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ABSTRACT

Minerals of the Fe-As-S system are the main components of Au ores in many hydrothermal deposits,
including Carlin-type Au deposits, volcanogenic massive sulfide deposits, epithermal, mesothermal,
sedimentary-hosted systems, and Archean Au lodes. The “invisible” (or refractory) form of Au is present
in all types of hydrothermal ores and often predominates. Knowledge of the chemical state of “invisible”
Au (local atomic environment/structural position, electronic structure, and oxidation state) is crucial for
understanding the conditions of ore formation and necessary for the physical-chemical modeling of hy-
drothermal Au mineralization. In addition, it will help to improve the technologies of ore processing and
Au extraction. Here we report an investigation of the chemical state of “invisible” Au in synthetic analogs
of natural minerals (As-free pyrite FeS,, arsenopyrite FeAsS, and 161lingite FeAs,). The compounds were
synthesized by means of hydrothermal (pyrite) and salt flux techniques (in each case) and studied by X-ray
absorption fine structure (XAFS) spectroscopy in a high-energy resolution fluorescence detection (HERFD)
mode in combination with first-principles quantum chemical calculations. The content of “invisible” Au
in the synthesized 161lingite (800 = 300 ppm) was much higher than that in arsenopyrite (23 + 14 ppm).
The lowest Au content was observed in zonal pyrite crystals synthesized in a salt flux. High “invisible”
Au contents were observed in hydrothermal pyrite (40-90 ppm), which implies that this mineral can
efficiently scavenge Au even in As-free systems. The Au content of the hydrothermal pyrite is indepen-
dent of sulfur fugacity and probably corresponds to the maximum Au solubility at the experimental P-T'
parameters (450 °C, 1 kbar). It is shown that Au replaces Fe in the structures of 161lingite, arsenopyrite,
and hydrothermal pyrite. The Au-ligand distance increases by 0.14 A (pyrite), 0.16 A (I6llingite), and
0.23 A (As), 0.13 A (S) (arsenopyrite) relative to the Fe-ligand distance in pure compounds. Distortions
of the atomic structures are localized around Au atoms and disappear at R > ~4 A. Chemically bound
Au occurs only in hydrothermal pyrite, whereas pyrite synthesized without hydrothermal fluid contains
only Au®. The heating (metamorphism) of hydrothermal pyrite results in the decomposition of chemically
bound Au and formation of Au® nuggets, which coarsen with increasing temperature. Depending on the
chemical composition of the host mineral, Au can play a role of either a cation or an anion: the Bader
atomic partial charge of Au decreases in the order pyrite (+0.4 ¢) > arsenopyrite (0) > 161lingite (—0.4 ¢).
Our results suggest that other noble metals (platinum group elements, Ag) can form a chemically bound
refractory admixture in base metal sulfides/chalcogenides. The content of chemically bound noble metals
can vary depending on the composition of the host mineral and ore history.

Keywords: Invisible gold, pyrite, arsenopyrite, 16llingite, synthetic minerals, X-ray absorption
spectroscopy, atomic charges

INTRODUCTION including Carlin-type Au deposits (for example, Palenik et al.
2004, and reference therein), volcanogenic massive sulfide
(VMS) deposits (e.g., Mercier-Langevin et al. 2011; Vikentyev
2015a), mesothermal (Genkin et al. 1998), epithermal (e.g.,
Cook et al. 2009), sedimentary-hosted systems (Large et al.
2007), and Archean Au lodes (Goldfarb et al. 2005). These
* E-mail: borislt@yandex.ru occurrences are an important source of Au, and many of them

Minerals of the Fe-As-S system (pyrite FeS,, arsenopyrite
FeAsS, and I6llingite FeAs,) are ubiquitous in sulfide ores in
many geologic environments and Au-bearing ore deposits,
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belong to world-class gold deposits (>100 t Au, cf. Genkin et al.
1998; Mercier—Langevin et al. 2011). In these ores Au exists (1)
as discrete minerals—compounds with chalcogens (S, Se, Te),
semimetals (As, Sb, Bi), or intermetallic compounds with Cu, Ag,
Hg, etc.; and (2) in an “invisible” (or refractory) state. “Invisible”
Au includes nanoscale particles and Au solid solutions. Neither
form can be identified by conventional optical or scanning
electron microscopy. Visible nuggets of Au and Au-alloys can
be extracted from the ore using, for example, cyanide leaching,
whereas “invisible” Au cannot be extracted by conventional ore
processing methods. In many deposits the proportion of “invis-
ible” Au can be very high. For example, it reaches 85% at the
Uchaly VMS deposit in the South Urals, Russia. The estimated
total loss of Au from all VMS deposits of the South Urals region
is 10-15 t per year (Vikentyev 2015a).

In hydrothermal ores, pyrite often shows the maximal con-
centrations of “invisible” Au. In many cases, there is a positive
correlation between Au and As in pyrite (e.g., Reich et al. 2005;
Deditius et al. 2014), although deposits with Au-rich and As-poor
pyrite are also known. For example, colloform pyrite bands and
veinlets in the large Agua Rica Cu (Mo—Au) deposit (Argentina)
are As-poor (<30 ppm) but contain up to 6.7 ppm Au (Franchini
et al. 2015). Several studies of Au-bearing deposits of the Urals
(Russia), including VMS deposits (Vikentyev 2015a, 2015b),
Novogodnee-Monto Fe-Au-skarn deposit (Ivanova et al. 2015),
and Svetlinsk Au-Te deposit (Vikent’eva and Bortnikov 2015),
did not reveal any significant correlation between Au and As in
pyrite. Hence, depending on the deposit type and ore formation
conditions, both As-rich and As-poor pyrites can bear economic
Au content, although the highest Au contents were documented
in arsenian pyrites.

The understanding of the chemical state of “invisible” Au
in sulfide ores is necessary for the physical-chemical modeling
of hydrothermal Au mineralization and has important implica-
tions for the mineral processing industry. The chemical state of
“invisible” Au, including its local atomic environment, position
in the host mineral structure in the case of solid solution, and
valence state can be reliably determined only by spectroscopic
methods. Previously, Au-bearing sulfides were studied by X-ray
photoelectron (XPS, see Widler and Seward 2002 and reference
therein; Laptev and Rozov 2006), Mdssbauer (Cardile et al.
1993; Genkin et al. 1998; Kozerenko et al. 2001), and X-ray
absorption near edge structure (XANES) spectroscopy (Simon
et al. 1999; Cabri et al. 2000). Our study aims at determining
the chemical state of “invisible” Au in pyrite, arsenopyrite, and
16llingite (FeAs,) by X-ray absorption spectroscopy (XAS) in a
high-energy resolution fluorescence detection mode (HERFD),
with emphasis on Au solid solution. To estimate the conditions
favoring formation of this form of “invisible” Au, we synthesized
Au-bearing chalcogenides using different methods (hydrothermal
and salt flux) at contrasting 7/fs, conditions, characterized the
amount and distribution of Au, and determined the local envi-
ronment of Au using XAS. An in situ heating experiment was
performed to estimate the effect of metamorphism on chemically
bound Au in pyrite. The experimental data were combined with
first-principles quantum chemical calculations and Bader charge
analysis to reveal the local atomic environment and oxidation
state of Au in pyrite, arsenopyrite, and 16llingite.
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METHODS

Complete details on the methods are found online', including the synthesis
experiments, analytical methods, XAS measurements and data processing, DFT
calculations, and XANES spectra simulation.

RESULTS
Au content and distribution in synthesized minerals

Pyrite FeS,. The contents of Au in the hydrothermal pyrites
and coexisting aqueous fluid (450 °C, 1 kbar) are presented
in Supplemental' Table S1. The hydrothermal pyrite is a fine-
grained aggregate of particles <10 um in size (Fig. 1a). The
powder is free of metallic Au and, therefore, the total Au content
determined by the dissolution of the pyrite samples corresponds
to “invisible” Au. We note here that the synthesis of pyrite free of
metallic Au inclusions was possible only in acidic solutions with
a low concentration of dissolved Au. Our attempts to increase
the content of “invisible” Au in pyrite using weakly alkaline
solutions with high aqueous Au concentrations (up to 0.1 mol
x kg H,O', or 2 x 10° ppm) yielded a mixture of pyrite and Au
metal (Supplemental' Fig. S1). The content of Au in pure FeS,
grains obtained in these experiments was close to the EPMA
detection limit of 100 ppm.

Sulfur fugacity was buffered in the hydrothermal experiments
owing to elemental sulfur dissolution and hydrolysis reactions
(see Supplemental Methods'). The concentration of Au in aque-
ous fluid increases with increasing fs, (Fig. 1b). The slope of the
linear fit of the experimental Au solubility vs. fs,,, is S = 0.67 in
the logarithmic scale. This means that AuHS¢,;, dominates aque-
ous Au speciation. For this complex S = 0.5, which is consistent
with the reaction

Aug,y + 0.5 Sy + 0.5 Hyy = AuHS,, 2)

because fi,,, is the same for all experimental points (except for
the S+H,SO, experiment). The observed increase of the slope
could be caused by the presence of Au(HS); and/or uncertainty
of the calculated fs,,, values.

The effect of fs,,, on the content (solubility) of Au in solid
sulfide determines the stoichiometry of the solubility reaction
(number of S, molecules interacting with Au to form Au-bearing
sulfide)

Au(cr) +n/2 SZ(g) = Ausn(sulﬁde) (3)

and, therefore, the Au/S ratio and the formal oxidation state of Au
in the sulfide. In contrast to the Au solubility in aqueous fluid, the
content of Au in hydrothermal pyrite is weakly sensitive to fs, and
oxidation potential and always falls within the 40-90 ppm range
(Supplemental' Table S1). We consider a value of ~100 ppm as
an upper Au concentration limit for the 7-P conditions of the
synthesis experiments. Formally, the slope S ~ 0 may indicate that
Au does not interact with dissolved sulfur and, therefore, the Au
oxidation state in the sulfide remains unchanged. However, the
real structural position and valence state of Au distributed in the

'Deposit item AM-17-55832, Supplemental Materials. Deposit items are free to
all readers and found on the MSA web site, via the specific issue’s Table of Con-
tents (go to http://www.minsocam.org/MSA/AmMin/TOC/2017/May2017_data/
May2017_data.html).


http://www.minsocam.org/MSA/AmMin/TOC/2017/May2017_data/May2017_data.html
http://www.minsocam.org/MSA/AmMin/TOC/2017/May2017_data/May2017_data.html
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sulfide mineral matrix could be determined only by spectroscopic
experiments described in the following section.

Grains of high-temperature pyrite synthesized at 620 °C using
the salt flux method show zonal Au distribution with C(Au) rang-
ing from the LA-ICP-MS detection limit to several hundred parts
per million (Supplemental' Table S2). The smooth character of
the Au time-resolved LA-ICP-MS spectra (Supplemental' Fig.
S2) suggests that microscopic and submicroscopic inclusions
of Au are absent. It is interesting that, in addition to Au, this
pyrite sample contains several parts per million Pt, which was
accidentally introduced into the charge.

Arsenopyrite FeAsS and lollingite FeAs,. Examples of
arsenopyrite and 161lingite crystals are shown in Supplemental’
Figs. S3 and S4, respectively. Two types of LA-ICP-MS spectra
were obtained for the arsenopyrite. The first type shows Au-rich
(hundreds of parts per million) and Au-poor (up to 30 ppm) zones
(top of Supplemental’ Fig. S5), and the second type corresponds to
homogeneously distributed Au at C(Au) ~10 + 30 ppm (Supple-
mental' Fig. S5, bottom). In the 161lingite Au is distributed homo-
geneously at C(Au) = 800 = 300 ppm (Supplemental' Fig. S6).
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FIGURE 1. Results of the pyrite hydrothermal synthesis experiment,
T'=450 °C, P =1 kbar. (a) BSE image of the fine-grained aggregate of
the synthetic pyrite; (b) the concentration of Au in pyrite and coexisting
aqueous fluid as a function of sulfur fugacity. Filled symbols = sulfur
was used to control fs,; empty symbols correspond to the S+H,SO,
system (last row in Supplemental' Table S1), where fs, value has to be
corrected. (Color online.)
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XANES spectroscopy

Ambient-temperature experiment. The HERFD-XANES
spectroscopic technique could be used to acquire Au L;-edge
spectra not only for pyrite but also for arsenopyrite and 161lingite,
in which the signal from the trace amount of “invisible” Au is
masked by the As K-edge in the TFY mode (Fig. 2). Another
advantage of this technique is that the weak features of Au()
spectra are considerably enhanced compared with TFY spectra,
which facilitates interpretation and modeling. Figure 3a shows
Au L;-edge HERFD-XANES spectra of Au-bearing pyrite
(hydrothermal), arsenopyrite, and 16llingite together with
spectra of model substances. All these minerals contain Au in
the chemically bound state that is different from both Au,, and
Au,S. The positions of the edge jump (e.j.) and the first intense
feature (white line, WL) are given in Table 1. We observed a
significant positive energy shift of the e.j. position increasing in
the order pyrite < arsenopyrite < 16llingite. A positive e.j. shift
usually indicates an increase in the positive charge of the excited
atom. However, we will show below that this is not the case for
the Fe-As-S system.

The Au L;-edge absorption is related to 2p-5d dipole-allowed
transitions: 2ps, —> 5ds,/5d5,. Therefore, the WL intensity reflects
the number of empty states in the 5ds, and 5d;, orbitals above
the Fermi level. The WL intensity for arsenopyrite and 161lingite
is much greater than that for pyrite (Fig. 3a), indicating a higher
number of holes in the 5d electronic shell of As-bearing minerals.
Another important characteristic of the Au L;-edge HERFD-
XANES spectra of these minerals is the negative correlation
between the intensity of the second feature at ~11929 eV and
As content. This can be clearly seen in the spectra of Au-bearing
pyrite, the arsenopyrite spectra contain only traces of the feature,
and it is absent in the 161lingite spectra.

A comparison of the spectra of arsenopyrite and 161lingite
with those of synthetic AuSb, and Au,Bi revealed a significant
positive shift of the e.j. position increasing in the order Au,Bi <
AuSb, <Au in arsenopyrite < Au in I6llingite (Fig. 3b, Table 1).
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FIGURE 2. Difference between the TFY and HERFD spectra for
the 16llingite sample, C(Au) = 800 ppm. In TFY mode, the Au features
are completely masked by the As K-edge. The HERFD mode makes it
possible to record the Au L;-edge spectra. (Color online.)
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FIGURE 3. The Au L;-edge HERFD-XANES spectra of the Au-bearing pyrite (hydrothermal synthesis, sample 6-16), arsenopyrite, 16llingite
(salt flux synthesis), and model substances. (a) Comparison with Au,, and Au,S,; (b) enlarged energy scale, a comparison of arsenopyrite and
161lingite with AuSb, and Au,Bi. Note that the spectra of all the samples of hydrothermal pyrites shown in Figure 1 were similar to the spectra of

sample 6-16 shown in this figure. (Color online.)

TABLE 1.  Position of edge jump (e,j.) and white line (WL) of Au L;-edge
HERFD-XANES spectra
Sample/Standard Feature Position, eV
Lollingite FeAs, ej. 11920.1
WL 11922.0
Arsenopyrite FeAsS ej. 11919.7
WL 119215
Hydrothermal pyrite FeS, ej. 11918.6
WL 119203
AuSb, ej. 11919.4
WL 11920.0
Au,Bi ej. 11918.6
WL 11921.2
Au,S ej. 11919.0
WL 119213
Au metal ej. 11918.1
WL 11921.1

Note: Uncertainty is 0.2 eV.

This order corresponds to a decrease in the number of the
chemical element in the 15th group of the periodic system and
implies that Au is chemically bound to As in the arsenopyrite
and 16llingite matrices.

Pyrite heating experiment. This experiment (Fig. 4) was
aimed at modeling the behavior of chemically bound “invisible”
Au during hydrothermal ore metamorphism. The spectra col-
lected at ambient temperature indicate different chemical states
of Au in hydrothermal and salt flux pyrites. Chemically bound
“invisible” Au exists only in the hydrothermal pyrite. Well-
crystallized large pyrite grains formed in the eutectic anhydrous
chloride mixture contain mostly metallic Au®. Heating of the
hydrothermal pyrite to 460 °C results in the decomposition of
the Au-bearing phase and precipitation of Au®. Note that this
process takes place even in the presence of Sy, which should
promote the formation of an Au-bearing solid solution (Eq. 3).
Further heating to 630 °C results in a dramatic drop of the XAFS
signal; the spectrum collected at this temperature indicates
traces of chemically bound Au. This can be explained by the
coalescence of Au nanoparticles. These data are consistent with
the analyses of natural Au-bearing arsenopyrite reported by

Wagner et al. (2007), which showed that metamorphism caused
Au depletion in arsenopyrite. The irreversible coarsening of Au
nanoparticle during arsenian pyrite heating was observed by
means of in situ transmission electron microscopy (Reich et al.
2006). Our results demonstrate that the heating (metamorphism)
of Au-bearing pyrite results in the decomposition of chemically
bound “invisible” Au incorporated into the hydrothermal pyrite
matrix during ore formation.

EXAFS analysis

The EXAFS spectra of pyrite and 16llingite are shown
in Figure 5. Contamination with metallic Au hampered the
collection of good quality EXAFS spectra for arsenopyrite;
therefore, only the XANES region was used to characterize the
chemical state of Au in this mineral. The EXAFS spectra of
pyrite and 16llingite (Fig. 5, top) are different: the maxima of
the EXAFS function of the latter are clearly shifted to higher
k values. The main peak in the Fourier transforms (FTs) of the
161lingite EXAFS function (Fig. 5, bottom) lies at higher R
values, reflecting a larger Au-L distance in the first coordina-
tion shell. The results of the least-squares fit of the FTs are
shown by thick red lines in Figure 5, and the calculated model
parameters are given in Table 2. For both minerals, the best
fit of the experimental spectra is achieved for Au occupying
the position of Fe in the mineral structure. In these minerals
(see Supplemental' Structures), the metal atom is octahedrally
coordinated. In the structure of pyrite, the first neighbors of Au
are 6 S atoms at 2.40 A distance; in the structure of 161lingite, 6
As atoms at 2.52 A. Due to the large Au ionic radius, the Au-L
distances increase by 0.14 and 0.16 A relative to the crystal
structures of pure pyrite and 161lingite. Fitting of the first co-
ordination shell of Au yielded N=5.9 + 1.5 and 5.3 = 0.8 for
pyrite and 16llingite, respectively, confirming the octahedral
coordination of Au in these minerals. The distortion of the local
environment around Au in pyrite decreases to 0.06-0.08 A for S
atoms in the second coordination shell, and the Au-Fe distance
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FIGURE 4. The Au L;-edge HERFD-XANES spectra of pyrites synthesized using the hydrothermal [sample 6-16, C(Au) = 36 ppm] and salt
flux techniques [CD-624, C(Au) ~60 ppm, measured concentrations of Au in this sample are listed in Supplemental' Table S2]. The heating of
hydrothermal pyrite resulted in a decomposition of the chemically bound Au and a decrease in signal intensity. At 630 °C, the spectra corresponded
to the traces of the chemically bound Au whose concentration continuously decreased with time during the experiment (see text for explanation).
Vertical lines indicate the position of the three main features of Au,,. (Color online.)
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FIGURE 5. EXAFS spectra of Au-bearung pyrite (left panel, hydrothermal synthesis) and 161lingite (right pannel, salt flux synthesis). (top)
Background subtracted EXAFS spectra, &* weighted; (bottom) Fourier transforms of the &> weighted EXAFS spectra, not corrected for phase shift.
Paths are indicated near the FT features. Thin black lines = experiment, thick red lines = fit results. (Color online.)
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TaBLE 2. Au local atomic structure in pyrite and I6llingite determined by EXAFS fitting and DFT calculations
Bond EXAFS Quantum Crystal
N R A o2, A2 B, eV Fit quality, R-factor Espresso R, A structure?
Auin pyrite
Au-S 6 2.40+0.028 0.014 = 0.0014 64=+35 0.005 2455 2.264
Au-S 6 3.51+0.16 0.027 +£0.024 3.499 3.445
Au-S 2 3.69=0.11 0.008 +0.018 3.854 3613
Au-Fe 12 3.79+0.19 0.034 +0.023 3.577 3.830
Au in I6llingite

Au-As 6 2.52 +0.007 0.005 = 0.00003 1.2+19 0.011 2.536 2.361
Au-Fe 2 3.00 = 0.025 0.006 = 0.002 2973 2.882
Au-As 4 3.88 +0.032 0.006 = 0.004 3.739 3.726
Au-As 6 4.06 +0.056 0.006 = 0.004 3.984 3.927
Au-Fe 8 4.23 +0.032 0.008 + 0.007 4.261 4.249
Au-As 4 4.67 +0.054 0.004 +0.010 4.737 4.723
Au-As 6 4.82 +0.058 0.004 +0.010 4.869 4.871

Notes: The last column shows interatomic distances for the unrelaxed structure of pure minerals. Uncertainties are calculated by the Artemis code.

2 Unrelaxed structures: Bayliss (1977) for pyrite and Lutz et al. (1987) for l6llingite.

for the nearest Fe atoms at ~3.8 A remains almost unchanged
(within 0.04 A). Similar relations are observed for I6llingite:
the distortion of the crystalline structure decreases for distant
coordination shells and disappears at R > 4.2 A.

DFT calculations

Interatomic distances optimized by the DFT method
for pyrite and 16llingite are given in Table 2. In the case of
161lingite, good agreement is observed between the simulated
structure and the results of the EXAFS spectra fitting for the
first and second neighbors (£0.02 A for the first coordination
shell at 2.5 A and +0.03 A for the second shell at 3 A). Similar
results were obtained in our recent study of Au-bearing covellite
CusS, the EXAFS model of which was adequately reproduced
by DFT simulation at distances up to 4 A (agreement between
DFT calculations and EXAFS fitting was within 0.01-0.04 A
depending on the distance) (Tagirov et al. 2016). Based on these
results, we can suggest that our method of DFT calculation
reproduces the atomic coordinates of Au-bearing chalcogenides
within £0.02 and 0.04 A, at least for the first two coordination
shells located at distances up to 3 A.

In the case of pyrite, the agreement between the DFT simu-
lation and EXAFS fit is poor: the difference is 0.055 A for the
first neighbors around Au atom. This fact can be explained by
the thermodynamic instability of Au-bearing pyrite, the struc-
ture of which cannot be accurately reproduced by equilibrium
structure relaxation methods. This inference is consistent with
the results of the pyrite heating experiment, in which chemically
bound Au was decomposed at high temperature and escaped
from the FeS, matrix. This is opposite to the general rule that
an increase in temperature tends to stabilize solid solutions.

Table 3 reports the results of the DFT simulation of the local
atomic environment of Au-bearing arsenopyrite. The distances

TaBLE 3. Au local atomic structure in arsenopyrite determined by
DFT calculations compared to the unrelaxed structure of
pure arsenopyrite

Bond N Quantum Espresso R, A Crystal structure R, A

Au-S 3 2.466 2.231

Au-As 3 2530 2397

Au-Fe 2 2.984;3.655 2.734;3.741

Au-S 4 3.719;3.739;3.779; 3.781 3.681;3.725; 3.762; 3.762

Au-As 4 3.791;3.811;3.913;3.919 3.693; 3.3.755; 3.755; 3.798

2 Unrelaxed structure from Bindi et al. (2012).

Au-S and Au-As in the first coordination shell increase by 0.13
and 0.23 A, respectively. The Au-Fe distance for the nearest
two Fe atoms increases by 0.25 A relative to pure arsenopyrite.
This model was checked by the results of Au L;-edge HERFD-
XANES spectra simulation, which is described below.

XANES spectra simulation

The results of Au L;-edge HERFD-XANES spectra modeling
are shown in Figures 6a—6¢. The FDMNES simulation of Au in
pyrite spectrum (Fig. 6a) overestimates the WL intensity and
shifts the second feature by ~—2 eV relative to the experimental
spectrum. This disagreement probably stems from the metastable
nature of “invisible” Au in pyrite, which leads to discrepancies
in FDM SCF-based spectra modeling. The spectrum calculated
using the FEFF9 computer code is given for comparison. The
agreement between the experimental and simulated spectra is
good, with the exception of the third diffuse feature with a cen-
troid at ~11 945 eV, which is absent in the calculated spectrum.

The simulated spectrum of 16llingite is in good agreement
with the experimental one (Fig. 6b). The only difference is the
overestimated width of WL. The intensity and positions of the
spectral features for Au-bearing arsenopyrite are correctly repro-
duced by the FDMNES calculation (Fig. 6¢), which supports our
results of DFT calculation for this mineral.

Theoretical FDMNES calculations showed that the second
feature in the spectra of Au bearing pyrite and arsenopyrite (at
~11929 eV) originates mostly from the mixing of hybridized
Au p,d and S p orbitals. At this energy, the contribution of As
p empty valence states to chemical bond formation is weak for
arsenopyrite and negligible for 161lingite. This is why the second
feature is intense in the spectra of Au-bearing pyrite and absent
in the 161lingite spectra.

Despite the fact that both the FDMNES and FEFF programs
calculate charge states using the muffin-tin approximation,
the FEFF code is known to be more efficient for systems with
isotropic potential compared with systems with anisotropic po-
tential, whereas the FDMNES program successfully reproduces
charge states and spectral features in systems of both types. The
fact that the theoretical spectra of Au-bearing pyrite obtained by
the FEFF code are in close agreement with the experimental Au
L;-edge XANES is indicative of a highly symmetric environment
(octahedral) of Au in pyrite, rather than a linear coordination
like that in Au,S.
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FIGURE 6. Results of a theoretical calculation of Au L;-edge HERFD-
XANES spectra for Au-bearing pyrite (a), 161lingite (b), and arsenopyrite
(¢). Experimental spectra are shown for comparison [pyrite: sample
6-16, hydrothermal, C(Au) = 36 ppm; l6llingite: sample 5333, salt flux
synthesis, C(Au) = 800 = 300 ppm; arsenopyrite: sample 5140, salt flux
synthesis, C(Au) =23 + 14 ppm]. For pyrite, the EXAFS structure was
built by setting the first-neighbor Au-S distances in accordance with the
EXAFS model (Table 2), whereas all the other distances were adopted
from the unrelaxed structure of pure pyrite. (Color online.)
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The valence state of “invisible” Au

The results of the Bader analysis of electron density per-
formed using QTAIM for the pure and Au-bearing minerals
are summarized in Supplemental' Table S3. The partial atomic
charge of S in pyrite is more negative than that of As in 161lingite
(=0.7 e for disulfide group in pyrite vs. —0.08 e for As in 161lin-
gite). The topological charge of As in arsenopyrite is +0.18 e,
whereas S is negatively charged (0.6 ¢). These atomic partial
charges reflect the distribution of delocalized electrons and are
in line with Pauling electronegativity: %(S) = 2.58 >> x(As) =
2.18 (Huheey et al. 2000). In the Au-bearing minerals discussed
here, the atomic charge of Au increases in the order 161lingite
< arsenopyrite < pyrite. Au is positively charged in the pyrite,
nearly neutral in the arsenopyrite, and negatively charged in the
I6llingite. Note that the charge of Au in the 16llingite is much
more negative than that of As. This is explained by the fact that
Au is the most electronegative metal [x(Au) = 2.54] whose
electron affinity is higher than that of semi-metals.

DISCUSSION AND IMPLICATIONS

The results of our study demonstrate that Au substitutes for
Fe in the crystal structures of pyrite, arsenopyrite, and 161lingite.
However, the chemical nature of “invisible” Au in these minerals
is different. In pyrite, chemically bound Au is formed only in
the presence of hydrothermal solution. This is consistent with
the results of Widler and Seward (2002) on Au adsorption by
pyrite. They found that Au can be efficiently scavenged by natural
and synthetic pyrites from acidic aqueous solutions in which
AuHS(,, is the dominant Au complex. Similar Au adsorption
isotherms were observed for As,S; and Sb,S; by Renders and
Seward (1989). In view of these results, our observation of inde-
pendence of Au concentration in pyrite on fs, (and, consequently,
on AuHSY,, concentration) can be attributed to the attainment
of the maximum pyrite sorption capacity with respect to Au.
In contrast, pyrite grains synthesized in a dry salt melt contain
only Au®. Furthermore, heating of hydrothermal pyrite in a dry
system results in the decomposition of chemically bound Au.

The XPS measurements by Widler and Seward (2002) on Au-
bearing pyrites showed that the chemical state of Au in pyrite is
different from Au®. The Au 4f;,, electron binding energy (BE) is
84.8 eV for Au in pyrite, whereas BE = 84.0 eV for metallic Au.
A similar value of BE = 85.1 eV was obtained for Au-bearing
pyrite synthesized at 200 °C (Laptev and Rozov 2006). This
value is higher than Au 4f;,, BE in Au,S, where Au is linearly
coordinated with two S atoms (BEyau,s ~84 €V, Tagirov et al.
2014) implying different local environments of Au in pyrite and
Au,S. However, the core level XPS technique is less sensitive
to local atomic environment geometry and chemical bonding
compared to XAFS spectroscopy, which is appropriate for reli-
able determination of the chemical state of Au.

The present study and experimental investigations of Au-
bearing As-free pyrites (Fadeev and Kozerenko 1999; Kozerenko
et al. 2001; Widler and Seward 2002; Laptev and Rozov 2006)
combined with data on Au contents in sulfide ores from different
geologic environments, suggest that pyrite can efficiently uptake
Au even in As-poor systems, if large amounts of hydrothermal
ore are rapidly formed. Such a process may occur, for example,
in hydrothermal black smoker systems where fine-grained
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sulfides are formed owing to the mixing of hydrothermal
solutions with cold oxidized seawater (Bortnikov et al. 2003;
Grichuk 2012). The content of chemically bound “invisible” Au
in As-free pyrite determined in the present study for 450° (tens of
parts per million) is somewhat lower than the maximum values
of ~100 ppm measured in pyrite synthesized at 200 °C (Laptev
and Rozov 2006) and ~100-300 ppm in the ambient-temperature
sorption experiments of Widler and Seward (2002). Neglecting
differences in surface area or grain size, which is usually within
1+n x10 um for fine-grained pyrite, the maximum content of
chemically bound Au in As-free hydrothermal pyrite formed
at 25-450 °C can be estimated as 30 ppm < C(Au) < 300 ppm.
A temperature increase tends to reduce the Au content, which
is partly compensated by the stabilization and enrichment of
AuHS{,, in high-temperature solution/fluid (Stefansson and
Seward 2004). The maximum content of chemically bound
“invisible” Au in hydrothermal pyrite can be roughly estimated
as 100-300 ppm at 25 °C, ~150 ppm at 100 °C, ~100 ppm at
200 °C, and 10050 ppm at 300-500 °C; a retrograde behavior
is thus evident. One should expect that excess Au will be present
in the metallic state. This behavior of “invisible” Au in synthetic
pyrite is consistent with published data on natural minerals (e.g.,
Fig. 9a in Deditius et al. 2014).

In contrast to pyrite, Au can form an isomorphous solid
solution in arsenopyrite and 16llingite even at high tempera-
tures (>500 °C) in the absence of aqueous fluid. This suggests
a thermodynamic stability of this form of chemically bound Au
in these minerals. The maximum content of chemically bound
“invisible” Au is tens parts per million for arsenopyrite and hun-
dreds parts per million for 161lingite. Our data are consistent with
natural observations, which show that As stabilizes Au-bearing
sulfides and leads to an increase in Au content (cf. Reich et al.
2005; Deditius et al. 2014). Further insight into the speciation
of chemically bound Au can be drawn from the fact that As sub-
stitutes for S in pyrite with formation of an isomorphous solid
solution showing significant clustering of As atoms (Zotov et
al. 1972; Savage et al. 2000; Reich and Becker 2006). However,
more spectroscopic data are necessary to determine unambigu-
ously the chemical state of As and Au in arsenian pyrite.

A comparison of the Au L;-edge HERFD-XANES spectra
shows that edge energy (e.j.) increases when As replaces S in the
order pyrite < arsenopyrite < 16llingite (Table 1, Fig. 3a). Usually,
the atomic charge increases in the same order, becoming more
positive at higher e.j. (higher energy is necessary to excite the
core level electron). However, the data in Supplemental’ Table
S3 show that the opposite is true: the Au charge is positive in
pyrite and negative in 16llingite. Such an e.j. behavior cannot
be explained by the effect of the atomic charge alone and needs
further examination.

The WL position and intensity indicate that the number of Au
5d unoccupied electronic states increases in As-bearing phases
relative to pyrite, despite the fact that Au is more electronega-
tive than As. This peculiarity can be explained by the charge
compensation model describing the charge flow in Au alloys
(Watson et al. 1971). In this model, the Au d-charge loss upon
alloying is overcompensated by conduction (mainly s-p) charge
gain from the second alloy component. As a result, Au gains an
overall negative charge (see Kuhn and Sham 1994; Bzowski et
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al. 1995, and reference therein).

The fact that the valence state of Au can vary depending on the
host mineral composition (Supplemental' Table S3) demonstrates
that coupled charge-compensation substitution is not necessary
for the formation of isomorphous solid solutions in crystals with
highly covalent chemical bonds.

Along with Au, other noble metals (platinum group elements,
Ag) often occur as an “invisible” admixture in sulfide ore (cf.
Filimonova et al. 2015, and reference therein). Considering their
chemical state in sulfide minerals from the point of view of our
study, we suggest that these metals can also form a chemically
bound refractory admixture. The chemical state and the concen-
tration of this form of noble metals can vary with the local atomic
environment/structural position and valence state depending on
the composition of host sulfide and ore origin (e.g., hydrother-
mal, magmatic, or metamorphic). Further spectroscopic studies,
including in situ X-ray absorption/emission spectroscopy at high
T-P parameters, will help to determine the chemical state of noble
metals and mechanisms of ore-forming processes.
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