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ABSTRACT

Geological processes leading to formation of sulfide ores often result in precipitation of gold-
bearing sulfides which can contain high concentrations of this metal in “invisible” (or
“refractory”) state. Covellite (CuS) is ubiquitous mineral in many types of the ore deposits,
and numerous studies of the natural ores show that covellite can contain high concentrations
of Au. At the same time, Au-bearing covellite withstands cooling in contrast to-other minerals
of the Cu-Fe-S system (chalcocite, bornite, chalcopyrite), where Au exsolves at low
temperatures. This makes covellite a convenient model system  for investigation of the
chemical state (local environment and valence) of the “invisible” Au in copper-sulfide ores
(copper-porphyry, epithermal, volcanogenic massive sulfide, SEDEX deposits). Therefore, it
is necessary to determine the location of Au in the covellite matrix as it will have important
implications for the methods employed by mineral processing industry to extract Au from
sulfide ores. Here we investigate the chemical state of Cu and Au in synthetic covellite
containing up to 0.3 wt.% of ‘Au in the “invisible” state. The covellite crystals were
synthesized by hydrothermal and salt flux methods. Formation of the chemically bound Au is
indicated by strong dependence of the concentration of Au in covellite on the sulfur fugacity
in the experimental system (d(log C(Au))/d(log f(S;)) ~ 0.65). The Au concentration of
covellite grows with increasing temperature from 400 to 450 °C, whereas further temperature
increase to 500 °C has only minor effect. The synthesized minerals were studied using X-ray
absorption fine structure spectroscopy (XAFS) in high energy resolution fluorescence
detection (HERFD) mode. Ab initio simulations of Cu K edge XANES spectra show that the
Cu oxidation state in two structural positions in covellite (tetrahedral and triangular
coordination with S atoms) is identical: the total loss of electronic charge for the 3d shell is ~
0.3 for both positions of Cu. This result is confirmed by theoretical analysis of electron
density performed using quantum theory of atoms in molecules (QTAIM). Modeling of the

Au L3 edge EXAFS/XANES spectra showed that Au in covellite exists in the form of the



isomorphous solid solution formed by substitution for Cu atoms in triangular coordination
with the Me-S distance in the first coordination shell increased by 0.18 A relative to the pure
CusS structure. The “formal” oxidation state of Au in covellite is +1. The Bader partial atomic
charge for Au in covellite is lower than the charge of Cu (+0.2 e vs. +0.5 e) indicating that the
degree of covalency for the Au-bearing covellite is higher than that of pure CuS. The analysis
of electronic density of states shows that this structural position of Au results in strong
interactions between hybridized Au s,p,d, S p, and Cu p,d orbitals. Such chemical bonding of
Au to S and Cu can result in the formation of Au-bearing solid solution with other minerals in

the Cu-Fe-S system.



1. INTRODUCTION

Gold is commonly associated with sulfide minerals in ores of magmatic,
hydrothermal, and supergene origin. Pyrite (FeS»), arsenopyrite (FeAsS), and Cu-Fe sulfides
(chalcopyrite CuFeS, and bornite CusFeS4) are known to be the most important concentrators
of Au in natural ores (see, for example, Genkin et al., 1999; Widler and Seward, 2002; Kesler
et al., 2002; Bortnikov et al., 2003; Vikentyev et al., 2004, 2015, Wagner et al.,.2007, Reich et
al., 2010, Yudovskaya et al., 2015, and references therein). In these minerals Au exists mainly
in the “invisible” (or “refractory”) state. The “invisible” means that Au presents in the sulfide
minerals as nanoscale particles and/or as isomorphous solid solution: Covellite (CuS), though
not sufficiently abundant to account for significant part of Au resources, is present in most
types of sulfide ores and is capable to incorporate the highest concentration of Au among
minerals in the Cu-Fe-S system (Kesler et al., 2002). For high-sulfidation epithermal deposits
it can be within the main hypogene ore mineral assemblage associated with Au mineralization
(e.g. the world-class Zijinshan Cu—Au deposit, southeastern China, So et al., 1998; Wenyuan
et al., 2016). Covellite possess.an unusual layered structure (Fig. 1). The unit cell contains Cu
atoms in tetrahedral and triangular coordinations (Curq and Cupsp, respectively), whereas
sulfur is presentas single sulfide ions and disulfide S, groups (Evans and Konnert, 1976). In
our recent study of synthetic covellites unusually high concentration - up to 0.3 wt.% - of
homogeneously distributed “invisible” Au was observed (Tagirov et al., 2014). In contrast to
all other sulfides in the Cu-Fe-S system covellite retains Au in the “invisible” state during
quenching, whereas cooling of bornite and chalcopyrite results in exsolution of Au (c.f.,
Fraley and Frank, 2014) which makes covellite a convenient model system for investigation
of the chemical state (local environment and valence) of the “invisible” Au.

The high content of Au in covellite can be explained by formation of isomorphous
solid solution where Au either substitutes for Cu in the covellite lattice, or incorporates into

the covellite matrix without distortions of the cationic sublattice. Therefore, in order to gain



insight into the nature of the solid solution between Au and Cu-Fe-S minerals, the chemical
and oxidation states of both Cu and Au should be investigated. In the present study we
employ X-ray absorption fine structure spectroscopy (XAFS) measurements in high energy
resolution fluorescence detection (HERFD) mode (Glatzel and Bergmann, 2005) in order to
reveal the chemical state of Cu and Au in synthetic covellites. For copper X-ray emission
spectroscopy (XES) was also used in order to characterize filled electron orbitals.
Interpretation of the spectra was performed using quantum chemical modeling and self-

consistent X-rays absorption calculations.

2. EXPERIMENTAL METHODS

2.1. Synthesis of covellite and analytical methods

Hydrothermal (400 — 475 °C) and salt flux (495 °C) methods were used to synthesize
covellite in Au-saturated system, i.e. in the presence of Au metal. In these experiments
hydrothermal solution or 2 and 3-component eutectic mixtures of chlorides (liquid at the
synthesis temperature)-acted as a transport media and promoted attainment of chemical
equilibrium. Chemical composition of the synthesized minerals was determined using three
independent-analytical techniques: electron microprobe (EPMA), laser ablation inductively
coupled. mass spectrometry (LA-ICP-MS), and wet chemistry. Details of the synthesis
methods and of the analytical techniques are given in Supplementary EA1. SEM images of

the synthesized minerals are shown in Fig. 2.

2.2. Spectroscopic measurements

The measurements were performed at beamline ID26 (Gauthier et al., 1999) of the
European Synchrotron Radiation Facility (ESRF) in Grenoble. The incident energy was

selected using the <111> reflection from a double Si crystal monochromator. Rejection of



higher harmonics was achieved by three Cr/Pd mirrors positioned at an angle of 2.5 mrad
relative to the incident beam. The incident X-ray beam had a flux of approximately 210"
photons s on the sample position. XANES spectra were simultaneously measured in total
fluorescence yield (TFY) mode using a photodiode and in high energy resolution fluorescence
detection (HERFD) mode using an X-ray emission spectrometer (Glatzel and Bergmann,
2005; Kvashnina and Scheinost, 2016). The sample, analyzer crystal and photon detector
(silicon drift diode) were arranged in a vertical Rowland geometry. The Cu-HERFD spectra at
the K edge were obtained by recording the maximum intensity of the Cu K/ emission line
(8905.3 eV) as a function of the incident energy. The emission energy was selected using the
<800> reflection of two spherically bent Ge crystal analyzers (1 m curvature radius) aligned at
80° Bragg angle. A combined (incident convoluted with emitted) energy resolution of 0.9 eV
was determined by measuring full width at half maximum (FWHM) of the elastic peak. The
Au XANES/EXAFS HERFD spectra at.the L3 edge were obtained by recording the intensity
of the Au La; emission line (9713 eV) as a function of the incident energy. The emission
energy was selected using the <660> reflection of spherically bent four Ge crystal analysers
(Im curvature radius) aligned at 80° Bragg angle. A combined (incident convoluted with
emitted) energy resolution of 1.2 eV was determined by measuring the elastic peak. The

intensity was normalized to the incident flux.

3.DATA TREATMENT

3.1. EXAFS data analysis

The EXAFS data (y..,(k)) were analyzed using the IFEFFIT data analysis package
(Ravel and Newville, 2005). EXAFS data reduction employs standard procedures for the pre-
edge subtraction and spline background removal. Fourier transform (FT) of the kz—weighted

EXAFS function y..,(k) was calculated over the ranges of photoelectron wavenumbers k =



3.0-11.0 A™. The photoelectron mean free path A(k), amplitude Fj(k), and phase shift ¥;(k)

were calculated using program FEFF6 (Zabinskiy, 1995).

3.2. Density functional theory (DFT) calculations

Quantum chemical calculations were performed using DFT in the gradient-corrected
approximation with an additional Hubbard-like term (GGA+U). The projector-augmented
wave (PAW) all-electron description of the electron-ion-core interactions (Kresse, 1999), and
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional were wused as
implemented in QUANTUM ESPRESSO software package (Giannozzi et al., 2009). For the
electronic structure calculations the self-consistent field (SCF) method was applied with 50
Ry kinetic energy cutoff for the plane waves, 700'Ry charge density cutoff, and SCF tolerance
better than 10®. The system energy was calculated at a gamma point in a large 3x3x1
supercell which contained 108 atoms. The best parameter values for Hubbard corrections in
covellite crystal (U = 5eV and J = 1eV) were accepted from Morales-Garcia et al. (2014). The
crystal structure optimization and optimization of supercell parameters were performed using
the BFGS algorithm for atomic coordinates with convergence threshold 10 Ry/au for forces
and 107 Ry for energy.

Topological charges were determined by means of the quantum theory of atoms in
molecules (QTAIM, Bader, 1990, 1991). The analysis of topological charges in QTAIM starts
from the determination of critical points of the electron density. Then the atomic basins are
defined in accord with the determined critical points. The Bader charges are calculated by
integrating the electronic density within the basins. Detailed topological analysis of the
electron density for the covellite case is given in Morales-Garcia et al. (2014). In the present
study the local atomic charges were calculated by integrating the charge density within Bader
volumes around Cu, Au, and S atoms using CRITIC2 code (Otero-de-la-Roza et al., 2009;

Otero-de-la-Roza et al., 2014).



3.3. XANES spectra modeling

Theoretical calculations of Cu K and Au L3 edge spectra were performed using the
FDMNES package (Joly, 2001; Guda, 2015). The Au L; edge spectra of Au-bearing covellites
were simulated for the model structures optimized with the aid of QUANTUM ESPRESSO.
Relativistic self-consistent field FDMNES calculations with the finite difference method
(FDM) were used to solve the Schrodinger equation. The exchange-correlation part of the
potential was used in a local density approximation following the Hedin and Lundqvist (1971)
method. The final electronic states were calculated in a full core hole screening. Atomic
clusters inside the spheres with radii of 7 A were chosen for SCF calculations and for FDM
XANES calculations of Cu K edge spectra and spectra of Au standards. Such cluster sizes
were sufficient to accurately reproduce the main spectral features. For Au-bearing covellite
the cluster sizes were fixed as 8 A and 7 A for SCF and FDM calculations, respectively.
Despite the fact that this calculation procedure is computationally expensive, it represents the
best choice for systems with non-spherical charge distribution. To account for many body
effects and core hole lifetime broadening, the arctangent convolution was applied (Bunau and
Joly, 2009). The crystal structure of Au,S was accepted from Ishikawa et al. (1995), and the
structure of covellite from Evans and Konnert (1976).

In addition to the Bader topological charges atomic charges calculated by FDMNES

code (Bunau and Joly, 2009) are discussed.

4. RESULTS

4.1. The solubility of Au in covellite

Results of the solubility experiments are summarized in Table S1-1 (EA1) and plotted

in Fig. 3a, b. In the hydrothermal experiments sulfur fugacity f(Sx)), calculated as described



in EA2, was buffered by elemental sulfur dissolution and hydrolysis reactions (Eqgs. S3-1 —
S3-4a, EA3). The f(Sy) value in the salt flux experiments was close to that in equilibrium
with liquid S. Effect of sulfur fugacity on the concentration (solubility) of Au in sulfide
specifies the stoichiometry of the solubility reaction

Auger) + 1/2 Sag) = AuSpsulfide) (1
and, therefore, the S/Au concentration ratio and the formal oxidation state of Au in the unit
cell of the Au bearing sulfide. However, the true (not formal) structural position and the
valence state of Au can only be determined by spectroscopic experiments described in the
following section.

The concentration of Au in covellite reveals strongdependence on sulfur fugacity. The
slope of the solubility curve vs. log f(Sx) is equal to 0.65 + 0.11 (Fig. 3a). This means that
Au in the sulfide is chemically bound to sulfur and the S/Au concentration ratio in the
hypothetical Au sulfide that forms solid solution with covellite is close to 0.65-2 = 1.3. The
effect of temperature on the concentration of Au in covellite (Fig. 3b) indicates that ~0.3 wt.%
represents the saturation limit: this concentration is attained at 450 °C, but further increase of
temperature to 495 °C has negligible effect.

In order to calculate the concentration of “invisible” Au in covellite at low
temperatures we assume that the equilibrium (1) constant linearly decreases as a function of
1/T(K)-at t £450 °C: log K3 = -4825.7/T(K) + 4.48 (for Au concentration expressed as mole
fraction). Using this equation we can roughly estimate the maximum “invisible” Au content
for covellite that coexists with Sgy and Auep as: 107 ppm (120 °C), 5-10™ ppm (200 °C),
5.107 ppm (250 °C), 1 ppm (300 °C), and 20 ppm (350 °C). For 400 °C the Au concentration
in covellite in the S- and Au- saturated system is 450 = 150 ppm, and for 450 - 500 °C

temperature interval is 2400 + 150 ppm (average values calculated using data from Table S1-

1.



4.2. Au XAFS spectroscopy

4.2.1. Comparison with the reference substances

The Au L3 edge HERFD-XANES spectrum of the Au-bearing covellite is compared to
the reference substances in Fig.4 and Table 1. The HERFD spectra exhibit dramatic increase
of the spectral features intensity compared to the TFY spectra. This makes possible proper
assignment of the weak spectral features at low concentrations of admixtures (<1 wt.% of Au
in covellite). The Ls edge absorption is related to the 2p-5d dipole-allowed transitions: 2ps,
— 5dsp/5d3,. Therefore, the white line (WL) intensity reflects the number of empty states in
5ds, and 5d;, orbitals above the Fermi level.

The Au Ls edge spectra for Au bearing covellite differs from the reference substances
— metallic Au and Au,S. The most important differences are: i) small WL (the feature A in
Fig. 4) intensity for the covellite spectra which implies the lower unoccupied DOS for 54
orbitals; ii) the second feature (the feature B) in the covellite spectra is more intense than the
feature A, whereas the reverse is true for the model substances, and iii) the position of the
feature B is different: its located at considerably lower energies in the case of covellite.
Therefore, the chemical state of Au in covellite is neither metallic Au nor Au,S. The Au**
oxidation state is also ruled out due to marked dissimilarities in the position and intensity of

the main features of Au in covellite and HAuCly.

4.2.2. Au L; edge EXAFS spectra analysis

Au Lz edge EXAFS spectrum was used to probe the local atomic environment of Au in
covellite. Results of EXAFS spectra fitting for Au,S used as a model system are shown in
Table S4-1 and Fig. S4-1 (EA4). Three structural models were used to retrieve initial atomic
coordinates for the EXAFS spectra modeling: i) Au replaces Cupgy, ii) Au replaces Curg, or

iii) Au is incorporated inside the disulfide group with the formation of S-Au-S linear



structure. Good agreement between the experimental data and the model spectrum was
achieved only for the Au in Cupsy, position (Fig. 5a, b). The structural parameters refined from
the spectrum fitting are listed in Table 2. The first coordination shell of Au is composed by 3
S atoms at a distance of 2.37 A. Therefore, due to the difference in ionic radii, the Au-S
distance increased by 0.18 A compared to the Cupsp-S distance in pure covellite (last column
in Table 2). For distant coordination shells comprising Cu and S atoms (Fig. 5b) the

calculated values of Debye-Waller factor are quite large indicating significant distortion.

4.3. DFT calculations

At the first step of our DFT modeling crystallographic parameters of the covellite
supercell Cu7,S3¢ were optimized without constraints on symmetry. The calculated parameters
of the relaxed supercell are compared to the tabulated crystallographic values in Table S5-1
(EAS); relative difference between the calculated and literature data is less than 1% for a and
b, whereas ¢ parameter is overestimated by 0.181 A. The discrepancy can be caused by
insufficient accuracy of the [-point approximation. To improve the agreement between the
calculated structure and the experimental reference data more k — points should be used in the
energy calculation (Morales-Garcia et al., 2014). However, the level of theory used in our
study is accurate enough to reproduce the main features of the experimental XANES spectra,
as well asthe bond lengths in pure covellite (Table 2).

The second step consisted in DFT simulations of three model systems with different
positions of Au in covellite: i) Au substitutes for Curq atom with the formation of AuCuy;Ss¢
supercell, ii) Au substitutes for Cups, atom (supercell composition is equal to 1), and iii) Au
atom is placed between S atoms of the disulfide group with the formation of AuCu7,S36
supercell. The crystallographic parameters of the modeled supercell were fixed in accord with
the literature values (Table S5-1, first row), whereas individual atoms were allowed to relax.

The calculated interatomic distances for modeled structures are listed in Table 2. Results of



Au L; edge EXAFS spectra analysis are in excellent agreement with the DFT calculation

taking into account uncertainty of the EXAFS spectra modeling.

4.4. XANES spectra modeling

4.4.1. Cu in CuS

Experimental Cu K edge XANES/XES spectra of covellite are compared with the
reference substances in Table S6-1 and Fig. S6-1a, b (EA4). The calculated spectra for Cury
and Cups, are shown in Fig. 6. Both spectra exhibit obvious pre-edge feature at ~ 8979 eV. Its
position is close to the Ef, and intensity reflects the unoccupied DOS (number of empty
states) in the Cu hybridized 3d-4p shell (Fig. 7 and 8, see also discussion in Aquilanti et al.,
2011). The similar pre-edge feature intensities imply close values of empty states in this shell
and, therefore, similar oxidation state for both Curq and Cupgsy, sites.

In contrast to the pre-edge position, intensities of the edge positions for the Curq and
Cupgy, sites differ (Fig. 6) due to different geometries of the Cu local atomic environment.
Analysis of the density of empty electronic states for the Cups, atom (Fig. 8b) shows that
shoulder at ~8982.3 €V (feature a, Fig. S6-1, Table S6-1) corresponds to transition from 1s to
4p. states which are perpendicular to the triangle plane. This splitting of 4p states (and,
therefore, of the Cu DOS peak) is absent for Curg because of the local symmetry. At the same
time, the WL (feature A) is attributed mostly to the interaction of Cu p and S p orbitals at the

Curq site (Fig. 7 b and d).

4.4.2. Au in CuS

The calculated spectra for the reference substances Auy) and Au,S ;) are compared to
the experiment in Fig. S7-1 (EA7, an example of input files used for the FDMNES
calculations is given in EA8). Good agreement of the calculated and experimental spectra

makes possible accurate modeling of the XANES spectrum of Au-bearing covellite. Figure 9



compares calculated and experimental Au L; HERFD-XANES spectra for the “invisible” Au
in covellite. In these calculations the spectra were generated for Au atoms incorporated into
different positions in the covellite structure. Both Au in Curg position and S-Au-S structure
(when Au is incorporated inside the S, group separating the Curq layers, Fig. 1) result in poor
agreement with the experiment. The best agreement between the experimental and calculated

spectra is observed when Au is placed in the Cupsp position.

4.5. Electronic structure

Results of the electronic structure calculations obtained using FDMNES code are
shown in Fig. 7 and 8 (for Cu) and Fig. 10 (for Au). Bader atomic partial charges calculated

using QT AIM are given in Table 3.

4.5.1. CuS

The calculated Cu 3d DOS integral (FDMNES code) at the Fermi level (Er = 8978.5
eV) is 9.66 for the tetrahedral site and 9.73 for the triangular one. The DOS integral values of
4s and 4p states for both Curq and Cupsn are also close to each other (Curq: 45 = 0.41, 4p =
0.39; Cupsn: 4s.= 0.38, 4p = 0.38). The sum of the s, p, and d electronic populations yields
10.46 for Curq (the net charge +0.54) and 10.49 for Cupsn (the net charge +0.51). This implies
that ‘the valence state of Cu is almost equal for both sites. The equivalence of the atomic
charges for Curg and Cupgsy, sites is confirmed by the QTAIM analysis (Table 3) which is in
close agreement with the FDMNES DOS calculation.

In addition to atomic charges calculated by means of quantum chemical methods, the
“formal” oxidation state (atomic valence) of Cu in covellite can be estimated by the bond
valence model (e.g. Brown, 1978, 2009). There are two positions of S atoms in the structure
of covellite (Fig. 1): i) S1 atoms (single sulfide ions S%, position 2c) center trigonal

bipyramids 3Cul+2Cu2, and ii) S2 atoms (position 4e) form disulfide groups [S2]* that center



trigonal antiprisms 6Cu2. Assuming Pauling second rule one can see that each Cu atom
receives 2/5 valence units (v.u.) from S1 atoms. The Cul atoms center triangles 3S1 and thus
the charge of Cul is 3-(2/5)=1.2 v.u. The disulfide group [S,]* provides 2/6 v.u. to each Cu2
atom. A coordination polyhedron of the Cu2 is a 352+S1 tetrahedron, thus the charge of the
Cu2 atom is 3:(1/3)+2/5=1.4 v.u. Assuming the convex shape of the bond length-bond
valence curve (see Fig. 8 in Brown, 2009) we can expect that the Cul-S1 bond valence is
larger than the Cu2-S1 bond valence because the Cul-S1 bond length is smaller than the Cu2-
S1 one. It means that Cul valence is bigger than 1.2 v.u. and Cu2 valence is smaller than 1.4
v.u. Accordingly, the mean valence of Cu in covellite is equal to 1.3 v.u., and both positions
of Cu atoms are almost equivalent in terms of the oxidation state.

These data can be compared with recent studies-of the oxidation states of Cu and S in
covellite. Based on DFT calculations Mazin (2012) showed that the appropriate ionic model
for CuS is (Cu*?)5(S,*)(S*) with Cu valency 1.33 for both tetrahedral and triangular sites.
Kumar et al. (2013) measured XAS/XES spectra for low-chalcocite Cu,S and covelite and
showed that Cu 3d empty states are present in both Cu,S and CuS. These data are consistent
with results of our Cu K edge XANES measurements (EA6): spectra of both Cu,<S and CuS
exhibit pre-edge feature, demonstrating presence of Cu 3d holes. Formally, the empty 3d
states can be attributed to the presence of Cu2+, but the real number of holes in 3d shell is < 1
as evaluated by quantum chemical calculations. Comparing spectroscopic data for various Cu
sites geometries Kumar et al. (2013) concluded that [(Cqu)z]3+(CuD3h)+(Sz)2'(S)2' model (each
Curq site is Cu™?) is more appropriate for the covellite electronic structure than a model
where both Curgq and Cupgy, sites formally possess Cu*? centers. This conclusion, however,
was not confirmed by quantum chemical calculations. Moralez-Garcia et al. (2014) used DFT
method to calculate the covellite electronic structure followed by the QTAIM topological
analysis of the electron density. Topological charges calculated by Moralez-Garcia et al.

(2014) are close for Curq and Cupsan sites: +0.44 e and +0.40 e, respectively, and are in good



agreement with data of Table 3. To summarise, all the above studies of the covellite electronic
structure and the present work, are consistent with the presence of empty states in the Cu 3d

shell both for the Curq and Cups;, sites and the “formal” oxidation state of Cu is close to 1.3.

4.5.2. Au in CuS

Theoretical FDMNES calculations allow to assign the features of Au L; edge XANES
spectra to peaks of the DOS function (Fig. 10). The WL feature corresponds to transition from
2psp to hybridized Au s,p,d and S p orbitals, which are responsible for the formation of o
chemical bond. The second distinct peak (feature B, Table 1) originates mostly from the
mixing of Au d and Cu p empty valence states. Therefore, its position is sensitive to the
second coordination shell geometry, which is represented by octahedra formed by Cu atoms.

The atomic charge on Au atom (+0.19 e) calculated with QTAIM theory is much
smaller than the charge on Cu atoms in covellite (+0.5 e = +0.56 e, Table 3). This implies that
deviation of Au-S bond from the ideal ionic model is higher than that for Cu-S bond (the

degree of covalency of Au-S bond is higher).

5. CONCLUSIONS

The Cu K edge HERFD-XANES spectra, Au L; edge HERFD-XANES/EXAFS
spectra, and Cu Kf XES spectra were recorded for Au-bearing synthetic covellites CusS.
Comparison of the experimental spectroscopic data with theoretically calculated spectra
reveals electronic structure and valence state of Cu and Au in covellite and provides
information about the structural position of Au in this mineral. The valence of Cu in both
tetrahedral and triangular sites of covellite is identical and the “formal” oxidation state of Cu
can be accepted as +1.3. Gold can form solid solution with covellite in which the “invisible”

Au concentration can be as high as 0.3 wt.%. Here Au substitutes for Cu in triangular



coordination with S atoms. According to EXAFS spectra analysis and DFT calculations the
Me-S bond length in the first coordination shell increases from 2.19 A for Cu in pure covellite
to 2.37 A for Au-S bond. The oxidation degree of Au in covellite is well below than the Cu
charge: Bader partial charges of Au and Cu in covellite are +0.2 e and +0.5 e, respectively. In
this form of the solid solution Au is stabilized by the formation of chemical bond with 3 S
atoms in the first coordination shell and with 6 Cu atoms in the second. Such chemical
bonding is responsible for high stability of the high temperature “invisible” form of Au in
covellite which can withstand cooling. We expect that the chemically bound “invisible” form
of Au in covellite will prevent its extraction by the cyanide leaching widely used for the Au
ores processing. Results of the present study suggest that in other minerals of the Cu-Fe-S
system (digenite, chalcopyrite, bornite) at high temperature Au also can form solid solution

by substitution for Cu atoms.
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FIGURE CAPTIONS

Figure 1. Structure of covellite CuS (crystallographic data adapted from Evans and Konnert,
1976).

Figure 2. Backscattered electron images of covellite samples synthesized using hydrothermal
technique at 450 °C, 1 kbar (a) and using salt flux method at 495 (hot end)/455 °C (cold end)
(b). Both samples contain 0.3 wt.% Au.

Figure 3. Concentration of Au in covellite. A) vs. logarithm of sulfur fugacity log f(S,) for
450 °C, 1 kbar (hydrothermal synthesis); b) vs. temperature. The f(S,) value was calculated as
described in EA2.

Figure 4. The Au L3 edge HERFD- and TFY-XANES spectra of ‘Au-bearing covellite and
model substances. Position of the features labeled for each phase are listed in Table 1.

Figure 5. The k’-weighted EXAFS spectra of Au in covellite (salt flux synthesis, RbCI/LiCl
eutectic mixture, 495 (hot end)/455 °C (cold end)). Thin lines show the experimental spectra,
thick curves - calculated spectra. Left panel: background subtracted EXAFS spectra. Right
panel: Fourier transform of the EXAFS spectra (uncorrected for phase shift). The feature
labels show scattering paths from different atoms and correspond to Table 2.

Figure 6. The Cu K edge spectra of covellite - comparison of theoretical (FDMNES code, Cu
in tetrahedral Curg, triangular Cupsp sites and their linear combination) and experimental
spectra.

Figure 7. Calculated (FDMNES) a) Cu s-, b) Cu p-, ¢) Cu d-, and d) S s-, p- angular
momentum projected DOS for Curg and S atoms in the covellite structure. The experimental
Cu K edge HERFD-XANES spectra and Cu Kf XES spectra are given for comparison (black
lines, normalized absorption/intensity is in arbitrary units). The scale of the Cu KA XES
spectra is-corrected for -2.5 eV in comparison with the experimental scale shown in Fig. S6-
1b (spectra is shifted leftward from the Fermi level) to match the XANES scale.

Figure 8. The same as in Fig. 7 but for Cupgp,.

Figure 9. The Au L; edge HERFD-XANES spectra of Au-bearing covellite (hydrothermal
synthesis) compared to theoretical FDMNES calculations for Au in different positions in the
covellite structure. The feature resulted from the presence of traces of Au metal is indicated
by arrow.

Figure 10. Calculated (FDMNES) a) Au s-, b) Au p-, ¢) Aud-, d) S s-, p-, and e) Cu p-, d

angular momentum projected DOS for Au bearing covellite (Au substitutes for Cupzy). The
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Au L3 edge HERFD-XANES experimental spectrum is given for comparison (normalized

absorption is in arbitrary units).
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Table 1. Position of edge jump (e.j.) and main features of Au Ls; edge HERFD-XANES
spectra. Intense features are labelled by capital letters, weak features — by lower case letters.
Uncertainty in the peak positions is + 0.2 eV if not indicated otherwise.

Sample

Feature

Position, eV

Hydrothermal CuS
450 °C, 1 kbar
2500 ppm Au

e.j.

119182
119215
11927.2
119381
119461 (Au®)
119671

Allo(cr)

ceacwpoloacwmy

—_

11918.1
11921.1
11932.0
11938+1
11945.1
11953.6

1
Au’ 2S<cr)

a
.

11919.0
11921.3
11930.2
11938+1
11948+1

HAu"Cly-4H,0.,

R A - I

11917.6
11919.5
11924.7
11931.7




Table 2. Au local atomic structure in covellite determined by EXAFS fitting and DFT calculations for Au atom in triangular, tetrahedral
positions, and in linear position between S atoms. The last part of the table shows interatomic distances for unrelaxed covellite structure.
Uncertainties are calculated by Artemis code.

Experimental DFT optimization Evans and Konnert (1976)
Bond EXAFS (AuD3h) AuD3h All’]'d Allsz CuS, pure, CuD3h Bond CuDSh
N R A o, A’ AE, eV Rfactor | N | RA | N| RA | N | RA Bond N | RA N R A
3.25 2.37 0.009 3 2.49
Au-S1 +0.50 +0.013 +0.002 3 2.36 | )53 2 2.25 Cu-S1 3 2.21 Cu-S1 3 2.190
Au-Cul 6 3.22 0.032 6 3.26 3 3.07 6 2.95 Cu-Cul 6 3.24 Cu-Cul 6 3.199
10.06 +0.009 " 4
378 0.040 5.3+1.8 0.00
Au-S2 6 +0.05 +0.023 6 3.80 3 3.72 12 3.94 Cu-S2 6 3.80 Cu-S2 6 3.755
Au-Cu2 6 391 0.021 6 3.88 6 3.87 6 4.60 Cu-Cu2 6 3.83 Cu-Cu2 6 3.794

+0.11 +0.005




Table 3. Calculated Bader atomic partial charges for pure and Au-bearing

covellite.

CuS

Cqu
Cupsn

S
S, group

+0.56
+0.50
-0.84
-0.82

Au-bearing CuS (atoms
closest to Au)

Aupsp
S
S, group
Curq
Cupsn

+0.19
-0.69
-0.80
+0.56
+0.48

35



