Geochimica et Cosmochimica Acta 342 (2023) 198-214

Contents lists available at ScienceDirect

Geochimica et Cosmochimica Acta

journal homepage: www.elsevier.com/locate/gca

Germanium speciation in experimental and natural sphalerite:
Implications for critical metal enrichment in hydrothermal Zn-Pb ores

Check for
updates

Weihua Liu®*, Yuan Mei?, Barbara Etschmann®”, Matthew Glenn?, Colin M. MacRae ?, Sam C. Spinks ?,
Chris G. Ryan?, Joél Brugger ”, David ]. Paterson ¢

2 CSIRO Mineral Resources, Clayton, VIC 3168, Australia

bSchool of Earth, Atmosphere and the Environment, Monash University, Clayton, VIC 3800, Australia
€ Australia Synchrotron, ANSTO, Clayton, VIC 3168, Australia

ARTICLE INFO

Article history:

Received 12 August 2022

Accepted 30 November 2022
Available online 02 December 2022
Associate editor: Martin Reich

Keywords:

Germanium

Critical minerals
Sediment-hosted Zn-Pb deposits
Hydrothermal deposits

XANES

SXRF

XFM

Synchrotron

Trace element

ABSTRACT

The critical metal germanium (Ge) is recovered as a by-product of mining other commodities, such as
zinc and thermal coal. We investigated the Ge incorporation mechanism in sphalerite synthesized under
hydrothermal conditions like those of sediment-hosted Zn-Pb deposits. Sphalerite + galena + barite
formed via reactions of Ge * Fe + Cu + Ba-bearing brine with calcite and reduced sulfur at 200 °C and
water vapor-saturated pressure. The products were examined using backscattered electron (BSE) imag-
ing, electron probe microanalysis (EPMA), electron backscattered diffraction (EBSD), synchrotron X-ray
fluorescence (SXRF) and micro-X-ray absorption near-edge structure (p-XANES). We show that Ge(IV)
is incorporated into sphalerite and bonded with reduced sulfur, both in the experimental sphalerite
and in natural zinc ore samples from the MacArthur River Zn-Pb-Ag deposits, Australia. Copper K-edge
XANES spectra show that copper occurs as Cu(l) in the experimental sphalerite, consistent with previous
studies on Cu in natural sphalerite. The experiments reveal that Ge(IV) substitution in sphalerite occurs
with and without the presence of other metal ions (e.g., Cu(I)), indicating that Ge(IV) substitution can be
accommodated via charge balance by vacancies as well as by coupled substitution in the synthesized
sphalerite. Ab initio quantum chemical simulations confirm that sphalerite can readily accommodate
Ge, with the crystal structure and average Zn-S, Zn-Zn, S-S distances retained when replacing > 3 mol%
of the Zn sites with Ge(IV), Ge(Il), Cu(I) or Fe(Il), demonstrating the resilience and flexibility of the
sphalerite crystal structure. These Ge incorporation mechanisms explain the previous observations of
multiple ways of Ge incorporation in natural sphalerite. The study provides experimental and molecular
simulation insights for understanding the processes related to the formation and extraction of Ge in
zinc ores.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

poration of trace elements into the principal host minerals. Such
knowledge helps characterize the resource potential of a deposit

Germanium (Ge) is listed as a critical mineral by major coun-
tries (USGS, 2020; Mudd et al., 2018). Many critical mineral
resources are recovered as a by-product of mining and processing
for other principal elements (Nassar et al., 2015). For example, Ge,
indium (In), and gallium (Ga), which are widely and increasingly
used in electronic and optoelectronic devices, are recovered as
by-products from refining zinc ores (Keller and Anderson, 2018).
One of the scientific challenges to enabling the mining of critical
minerals as a by-product of major commodities is understanding
the distribution of these elements at deposit-to-mineral scales;
this is controlled by geochemical processes that lead to the incor-
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and is required for the targeted extraction of valuable metals in
an economically and environmentally sustainable manner.

Sediment-hosted Zn-Pb deposits are a favorable host to critical
metals such as Ge. The formation of such deposits ranges from syn-
genetic exhalative to epigenetic replacement during regional fluid
flow (e.g., Cooke et al., 2000, Brugger et al., 2003; Leach et al,
2010), but Ge is most abundant in the epigenetic sediment-
hosted Zn deposits compared to other Zn deposit types
(Bernstein, 1985), implying Ge is mainly brought in during post-
sedimentary hydrothermal activities. Recently, an epigenetic car-
bonate replacement model has been proposed for the formation
of the super-giant carbonate-hosted Zn-Pb-Ag deposits of the
MacArthur River (HYC), Australia, with elevated Ge concentrations
up to ~40 ppm in sphalerite (Spinks et al., 2021).

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Sphalerite (ZnS) is notable for hosting a variety of trace ele-
ments including Ga, Ge, In, Ag, Cd, Co, Cu, Fe and Mn (e.g., Cook
et al., 2009; George et al., 2016; Pring et al.,, 2020; Cugerone
et al,, 2020), and a sphalerite thermometer has been proposed
based on an empirical relationship between Ga, Ge, In, Fe and
Mn concentrations with fluid inclusion homogenization tempera-
tures from different Zn deposits (Frenzel et al., 2016). The distribu-
tion and speciation of Ge in natural sphalerite have been studied
extensively, and there is consensus that Ge exists mainly in lattice
substitution sites for Zn(Il) in sphalerite (e.g., Cook et al., 2015;
Belissont et al., 2016; Goldmann et al., 2019). Most studies suggest
that natural sphalerite contains only Ge(IV) and that Ge-
incorporation is coupled with monovalent elements such as Cu(I)
and Ag(I) (Johan, 1988; Belissont et al., 2014) or lattice vacancies
(e.g., Cook et al., 2015; Belissont et al., 2016). Germanium(IV) is
the dominant form of Ge in other minerals/rocks. Belissont et al.,
(2019) and Etschmann et al., (2017) identified tetrahedrally-
coordinated Ge(IV) in chalcopyrite from various locations, and
our previous study revealed the predominance of organic Ge(IV)-
complexes in Ge-bearing coals (Etschmann et al., 2017). The simi-
larity between Ge(IV) and Si(IV) has led to the use of the Ge/Si ratio
as a tracer to study geothermal waters (e.g., Evans and Derry,
2002), clay minerals (e.g., Perez-Fodich and Derry, 2020) and
water-silicate interactions at ambient temperatures (Fernandez
et al., 2021). To date the only reported direct evidence of Ge(Il)
in terrestrial rocks is Bonnet et al.’s (2017) study showing that
sphalerite from Mississippi Valley-Type epigenetic deposits in Ten-
nessee (USA) contains both Ge(II) and Ge(IV).

This study aims to test the proposed mechanisms of the incor-
poration and oxidation state of Ge in natural hydrothermal spha-
lerite, using a combination of experimental, computational, and
micro-characterization techniques. In particular, the proposed
charge balance by vacancies is difficult to assess in natural spha-
lerites due to the fact they usually contain many trace elements.
Hydrothermal synthesis with known starting composition can
effectively isolate the interference of trace elements. We select
the experimental method used by Liu et al., (2021), since their
experimental conditions and produced mineral assemblages and
textures are similar to those found in sediment-hosted Zn-Pb
deposits. The experiments were conducted at 200 °C and water
vapor-saturated pressure and designed to assess the impact of
solution composition (e.g., Cu, Fe and initial Ge oxidation state)
on Ge incorporation into sphalerite under the simulated ore-
forming conditions. The nature of Ge in the synthetic sphalerite
was compared to that in sphalerites from the HYC deposit. The
composition of the samples was characterized using electron probe
micro-analysis (EPMA); their mineralogy and textures via Electron
backscatter diffraction (EBSD); and Ge-distribution and -oxidation
state were mapped using synchrotron X-ray fluorescence (SXRF)
and micro-X-ray absorption near-edge structure (-XANES) tech-
niques, respectively. Finally, ab initio quantum chemical calcula-
tions were conducted to investigate Ge substitution in sphalerite
at an atomic level. The key questions to be answered are 1) what
is the oxidation state of Ge in the synthesized hydrothermal spha-
lerite formed under conditions similar to the sediment-hosted Zn-
Pb deposits? And 2) is a coupled substitution with other trace ele-
ments (e.g., Cu) necessary for charge balance when Ge(IV) is incor-
porated into sphalerite?

2. Methods
2.1. Hydrothermal sphalerite synthesis experiments

Ge-bearing sphalerite was hydrothermally synthesized at
200°C and water-saturated pressure in Teflon-lined stainless-
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steel autoclaves (Liu et al., 2021). To test the impact of different
oxidation states, Ge(Il) bromide (GeBr,) and Ge(IV) oxide (GeO,)
in powder form, were used as the Ge source. Note that GeBr;
was used instead of GeCl, due to the volatility of the latter. Cu(I)
and Fe(II) chlorides were also added to some experiments to test
the impact of Fe and Cu in solution. All the chemicals were analyt-
ical grade, bought from Merck. The sample compositions are com-
piled in Table 1.

Native sulfur (S) was used as the sulfur source in the experi-
ments, as native sulfur disproportionates in water to produce both
reduced sulfur (H,S) and sulfate (503) at temperatures above 120
°C (Ellis and Giggenbach, 1971):

4S + 4H,0 = 3H,S + 2H +50,%~ (1)

Thermodynamic calculations using Geochemist’'s Workbench
modeling package (Bethke, 2007) show that the pH values of typical
experimental solutions (3 molal (m) NaCl, 0.35 m S) are around 2.1
at 200 °C. The presence of calcite increased the solution pH to 3.8-
6.3 (Table 1), Reaction (1) also conveniently buffers the redox state
near the sulfide/sulfate boundary at the experimental temperature
of 200 °C, evidenced by the precipitation of both sulfide and sulfate
minerals (see Results section). This is in line with conditions
observed in many sediment-hosted zinc deposits, e.g., Red Dog bar-
ite and Zn-Pb deposits in Alaska (Kelley and Jennings, 2004; Kelley
et al., 2004), and most Mississippi Valley-Type deposits (sulfates
such as barite, celestine; rare and only minor occurrence of pyrrho-
tite, e.g., Leach et al., 2010). Note that the concentration of Ge, Fe
and Cu is small compared to that of S, therefore the disproportion-
ation of S buffers the system redox condition.

For each experiment, about 10 ml of Zn+ Ge + Cu * Fe + Ba-
bearing NaCl solutions were loaded into an autoclave together with
~0.1 g native sulfur and 0.3 g of calcite. The autoclaves then were
placed in a fan-forced oven and heated to 200 £ 1 °C. After two
days at this temperature, all the native sulfur had been converted
to sulfate and sulfide. All experimental runs lasted 2-3 weeks to
ensure the completion of the reactions. A temperature of 200 °C
for the reaction was chosen because it is within the range esti-
mated for the ore-formation in typical SEDEX (100-150 °C) and
MVT and Irish Type (84-250°C) Zn-Pb deposits (Wilkinson,
2014). The relatively high temperature helps the reaction proceed
faster than at lower temperatures. After the experiments, the auto-
claves were cooled with a fan for ~30 min to room temperature.
The solution was then retrieved for pH measurement and concen-
tration analysis of selected elements (Table 1) using Inductively
coupled plasma optical emission spectroscopy (ICP-OES). The solid
products were washed with distilled water and dried under ambi-
ent conditions before the micro-characterizations described below.

2.2. SEM and EBSD

Solid samples were examined in the SEM in both “as produced”
form and cross-sections. A FEI Quanta 400, field emission, environ-
mental scanning electron microscope (SEM) was used. For the “as
produced” samples, dried crystals were sprinkled onto double-
sided conductive carbon tape and examined in the SEM in low vac-
uum mode with a chamber vacuum of 0.5 torr, a beam energy of
15 keV and probe current of approximately 0.8 nA. Backscattered
electron (BSE) Images showing the morphology of the reacted sam-
ples were collected, since this highlights the different minerals. Ini-
tial phase identification was performed using energy-dispersive X-
ray spectrometry (EDS) analyses.

For EBSD analyses, the samples were mounted in Struers’ Epofix
epoxy resin and polished using standard metallographic tech-
niques to 50 nm colloidal SiO, finish. Final surface preparation
was performed using a Technoorg Linda SEM prep 2000 Ar ion
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Table 1
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Composition of initial sample solutions and pH measured with a Mettler Toledo® pH meter and an Inlab® Expert Pro ISM Sensor at 25 °C before and after experiment. The final
elemental concentrations of the resultant solutions at 25 °C were also shown (measured with Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)).

Sample ID G2 G4 G6 G8 G9
Initial 0.02 m GeO, +0.02 m 0.02 m GeBr; +0.02 m 0.02 m GeBr; + 0.04 m CuCl 0.02 m GeBr; +0.01 m 0.02 m GeBr, + 0.1 m
Composition CuCl +0.07 m ZnCl, + CuCl +0.07 m +0.1 m BaCl, + PbCl, + 0.07 m FeCl, + 0.07 m BaCl, + 0.01 m

+0.4m S+3mNaCl ZnCl, +03 mS+3m

ZnCl, +0.3 m S+ 0.3 m NaCl

+ calcite NaCl + calcite + calcite
Initial pH@25 °C 2.26 2.26 2.28
(acidified by HCl)
pH@25 °C after 5.87 4.97 3.78
experiment
Cu (final, mg/L) 2 12 7
Fe (final, mg/L) - - -
Ge (final, mg/L) 120 260 230
Na (final, g/L) 79.4 80.6 8.2
Pb (final, mg/L) <1 <1 3
Zn (final, mg/L) 66 16 8

ZnCl, +03mS+0.3m
NaCl + calcite

PbCl, +0.07 m ZnCl, + 0.3 m
S+ 0.3 m NaCl + calcite

2.28 2.28
6.32 6.14
0.2 -
990 1140
8.5 6.7
<0.1 <1
0.4 <2

beam polisher operated at ion beam energies ranging from 10 kV
to 400V to progressively reduce the damage induced by the ion
beam. These samples were coated with approximately 4 nm of car-
bon in a Leica EM ACE600 carbon coater. EBSD analysis was done at
a beam energy of 20 keV and a probe current of approximately 1.2-
3.4nA using a Bruker e Flash EBSD system. Maps were collected
overnight using diffraction patterns of 160 x 120 pixels (10 x 10
binning), a Hough transform of 99 x 99 pixels, and dwell times
ranging from 20 to 100 ms per pixel. Map sizes were 1024 x 884
pixels and pixel sizes were 310 nm for lower magnification maps
and 77 nm for higher magnification maps. EDS spectra from each
pixel were collected simultaneously with the EBSD data, and these
spectra were used by the EBSD to assist with the indexing of each
pixel; a minimum of 5 bands was required for the display of
indexed pixels.

2.3. EPMA mapping

A JEOL JXA 8500F-CL electron probe microanalyzer was used to
collect the maps and quantitative point analyses for selected sam-
ples. For mapping, wavelength dispersive spectrometry (WDS),
energy dispersive spectrometry (EDS), and cathodoluminescence
(CL) signals were all collected in parallel (MacRae et al., 2013).
The EPMA operating conditions (12 keV; 25 nA; 40 ms dwell; pixel
step size and beam defocus both set to 200 nm) were chosen as a
compromise to limit beam damage (affecting CL in particular),
maximize data collection efficiency, and yet provide CL and X-ray
data with adequate signal-to-noise at each pixel to allow for fitting
to be utilized. Mapping data were analyzed using the Chimage X
in-house software (Harrowfield et al., 1993, Torpy et al., 2020).
Quantitative data were collected using four WDS spectrometers,
with detection limits of around 10 ppm.

2.4. SXRF mapping and pu-XANES measurement

SXRF maps (18.5 keV) and Ge and Cu XANES of the experimen-
tal products and natural Zn-Pb ores from the McArthur (HYC)
deposits were measured at the X-ray Fluorescence Microscopy
(XFM) beamline, the Australian Synchrotron. The polished blocks
used for SEM and EPMA characterization were used for the exper-
imental products, and polished ~30 pum-thick sections on quartz
slides were used for the HYC Zn-Pb ores samples. The XFM beam-
line is an undulator beamline with a Si(111) monochromator
(Howard et al., 2020), with an effective energy resolution (AE/E)
of 2.7 x 107 at 10 keV (Liu et al., 2017). Kirkpatrick-Baez mirrors
were used to focus the beam to a spot size of ~2 x 2 um?. The Maia

200

detector system (Ryan et al., 2010b) was used to collect SXRF maps
and XANES data (Ryan et al., 2010a, 2014). The SXRF data were
analyzed with GeoPIXE, using the dynamic analysis (DA) method
to resolve overlaps and subtract background, escapes peaks and
other detector artifacts and produce quantitative elemental images
from the full fluorescence spectra (Ryan, 2000; Ryan et al., 2009; Li
et al., 2016). Corrections for self-absorption, absorption in air and
the efficiency response of the detector were obtained by measuring
standard thin metal foils (Ti, Mn, Fe, Cu, Y, Pt) at 18.5 keV and (Ti,
Mn, Fe, Cu) at 11.356 keV. These corrections are collectively
referred to as the conversion factor. X-ray fluorescence yields are
calculated based on a model sample matrix and the conversion fac-
tors. The detection limit for Ge depends on the size of the analysis
region, pixel dwell and sample matrix, ranging from 2 to 20 ppm in
our cases. The uncertainty or error associated with sample concen-
trations is a root mean squared error of the conversion factor error
(typically ~10 %) and uncertainties in the sample matrix thickness
(typically 5-10 %) and density variations (typically 10 %).

For Ge XANES, the beam energy was calibrated using GeO, and
GeS standards; for Cu XANES an in-vacuum Cu metal foil was used
to calibrate incident beam energy. XANES data were obtained by
collecting SXRF data on 2D-images (maps) or along single horizon-
tal lines (line-XANES method) at 94-101 different monochromator
energies spanning the Cu and Ge K-edges (8.979 and 11.103 keV,
respectively). The line-XANES method allows for fast data collec-
tion by integrating the monochromator movement with the Maia
detection system (rather than the x- and y-axes used in ‘tradi-
tional’ XANES imaging using the Maia detector; Etschmann et al.,
2010, 2014b). By greatly reducing overheads, the line-XANES
method enables collection of XANES data over a few minutes along
lines containing 10’s or 100’s of pixels, suitable for low-
concentration samples such as the HYC ores (up to 40 ppm Ge,
Spinks et al., 2021). In both cases, individual XANES spectra are
constructed by extracting the intensities of the Cu or Ge Ko lines
at single pixels at the incident energies visited. Background-
subtracted intensities (instead of the raw region of interest counts)
were calculated by GeoPIXE; separate DA matrices were used for
each beam energy when processing the stack, to track the effects
of the changing energy of the Compton and elastic scatter peaks
on the background.

As the dwell times on individual pixels are short (0.8-10 ms), it
is desirable to average XANES spectra over a range of pixels
selected as a function of location, elemental associations, element
concentrations, intensity ratios of the Ge/Cu Ko lines at different
monochromator energies, or combinations of these different pixel
selection methods. This analysis was performed using GeoPIXE
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and, in the case of the line-XANES, using in-house Matlab code.
Note that self-absorption and polarization are not considered in
these analyses (e.g., Hens et al., 2019), but are expected to be lim-
ited in this case, since Ge concentrations are low (<1 wt% in most
cases) and sphalerite is isotropic.

2.5. Ab initio molecular simulations

Geometry optimizations of pure and Ge(IV)/Ge(II)/Fe(II)/Cu(I)-
substituted sphalerite were conducted using density functional
theory (DFT) within the CPMD code (version 3.17.1, Car and
Parrinello, 1985). Similar methods of ab initio geometry optimiza-
tion have been successfully used to calculate the structure of ura-
nyl(VI) complexes in solids (Biihl, 2009); apatite minerals with
arsenic substitution (Liu et al., 2017); and uraninite substituted
with lead (Syverson et al., 2019). In this study, the BLYP (Becke,
Lee, Yang and Parr) exchange correlation-functional was applied
(Lee et al., 1988; Becke, 1988) together with Martins-Troullier
pseudo-potentials (Troullier and Martins, 1991) with plane-wave
cut-offs of 100 Ry.

Geometry optimizations of sphalerite (ZnS) were performed
with 8 unit-cells (2 x 2 x 2 supercell) containing 64 atoms (32
Zn and 32 S) based on the crystal structure of sphalerite from
Skinner (1961) (cell length of 10.8186 A; atomic coordinates in
Appendix Table S2). To validate the method and pseudo-
potentials of Zn and S, two calculations were conducted with dif-
ferent initial geometries: 1) standard sphalerite structure; and 2)
distorted structure to test if the geometry optimization finds the
correct crystal structure as listed in Table 2 (Jobs 1-2). The average
Zn-Zn, Zn-S, and S-S bond distances of the optimized geometries
are within 0.01 A of the bond lengths from the experimental crystal
structure (Skinner 1961; Table S4), even for the simulation that
was started with a distorted sphalerite structure. Note that the
simulations resulted in slightly distorted Zn-S tetrahedra, with
bond lengths varying within #0.005 A of the experimental bond
length in Job 1, and +0.019 A in Job 2. Overall, these tests indicate
that the chosen computational method is reliable for optimizing
the sphalerite crystal structure. To investigate the effect of vacan-
cies, we conducted simulations with 1 Zn and 1 S removed from
the sphalerite structure; this was tested for: 1) 1 Zn and 1 S which
were adjacent (dzn.s=2.345A) and 2) 1 Zn and 1 S that were fur-
ther away from each other (dzn.s = 7.03 A) (, Table 2, Jobs 3-4).

Table 2
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The charge balance of Ge(IV) with Zn(II) vacancies was investi-
gated using 8 unit-cells, by replacing two Zn(II) with one Ge(IV)
and one vacancy at different relative positions as listed in Table 2,
Jobs 5-8. In Job 8, we placed Ge(IV) at very close distances (~0.5 A)
to Zn to test if the geometry optimization can find reasonable crys-
tal structures under extreme scenarios. Four calculations were con-
ducted to characterize the isomorphic substitutions of Zn(II) by Ge
(1) and Fe(II), by replacing one Zn(II) with either one Ge(II) (Table 2,
Jobs 10-11) or one Fe(Il) (Table 2, Jobs 12-13) at different posi-
tions. Five calculations were conducted to investigate Ge(IV)
uptake via a coupled substitution with Cu(I), by replacing three
Zn(Il) with two Cu(I) and one Ge(IV) at different positions (Table 2,
Jobs 14-18). Finally, five calculations of Fe(Il)-Ge(IV) substituted
sphalerite were conducted by replacing three Zn(II) with one Fe
(II), one Ge(IV) and one vacancy (Table 2, Jobs 19-23). The coordi-
nates of the original Zn and replaced Ge/Cu/Fe and their snapshots
are listed in Table S3.

2.6. Thermodynamic modeling

Thermodynamic modeling was conducted using Geochemist’s
Workbench (Bethke, 2007), with thermodynamic properties for
Zn chloride species from Mei et al., (2015), Ge aqueous species
from Pokrovski and Schott (1998) and Pokrovski et al. (2005),
and Pb chloride species from Etschmann et al., (2018). The stan-
dard free energy values of Ge sulfides at 298.15K and 1 bar are
from Pankratz et al., (1987), with updated entropy and heat capac-
ity data from Malek et al., (2011) for GeS, and Binnewies and Milke
(2008) for GeS. The initial solution compositions (salinity, pH and
metal concentrations were chosen to be within the range of typical
ore fluid compositions in sedimentary hydrothermal deposits
(Wilkinson, 2014).

3. Results

3.1. Germanium distribution and oxidation state in synthesized Zn-Pb
ores

3.1.1. Major minerals and textures
The dissolution of calcite and formation of sulfide and sulfate
minerals were observed in all experimental runs. Sphalerite (ZnS)

List of geometry optimization calculations of sphalerite (ZnS) and Ge(IV)/Ge(Il)/Fe/Cu substituted sphalerite.

Job ID Note Atoms initial geometry

1 Standard ZnS 327Zn,32S standard ZnS

2 Distorted ZnS 327Zn,32S change x-position of one Zn by 1 A, closest dz,.s=1.94 A

3 ZnS vacancy (1) 312Zn,31S remove 1 Zn and 1 S next to each other (removed dz,s = 2.34 A)

4 ZnS vacancy (2) 312Zn,31S remove Zn and S far from each other (removed dz,s = 7.03 A)

5 Ge(IV) substituted ZnS (1) 1Ge,30Zn,32S Ge(IV) at the same position as one of the original Zn (dges = 2.34 A)

6 Ge(IV) substituted ZnS (2) 1Ge,302Zn,32S Ge(IV) placed in between 2 replaced Zn and Ge-Zn/S distances>2.5 A

7 Ge(IV) substituted ZnS (3) 1Ge,302Zn,32S Ge(IV) placed in between 2 replaced Zn and the closest Ge-S distance at 1.42 A

8 Ge(IV) substituted ZnS (4) 1Ge,30Zn,32S Ge(1V) placed very close to S at 0.50 A

10 Ge?* substituted ZnS (1) 1Ge,312Zn,32S Ge?" at the same lattice position as replaced Zn (dges = 2.34 A)

11 Ge?* substituted ZnS (2) 1Ge,312Zn,32S Ge?* at a distorted position at Ge-S distances of 1.94 A

12 Fe?* substituted ZnS (1) 1Fe,312Zn,32S Fe?* at the same lattice position as replaced Zn (dges = 2.34 A)

13 Fe?* substituted ZnS (2) 1Fe, 317Zn,32S Fe?* at a distorted position at Fe-S distances of 1.94 A

14 Cu* & Ge*" substituted ZnS (1) 2Cu,1Ge,297n,32S Three replaced Zn aligned as an equilateral triangle; Ge-Cu distance is 3.83 A

15 Cu* & Ge*" substituted ZnS (2) 2Cu,1Ge, 297Zn,32S Three replaced Zn aligned as an equilateral triangle; Ge-Cu distance is 6.63 A

16 Cu* & Ge*" substituted ZnS (3) 2Cu,1Ge,297Zn,32S Three replaced Zn aligned as an equilateral triangle; Ge-Cu distance is 7.65 A

17 Cu* & Ge*" substituted ZnS (4) 2Cu,1Ge, 297Zn,32S Three replaced Zn aligned in a line, dge_c, = 3.83/7.65 A (Ge at the end of the line)
18 Cu* & Ge*" substituted ZnS (5) 2Cu,1Ge, 297Zn,32S Three replaced Zn aligned in a line, dge.cy = 3.83 A (Ge in the middle of the line)
19 Fe?* & Ge** substituted ZnS (1) 1Fe, 1Ge,292Zn,32S Three replaced Zn aligned as an equilateral triangle; Ge-Fe distance is 3.83 A

20 Fe?* & Ge*" substituted ZnS (2) 1Fe, 1Ge,297Zn,32S Three replaced Zn aligned as an equilateral triangle; Ge-Fe distance is 6.63 A

21 Fe?* & Ge*" substituted ZnS (3) 1Fe, 1Ge,292Zn,32S Three replaced Zn aligned as an equilateral triangle; Ge-Fe distance is 7.65 A

22 Fe?* & Ge*" substituted ZnS (4) 1Fe, 1Ge, 292Zn,32S Three replaced Zn aligned in a line, dre.ce = 7.65 A (vacancy in the middle of the line)
23 Fe?* & Ge** substituted ZnS (5) 1Fe, 1Ge,292Zn,32S Three replaced Zn aligned in a line, dre_ce = 3.83 A (vacancy in the end of the line)
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and anhydrite (CaSO,4) are the main minerals formed as a result of
the dissolution of calcite (CaCO3) and disproportionation of sulfur
in Zn-Ge-bearing NaCl solutions (Sample G4 and G2, Fig. 1). The ele-
mental concentrations of the resultant solutions show that most Cu,
Fe, Pb and Zn precipitated, and up to 120-1140 mg per litre (mg/L)
of Ge remain in the solution, comparable to the Ge oxide solubility
in hydrothermal fluids at similar temperature and pH ranges
(Pokrovski and Schott, 1998). Globular sphalerite formed around
the rim of partially dissolved calcite (Sample G4, Fig. 1A). The clus-
ters contain sphalerite crystals up to 2 pm in size, with some spha-
lerite globules growing at expense of early-formed anhydrite
(Sample G2, Fig. 1B). Iron sulfide crystals were observed with spha-
lerite clusters and anhydrite in the samples where FeCl, was added
to the initial solution (Sample G8, Fig. 1C). Barite and galena crystals
formed together with the sphalerite clusters in experiments con-
taining PbCl, and BaCl, (Sample G6 and G9, Fig. 1D-F).

The polished cross-sections show that the new minerals formed
a crust around a partially dissolved calcite (Sample G8, Fig. 2A-C).
The large gaps between the parent calcite and the newly formed
minerals indicate that the dissolution of calcite is more rapid than
the precipitation of the new minerals (Fig. 2A, B; Etschmann et al,,
2014a; Xia et al., 2009).

EBSD pattern quality and phase maps ascertained the major
minerals present in the experimental products (Fig. 3, with typical
examples of the indexed diffraction pattern for each phase com-
piled in Fig. S1). The pattern quality maps (Fig. 3A-D) show the
intensity of diffraction patterns (where a whiter pixel implies a
better-quality diffraction pattern), indirectly revealing grain
boundaries and microstructures within crystals. Phase maps show
the identified mineral phases based on indexing the diffraction
patterns. EBSD confirms that the crystals rimming the ZnS clusters
consist of sphalerite in sample G9 (Fig. 3D, H), and that galena and
barite crystals precipitated from solutions containing Pb and Ba
(Fig. 3A, E, D, H). Minor covellite (CuS) grains were identified in
sample solutions containing CuCl. An example of sample G6 is
shown in Fig. 3A, E. The iron sulfide crystals in Sample G8
(Figs. 1C, 2A-C) consist of a mixture of marcasite and pyrite. A
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few grains of a Ge-rich iron oxide phase were also recognized
(Fig. 3G). EDS (collected simultaneously with the EBSD data collec-
tion) showed that this phase was predominantly iron oxide with
several percent Ge. There was no suitable Ge-Fe-O phase file listed
in the crystal structure database used for EBSD phase identification
in this study, so an iron oxide phase file was used instead. Although
this phase is rare (only a few grains were identified) it is included
here for completeness. Sphalerite, anhydrite and the remains of the
calcite crystal complete the paragenesis in G8 (Fig. 3B, C, F, G).

3.1.2. Germanium distribution and oxidation state in experimental
products

Germanium was observed in sphalerite for all Ge-bearing
experiments, determined by the EPMA (samples G8 and G6,
Fig. 2C and F) and SXRF microanalysis (Samples G2, G4, G6, G8,
G9: Figs. 4-8). The average amount of Ge incorporated into bulk
sphalerite is similar for all the samples (0.12-0.24 %, Fig. S2-S5),
regardless of the difference in the initial solution composition. In
the experiments containing Cu, the Cu-rich phase (covellite) has
low Ge concentrations, which could have contributions of the Ge
signal from sphalerite below the covellite grain. There are minor
individual Ge-rich grains in Sample G8 containing ~10 % Ge (spot
10 in Fig. 2C and Table S1). EBSD identified one of those grains as
Ge-bearing iron oxide (Fig. 3G). No significant Ge content was
detected in calcite, galena, barite and anhydrite.

SXRF maps of Sample G2 (Fig. 4, GeO, and CuCl in the initial
solution) show Cu and Ge within the sphalerite clusters, with
higher concentrations on the inner edge of sphalerite close to the
replaced calcite grains (Fig. 4A). The Ge-Cu correlation plot of the
area where the XANES spectra are taken reveals a complex pattern
(Fig. S2): (i) A Cu hot spot is poor in Ge (Cu:Ge >10) and corre-
sponds to a Cu-sulfide inclusion (Fig. 4C, Fig. S2), possibly covellite
as identified by EBSD in other samples (Fig. 3); (ii) There is a gen-
eral correlation between Cu and Ge in sphalerite, but different
trends emerge: the Ge-rich sphalerite rim around the calcite grain
shows a correlation between Cu and Ge (Cu:Ge ~3), as does the
low Ge-sphalerite that forms the bulk of the replacement (Cu:Ge

£

Fig. 1. BSE images of experimental products: A. Sphalerite clusters and anhydrite crystals formed around a dissolved calcite crystal (G4). B. Ge-bearing Sphalerite etching an
earlier-formed anhydrite crystal (G2). C. Iron sulfide and anhydrite with sphalerite clusters (G8). D. Sphalerite, galena and barite grains forming a crust on a partially dissolved
calcite (G6). E. Cubic galena crystals with barite and sphalerite clusters (G6). F. Inter-growth of galena, barite and sphalerite clusters (G9). sp: sphalerite; ga: galena; anh:

anhydrite; bar: barite; cal: calcite.
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Fig. 2. Back-scattered electron (BSE) images (A, D) and Electron probe microanalysis (EPMA) images (B, C, E, F) of cross-sections for G8 (A-C) and G6 (D-F). Sphalerite, iron
sulfide and anhydrite are present in the rim around a partially dissolved calcite sample (G8). Sphalerite clusters, galena and barite formed a crust in sample G6. The locations
of Ge quantitative spot analysis are marked in C and F. sp: sphalerite; ga: galena; anh: anhydrite; cal: calcite.

Fig. 3. EBSD Pattern quality maps (A-D, the brightness of the pixels is proportional to the quality of electron diffraction pattern) and phase maps (E-H) of polished cross
sections for sample G6 (A, E), G8 (B, C, F, G) and G9 (D, H). sp: sphalerite; ga: galena; anh: anhydrite; bar: barite; cal: calcite; cov: covellite; py: pyrite; mar: marcasite.

~2) (Figs. S1, 4B, 4C). The XANES spectra for the Cu hot spot, Ge hot
spots and bulk area are shown in Fig. 4D. There are two points to
note: (1) all the spectra are similar to, but broader than the GeS,
reference spectrum - we refer to this type of XANES spectra as
‘GeS,-type’ in the rest of the text; (2) the peaks of the XANES spec-
tra are shifted by ~1 eV towards higher energy relative to the GeS,
standard. The peak of the XANES from the bulk areas and the Cu-
rich spot are shifted to even higher energy (~1.5 eV) compared
to XANES from the Ge-rich area. In all cases, however, the edge
positions, defined by the maximum in the first derivative of the
XANES signal, are identical, and align with the GeS, reference
(Fig. 4D).
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Fig. 5 shows Ge-bearing sphalerite clusters around the rim of a
dissolved calcite crystal (Sample G4; GeBr, and CuCl), with an
uneven distribution of Cu (up to 3.4 %, Fig. 5A) and Ge. High Ge
contents (up to 0.86 %) are distributed around the edge of the spha-
lerite clusters, and higher Ge concentrations are again observed on
the side closer to the dissolved calcite (Fig. 5A, B). Like G2, the Cu
versus Ge correlations reveal different trends with different Cu:Ge
ratios ranging from 0.7 to > 10 (Fig. S3). Also note that high Cu and
high Ge areas do not overlap (Fig. 5B and C). The Ge K-edge XANES
spectra extracted from the spots with high Cu concentration, high
Ge concentration, and bulk are identical, i.e., GeS,-type spectra
with a slight (~1 eV) energy shift to higher energy (Fig. 5D).
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the reader is referred to the web version of this article.)
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Similarly, Ge and Cu are unevenly distributed in Sample G6
(with GeBry, PbCl,, BaCl,, CuCl; Fig. 6). While the Cu hot spots cor-
respond to covellite (Fig. 3E), Ge is distributed in sphalerite, with
high Ge around the rim closer to the former calcite grain. Ge con-
centrations are 0.07-1 % at the rim, and below detection limit in
the center of the sphalerite clusters (Fig. 2, Table S1). Again, high
Ge and high Cu spots do not overlap. Correlations of Ge-Cu concen-
trations also show different patterns of Cu:Ge ratios from > 10 to
0.2 (Fig. S4). The Ge XANES spectra collected from both Cu
hot spots, bulk areas and Ge hot spots are GeS,-type spectra with
very small (~0.3eV) peak energy shifting to higher energy
(Fig. 6D).
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Sample G8 (with GeBr, FeCl,; Fig. 7) also shows a thin rim of Ge-
bearing sphalerite clusters around a partially dissolved calcite crys-
tal (the same crystal shown by EPMA in Fig. 2A-C), with Fe sulfide
grains scattered, consistent with the BSE and EPMA images (Figs. 1,
2). The correlations between Fe and Ge concentrations show differ-
ent patterns. Spots with high Fe-low Ge concentrations have the
lowest Ge concentrations, and negative correlations of Fe:Ge
(Fig. S5). EPMA results confirm that the iron sulfides (pyrite and
marcasite identified by EBSD) do not contain appreciable Ge. The
bulk area of sphalerite has an average Fe:Ge ratio of ~6, while Ge
hot spots have a Fe:Ge ratio of ~3 (Fig. S5). Germanium associated
with the bulk sphalerite and high Fe-low Ge spots has GeS,-type
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spectral feature with the peak shifting to higher energy by ~1 and oxide reference, but with a broader white line (Fig. 7D). This is con-
~1.5 eV, respectively (Fig. 7D). The Ge hot spots are inclusions of sistent of the EBSD results of a Ge-rich Fe oxide grain (Fig. 3G).
Ge-rich Fe oxide, and their XANES spectra differ markedly from Finally, sample G9 (with GeBr, but no Fe, no Cu) has Ge evenly

the GeS,-type: they show an edge position identical to the Ge(IV) distributed in the bulk area of sphalerite clusters, except for a few
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determined by XFM analysis. B. The area where p1-XANES spectra were measured, showing relatively high concentration Ge (up to 1%) around the rim of sphalerite clusters.
The p-XANES spectra and the first derivatives of high Ge concentration hotspots (Green areas in the inset of C) and bulk area (the area that is not green), as well as the spectra
of Ge(IV) oxide (GeO,), Ge(IV) sulfide (GeS,) and Ge(lI) sulfide (GeS). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

hot spots (Fig. 8). All spectra collected from the bulk area and hot
spots are similar with GeS,-type spectral feature and peak energy
shifts of ~1 eV (Fig. 8C).

When plotting the XANES spectra for all the samples together
(Fig. 9A), one can see the GeS,-type spectra predominate, with
varying degrees of edge shift towards higher energy, reflecting con-
taminations of Ge(IV) oxide component; however, the contamina-

Normalised absorbance
Normalised derivatives

11100 11120
Engergy (eV)

11140 11100 11105 11110 11115 11120

Energy (eV)

Fig. 9. Germanium K-edge XANES spectra (A) and the first derivatives (B) for HYC
sphalerite (HYC2, 3, 7, 10), synthetic Ge-bearing sphalerite (G2, 4, 6, 8, 9, blue line
color: bulk area; red and green: hot spots. See Figs. 4-8) and Ge compounds (GeS,
GeS, and GeO,). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

206

tion is minimal, judging by the identical edge positions of the
derivatives (Fig. 9b). The spectra of sample G2 have largest edge
shift, due to the starting source being GeO, instead of GeBr; as in
the others.

3.2. Germanium distribution and oxidation state in HYC Zn-Pb ores

Germanium K-edge XANES spectra were collected for ores from
the McArthur River (HYC) sediment-hosted Zn-Pb-Ag deposit in
the Carpentaria Zn belt, northern Australia. High-grade HYC ores
(>10wt% Zn) generally contain 10-40 ppm Ge (Spinks et al.,
2021). The SXRF images (Fig. 10) highlight the finely laminated
nature of the ores as well as features of carbonate dissolution
and replacement by sphalerite. A detailed discussion of ore micro-
textures, geology, and the formation of the HYC deposit is provided
by Spinks et al. (2021).

The Ge XANES spectra collected from the HYC ores are very sim-
ilar to each other and have GeS,-type spectra features like the
experimental spectra, though much noisier than the latter due to
low concentrations of Ge in sphalerite (up to 40 ppm). The peak
positions are identical to that of the GeS, reference, i.e., no edge
shift (Fig. 9), indicating an oxidation state of Ge(IV) bonded with
sulfur in these samples.

3.3. Copper speciation in synthesized sphalerite

Copper K-edge XANES spectra were collected at different spots
within sphalerite clusters from an experimental sample (sample
G6, same area as the Ge). All the Cu XANES spectra from experi-
mental sphalerite are identical, and identical to the spectra col-
lected for Cu in the lattice of natural sphalerite (Cook et al.,
2012; Belissont et al., 2016). When compared to XANES spectra
of common Cu sulfide minerals, Cu-in-sphalerite closely resembles
chalcopyrite (Fig. 11). This is due to the similar coordination envi-
ronment of Cu in chalcopyrite and when it replaces Zn in ZnS; in
either case, Cu is tetrahedrally coordinated to four sulfur atoms
(Vaughan & Corkhill, 2017).
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Fig. 10. SXRF images of the thin sections of ore samples from the HYC Zn-Pb deposit. Red: Fe, Green: Zn, Blue: C. The boxes show the positions of the Ge K-edge XANES
measurement along the bottom line of each box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Results from ab initio molecular simulations

3.4.1. Geometry optimization of vacancy-bearing sphalerite

In jobs 1 and 2 (pure sphalerite), distances in individual Zn-S
tetrahedra were found to vary slightly (< 0.02 A) relative to the
symmetry-constrained experimental distance of 2.342 A (Skinner,

1961; Table S4). When vacancies were introduced by removing
an adjacent Zn-S pair (Job 3) or removing a Zn and a distant S
(Job 4; Fig. 12), the structure relaxed more, with individual Zn-S
bonds within +0.111 A of the experimental bond lengths, but again
the averaged bond lengths were 2.35 and 2.36 A, respectively, close
to the experimental bond lengths.
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Indeed, in all the subsequent optimizations, regardless of the

57 substitution, the Zn-S, Zn-Zn, S-S bond lengths averaged over the
8 units cells were close to that in the experimental sphalerite
structure (Tables S5-S10), with the Ge-S distance stabilizing after

4-cui i -
Uil 1000-2000 optimization steps (Figs. S5-58).
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E lerite results in an effective concentration of ~2.4 wt%. Ge(IV)
g 27 was introduced into the sphalerite lattice (a) substituting on a Zn
S site and removing a distant Zn (Job 5); (b) removing two adjacent

Zn and placing the Ge(IV) between them (Job6); (c) replacing two
Zn with one Ge(IV) located such that the closest Ge-S distance was
1.42 A (Job7); (d-e) replacing two Zn with Ge(IV) such that the Ge

0 (IV) was placed very close to a S (~0.5 A, Job 8) (Fig. 13).
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Ener 3-fold to 5-fold, with Ge-S bond lengths ranging from 2.05 to
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2.53 A, but most bond lengths were around 2.2 A. The change of
Fig. 11. Cu K-edge XANES spectra of Cu compounds and synthetic sphalerite Ge-S distance reflects the small ionic size of Ge(IV) compared to
sample G6. Zn(11) (0.39 A vs 0.6 A, Shannon, 1976). The Zn-S bond lengths close
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Fig. 12. (a, ¢) original sphalerite structure and optimized geometry of sphalerite with vacancy for Jobs 3 and 4. (b, d) Electron density of optimized sphalerite with vacancy for
jobs 3 and 4. (orange ball and sticks = original sphalerite structure; green ball = highlight the removed Zn and S; grey ball = optimized Zn position; yellow ball = optimized S
position; yellow clouds = electron density with isosurface level at 0.835; red arrow shows the vacancy). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

208



W. Liu, Y. Mei, B. Etschmann et al.

(A) Job 5.
dges = 2.20; 2.18; 2.20; 2.12 A dges

< —

¢|

(C) Job 7.

Geochimica et Cosmochimica Acta 342 (2023) 198-214

(B) Job 6.
=2.10; 2.27;2.27; 2.87; 2.88 A

v
Q

(D) Job 8.
dges = 2.07; 2.49; 2.50; 2.53; 2.51 A

Fig. 13. Snapshots of optimized geometry for Ge incorporation in sphalerite via the 2Zn?* = Ge** + O coupled substitution (Jobs 5-8). Grey ball = Zn; yellow ball = S; orange
ball = Ge; yellow clouds = electron density with isosurface level at 0.865. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

to the Ge(IV)/vacancy sites vary significantly from the equilibrium
distance (up to +0.33 A), while Zn further away are close to the
original Zn-S bond lengths. The electron density plots further high-
light the geometry distortion: bonds that are shorter than the aver-
age Zn-S = 2.342 A have electron density ‘pushed’ to the far side of
the sulfur, i.e., further away, while longer bonds and areas around
vacancies enable excess charge to ‘pile up’.

3.4.3. Geometry optimization of Ge(Il)- or Fe(Il)-substituted sphalerite

Geometry optimizations of Ge(Il)- or Fe(Il)-substituted spha-
lerite were conducted by (a) substituting the divalent ion onto a
Zn site and (b) at a distorted position such that the initial Ge/Fe-
S distances were 1.94 A (Fig. 14A, B).

In either case, the Ge(Il)-substituted into sphalerite maintained
a distorted tetrahedral geometry with Ge(II)-S bonds ranging from
2.438 to 2.495 A. Fig. 14A shows significant asymmetry in the elec-
tron density around Ge(II); this is consistent with an electron lone
pair typical of Ge(Il) (Holloway and Melnik, 2001), although the
lone pair resulted in only a slight distortion of the Ge(II) coordina-
tion. The longer Ge(II)-S bonds compared to the Ge(IV)-bonds
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could be attributed to the larger ionic radius of Ge(ll) ~0.73 A
(Shannon, 1976). The surrounding ZnS bonds accommodated the
Ge(II) with varying bond lengths, ranging from 2.302 to 2.379 A.

Similarly, substituting Fe(Il) into sphalerite results in some dis-
tortion in the nearby ZnS bonds (bonds ranging from 2.286 to
2.411 A, with an average Zn-S distance of 2.35A). The Fe(ll)-S
bonds ranged from 2.251 to 2.323 A, slightly shorter than the aver-
age Zn-S bonds, despite similar ionic radii of Fe(Il) (0.63 A) and Zn
(I1) (0.60 A). Overall, the local distortions induced in the sphalerite
structure by substitution of Ge(Il) or Fe(Il) are less than when Ge
(IV) was substituted (Table S6, Table S7).

3.4.4. Geometry optimization of Cu(I) and Ge(IV)-substituted
sphalerite

Geometry optimizations of Cu(I) and Ge(IV)-substituted spha-
lerite (Jobs 14-18; Fig. 14C,D) were calculated by replacing three
Zn(Il) with two Cu(l) and one Ge(IV) at five different configura-
tions. For all five calculations, the optimized geometry of the Cu
(I) and Ge(IV) maintained a distorted tetrahedral structure. The
Ge-S distances ranged from 2.169 to 2.247 A, the Cu-S distances
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(E) Job22: 3Zn?* = Ge** + 2Fe?* +J
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Fig. 14. Snapshots of optimized geometry for Ge incorporation in sphalerite via the Zn?* = Ge?* (A) compared to Fe?* substitution (B); Ge(IV) incorporation via the coupled

substitution 3Zn?* = Ge** + 2Cu* (C, D); and co-substitution of Zn(IV) and Fe(ll) following the 3Zn?*

Ge™ + O + Fe coupled substitution (E, F) (O refers to vacancy). Grey

ball = Zn; yellow ball =S; orange ball = Ge; brown ball = Fe; blue ball = Cu; yellow clouds = electron density with isosurface level at 0.85. Red arrows in E, F points the
vacancies. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ranged from 2.255 to 2.385 A, and the Zn-S distances varied from
2.242 to 2.540 A (Table S8).

Compared to the optimized geometry of one Ge(IV) + a vacancy
replacing two Zn(II) in sphalerite (Jobs 5-8), which resulted in Ge-S
distances of 2.050 - 2.530 A, Jobs 14-18 highlight a more rigid Ge
(IV)-S distance of 2.169-2.247 A. This is likely due to the absence of
vacancy in the crystal structure as two tetrahedrally-coordinated
Cu(l) occupy the original Zn position. Compared to Ge(Il)-
substituted sphalerite (Jobs 11-12), Ge(IV)-S distances (2.19-
2.21 A) are shorter than Ge(Il)-S distances (2.46 A).

3.4.5. Geometry optimization of Fe(ll) and Ge(IV) substituted
sphalerite

The geometry optimizations for sphalerite where three Zn(II)
were replaced with one Fe(Il), one Ge(IV) and one vacancy were
conducted in Jobs 19-23. Like Jobs 14-18, the results show that
the substituted atoms maintain a distorted tetrahedral structure
with the nearby sulfur atoms (Fig. 14E, F), with Ge-S distances of
2.148-2.233 A, Fe-S distances of 2.197-2.361 A, and Zn-S distances
2.233-2.547 A (Table S9).

4. Discussions
4.1. Ge oxidation state in sphalerite

The p-XANES data show that Ge exists as Ge(IV) in sphalerite
for all the experiments, and the spectral features are broadly sim-

210

ilar (Figs. S2-S5) regardless of whether the starting material was Ge
(1) bromide (GeBr,) or Ge(IV) oxide (GeO,). The pu-XANES data col-
lected from the HYC Zn ores also show a Ge(IV) oxidation state.
Several previous studies used synchrotron p-XANES to investigate
the oxidation state of Ge in natural sphalerite. Cook et al. (2015)
observed Ge(IV) in Ge-bearing sphalerite from the carbonate-
hosted Mississippi Valley-Type Tres Marias Zn deposit, Mexico
(Saini-Eidukat et al., 2009); they show that Ge in this sphalerite
produced XANES spectra like GeS, glass, germanite, renierite and
argyrodite. Similarly, Belissont et al. (2016) observed Ge(IV) in
Ge-bearing sphalerite from the vein-type Saint-Salvy deposit,
France. Therefore, our experimental results and the data from most
studies on natural sphalerite confirm the predominance of Ge(IV)
under hydrothermal conditions near the sulfate/sulfide boundary
as in sediment-hosted Zn-Pb deposits. This is also consistent with
the Ge(IV) spectra collected in hydrothermal chalcopyrite
(Belissont et al., 2019; Etschmann et al., 2017), and coal and roll-
front deposits (Etschmann et al., 2017). These studies are consis-
tent with the experimental studies showing that aqueous Ge(IV)
predominate in typical hydrothermal fluids (Pokrovski and
Schott, 1998; Pokrovski et al., 2005). In contrast, Bonnet et al.
(2017) found convincing XANES evidence of the presence of both
Ge(Il) and Ge(IV) in sphalerite from Mississippi Valley-Type depos-
its, Tennessee, USA. As highlighted by Bonnet et al. (2017) and
illustrated in the logfO,(g) vs pH diagrams in Fig. 15, Ge(II) is not
stable in water. Even in highly reducing environments such as coal,
Ge(IV) predominates (Etschmann et al., 2017). Indeed, Bonnet et al.
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(2017) is the only study to date to provide direct evidence for Ge(II)
in natural rock. Experimental and empirical fractionation data sug-
gest that Ge(II) is only likely important in highly reduced and dry
lunar basalts (Dickinson et al., 1989; Mare et al., 2020). Hence
the likely presence of Ge(Il) in the overall oxidized (pyrite, barite)
carbonate-hosted Tennessee deposits remain enigmatic.

The measured Cu K-edge XANES of experimental sphalerite
resemble that of chalcopyrite (Fig. 11), indicating that the oxida-
tion state of Cu is Cu(I). These results are also consistent with Cu
(I) oxidation state determined in natural sphalerite by Cook et al.
(2012, 2015), Belissont et al. (2016), and Filimonova et al. (2019).

Liu et al. (2021) attribute the formation of very fine sphalerite
crystals with a poor diffraction pattern in the center of sphalerite
globules to rapid nucleation during the initial stages of the fluid
reacting with H,S; larger crystals formed around the rims of spha-
lerite globules suggest a slowing down of the growth rate as the
reaction progresses and Zn becomes depleted in solution. Similarly,
we speculate that the Ge in the bulk of the sphalerite clusters
occurred in the early stage of rapid sphalerite precipitation, and
the high concentrations (hot spots) of Ge around the rims of spha-
lerite clusters are caused by the slow precipitation of large spha-
lerite crystals with more time for Ge substitution, which also
explains high Ge concentrations in the sphalerite near the remain-
ing calcite.

4.2. Ge substitution mechanism

Our experiments show that, among the major minerals formed
in the experiment, Ge preferentially partitions to sphalerite rather
than galena, other Cu-Fe-sulfides (e.g., pyrite, marcasite and covel-
lite) and sulfate minerals (anhydrite and barite). Our experimental
results confirmed the observed behavior of trace element parti-
tioning in co-existing Zn-Cu-Pb sulfides in natural samples, i.e.,
Ge preferentially partitions into sphalerite (e.g., Cook et al., 2009,
Ye et al,, 2011).

Trace element incorporation into sphalerite is intrinsically con-
trolled by the nature of the chemical bond, the similarity in the size
of the lattice site and charge balance (e.g., Johan, 1988; Belissont
et al., 2014, Goldmann et al., 2019). The incorporation is also
affected by the concentration and speciation of the involved ele-
ments in aqueous fluids, as well as formation temperatures and
pressures (e.g., Belissont et al., 2016). Previous studies have pro-
posed various mechanisms of Ge(IV) substitution in sphalerite,
with charge balance achieved by the incorporation of di- and
monovalent elements such as Cu(I) and Cu(Il), based on the corre-
lation between the concentrations of Ge and other elements in
sphalerite, or absence of such correlations:

2Cu(I) + Cu(ll) + Ge(IV) = 4Zn(1I) ()
2Zn(II) = Ge(IV) + vacancy (, )

3Zn(II) = Ge(IV) + 2Cu(I) ()

Cook et al. (2015) concluded that vacancies are the main mech-
anism of Ge incorporation in their sphalerite from the Tres Marias
Zn deposit, Mexico, and Goldmann et al.’s (2019) nanometer-scale
study on Ge-rich sphalerite from Tres Marias show that Ge is
indeed homogeneously incorporated into the sphalerite lattice.
Belissont et al. (2016) proposed that Ge(IV) substitution can pro-
ceed through the charge balance of other elements (e.g., Cu(I))
or vacancies. They suggested that vacancies would enable the Ge
(IV) for Zn(Il) substitution, further enhanced by the Fe content
in sphalerite, despite the fact that the substitution of Ge(IV) for
Zn(Il) is unlikely according to the Goldschmidt rule because the
difference between the ionic radii of Ge(IV) (0.39 A) and Zn(II)
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(0.6 A, Shannon, 1976) is >15 %. Also, Fe(Il) has the same charge
as Zn(Il), therefore is not expected to influence the Ge(IV) substi-
tution in sphalerite for charge balance reason. Note that high
Germanium is also found in Fe-poor sphalerite from the Red
Dog deposit, Alaska (Kelly et al., 2004). A recent study (Li et al.,
2020) proposed a Ge substitution equation including multiple
trace elements (Cu, Sb, Ag) to explain the trace element correla-
tion in sphalerite from the Maozu Pb-Zn deposit, China. All these
studies highlight the diverse ways Ge can be incorporated into
sphalerite.

Our experimental data show that a similar amount of Ge can be
readily substituted into sphalerite, with or without Cu(I) for charge
balance. For the Cu-bearing samples, Ge substitution occurred in
all the sphalerite with variable Cu/Ge ratios, indicating multiple
ways (vacancies and other cations) to achieve charge balance in
Ge incorporation in sphalerite. The MD simulation results demon-
strated that the average Zn-S, Zn-Zn and S-S bond lengths were
close to those in the experimental sphalerite structure for all sim-
ulations with Ge substitutions, able to accommodate high levels
(>3 mol%) of Ge with and without coupled replacement with other
cations. This illustrates the resilience and flexibility of the spha-
lerite crystal structure. The MD simulations also showed that Ge
(1) can be substituted into sphalerite. Therefore, the observed Ge
(IV) in our experimental and natural sphalerite of the HYC
deposits and other Zn deposits (Cook et al, 2015, Belissont et al.,
2016) is likely to be determined by the oxidation state of Ge(IV)
in fluids.

Our experimental and MD results explain the complex and
diverse Ge incorporation scenarios observed in nature as men-
tioned in the previous paragraph, implying that the correlation
between Ge and other trace elements in natural sphalerite may
not necessarily result from coupled substitutions. These elements
may simply precipitate simultaneously from the same hydrother-
mal fluids. This could be the case when a positive correlation of
Ge with multiple trace elements is observed (e.g., the multiple-
trace elemental correlation observed by Li et al., 2020).

4.3. Behavior of Ge in hydrothermal Zn ore formation

We conducted thermodynamic modeling of a metal-bearing
brine reacting with reduced sulfur and carbonate at 200 °C and
water vapor-saturated pressure, to assess the behavior of Ge under
hydrothermal conditions such as sediment-hosted Zn deposits. At
present, it is premature to calculate the aqueous Ge solubility of
Ge-bearing sphalerite, as a thermodynamic model and properties
for Ge(IV) incorporation in sphalerite (like As in pyrite, e.g., Xing
et al,, 2019) are lacking. Therefore, modeling for Ge is only to
approximate the stability and oxidation state of aqueous Ge spe-
cies vs Ge sulfide minerals (i.e., Ge oxides are not included).

The modeling results (Fig. 15A) show that the predominant Ge
species in acidic-neutral hydrothermal brines are Ge(OH)4(aq),
the main Ge species in hydrothermal fluids proposed by
Pokrovski and Schott (1998) and Pokrovski et al., (2005). GeS, is
stable in acidic-neutral fluids under reduced conditions, with a
small stability field of GeS under extremely reduced conditions
(Fig. 15A). A Zn, Pb and Ba-bearing brine reacting with reduced
sulfur and carbonate would precipitate most of the metals from
the solution: from point 1 to point 2, 93 % of Ba, 97 % of Pb and
99.99 % of Zn precipitated from the fluid after reacting with H,S
and carbonate (Fig. 15B, Table S10). Notably, the final pH and
logfO, of the reaction path are within the field of GeS,, consistent
with the Ge(IV) XANES spectra measured from the experimental
and natural Ge-bearing sphalerite. Further studies are needed to
obtain the thermodynamic properties of Ge(IV) substitution in
sphalerite before we can quantify the aqueous Ge solubility of
Ge-bearing sphalerite.
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Fig. 15. LogfO,(g) - pH diagrams of predominant Ge species (A) and Zn species (B) at 200 °C and water vapor-saturated pressure (>-S=0.2m, NaCl=3m, Zn=0.1m,
Ge = 0.1 m). The change of pH and logfO,(g) of a reaction path modeling (Point 1 to Point 2) is plotted in B. The reaction path is result of mixing a Zn-Pb-Ba-bearing, sulfur-
poor brine with 0.2 m H,S(aq), with the presence of calcite at water vapor-saturated pressure and 200 °C (The initial and final Zn, Pb and Ba compositions of the fluid see

Table S10).

5. Conclusions

1. Hydrothermal experiments have been successfully conducted
to synthesize Ge-doped Zn-Pb ores at 200 °C and water vapor-
saturated pressure.

. Micro-characterization of experimental products shows that Ge
(IV) is incorporated into sphalerite with and without added Cu
(I) and Fe(II) chloride in the initial solutions, regardless of the
Ge source being Ge(Il) bromide or Ge(IV) oxide. Copper exists
as Cu(I) in the experimental sphalerite.

. Ge(IV) with XANES spectra similar to the experimental spha-
lerite is also observed in natural zinc ore samples from the
MacArthur River Zn-Pb-Ag deposits, Australia.

. Ab initio quantum chemical simulations confirm that sphalerite
can readily accommodate Ge via charge balance by vacancies
and by coupled substitutions, with the crystal structure and
average Zn-S, Zn-Zn, S-S distances retained when replacing
>3 mol¥% of the Zn sites with Ge(IV), Ge(Il), Cu(I) or Fe(II).

. In summary, we show that Ge(IV) can be substituted in
hydrothermal sphalerite under conditions like the sediment-
hosted Zn-Pb deposits. Germanium substitution in sphalerite
can occur with and without the need for charge balance by
other metal ions, indicating the resilience and flexibility of the
sphalerite crystal structure. This study explains the previous
observations of multiple ways of Ge incorporation in natural
sphalerite, and provides experimental and molecular modeling
insight for a better understanding of the processes related to the
formation and extraction of Ge in zinc ores.
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