed to be derived completely from Os standard solution as
the spike. The Re and Os isotopic ratios were measured using a Neptune
Plus Thermo Fisher Scientific MC-ICP-MS at the Ocean Resources
Research Center for Next Generation (ORCeNG) of Chiba Institute of
Technology (CIT). Osmium and Re isotope ratios were measured using
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sparging sample introduction and solution introduction into the glass
ICP torch through a self-aspirating PFA nebulizer and a glass spray
chamber, respectively. The Re-Os data were blank corrected using 2.32
+ 0.17 pg for Re and 0.126 + 0.017 pg for Os, with a 70s/'%0s of
0.907 + 0.017 (average + 1SD). The blank corrections range from 0.005
to 3.3 % for Re and 0.002 to 6.6 % for Os. The average 8"Re/'®°Re value
for standard solution was 1.67381 + 0.00027 (n = 11; 2SD), whereas
the average 1870s/!%80s value for the JMC standard solution was
0.10709 + 0.00069 (n = 5; 2SD) in which both are consistent with
previously published data (*®”Re/!®®Re = 1.6738 =+ 0.0005; Re-Ir
mixed standard solution Ohta et al., 2022; 18705/18805 = 0.10684 +
0.00015; JMC Os standard solution; Nozaki et al., 2012).

The Re-Os data for pyrite, chalcopyrite and pyrrhotite were evalu-
ated using the modeling approach of Davies et al. (2018) to indepen-
dently confirm data clustering and determine which dates and initials
(Os;) are significant. We used the R script of Davies et al. (2018) torun a
model with 100 points for each sulfide aliquot, to capture the analytical
uncertainty in each measurement, but assume that all 100 points belong
to a single aliquot and therefore the same isochron. The parameters set
at, “iterate = 50” and “random.effects = TRUE” test for the possibility
that the data can be explained by up to five possible isochrons, using the
expectation-maximization (EM) algorithm. Allowing up to 1,000
possible iterations of the EM algorithm to allow it to converge (“n:iter =
1,000”). Any variability in the initiation of the EM algorithm is
accounted for by repeated 100 times (“n:rep = 100”). The Re-Os
isochron dates determined using both normal and inverse linear

Table 1
Summary of Re-Os concentrations and isotopic ratios in stringer and massive sulfides samples from the King deposit.

Sample Mineral Sample Re (ppb)  2SE Os 2SE  '%70s 187Re/ 2SE 1870s/  2SE Rho Model ages

code weight (g) (ppt) (%) 1880 1880

31/154-PY Pyrite 0.40 0.332723 0.000062 97.0 2.4 98.03 8823 229 404 13 0.825 2686 + 51

114/222- 0.40 0.042857 0.000069 12.1 1.5 96.78 8745 1871 379 87 0.927 2546 + 215
PY*

181/467- 0.40 0.48767 0.00031 373.57 0.26 39.84 102.10 0.10 4.9069 0.0049 0.541 2730 £ 42
PY

114/236- 0.41 0.190336 0.000078 60.99 0.52 91.67 1800 16 84.16 0.98 0.769 2738 £+ 26
PY

86/380- 0.40 0.169461 0.000066 58.76 0.77 94.80 2737 34 143.4 2.6 0.693 3062 + 43
PY*

56/325- 0.40 0.009061 0.000013 2.60 0.45 86.18 1923 552 78 24 0.944 2382 + 238
PY*

181/176- Chalcopyrite 0.40 2.06030 0.00051 557 32 99.85 138,530 10,232 5955 518 0.849 2526 + 115
ap*

113/310- Pyrrhotite 0.40 0.59525 0.00018 173.7 1.6 97.50 6623 50 299.9 3.3 0.676 2652 + 30
PO

113/311- 0.40 0.50395 0.00011 156 21 97.14 5714 676 287 45 0.746 2935 + 301
PO*

173/293- 0.40 0.291787 0.000042 93.08 0.56 90.08 1501.3 7.5 68.50 0.62 0.553 2652 + 74
PO

116/175- 0.41 0.057503 0.000017 17.5 3.7 98.51 28,583 15,650 1328 765 0.951 2725 + 475
PO*

143/519- Bulk massive 0.41 0.134747 0.000033 45.55 0.39 85.65 984.0 8.4 45.31 0.48 0.807 2682 + 24
MS sulfides

114/234- 0.40 0.13715 0.00004 47.2 1.5 85.58 964 30 45.1 1.9 0.738 2724 + 79
MS*

55/348- 0.40 0.16258 0.00022 49.7 1.4 96.80 5915 239 280 14 0.825 2773 £ 79
MS*

189/148- 0.40 0.30266 0.00035 131.67 0.26 67.25 330.03 0.85 15.318 0.047 0.667 2663 + 35
MS

118/323- 0.40 0.13816 0.00016 42.19 0.82 93.89 2823 82 129.8 4.5 0.834 2691 + 53
MS

59/175- 0.40 0.27562 0.00031 81.71 0.68 95.30 3642 50 164.4 2.6 0.851 2645 + 27
MS

56/338- 0.39 0.183268 0.000059 54.92 0.63 93.67 2572 28 116 2.0 0.626 2640 + 39
MS

116/427- 0.40 0.119958 0.000027 39.93 0.37 88.01 1203 11 56.30 0.68 0.753 2729 + 28
MS*

190/164- 0.40 0.40599 0.00046 19,361 731 68.44 3.11 0.12 16.06 0.86 0.707 108071 +
MS* 2100

Note: *excluded in the isochron age calculation; model ages calculated using an initial Os derived from the isochron, uncertainty including all sources of analytical

uncertainty plus decay constant.



C.D.P. Dana et al.

regressions (model 1: maximum likelihood) constructed using IsoplotR
v.6.5 (Vermeesch, 2018; Li and Vermeesch, 2021). The uncertainties for
Re-Os analysis are reported to two standard errors, with uncertainties
for the isochron are reported in the 95 % confidence interval including
all sources of analytical uncertainty and decay constant. Note that
samples with more than 90 % radiogenic %70s are considered as low-
level highly radiogenic sulfides (LLHR; Stein et al., 2000). Model dates
were also calculated using initial Os derived from the respective
isochron (i.e., pyrite-chalcopyrite = 0.156 + 0.035; pyrrhotite = 0.67 +
0.98; bulk massive sulfide = 0.347 & 0.098) and the results are provided
in Table 1.

3.5. Lead (Pb) isotopes

A total of six samples were crushed and coarse-grained galena was
handpicked. Lead isotopes were measured using a Neptune Plus Thermo
Fisher Scientific MC-ICP-MS coupled to a Teledyne-Cetac Technologies
Aridus II desolvating nebulizer and an ESI SC-microautosampler with
PFA-50 nebulizer tip at the National Environmental Isotope Facility —
Geochronology and Tracers Facility (NEIF-GTF) of British Geological
Survey (BGS) Keyworth. Details of analytical conditions are provided in
the Supplementary Table A6. The acquisition consisted of 50 ratios,
collected at 8.6 s integrations, following a 60 s de-focused baseline
measurement made at the beginning of each analytical session. The re-
sults were calibrated using NBS981 as primary reference material and
are corrected (normalized) relative to the known values from Thirlwall
(2002). The uncertainties were propagated relative to the reproduc-
ibility of the session NBS 981, to take into account the uncertainties
associated with the normalization process. Lead isotopic calculations
including model age, model source p (233U/2°*Pb), time-integrated
(®32Th/?%8U), and initial Pb isotope ratios evolution models were per-
formed using the PbIso web app (Armistead et al., 2023).

4. Results
4.1. Zircon U-Pb dates

4.1.1. Felsic metavolcanic host rock

Zircon grains (n = 19) from the footwall upper chlorite-muscovite-
quartz schist (EC56D/313 m), are mostly euhedral-subhedral (vary in
size between 50 and 100 pm) with microfractures, and display oscilla-
tory or sector zoning in CL images (Supplementary Fig. A1). Only 13 out
of 45 analytical spots were concordant and yielded a weighted mean
207pp /206ph age of 2725 + 10 Ma (MSWD = 0.74; Fig. 6a). The Pb-loss
date was also calculated using the remaining discordant analyses and
yielded an optimum date of ca. 270 Ma (95 % lower bound = 1 Ma; 95 %
upper bound = 444 Ma; Supplementary Fig. A2).

4.1.2. Granitoid intrusions

Zircons from the selected granitoid intrusions are characterized by a
large variability in size (60-200 pm), with some of the grains displaying
textural evidence for metamictization (Supplementary Fig. Al). Two
different ages from three granitoid intrusions were identified. The
younger zircons have brighter CL than those that are older. The older
granitoid intrusion of granite (i.e., KG08-outcrop; Fig. 5b) yielded a
weighted mean 2%7Pb/2°°Pb age of 2721.4 + 8.8 Ma (MSWD = 1.2; n =
21; Fig. 6b). The other two samples (i.e., quartz monzonite; Fig. 5d,e)
show overlapping younger ages and yielded weighted mean 2°’Pb/2%pb
dates of 2676 + 15 Ma (MSWD = 1.2; n = 7; Fig. 6¢) and 2665 + 13 Ma
(MSWD = 2.1; n = 11; Fig. 6d). A fourth sample (EC187D/108 m;
Fig. 5¢) yielded only 1 out of 17 concordant analytical spots, with an
individual 2°’Pb/2%®Pb date of 2660 + 36 Ma. The ca. 2670 Ma granitoid
intrusions also contain inherited zircon grains that yielded overlapping
weighted mean 207pp /206p dates of 2745 + 19 Ma (MSWD = 0.15;n =
2; EC191D/250 m) and 2738 + 22 Ma (MSWD = 1.5; n = 2; EC187D/85
m). The Pb-loss date was also calculated using the remaining discordant
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analyses and yielded an optimum age of 1 Ma, indicating recent lead loss
event. A secondary peak Pb-loss date at ca. 1296 Ma was also identified
from sample EC187D/108 m (Supplementary Fig. A2).

4.2. Titanite U-Pb dates

Magmatic titanite was analyzed in a late granitoid intrusion
(EC191D/250 m) and yielded a lower intercept date of 2675 + 42 Ma
(MSWD = 2.6; n = 15; Fig. 6e), which is overlapping within uncertainty
with the weighted mean zircon date from the same sample (2676 + 15
Ma). In contrast, metamorphic titanite hosted by the footwall biotite-
muscovite schist (EC143D/169 m; Fig. 4i) is significantly younger
than the magmatic titanite and yielded a lower intercept dateof 1368 +
87 Ma (MSWD = 1.9; n = 30; Fig. 6f).

4.3. In situ Lu-Hf garnet dates

Lu-Hf dates obtained for garnet porphyroblasts from footwall mafic
units yield consistent dates, although precision is compromised for Lu-
poor garnets. Garnet from the footwall biotite-muscovite schist
(EC144D/135 m; Fig. 4j) has an average Lu concentration of 2.1 ppm
and yielded an inverse isochron date of 2687 + 54 Ma (MSWD = 1.4; n
= 40; Fig. 7a). Average Lu concentrations of garnet from sample EC116/
143 m (i.e., garnet amphibolite; Fig. 4k) is higher (11.9 ppm), and
yielded an inverse isochron date of 2680 + 28 Ma (MSWD = 1.3; n = 39;
Fig. 7b). In contrast, garnet from sample EC166D/83 m, another garnet
amphibolite with more garnet abundance than those in EC116D/143 m
(Fig. 41), has lower Lu concentration (ca. 1.60 ppm on average) and
yielded a less precise (but within uncertainty) date of 2535 + 133 Ma
(MSWD = 1.3; n = 40; Fig. 7c). The lower chlorite-muscovite-quartz unit
sample (EC116D/198 m; Fig. 4m) has a lower Lu concentration
compared to the mafic units (ca., 0.69 ppm on average) and yielded an
imprecise inverse isochron date of 2722 + 219 Ma (MSWD = 0.92; n =
37; Fig. 7d).

4.4. Sulfides Re-Os dates

4.4.1. Stringer and massive sulfides

Rhenium-osmium analysis were carried out on sulfides from the
stringer zone and massive sulfide ore lens of the King deposit (Table 1).
Pyrite occurs as recrystallized euhedral grains and surrounded by
interstitial chalcopyrite. Both minerals are overgrown by pyrrhotite,
typically in equal abundance. The Re-Os abundance of pyrite ranges
from ~ 0.009 to 0.3 ppb and ~ 2.6 to 374 ppt, respectively. The chal-
copyrite sample from a stringer vein recrystallized into the regional
foliation hosted by mafic metavolcanic footwall unit (i.e., garnet
amphibolite; Fig. 4d) has the highest Re abundance (~2.1 ppb) with
99.9 % radiogenic Os and yielded a nominal Re-Os model date of 2526
+ 115 Ma using an initial Os derived either from pyrite or pyrrhotite
isochrons (discussed below). All the Re-Os pyrite data yielded an
isochron date of 2790 + 25 Ma (MSWD = 63; n = 6). A similar date is
determined including the co-genetic chalcopyrite (2784 + 24 Ma;
MSWD = 54). Yet, the date is older and outside of uncertainty with the
date of the felsic volcanic footwall that hosts the massive sulfide orebody
(U-PDb zircon age = 2725 + 10 Ma).

Our single analysis of chalcopyrite, and some pyrite samples, show
scatter about the linear regression, which is clearly shown on an inverse
isochron plot (Supplementary Fig. A3a). The dataset was further eval-
uated using the cluster analysis of Davies et al. (2018). Four Re-Os data
clusters were identified (Supplementary Fig. A3b). Amongst the four
clusters, only “cluster 2” provides geologically realistic gross Re-Os date
and initial ' 0s/'®0s (Os;) estimates (ca. 2732 Ma; modelled Os; =
0.14; 33 % of the data; samples 181/467-PY and 114/236-PY). The
Re-Os isochron date then computed using three defining samples based
on inverse isochron and cluster analysis (i.e., samples 181/467-PY; 114/
236-PY; 31/154-PY) and excluding the chalcopyrite and two pyrite
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samples (i.e., 86/380-PY and 56/325-PY). The Re-Os data for the four
pyrite samples yielded an isochron date of 2730 + 26 Ma (MSWD = 4;
Os; = 0.156 + 0.035).

Paragenetically, pyrrhotite postdates euhedral pyrite and is inter-
grown with recrystallized chalcopyrite. It has Re abundances between
~ 0.06 to 0.60 ppb and Os abundances from ~ 18 to 174 ppt. The Re-Os
data for the four pyrrhotite samples yielded an isochron date of 2654 +
32 Ma (MSWD = 1.8) with an Os; of 0.62 + 0.97 (Fig. 8c). As performed
for pyrite, cluster analysis of Davies et al. (2018) was also carried out for
pyrrhotite dataset and three clusters were identified (Supplementary
Fig. A3d). Of the three clusters, only “cluster 3” yields geologically
plausible gross Re-Os dates and Os; values (ca. 2645 Ma; modeled Os; =
0.67; 49 % of the data; samples 113/310-PO and 173/293-PO). Addi-
tionally, two samples exhibit scatter from the isochron, especially 113/
311-PO (Supplementary Fig. A3c). The isochron date then computed
using the two defining samples suggested by the “cluster 3 yielded a
similar isochron date (2652 + 32 Ma; MSWD = 1; Os; of 0.67 + 0.98;
Fig. 8c) which is consistent (within uncertainty) with “cluster 3” esti-
mates, although a two-point isochron.

The Re-Os analysis was also carried out on bulk massive sulfides
which are predominantly composed of pyrite and pyrrhotite in almost
equal abundance with minor sphalerite, chalcopyrite and galena. The
Re-Os abundances in the massive sulfides ranges from ~ 0.1 to 0.4 ppb
and ~ 40 to 19,361 ppt, respectively. A total of nine massive sulfide
samples yielded an isochron date of 2663 + 21 Ma (MSWD = 200) with
an Os; of 0.39 + 0.09 (Fig. 8d). However, four samples exhibit signifi-
cantly scatter in the linear regression (Supplementary Fig. A3e).
Excluding the Re-Os data from these samples, a similar isochron date of
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2664 + 23 Ma (MSWD = 3.7) and Os; of 0.347 + 0.098 is obtained
(Fig. 8d). However, amongst four clusters obtained from the cluster
analysis, none of the gross Re-Os date estimates match the isochron date
(Supplementary Fig. A3f). The results from cluster analysis show either
geologically meaningless gross Re-Os dates or unrealistic modelled Os;
estimates (cluster 1 = ca. 2610 Ma, modelled Os; = 1.95; cluster 2
2749 Ma, modelled Os; = -0.19; cluster 3 = ca. 2369 Ma, modelled Os;
15; cluster 4 = ca. 2819 Ma, modelled Os; = -5.31).

4.4.2. Molybdenite Re-Os chronology

Molybdenite hosted by the footwall biotite-quartz schist (EC193D/
324) occurs along the foliation associated with recrystallized magnetite,
minor pyrite, pyrrhotite and rare chalcopyrite (Fig. 4c). Molybdenite in
this sample was analyzed using both grain separates and bulk-rock
digestion, and yielded model dates of 2655 + 14 Ma and 2665 + 19
Ma, respectively (Table 2).

Molybdenite in late granitoid intrusions, which crosscut the King
stratigraphy, occur as either hosted by quartz veins (i.e., EC181D/378
m; Fig. 4a) or disseminated within the host-rock (i.e., EC182/152 m and
EC85/51 m; Fig. 4b). In sample EC181D/378 m, molybdenite was also
analyzed using both grain separates and bulk-rock digestion, yielding
model dates of 2650 + 15 Ma and 2663 + 19 Ma, respectively (Table 2).
Two additional molybdenite samples hosted by late granitoids yielded a
model date of 2652 + 14 Ma (EC182/152 m; mineral separate) and 2624
+ 19 Ma (EC85/51 m; bulk rock digestion).



C.D.P. Dana et al.

Precambrian Research 432 (2026) 107968

12000

o
S
I~ o
® 7] e ]®
o Pyrite-chalcopyrite age 3 //
8 - 2784+24Ma AR
©
(""Os/"™0s), = 0.060 + 0.031 .
MSWD =54 | n=7/7 e § i
8 1 2790 + 25 Ma §
3 81-176.CP (""0s/™0s), = 0.049 + 0.032 4
C = : ’
MSWD = n =6/6 s
8 & g"
. -
8 ¢ s &1 g
g 8
- S
© o o
2 ® L -
S
N
o
2
S
o
= | e -
Q
‘C_) >
/.
i
_ Fig. (b) .
T T T T T T T T T T
0 50000 100000 150000 0 2000 4000 6000 8000 10000
187Re/|BSOS 187Re/|3805
8 o
g1 =
Byrrhotit Bulk massive sulfide age
yrrhotite age -
- ) 2664 £ 23 Ma
BBC 2 oA 3 / o | ("0s/™0s),=0.347 + 0.098
3 ("'Os/™Os), = 0.67 + 0.98 P 7 & o MSWD=37|n=5/9
S - MSWD=1|n=2/4 /
~ , P 3
2654 + 32 Ma =0.386 + 0.088
(*Os/ O o 4 g 200 | n=9/9
MSWD = 1.8 | n = 4/4 4 e «
& y
o T
»w O / o0
& * (o]
8 g o
2 z 2
o 1 KeJ
2 o -]
S 56/338-MS
Ll o
8
o
3 3 1
L
173/2 o -
o
T T T T T T T T T T T T
0 10000 20000 30000 40000 50000 0 1000 2000 3000 4000 5000 6000
¥7Re/"®80s 187Re/'®80g
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Table 2
Summary of Re-Os concentrations and isotopic ratios in molybdenite samples from the King deposit.
Sample Host lithology =~ Method Sample Re (ppm) 26 187Re (ppm) 26 1870s 20 Model age
code weight (g) (ppb) (Ma)*
EC181D/ Late granitoid N-TIMS-HF 0.021 220.25 0.82 138.43 0.52 6249 24 2650 + 15
378A separation
EC182/152 Late granitoid N-TIMS-HF 0.021 15.27 0.06 9.60 0.04 433.60 1.36 2652 + 14
separation
EC193D/ Biotite-quartz N-TIMS-HF 0.011 219.71 1.12 138.09 0.70 6246 28 2655 + 14
324A schist separation
EC181D/ Late granitoid MC-ICP-MS-bulk 0.22 0.002132 0.000015 0.0013402 0.0000098 0.060808 0.000085 2663 + 19
378B digestion
EC85/51 Late granitoid MC-ICP-MS-bulk 0.049 0.04411 0.00032 0.02773 0.00026 1.239 0.0076 2624 + 19
digestion
EC193D/ Biotite-quartz MC-ICP-MS-bulk 0.053 0.03219 0.00023 0.02023 0.00019 0.9183 0.0052 2665 + 19
324B schist digestion

*Model age calculated from the simplified isotope equation [t = In(**’0s/!¥7Re + 1)/, where t = model age and » = '®”Re decay constant], assuming no initial
radiogenic Os; Uncertainty reported including all sources of analytical uncertainty plus decay constant.

4.5. Lead (Pb) isotopes of galena

The six analyzed galena samples have almost identical lead isotopic
ratios (2°°Pb/2%Pb = 13.75-13.77; 27Pb/2%'Pb = 14.92-14.93; and
208py, 209ph — 14.97-14.98) (Table 3; Fig. 9). Using the Pb evolution

model for the Yilgarn Craton (i.e., EGST) of Zametzer et al. (2022),
which is a derivation from the Bulk Silicate Earth (BSE) Pb evolution

12

model of Maltese and Mezger (2020), calculated model ages from the
King deposit range from 2688 + 23 to 2693 + 16 Ma with p
(8U/29%pb) and « (*32Th/?*®U) values of 9.0 + 0.1 and 4.1 =+ 0.1,
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Table 3
Lead (Pb) isotope composition of galena from the King deposit. Note that the uncertainty of model age (20) is calculated from analytical uncertainty only.
Sample 206pp, 26 207ph; 26 208pp, 26 207pb/ 26 208pp,/206pp 26 Model age (Ma) TN Gad O /2
code 204pp (%) 204pp (%) 204pp (%) 205ph (%) (%) Model 1 Model 2 204pp) (*32Th/
(Zametzer (Thorpe, 23817)
et al., 2022) 1992)

187/ 13.755 0.006 14.919 0.004 33.442 0.005 1.085 0.002 2.431 0.002 2692 + 14 2718 £ 16 9.0 4.1

286a
187/ 13.754 0.005 14.918 0.004 33.438 0.004 1.085 0.001 2.431 0.002 2692 + 14 2718 +£ 15 9.0 4.1

286b
25/181a 13.761 0.005 14.926 0.003 33.444 0.004 1.085 0.001 2.430 0.002 2692 £ 19 2718 £ 21 9.0 4.1
25/181b 13.760 0.005 14.925 0.003 33.441 0.004 1.085 0.001 2.430 0.002 2693 + 16 2718 £ 17 9.0 4.1
27/96 13.767 0.005 14.927 0.003 33.445 0.004 1.084 0.001 2.429 0.002 2688 + 21 2714 + 23 9.0 4.1
56/338 13.752 0.006 14.915 0.004 33.438 0.005 1.085 0.001 2.432 0.002 2691 +£13 2717 £ 16 9.0 4.1
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ences therein.

respectively (20 from analytical uncertainty only). As a comparison,
model ages were also calculated using the Archean sulfide model of
Thorpe et al. (1992). The calculated Pb model ages using this model
ranges from 2714 + 23 to 2718 + 21 Ma with p and «k values 0of 9.3 + 0.1
and 4.1 + 0.1, respectively (20 from analytical uncertainty only).

5. Discussion
5.1. Constraining the syn-genetic age of metamorphosed VHMS deposits

Although previous studies have suggested that Re-Os systematics in
pyrite and molybdenite remain unaffected even by high-grade meta-
morphism (i.e., up to amphibolite facies) and intense deformation (e.g.,
Stein et al., 1999, 2001; Bingen et al., 2008; Nozaki et al., 2010; Wang
et al., 2021), constraining the syn-genetic age of metamorphosed VHMS
deposits remains challenging. Due to the large uncertainties involved,
Re-Os ages can often overlap with later metamorphic events (e.g.,
Barrote et al., 2020b) or younger mineralization episodes that can
overprint the original orebody (e.g., Lobanov et al., 2014; Tessalina
etal., 2017). In this study, we have employed multiple geochronological
approaches to constrain the age of the host stratigraphy, directly date
VHMS mineralization at King, and younger magmatic and metamorphic
events.

At King, the felsic volcanic footwall that hosts the massive sulfide
orebody yielded a weighted mean U-Pb zircon age of 2725 + 10 Ma,
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thus constraining the deposition age of the host stratigraphy. This age is
consistent with our Re-Os isochron age of pyrite at 2730 + 26 Ma,
which was independently evaluated using the cluster analysis of Davies
et al. (2018), and Pb model ages of galena (ca. 2714-2718 Ma) based on
the Archean sulfide evolution model of Thorpe et al. (1992). Together
these ages provide the best estimate for the timing of syn-genetic VHMS
mineralization at King to ca. 2725 Ma (Fig. 10). This age is also in
agreement with the timing of a granite intrusion emplacement (KGOS;
2721 + 9 Ma) ~ 10 km north of King, along strike of the footwall
stratigraphy. In contrast, garnet Lu-Hf ages (most precise date: 2680 +
28 Ma) suggest that Neoarchean prograde amphibolite-facies meta-
morphism is consistent with the M2 Yilgarn metamorphic event (i.e.,
low-P/moderate-T regional-contact type metamorphism; Goscombe
et al., 2019), associated with widespread late high-Ca granite
emplacement between ca. 2685-2665 Ma.

Numerous studies have shown that during prograde metamorphism,
pyrite not only undergoes recrystallization but can also transform into
pyrrhotite through desulfidation reactions (e.g., Toulmin and Barton,
1964; Craig and Vokes, 1993; Conn et al., 2019). This transformation is
evident in the King deposit (Fig. 4e,f). Although the pyrite Re-Os system
still preserves the syn-genetic VHMS age, the scatter observed in the
Re-Os data for some of the samples suggests partial disturbance during
metamorphism. Since pyrrhotite forms as a product of metamorphism,
its formation age is expected to align with the timing of metamorphism.
At King, pyrrhotite yields a Re-Os age of 2652 + 32 Ma, which is
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consistent with the age of prograde metamorphism (M2). As a result, the
Re-Os age obtained from bulk massive sulfide ore, composed predomi-
nantly of pyrite and pyrrhotite, represents an average between the two
minerals, yielding a geologically meaningless ‘mixed’ isochron age of
2664 + 23 Ma. This is also evidenced by the cluster analysis in which
none of the results match with the isochron age. This slightly younger
age also implies that Re-Os budget in the bulk massive sulfide samples is
controlled mostly by the pyrrhotite than pyrite. The mineral separates
also demonstrate that in part the pyrrhotite is more Re-Os enriched than
pyrite (Table 1). Whilst several studies have proposed that bulk massive
sulfide ore Re-Os dating can provide reliable ages for mineralization in
VHMS deposits (e.g., Mathur et al., 1999; Mclnnes et al., 2008; Nozaki
et al., 2010), our findings demonstrate that this approach may not be
applicable for deposits affected by high-grade metamorphism. There-
fore, we recommend that in metamorphosed VHMS deposits, a separate
pyrite fraction should be evaluated to obtain robust syn-genetic
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mineralization ages. Although the Re-Os systematics in pyrrhotite may
be susceptible to disturbance during amphibolite-facies metamorphism
due to its lower closure temperature (300-400 °C; e.g., Brenan et al.,
2000; Nozaki et al., 2010; Rooney et al., 2024) compared to pyrite
(>600 °C; e.g., Brenan et al., 2000), this does not render the pyrrhotite
age meaningless. Our study demonstrates that the pyrrhotite age aligns
with the garnet Lu-Hf age, suggesting it can be a valuable constraint on
the timing of prograde metamorphism and perhaps related metal
remobilization events (e.g., DeGrussa deposit; Hawke et al., 2015).
Additionally, we also analyzed one chalcopyrite sample from the
King stockwork/feeder zone that shows characteristics of LLHR sulfide.
This chalcopyrite gives a significantly younger model age 2526 + 115
Ma compared to pyrite and pyrrhotite (Fig. 8c). Whilst several previous
studies have suggested that the Re-Os systematics in chalcopyrite may
remain unaffected by greenschist facies metamorphism (e.g., Selby
et al., 2009; Lawley et al., 2013; Zhimin and Yali, 2013), other studies
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have argued that chalcopyrite is more susceptible to Re-Os disturbance
than pyrite (e.g., Barra et al., 2003; Lijuan et al., 2014; Saintilan et al.,
2021) and can be reset by greenschist metamorphism (e.g., Morelli and
Creaser, 2007) and/or at higher P-T conditions. Chalcopyrite at King is
strongly recrystallized and often intergrown with pyrrhotite, sphalerite
and galena. Although only based on one sample, the significantly
younger model age and deviation from the linear regression suggests
that the chalcopyrite Re-Os systematics are reset and geologically
meaningless due to Re loss or Os gain during metamorphism. This is
likely the result of prograde M2 metamorphic temperatures (ca.
500-700 °C; Goscombe et al., 2019) being higher than the closure
temperature of chalcopyrite (~500 °C; Lawley et al., 2013; Zhimin and
Yali, 2013).

5.2. Younger mineralization overprints

As suggested by our Lu-Hf garnet ages, prograde amphibolite grade
metamorphism around the King deposit took place at ca. 2680 Ma,
which correspond to the Yilgarn M2 metamorphic event (ca. 2665-2685
Ma) of Goscombe et al. (2019). Previous studies have suggested that the
M2 metamorphic events are associated with the emplacement of high-Ca
granitoid intrusions across the Yilgarn Craton (e.g., Mikucki and Rob-
erts, 2003; Goscombe et al., 2019). At King, this is evident from many
late granitoid intrusions that cross cut the metamorphosed footwall and
hanging-wall stratigraphy. Regional geochemical work by Hollis et al.
(2019b) has confirmed that these late granitoid intrusions are classified
as belonging to the high-Ca granitoids suite of Czarnota et al. (2010).
The late quartz monzonite intrusions at King yield overlapping weighted
mean U-Pb ages ranging from 2676 + 15 to 2665 + 13 Ma. These quartz
monzonites also contain an inherited zircon component that yielded
weighted mean U-Pb ages from 2745 + 19 Ma to 2738 + 22 Ma and
likely derived from the volcanic sequences within the footwall stratig-
raphy. This is consistent with previous dating of a quartz monzonite
intrusion from 4 km NW of King (Fig. 3) at Erayinia NW, that yielded a
U-Pb crystallization age of 2686 + 11 Ma with an inherited zircon age
component at 2720 + 12 Ma (supplementary data of Hollis et al.,
2019b).

These younger granitoid intrusions also host minor molybdenite
mineralization, either as disseminated grains or within narrow quartz-
carbonate veins (Fig. 4a,b). Regardless of the mode of occurrence, all
granitoid-hosted molybdenite yielded near identical ages (2663 + 19
—-2624 + 19 Ma). Rare molybdenite was also identified along the main
foliation within the footwall lower felsic volcanic unit (EC193D/324;
Fig. 4c). Interestingly, this sample occurs near a splay of the Maverick
Fault which is associated with abundant intrusions of quartz monzonite
(Dana et al., 2025; Black Raven Mining, pers. comm.). Petrographic ob-
servations also reveal that this molybdenite mineralization overprinted
the pyrite-chalcopyrite-pyrrhotite mineralization (Fig. 4c). As this
molybdenite yielded a similar age (2665 + 19 to 2655 + 14 Ma), this
suggests that the rare molybdenite mineralization present in the King
footwall is also associated with late granitoid intrusions in the wider
context of the regional M2 metamorphic event.

To summarize, we demonstrate here that although molybdenite oc-
curs within the footwall stratigraphy and provides robust ages despite
high grade metamorphism (i.e., up to granulite facies; e.g., Stein et al.,
1998, 2000; Bingen and Stein, 2003), these do not necessarily represent
the syn-genetic age of VHMS mineralization. As molybdenite is un-
common in VHMS deposits (Leybourne et al., 2022), detailed petro-
graphic observations are crucial to understand the paragenetic
sequences and assign each ore phase to the correct mineralization event
(e.g., Rooney et al., 2024).

5.3. Proterozoic and Paleozoic U-Pb disturbance

Following the above metamorphic events, it is likely that the King
deposit was affected by a major orogenic event during the
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Mesoproterozoic. This is hinted by a robust U-Pb titanite age of 1368 +
87 Ma (Fig. 6f) from the biotite muscovite schist unit (i.e., footwall mafic
metasedimentary). The titanite in this sample formed during retrograde
metamorphism, replacing prograde ilmenite, and is probably just
slightly younger than the garnet age (ca. 2680 Ma). Therefore, we
interpret the Mesoproterozoic age of titanite as its closure age after the
U-Pb system reopening due to later thermal fluctuation, rather than its
crystallization age. It is important to note that the King deposit is located
in the southernmost of the Kurnalpi Terrane and near the contact with a
major fault zone associated with the Albany-Fraser Orogen (ca.
1345-1140 Ma; Clark et al., 2000; Kirkland et al., 2011). This orogen
would have caused the reactivation of structures along major regional
shear zones (Goscombe et al., 2019) and localized deformation of the
King deposit.

Interestingly, this titanite age overlaps within uncertainty of our
zircon Pb-loss age (ca. 1296 Ma) from a late granitoid intrusion (sample
EC187/108 m). A previous study had suggested that an ancient Pb-loss
event in the EGST occurred at ca. 600 Ma which was speculated to be
associated with the emplacement of the Cosmo Newbery Dikes (Kirkland
et al., 2017). In contrast, our consistent zircon Pb-loss and metamorphic
titanite ages reveal an older Pb-loss event associated with the Albany-
Fraser Orogeny during Mesoproterozoic in the southern Kurnalpi
Terrane. During the initial stage of this orogeny, granulite facies meta-
morphism at ca. 1300-1291 Ma (Clark et al., 2000) was followed by the
emplacement of widespread dyke swarms at ca. 1238-1203 Ma across
the southern margin of Yilgarn (e.g., E- W trending Gnowangerup
swarm; NE- SW trending Fraser swarm; Wingate et al., 2005). This may
also have caused radiogenic-Pb loss via thermally driven Pb diffusion
(Kirkland et al., 2017).

Additionally, it should be noted a slightly younger Pb-loss event
occurred at ca. 270 Ma which is likely associated with extensional faults
during sedimentary basin formation and subsequent fluid-driven alter-
ation (e.g., Veevers et al., 2005; Eyles et al., 2006). However, given the
high degree of metamictization of the zircon grains, Pb-loss may occur
without the need for a distinct younger geological event. In any case,
U-Pb disturbance in the EGST is predominantly associated with recent
Pb-loss (Kirkland et al., 2017), which is also the case at King.

5.4. Source(s) of metals for Archean VHMS deposits in the Yilgarn
Craton

Multiple studies have used 180s/*880s isotope ratios to fingerprint
the metal sources in VHMS deposits. While several studies have sug-
gested that the mantle is the primary source of Os in VHMS deposits (e.
g., Gannoun et al., 2003; McInnes et al., 2008; Barrote et al., 2021),
others have argued for crustal sources (e.g., Lehmann et al., 2013;
Norman, 2023), or that 18705/18805 variations indicate the mixing be-
tween hydrothermal fluids and seawater (e.g., Terakado, 2001; Nozaki
et al., 2010, 2013).

Using the Re-Os pyrite data that yielded the timing of VHMS
mineralization, we can use the Os; ratios to fingerprint the source of
osmium and by inference the source(s) of metals in the King deposit.
Calculated Os; values based on the pyrite isochron (0.158 + 0.035) are
slightly higher than the chondritic mantle value at ca. 2.7 Ga
(0.108-0.112; Bennett et al., 2002; Walker and Nisbet., 2002), and
significantly lower than the estimated crustal derived *8”0s/%80s ratios
of the 2.7 Ga and older crust (1.05 + 0.23; Peucker-Ehrenbrink and
Jahn, 2001). As has been argued by other studies, Archean 2.7 Ga ocean
water was likely significantly influenced by submarine high-
temperature hydrothermal fluids (Hannah and Stein, 2013; Viehmann
et al., 2015). Previous studies have suggested that the !870s/!880s
signature of Archean oceans ranged from ~ 0.11 to ~ 0.20 between 2.7 —
2.0 Ga (Hannah and Stein, 2013; Stein and Hannah, 2015; Schulz et al.,
2021). It is likely that the Os; value at King thus reflects the mixing
between ore-forming fluids, where the Os was mantle derived (or
leached from mafic footwall rocks), and seawater. Such processes have



C.D.P. Dana et al.

been documented in many ancient (e.g., Beshi-type, Nozaki et al., 2013;
Iberian Pyrite Belt, Munha et al., 2005; Southern Urals, Tessalina et al.,
2008) and modern VHMS systems (e.g., Zeng et al., 2014). In the Yilgarn
Craton, the Nimbus deposit has similar Os; value of 0.119 + 0.09, sug-
gesting the predominance of mantle-derived Os in the hydrothermal
system with a contribution from seawater (Barrote et al., 2021).

Whilst the Os; isotope ratios are indicative of mantle-seawater
derived Os, our Pb isotope data from galena suggest instead a mixed
signature between crustal and mantle derived Pb (Fig. 9a). At King, the
calculated p shows identical values of 9.0 & 0.1, which is slightly more
radiogenic compared to other VHMS deposits at Yilgarn Craton (e.g.,
Nimbus = 8.6-8.7; Teutonic Bore camp = 7.9-8.6; Golden Grove camp
= 8.2-8.8; Mt Gibson = 8.5-9.0; data compiled by Zametzer et al., 2023
and references therein). Although, it has not been directly dated, VHMS
prospects at Duketon (e.g., Mason Hills/Tuff Hills at ca. 2.71-2.72 Ma)
shows similar p values (8.9-9.0, Browning et al., 1987; Dahl et al., 1987)
with those from King. The Pb isotope signatures at King are generally
consistent with previous studies that suggested a mixture of mantle- and
crustal-derived Pb, which could be either from the melting of pre-
existing continental crust or felsic volcanic host-rocks (e.g., Hollis
et al., 2017a; Zametzer et al., 2023). Our study demonstrates that Pb
isotopes are likely more effective for fingerprinting the source of metal,
while Os isotopes not only help identify the metal source but are also
more sensitive to seawater influence, thereby supporting the discrimi-
nation between syn-genetic VHMS and metamorphic-related signature.
This further implies that the Pb and Os isotopic systems retain pre-
metamorphic signatures despite significant recrystallization during
amphibolite facies metamorphism, consistent with observations from
previous studies (e.g., Barrote et al., 2021; Nozaki et al., 2010; Wang
et al., 2021). However, it is important to note that only the Os; isotopic
composition in pyrite preserves the syn-genetic signature, whereas
pyrrhotite exhibits a more radiogenic signature, indicating substantial
modification during metamorphism.

5.5. Regional metallogenic implications

A comprehensive study by Hollis et al. (2015) suggested that there
are at least four episodes of VHMS mineralization in the Youanmi
Terrane at ca. > 2.95, 2.82, 2.75 and 2.72 Ga. Each pulse is typically
associated with widespread continental rifting and bimodal volcanism
following extensive plume magmatism, the emplacement of large mafic
complexes in the upper crust (Ivanic et al., 2010; van Kranendonk et al.,
2013), shallow crustal partial melting, and the generation of HFSE-
enriched dacitic to rhyolitic magmas (Hollis et al. 2015). These silicic
magmas are often emplaced as large coeval HFSE-enriched granites in
close proximity to the VHMS deposits (Champion and Cassidy, 2001;
Hollis et al., 2015; Hayman et al., 2015; Barrote et al., 2020a).

Two distinct episodes of VHMS mineralization have been previously
defined in the EGST. The first at ca. 2705-2700 Ma is associated with
plume magmatism in the Kalgoorlie and Kurnalpi terranes and is host to
the Nimbus Ag-Zn-(Au) deposit (12 Mt at 0.9 % Zn, 52 g/t Ag, 0.2 g/t Au;
Hollis et al., 2017a; Barrote et al., 2020b), and the historic Anaconda
occurrences (i.e. Rio Tinto, Crayfish Creek, Nangaroo) previously mined
for Cu. Whereas the Anaconda occurrences were deposited in the deeper
rift basins of the Kurnalpi Sequence, the Nimbus deposit formed in
significantly shallower waters near the margin of the Kalgoorlie Terrane
(Hollis et al., 2017a). Komatiites, high-Mg- and low-Th-basalts (i.e.,
characteristic of mantle plumes) have been recognized from these host
sequences (Hollis et al., 2017a).

The second major event at ca. 2695-2680 Ma formed the Teutonic
Bore camp (6.5 Mt at 5.6 % Zn, 0.9 % Cu, 85 g/t Ag, 0.4 g/t Au; IGO Ltd.,
2017) in the Gindalbie region, from which the Teutonic Bore, Jaguar
and Bentley deposits have been mined (Barrote et al., 2020a). A previous
study has also constrained the age of host rock (ca. 2685-2680 Ma; U-Pb
SHRIMP zircon; Hollis et al., 2019a) of a pyrite-rich VHMS mineraliza-
tion (e.g., 4 mat 0.2 % Zn, 15 m at 0.1 % Cu in drillhole EC157D; Hollis
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et al.,, 2019a) in the Erayinia region ~ 4 km NW of the King deposit.
However, it is important to note that this stratigraphy is part of the
Murrin domain, and is significantly younger than the King sequence of
the Edjudina domain.

Our U-Pb zircon crystallization age from the King footwall stratig-
raphy and pyrite Re-Os isochron age suggest that the King deposit was
formed at ca. 2725 Ma and represents the first phase of VHMS miner-
alization in the KKR, predating the Nimbus and Teutonic Bore deposits
by ~ 20 to 30 Myr. This also suggests a potential for VHMS minerali-
zation elsewhere within the ca. 2.72 Ga felsic volcanic sequences across
the EGST, opening new opportunities for future exploration. The for-
mation of the King deposit coincided with the emplacement of syn-ore
granite intrusions (e.g., 2721 + 9 Ma; sample KGO08). This is consistent
with previous studies that suggested that occurrences of VHMS miner-
alization in the Yilgarn craton are spatially and temporally associated
with HFSE-enriched granites (e.g., Hollis et al., 2015; Barrote et al.,
2020a). Interestingly, U-Pb zircon geochronology from an intrusive
tonalite at Outcamp Bore (25 km NNW of the Porphyry Au mine) sug-
gests that in this region the old Kurnapi Sequence greenstone belt stra-
tigraphy extends back to at least 2719 + 5 Ma in age (Nelson, 1996,
1997). This intrusion is also HFSE-enriched (Blewett and Czarnota,
2007), suggesting the local stratigraphy is likely to be VHMS
prospective.

Whereas VHMS occurrences in the Youanmi Terrane are distributed
along the Cue zone, all major VHMS deposits in the EGST are distributed
along the KKR and its margins (Fig. 1). The timing of VHMS minerali-
zation at King appears to coincide with the final phase of VHMS
mineralization in the Youanmi Terrane, observed in the Gum Creek
greenstone belt (ca. 2725-2720 Ma at Altair, Bevan, The Cup; Hollis
et al., 2017b). It also coincides with the arrival of the ca. 2.72 Ga plume
that formed the Kambalda Sequence of the EGST as plume magmatism
was focused along the margin of the Youanmi Terrane (now reflected by
the Ida Fault Zone) where the crust was considerably thinner (Mole
et al., 2015). Whilst the tectonic setting and geological evolution of the
EGST has been remained contentious, here we prefer a newly proposed
model that combines both plume magmatism and subduction (e.g., Witt
et al.,, 2020; Schreefel et al.,, 2024; Masurel and Thebaud, 2024;
Fig. 11a).

We propose that the King deposit formed during the incipient stages
of this continental rifting process at ca. 2.72 Ga associated with the
formation of the KKR (e.g., Witt et al., 2020; Jones, 2024; Schreefel
etal., 2024; Masurel and Thébaud, 2024; Fig. 11b). Crustal thinning and
mantle upwelling resulted in the partial melting of the upper to middle
crust, reflected by the presence of FI to FII affinity rhyolites (Hollis et al.,
2019a; Kelly et al., 2024; Dana et al., 2025), and the emplacement of
similar granitic magmas into the uppermost crust as large coeval gran-
itoids (e.g., KG08; 2721 + 9 Ma). Only minor amounts of FIII affinity
rhyolites have been recognized in the King sequence (Kelly et al., 2024).
This contrasts with the felsic volcanic host rocks from the Teutonic Bore
camp, which predominantly exhibit FIII affinity signatures and are
interpreted to have formed through melting of hydrated basaltic crust at
much shallower crustal levels (e.g., Hart et al., 2004; Piercey, 2011;
Hollis et al., 2015; 2017).

Lead (Pb) isotope signatures from the King deposit are indicative of
extensive hydrothermal circulation through evolved ‘Youanmi-like’
older upper crust. Fragments of this older (>2.72 Ga) basement are
exposed across the Kalgoorlie and Kurnalpi terranes (e.g., Norseman-
Wiluna greenstone belt; Fig. 2). As rifting progressed, extreme crustal
thinning led to the deepening of the KKR system, and an increased ju-
venile mantle component to the crust (e.g., Huston et al., 2010, 2014;
Zametzer et al., 2023; Fig. 11¢,d), as reflected in the Pb isotope signa-
tures from the ca. 2703 Ma Nimbus and ca. 2695 Ma Teutonic Bore
deposits (Fig. 9). In any case, the VHMS deposits of the EGST occurred in
an intra-oceanic environment, where seawater acted as a critical ore-
forming fluid for initiating sulfide precipitation (i.e., indicated by the
Os; isotope signatures).
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KKR from ca. 2.72 to 2.68 Ga associated with the formation of VHMS deposits.

It is likely that the bimodal volcanism in the EGST was terminated
shortly after the formation of the Gindalbie sequence (i.e., host to the
Teutonic Bore VHMS camp) at ca. 2.67 Ga. Perhaps this also marked the
switch from plume to subduction dominated tectonics associated with
the onset of Kalgoorlie orogeny (e.g., Masurel and Thébaud, 2024). This
period is also associated with the peak emplacement of high-Ca granit-
oids which also drove the M2 regional-contact metamorphism (e.g.,
Goscombe et al., 2019; Witt et al., 2020; Masurel and Thébaud, 2024).
This metamorphism triggered local to regional metal remobilization and
the formation of widespread orogenic gold mineralization (e.g.,
Goscombe et al., 2019). At King, prograde metamorphism is reflected by
pyrrhotite formation, extensive sulfide recrystallization, and the pres-
ence of minor molybdenite mineralization associated with high-Ca
granites.

6. Conclusions

The syn-genetic mineralization at the King deposit represents the
oldest dated VHMS system in the Eastern Goldfields Superterrane of the
Yilgarn Craton, formed around 2.73-2.72 Ga during the early stages of
continental rifting linked to the development of the Kalgoorlie-Kurnalpi
Rift. Subsequently, the deposit was overprinted by amphibolite facies
metamorphism at approximately 2.68 Ga (constrained by in situ garnet
Lu-Hf dating), coinciding with the emplacement of high-Ca granitoid
intrusions (ca. 2.68-2.66 Ga), which also generated minor molybdenite
mineralization (~2.65-2.66 Ga).

This study also demonstrates that the Re-Os isotopic signature of syn-
genetic pyrite can be preserved through amphibolite facies meta-
morphism. This offers a new opportunity to directly date VHMS deposits
affected by high-grade metamorphism in Archean cratons. In contrast,
Re-Os dating of pyrrhotite reflects the timing of prograde meta-
morphism, offering a potential tool for constraining metal remobiliza-
tion events. Therefore, in highly metamorphosed massive sulfide
deposits where abundant pyrrhotite formed through pyrite desulfida-
tion, bulk rock Re-Os dating is not reliable.
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