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Abstract

This study assesses the potential of chlorite, white mica, and garnet chemistry, coupled with hyperspectral data,
as vectoring tools in metamorphosed volcanic-hosted massive sulfide (VHMS) deposits. Samples were collected
from the King Zn deposit of the Eastern Goldfields superterrane, Yilgarn craton, which was metamorphosed to
the amphibolite facies. In situ chlorite-white mica chemical trends match the shlftmg positions of the 2,200W and
2,250W absorption features obtained by short-wave infrared (SWIR) spectroscopy. These include a shift from
muscovite to Na muscovite in the felsic footwall approaching mineralization, to phengite in the hanging wall,
and mostly mixed Fe-Mg chlorite compositions with shifts to Mg-rich chlorite in the Mg-metasomatized felsic
footwall. Fluorine (up to 2,500 ppm) and Mn (up to 1.1 wt %) contents of chlorite increase systematically through
the footwall of the deposit toward the massive sulfide but drop sharply in the hanging wall—a trend mirrored in
F contents in white mica (up to 2,500 ppm) and Mn in garnet (up to 17 wt %). These variations are attributed to
premetamorphic footwall metasomatism and can trace hydrothermal up-flow zones in metamorphosed VHMS
systems. Thermal infrared (TIR) signatures (11,100W and 11,300DW) correlate negatively with almandine and
positively with spessartine contents in garnet, \Vhlle rare earth element (REE) profiles of garnet further aid in
the assessment of VHMS prospectivity. Positive Eu anomalies and downward-dipping heavy rare earth element
(HREE) profiles in garnet enriched in the almandine end member distinguish mineralization-related garnet
from those of barren metamorphic or igneous origins. Several elements, including Sr-Ba-Rb contents in white
mica, Al in chlorite, and Ca-Mn with positive Eu anomalies in garnet, also dlfferentmte footwall from least altered
hanging-wall units. This study highlights the effectiveness of integrating chlorite, white mica, and garnet chemis-
try with hyperspectral data for regional VHMS exploration in high-grade metamorphlc terranes.

In addition to mineral chemistry, numerous studies have
demonstrated the effectiveness of hyperspectral techniques
to aid in the exploration of VHMS deposits (e.g., van Ruiten-
beek et al., 2012; Duuring et al., 2016; Hassan, 2017; Hollis
et al., 2019a, 2021; Dana et al., 2025). Systematic shifts in
the composition of white mica and chlorite using short-wave
infrared (SWIR) absorption signatures at about 2,200 and
2,250 nm, respectively, can provide useful halos to mineraliza-
tion and also discriminate between footwall and hanging-wall
stratigraphy (e.g., Hollis et al., 2021; Dana et al., 2025). Shifts
from longer to shorter wavelengths in white mica (>2,200 nm

Introduction

In recent years, extensive research has been conducted to
explore the application and potential of mineral chemistry as
a vectoring tool in metamorphosed massive sulfide deposits,
including volcanic-hosted massive sulfide (VHMS) deposits.
Several minerals, such as chlorite (e.g., Soltani Dehnavi et al.,
2019; Gisbert et al., 2022), white mica (e.g., Soltani Dehnavi et
al., 2018; Gisbert et al., 2022), amphibole (e.g., Drummond et
al., 2020; Spry et al., 2024), gahnite (e.g., Heimann et al., 2005;
O’Brien et al., 2015), magnetite (e.g., Makvandi et al., 2016a;
Spry et al., 2024), and carbonate (e.g., Gisbert et al., 2022),

have been demonstrated to provide discrimination of altera-
tion types and/or robust halos to mineralization. Additionally,
garnet has been demonstrated to be a reliable vectoring tool
in some metamorphosed sediment-hosted deposits (e.g.,
Nesbitt, 1982; Spry et al., 2007; Heimann et al., 2011; Pol-
lock et al., 2018; Tott et al., 2019; Lisboa et al., 2023), though
only limited data have been reported from VHMS systems
(e.g., Yeats and Groves, 1998; Mercier-Langevin et al., 2007;
Hassan, 2017). These studies support the concept that gar-
net proximal to massive sulfide mineralization has higher Mn
contents than distal or regional metamorphic garnet, which is
generally enriched in the almandine component.

Corresponding author: email, c.d.p.dana@sms.ed.ac.uk

to 2,190-2,200 nm) can reflect changes from Al-poor to Al-
rich mica, which can also align with a shift from K-rich to Na-
rich compositions (Cloutier et al., 2021; Salama et al., 2025).
In both the King and Nimbus VHMS deposits of Western
Australia, systematic shifts have been noted from muscovite
to Na-rich muscovite approaching VHMS mineralization in
footwall rocks and more phengitic (i.e., longer wavelengths) in
the stratigraphic hanging wall (Hollis et al., 2021; Dana et al.,
2025). Chlorite spectral signatures have also been shown to
vary according to protolith composition, alteration style, and
intensity, with trends of Mg enrichment toward mineraliza-
tion observed in some deposits (e.g., King deposit, Dana et
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al., 2025), and the opposite trend of Fe enrichment in others
(e.g., Golden Grove, Sharpe, 1999; Teutonic Bore, Thomp-
son et al., 2009). Additionally, garnet chemistry can be ob-
tained through thermal infrared (TIR) absorption features at
11.3 pm (Laukamp et al., 2021).

Given that only 11% of global VHMS discoveries occur
in host sequences metamorphosed to the amphibolite facies
and 0.5% in granulite facies rocks (Dusel-Bacon, 2012), ro-
bust tools for exploration are critical to increasing discovery
rates in these terranes. These tools include further criteria for
recognizing VHMS-proximal hydrothermally altered footwall
rocks, their effective discrimination from distal footwall al-
teration, and weakly/unaltered hanging-wall rocks. Coupled
hyperspectral and in situ mineral chemistry can help in iden-
tifying both mineralogical variations due to protolith composi-
tion and those caused by hydrothermal alteration (Large et
al., 2001; Gibson et al., 2007). This approach can therefore
quickly aid exploration companies in locating potential ore-
bodies and prioritizing new exploration targets.

Here we present systematic major and trace element
mineral chemical data from the King Zn deposit located in
the Erayinia region of the Eastern Goldfields superterrane,
Yilgarn craton. The King deposit represents an amphibolite
facies-metamorphosed bimodal VHMS system, where the
footwall stratigraphy varies in both protolith composition and
alteration style, making it an ideal setting in which to evaluate
the influence of lithology and alteration on mineral chemical
trends. This deposit has a total resource (non-JORC compli-
ant; JORC = Joint Ore Reserves Committee) of 2.15 million
metric tonnes at 3.47% Zn, 0.3% Pb, 15 g/t Ag, and 0.2 g/t Au.
Major and trace element data for chlorite, white mica, and
garnet from representative drill holes covering the footwall;
massive ore lens; and hanging-wall sequences were chemical-
ly and spectrally evaluated. Our new mineral chemical halos
can be applied as a robust vectoring tool along a 45-km strike
length of prospective greenstone stratigraphy in the Erayinia
region, and also globally in terranes metamorphosed to the
amphibolite facies.

Geologic Background

VHMS mineralization in the Yilgarn craton

The Yilgarn craton is subdivided into seven main terranes
based on lithological associations, geochemistry, and ages of
volcanism (Cassidy et al., 2006). These include the Southwest,
Youanmi, Narryer, Kalgoorlie, Kurnalpi, Burtville, and Yamar-
na terranes, where the latter four together form the Eastern
Goldfields superterrane. The geologic evolution of each ter-
rane has been well described in numerous studies (e.g., Czar-
nota et al., 2010; Mole et al., 2014; Goscombe et al., 2019). In
the Yilgarn craton, occurrences of VHMS mineralization are
restricted to two main zones of thinned, juvenile crust (e.g.,
Huston et al., 2014; Mole et al., 2014; Osei et al., 2021), which
are interpreted as Archean paleorift zones: (1) the Cue zone
of the northern Youanmi terrane and (2) northerly-trending
Kalgoorlie-Kurnalpi rift zone in the Eastern Goldfields super-
terrane (Huston et al., 2014; Hollis et al., 2015, 2017; Witt et
al., 2018).

The timing of VHMS mineralization-forming events in the
Youanmi terrane can be further divided into four main periods:

(1) >2930 Ma, associated with early bimodal mafic greenstone
belts (e.g., Golden Grove camp, Mount Gibson, and Weld
Range; Yeats and Groves, 1998; Sharpe and Gemmell, 2002;
Guilliamse, 2014); (2) ca. 2815 to 2800 Ma, associated with
major plume and large igneous complex emplacement at shal-
low crust, with mineralization hosted in the Kantie Murdana
Volcanics Member and Yaloginda Formation of the broader
Norie Group (e.g., Austin-Quinns, Just Desserts, and Yuin-
mery deposits; Ivanic et al., 2010; Hassan, 2014; Duuring et
al., 2016); (3) ca. 2760 to 2745 Ma, associated with rift-related
magmatism in the Greensleeves Formation of the broader
Polelle Group (e.g., Hollandaire, Jillewarra, Mt. Mulchay, and
Dalgaranga; Hayman et al., 2015); and (4) ca. 2725 Ma, within
the Gum Creek greenstone belt of the northeast Youanmi
terrane (e.g., Altair, Bevan, and The Cup; Ivanic et al., 2010;
Hollis et al., 2017). In contrast, most VHHMS mineralization in
the Eastern Goldfields superterrane is closely associated with
bimodal volcanic complexes formed ca. 2720 to 2680 Ma (e.g.,
Anaconda, Nimbus, Teutonic Bore camp; Belford, 2010; Hol-
lis et al., 2015, 2017; Barrote et al., 2020). Across the Yilgarn
craton, VHMS mineralization also has a close temporal and
spatial relationship with high field strength element (HFSE)-
enriched granitoids and felsic volcanic rocks (Hollis et al.,
2017). In the Eastern Goldfields superterrane, these can be
found mostly in the Gindalbie domain of the Kurnalpi terrane
(i.e., near the Teutonic Bore camp).

Local geology

The King Zn deposit occurs in the Erayinia region at the
southernmost portion of the Kurnalpi terrane. The geology of
the Erayinia region is described in the 1:100,000 Geological
Survey of Western Australia regional report of Jones (2007),
which is summarized here. The King Zn deposit is located in
the far south Edjudina domain east of the Claypan fault (Fig.
1B), which is dominated by mafic-felsic volcanic complexes
and laterally extensive belts of intermediate schist (Swager,
1995, 1997). This sequence is typically capped by banded iron
formations (BIF), chert, and other metasedimentary rocks
that are crosscut by later dolerite sills (Swager, 1995, 1997;
Jones, 2007). The greenstone stratigraphy is metamorphosed
to the amphibolite facies surrounding large granitic intrusions
and to the greenschist facies in the central parts of greenstone
belts (Jones, 2007). Detailed mineralogical and geochemical
descriptions of the host stratigraphy are presented in several
previous studies (e.g., Hollis et al., 2019b; Kelly et al., 2024;
Dana et al., 2025).

The King Zn deposit is an overturned metamorphosed bi-
modal-felsic VHMS system metamorphosed to the amphibo-
lite facies (e.g., Hollis et al., 2019b; Kelly et al., 2024) during
Mjs regional contact metamorphism ca. 2685 to 2665 Ma (Gos-
combe et al., 2019). The footwall sequence can be divided into
two main groups composed of mafic and felsic volcanic-de-
rived lithologies. The deeper mafic footwall consists of mafic-
derived metasedimentary rocks (biotite-muscovite schist)
and tholeiitic metabasalt (garnet amphibolite). The overlying
stratigraphic felsic footwall consists of calc-alkaline dacitic to
rhyolitic metavolcanic/volcaniclastic rocks that can be divided
into three mappable units: upper chlorite-muscovite-quartz
schist, Mg-metasomatized muscovite-chlorite schist, and
lower chlorite-muscovite-quartz schist (App. Fig. Al). Mas-
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sive sulfide mineralization occurs at the contact between
the upper chlorite-muscovite-quartz schist and an overlying
hanging-wall amphibole-quartz schist (i.e., metaexhalite). This
metaexhalite layer was interpreted based on high iron con-
tents (>25% Fe20s; high magnetic susceptibility) with unique
banding features of grunerite- and quartz-rich layers (Kelly
et al., 2024). This is in turn overlain by calcite-muscovite-
quartz schist (i.e., argillaceous metasedimentary rocks) and
garnet amphibolite (i.e., calc-alkaline metabasalt). Additional
deeper units of the overturned stratigraphic hanging wall are
discussed by Kelly et al. (2024). Intrusions of monzogranite
(ca. 2686 Ma; Hollis et al., 2019a) and thin quartz-feldspar
porphyry sills crosscut these packages, along with Proterozoic
dolerite dikes.

Despite variations in metamorphic grade (greenschist to
amphibolite facies) and alteration intensity, the King strati-
graphic sequence is broadly consistent along the 45-km strike
of the greenstone belt (Fig. 1). Several regional prospects
along strike of the King deposit were identified based on soil
and airborne Versatile Time Domain Electromagnetic anom-
alies. Significant drilling intercepts from regional prospects
include: (1) King South—6.4 m at 2.4% Zn, 0.86% Pb, and
44 o/t Ag (drill hole EC187D); (2) King North—24 m at 0.1%
Zn and 16 m at 0.3% Cu, including 11 m at 0.3% Cu, 0.52
g/t Au, 9 g/t Ag (drill hole EC175D; Kelly et al., 2024; Fig.
1B); (3) EB04 prospect—12 m at 0.18% Cu, 0.1% Zn, 6.4 g/t
Ag, and 0.11 g/t Au (drill hole EC195, 7.5 km north of King,
Fig 1C); and (4) EB16—3 m at 0.18% Zn (drill hole EC099,
Fig. 1D).

The ore mineral assemblages at King have been described
in previous studies (Hollis et al., 2019b; Dana et al., 2025)
and are summarized as follows. The concordant massive sul-
fide ore lens (1-7 m thick) is typically composed of recrys-
tallized pyrite with lesser amounts of interstitial pyrrhotite,
sphalerite, and chalcopyrite. Marcasite, galena, arsenopyrite,
gudmundite (FeSbS), ullmannite (NiSbS), and boulangerite
(PbsSbsS11) also occur in the massive sulfide lens in trace
amounts. Underlying rocks of the stratigraphic footwall are
characterized by discordant veins and disseminated sulfides
composed predominantly of pyrite-sphalerite in felsic rocks,
and pyrite-chalcopyrite-pyrrhotite with trace amounts of tel-
lurides in the deeper mafic sequence (Dana et al., 2025).

Samples and Analytical Methods

Sampling strategy

Samples were collected from diamond drill hole EC116D
from the footwall, massive sulfide lens, and hanging-wall se-
quences, which was drilled through the center of the King
deposit. The compositions of chlorite, white mica, and gar-
net were analyzed throughout the stratigraphy by electron
probe microanalysis (EPMA) and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS), following
traditional petrography and analysis using a scanning electron
microscope (SEM). Several representative samples were also
collected from the EB04 and EB16 prospects located ap-
proximately 7.5 and 30 km north of the King deposit, respec-
tively. Details of drill holes used in this study are provided in
Appendix Table Al. These samples were used to test whether
the stratigraphic sequences in these prospects exhibit mineral

chemical signatures similar to the King deposit, and to aid in
stratigraphic interpretations where sampling is limited by air
core, rotary airblast, and reverse circulation (RC) drilling.

Petrography

A total of 32 samples consisting of footwall, massive sulfide,
hanging-wall, and regional samples were prepared as polished
thin sections for mineralogical characterization. Petrographic
observations were performed on a Leica DMLP polarizing
microscope equipped with a DFC420 C camera. Several rep-
resentative samples were also further characterized using a
Carl Zeiss Sigma HD VP field emission SEM equipped with
an Oxford AZtec ED X-ray analysis. The analytical conditions
were as follows: accelerating voltage 15 kV, working distance
7 mm, beam current 20 nA, and a pure metallic cobalt stan-
dard for calibration.

Whole-rock lithogeochemistry

A total of 24 samples from drill hole EC116D were sent to
ALS laboratories at Loughrea, Ireland, for bulk geochemical
analysis. Major element contents were determined by four-
acid digestion with an inductively coupled plasma-optical
emission spectrometry (ICP-OES) finish on fused glass
beads. Trace element, HFSE, and rare earth element (REE)
contents were determined by lithium borate fusion and an
inductively coupled plasma-mass spectrometry (ICP-MS)
finish. The base metals (Cu, Pb, Zn, Ni) and trace metals
(e.g., As, Sb, Tl, Bi) were analyzed by multiacid digestion,
followed by an ICP-OES and an inductively coupled plasma-
atomic emission spectrometry (ICP-AES) finish, respectively.
Halogen (F and Cl) contents were analyzed using KOH fusion
and ion chromatography. Carbon and sulfur were measured
by total combustion using a carbon-sulfur analyzer, with loss
on ignition (LOI) measured via a robotic thermogravimetric
system. Details of whole-rock geochemical data, including the
standards used and detection limits, are provided in the Ap-
pendix Table A2. Additional geochemical data obtained from
a portable X-ray fluorescence spot measurement were also
supplied by Geological Survey of Western Australia. The mea-
surement was carried out using an Olympus Innov-X Systems
Delta every 4 to 5 m of core, and detailed analytical conditions
are those described in Wawryk and Hancock (2022).

EPMA

EPMA was carried out on chlorite, white mica, and garnet
using a CAMECA SX100 electron probe microanalyzer at
the Grant Institute of the University of Edinburgh. The
analytical conditions were as follows: voltage 15 kV; beam
current 4 nA and 100 nA for major and minor elements, re-
spectively; beam size 5 pm; and peak measurement time 20
s for major and 30 to 100 s for minor elements (background
measurement time is half of peak time; the X-ray line used
was Ka for all elements). Several natural minerals were used
as standards, including spinel (Mg, Al), wollastonite (Si, Ca),
fayalite (Fe), jadeite (Na), orthoclase (K), chromite (Cr),
rutile (Ti), halite (Cl), strontiofluorite (F), and pure metal
(Zn, Cu, and Mn). Details of the results and lower detection
limits are provided in the Appendix Tables A3 to A5. The
raw results were processed using ZAF correction. Chlorite,
white mica, and garnet were normalized to 28, 11, and 12
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oxygens, respectively. For chlorite and white mica, Fe?+ is
assumed to constitute the total iron (XFe), since the estima-
tion of Fe?* by charge balance would require stoichiometric
limits to be exceeded, something that is rarely observed
in micas and chlorite (Schumacher, 1991; Walters, 2022).
For garnet, the estimation of Fe?r and Fe’+ was calculated
by stoichiometric constraints following the procedures de-
scribed by Locock (2008).

LA-ICP-MS

Several representative samples were selected for in situ
chlorite, white mica, and garnet trace element analysis by
LA-ICP-MS at the Brian Price laboratory of the University
of Edinburgh. An Analyte Excite 193-nm ArF excimer laser
ablation system was used, connected to a Nu Attom high-
resolution (HR)-ICP-MS. The laser beam diameter, fluence,
and frequency were set at 100 pm, 3.5 J/em?, and 15 Hz, re-
spectively. The ablation time was 30 s with a spot size of 50
pm. The argon flow rate was 0.7 L/min, and the helium (car-
rier gas) flow rate was 0.8 L/min. The elements were analyzed
using linked scan mode at low resolution. The dwell time was
200 ps for 30 cycles at 4 sweeps per cycle. The trace elements
were calibrated against the NIST-612 and NIST-610 glass as
primary and secondary standards, respectively. The quality of
the obtained data was checked by monitoring BCR-2G (Ba-
salt Columbia River) standard with accepted values reference
from Jochum et al. (2005). The Mn content, measured by
EPMA for each sample, was used for internal standardization.
Data reduction was performed in NuQuant v.1.0X AttoLab
v.2.11 software coupled with an in-house Microsoft Excel
processing spreadsheet. A total of 24 isotopes were measured
for chlorite and white mica: 7Li, 3¢S, 45Sc¢, 49Tj, 51V, 52Cr, 3°Co,
60Nii, 63Cu, 66Zn, As, TSe, 5Rb, 55Sr, 111Cd, 115In, 120Sn 121Sh,
124Te, 133Cs, 138Ba, 205T1, 205Pb, and 29Bi. For garnet, a total
of 30 isotopes were measured: 45Sc, ¥Ti, 51V, 52Cr, 63Cu, %Zn,
$SSr, $9Y, 917y, BNb, 135Ba, 13La, 40Ce, M1Pr, 146Nd, 147Sm,
15F 0, 157Gd, 159Tb, 16Dy, 165Ho, 166Er, 16Tm, 172Yh, 175Lu,
ISH{, 181Ta, 208Pb, 232Th, and 235U. Details of LA-ICP-MS re-
sults, including the lower detection limits, are provided in the
Appendix Tables A6 to AS.

Spectral reflectance

A representative drill hole (EC116D) through the center of
the King deposit was scanned using the HyLogger system
at the Geological Survey of Western Australia’s core library
in Perth. The drill core was scanned using both the SWIR
and TIR spectrometers, with data analyzed using The Spec-
tral Geologist software. This program compares the spectra
produced approximately every 8 mm of core with a database
of known minerals and their characteristic absorption fea-
tures (Hancock et al., 2013; Duuring et al., 2016). For every
spectrum produced, the three main minerals contributing to
its signature are identified in the TIR and SWIR (Duuring
et al., 2016). Chlorite and white mica types are interpreted
based on the SWIR absorption features at 2,250 and 2,200
nm, respectively (e.g., Cloutier et al., 2021). Garnet types
were interpreted based on the TIR absorption features at
11.3 pm using two different scripts: (1) garnet parameter B
(ie., 11,100W; reflectance peak between 10,850 and 11,300
nm) and (2) garnet parameter T (i.e., 11,300DW; reflectance

peak between 11,200 and 11,600 nm; e.g., Izawa et al., 2018;
Laukamp et al., 2021).

Results

Whole-rock lithogeochemistry

Downhole whole-rock geochemistry results (Fig. 2; App.
Table A2) of the footwall and hanging-wall units from drill
hole EC116D are consistent with those reported in previous
studies (e.g., Hollis et al., 2019b; Kelly et al., 2024; Dana et
al., 2025). The footwall mafic units are characterized by typi-
cal tholeiitic basalt affinities (e.g., low Zr/Ti, Th/Yb, and Zr/Y
ratios, and high V/Sc and Ti/Nb ratios). Both footwall mafic
units have similar Fe/Mg ratios, yet the biotite-muscovite
schist has significantly higher Al,O3 and alkali (Na;O + K»0)
contents, and lower TiO2 and MnO than the garnet amphibo-
lite (Dana et al., 2025). Despite having different major ele-
ment signatures, the footwall felsic units are characterized by
typical calc-alkaline dacite-rhyolite affinities (e.g., high Zr/Ti,
Th/Yb, and Zr/Y ratios, and low V/Sc and Ti/Nb ratios). Except
for the high base metal and S contents, the massive sulfide
ore lens has similar geochemical signatures with the upper
felsic unit (i.e., upper chlorite-muscovite-quartz schist). The
stratigraphically overlying metaexhalite unit is characterized
by high Fe contents and displays a pronounced positive Eu
anomaly like the underlying massive sulfides (Hollis et al.,
2019b). The hanging-wall units, including garnet amphibolite
and metasedimentary rocks, are of calc-alkaline affinity, simi-
lar to the underlying felsic footwall sequence.

Chlorine contents range from 70 to 430 ppm (Fig. 2), where
the highest value is associated with the biotite-muscovite
schist, and the lowest values with the upper chlorite-
muscovite-quartz schist and footwall garnet amphibolite
units. Fluorine contents range from 90 to 1,160 ppm (Fig.
2), with the lower chlorite-muscovite-quartz schist having
the highest value, while the lowest values are associated with
the amphibole-quartz schist (i.e., metaexhalite) and biotite-
muscovite schist units. There is no correlation between bulk F
and/or CI contents with proximity to mineralization.

Chlorite characteristics

Chlorite occurs throughout the stratigraphy and is present
within all rock types. Generally, chlorite is more abundant in
the mafic units than the stratigraphically higher felsic rocks,
though one exception is the thick zones of Mg-metasomatized
felsic (i.e., the muscovite-chlorite schist) that occur in the
footwall stratigraphy (Fig. 2). Chlorite occurs along the
deformation fabrics or as a replacement of prograde meta-
morphic minerals (e.g., garnet, hornblende, and biotite; Fig.
3). Regardless of its origin and texture, chlorite has similar
major and trace element compositions within each sample,
and chemical variations are only observed with stratigraphic
height or are related to protolith compositions. Most chlo-
rite in the King footwall is predominantly mixed Fe-Mg in
composition, although some chlorites from the hanging-wall
metaexhalite and deep mafic footwall (i.e., biotite-muscovite
schist) plot toward the Fe chlorite end-member field (ie.,
chamosite, Mg# <0.3; Fig. 4A). It is also important to note
that chlorite hosted by the footwall Mg-metasomatized felsic
unit (i.e., muscovite-chlorite schist) at EBO4 prospect has a
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significantly higher Mg content (median Mg# = 0.9) than at
King (median Mg# = 0.7).

The Fe and Mg compositions of chlorite at King are gener-
ally controlled by the bulk geochemistry of the host rock. This
is indicated by the positive correlation between the Mg/(Mg
+ Fe) ratio of chlorite and bulkilr lithogeochemistry (Fig.
4B), as also discussed by Dana et al. (2025) using whole-rock
geochemistry and SWIR data. In contrast, Mn and F contents
in chlorite systematically increase with proximity to the mas-
sive sulfide lens and then significantly drop in hanging-wall
units (Fig. 4C, E). These patterns of increasing Mn and F
with stratigraphic height toward the ore lens are also observed
in chlorite from the EB04 prospect (Fig. 4). While F contents
in chlorite systematically increase toward the ore lens, no such
trend is observed for Cl contents (Fig. 4C, D). Similar trending
patterns are also observed in the Al content of chlorite, which
increases toward the immediate felsic footwall unit and then
decreases at the ore horizon and in the hanging-wall units.
One exception to this trend is a sample of biotite-muscovite
schist (at depth 58 m) where the Al content is significantly
lower than the rest of the footwall units (Fig. 4F). This is likely
due to the incomplete replacement of biotite by chlorite.

The trace element contents of chlorite at King also vary ac-
cording to the host lithology and proximity toward the massive
sulfide lens. For example, within the footwall, chlorite in mafic
units generally contains higher contents of Sc + V + Ni + Co
than felsic units (median values of mafic = 661 ppm; felsic =
192 ppm). Overall, chlorite from footwall units is enriched in
these elements compared to chlorites from the massive sul-
fide (median = 41 ppm) and hanging-wall units (median = 19
ppm; Fig. 5C). On the other hand, chlorites from the massive
sulfides and hanging-wall units are characterized by higher
contents of Rb + T + Sr + Cs (median values of footwall units
= 2.1 ppm; massive sulfide = 13 ppm; hanging-wall units =
6.9 ppm). Additionally, chlorite from the footwall mafic units
is characterized by lower Li contents (median = 27 ppm)
compared to the footwall felsic units (median = 66 ppm; Fig.
5D). Chlorite hosted by massive sulfides is also more enriched
in several fluid-mobile elements (e.g., Sb, In, Sn, Te, Ba, Pb,
Bi, Cd, As, and Cu) compared to the other lithological units
in the footwall and hanging wall. It is also important to note
that the time-resolved LA-ICP-MS signals (App. Fig. A2),
although generally stable, do exhibit minor fluctuations. This
may suggest that some of these elements are present as nano-
inclusions rather than being structurally incorporated into the
chlorite structure.

White mica characteristics

White mica occurs in almost all lithological units at King but
was not observed in our samples from the garnet amphibo-
lite, amphibole-quartz schist (i.e., metaexhalite), or massive
sulfides. It is commonly found along the main foliation (i.e.,
regional deformation fabric) and is most abundant in the
deep mafic footwall in the biotite-muscovite schist (Fig. 3).
Although fine-grained sericite also occurs, it is important to
note that only coarse-grained white mica was analyzed in this
study. In the footwall stratigraphy, white mica is classified as
muscovite and becomes more Na rich (“paragonitic”) in the
upper chlorite-muscovite-quartz schist unit (i.e., upper felsic;
Fig. 6A, B) approaching massive sulfide mineralization. In

contrast, all white mica from the hanging-wall stratigraphy is
classified as phengite (i.e., solid solution between muscovite,
aluminoceladonite, and ferroaluminoceladonite; Fig. 6A).

The major element contents of white mica are relatively
homogeneous within individual samples regardless of textural
variations (e.g., coarse vs. fine grained). Chemical variations
are generally related to the Tschermak ([Fe?r, Mgl + SilV
AV + AIV) and K-Na substitutions. White mica from hanging-
wall units is characterized by high Mg (median = 1.6 wt %)
and Ca (median = 0.2 wt %) but low Al (median = 14 wt %)
contents, although several footwall felsic units also show en-
richment in Mg (up to 1.2 wt % in muscovite-chlorite schist)
and Ca (up to 0.3 wt % in lower chlorite-muscovite-quartz
schist). As also observed for chlorite, F contents of white mica
also increase systematically toward the massive sulfide lens in
the footwall units and then are lower in immediate hanging-
wall units (Fig. 6C). High contents of F in white mica (up to
3,000 ppm) were also obtained in felsic rocks of the EB04
prospect.

In terms of trace elements, white mica from the hanging-
wall rocks is characterized by significantly lower Ba (median =
51 ppm), Rb (median = 8.7 ppm), and Tl (median = 0.1 ppm)
but higher Sr (median = 67 ppm) contents compared to white
mica from the footwall units (median values of Ba = 634 ppm;
Rb = 158 ppm; Tl = 0.7 ppm; Sr = 17 ppm; Fig. 7TA-C). Addi-
tionally, the footwall upper felsic unit that occurs stratigraphi-
cally below the massive sulfide also shows significantly higher
Tl (median = 17 ppm) and Li (median = 150 ppm) contents.
White mica in the footwall felsic units is also more enriched in
Cs (median = 6.8 ppm) compared to footwall mafic (median =
0.8 ppm) and hanging-wall units (median = 0.8 ppm). Several
trace elements also show increasing contents with proximity
to the massive sulfides in the uppermost footwall stratigraphy.
For example, Sc + Ti in the uppermost footwall increases
while S decreases toward the massive sulfide lens (Fig. 7E, F).

Garnet characteristics

Garnet occurs throughout the stratigraphy, most commonly as
porphyroblasts. It is more abundant in the footwall mafic units
and less abundant in the stratigraphically higher footwall fel-
sic units. Garnet commonly hosts small inclusions (e.g., quartz
and ilmenite) and is locally replaced by secondary chlorite
(Fig. 3D). Inclusions of sphalerite, galena, and pyrrhotite are
also common in garnet within the massive sulfide lens.

The major element composition of garnet within the foot-
wall is relatively consistent, whereas garnets hosted by the
massive ore lens and hanging-wall units display distinct differ-
ences. Regardless of the host lithology, the garnet composi-
tion hosted by footwall and hanging-wall units is dominated
by the almandine end member (Almss s7Spsi-ssPrpa-17Grsisi,
where Alm = almandine, Sps = spessartine, Prp = pyrope, and
Grs = grossular), with hanging-wall units having an increased
grossular end-member component (Fig. 8). Similar garnet
compositions are also observed in those from the felsic and
mafic footwall of the regional prospects. Garnet hosted within
the massive sulfide lens is distinguished by its higher Mn con-
tent (Spss4_s2) compared to footwall (Spsa_23) and hanging-wall
(Spsi1-24) garnets. A narrow Mn-rich band was observed at the
rim of some garnet porphyroblasts hosted by massive sulfide.

Several trace elements also show differences between
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Fig. 3. Photomicrographs of footwall and hanging-wall units from the King deposit highlighting the mode of occurrences of
chlorite, white mica, and garnet: (A, B) footwall biotite-muscovite schist; (C, D) footwall garnet amphibolite; (E) footwall
upper chlorite-muscovite-quartz schist; (F) footwall muscovite-chlorite schist; (G, H) footwall upper chlorite-muscovite-
quartz schist; (I) massive sulfide; (J) hanging-wall amphibole-quartz schist; (K) hanging-wall calcite-muscovite-quartz schist;
(L) hanging-wall garnet amphibolite. Mineral abbreviations: Act = actinolite, Bt = biotite, Cal = calcite, Cep = chalcopyrite,
Chl = chlorite, Gn = galena, Grt = garnet, Gru = grunerite, Hb = hornblende, Ilm = ilmenite, Mag = magnetite, Mrc = mar-
casite, Ms = muscovite, Opq = opaque minerals, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Qz = quartz, Ser = sericite,

Sp = sphalerite.

garnets from the footwall and hanging wall of the King de-
posit. For example, footwall garnet has higher V (median = 36
ppm) but lower Sr (median = 0.05 ppm) contents compared
to hanging-wall garnet (median values of V = 6.1 ppm; Sr =
1.4 ppm) (Fig. 9). At King, there are no significant trace ele-
ment differences between garnet hosted by footwall mafic and

felsic units, except Ti from the garnet amphibolite is signifi-
cantly higher (median = 202 ppm) compared to other footwall
units (median = 83 ppm). Titanium enrichment is evident in
garnets from both regional mafic and felsic units. A distinc-
tion between footwall- and hanging-wall-hosted garnets was
also observed in REE patterns (Fig. 10). Garnets from the
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footwall units and massive sulfide lens generally show similar
REE patterns. These are characterized by depletion in the
light rare earth elements (LREEs), a positive Eu anomaly,
and flattish HREE profiles. These patterns also occur in gar-
nets from the regional EB04 felsic and mafic units, although
the positive Eu anomaly is less prominent or can be absent. In
contrast, hanging-wall garnet shows depletion in the LREEs,
lacks a positive Eu anomaly, and is more enriched in the
HREEs. Another common signature is the presence of a weak
negative Ce anomaly in most units at King (Fig. 10). At the re-
gional EB04 prospect, garnet amphibolite is characterized by
a strong negative Ce anomaly, whereas the upper felsic lacks
a negative anomaly.

Hyperspectral signatures (chlorite-white mica-garnet)

Spectral signatures of chlorite, white mica, and garnet are
plotted in Figure 2 with respect to the King stratigraphy. The
downbhole trends of chlorite and white mica SWIR signatures
from drill hole EC116D are consistent with general trends
across the King deposit described recently by Dana et al.
(2025). Chlorite SWIR signatures (2,250W) are dominated
by mixed Fe-Mg chlorite compositions, with shift toward
Mg-rich chlorite in the muscovite-chlorite schist, and Fe-
rich chlorite in more Fe-rich rocks. The latter include the
metaexhalite, deep mafic rocks of the footwall stratigraphy
(e.g., biotite-muscovite schist), and sulfide-bearing felsics
(i.e., upper chlorite-muscovite-quartz schist). White mica
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SWIR signatures are dominated by muscovite throughout the Spessartine
footwall and become more phengitic in hanging-wall units. A
shift toward the Na muscovite wavelength is observed in the
footwall upper chlorite-muscovite-quartz schist that forms the
immediate footwall to massive sulfides. Minor shifts to phen-
gitic wavelengths in footwall units (e.g., garnet amphibolite
at 200230 m; Fig. 2) are associated with high Fe and/or Mg
whole-rock contents, reflected by high carbonate-chlorite-
pyrite index values (Dana et al., 2025).

The mineral-chemical trends identified through EPMA
align with those traditionally observed using reflectance spec-
troscopy. The 2,200W feature of white mica correlates posi-
tively with Si (2 = 0.6) and Mg (r2 = 0.9) contents in white
mica, and negatively with Al contents (12 = 0.7) (App. Fig. A3).
These trends commonly observed in white mica are tradition-
ally associated with Tschermak substitution (e.g., Cloutier
et al., 2021, and references therein). Apart from the phen-
gite wavelength (i.e., >2,215 nm), the 2,200W also positively
correlates with the average of Ni, Co, and Zn contents (12 =
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has been modified and obscured during later recrystallization

and metal remobilization.

Previous studies have suggested that Fe/(Fe + Mg) varia-
tion in ferromagnesian silicates (including chlorite and white

mica) is attributed to the effect of sulfur and oxygen fugacity,

in which the Fe/(Fe + Mg) ratio decreases with proximity to

the massive sulfides (e.g., Nesbitt, 1982; Spry, 1998). How-
ever, the effect of sulfidation and oxidation on the chlorite
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and white mica compositions seems to be minimal at King. A
previous study at King by Dana et al. (2025) using bulk geo-
chemistry and SWIR data suggested that chlorite chemistry
is strongly controlled by bulk-rock Fe/Mg composition with a
minor influence of Mn of the host lithology prior to metamor-
phism. This reflects a combination of both the original proto-
lith composition (i.e., a switch from mafic to felsic volcanism
with stratigraphic height) and, more importantly, the intensity
of Mg and Fe metasomatism of these rocks by hydrothermal
alteration that controls their Fe/Mg ratio. This strong bulk
geochemical control on chlorite chemistry is consistent with
a positive correlation between Mg/(Mg + Fe) of chlorite and
its host lithology (Fig. 4B). Our study shows that while Fe/
Mg ratios in chlorite are not particularly useful as a vectoring
tool in VHMS deposits metamorphosed to the amphibolite
facies (except for delineating zones of intense Mg metasoma-
tism as potential fluid pathways), several trace elements have
significant value for exploration. EPMA of chlorite in the host
stratigraphy demonstrates that F and Mn contents systemati-
cally increase through the footwall units toward the massive
sulfide lens and then dramatically drop in the hanging-wall
units. Similar patterns are also observed for the contents of F
in white mica and Mn in garnet.

The behavior of F in VHMS systems is still relatively poorly
understood (e.g., Reeves et al., 2011; Kendrick, 2018). The lack
of any correlation between F with Mg and Fe in chlorite, as
well as with the bulk F content of the host lithology, suggests
that this F trend is not simply a reflection of iron avoidance in
the chlorite structure (Munoz, 1984). Although felsic magmas
and their exsolved fluids are globally enriched in F (e.g., Carroll
and Webster, 1994; Yang and Scott, 2006; Aiuppa et al., 2009),
the systematic increase of F toward massive sulfide at King is
most likely due to metasomatism from hydrothermal fluids.
This increase occurs throughout all rock types, regardless of
protolith composition, alteration style, or intensity. A study of
the Kristineberg deposit (Sweden) by Hannington et al. (2003)
reported similar patterns, where chlorite in proximity to the
massive sulfide lens is enriched in F and Mn. Additionally,
several other studies have also demonstrated the association
of high F contents both in chlorite (e.g., Iberian Pyrite Belt;
Gisbert et al., 2022) and bulk geochemistry within the felsic
footwall of other VHMS districts (e.g., Lavery, 1985; Koop-
man et al., 1999). The systematic enrichment of F in chlorite
is not reflected in the bulk content of the host lithology (Fig.
2). This is because F preferentially partitions into several min-
erals, including (in preferential order) apatite, titanite, biotite,
and amphibole (e.g., Hammerli and Rubenach, 2018), whereas
chlorite and white mica are less favorable hosts. Consequently,
the bulk F content depends largely on the modal abundance of
these preferred minerals within the rock.

Hannington et al. (2003) suggested that the F enrichment
toward massive sulfides could be attributed to the metaso-
matism prior to metamorphism, which is consistent with its
behavior in modern sea-floor hydrothermal systems. Several
studies suggest that the halogen enrichment in metamorphic
minerals can be a direct preservation of the initial halogen
content in the protolith (e.g., Markl et al., 1997; Yardley and
Graham, 2002). It was suggested by Selverstone and Sharp
(2015) that primary heterogeneities of halogen contents in the
protolith persist throughout metamorphism, with F becoming

recycled into newly formed or recrystallized mineral phases
rather than being released into devolatizing fluids. Since F
concentrations in metamorphic fluids are generally low (e.g.,
Yardley, 1996) and the fluid-rock interaction during metamor-
phism is likely limited (e.g., Hammerli et al., 2014), the effect
of regional metamorphism on the original F variation associ-
ated with VHMS alteration was likely negligible. If F-bearing
fluids were introduced later by metamorphism, they would
not significantly affect chlorite and white mica, as F would
preferentially be incorporated into other minerals.

While the systematic trend of increasing F toward massive
sulfide mineralization was observed both in chlorite and white
mica, this is not the case with Cl contents. This is consistent
with previous studies suggesting that F varies independently
of Clin vent fluids (e.g., Edmond et al., 1979; Gieskes et al.,
2002; James et al., 2014) and is preferably partitioned into
fluids during high-grade metamorphism (Zhu and Sverjensky,
1991). Chlorine enrichment in chlorite and white mica occurs
in the felsic footwall immediately below the massive sulfide.
This is likely due to infiltration of halogen-rich fluids such as
seawater (e.g., Quinby-Hunt and Turehian, 1983; Kendrick,
2018). Regardless, chlorite and white mica are only enriched
in Cl when biotite is absent or when they replaced biotite.
Bulk-rock Cl contents generally correspond to the modal
abundance of biotite and amphibole, as Cl is preferentially
incorporated in these minerals in amphibolite-granulite facies
rocks when apatite is rare or absent (e.g., Hammerli et al.,
2014; Hammerli and Rubenach, 2018).

Manganese in chlorite and garnet: At King, systematic in-
creases in the Mn content of chlorite and garnet occur with
proximity to massive sulfide mineralization in the footwall
stratigraphy. Previous studies (e.g., Hannington et al., 2003;
Mercier-Langevin et al., 2007) have also reported Mn en-
richment in these minerals around massive sulfide deposits.
Although chlorite forms as a result of metamorphism, either
through the recrystallization of early hydrothermal chlorite or
as a product of retrograde metamorphism, its composition is
largely influenced by the bulk chemistry of the host rock prior
to these events (Dana et al., 2025). Since the precursor rock
is enriched in Mn, the resulting metamorphic mineral assem-
blages also exhibit Mn enrichment.

Previous studies have suggested that Mn-rich garnet can
form through the reaction of Mn-rich carbonate with clay min-
erals such as kaolinite or pyrophyllite (Plimer, 2006; Heimann
et al., 2009). Manganese was most likely originally sourced
from leached basaltic rocks at depth through alteration by
hydrothermal fluids (Kimberley, 1989). In VHMS systems,
high-temperature silicate alteration at depth involves interac-
tions between volcanic rocks and hot, acidic seawater-derived
hydrothermal fluids. This intense hydrothermal alteration
leads to the depletion of elements such as Fe, Ca, Si, Cu, and
Mn in the source region (e.g., Galley, 1993; Perfit et al., 1997;
Franklin et al., 2005; Jowitt et al., 2012). These elements are
then transported by hydrothermal fluids during up-flow, result-
ing in extensive low-temperature Fe-Si-Mn alteration around
the ore horizon, which can be correlated with the chemistry
of secondary minerals such as chlorite, smectite, and kaolinite
(e.g., Galley, 1993; Perfit et al., 1997; Franklin et al., 2005). The
process is commonly accompanied by the precipitation of Fe-
Mn oxides and Mn-rich carbonates (e.g., Franklin et al., 2005;
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Hannington, 2014). As will be discussed below, Mn-Ca-Fe
contents in garnet also provide a useful discriminant between
footwall and hanging-wall rocks for regional exploration.

We suggest that together, F and Mn contents in chlorite
and/or white mica can be used to delineate zones of hydro-
thermal up-flow in metamorphosed VHMS systems globally
(e.g., Seyfried and Ding, 1995; Hannington et al., 2003; Kend-
rick, 2018), and those systematic variations can be used to vec-
tor toward massive sulfide mineralization. As demonstrated
in this study, the vertical extent of the F and Mn chemical
alteration halo reaches up to 200 m (Figs. 4, 6), comparable to
the vertical extent reported in the Iberian Pyrite Belt, which
can reach up to 300 m (Gisbert et al., 2022). It is important
to note that the lateral extent of the associated alteration halo
(i.e., from proximal to distal along strike) remains untested at
King. However, a previous study by Hannington et al. (2003)
suggested that magnesium-rich chlorite alteration, enriched
in F and Mn, can extend laterally up to ~2 km.

Petrologic discrimination in high-grade
metamorphic terranes

Identifying protolith affinity: At King, several trace elements
in chlorite are also found to be useful to discriminate the
protolith affinity. For instance, Li, V, Sc, Co, and Ni contents
in chlorite have a strong association with the affinity of the
host lithology (i.e., mafic vs. felsic lithologies; Fig. 5C, D).
Vanadium and Sc are generally regarded as immobile during
hydrothermal alteration, making them reliable indicators of
precursor rock composition (e.g., Halley et al., 2016; Zivkovic
etal., 2024). While Li can be mobile under certain conditions,
its concentration in VMS-related hydrothermal fluids is typi-
cally very low (~2 ppm; e.g., Reyes and Trompetter, 2012; Cai
et al., 2024), minimizing its impact on chlorite composition.
Moreover, even in cases of Li enrichment, the element tends
to partition preferentially into coexisting minerals such as
staurolite, cordierite, biotite, muscovite, garnet, and tourma-
line (in that order; Dutrow et al., 1986), rather than chlorite.
Therefore, Li contents in chlorite are likely to reflect precur-
sor mineral signatures rather than hydrothermal alteration.
Cobalt and Ni can be introduced during hydrothermal altera-
tion, but they are typically incorporated into sulfides or Ni-
Co-bearing minerals (e.g., cobaltite, ullmannite, pentlandite),
all of which are observed at King (Dana et al., 2025). Their
limited incorporation into chlorite further supports the inter-
pretation that Co and Ni contents in chlorite are inherited
from precursor phases such as retrograde garnet, amphibole,
or biotite, or from earlier-formed chlorite that has recrystal-
lized. Altogether, the geochemical signatures of V, Se, Li, Co,
and Niin chlorite are interpreted to largely reflect the original
lithological composition, rather than later fluid-rock interac-
tions. Furthermore, the strong lithological control on these
elements, despite amphibolite facies overprinting, suggests
that metamorphism has not significantly altered their trace
element distribution in chlorite (Gisbert et al., 2022).
Interestingly, we observed a number of potential correla-
tions between spectral reflectance features in chlorite and
trace element chemistry that may be useful for photolith dis-
crimination. For instance, the absorption feature of chlorite
(2,250W) shows a negative correlation with V (+ Cr) contents
(r2 = 0.5; App. Fig. A4), which we have demonstrated to be

useful to distinguish mafic from felsic units (Fig. 5C, D). This
correlation probably corresponds to the R3+ substitutions in
chlorite (Wiewiora and Weiss, 1990). No trace elements were
observed in white mica that were able to distinguish protolith
affinity, although the 2,200W feature is positively correlated
with Co (r2 = 0.5; App. Fig. A5) and weakly with Ni and Zn (12
= 0.4). This correlation is probably associated with R2+ substi-
tutions (DeVries and Roy, 1958). Further investigations are
required to evaluate these relationships.

Distinguishing VHMS footwall and hanging-wall units: Dis-
tinguishing between footwall and hanging-wall units is critical
for the effective exploration of VHMS deposits. This is due
to their stratiform nature, clustering along stratigraphic ho-
rizons within camps, and the need for exploration personnel
to determine whether the ore horizon has been adequately
tested during regional drilling campaigns. Delineating the
ore horizon is particularly challenging when exploring in
high-grade metamorphic terranes, where extensive recrystal-
lization and mineral transformation has obscured the original
alteration assemblages. Moreover, as similar lithological units
can also occur both in the footwall and hanging-wall stratig-
raphy, these might be difficult to distinguish from rock chips
obtained by regional RC drilling. This is particularly the case
at King, where units of garnet amphibolite unit can be found
in the footwall and hanging-wall sequences. The creation of
robust mineral chemical indicators for identifying the ore ho-
rizon and discriminating between footwall and hanging-wall
rocks is required.

Previous research at King using SWIR hyperspectral data
suggests that white mica chemistry can be useful to distin-
guish between footwall and hanging-wall assemblages. Foot-
wall mafic units are characterized by muscovitic white mica
that becomes more Na rich in the felsic footwall immediately
below the massive sulfide lens, whereas the hanging wall is
dominated by phengitic white mica (Dana et al., 2025). This
is also supported by microprobe compositions from this
study that generally show similar results (Fig. 6A, B). As
suggested by previous studies, the association of phengitic
mica in hanging-wall units is attributed to either its high-Fe
whole-rock content (i.e., magnetite-rich metaexhalite; Dana
et al., 2025) or its Mg-rich seawater entrainment and Ca-Mg
carbonate alteration prior to metamorphism (e.g., Thompson
et al., 2009; Yang et al., 2011; Gisbert et al., 2022). In terms
of trace element contents, white mica in the footwall units is
characterized by lower Sr but higher Ba and Rb contents than
that in the hanging-wall units. The enrichment of Ba and Rb
in white mica is typical of proximal zone signatures of VHMS
systems, which also have been reported in several VHMS dis-
tricts (e.g., Iberian Pyrite Belt, Gisbert et al., 2022; Bathurst
mining camp, Soltani Dehnavi et al., 2018). Although white
mica is relatively resistant to weathering and can be preserved
within the regolith and saprock horizons (e.g., Wilson, 2004;
Ehara Suryantini et al., 2005; Salama et al., 2025), the posi-
tion of its main absorption feature (2,200W) can shift during
weathering. Caution is therefore required when interpreting
SWIR data obtained from weathered rock.

Both EPMA and SWIR data suggest that chlorite type is
fairly similar throughout the stratigraphy, although a shift to-
ward Mg-rich chlorite is observed in the Mg-metasomatized
felsic unit. Chlorite from the hanging-wall metaexhalite unit
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is also characterized by the Fe-chlorite end member (ie.,
chamosite). The main distinction between footwall and hang-
ing wall in terms of chlorite chemistry is the Al content—the
footwall generally has higher Al contents than those in the
ore lens and hanging-wall stratigraphy. The observed Al
trend may reflect hydrothermal temperature gradients (e.g.,
empirical chlorite geothermometer; Zang and Fyfe, 1995),
which is consistent with models of hydrothermal fluid up-flow
in VHMS systems (e.g., Galley, 1993; Franklin et al., 2005).
However, as the region has undergone amphibolite facies
metamorphism (500°-700°C; Goscombe et al., 2019), this
may have overprinted or reequilibrated the original chlorite
temperatures. As chlorite is highly susceptible to weathering
and often vanishes even in mildly altered zones (e.g., Ehara
Suryantini et al., 2003; Salama et al., 2025), the use of chlorite
chemistry and SWIR-based vectoring is only applicable in
areas where weathering is minimal and patchy.

Garnet chemistry at King also shows a distinction between
footwall and hanging-wall stratigraphy. Garnet from hanging-
wall units is characterized by significantly higher Ca contents
compared to that from the footwall units (Fig. 8). This Ca
enrichment in hanging-wall units has also been observed in
VHMS deposits elsewhere (e.g., Wheatley deposit, Hassan,
2017; Stollberg ore field, Frank et al., 2019). It is likely that
this Ca enrichment in the hanging-wall units is attributed to
Ca-Mg carbonate alteration prior to metamorphism, which
is the same signature we observed in white mica at King. In
terms of trace elements, positive Eu anomalies in garnet are
particularly useful to distinguish between altered footwall and
unaltered hanging-wall units, thus retaining the signature of
the host rock prior to metamorphism. Previous studies have
suggested that positive Eu anomalies in whole-rock geochem-
ical analyses in the proximity of massive sulfide mineralization
are attributed to the lower oxygen fugacity (e.g., Lottermoser,
1988; Spry et al., 2007) and high-temperature hydrothermal
fluids (e.g., Sverjensky, 1984). As demonstrated in this study,
garnets from the footwall and massive sulfide lens consistently
show prominent positive Eu anomalies, whereas this is less
prominent or absent in the hanging-wall units (Fig. 10). Ad-
ditionally, garnets from massive sulfides and the hanging wall
are characterized by enrichments of Ba and Sr (Fig. 9E). The
11,100W feature in garnet is positively correlated with Ba +
Sr (r2 = 0.7), with these elements likely substituting for Mn2+
in the dodecahedral site (e.g., van Westrenen et al., 2000;
Locock, 2008).

Garnet as a fertility indicator mineral in metamorphosed
VHMS deposits?

Fertility indicator minerals have been extensively applied
to several other ore deposit types, particularly for porphyry
Cu-style mineralization using apatite (e.g., Mao et al., 2016),
plagioclase (e.g., Williamson et al., 2016), zircon (e.g., Wilkin-
son et al., 2017), and magnetite (e.g., Sievwright, 2017). In
VHMS systems, similar studies have been attempted using
magnetite (e.g., Makvandi et al., 2016a, b), pyrite (e.g., Be-
lousov et al., 2016; Li et al., 2024), and gahnite (e.g., Morris et
al., 1997; O’Brien et al., 2015). Metamorphic minerals such as
garnet potentially offer robust tools for assessing regional to
camp-scale fertility for three reasons: (1) It occurs abundantly
in high-grade metamorphic terranes; (2) it is the product of

metamorphism, hence not affected either by recrystallization
or metal remobilization; and (3) it is resistant to weathering
in regolith profiles and can be preserved in stream sediments.
As the VHMS host sequences will be hydrothermally altered
prior to the metamorphism and porphyroblast growth, the
garnet can preserve the hydrothermal signatures present in
the altered host rock.

Garnet chemistry at King is dominated by the end-member
almandine, which is typical for garnet in rocks subject to high-
grade metamorphism (e.g., Yardley et al., 1991; Jamtveit et al.,
1993; Crowe et al., 2001; Fernando et al., 2003). However,
significant Mn enrichment (up to 22 wt % MnO) is observed
in garnets hosted by the massive sulfide lens and the adjacent
felsic footwall through EPMA. HyLogger TIR spectral shifts in
garnet composition are dominated by shorter wavelength sig-
natures (i.e., almandine; 11.25-11.45 pm) in the deep footwall.
With stratigraphic height, there is a loss of these shorter wave-
length signatures and a shift toward longer wavelength (i.e.,
more spessartine rich; 11.46-11.59 pm) compositions in the
immediate footwall to massive sulfide mineralization (Fig. 2).

Similar Mn enrichment in almandine garnet spatially asso-
ciated with massive sulfide mineralization has also been ob-
served in VHMS deposits elsewhere (e.g., Yeats and Groves,
1998; Mercier-Langevin et al., 2007; Hassan, 2017; Hindemith
etal., 2017; Frank et al., 2019; Praveen et al., 2021; Yergeau et
al., 2022). A similar phenomenon was also observed in meta-
morphosed sedimentary exhalative (SEDEX) (e.g., Heimann
et al., 2013; Pollock et al., 2018; Tott et al., 2019; Lisboa et al.,
2023) and Broken Hill-type deposits (e.g., Spry and Wonder,
1989; Stalder and Rozendaal, 2005; Spry et al., 2007; Heimann
etal,, 2011). In contrast, almandine garnet from hanging-wall
units at King shows significant enrichment in the grossular
component (Grsie-31; up to 11 wt % CaO).

Garnet compositions from several greenstone belts across
Yilgarn craton have been compiled in Figure 8. Garnets
from the Marda and Ravensthorpe greenstone belts are
clustered with footwall garnet from King, in which VHMS
mineralization has been reported from both of these green-
stone belts (e.g., Marda-Copper Bore, Southern Gossan,
Kim Bore, Ravensthorpe-Mount Short; Hollis et al., 2017).
Several SEM-based studies have also reported significant Mn
enrichment associated with massive sulfide mineralization in
the Wheatley Zn deposit (at granulite facies; Hassan, 2017)
and early, ca. 2930 Ma, synvolcanic VHMS mineralization at
Mount Gibson that was later overprinted by ca. 2630 Ma oro-
genic Au mineralization (Yeats and Groves, 1998). In contrast,
garnets from greenstone belts in which VHMS mineralization
is absent (e.g., Forrestania, Laverton, Boorara, Coolgardie,
Murin) are consistent with regional metamorphic garnet and
hanging-wall signatures at King that lack an early synvolcanic
hydrothermal signature.

Garnet trace element REE profiles also provide further
discrimination for VHMS prospectivity. Under normal meta-
morphic conditions where the protolith is not hydrothermally
altered, garnets from amphibolite and granulite facies rocks
show typical metamorphic patterns of steep chondrite-normal-
ized REE profiles (i.e., LREE depleted, absent of Eu anomaly,
or negative Eu anomaly, dipping HREE profiles; e.g., Cruciani
et al., 2014; Raimondo et al., 2017; Tual et al., 2022). In con-
trast, garnets from the footwall stratigraphy and massive sulfide
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lens at King consistently show LREE depletion, positive Eu
anomalies, and flat HREE patterns. Similar patterns have also
been reported from several metamorphosed SEDEX and Bro-
ken Hill-type deposits (e.g., Spry et al., 2007; Heimann et al.,
2011; Pollock et al., 2018; Tott et al., 2019; Lisboa et al., 2023)
and from the Dammberget Pb-Ag-(Cu-Au) deposit, Sweden
(Spry et al., 2015). The presence of positive Eu anomalies and
HREE profiles in almandine garnet is particularly useful be-
cause these show a clear distinction between garnet spatially
associated with mineralization and that from barren metamor-
phic rocks or igneous-origin almandine (Fig. 9B). Almandine
garnet spatially associated with VHMS mineralization will be
characterized by a positive Eu anomaly and has lower HREE
(0.8-1,107 ppm) contents than garnet in regional metamorphic
rocks (8.4-11,500 ppm). The REE patterns in garnet during
metamorphism are influenced by several factors, including the
bulk composition of the protolith, pressure-temperature (P-T)
conditions, element partitioning among coexisting minerals,
crystal chemistry, hydrothermal fluid activity, or a combina-
tion of these (e.g., Sverjensky, 1984; Bea et al., 1997; Moore
et al., 2013). At the King deposit, metamorphism was limited
to a single event (e.g., Goscombe et al., 2019), and the absence
of correlations between garnet end members, REE concentra-
tions, and Eu anomalies suggests that the effect of P-T condi-
tions and crystal chemistry is minimal. The consistent positive
Eu anomaly observed in footwall garnet, regardless of original
protolith composition (i.e., mafic vs. felsic) or modal mineral
assemblages, is best explained by feldspar destruction during
premetamorphic hydrothermal alteration. This process is com-
mon during hydrothermal alteration within VHMS footwall
but is rare or absent in the hanging-wall stratigraphy. Conse-
quently, this process will release Eu?* from feldspar, which was
subsequently incorporated into the host lithology (e.g., Spry
et al., 2007; Heimann et al., 2011). This also implies that the
premetamorphic hydrothermal fluids were reducing in nature
and of relatively high temperature (>250°C; Sverjensky, 1984;
Heimann et al., 2011).

Several studies have used detrital garnet to understand its
provenance (e.g., Ando et al., 2014; Krippner et al., 2014; Sug-
gate and Hall, 2014), although the trace elements, including
REEs, have not been evaluated. We propose that, due to its
general resistance to weathering, garnet may serve as a fertil-
ity indicator mineral during regional prospecting (e.g., stream
sediment or till sampling) in metamorphic terranes, as well as
in shallow RC drilling campaigns through weathered saprock,

though the latter requires further study. However, when gar-
net does weather, it undergoes significant loss of Si, Al, Ca,
and Mg, while Mn is often leached or occasionally retained
(Baidya et al., 2019). As garnet weathers to alumino-goethite,
this then leads to a notable enrichment of LREEs, while the
HREEs are largely inherited from the original garnet (Price
et al., 2013; Baidya et al., 2019). Regarding garnet morphol-
ogy, our study demonstrates that the texture of garnet (e.g.,
euhedral, skeletal, or heavily fractured and partially replaced)
does not significantly affect its chemical signature. However,
selecting inclusion-poor garnet with minimal zoning is ideal to
minimize the potential for contamination during spot analysis
in EPMA or LA-ICP-MS.
Application to prospects in the Erayinia region
The chemistry of chlorite, white mica, and garnet from the
King deposit shows several potential chemical vectors to mas-
sive sulfide mineralization (Table 1). In this study, several
rock-chip samples were also collected from regional prospects
EB04 and EB16 to test the applicability of the mineral chemi-
cal vectors observed at King. Chlorite from the EB04 prospect
was collected from the mafic and felsic footwall stratigraphy.
RC drilling at the EB04 target stopped at the shallow depth
of 150 m due to limitations of the drill rig to penetrate a late
Proterozoic dolerite dike. The ore equivalent horizon was
believed to have been tested by a narrow intercept of Zn min-
eralization (EC194: 8 m at 0.16% Zn; EC195: 6 m at 0.32%
Cu, 0.12% Zn). At EB16, air core drilling intercepted bedrock
at several locations to aid in geologic mapping and testing of
soil anomalies.

At EB04, a similar pattern to King was observed, where the
F and Mn contents in chlorite increase with depth toward the
ore-equivalent horizon. Of note is that the F contents of chlo-
rite and white mica from the EB04 felsic units are higher than
those observed from the immediate felsic footwall at King.
Chlorite from the Mg-metasomatized felsic unit at EB04 also
has significantly higher Mg (median = 17 wt %) contents than
that at King (median = 13 wt %). White mica chemistry further
demonstrates that the sampled felsic rocks at EB04 prospect
are still within the footwall due to its muscovitic composition
and enrichment in Ba and Rb contents. As demonstrated at
King, the hanging-wall stratigraphy is marked with phengitic
white mica with Ba and Rb depletion. Petrographic analysis
of rock chips confirmed that intercepted Zn mineralization at
EBO04 was of stringer style, typical of the felsic footwall. Addi-

Table 1. Summary of Mineral Chemical Vectors in the King Deposit and Surrounding Areas

Parameters Characteristics

Proximity to ore (vertical)

Proximal signatures within 200 m: >0.3 wt % Mn in chlorite; >500 ppm F in chlorite and white mica; >5 ppm Tl in

white mica; >30 mol % spessartine component in garnet

Mineralized versus barren system

Mineralized metamorphic belt: Total HREE <100 ppm; Eu anomaly >1 in garnet

Barren metamorphic belt: Total HREE >100 ppm; Eu anomaly <1 in garnet

Footwall and hanging-wall distinction

Footwall signatures: Muscovitic white mica; Na muscovite in immediate FW; <50 ppm Sr, >250 ppm Ba, >50 ppm

Rb in white mica; <15 mol % grossular component in garnet; >11 wt % Al in chlorite
Hanging wall signatures: Phengitic white mica; >50 ppm Sr, <250 ppm Ba, <50 ppm Rb in white mica; >15 mol %
grossular component in garnet; <11 wt % Al in chlorite

Mafic units: <0.1 Li/V in chlorite
Felsic units: >0.1 Li/V in chlorite

Protolith affinity

Abbreviations: FW = footwall, HREE = heavy rare earth element
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tionally, garnet chemistry at EB04 also shows footwall garnet
signatures similar to garnet at King due to its slight enrich-
ment in Mn (median = 5.6 wt % in felsic unit at EB04; 6.9 wt
% in upper felsic unit at King) and lack of Ca enrichment (i.e.,
characteristic of hanging-wall garnet; median values of Ca at
EB04 mafic-felsic units = 2.2 wt %; King footwall = 2.2 wt %;
King hanging wall = 5.2 wt %). The REE pattern of garnets
from the mafic and felsic units at EB04 further supports this
interpretation, as it shows a pattern similar to garnet from the
footwall units at King, although with a less prominent posi-
tive Eu anomaly (<3 Ew/Eu®; Fig. 10). It is likely that the ore
horizon is still concealed in the deeper part of the stratigraphy
beneath the dolerite dike, and follow-up drilling is recom-
mended to further test the target.

Samples from the EB16 prospect were collected only from
the mafic rocks intercepted by air core drilling to evaluate
whether the drilled region belongs to the footwall or hanging-
wall stratigraphy (as garnet amphibolite can occur in both
sequences). Samples were analyzed from the northern region
presumed to be in the hanging wall and from the south in
the footwall garnet amphibolite (Fig. 1D). In this instance,
chlorite chemistry is not particularly useful, as it is unable to
distinguish between footwall and hanging-wall units. How-
ever, chlorite from EB16 mafic units is slightly more enriched
in F than that from mafic footwall or hanging wall at King.
Garnet from the EB16 mafic units also plots with the same
cluster with footwall garnets from King and EB04 and lacks
the Ca enrichment of hanging-wall rocks. This suggests that
the mafic units at EB16 from both areas sampled most likely
belong to the footwall sequence, and further drilling should
target the felsic rocks higher in the stratigraphy.

Conclusions

The compositions of chlorite, white mica, and garnet, coupled
with hyperspectral data, can be used as robust vectoring tools in
the search for metamorphosed VHMS deposits. This includes
utilizing fluorine in chlorite and white mica, as well as man-
ganese in chlorite and garnet, to trace hydrothermal alteration
surrounding metamorphosed VHMS deposits. Various ele-
ments in chlorite, white mica, and garnet also help differentiate
between the footwall and hanging-wall stratigraphy of VHMS
deposits in metamorphic terranes, and the original protolith af-
finity (i.e., mafic vs. felsic). Additionally, positive Eu anomalies
and dipping HREE profiles in almandine garnet effectively
distinguish garnet spatially associated with VHMS mineral-
ization from that derived from barren metamorphic rocks or
igneous-origin almandine. The geochemical signatures defined
here are not only useful for deposit-scale exploration but also
for regional prospecting, such as stream sediment or till sam-
pling in metamorphic terranes, as well as for shallow RC/air
core drilling through weathered saprolite and saprock.
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