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Abstract

Quantitative analysis of major and minor elements using electron probe microanalyzer (EPMA) and determination of trace elements
using laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) of samples from the Granduc, Anyox/Hidden Creek, and
Goldstream volcanogenic massive sulphide deposits reveal critical metal distributions and elemental partitioning behaviors between various
mineral phases. Most of the critical metals, such as Co, are hosted in multiple mineral phases with highly variable concentrations. Cobalt
enrichment follows the sequence: Cocobam[gCowiIIyamile>Copyme>CopynhmthoSpha]erhg Comagneme. LA-ICP-MS imaging shows that individual mineral
phases can simultaneously accommodate several critical metals. For the magnetite-pyrrhotite-chalcopyrite assemblage: magnetite is enriched
in Mg, Al, V, Mn, and Ga; pyrrhotite preferentially hosts Co and Ni; and chalcopyrite concentrates Zn, Se, In, Ag, and Cd. In addition, trace
elements in sphalerite, particularly critical metals Co, Ga, In, and Sn, display remarkable variations across the VMS deposits studied. These
differences appear to be mainly controlled by geological setting and ore-forming processes, with limited influence from variations in inferred
hydrothermal fluid temperature and sulphur fugacity (fS,) The next phase of work will include developing quantitative models for critical metal
deportment, demonstrating how systematic regularities in the partitioning of specific critical metals among coexisting minerals can be used to
predict their mineralogical distribution in VMS systems.

Keywords: Volcanogenic massive sulphide, critical metal abundance, elemental partitioning behavior, electron probe, LA-ICP-MS

1. Introduction mineral phases, their absolute abundance, distribution, and
The low-carbon, green energy transition is driving mineral-scale partitioning are not well resolved.
unprecedented demand for critical metals, such as copper (Cu), In-situ microanalytical techniques such as electron probe

cobalt (Co), and nickel (Ni), which are vital for technologies  microanalyzer (EPMA) and laser ablation-inductively coupled
such as electric vehicles, batteries, and wind turbines plasma-mass spectrometry (LA-ICP-MS) provide micron-scale
(e.g., Jowitt et al., 2018; Reich and Simon, 2024). Volcanogenic  spatial resolution for mineral chemistry. EPMA has high spatial
massive sulphide (VMS) deposits are important Canadian and  resolution (down to 1 um) but is constrained by relatively high
global suppliers of base and precious metals, including Cu, Zn,  detection limits (commonly >100 ppm), limiting its utility for
Pb, Au, and Ag (e.g., Franklin et al., 2005; Galley et al., 2007;  accurately measuring many elements at trace levels (Zhao et
Piercey, 2011; Hannington, 2013) and can also be economically  al., 2015). In contrast, LA-ICP-MS allows for the simultaneous
significant sources of metals such as Co, Ga, Se, Cd, In, Sn, Sb,  analysis and characterization of multiple elements within a
Tl, and Bi (e.g., Layton-Matthews et al., 2008; Monecke et al.,  single mineral grain down to sub-ppm levels (e.g., Sylvester,
2016; Piercey et al., 2025). 2006; Cook et al., 2016; Danyushevsky and Thompson, 2025).

The VMS deposits in British Columbia represent an Together, EPMA and LA-ICP-MS provide complementary
important past and potentially future economic contributor to  constraints on mineral chemistry. This paper establishes an
the provincial mining sector (e.g., Hickin et al., 2024). Recent  integrated analytical approach to evaluate critical element
work has shown that VMS deposits in British Columbia contain  distributions and partitioning between different mineral phases
a variety of critical metals currently on the national critical in British Columbia VMS deposits. Here, we summarize
minerals list (NRCan, 2024), such as Co, In, Sn, Sb, Te, and  progress and present representative examples of quantitative
Bi (e.g., Piercey et al., 2025; Cawood et al., 2025). Although  EPMA analysis of major and minor elements and LA-ICP-MS
many of these commodities are present as trace elements within  spot and mapping analyses of trace elements in mineral phases
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from the Granduc, Anyox/Hidden Creek, and Goldstream mafic-
siliciclastic (or Besshi) VMS deposits (Fig. 1). These results are
used to: 1) evaluate critical-metal distributions across different
mineral assemblages using Co as a case study; 2) investigate
elemental partitioning among coexisting, spatially associated
minerals; and 3) use sphalerite as an example to evaluate the
trace element distributions and the factors controlling their
variations. The full results of our analytical work can be found
in a supplementary publication (Pietruszka et al., 2026).

2. Samples and mineralogy

Samples used in this study were previously reported by
Piercey et al. (2025). These samples were obtained from the
archives of the British Columbia Geological Survey and the
Mineral Deposit Research Unit at the University of British
Columbia. Here, we focus on three mafic-siliciclastic VMS
deposits: Goldstream (n=2), Anyox (Hidden Creek) (n=3),
and Granduc (n=4). Past producers and resources of Cu,
these deposits contain byproduct critical metals, including Co
(e.g., Peter and Scott, 1999).

The samples were analyzed by bulk assays (see Piercey et

al., 2025 for details), and most were subjected to detailed
mineral chemical investigations. The main ore and gangue
mineral assemblages for the studied samples in these three
deposits are summarized in Table 1. Overall, the three deposits
share broadly similar major mineral phases, but differ in their
minor and trace mineral phases. Specifically, the mineral
assemblage from the Anyox (Hidden Creek) deposit consists
of pyrite, pyrrhotite, chalcopyrite, and minor sphalerite and
hematite (Table 1; Figs. 2a-b). Associated gangue minerals are
amphibole, chlorite, quartz, plagioclase, and calcite, and minor
apatite and dolomite. The predominant sulphide phases in the
Goldstream deposit are pyrrhotite, chalcopyrite, and minor
sphalerite, with minor galena (Table 1; Figs. 2e-f). The gangue
minerals include amphibole, chlorite, quartz, calcite, muscovite,
biotite, and minor plagioclase and apatite. The Granduc deposit
has a more complex mineral assemblage, including magnetite,
pyrite, pyrrhotite, chalcopyrite, and minor sphalerite, galena,
cobaltite, and willyamite, with trace molybdenite (Table 1;
Figs. 2c-d). The gangue minerals are predominantly amphibole,
chlorite, quartz, calcite, epidote, muscovite, apatite, and minor
dolomite.
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Fig. 1. Location of volcanogenic massive sulphide deposits sampled for this study. Terrane boundaries after Colpron (2020).
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Fig. 2. Reflected light photomicrographs of samples from the Anyox/Hidden Creek, Granduc, and Goldstream deposits. a) Pyrrhotite and
chalcopyrite along the margins of euhedral pyrite, infilling interstitial voids. b) Sphalerite fills vugs within euhedral pyrite crystals. ¢) Euhedral
magnetite and pyrite overgrown or enclosed by later-formed chalcopyrite and pyrrhotite. d) Fine-grained euhedral willyamite and cobaltite in
vugs of chalcopyrite. e) Typical association of pyrrhotite, chalcopyrite, and sphalerite. f) Pyrrhotite partially replaced by chalcopyrite, which
also hosts minor interstitial sphalerite. Abbreviations: Ccp-Chalcopyrite; Cob-Cobaltite; Gn-Galena; Mt-Magnetite; Py-Pyrite; Po-Pyrrhotite;
Sp-Sphalerite; Wly-Willyamite.
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Given that ore minerals likely host most of the critical
elements, we analyzed sulphide minerals, including pyrite,
pyrrhotite, chalcopyrite, sphalerite, locally cobaltite, and
willyamite, together with coexisting Fe-oxides such as
magnetite, across different mineral assemblages (Pietruszka et
al., 2026).

3. Analytical methods

Mineral chemistry of these mineral phases was quantified
by EPMA and LA-ICP-MS. EPMA was used for phase
identification and to provide major- and minor-element data.
LA-ICP-MS mapping was used to evaluate grain-scale spatial
variability and to constrain elemental partitioning among
coexisting phases, whereas LA-ICP-MS spot analyses were
used to quantify trace-element concentrations.

3.1. Electron probe microanalysis

The chemical compositions of sulphides and Fe-oxides
were determined at the Hibernia Electron Beam Facility at the
Core Research Equipment and Instrument Training (CREAIT)
Network in the Department of Earth Sciences, Memorial
University of Newfoundland. We used a JEOL JXA-8230
SuperProbe EPMA equipped with five wavelength-dispersive
spectrometers (WDS) and a tungsten filament electron gun.
The analyses were performed using an accelerating voltage of
20 kV, a 20-nA beam current, and the beam focused to 1 pm.
Elemental counting times ranged from 5 to 30 s, including 5
to 15 s for background measurements and 10 to 30 s on peak
signals for calibration. The full list of analyzed elements
for each mineral, together with primary and interference
standards, is provided in Pietruszka et al. (2026). Both natural
and synthetic standards were used to calibrate the instrument.
Additional secondary standards were measured periodically
(i.e., for each mineral phase at the start of each run, after 20-25
unknown analyses, and at the end of each run) to demonstrate
their reproducibility. Sulphide analyses with totals falling
outside the 100 £2 wt.% range were rejected.

3.2. LA-ICP-MS elemental imaging

LA-ICP-MS elemental maps were carried out by an ESI-
NWR 193 nm ArF Eximer laser ablation system coupled
with iCAP TQs ICP-MS (Thermo Scientific) at the Queen’s
Facility for Isotope Research, Queen’s University. Element
compositional maps were constructed by scanning the
target area with a series of parallel laser lines. The ablation
was performed at a fluence of 3 J/cm? with a constant pulse
frequency of 10 Hz. The laser operated with a beam diameter
ranging from 5 to 10 pum and a scan speed between 2.5 and
5 um/s. At the beginning of each raster, a 5-second background
measurement was recorded, and a 30-second delay was applied
after each line to allow for cell wash-out.

The following isotopes were monitored: *Na, Mg, 2’Al, S,
328, #Ca, Ty, 'V, 2Cr, 5Mn, SFe, %Co, “Ni, Cu, %Zn, ®Ga,
\Ga, Ge, *Ge, *As, 7’Se, *Zr, **Nb, *Mo, 107Ag, 109Ag, 1nCq,
13T, 115, 118Sn, 121Sb, 125Te, '3Cs, ¥'Ba, '7Gd, ' Hf, '8! Ta, '22W,
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155Re, 1A, 202Hg’ 25T, 206pp_207Ph, 208Ph, 209Bj 22Th, and 2*U.
Two isotopes each for Ag, Ga, Ge, and In were included in the
element suite to monitor potential interferences. Rasters were
done on reference materials STDGL3 (Belousov et al., 2023),
MASS-1 (Wilson et al.,, 2002), and GSE-1G (Jochum et
al., 2005) at the start and end of a mapping run to correct
for instrumental drift. Images were compiled and processed
using lolite 4 (Paton et al., 2011). Unlike the quantitative data,
element maps cannot be corrected for potential interference for
Ga, Ge, and In isotopes. All LA-ICP-MS maps were produced
for each element using the same logarithmic colour scale.

3.3. LA-ICP-MS spot analysis

Spot analysis of minor and trace elements in sulphides
was performed by LA-ICP-MS using a GeoLasPro 193 nm
ArF Excimer laser ablation system (Coherent) coupled to an
Element XR HR-ICP-MS instrument (Thermo Scientific) at
the Microanalysis Facility at the Core Research and Equipment
Training (CREAIT) Network, Memorial University of
Newfoundland. Laser ablation was carried out in a pure He
atmosphere, with the aerosol mixed with Ar before entering the
ICP torch. Spot ablation was carried out using a 30 pm spot
size, with an energy density of 5 J/cm? and a pulse frequency of
5 Hz. Each analysis consisted of 30 s background acquisition,
followed by 40 s ablation, and 30 s washout. Washout time
was increased after, for example, high-Pb abundance phases
such as galena were analyzed. The ICP-MS was tuned for
high sensitivity while maintaining a ThO/Th ratio 0f<0.3%;
all analyses were performed in low-resolution mode. The
following isotopes were monitored: Mg, >’Al, Si, S, “Ca,
“Ti, 2*Th, and >**U (dwell time 5 ms); >'V, >3*Cr, *Zr, >*Nb, '*’Gd,
178Hf, and '*'Ta (dwell time 10 ms); >*Mn, >’Fe, ¥Co, “Ni, *Cu,
667n, ©Ga,”'Ga, 2Ge, “Ge, "As, 7’Se, 95M0,1O7Ag, ‘°9Ag, ned,
1131, 15[, 118Sn, 121Sb, 125Te, '$2W, '%Re, A, 202Hg, 205T], 206Ph,
207pb, 2%8Pb, and 2”Bi (dwell time 20 ms). Reference materials
MASS-1 (Wilson et al., 2002) and NIST SRM 610 (Jochum et
al., 2011) were used for external calibration. MASS-1 was used
for chalcophile and siderophile elements, and NIST SRM610
for lithophile elements. Duplicate analyses of both reference
materials were performed at the start of the session and after
every 10 to 16 sample analyses to monitor instrument stability
and data quality.

Data reduction was done using the LADR software package
(Norris and Danyushevsky, 2018). Quantification in both
instances was performed using *’Fe as the internal standard for
Fe-bearing sulphides including pyrite, pyrrhotite, chalcopyrite,
sphalerite, tennantite-tetrahedrite, with all concentrations
normalized to 100 wt.%. Significant elemental fractionations
relative to Fe were corrected following the method of
Danyushevsky et al. (2011). The contents of S and O were
estimated based on mono-sulphide and oxide stoichiometry.
Isobaric interferences of #Se on ™Ge, '*Cd on 'In, and '°Sn
on "*In were corrected using known isotopic proportions of Cd,
Sn, and Se. Interferences of ZrO and NbO on Ag were found
to be insignificant due to the low contents of Zr and Nb in the
samples.
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4. Results

Below, we summarize representative mineral compositions
and trace-element distributions among coexisting phases. We
first present EPMA data using Co as an example, then present
a representative LA-ICP-MS map that illustrates element
partitioning, and finally show LA-ICP-MS sphalerite chemistry
across the three deposits.

4.1. EPMA mineral compositions

Cobalt concentrations determined by EPMA are reported
here for minerals in which Co is detectable. Concentrations
vary widely among different minerals, ranging from per cent
levels in discrete Co-bearing phases to ppm levels in common
sulphides and Fe-oxides (Table 2). Common sulphides such
as pyrite, pyrrhotite, sphalerite, and chalcopyrite within the
VMS deposits contain minor to trace Co (Fig. 3). In addition
to these sulphides, discrete Co-bearing minerals, including
cobaltite and willyamite, have been identified in the Granduc
deposit (Fig. 2d). Magnetite also hosts trace amounts of Co.
Cobaltite and willyamite have the highest Co concentrations,
with cobaltite containing 16.9-32.8 wt.% (mean =+2o:
27.6 £7.8 wt.%) and willyamite ranging from 14.9-25.5 wt.%
(22.7 £6.0 wt.%). The higher average Co content in cobaltite
compared to willyamite indicates a Co., .. >Co
enrichment trend among discrete Co-bearing minerals.

For common sulphide phases, comparisons of Co among
these phases are made using the geometric mean, which better
represents the central tendency for skewed (=log-normal)
data than the arithmetic mean, given the high variability of
Co within individual phases (cf., Wei et al., 2024). Among
the major sulphide phases, pyrite is the most Co-rich mineral
where present, with the concentrations reaching up to 2.26 wt.%
(Table 2). The second Co-rich mineral is pyrrhotite (Fig. 3),
which typically contains Co in the range of <0.01 to 0.23 wt.%
(Table 2). In sphalerite, more than two-thirds of the analytical
spots for all studied deposits are above the detection limits, with
the concentrations from <0.01 to 0.14 wt.% (Table 2). Cobalt
was only detected in about half (or fewer) of the chalcopyrite
analytical spots. Where present, concentrations are generally
lower than in sphalerite for Granduc and Goldstream, ranging
from <0.01 to 0.05 wt.%. Surprisingly, a spot in chalcopyrite
from Granduc has up to 1.56 wt.% Co (Table 2). In addition,
magnetite from Granduc generally contains detectable Co, with
concentrations from <0.01 to 0.11 wt.% (Table 2).

willyamite

4.2. LA-ICP-MS elemental mapping

LA-ICP-MS mapping of a magnetite-pyrrhotite-chalcopyrite
assemblage from Granduc reveals distinct mineral preferences
for certain trace elements (Fig. 4). Magnesium, Al, V, Mn,
and Ga are concentrated in magnetite, whereas Co and Ni,
and Se are mainly enriched in pyrrhotite. Zinc, Ag, In, Se, and
possibly Cd and Te are preferentially enriched in chalcopyrite.
Chalcopyrite contains trace amounts of Co and Ni, although
their concentrations are lower than those observed in pyrrhotite.
The distributions of trace elements such as Mg, Al, Ni, Zn,
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and possibly Co within the individual mineral phase show
considerable heterogeneity. In chalcopyrite, speckled textures
marked by patchy enrichment of Co, Ni, and Zn are observed.
In magnetite, intersecting stripe-like fabrics enriched in Mg
and Al are also present. In addition, grain boundaries of these
minerals (possibly galena) show low levels of Sb and Pb.

4.3. LA-ICP-MS trace-element chemistry

In sphalerite, LA-ICP-MS ablation profiles were generally
flat and smooth (Fig. 5), suggesting internally consistent
concentrations within individual spots; however, element
concentrations show considerable variation across spots
(Table 3; Fig. 6). The full dataset of minor and trace elements
of sphalerite is summarized in Table 3 and can be found in
Pietruszka et al. (2026).

Iron is the most common lattice-bound element in sphalerite,
typically ranging from 8-12 wt.%. Manganese, Cu, and Cd
are also incorporated into the sphalerite lattice, generally at
hundreds to tens of thousands of ppm. Trace elements, including
Co, Se, Ag, and In, are commonly present at tens to hundreds
of ppm. Most of these elements are not unexpected because
they are interpreted to substitute for Zn in the sphalerite lattice,
either directly or through coupled substitution (e.g., Cook et
al., 2009; Ye et al., 2011). Trace elements such as Sn, Sb, and Te
occur at around or below 10 ppm, but are detected in more than
two-thirds of the analyses. In addition, As, Ge, Ni, Tl, and Bi
were predominantly at or below detection limits (Pietruszka et
al., 2026).

From a comparison of the three deposits, sphalerite
from Anyox is systematically enriched in most trace
elements, including Cu (186-9542 ppm; mean=1534 ppm),
Ga (9.15-37.4 ppm; mean=17.0 ppm), Ag (7.95-77.5 ppm;
mean=23.7 ppm), Cd (3799-5473 ppm; mean=4516 ppm),
In (85.8-251 ppm; mean=140 ppm), and Sn (0.79-14.7 ppm,;
mean=3.39 ppm). In contrast, Goldstream sphalerite has the
highest Mn (5839-9957 ppm; mean=7901 ppm) and Te (0.04-
6.36 ppm; mean=0.39 ppm), whereas Granduc sphalerite
contains the greatest Fe (8.29-17.6 wt.%; mean=10.5 wt.%) and
Co (500-1074 ppm; mean=839 ppm). Goldstream sphalerite
also exhibits the lowest Cu (17.9-1987 ppm; mean=224 ppm),
Ag (0.97-12.8 ppm; mean=4.59 ppm), In (0.33-1.05 ppm;
mean=0.57 ppm), and possibly Cd (2453-3879 ppm;
mean=3048 ppm). In comparison, Granduc sphalerite exhibits
the lowest Ga (<0.07-0.43 ppm) and Sn (<0.21-1.19 ppm),
whereas all spots for Co in Anyox sphalerite are below detection
limits. In addition, Se concentrations are broadly similar in
Goldstream and Granduc sphalerite, whereas Anyox shows a
wider range but a lower mean Se content (Fig. 6).

5. Interpretations and discussion

Below, we examine the critical metal distributions among
different mineral phases, consider element partitioning among
coexisting phases, and evaluate the controls on trace-element
variations.
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Table 2. Summary of cobalt concentrations in mineral phases determined by EPMA from the Granduc, Anyox/Hidden Creek,
and Goldstream deposits.

Deposits Samples ls)zi;rsrtlleizlr Cobaltite ~ Willyamite Magnetite Pyrite Pyrrhotite ~ Chalcopyrite — Sphalerite
m 15 12 16 9
% of #DL 47%  92% 63% 67%
AN-1 Max 0.06 0.07 0.05 0.05
Median 0.01 0.03 0.02 0.02
Mean 0.02 0.03 0.02 0.02
Min <0.01 <0.01 <0.01 <0.01
m 11 9 8
Anyox/Hidden % of #DL 100%  89% 38%
Creek Max 0.45 0.10 0.05
ANYOX-2 Median 0.23 0.04 0.01
(n=3) Mean 0.18 0.04 0.02
Min 0.03 <0.01 <0.01
m 19 3 13 5
% of #DL 42%  67% 62% 0%
Max 0.04 0.03 0.05 <0.01
ANYOX-1-1 Median 0.01 0.01 0.02
Mean 0.02 0.02 0.02
Min <0.01 <0.01 <0.01
m 12 9 1
% of #DL 92% 44% 0%
Max 0.08 0.05 <0.01
HW=2v Median 0.05 0.01
Goldstream M.ean 0.04 0.02
Min <0.01 <0.01
(n=2) m 6 13 8
% of #DL 50% 38% 75%
Max 0.06 0.03 0.05
152303-02 Median 0.02 0.01 0.02
Mean 0.02 0.01 0.02
Min <0.01 <0.01 <0.01
m 1 23 9 10 18 11
% of #DL 100% 91% 82% 100% 56% 100%
Max 16.9 0.11 2.26 0.23 0.05 0.14
GROI-112 Median 0.05 0.86 0.19 0.02 0.10
Mean 0.05 0.67 0.19 0.02 0.10
Min <0.01 0.16 0.14 <0.01 0.05
m 21 9 2 8 14 3
% of #DL 100% 78% 100%  100% 36% 100%
Granduc Max. 30.0 0.06 0.17 0.16 1.56 0.10
Median 27.7 0.02 0.13 0.13 0.01 0.08
Granduc M.ean 26.4 0.03 0.13 0.12 0.02 0.07
Min 18.8 <0.01 0.10 0.09 <0.01 0.04
(n=4) m 12 15 12 7 8
% of #DL 100% 100% 67% 100% 50%
GD-09 Max 32.8 25.5 0.05 0.22 0.05
Median 31.2 242 0.03 0.17 0.02
Mean 31.0 22.7 0.03 0.17 0.02
Min 29.0 14.9 <0.01 0.14 <0.01
m 20 8
% of #DL 100% 63%
Max 0.10 0.05
GD-09-2 Median 0.07 0.03
Mean 0.06 0.02
Min 0.01 <0.01

n, the numbers of analyzed samples. Mean, geometric mean; m, the number of measurements; % of #DL, the percentage of analyzed values
above the detection limit. If <50% of data were below the detection limit, those values were set to the detection limit for the calculations of the
medians and means (cf., van den Boogaart and Tolosana-Delgado, 2013).
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Fig. 3. Box-and-whisker plots displaying Co concentrations in different mineral phases. a) Granduc deposit. b) Anyox/Hidden Creek deposit.
¢) Goldstream deposit. d) Co concentrations in common sulphide minerals across all three deposits. Data below the detection limits are replaced

by their detection limits included in the plots.

5.1. Critical-metal distribution among mineral phases

Bulk rock assays demonstrated that mafic-siliciclastic VMS
deposits in British Columbia contain higher levels of Co, Cu, In,
Mn, Se, Sn, and Te relative to felsic-hosted deposits (Piercey et
al., 2025). However, the specific minerals bearing these critical
metals remain unclear because most are present only as minor
or trace components within mineral phases (Piercey et al.,
2025), except for the primary commodities of Cu and Zn. We
use the distribution of Co as an illustrative example.

Cobalt concentrations determined by EPMA are used here
for comparison because Co in the most Co-bearing minerals

60

previously recognized is well above the EPMA detection
limits (Table 2) and the fine grain size of some Co-bearing
minerals precludes reliable LA-ICP-MS spot analyses due to
signal mixing with adjacent phases. Overall, for each mineral
phase, Co concentrations vary significantly among the three
deposits (Fig. 3). This deposit-level pattern is similar across all
analyzed sulphides: Granduc has the highest Co concentrations
in pyrite, pyrrhotite, and sphalerite, followed by Goldstream
and Anyox. In chalcopyrite, however, Co concentrations do not
show the same systematic difference between Goldstream and
Anyox (Fig. 3d).
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t maps of the magnetite-pyrrhotite-chalcopyrite assemblage; top left is a reflected light image. Elemental maps
illustrate mineral-specific enrichment and partitioning among magnetite, pyrrhotite, and chalcopyrite. Scales in counts-per-second (cps). Sample
from the Granduc deposit.
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Fig. 5. Typical single-spot LA-ICP-MS spectra for selected elements in sphalerite. a) Time-resolved depth profile of Co-rich sphalerite
from Granduc deposit. b) Smooth signals for all elements in In-rich sphalerite from Anyox/Hidden Creek deposit. Numbers in brackets are

concentrations.

Despite these inter-deposit differences in absolute Co
concentrations, the relative enrichment sequence among
mineral phases is consistent across the studied samples:
Cocobaltite Owillyamite Opyrite> opyrrhotite>cosphalerite Omagnetite' Thls
mineral-specific sequence is also broadly consistent across the
different mineral assemblages examined (Fig. 3a), suggesting
a consistent mineralogical control on Co partitioning across
assemblage types. Similar Co partitioning among pyrite-
pyrrhotite-sphalerite-magnetite associations has been reported
in other types of deposits, including skarn Fe deposits and
magmatic Fe-Ti oxide deposits (e.g., Liang et al., 2023;
Zhang et al., 2025). However, Co in chalcopyrite commonly
approaches EPMA detection limits, which rules out a
quantitative assessment of Co partitioning between magnetite
and chalcopyrite based on EPMA spot data alone. We further
use LA-ICP-MS mapping in the following section to assess the
relative Co enrichment between these two minerals in a textural
context.

5.2. Partitioning and enrichment among coexisting phases
Except for Cu and Zn, most critical metals occur in trace
levels in host minerals (e.g., Reich and Simon, 2024). The
LA-ICP-MS element imaging technique enables visualizing
the spatial distribution of elements of interest at scales from
um to cm, providing direct insight into how these metals are
distributed and partitioned among various minerals (Chew et
al., 2021). To quantify partitioning behaviors of critical metals,
we use a sample with magnetite-pyrrhotite-chalcopyrite mineral
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assemblage to illustrate elemental partitioning behaviors and to
evaluate the reliability of identifying Co-host phases through
EPMA.

The partitioning of critical metals, such as Co, Ga, Ge, Se, In,
Sb, Te, and Bi in base metal sulphides, seems to be relatively
well-constrained (George etal., 2016; Xuetal., 2021; Wei et al.,
2024; Cawood et al., 2025, and references therein). However,
it remains unclear how these elements are partitioned between
Fe-oxide and sulphide phases, especially because magnetite
can host critical metals such as Co, Ga, and Ge (e.g., Dare et
al., 2014; Nadoll et al., 2014; Zhang et al., 2025).

In the Granduc sample, the LA-ICP-MS maps show that

the highest levels of Co and Ni are in pyrrhotite, followed
by chalcopyrite, and the lowest in magnetite (Fig. 4). This
suggests a partitioning trend for both elements: Co
Cochalcopyrite Omagnetite and Nipyrrhotite>Nichalcopyrite lmagnetite'
The pattern is consistent with our EPMA results for the
relative enrichment of Co in pyrrhotite over magnetite. Similar
trends for Co and Ni have also been reported for the ABM
(Yukon) and Windy Craggy (British Columbia) VMS deposits,
where pyrrhotite has higher Co and Ni concentrations than
chalcopyrite (Denisova et al., 2024; Cawood et al., 2025).

Cobalt partitioning can differ among ore systems and some
studies considered that magnetite is enriched in Co relative to
chalcopyrite in Fe-skarns (e.g., Liang et al., 2023; Liu et al.,
2024). For example, in the Galinge deposits of China, magnetite
contains higher Co contents than coexisting chalcopyrite
(~7 ppm vs. ~2 ppm; Liu et al., 2024). Such differences likely

>
pyrrhotite
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Fig. 6. Box-and-whisker plots of trace element concentrations in sphalerite from the Granduc, Anyox/Hidden Creek, and Goldstream deposits.
More than half of the data above detection limits are included in the plots.

reflect variation in ore-forming processes or local geology. In  Zn in the Windy Craggy VMS deposit (Cawood et al., 2025),
our Granduc samples, LA-ICP-MS spot data indicate low Co  and for In in the Dulong Sn-Zn(-In) deposit (Xu et al., 2021).
concentrations in chalcopyrite (mean +£28: 19 +3 ppm) and  Both chalcopyrite and pyrrhotite are enriched in Se, but their
in magnetite (less than 10 ppm). Together with the mapping  relative Se enrichments cannot be determined in this study nor
results, these data suggest that chalcopyrite and magnetite  in Cawood et al. (2025). Further investigation is warranted. The
are unlikely to be the predominant hosts for Co unless they lithophile elements such as Mg, Al, V, and Mn are commonly
constitute a large proportion of the ore. found as minor or trace elements in magnetite (e.g., Dare et al.,
Magnetite also has the highest Ga concentrations in the 2014; Nadoll et al., 2014; Makvandi et al., 2016). Thus, it is not
magnetite-pyrrhotite-chalcopyrite assemblage, exceeding those  surprising that these elements are preferentially incorporated
in pyrrhotite and chalcopyrite (Fig. 4). Detectable Ga in  into magnetite relative to chalcopyrite and pyrrhotite.
magnetite (20 ppm) has been reported from other VMS
deposits (Makvandi et al., 2016). Because Ga is compatible  5.3. Controls on trace-element variations
with magnetite via direct substitution into the magnetite lattice In VMS hydrothermal systems, sphalerite is a common
(Ga*«<>Fe*; Nadoll et al., 2014), it is readily incorporated into  sulphide that precipitates across wide physicochemical
the mineral phase as it precipitates from hydrothermal fluids. If ~ conditions and accommodates a broad range of minor and trace
a large amount of magnetite is present in the VMS deposit, it elements (e.g., Cook et al., 2009; Ye et al., 2011). Consequently,
could thus be the main host for Ga. variations in sphalerite trace-element chemistry can record
In addition, chalcopyrite has the highest levels of Zn, Ag, In,  changes in ore-forming conditions (cf., Frenzel et al., 2022;
Cd, and possibly Te relative to pyrrhotite and magnetite. Inour ~ Wei et al., 2025). Here, we use sphalerite as an example to
samples, the concentrations of these elements in magnetite are  evaluate the controls on trace-element variations. Key factors
below detection limits, consistent with data from other VMS  that may affect the trace element variations in sphalerite
deposits (Makvandi et al., 2016). Pyrrhotite may contain trace  include physicochemical conditions (e.g., temperature,
amounts of Zn and Ag, but at levels lower than those determined  pressure, sulphur fugacity [fS,]), fluid composition, and the
in chalcopyrite. Thus, for these elements, including Zn, Ag, In,  competition of other crystallizing mineral phases (e.g., Wei et
and Cd, their concentrations follow the order: chalcopyrite> al., 2021; Frenzel, 2023). To evaluate the effect of temperature
pyrrhotite>magnetite. A similar pattern of relative enrichment  and fS,, we estimated sphalerite crystallization temperatures
between chalcopyrite and pyrrhotite was observed for Ag and  and /S, using the GGIMFis geothermometer and Fe contents in
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sphalerite (Table 3; see Frenzel et al., 2016, 2022). Because the
temperature and fS, ranges overlap among the three deposits
within uncertainty, the observed elemental variations appear to
show no clear systematic relationship with either temperature
or fS, change in the current dataset. This suggests that other
factors, such as fluid composition and evolution, the source
metal endowment, and the competition of co-crystallized
mineral phases (cf., Huston et al., 1996), are significant. These
potential causes will be evaluated in future work.

Sphalerite is a significant critical mineral host for In, Ga, and
Ge in hydrothermal mineral systems (e.g., Frenzel et al., 2017),
and the economic recovery of these metals alongside primary
commodity Zn has become increasingly important. However,
the distribution of these elements varies markedly among
deposits and may even vary markedly at the hand-specimen
scale. For example, the In and Ga concentrations of sphalerite
in the deposits we studied vary by more than three orders
of magnitude (Fig. 6; Table 3). It is thercfore essential to
quantify their concentrations and to resolve their spatial and
temporal distributions across deposit-scale and regional-scale
frameworks.

In addition to concentration, modal abundance should also
be considered. Although chalcopyrite can host minor In, its
contents are commonly less than those of co-crystallized
sphalerite (e.g., Xu et al., 2021). However, where chalcopyrite
is the predominant sulphide in Cu-rich VMS ore and sphalerite
occurs only in trace amounts, even very high In concentrations
in sphalerite (up to wt.%) may contribute little to the bulk In
budget. In such systems, chalcopyrite could be the main In
host by virtue of its greater modal abundance. Consequently,
assessing the recovery potential of these critical metals must
account for both the concentrations of the metals of interest and
the modal abundance of their host minerals.

Such mineralogical deportment studies have focused chiefly
on precious metals such as Au and Ag (e.g., Chryssoulis and
Cabri, 1990; Gregory et al., 2013; Nourizenouz et al., 2025),
and PGE (e.g., Cabri et al., 2002; Barnes et al., 2008; Osbahr et
al.,2013). However, critical metals have received comparatively
little attention (e.g., Frenzel et al., 2019). The next step of our
work is to undertake a quantitative mineralogical deportment
study to: 1) determine the phase-specific hosts of critical metals
in VMS deposits; 2) evaluate how mineral proportions, textures,
and liberation characteristics influence mineral deportment and
metal distribution; and 3) test if these relationships exhibit
predictable regularities across VMS systems. This information
is necessary to identify practical options for increasing
recoveries and to guide processing strategies in VMS-related
mineralization.

6. Summary

The mineral chemistry across various mineral phases from
the Granduc, Anyox/Hidden Creek, and Goldstream VMS
deposits indicates that critical metals are partitioned among
several hosts with markedly different concentrations. For Co,
our dataset indicates the following enrichment sequence among

analyzed minerals: cobaltite (CoAsS)>willyamite (Co,Ni)SbS
>pyrite>pyrrhotite>sphalerite>magnetite. Although not all
deposits contain the full suite of these phases, this general
trend is broadly consistent across the samples examined.
Furthermore, elemental partitioning behavior results show that
individual mineral phases can host several different metals of
interest. In a magnetite-pyrrhotite-chalcopyrite assemblage,
magnetite concentrates Mg, Al, V, Mn, and Ga; pyrrhotite is
mainly enriched in Co and Ni; and chalcopyrite preferentially
hosts Zn, Ag, Se, In, and Cd. Moreover, trace elements in
sphalerite, especially Co, Ga, and In, show considerable
variations. This appears to be related to the geological setting
of specific deposits and/or ore-forming process rather than
variations in temperature and /S .

Considering the complex mineral assemblages and multi-host
behavior of many critical metals, identifying their mineralogical
hosts should consider not only absolute concentrations but also
the modal abundance of the host phases. The continued work
in this project aims to develop a quantitative model framework
for critical metal deportment, demonstrating how systematic
regularities in the partitioning of specific critical metals among
coexisting minerals can be used to predict their mineralogical
distribution in VMS systems.
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