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Abstract

The Herberton Mineral Field in NortheastAustralia hosts world class magmatic-hydrothermal Sn—W polymetallic deposits
that are enriched in In. The Baal Gammon and Isabel deposits from the Herberton Mineral Field contains early tin, as
cassiterite, overprinted by sulfide mineralization as chalcopyrite, sphalerite, galena, pyrrhotite, and stannite. We investigated
the distribution of In in the sulfide ores from these two deposits, calculated the temperature of formation via sphalerite-stannite
geothermometer, and deduced the physicochemical conditions favorable for enriching In in this mineralizing environment. The
Baal Gammon deposit is dominated by chalcopyrite, with In contained in chalcopyrite, sphalerite, and stannite. The average
In concentrations measured by EPMA in chalcopyrite, sphalerite, and stannite are 0.10, 0.68, and 0.92 wt%, respectively.
Chalcopyrite, pyrrhotite, and sphalerite textures indicate that In incorporation occurred during exsolution from an intermediate
solid solution of cubanite composition. The Isabel deposit is dominated by sphalerite associated with galena and contains only
minor amounts of chalcopyrite. The average concentration of In in sphalerite from the Isabel deposit is 0.11 wt%. The stannite-
sphalerite geothermometer indicates mineralization temperatures of ~290 °C at the Baal Gammon deposit, and ~307 °C at the
Isabel deposit. At these temperatures, the physicochemical modeling suggests that stable In chlorine complexes occur in acidic
conditions (pH < 3). These results when combined with the Eh—pH phase model of the sulfide assemblage further constrain
the redox conditions during mineralization.
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Introduction

Indium (In) is used in the production of flat panel displays,
touchscreens, photovoltaic cells, and fiber optic technology,
and is considered a critical metal (Frenzel et al. 2017;
Watari et al. 2020; Fontana et al. 2021). Indium occurs
in a variety of deposit styles that includes epithermal, tin
(Sn) polymetallic, skarn, porphyry, volcanogenic massive
sulfide, sedimentary exhalative, and granite-related
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deposits (Schwarz-Schampera and Herzig 2002; Seifert
and Sandmann 2006; Ishihara et al. 2011; Werner et al.
2017; Carvalho et al. 2018). These deposits are magmatic-
hydrothermal in origin and although a link between In and
hydrothermal fluids is inferred, the geochemical conditions
that concentrate In in magmatic-hydrothermal systems
are not well understood. In these deposits, In is mainly
incorporated in base-metal sulfides such as sphalerite,
and chalcopyrite, and rarely forms roquesite which is the
primary In mineral (Andersen et al. 2016; Bauer et al.
2019b). The distribution of In in sulfide ores has been well
studied and multiple authors have come to the conclusion
that sphalerite and occasionally chalcopyrite incorporate In
by coupled substitution reactions in hydrothermal conditions
(Sinclair et al. 2006; Cook et al. 2012; Murakami and
Ishihara 2013; Valkama et al. 2016; George et al. 2018;
Bauer et al. 2019a; Torr6 et al. 2019b; Xu et al. 2021). In
polymetallic Sn deposits, high concentration of In is found
in stannite, which is an alteration product of cassiterite
(Murakami and Ishihara 2013; Andersen et al. 2016; Torres
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et al. 2019). Stannite-sphalerite mineral pairs can be used as
a geothermometer, and the results are comparable to fluid
inclusion studies (Sinclair et al. 2006; Nekrasov et al. 1979;
Shimizu and Shikazono 1985). Thus, the paragenesis of
sulfide ores and the distribution of In in different sulfide
minerals can be used to infer the physicochemical conditions
during mineralization.

The Baal Gammon and Isabel deposits are located in the
Herberton Mineral Field, Queensland, Australia (Fig. 1),
and are known for In reserve in the region (Kumar et al.
2022). Both deposits contain a similar mineral assemblage
consisting of cassiterite overprinted by polymetallic sulfides.
In this study, we use mineral paragenesis combined with
high-resolution compositional mapping and mineral
chemistry to understand the distribution of In between
different ore minerals. These results are then integrated
with geochemical modeling to infer the physicochemical
conditions that lead to In enrichment in these deposits.

Geological background

The HMF is situated centrally in the Mossman Orogen
(Fig. 1; Henderson et al. 2013; Henderson and Fergusson
2019). The dominant geological units at the HMF are the
metasedimentary rocks of the Hokinson Formation intruded
by the Carboniferous to Permian plutonic and volcanic
rocks of the Kennedy Igneous Association (Poblete et al.
2017; Edgar et al. 2022a, b). The Hodgkinson Formation
consists of deformed turbidite that were deposited in a deep-
marine environment and metamorphosed to greenschist and
amphibolite facies (Henderson et al. 2013). The granitoids
have been grouped into three supersuites and include, from
oldest to youngest, the O’Briens Creek, Ootan, and Almaden
supersuites (Champion 1991; White et al. 2001; Cheng
et al. 2018). The Koolmoon Volcanic Group consists of the
Slaughter Yard Creek, and the Featherbed volcanics, but
only the former occurs in the vicinity of the Baal Gammon
and Isabel deposits. The Slaughter Yard Creek Volcanics
consist of a series of rhyolite dykes, rhyolitic flows, and
volcaniclastic rocks (Fig. 1; Kumar et al. 2022).

The geology of the Baal Gammon and Isabel
deposits

The Baal Gammon deposit occurs along the contact between
the Hodgkinson Formation and a quartz-porphyry dyke (the
UNA Porphyry). The Hodgkinson Formation at the Baal
Gammon deposit consists of greenschist facies sandstones
that were gently folded and are crosscut by a series of low-
angle thrusts and steeply dipping transcurrent faults. Near
the UNA Porphyry contact, the meta-sandstones contain
garnet and andalusite indicating contact metamorphism.
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The meta-sandstone at the deposit dips ~10° towards SW.
The UNA Porphyry consists of quartz phenocrysts in a finer
grained mass of felspar, quartz, and minor biotite. The biotite
is usually chloritized, and the feldspar is sericite altered. The
UNA porphyry has an irregular shape and dips ~40° towards
south. The entire sequence is crosscut by felsic porphyry
dykes of the Slaughter Yard Creek Volcanics (Fig. 1b).

The Isabel deposit is hosted by brecciated quartzite of
the Hodgkinson Formation. The quartzite unit is part of a
metasedimentary sequence dominated by meta-sandstone with
rhythmic intercalations of meta-siltstones. The metasedimentary
sequence dips 75° east and is crosscut by multiple faults and
lineaments (Kumar et al. 2022). The quartzite is iron stained,
and chlorite and sericite altered. Both fault and hydrothermal
breccias are common at the deposit. Very few ore minerals were
observed in the fault breccia, whereas the hydrothermal breccia
contains significant amount of sulfides. A few meters south from
the deposit occurs the Herberton Hill Granite (Fig. 1c). The
contact between the Herberton Hill Granite and the Hodgkinson
Formation appears to be along a fault that trends NE. The granite
is coarse grained, rich in feldspar and weathered, with feldspar
tuned to clays and iron oxide films formed around quartz grain
boundaries. The metasedimentary sequence and the granite
are intruded by porphyry dykes assigned to the Slaughter Yard
Creek Volcanics.

Methods
Petrography and sampling methods

Representative ore samples from drill core were selected and
prepared (22 polished thin sections and five polished resin
blocks) for the study of mineral textures and composition
by reflected light microscopy, imaging by scanning electron
microscope (SEM), and microanalysis by field emission
electron probe microanalyzer (FE-EPMA). A Zeiss
Primotech microscope was used to study the ore mineralogy
under reflected light, and a Hitachi SU5000 SEM was used
for further characterization of the minerals at the Advanced
Analytical Centre of the James Cook University. Mineral
textures were documented with backscattered electron
(BSE) imaging, and energy-dispersive spectroscopy was
used for preliminary elemental maps and spot analyses. The
SEM detects In and other heavy metals (atomic weight > 20
amu.) at concentrations greater than 0.5 wt%, allowing
for identification and location of In-rich minerals prior to
quantification with the FE-EPMA.

Analytical methods

Quantitative compositional analyses were acquired using a
JEOL JXA 8530F field emission microprobe at the Central
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Fig. 1 Simplified geological maps of a the Herberton Mineral Field; b the Baal Gammon deposit; and ¢ the Isabel deposit

Analytical Research Facility at the Queensland University
of Technology, Queensland, Australia. The instrument is
equipped with five wavelength-dispersive (WD) spectrometers
and Probe for EPMA software (Eugene, OR, USA) for data

acquisition and analysis. For in situ spot analysis, operating
conditions were 20-kV accelerating voltage, 35-nA beam
current, and a 1-um-diameter defocused beam (see Bauer
et al. 2019b). Sample minerals include oxides (cassiterite)
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and sulfides (sphalerite, chalcopyrite, pyrrhotite, stannite,
galena, and arsenopyrite) that were analyzed using a selection
of in-house and Astimex standards as calibration materials.
Supplementary information 1 details the configuration of
analyzing crystals on the five spectrometers and X-ray lines
used for 14 elements of interest (S, Fe, Co, Cu, Zn, Ga,
As, Se, Ag, Cd, In, Sn, Sb, and Pb), as well as calibration
standards, peak and background counting times, detection
limits (3 s), and elements included in the analytical routine
for each phase. For all standards and sample minerals,
detailed wavescans were acquired for each element in the
analytical routine, encompassing wide background positions
either side of the analytical peaks in order to assess peak
interferences, optimize background positions, and model
background curvature. The off-peak correction method was
linear for all elements but Cu, As, Se, Al, and Sb, for which
an exponential fit was preferred. Oxygen was calculated
by stoichiometry for cassiterite and included in the matrix
correction. Spectral interferences were fully quantified and
element concentrations corrected using the Probe for EPMA
software, which employs interference standards along with
primary standards as part of the calibration process. The
software performs quantitative correction for the matrix
effects of the inteference standards relative to the unknowns in
the iterative data reduction algorithm, for improved accuracy
compared to post-matrix corrections via subtraction (Donovan
et al. 1993; Llovet et al. 2021). Interference corrections were
applied for In La by Sn Ln, Cd La by In Ln, and Co Ka by
Fe Kb, by measuring background-corrected X-ray intensities
on the interference standards at the spectrometer positions for
the relevant interfered element emission lines. In this case,
Sn metal, In metal, and troilite served as primary standards
for measurement of Sn La, In Lo, and Fe Ka intensities,
and also served as interference standards for intensity
measurements at the positions of the In La, Cd Lo, and
Co Ka lines respectively. Matrix-corrected interferences in
secondary standards (Supplementary information 2) convert
to~10 ppm In per 1 wt% Sn, and 9-10 ppm Co per 1 wt%
Fe. Uncorrected data for cadmium are within analytical
error of the corrected values. The detection limit (for In in
most minerals is < 140 ppm, and for other trace elements
generally 100-300 ppm; Supplementary information 1). The
@(pz) matrix correction method of Pouchou and Pichoir-Full
(Pouchou and Pichoir 1991) was used with the LINEMU
database of mass absorption coefficients (Henke et al.
1993) for quantification. Data reproducibility and quality
control were monitored by secondary standards (chalcopyrite,
sphalerite, arsenopyrite, galena, cassiterite) that bracketed
the unknowns in the analytical session (Supplementary
information 2).

Semi-quantitative, background-corrected, WDS stage
maps of In distribution in 300 x 300 um? areas in selected
grains of chalcopyrite, sphalerite, pyrrhotite, and stannite
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were collected at an accelerating voltage of 15 kV, a beam
current of 60 nA, and at a 1-um step size (defocused beam
diameter) with 200-ms dwell time per pixel, using the JEOL
Map Analysis software. Five elements per map area were
collected simultaneously in a single pass, followed by a
second pass for background intensities, with the choice of
elements in addition to In depending on the mineral phase
(Sn, Cu, Zn, Fe, and In in sphalerite; Sn, Cu, Fe, Cd, and
In in pyrrhotite and chalcopyrite; and Sn, Cu, Zn, Ag, and
In in stannite). Additional high-resolution maps (beam
scan mode) showing the distribution of Cu, Zn, Sn, Cd,
and In were collected for a 45 x 45 um? area encompassing
a representative grain boundary between chalcopyrite,
pyrrhotite, and sphalerite in a massive sulfide sample from
Baal Gammon to image In-rich exsolution lamellae and/or
inclusions at the sub-micron scale. Conditions were 6-kV
accelerating voltage, 60-nA beam current, fully focused
beam, and 300-ms dwell time (=170 nm per pixel). The
interaction volumes for chalcopyrite, pyrrhotite, and
sphalerite under these conditions are ~ 300 nm, with spatial
resolution for the La X-ray signals of In, Sn, and Cd less
than 170 nm based on Monte Carlo simulations using the
CASINO software (Drouin et al. 2007).

Geochemical modeling methods

Geochemical modeling of InCl** complex and sulfide
mineral formation was conducted with The Geochemist’s
Workbench (GWB) Community Edition 13 (Bethke et al.
2022) software. This allowed us to investigate the redox and
pH conditions associated to In-rich sulfides and the stability
of InCI*™* complex over a range of temperature common
in hydrothermal systems. The thermodynamic parameters
(AG; and Keq) for modeling were obtained from the default
geochemical database in the GWB software in combination
with the Thermoddem (Blanc et al. 2012; Boschetti 2023).
Copper, Zn, Fe, and In metal species were modeled at
concentrations (107® M) similar to those observed in
active hydrothermal systems (e.g., Seward et al. 2014;
Simmons et al. 2016). We assumed the concentration of In
to be < 107 M in hydrothermal waters since no analytical
measurements exist according to our knowledge.

Results
Petrography and mineral paragenesis

Based on crosscutting and overprinting relationships, two
primary mineralization stages (stages I and II; Figs. 2 and 3a)
and a late supergene stage (stage III) were recognized at the Baal
Gammon deposit. Stage I consists of cassiterite in the UNA
Porphyry, and stage II consists of massive to semi-massive
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Fig.2 a Geological sketch map of the northern pit wall of the Baal
Gammon deposit. b Diamond drill core image of the UNA Porphyry
crosscut by sulfide vein. ¢ Hydrothermal breccia of meta-sandstone

sulfides, breccia infill, and disseminated sulfides (Fig. 2b, c).
Stage III occurs in supergene zones and is composed of Cu
oxides and carbonates, and Fe oxides. The supergene zones
are not well developed or have been mined out, and only the
interface between the leached zone (Fe oxides) and oxidized
zones (Cu oxides and carbonates) were observed.

Stage I consists of cassiterite in veins and disseminated
within the UNA Porphyry and locally within the meta-
sandstone. The cassiterite grains typically occur together
with chlorite, quartz, plagioclase, and magnetite (Fig. 4a).
The cassiterite grains are several hundred microns across
and consist of euhedral to subhedral crystals. They display
concentric zoning consisting of alternating light and dark

clasts in the Baal Gammon deposit. d Type 1 sphalerite veins from
the Isabel deposit. e Type II veins consisting of galena and sphalerite
from the Isabel deposit

brown bands under plane polarized light. Within the mas-
sive sulfide zones, the cassiterite grains commonly occur in
clusters and consist of subhedral to anhedral crystals with
corroded margins (Fig. 4b). Locally in the massive sulfide
zones, the cassiterite grains are partially altered to stan-
nite (Fig. 4b). In the proximity of the sulfide mineraliza-
tion, some cassiterite and magnetite grains contain fractures
infilled with chalcopyrite and/or pyrrhotite.

Stage II consists of sulfides that overprint the cassiterite
and occurs as massive to semi-massive lenses at the contact
between the UNA Porphyry and meta-sandstone, and as
veins and disseminated sulfides within the UNA Porphyry.
The massive sulfide lenses are dominated by chalcopyrite
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Fig.3 Mineral paragenesis summary illustrations of a the Baal Gammon
deposit; and b the Isabel deposit

and pyrrhotite and were mostly mined out. Locally, chal-
copyrite from the massive sulfide lenses display oriented
exsolution lamellae of pyrrhotite (Fig. 4c). Variable amounts
of sphalerite, stannite, cassiterite, magnetite, and trace lev-
els of galena and pyrite occur as inclusions in pyrrhotite
and chalcopyrite. The semi-massive sulfide mineralization
is commonly surrounded by a zone of intense stockwork
micro-veining and alteration (Fig. 2c). The micro-veins
are sulfide-rich and consist mainly of chalcopyrite and
pyrrhotite. The zones of stockwork veining are generally
intensely silicified (Fig. 2¢). The stockwork veining and the

@ Springer

associated silicification appear to be better developed in the
meta-sandstone. The chalcopyrite-pyrrhotite veins (Fig. 2b)
have variable thickness, and crosscut the UNA Porphyry and
meta-sandstone contact. Disseminated sulfide mineraliza-
tion consists of medium-sized grains of chalcopyrite and
pyrrhotite that form low-grade ore zones in the UNA Por-
phyry and the silicified meta-sandstone (silica-cap, Fig. 2a).
Sphalerite occurs as inclusions of < 200-pm-wide subhedral
grains in chalcopyrite and pyrrhotite. Stannite occurs mainly
in alteration zones around cassiterite grains (Fig. 4b) and
as equant inclusions (~ 10-50 um wide) in chalcopyrite,
pyrrhotite, and sphalerite. In massive sulfides, micrometer-
sized stannite grains occur along grain boundaries and/or in
microfractures in chalcopyrite, pyrrhotite, and sphalerite.
Arsenopyrite occur as crosscutting veins and overprints the
massive and semi-massive sulfides.

At the Isabel deposit, two mineralization stages
(Fig. 3b) were recognized. Stage I consists of disseminated
cassiterite grains, whereas stage II consists of massive
sulfide veins comprising mainly of sphalerite, galena,
and minor chalcopyrite and stannite. The cassiterite from
stage I mineralization occurs as subhedral to euhedral
grains that either form clusters or are randomly distributed
in the hydrothermal breccia. In the massive sulfide veins,
cassiterite occurs mainly as inclusions in sphalerite. No
alteration of cassiterite to stannite was observed, although
stannite grains are present in the samples with cassiterite.

The stage II massive sulfide veins can be separated into two
distinct type of vein sets. The type I sulfide veins occur as 1 to
2 m wide, lenticular-shaped ore bodies that are oriented SW-NE
and up to 10 m in length. They consist of coarse sphalerite grains
with minor chalcopyrite inclusions (Fig. 4d) that are crosscut
by ~ 1-cm-thick chalcopyrite veins (Fig. 4e) and by thin (~2 mm
wide) chalcopyrite-pyrrhotite veins (Fig. 2d). The density of the
crosscutting chalcopyrite-pyrrhotite veins is low and they are
oriented parallel or at a low angle to the massive sphalerite veins.
Type II sulfide veins consist of sphalerite and galena (Fig. 2f)
and are 0.5 to 1 m wide. These veins have a similar orientation to
the type I veins and are surrounded by coarse milky quartz grains
that are variably fractured. The infill of these fractures consists
mainly of galena, chalcopyrite, and pyrrhotite. Stannite occurs in
association with sulfide veins and can be found as inclusions in
sphalerite or as clusters of subhedral grains surrounding galena
(Fig. 4f). Minor amounts of arsenopyrite, marcasite, and siderite
are also associated with stage I mineralization (Fig. 3b).

FE-EPMA spot analysis and compositional map
results

A summary of the average compositions for different
mineral phases from the Baal Gammon and Isabel deposits
are presented in Tables 1 and 2, and the Supplementary
information 2.
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Fig.4 Reflected light (RL) and backscattered electron (BSE) images
of ore at the Baal Gammon (a—c) and Isabel (d—f) deposits. a Cassit-
erite (Cst) surrounded by chlorite (Chl) and quartz (Qz) in the UNA
porphyry. b BSE image showing alteration of cassiterite to stannite
(Stn) in massive sulfides. ¢ Pyrrhotite (Po) exsolution in chalcopyrite

Sphalerite

Of the two deposits, the Baal Gammon deposit shows greater
variation in chemical composition of sphalerite than the Isa-
bel deposit (Supplementary information 2; Fig. 5a), with Zn

(Ccp). d BSE image of chalcopyrite inclusions in sphalerite (Sp). e
RL image of chalcopyrite and pyrrhotite veining in sphalerite. f RL
image of stannite (olive green) occurrence at the contact of sphalerite
(gray) and galena

ranging from 35.7 to 56.0 wt%, Fe from 9.45 to 16.3 wt%,
Cu from 0.13 to 13.9 wt%, and In from 0.15 to 2.21 wt%.
There is limited compositional variation for minor elements
such as Cd (0.23 to 0.38 wt%), Sn (up to 0.31 wt%), and
Ga (avg. 0.03 wt%). In comparison, the sphalerite from the

Table 1 Average composition

: wt%(SD) Arsenopyrite Pyrrhotite  Chalcopyrite  Stannite Késterite ~ Sphalerite  Cassiterite
of ore minerals from the Baal
Gammon deposit measured by n 10 13 10 6 7 19 11
FE-EPMA S 19.8(0.2) 39.4(0.4)  34.4(0.1) 29.5(0.1)  31.8(0.4) 33.2(0.2) bdl
Cu bdl 0.06(0.12)  33.4(0.3) 27.2(0.7)  10.3(1.4)  2.34(3.22) 0.26(0.13)
As 44.7(0.4) - - - - - -
Cd bdl bdl bdl bdl 0.27(0.04) 0.32(0.04) bdl
In bdl bdl 0.10(0.04) 0.82(0.75) 8.00(2.28) 0.68(0.61) 0.01(0.01)
Sn bdl bdl 0.15(0.07) 26.6(1.0)  4.76(2.08) 0.04(0.08) 78.3(0.5)
Pb - - - - - - -
Ag bdl bdl 0.04(0.04) 0.07(0.04) bdl bdl bdl
Ga bdl bdl bdl bdl bdl 0.03(0.01) -
Fe 36.1(0.2) 61.0(0.6)  30.6(0.2) 13.0(0.4)  14.1(2.5) 11.3(1.5) 0.42(0.30)
Zn bdl 0.08(0.18) 0.16(0.18) 2.06(0.56) 31.3(4.6) 52.1(4.4) 0.07(0.12)
Sb 0.05(0.05) bdl bdl bdl 0.06(0.02) bdl -
Co 0.07(0.14) bdl bdl bdl n.d bdl -
(6] na na na na na na 21.3(0.2)!
Total 100.7(0.4) 100.5(0.4) 98.8(0.3) 99.3(0.4)  100.6(1.1) 100.0(0.5) 100.3(0.8)

'0Oxygen calculated by stoichiometry
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Table 2 Average composition of galena, stannite, and sphalerite from
the Isabel deposit measured by FE-EPMA

wt%(SD) Galena Stannite Sphalerite
n 10 9 14

S 13.7(0.1) 29.5(0.1) 33.3(0.2)
Cu bdl 27.6(0.1) 0.33(0.54)
Cd - bdl 0.29(0.03)
In bdl 0.33(0.06) 0.11(0.05)
Sn 0.06(0.07) 27.0(0.1) 0.15(0.41)
Pb 86.0(0.3) - -

Ag n.d 0.24(0.02) n.d

Ga - bdl 0.04(0.01)
Fe bdl 12.5(0.2) 10.1(0.82)
Zn bdl 3.15(0.37) 55.9(1.6)
Sb 0.11(0.03) bdl bdl

Co bdl bdl bdl

Total 99.9(0.3) 100.4(0.4) 100.2(0.1)

Isabel deposit (Table 2; Fig. 5a) is less variable in Zn (52.4
to 57.4 wt%) and Fe (8.94 to 11.5 wt%), and shows lower
concentrations and variability in Cu (0.03 to 1.60 wt%) and
In (0.06 to 0.18 wt%). The minor element concentrations
in sphalerite from the Isabel deposit are similar to those
from Baal Gammon, except for Sn, where two analyses yield
anomalous values (0.79 and 1.37 wt%) that likely reflect
interception of cassiterite and or stannite inclusions (Sup-
plementary information 2).

Sphalerite mineral compositions from the Baal
Gammon deposit are summarized in Table 1 and Fig. 5.
The concentration of In varies systematically with the
concentration of Cu (Fig. 5c) but systematic variation is
not observed of In with Fe, Zn, Cd, or Ga (Fig. 6). The
observed chemical heterogeneity is due partly to variations
among individual grains and partly to compositional
zoning as revealed by EPMA maps (Fig. 8). The highest
In and Cu concentrations are present in sphalerite rims
(Fig. 8) and in small sphalerite grains found along the
grain boundaries between sphalerite, and chalcopyrite and
pyrrhotite (Fig. 9). However, in general, the compositional
difference between the core and rim of a sphalerite grain is
less than that observed among different grains. The core of
some sphalerite grains has 0.28 wt% In and 2.18 wt% Cu
whereas the rim has 0.92 wt% In and 2.44 wt% Cu (Fig. 8b).
In contrast, some smaller sphalerite grains have up to 2.21
wt% In (Fig. 9). Copper shows the largest compositional
variation in sphalerite from Baal Gammon ranging from
0.13 to 13.9 wt% (Table 1). EPMA compositional maps
(Fig. 8c) indicate that high Cu-rich areas in sphalerite have
a spotty appearance suggesting that Cu occurs as micron
to submicron inclusions of chalcopyrite. This implies that
a few high Cu concentrations represent mixed sphalerite
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and chalcopyrite analyses and In/Cu ratio from these
zones are less than one (Fig. 5(c)). On a ternary diagram
(Fig. 5a), the composition of these sphalerite grains plots
towards chalcopyrite rather than stannite as is typical for
In-rich natural sphalerite. The EPMA compositional maps
of sphalerite grains from the Isabel deposit (Fig. 10) are
consistent with the spot analyses (Table 2). They show
limited compositional variation on the ternary diagram
(Fig. 5a) and plot near the sphalerite composition and most
analyses have an In/Cu ratio of close to one (Fig. 5c).

Stannite-késterite

The stannite group minerals include stannite and késterite
at Baal Gammon and stannite at Isabel (Table 1 and 2;
Fig. 5b). Stannite from both deposits has similar major
element compositions in near end-members from the group
(within~ 1 wt% for S, <4% for Sn and Fe, and < 8% for Cu)
with wt% averages within error of one another for these
elements. Significant differences exist in In variability
and content (0.82+0.75 vs. 0.33+0.06 wt% at Baal
Gammon and Isabel respectively), and in the content of
Ag (0.07+£0.04 vs. 0.24 +0.02 wt%) and Zn (2.06 +0.56
vs. 3.15+0.37 wt%). The composition of késterite from
Baal Gammon is highly variable and indicates a transition
from stannite to ferroké&sterite (Fig. Sa, b). There are large
compositional variations for all major elements including Cu
(8.03 to 12.7 wt%), In (4.36 to 10.6wt%), Sn (1.79 to 7.52
wt%), Fe (12.5 to 18.9 wt%), and Zn (24.5 to 36.8 wt%).
Minor amounts of Cd (avg. 0.27 wt%) and trace amounts of
Ag (0.03 wt%) and Sb (0.06 wt%) are also found in késterite.

Chalcopyrite, pyrrhotite, arsenopyrite, and galena

Chalcopyrite, pyrrhotite, and arsenopyrite grains were
analyzed for the Baal Gammon deposit and galena for
the Isabel deposit. These phases are homogeneous for
major element compositions (Table 1). Minor to trace
amounts of In (0.08 to 0.19 wt%), Sn (0.07 to 0.27 wt%),
Ag (up to 0.11 wt%), and Zn (0.06 to 0.66 wt%) are
common in chalcopyrite grains (Table 1; Supplementary
information 2). In chalcopyrite, In does not correlate with
any other elements (Fig. 7c—d). The pyrrhotite grains are
homogeneous and contain 39.4 wt% S and 61.0 wt% Fe
(Fe( g9S). Minor amounts of Cu (up to 0.36 wt%) and Zn (up
to 0.67 wt%) and trace amounts of Sn (up to 0.07 wt%) and
Co (up to 0.03 wt%) are present in pyrrhotite. Arsenopyrite
is non-stoichiometric (Fe, (4As¢¢S) and contains trace
quantities of Cu, Sn, Sb, and Co. Indium is below the
detection limit in pyrrhotite and arsenopyrite. Galena from
the Isabel deposit contains minor amounts of Sn (up to 0.16
wt%), Sb (avg. 0.11 wt%), and Ag (0.10 wt%), and In is
below the detection limit (Table 2).
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Fig.5 a Ternary plot (atomic proportions) for sphalerite, chalcopy-
rite, stannite, and késterite from the Baal Gammon deposit, Isabel
deposit, Xianhualing Orefield (Liu et al. 2017), Hidmmerlein skarn
deposits (Bauer et al. 2019b), St. Philippos and Pefka deposits (Vou-
douris et al. 2022), and the deposits from SW England (Andersen

et al. 2016). b Stability field of stannite group minerals based on
element composition in atomic proportions as a function of Cu/
(Cu+Sn) vs. Fe/(Fe+Zn). ¢ Binary plot of sphalerite showing vari-
ation in Cu and In
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Fig.6 Indium vs Fe, Zn, Cd, and Ga in sphalerite (element wt%) in the Baal Gammon and Isabel deposits. Analytical error (+ o) is within
symbol size for In, Fe, and Zn

Element distribution maps concentrations in sphalerite along narrow rims at sphalerite,

chalcopyrite, and pyrrhotite contact (Fig. 9b). Locally, Sn-
EPMA compositional maps of the Baal Gammon deposit  rich phases such as stannite and késterite are present (Figs. 8
indicate that In is concentrated along the rims of sphal-  and 9) at contact between chalcopyrite, sphalerite, and pyr-
erite grains in chalcopyrite and pyrrhotite (Figs. 8 and  rhotite grains, but commonly appear as inclusions within the
9). High-resolution compositional maps indicate high In  pyrrhotite grains (Fig. 8d). The microfractures that crosscut
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Fig.7 Compositional variation (element wt %) of In in a-b stannite group minerals, and c¢—d chalcopyrite. Analytical error (+ 1) is within sym-

bol size for In and Sn

the sulfide grains do not appear to be related to In enrich-
ment in the neighboring grains or in the In-rich phases. In
the Isabel deposit, In distribution is relatively homogenous
within individual sphalerite grains (Fig. 10) but variations

occur between different grains and between sphalerite grains
from different samples (Fig. 4d—f). No detectable compo-
sitional variations were measured in the adjacent stannite
grains present in type II veins (Figs. 4f and 10).
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Fig.8 EPMA-WDS background-corrected stage maps showing distribution of Fe, In, Cu, and Sn in massive sulfides from the Baal Gammon

deposit

Eh, pH, and In chlorine complex modeling results

The results obtained from geochemical modeling is
presented in Fig. 13. The pH vs. temperature plot shows
that favorable hydrothermal condition for InC1** complex
is a low pH (~3) at~300°C. Modeling of the ore minerals
confirms that the In-rich assemblages of chalcopyrite,
pyrrhotite, and sphalerite, observed at the Baal Gammon
and Isabel deposits, formed at low pH (~3) and under
reduced conditions.

@ Springer

Discussion

Timing and distribution of indium in sulfide ores
at the Baal Gammon and Isabel deposits

The sulfide phases that contain significant In are sphalerite,
stannite, késterite, and chalcopyrite in the Baal Gammon
deposit (Table 1), and sphalerite and stannite in the Isabel
deposit (Table 2). Cassiterite from the Baal Gammon
deposit contains minor amounts of In. The mineral
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Fig.9 a Backscattered electron (BSE) image of massive sulfide from
the Baal Gammon deposit, and b corresponding background-cor-
rected EPMA-WDS map (beam scan) of relative In La X-ray inten-
sities in the different phases showing In-rich zones along the grain
boundary of chalcopyrite (Ccp) and sphalerite (Sp). Conditions for
mapping were 6-kV accelerating voltage, 60-nA beam current, and
fully focused beam to yield spatial resolution of ~ 170 nm per pixel

paragenesis (Fig. 3) at both deposits show cassiterite
predating sulfide mineralization. At the Baal Gammon
deposit, cassiterite grains are partly to completely replaced
by stannite and késterite (Fig. 4b), whereas in the Isabel
deposit the cassiterite grains are unaltered, although
stannite is a common mineral phase. This may indicate
that the Sn needed to form stannite at the Isabel deposit
was either introduced with the sulfides or derived by the
dissolution of stage I cassiterite grains. The irregular
boundaries between stannite and sphalerite grains (Fig. 4f)
at the Isabel deposit indicate co-genetic minerals phase.
The chalcopyrite and pyrrhotite at the Isabel deposit occur
as fine-grained inclusions in sphalerite and as crosscutting
veinlets. This indicates that initially some chalcopyrite and
pyrrhotite co-crystallized with the sphalerite and stannite.
Since chalcopyrite and pyrrhotite are only minor phases
at the Isabel deposit, the main hosts for In are sphalerite
and stannite. EPMA compositional mapping indicates that

In is homogenously distributed in sphalerite and stannite
(Fig. 10). This is supported by restricted compositional
variation in the spot analyses (Table 2; Fig. 5) and indicates
that In was synchronously introduced and incorporated into
the crystal structure of stannite at Isabel with the stage 11
sulfide ores.

The main sulfide phases at Baal Gammon include
chalcopyrite followed by pyrrhotite, small amounts of
sphalerite, stannite, késterite, and minor amounts of pyrite.
Pyrite predates sulfide mineralization and is rare within the
ore zones. Arsenopyrite occurs as late crosscutting veins
that locally overprint the earlier sulfide phases (Fig. 3).
The presence of pyrrhotite exsolutions surrounding
chalcopyrite (Fig. 4c) indicates that these phases exsolved
from a sulfide solid solution. Sphalerite occurs mainly as
inclusions in chalcopyrite and pyrrhotite. The presence
of minute inclusions of chalcopyrite in sphalerite rims
(Fig. 8c) suggests that sphalerite co-precipitated with
the chalcopyrite and pyrrhotite. Direct replacement of
cassiterite by stannite and inclusions of késterite within
chalcopyrite and pyrrhotite are consistent with the
formation of stannite and késterite with chalcopyrite,
pyrrhotite, and sphalerite. EPMA compositional mapping
(Figs. 8 and 9) reveals that In is homogeneously distributed
within chalcopyrite grains, but is enriched in the rims of
sphalerite grains in contact with chalcopyrite and/or
pyrrhotite. The lack of crosscutting fractures and the fact
that most sphalerite grains are included in chalcopyrite
and/or pyrrhotite indicate that the In enrichment along the
sphalerite rims is likely a primary feature related to the
initial crystallization of the sulfide ores.

In and Cu incorporation in sphalerite

Indium incorporation in sphalerite occurs by coupled
substitution of In** and Cu™ for two Zn** cations (e.g., Johan
1988; Cook et al. 2009, 2012; Andersen et al. 2016; Torrd
et al. 2019a, b; Xu et al. 2021). This substitution indicates that
the incorporation of In into the sphalerite structure occurs at
a 1:1 ratio with Cu, and the In—Cu bearing natural sphalerite
represents a solid solution crystallized in a cubic sphalerite
structure (e.g., Schorr and Wagner 2005; Schorr et al. 2006).
EPMA analyses of sphalerite from the Baal Gammon and
Isabel deposits indicate that most sphalerite analyses from the
Baal Gammon deposit deviate from the expected Cu/In=1
ratio, whereas most of the sphalerite grains from the Isabel
deposit plot close to the expected Cu/In=1 ratio (Fig. 5c).
The deviation from the expected Cu/In=1 ratio is best
explained by the presence of chalcopyrite micro-inclusions
in sphalerite as indicated by EPMA compositional mapping
(Fig. 8 ¢). A compilation of EPMA analyses of In-bearing
sphalerite grains from the literature (Fig. 11) indicates that
the molar Cu/In ratio of most natural sphalerite is less than
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Fig. 10 Background-corrected EPMA-WDS stage maps showing distribution of Zn, Cu, Sn, and In in type 1 sphalerite veins from the Isabel
deposit. Conditions for mapping were 15-kV accelerating voltage, 60-nA beam current, and 1-micron step size (=defocused beam diameter)

1, suggesting that there is almost always an excess of Cu
compared to In. Experimental results for the Cu—Fe—Zn—S
system (Wiggins and Craig 1980; Hutchison and Scott
1981; Kojima and Sugaki 1985) indicate that the solubility
of Cu in sphalerite is limited under low-temperature
hydrothermal conditions, which is in agreement with our
findings. It suggests that the high Cu analyses represent
chalcopyrite micro-inclusions rather than high Cu contents
in the sphalerite structure. The analyses plotted above the
Cu/In=1 ratio (Fig. 11) may indicate the presence of micro-
inclusions of In-rich mineral phases such as roquesite.
Moreover, the operation of complex solid solutions (Fig. 5a)

@ Springer

between sphalerite and stannite, sphalerite and CuZn,InS,,,
chalcopyrite and stannite, and roquesite and CuZn,InS,
can complicate the chemical distribution of In between
co-existing phases. All sphalerite analyses from the Baal
Gammon and Isabel deposits plot near the sphalerite end-
member on the ternary plot (Fig. 5a) or along the sphalerite
to chalcopyrite tie line in accordance with the presence of
chalcopyrite inclusions in sphalerite. None of the sphalerite
analyses plot along the tie lines for stannite, késterite, and
roquesite compositions (Fig. 5a), suggesting that none of the
mentioned solid solutions are found in sphalerite from the
Baal Gammon and Isabel deposits.
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Fig. 11 Log (Cu)-log (In) plot of sphalerite data compiled from the
literature and including this study, showing two fields; one below the
Cu/In=1 line in a wedge shape; and the other above the Cu/In=1
line. The Cu/In=1 divide represents the maximum solubility of In
in sphalerite. Sphalerite composition from this study was combined
with data from Andersen et al (2016), Liu et al (2017), Bauer et al
(2019b), and Xu et al (2021) for the plot. Data that plot above the Cu/
In=1 line are interpreted as possible In-rich micro-inclusions based
on observations in this study

Stannite-sphalerite thermometer
and the temperature of ore formation

Experimental work shows that the partitioning of Fe and Zn
between co-existing sphalerite and stannite is temperature-
dependent, and that the Fe and Zn content of co-existing
sphalerite and stannite can be used to calculate the equilibrium
temperature of crystallization for this mineral pair (Nekrasov
et al. 1979; Shimizu and Shikazono 1985). The Baal Gammon
and Isabel deposits contain sphalerite-stannite mineral pairs
which are likely co-genetic, as discussed above. The Fe and
Zn partitioning between sphalerite-stannite mineral pair can
be described by the following reaction:

Cu,FeSnS, +ZnS = Cu,ZnSnS, + FeS (1)

Equation (1) describes the solid solution reaction between
stannite and sphalerite, where the késterite end-member of
the stannite group mineral formed as ZnS is replaced by FeS
from the sphalerite solid solution series. The equilibrium
temperature for sphalerite-stannite mineral pairs can be
described by the following equations:

T(°C) = 1274/ (logK,) — 273 (Nekrasov et al. 1979) (2)

T(°C) = 2800/(3.5 - logKD) — 273 (Shimizu and Shikazono 1985)
(3

where,
KD = (Fe/zn)sphalerite/(Fe/zn)stannite

Comparison between temperatures obtained by the above
equations and fluid inclusions and isotope geothermometry
indicates that Eq. (3) yields temperatures that are in
agreement with those obtained from fluid inclusion and
isotope geothermometry, whereas Eq. (2) consistently
returns lower values (e.g., Shimizu and Shikazono 1985;
Brill 1989; Sinclair et al. 2006). Therefore, we used Eq. (3)
to calculate the equilibrium temperature of co-existing
sphalerite and stannite.

The Fe content of sphalerite from Baal Gammon var-
ies between 9.45 and 16.3 wt% and the Zn content varies
between 35.7 and 56.0 wt%, whereas the Fe content of stan-
nite varies between 12.3 and 13.5 wt%, and the Zn content
between 1.40 and 2.74 wt%. The corresponding equilibra-
tion temperature based on Eq. (3) varies from 269 to 305 °C
with an average value of 290+ 12 °C. The Fe content of
sphalerite from the Isabel deposit varies from 8.94 to 11.5
wt% and the Zn content varies between 52.4 and 57.4 wt%,
whereas the Fe content of stannite varies between 12.1 and
12.6 wt% and the Zn content between 2.61 and 4.35 wt%.
The corresponding equilibration temperature based on
Eq. (3) varies from 291 to 321°C with an average value of
307 £9 °C. Since sphalerite (avg. In of 0.68 and 0.11 wt%
at Baal Gammon and Isabel respectively) and stannite (avg.
In of 0.82 and 0.33 wt%), including késterite end-member,
contain the highest In content (Tables 1 and 2), and formed
synchronous with chalcopyrite, we interpret sphalerite-stan-
nite thermometer results as the temperature of formation for
In mineralization in the Baal Gammon and Isabel deposits.

Indium in relation to the Cu-Fe-Zn-S system
and sulfide precipitation in the Baal Gammon
deposit

The Baal Gammon mineral paragenesis indicates that
chalcopyrite, pyrrhotite, and sphalerite are co-genetic
(Figs. 3 and 4). Moreover, the presence of pyrrhotite
exsolution in chalcopyrite (Fig. 4c) infers the existence of
a Cu-rich intermediate solid solution (iss) during sulfide ore
deposition as described by a series of experiments under
hydrothermal conditions in the Cu-Fe-Zn-S system at
temperatures between 300 and 500 °C (Sugaki et al. 1975,
1982; Kojima and Sugaki 1985). The sphalerite-stannite
thermometer gave a temperature of ~290 °C likely for ore
formation in the Baal Gammon deposit. At 300 °C, the
assemblages chalcopyrite + pyrite + pyrrhotite + sphalerite
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Fig.12 Ternary plot for Cu-Fe-Zn-S system at a 400 °C and b
300 °C, with phase relationships modified from Kojima and Sugaki
(1985). FE-EPMA results of chalcopyrite (Ccp), pyrrhotite (Po), and
sphalerite (Sp) from the Baal Gammon and Isabel deposits are plotted
as atomic%; and other included phases are bornite (Bn), pyrite (Py),
and intermediate solid solution (iss)

and chalcopyrite + iss + pyrrhotite + sphalerite (Fig. 12)
occur according to the experimental results of Kojima and
Sugaki (1985). Pyrite is rare in the Baal Gammon deposit
and textural evidence suggest it predated the stage II sulfide
mineralization; therefore, only the later mineral assemblage
occurs in the ores. At 400 and 500 °C, a tie line exists between
the intermediate solid solution and pyrite, but at temperatures
below 325 °C a tie line between chalcopyrite and pyrrhotite
is stable (Sugaki et al. 1982). Thus, as the temperature drops
below 325 °C, the iss with a cubanite (CuFe,S;) intermediate
composition (Sugaki et al. 1975) separates into chalcopyrite
(CuFeS,) and pyrrhotite (FeS; Fig. 4c). The presence of
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well-developed exsolution lamellae of pyrrhotite from
chalcopyrite (Fig. 4c) at the Baal Gammon deposit indicates
the presence of the cubanite intermediate solid solution and
puts further constraints on the temperature of ore formation to
below 325 °C. The maximum solubility of Zn in chalcopyrite
at 500 °C is 0.9 atomic% and at 300 °C is 0.6 atomic%,
whereas the intermediate solid solution in equilibrium with
sphalerite contains up to 3.3 atomic% Zn at 500 °C and up
to 1.2 atomic% Zn at 300 °C (Kojima and Sugaki 1985). The
intermediate solid solution with a composition close to that
of cubanite dissolves slightly more Zn. These values suggest
that with cooling, significant amounts of sphalerite can be
exsolved from the iss. Sphalerite is not a major phase at Baal
Gammon, and sphalerite grains commonly occur as small
inclusions in the presence of pyrrhotite exsolution lamellae
in chalcopyrite, suggesting that they were exsolved from the
iss. Thus, petrographic analysis suggests that in the Baal
Gammon deposit, chalcopyrite, pyrrhotite, and sphalerite
precipitated from the hydrothermal fluid, and also exsolved
from an iss of cubanite composition.

Apart from the hydrothermal solution, significant
amounts of In could have been also present in the iss and that
was incorporated in chalcopyrite, pyrrhotite, and sphalerite
during exsolution. Since pyrrhotite is not a host for In, it is
possible that a small In excess was created during pyrrhotite
exsolution which accumulated as enrichment in sphalerite
rims (Figs. 8 and 9b) in contact with chalcopyrite and
pyrrhotite. While this is plausible, further work is needed
to test this hypothesis.

Physiochemical conditions for indium transport
and deposition in hydrothermal environments

The stannite-sphalerite geothermometer and the presence of
exsolutions of pyrrhotite and chalcopyrite (Fig. 4b) indicate
that the sulfide mineralization occurred at ~300 °C. Indium
is likely transported as chlorine complexes at this temper-
ature in hydrothermal environments (Seward et al. 2000;
Wood and Samson 2006). Majority of In chlorine complexes
in solvation experiments occur as InCl™, (> 95% concentra-
tion; Seward et al. 2000) which are unstable unless the chlo-
rine concentration (8 M) is very high (Schufle et al. 1951;
Wood and Samson 2006). Fluid inclusion studies at the
Sn—Zn-In deposit in Himmerlein, Germany (Korges et al.
2020; Bauer et al. 2019b), and the In-Au—Cu-Zn-Pb-Ag
deposit in San Roque, Argentina (Dill et al. 2013), indi-
cate low salinities (<7 wt% NaCl eq); therefore, chlorine
concentrations in the mineralizing fluids were low which
likely favored InCI** formation. Korges et al. (2020) meas-
ured > 3000 ppm of Pb, Mn, and Zn in fluid inclusions from
Sn—Zn-In deposit at Himmerlein. Other cations such as Cu,
Zn, and Pb present in higher concentrations will compete for
chlorine which may further support the formation of InCI1>*
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Fig. 13 a Stability field plot of In-chlorine complex from 0 to 350 ‘C
and a pH range of O to 8. The potential physio-chemical zone for Baal
Gammon and Isabel deposits is estimated from the temperature range
calculated through sphalerite-stannite ~geothermometer. The In-Cl
temperature vs. pH decay plot is calculated using The Geochemist’s
Workbench (Bethke et al. 2022) software with conditions: [In>*]=107>,
[Cl]=107", pressure=1 bar, and H,O at unity. b Eh—pH plot of sulfide
assemblage present at the Baal Gammon and Isabel deposits. The Eh—pH
plot was generated in The Geochemist’s Workbench (Bethke et al. 2022)
software with configurations: [SO42‘] =1072, [Fe’*]1=1073, [Cu™]=107,
pressure=1 bar, temperature =300 °C, and H,O at unity

over InCl™, in natural hydrothermal systems. Our geochemi-
cal modeling (Fig. 13a) indicates that InCI>* is stable under
acidic (pH < 3) conditions at~300 °C. With increasing pH,
other In species, such as HInO,,q and InO,~ (Fig. 13a),
become stable. Similar physiochemical conditions likely
favor incorporation of In in chalcopyrite and sphalerite.
Our geochemical modeling of In-rich sulfide minerals
(Fig. 13b) indicates that chalcopyrite and pyrrhotite in the
Baal Gammon Sn—Cu deposit formed in reduced conditions
at~300 °C and pH <4.

Temperature ranges between 300 and 400 °C were observed
for base-metal sulfide with In mineralization in other Sn fields,
such as the Bolivian Sn belt (Lehmann 2020; Torres et al.
2019); the Freiberg Sn deposits, Germany (Bauer et al. 2019b,
a; Korges et al. 2020); and the Xianghualing Sn field, China
(Li et al. 2023). This indicates that favorable mineralizing
conditions for In in Sn-polymetallic systems are below 400 °C
with reduced, and acidic hydrothermal systems. Removal
of In from solution is linked to sulfide precipitation and
destabilization of In chlorine complexes. Similar mineralizing
conditions to those inferred from the current study have been
reported for other In-rich polymetallic systems where a direct
connection to magmatism has been documented (Seifert and
Sandmann 2006). Chlorine- and fluorine-rich fluids generated
during granitic magmatism provide the ligands for In** ions
to form complexes that enable hydrothermal transport and
cycling during In mineralization.

Indium mineralization in the HMF is distributed mostly
along the margins of granitic intrusions (Fig. 1), which
suggests a genetic connection. At the Baal Gammon and Isabel
deposits, porphyry dykes dated at~290 Ma (Kumar et al.
2022) display embayment textures that indicate magmatic-
hydrothermal transition and exsolution of magmatic volatiles
linked to mineralization (Kumar et al. 2022). These porphyry
dykes together with the coeval granites were emplaced at the
end of a post-collisional magmatic episode during a period
of crustal thinning and relaxation (Champion and Bultitude
2013; Cheng et al. 2018). These late-stage felsic and rhyolitic
granites are enriched in volatiles such as Cl and F (Bailey et al.
1982; Cheng et al. 2018) and thus constitute good sources of
ligands for metals such as Cu, Zn, Pb, and In.

Conclusions

In the Baal Gammon and Isabel deposits, two paragenetic
stages have been recognized. The first stage consisted of
cassiterite and did not host significant In. The second stage
consisted of sulfides enriched in In. In the Baal Gammon
deposit, In enrichment is observed in sphalerite, stannite,
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chalcopyrite, and késterite, while in the Isabel deposit only
sphalerite and stannite are enriched. The stannite group
minerals, such as késterite, occur as alteration products of
cassiterite, and they record the highest In (10.6 wt%) content.
Ore textures at the Baal Gammon deposit indicate multiple
processes, such as primary hydrothermal mineralization
and exsolution of sulfides from intermediate phases, that
concentrated In in the ores during deposition. The stannite-
sphalerite thermometer gives average sulfide mineralization
temperatures of 290 °C for the Baal Gammon and 307 °C for
the Isabel deposits. These temperatures combined with the
major sulfide assemblage and the physicochemical modeling
indicates ore deposition in reduced and acidic (pH < 3)
conditions.
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