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ARTICLE INFO ABSTRACT
Keywords: In many hydrothermal deposits arsenian pyrite contains economic concentrations of Au in an “invisible” form,
Invisible gold which is structurally bound in pyrite or has grain size < 0.1 um. Here we use X-ray absorption spectroscopy
Arsenic (XAS) of natural minerals and synthetic phases to reveal the forms of Au occurrence in pyrite and determine the
Pyrite

effect of physicochemical-compositional parameters on the concentration and state of “invisible” Au. A sample of
natural arsenian pyrite with 300 ppm Au and 0.34 wt% As (average value) from the Samolazovskoe Au-sulfide
deposit (Yakutia, Russia) was used to study the states of Au and As, and two arsenian pyrite samples from the
Vorontsovka Carlin-type deposit (North Urals, Russia) were used to characterize the state of As. The synthesis
experiments were performed employing the hydrothermal method at 300 °C/Ps, and 450 °C/1000 bar, at
contrasting redox states — in oxidized (H,S/H»SO,4 redox buffer) and reduced (H.S predominates) fluids, in As-
free and As-bearing systems. As a result, a series of samples of As-free and arsenian pyrites was obtained with Au
concentrations from ca. 100 to 300 ppm. The concentration of “invisible” Au, which was homogeneously dis-
tributed within the samples, was independent of As concentration but decreased with increasing synthesis
temperature. The concentration of Au dissolved in acidic sulfide hydrothermal fluid was not affected by the
presence of As. The X-ray absorption XANES/EXAFS spectra were recorded simultaneously at Au Lz-edge and As
K-edge. The use of the high energy resolution fluorescence detection (HERFD-XAS) mode made possible to
acquire data for the trace amounts of Au in As-rich samples. According to XANES spectroscopy Au occurs in
pyrite in the 1 + oxidation state. Two forms of Au were detected in the pyrite samples: the solid solution Au and
Au,S-like clusters/inclusions. In the solid solution state Au replaces Fe in the structure of pyrite and is co-
ordinated only with sulfur atoms (N5 = 6, Rae.s = 2.41 = 0.01 A) in all pyrite samples independently of the
conditions of their formation/synthesis and As content, no As atoms were detected in the local atomic en-
vironment of Au. Thus, the Au-S distance in the 1st coordination shell increased by 0.15 A relatively to the Fe-S
distance in pure pyrite. The distant coordination shells of the solid solution Au correspond to the pyrite crystal
structure. The presence of the Au,S-like clusters leads to a significant decrease of the calculated values of co-
ordination number of Au and Au-S interatomic distance. In natural pyrite samples from the Vorontsovka deposit
As'~ replaces S in the anionic sites, increasing the 1st shell As-S and As-Fe distances by 0.07-0.1 A relatively to
the pure pyrite structure. A contribution of As®>* oxide was detected in pyrite from the Vorontsovka deposit. The
synthetic pyrite samples contain As in the form of As' ~ solid solution and As®>* and As®* oxides. Results of our
study show that neither the concentration and speciation of As nor the redox state of the system affect the state of
“invisible” Au in the studied pyrites.

Synthetic minerals
Hydrothermal ore deposits
X-ray absorption spectroscopy

1. Introduction bearing minerals — arsenian pyrite FeS,, arsenopyrite FeAsS, and
I6llingite FeAs,. Arsenian pyrite is among the main ore minerals in
Gold in hydrothermal ore deposits is often associated with As- many types of hydrothermal deposits, including the world-class ones
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where Au is extracted as the main ore component or byproduct: sedi-
ment-hosted (in particular, Carlin-type) Au deposits (see, for example,
Palenik et al., 2004, and references cited; Large et al., 2009), orogenic
Au deposits (Groves et al., 1998; Goldfarb et al., 2005; Palenova et al.,
2015), epithermal (Pals et al., 2003; Cook et al., 2009), mesothermal
deposits (Genkin et al., 1998), volcanogenic massive sulfide (VMS)
deposits (Vikentyev, 2006; Wagner et al., 2007; Mercier-Langevin et al.,
2011). In these deposits, Au-bearing sulfides often contain dominant
portion of Au in an “invisible” (submicroscopic) state, which cannot be
identified by conventional optical or scanning electron microscopes.
The “invisible” Au exists either in the form of nanoscale particles or as
the solid solution Au (Fleet and Mumin, 1997; Deditius et al., 2014).
Extraction of Au from sulfide ores and concentrates is often associated
with substantial Au losses when “invisible” form of Au predominates in
the ore. Therefore, the problem of “invisible” Au has important im-
plications for the mining of Au-bearing ores and mineral processing
industry.

In many types of hydrothermal ores there is a positive correlation
between the concentrations of Au and As in pyrite (e.g., Reich et al,,
2005; Deditius et al., 2014), but many deposits without the distinct
correlation between Au and As are also known. For example, no cor-
relation between Au and As in pyrite occurs in the ores of the shear-
hosted gold-vein system of the Fairview mine, South Africa (Fleet et al.,
1993), VMS La Zarza, Migollas and Sotiel deposits, the Iberian Pyrite
Belt (Leistel et al., 1997), multistage sedimentary-metamorphic (oro-
genic) sediment-hosted giant Sukhoi Log gold deposit (Fig. 9 in Large
et al., 2007), “orogenic” gold deposits of the northern margin of the
North China Craton, China (Cook et al., 2009), intrusion-related lode
gold deposits of the Xiaoqinling-Dabie Orogenic Belt, China (Bi et al.,
2011), sediment-hosted (siltstone, shale, and limestone) Qiuling gold
deposit in the West Qinling orogenic belt, China (Fig. 4 in Chen et al.,
2015), Agua Rica Cu (Mo-Au) porphyry high-sulfidation epithermal
deposit, Argentina (Fig. 5 in Franchini et al., 2015). No significant
correlation between Au and As in pyrite was observed in the ores of Au-
bearing deposits of the Urals (Russia), including VMS deposits
(Vikentyev, 2015; Tseluyko et al., 2019), the Petropavlovsk Au-por-
phyry deposit (Vikentyev et al., 2017), the Novogodnee-Monto Fe-Au
skarn deposit (Ivanova et al., 2015), and the Svetlinsk Au-Te deposit
(Vikent’eva and Bortnikov, 2015). Binary diagrams show low correla-
tion between Au and As in pyrite of the Zn-Pb-Se-Bi-Au-rich VMS Falun
deposit, Sweden (Fig. 9 in Kampmann et al., 2018).

The way As affects the concentration of Au in arsenian pyrite is still
unknown. It is generally accepted that these elements can substitute for
Fe (Au) and S (As) in the structure of pyrite. The positive correlation
between the concentrations of Au and As implies that the presence of As
promotes the incorporation of Au into the cationic sites of pyrite (c.f.,
Reich et al., 2005; Chen et al., 2013). However, the experiments on the
adsorption of Au on the surface of pyrite (Widler and Seward, 2002),
and on the synthesis of Au-bearing As-free pyrites (Kozerenko et al.,
2001; Laptev and Rozov, 2006; Trigub et al., 2017a, Pokrovski et al.,
2019) showed that high, up to a few hundred ppm, concentrations of Au
can be coprecipitated in the “chemically bound” form with the As-free
pyrite. The latter data questioned the role of As in the formation of the
solid solution Au in pyrite via the charge compensation scheme.

The state of Au and As, including their local atomic environment,
position in the pyrite structure in the case of solid solution, and valence
state can be reliably determined only by spectroscopic methods, among
which the X-ray absorption spectroscopy (XAS) is the most informative
at the present. In the previous studies we used XAS in order to in-
vestigate the state of Au in covellite CuS (Tagirov et al., 2016), in the
minerals of the Fe-As-S system (Trigub et al., 2017a), and in sphalerite
(Zn,Fe)S (Filimonova et al., 2019). In these studies, we applied the high
energy resolution fluorescence detection spectroscopic technique
(HERFD-XAS, Glatzel and Bergman, 2005). This method allows to ac-
quire Au Ls-edge spectra from the As-bearing phases, whereas the use of
the conventional partial fluorescence yield (PFY) mode for this purpose
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is impossible due to the limited energy resolution of the solid state
detector — ~150 eV at Mn Ka, the weak signal of the La line from the
trace amount of “invisible” Au is masked by the As Ka fluorescence
(Trigub et al., 2017a). Another advantage of HERFD technique is that
the weak features of Au(I) spectra are considerably enhanced compared
with the PFY spectra, which facilitates interpretation and modeling
(c.f., Tagirov et al., 2016). Previously, we determined the state of “in-
visible” Au in the samples of As-free pyrite (Trigub et al., 2017a) by
means of X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) spectroscopies. We found that
Au substitutes for Fe in the pyrite structure. Similar parameters of the
local atomic environment of Au in natural arsenian pyrite were de-
termined by Merkulova et al. (2019) employing HERFD-XAS method.
Despite the presence of As, only S atoms were found by the authors in
the vicinity of Au. At the same time, Pokrovski et al. (2019) analyzed
the XANES spectra of Au in the As-free pyrites and suggested that, in-
stead of the formation of the solid solution, Au in pyrite presents mainly
as “(poly)sulfide clusters composed on S-Au-S linear units, similar to
those in aqueous complexes”. Thus, the controversial interpretations of
the results of XAS experiments make a conclusive determination of the
state of Au in pyrite unfeasible.

The major goal of the present study is to determine unambiguously
the state of Au in pyrite and elucidate the effect of the physicochemical-
compositional parameters on the forms of occurrence of Au. For this
purpose, we introduced Au into synthetic As-free and As-bearing pyrites
and studied the synthesized samples by means of XAS. The synthesis
experiments were performed employing the hydrothermal method in
the wide range of temperatures/pressures (300 °C/Pg,; — 450 °C/1 kbar),
redox states (from oxidized to reduced sulfide fluids), and As con-
centrations (from As-free to As-bearing pyrites with up to 1.5 wt% As).
The data on the states of Au and As in the synthetic samples were
compared to those of the natural arsenian Au-bearing pyrite from the
Samolazovskoe Au-sulfide deposit (Yakutia, Russia). The state of As was
determined in the samples of synthetic and natural Au-bearing pyrites,
including samples from the Vorontsovka Carlin-type deposit (North
Urals, Russia). As a result of the interpretation of XAS data, the different
forms of Au were identified in pyrite, among which the solid solution
Au was the dominant one. Results of our work show that the chemistry
of Au and As in ore-forming systems can be decoupled: the presence of
As and its speciation does not affect the concentration and state of
“invisible” Au in pyrite.

2. Materials and methods
2.1. Method of synthesis

The hydrothermal method was employed to synthesize Au-bearing
pyrites. Experiments were carried out at 450 °C/1 kbar and 300 °C/Pg,,
using Ti autoclaves (VT-8 alloy) with an internal volume of ~20 ml.
The redox conditions of the experimental system varied from oxidized
(450 °C, the sulfide-sulfite couple, produced by the elemental sulfur
dissolution and disproportionation, controlled the redox state) to re-
duced (300 °C, the thioacetamide CH3CSNH, or Al,S; were used as a
source of sulfur). Reagent grade chemicals and freshly boiled distilled
water cooled under Ar flow were used throughout the synthesis ex-
periments. The starting materials are listed in the 2nd column of
Table 1.

In the first experimental series, performed at 450 °C/1 kbar, pyr-
rhotite Fey oS was used as a precursor for the synthesis of pyrite. The
conventional solid-state technique was used to synthesize the pyrrhotite
powder. The starting chemicals for the pyrrhotite synthesis were pow-
ders of Fe and S. Necessary quantities of the reagents were sealed under
vacuum in the silica glass tube and kept at 450 °C for 7 days. The phase
composition of the synthesized powders was verified using X-ray dif-
fraction (XRD) and corresponded to pyrrhotite. The synthesized pyr-
rhotite was placed into small Ti container attached to the Ti partition in
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o o 2 o the upper part of the autoclave. A strip of Au foil was also attached to
&8 = 8 the partition, avoiding contact with pyrrhotite. The autoclaves were
HoA HoooH loaded with the necessary amount of S, (taking into account the re-
x ry g
£ § é % % action of S with Feg oS with the formation of pyrite), As;O3 when ne-
< - ® o » cessary, distilled water, and Ar saturated. Pressure in the autoclaves
- 2 o was controlled by the degree of filling with water. The closed auto-
RS 2 B claves were placed into the gradientless furnaces preheated to 450 °C.
- a7t HooH During the experiment, the temperature was controlled within + 2 °C
Ei - 8 § — § § using a K-type thermocouple. The duration of the synthesis experiments
< Bz B 2 £ 3 was 4 weeks. After the experiment the autoclaves were quenched in
P q
PR © g cold water, the synthesis products were extracted from the containers
E é HoA A H <, and dried under vacuum. The details on the method of determination of
% 2 § E § § § Au dissolved in the fluid can be found in Trigub et al. (2017b). In brief,
= = g o o n =, the experimental solution was extracted from the autoclaves, next the
= - . . .
g 3 & | g : :'l : : HooHH S autoclave walls were three times washed with 5 ml of hot aqua regia.
g B 5 E B ® o O S 8 3 b The experimental and washing solutions were collected in the Pyrex
Nt
5| S < R “« o= 9 2 glass flasks (one for each experiment) and evaporated to the wet salt
§ % 33 T % fo state. The residuals were dissolved in 5 ml of aqua regia and again
3 = H o4 TE’ 1: -g evaporated. Then 10 ml of 2M HCI were added to the flasks. The so-
154
& £l 2 5 § § e e g g 2 lutions obtained were analyzed to determine the Au content.
§ Slz 2 L8 e B = = = 2 The second series was prepared by means of the modified technique
g _ = developed by Fadeev and Kozerenko (1999) for the synthesis of Au-
"é " g i bearing pyrite. In this series, Au-bearing hydrotroilite FeOHHS-nH,0O
I - o was used as a starting material for the pyrite synthesis. The method
2| 2 3 g py Y]
z = A *Z:’O 9 g consisted of precipitation of Au-bearing Fe(OH)3-mH,0 from the solu-
E 2 _% £ E tion of Fe(NO3)3-9H,0 (Cge = 1 g/L) which contained HAuCl,. The
5] K = . . . .
u| £ = S v g quantity of HAuCl, was calculated in the assumption that is was com-
o
E 3 é : 5 v pletely coprecipitated with Fe(OH)3;-mH,0. The synthesis experiments
% o g % % -"% were performed in glass flasks of 1 L volume. Precipitation was per-
2| 2 S g g a formed at ambient temperature by slow addition of NH,OH solution
1%} [} Q o . . .
8| & 2 ey 2 (20%) under stirring until the appearance of the slow smell of am-
'% S + + % + N monia. Then thioacetamide (C,HsNS), which was used as a source of
> . . . . .
ol & 2888 g2 Sv2 8 sulfur, was dissolved in the solution. The concentration of thioaceta-
g & EEEE & &l = mide was calculated to produce hydrotroilite FeFOHHS nH,0 from Fe
gl . b5 (OH); and have the total dissolved sulfur concentration of 0.1 mol/L.
ng E o e o ’cgo The glass flasks were left for several days under stirring to react
al 97 § & 8 & thioacetamide with Fe(OH)3;-mH>0. The resulted powders were sepa-
2 é % © o o € E 8 N rated from the solution by filtration and washed with distilled water on
gz o 8888 s £ = g the filter. Finally, they were loaded into Ti autoclaves together with the
g <= e == = L: source of S (thioacetamide or Al,S3) and distilled water. In one ex-
ol 2 2 periment As-free Au-bearing pyrite was synthesized from the Au-
sl = . . . . . -
® g g bearing hydrotroilite powder only. In two other experiments, in addi-
5 =9 . a1
§ = o tion to hydrotroilite, As,O3 and Au metal were loaded to the autoclaves.
= N aps . . °
& % " = Conditioning of the solid phases was performed at 300 °C/Pg,. The
% % 2 o <« Z method of the conditioning was similar to the high-temperature ex-
g| g g - § § g periments.
ol o7 o3 § - s o o = Gold sulfide Au,S,, - reference material — is a metastable compound
5|2 2” SSSsw B ¢ R @ synthesized in several stages by sulfidizing aqueous Au cyanide solution
=} P . . . .
al @ IR °c ° ° < at ambient temperature as described in Tagirov et al. (2006). As-
- 5 p g
‘g g bearing reference materials — arsenopyrite (FeAsS) and lollingite
g & (FeAs,) — were obtained by salt flux method as described in Chareev
g § (2016). Chemical and phase compositions of the reference materials
8 4 were verified by means of scanning electron microscopy (SEM/EDS)
2]
z} E é,b 5:'6 . g g il and XRD analysis.
E = 3 E<E< | <
g o 4 Fe AT A <
%’ O &8 . §ggatat & 2.2. Samples of natural arsenian pyrites
g y 255 JNEDER G
AR BF<<2 grstarz S
? g PO e Q8q+q+ ‘é The Samolazovskoe Au-sulfide deposit is located in the south part of
2| g Sw AdS E T2ESE S i the Central Aldan ore district (Yakutia, Russia). The Au reserves of the
gl 2 gt E ‘é’ N % f ‘é’ f S deposit are 9260 kg, the average Au grade is 3.5 g/t. The ore bodies of
2l F © 33232 528582%3 |8 the deposit are localized in syenite intrusion at the contact of syenites
S| a4 = 5 5 . . . -
gl @ gRmRR gReRSE< g and marmorized dolomites and are associated with processes of hy-
g S é “Eﬁ E drothermal alteration of syenites and country rocks (Borisenko et al.,
~ 50 2 i’ 8 38 N -i? 2015; Leontiev et al., 2018; Belogub and Novoselov, 2019). The highest
— by . . . . .
% g E R RN E NN = Au grade ores were found in the pyrite-quartz-fluorite veins which were
= & £ formed in the temperature range from 325 to 380 °C (Borisenko et al.,
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Fig. 1. Fine-grained pyrite mass (Py-1) and subhedral pyrite (Py-2) in the ore of
the Samolazovskoe Au-sulfide deposit.

2015). In the present work, we studied Au-rich arsenian pyrites from
the veinlet-disseminated Au ore. The ore is located in the roscoelite-
carbonate-fluorite-quartz alteration zones in the syenite and contains
three types of pyrite: (i) the Au-rich fine-grained pyrite, (ii) subhedral
coarse-grained pyrite, and (iii) zoned pyrite grains. The studied sample
of pyrite ore contained the type (i) and (ii) pyrites (Fig. 1). The fine-
grained Au-rich pyrite of the type (i) was separated from the other
minerals of the sample and used for XAS experiment.

The second type of arsenian pyrite was sampled at the Vorontsovka
Carlin-type deposit which is located in the Tagil zone of the North Urals
(Russia), in the Turya-Auerbakh mineral district. The deposit is one of
the largest Au deposits of the Urals. It hosts > 100 t Au in ores with the
average Au grade of 7 g/t (Murzin et al., 2017; Vikentyev et al., 2019;
Kovalchuk et al., 2019). Late antimony-mercury-thallium-arsenic gold
ore bodies of Carlin type, accompanied by quartz-hydromica alteration,
are superimposed on the skarn, limestone breccias, and polymetallic
quartz-polysulfide mineralization. The Carlin-type sulfide gold-pyrite-
realgar mineralization was formed at 370-250 °C. In these ores, sub-
hedral pyrite is associated with arsenopyrite and often is cemented by
stibnite and realgar. Since the pyrite samples contain < 10 ppm of Au
only As was studied by means of XAS.

2.3. Analytical methods

The morphology of the synthesized minerals was studied by means
of SEM/EDS using the JSM-5610LV microscope equipped with Ultim
Max 100 energy dispersive spectrometer. Chemical composition of the
synthesized and natural minerals was determined via three independent
analytical techniques: wet chemistry, electron probe microanalysis
(EPMA), laser ablation inductively coupled mass spectrometry (LA-ICP-
MS), and atomic absorption spectroscopy (AAS). The EPMA analyses
were performed using JEOL JXA-8200 WD/ED combined electron
probe microanalyzer equipped with 5 wavelength dispersive X-ray
spectrometers. The New Wave 213 laser coupled with the Thermo X
Series2 quadrupole ICP-MS was used at IGEM RAS (Moscow) to de-
termine the concentrations of *’Au and 7®As. The sulfide reference
material MASS-1 (Wilson et al., 2002) and UQAC-FeS-1 (Pina et al.,
2016) were used as the calibration standards. The 33S and >”Fe isotopes
were used as internal standards. Operating conditions applied for EPMA
and LA-ICP-MS analyses are listed in Tables A.1 and A.2, correspond-
ingly.

The Au concentration in aqueous solutions was analyzed using in-
ductively coupled plasma mass spectrometry ICP-MS (X Series 2
Thermo Scientific mass spectrometer). The limit of detection,
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TFY mode:
As K-edge spectra

crystal analyzers

Fig. 2. Schematic overview of the experimental set-up at the
BM16-FAME-UHD beamline. The Au Lz-edge spectra were recorded in the high
energy resolution fluorescence detection (HERFD) mode using a 5-crystal
spectrometer of a Johann-type geometry. Simultaneously the beam intensity
was measured with ionization chambers (I, I, I, Iz), and the fluorescence As K-
edge spectra was recorded using a photodiode. After the sample, the remaining
beam passed through a second ionization chamber (I), Au calibration foil, and a
third ionization chamber (Ig) before termination.

determined by analysis of blank solutions prepared identically to the
samples, was 0.1 ppb, the accuracy of the analyses was + 10%. The
composition of several solid samples was determined using ICP-MS or
flame AAS (Varian SpectrAA Duo) methods after decomposition in aqua
regia.

2.4. X-ray absorption spectroscopy (XAS)

Two series of XAS experiments were performed. The main series
consisted of the registration of HERFD-XAS Au L3-edge and PFY-XAS As
K-edge spectra of Au-bearing pyrites at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The second series of ex-
periments consisted in the registration of PFY-XAS As K-edge spectra of
arsenian pyrites from the Vorontsovka deposit and the registration of
the spectra of reference substances at Kurchatov Synchrotron Radiation
Source (KSRS, Moscow, Russia).

The HERFD-XAS Au Ls-edge and PFY-XAS As K-edge spectra were
simultaneously registered at the BM16-FAME-UHD, a French CRG
beamline at the ESRF. Details of the beamline operation can be found
elsewhere (Proux et al., 2017). The experimental set-up is shown in
Fig. 2. The electron energy was 6.0 GeV, and the ring current was
200 mA. The incident energy was selected by a cryogenically cooled
double crystal Si <2 2 0> monochromator. Higher harmonics were
suppressed by two Rh-coated mirrors, positioned at an angle of 3.9
mrad relative to the incident beam. The incident X-ray beam had a flux
of approximately 9-10'! photons s~ ! at the sample position in a spot
size of approximately 180 X 220 um? (vertical X horizontal). A 5-
crystal analyzer spectrometer of a Johann-type geometry (Llorens et al.,
2012), equipped with Si <6 6 0> bent crystals with a 1 m curvature
radius was used to collect the spectra in HERFD mode. The spectro-
meter was aligned to have the crystals in Bragg conditions at the Au La;
emission line (9713 eV), corresponding to a Bragg angle of 86°. The
spectra were obtained by recording the intensity of the Au La; emission
line as a function of the incident energy. A combined (incident con-
voluted with emitted) energy resolution of 0.9 eV was determined by
measuring full width at half maximum (FWHM) of the elastic peak. The
photons scattered by the crystals were collected using an energy-re-
solved silicon-drift detector (SDD). Furthermore, the signal to back-
ground ratio was increased by selecting only the Au La; emission line in
the energy window of the SDD. The As K-edge PFY spectra were mea-
sured using a second SDD and selecting the As Ka emission lines out of
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the total fluorescence yield. The incoming energy calibration was per-
formed using the Au Lz-edge absorption energy of Au foil setting the
first maximum of the first derivative to 11919 eV. Energy scans from
11,700 to 12700 eV were recorded and then averaged for each sample
(the number of scans varied from 8 to 12). The samples were diluted
with inert pure BN to reduce high background fluorescence from Fe.
The powders were pressed into pellets, placed in a horizontal cryostat,
and cooled down by liquid helium (~20 K) to improve the EXAFS data
quality and prevent oxidation of As during the experiment.

The As K-edge absorption spectra of arsenian pyrites from the
Vorontsovka deposit and model compounds (Pbs(AsO4)3Cl, As,Os,
FeAs,, FeAsS, As,S3) were recorded at the STM beamline of the KSRS in
transmission mode at ambient temperature. The storage-ring operating
conditions were 2.3 GeV and 80-100 mA (Chernyshov et al., 2009). A Si
<1 1 1> monochromator was used. The energy calibration was per-
formed using the Au Ls-edge absorption energy of Au foil.

2.5. EXAFS spectra analysis

The EXAFS (Xexp(k)) data reduction was performed using IFEFFIT
package (Ravel and Newville, 2005). After the standard procedures of
pre-edge subtraction and spline background removal, average intera-
tomic distance from the absorbing atom (R;), coordination numbers
(Ny), and Debye-Waller factors (mean square radial displacement of the
atoms about R;, 0°) were determined via the non-linear fit of the the-
oretical spectra to the experimental ones with the equation
NiF (k) 2

Rj
D2 e i00e=2 K sin (2kR; + g, (K)).
Rk D)

x(k) =83
i=1

The parameters necessary for the calculation of the theoretical
spectra (photoelectron mean free path A(k), amplitude function Fi(k),
and phase shift ¢;(k)) were calculated ab initio using the FEFF6 program
(Zabinsky et al., 1995).

3. Results
3.1. Au and As content and distribution

The products of synthesis experiments consist of fine-grained ag-
gregates with a particle size of a few tens um. The XRD patterns of all
the samples corresponded to the pure pyrite PDF#42-1340 within the
measurement error. However, SEM/EDS and XRD analyses revealed the
presence of an admixture of As-S amorphous phase in Sample No. 16,
arsenopyrite in Sample No. 5/2, and arsenopyrite and l6llingite in
sample No. 17/2 (Fig. 3a—d). The other samples contained only pure
pyrite according to the SEM/EDS.

Chemical compositions of the synthesized samples are given in
Table 1. The concentration of “invisible” Au varied from 75 to 360 ppm,
the As content did not exceed 5 ppm (LA-ICP-MS detection limit, 20) in
As-free samples (No. 8, 6/14, 17/1) and 1.5 wt% in arsenian pyrites
(the maximum content of 6 wt% As in synthetic samples resulted from
contamination with admixture of As-S amorphous phase, As sulfides
and oxides). No correlation between Au and As contents was observed
in synthetic samples. Despite the fact that both Au and As contents
varied considerably from one sample to another and within a single
grain aggregate, smooth character of LA-ICP-MS time-resolved spectra
indicated the absence of micronuggets of Au-bearing phases (Fig. 4).

Chemical compositions of Au-rich fine-grained pyrite aggregates
and Au-poor euhedral pyrite grains, which composed the sample of the
ore from the Samolazovskoe Au-sulfide deposit, are given in Table 2.
The average concentration of Au in fine-grained Au-rich arsenian
pyrite, which was studied by means of XAS, is 300 ppm. In this pyrite
sample the Au-As concentrations are not correlated, whereas strong
positive correlations between the concentrations of Au and Ag, Tl, Te,
Sb, Hg, Se, and Mn was observed (Fig. A.1).
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The concentration of As in two studied pyrite samples from the
Vorontsovka Carlin-type deposit is close to 1 wt%. The concentration of
Au is below 10 ppm (Table 2).

3.2. XANES spectroscopy

3.2.1. Au Ls-edge

Fig. 5 shows Au Ls-edge HERFD-XANES spectra of Au-bearing pyrites
together with spectra of model substances (Au and Au,S). The spectra of
Au-bearing As-free pyrite, 16llingite, and arsenopyrite from Trigub et al.
(2017a) are shown for comparison. The positions of the edge jump (e.j.)
and the first intense feature (white line, WL) are given in Table 3. The
positions of the main spectral features of As-free and arsenian pyrites are
identical within the uncertainty of measurements, but differ from those of
the model substances. The energy of the e.j. increases in the order Au <
Au,S < pyrite < arsenopyrite < I6llingite. Accordingly, the state of
Au disseminated in the matrix of pyrite differsfrom the model substances —
Au and Aus,S. In addition to the e.j. position, the differences in the spectra
shape of As-bearing pyrites, arsenopyrite and 16llingite imply that the
states of Au in these minerals are not the same.

The WL intensity, along with the e.j. position, is indicative of the
oxidation state of the excited atom. The Au Ls-edge absorption is re-
lated to 2p-5d dipole-allowed transitions: 2ps3,» — 5ds,2/5d3/2.
Therefore, the WL intensity reflects the number of empty states (holes)
in the 5ds,» and 5d5,, orbitals above the Fermi level. Comparison of the
WL intensities of the pyrite samples to those of the model substances
(Au and Au,S) implies that the “formal” oxidation state of Au in pyrite
is 1+. The Au®* oxidation state is ruled out due to the indicated dis-
similarities in the position and intensity of the main features of Au in
pyrite and Au®*Cl,~ (experimental spectrum of Au®*Cl,"is given in
our previous studies, see, for example, Tagirov et al., 2016). The WL
intensity of all pyrite samples exceeds the WL of Au,S. Accordingly, in
Au-bearing pyrites the valence electrons located on the 5d orbitals are
shifted out of Au in comparison with Au,S, which means that the po-
sitive charge located on “invisible” Au in pyrite is higher than the
charge of Au in Au,S. Independently of the As content and pyrite type
(natural/synthetic), the samples of Au-bearing pyrites can be divided
into two groups based on their WL intensity: (i) the high WL intensity
group (Nos. 8522, 17/1) with WL intensity close to arsenopyrite, and
(ii) the low WL intensity group - all other samples (Nos. 8, 10, 16, 6/14,
5/2, 17/2) with the WL intensity slightly above the WL of Au,S (se-
lected samples from both groups are shown in Fig. 5b). One of the
reasons of the decrease of the WL intensity in the group (ii) samples
relatively to the group (i) can be in the contamination with Au,S. This
assumption was verified by the EXAFS spectra analysis.

3.2.2. As K-edge

Fig. 6 compares As K-edge PFY-XANES spectra of Au-As-bearing
pyrites with the references — Pbs(AsO4)3Cl (natural mineral, mimetite),
As;03 (commercial material, claudetite), As,S; (natural orpiment),
FeAs, (synthetic 16llingite), and FeAsS (synthetic arsenopyrite). The
positions of the e.j. and WL are given in Table 4. Within the references
the “formal” oxidation state of As decreases in the order
Pbs(As®*0,4)sCl > As37 05, As3™S; > FeAsl™, FeAs'™S. Bearing in
mind that the e.j., WL positions and the WL intensity are sensitive to the
oxidation state of the excited atom, it is possible to estimate the oxi-
dation state of As in arsenian pyrites by means of comparison of their
spectra to the spectra of the references.

The positions of the e.j. and WL of pyrites from the Vorontsovka
deposit (~11865.8 and 11867.8 eV, correspondingly) are between
those of As,S; and FeAsS which suggests that the most probable
“formal” oxidation state of As is 1- (similarly to arsenopyrite the studied
pyrite samples contain Fe, which is an electron donor; the negative
charge state is consistent with the analysis of EXAFS spectra given in
the next sections, whereas in Fe-free As3*S; arsenic is considered as a
cation).
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As-S phase

(amorphous)

b —— 100 um

Fig. 3. Backscattered electron images of samples synthesized using hydrothermal technique. (a) — No. 10, pure pyrite (Py); (b) — No. 16, pyrite + As-S amorphous
quench phase; (c) — No. 5/2, pyrite + arsenopyrite (Asp) admixture; (d) - No. 17/2, pyrite + arsenopyrite + 16llingite (L0).

In Au-bearing arsenian pyrites No. 8522 (natural, the
Samolazovskoe deposit), Nos. 10, 16. and 5/2 (synthetic) the e.j. po-
sitions are identical within the uncertainty (11867.6 = 0.5 eV). These
spectra are shifted to the higher energies compared to As,Ss, FeAs,, and

FeAsS (1-2.6 eV), while their e.j. positions are close to As,O;
(11867.7 eV). The reason for this closeness can be the presence of O in
the local atomic environment of As. The WL position of these samples is
between 16llingite FeAs3 ™ and As,O; (Fig. 6b), but the WL intensity of
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Fig. 4. Laser ablation ICP-MS time-resolved spectra of spot analyses of synthetic pyrite samples. Dotted lines — °”Fe signal, black lines — '*’Au signal, grey lines — 7>As

signal. Composition of samples is given in Table 1.
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Table 2
Concentrations of admixtures (ppm) in natural pyrites in the ores of
Samolazovskoe (Au-sulfide type) and Vorontsovka (Carlin-type) deposits.

Samolazovskoe deposit Sample No. 8522
ICP-MS analyses

Ore Geology Reviews 121 (2020) 103475

Table 3

Positions of edge jump (e.j.) and the first intense feature (white line, WL) of Au
Lz-edge spectra recorded for reference materials and Au-(As)-pyrites
(= 0.5eV).

Au Lz-edge XANES

Isotope Fine-grained pyrite Subhedral pyrite Sample/reference ID Feature Position, eV
Min Max Average Min Max Average Reference materials
N = 22) (N = 10) Au ej. 11919.0
WL 11922.0
Sty 192 29,620 4130 0.1 89 30 Au,S e.j. 11919.8
S2Cr 1.8 6.1 5 0.3 0.6 0.4 WL 11922.4
*Mn 74.7 1390 860 0.1 168 50 Lollingite! ej. 11921.0
59Co 66.3 267 120 27.6 274 115 FeAsy WL 11922.9
ONi 36.9 387 80 5.5 52 30 Arsenopyrite! ej. 11920.6
%5Cu 767 5880 1800 1.0 780 240 FeAsS WL 11922.4
66Zn 15.2 10,740 1370 0.8 200 50 Hydrothermal pyrite’ ej. 11919.5
7'Ga 0.3 53.7 10 0.0 0.7 0.2 FeS, WL 11921.2
7Ge 1.3 8.8 5 0.9 1.2 1 )
75As 1270 9880 3430 0.8 1730 510 Natural pyrites ) )
77ge 50 563 230 11.2 79 40 No. 8522, natural As-pyrite ej. 11920.7
%Mo <01 58 1.0 <01 12 05 FeSy , , WL 11922.0
10750 208 2760 990 <01 355 115 Products of hlgh temperaturf: synthesis -
11104 0.7 35.6 7 <01 21 1.0 No. 8, synthetic As- free pyrite ej. 11920.2
uspy <01 08 0.2 <01 <01 <01 FeS, , , , WL 11921.6
118g, 0.7 46.7 10 0.3 3.0 1 No. 10, synthetic arsenian pyrite ej. 11920.3
1215 1090 10,580 5580 0.1 2260 710 FeSy WL 11921.8
12570 115 571 150 <01 36 10 No. 16, synthetic arsenian pyrite ej. 11920.3
182y 0.1 251 50 <01 182 30 FeS, , ) WL 11922.0
1974 21.6 656 300 0.3 73 30 No. 6/14, synthetic As- free pyrite ej. 11920.2
Mg 456 523 210 0.4 67 20 FeS; WL 11921.6
20511 262 3560 1800 <01 578 190 Products of low temperature synthesis
208pp 1140 31,400 5900 1.1 2620 810 No. 17/1, synthetic As-free pyrite ej. 11920.3
209gj 5.8 11,500 600 0.3 28 10 FeS, WL 11921.8
LA-ICP-MS analyses, average, ppm + 20 No. 17/2, synthetic arsenian pyrite ej. 11920.5
75p¢ 3400 + 30 not analyzed FeS, + FeAsS +. FeAs, ) ) WL 11921.7
1974 300 + 30 not analyzed No. 5/2, synthetic arsenian pyrite ej. 11920.3
FeS, WL 11921.8

Vorontsovka deposit Sample No. Vr-134-7 LA-ICP-MS analyses, average, ppm * 20
75As 9000 + 130
97Au 9 +1

Vorontsovka deposit Sample No. Vr-134-13 LA-ICP-MS analyses, average, ppm * 20
75As 14300 + 200
97Au 8 +1

As-bearing pyrites is much greater than that of FeAs' ~S, FeAs} ™, and
As3*Ss. This confirms the presence of O in the local atomic environ-
ment of As. Due to the greater electronegativity of O compared to S the

1adopted from Trigub et al. (2017a).

average electron density of the 4p electronic shell of As in arsenian
pyrites is lower than the electron density of S-bearing model substances.
This fact explains the high WL intensity in O-bearing samples as it is
proportional to the probability of the 1 s — 4p3,,/4d; /> dipole-allowed
transitions. Thus, we suggest that in these samples of As-bearing pyrites
both O and S can present in the local atomic environment of As.

In sample No. 5/2 the second feature at 11874.5 eV is attributed to
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Fig. 5. Au Lz-edge HERFD-XANES spectra of Au-bearing pyrites and model substances. (a) — full XANES region; (b) — white line region. All the Au Lz-edge spectra
recorded in the present study correspond to cryogenic temperature, data of Trigub et al. (2017a) were obtained at ambient temperature.
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the spectra of all other samples were recorded at cryogenic temperature.

Table 4

Positions of edge jump (e.j.) and the first intense feature (white line, WL) of As
K-edge spectra recorded for reference materials and arsenian pyrites
(£ 0.5eV).

As K-edge XANES

Sample/Reference ID Feature Position, eV
Reference materials
Mimetite ej. 11872.3
Pbs(AsO4)3Cl WL 11874.8
Claudetite® ej. 11867.7
As;03 WL 11870.0
Lollingite ej. 11866.3
FeAs, WL 11869.4
Arsenopyrite ej. 11865.3
FeAsS WL 11867.1
Orpiment ej. 11866.4
As,Ss3 WL 11868.3
Natural arsenian pyrites
No. 8522 ej. 11867.6
FeS, WL 11869.3
No. Vr-134-7 e.j. 11865.9
FeS, WL 11867.8
No. Vr-134-13 e.j. 11865.8
FeS, WL 11867.8
Products of high temperature synthesis
No. 10 e.j. 11867.9
FeS, WL 11869.2
No. 16 ej. 11867.4
FeS, WL 11868.7
Products of low temperature synthesis
No. 17/2 ej. 11869.6
FeS, + FeAsS WL 11871.3
B 11874.9
No. 5/2 e.j. 11867.5
FeS, + FeAsS WL 11869.7
B 11874.6

ladopted from Newville et al. (1999).

the presence of As®*. Therefore, in this sample, in addition to As'~, As
presents in both 3+ and 5+ “formal” oxidation states and is expected
to have O and S neighboring atoms. In sample No. 17/2 the second
feature (11875 eV) is more intense than in sample No. 5/2 suggesting a
higher As®>* concentration.

Thus, the analysis given above suggests that the oxidation state of
As in the studied arsenian pyrites varies from 1 — (arsenian pyrites
from the Vorontsovka deposit) to 3+ /5+ (low-temperature synthetic
arsenian pyrites No. 5/2 and 17/2). The shape of the spectra and po-
sitions of the spectral features imply that S predominates in the local
atomic environment of As in the samples from the Vorontsovka deposit,
whereas both S and O present in the sample from the Samolazovskoe
deposit and in the samples of synthetic pyrites.

3.3. EXAFS spectra fitting

The EXAFS spectra of Au Ls-edge and As K-edge are shown in Fig. 7
a-h and 8 a-f, correspondingly. Results of the EXAFS spectra fitting are
given in Fig. 7 i, Tables 5 and 6 (Au Ls-edge), and Table 7 (As K-edge).

3.3.1. Au Lz-edge

The best fit of the experimental spectrum of natural arsenian pyrite
Sample No. 8255 was achieved when Au substitutes for Fe in the pyrite
structure (Ns = 5.5 * 0.8, Rays = 2.40 = 0.01 A). Attempts to
introduce the heavy As atom to the 1st coordination shell of Au resulted
in its elimination, which means that As is absent in the vicinity of Au. A
slight decrease of the 1st coordination number relatively to the pure
pyrite structure (Ns = 6) probably stems from the presence of a small
admixture of Au,S-like clusters/inclusions. Data of Table 5 indicate that
Raus and Ray re in the distant coordination shells are close to pure FeS,
(within the uncertainty of the calculated values). The presence of the
heavy Fe atom in the 2nd shell is confirmed by the backward Fourier
transform of the EXAFS spectra: its maximum is located at high value of
the photoelectron wavenumber k which is not characteristic of the light
S atom (Fig. A.2a). Similarly to the 1st shell, the As atoms are absent in
the distant (2nd and 3rd) coordination shells of Au which correspond to
the pyrite crystal structure. It is worth to note that the spectrum of
natural arsenian pyrite No. 8522, as well as the Fourier transform (FT)
of the spectrum, are very similar to those of As-free synthetic pyrite No.
17/1. The EXAFS spectra fits of these two samples also resulted in si-
milar parameters of the local atomic environment of Au. This means
that despite the presence of 0.3 wt% As in the sample of natural ar-
senian pyrite, its effect on the parameters of the local atomic environ-
ment of Au is negligible.

In synthetic As-free and arsenian pyrites No. 8, 10, 16, 6/14 ob-
tained at 450 °C, and 5/2 obtained at 300 °C Au atom is also surrounded
only by S atoms. The Rp,.s in these samples varies from 2.32 to 2.45 A.
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Fig. 7. The k®>-weighted background-subtracted Au Ls;-edge EXAFS spectra and their Fourier transforms (FT, not corrected for phase shift). (a) natural pyrite sample;
(b-h) synthetic pyrites, parameters of synthesis 300 °C/Ps,; (b—d) and 450 °C/1 kbar (e-h). Solid black lines — experiment, dotted red lines - fit results. Scattering
atoms are indicated near FT peaks. Fit results are listed in Table 5. (i)- interatomic distance (Ra,._s) as a function of coordination number (Ns). Pyrites contain both Au
in solid solution and Au,S-like clusters. The presence Au,S-like clusters resulted in decrease of the Ra,.s and Ns in the 1st coordination sphere. All the spectra were
recorded at cryogenic temperature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

This difference exceeds the uncertainty of the calculated Au-S distances.
The calculated values of Ny also vary significantly — from 3 to 7, but
with high uncertainty of the single values. These samples can be divided
into three groups according to the composition of the distant co-
ordination shells of Au: (i) the distant coordination shells are disordered
- no distant-coordination-shell atoms can be identified (Samples No. 16,
6/14), (ii) the Au atoms are present in the 2nd shell (Nos. 8 and 10),
and (iii) the Fe and S atoms are present in the distant coordination
shells (No. 5/2).

In the group (i) samples the Au-S distance in the 1st shell falls be-
tween the distance of the solid solution Au (2.40-2.42 Ain Samples No.
8522 and 17/1) and that of AuS (2.30 A, c.f., Filimonova et al., 2019).
Therefore, we suppose that these samples contain both forms of Au with
the notable contribution of Au,S-like inclusions or clusters. Note that no
Au,S phase was detected by means of the SEM/EDS analysis and,
therefore, this form of Au also can be considered as “invisible”. In the
group (ii) samples there are Au atoms in the 2nd coordination shell of
the excited Au atom. The presence of the distant-coordination-sphere
Au atoms can result from either admixture of Au,S or clustering of the
solid solution Au. The distance between Au and the nearest S neighbors
exceeds notably the Au-S distance in Au,S but is close to the solid so-
lution Au, whereas the Ng is close to 6 which is characteristic of the
pyrite structure but differs from Ng = 2 in Au,S. Therefore, we suppose
that in these samples the formation of clusters of the solid solution Au
takes place. In Sample No. 5/2 (type iii) the atoms of S and Fe were
detected in the 2nd and 3rd coordination shells, respectively, at the

distances close to those of pure pyrite. However, in the 1st coordination
shell, the N5 and Ra,_s values are smaller than the values of the solid
solution Au. This implies that in this sample, similarly to the group (i)
samples, both solid solution Au and Au,S coexist. The content of ar-
senopyrite, which was found in Sample No. 5/2 by means of the SEM/
EDS analysis, is insufficient to be detected by means of XAS.

The EXAFS spectrum of Sample No. 17/2, which was synthesized at
300 °C, results from a combination of signals from several Au-bearing
phases. We identified these phases as As-bearing pyrite, arsenopyrite or
I6llingite, and Au,S-like clusters. Table 6 compares the results of the
EXAFS spectra fitting of Sample No. 17/2 with the data on the Au local
atomic environments pertinent to the phases which are supposed to
compose the sample. The presence of the admixture of Au,S-like clus-
ters results in the decrease of the Ng and Ra,_s in the 1st shell from 6 to
3.8 and from 2.41 to 2.39 A, respectively. The presence of Au in-
corporated into the crystal structure of As-bearing phases (arsenopyrite
and/or 16llingite) can be identified in the Sample No. 17/2 due to the
following reasons:

(i) a heavy atom (As) presents at a distance of ca. 2.54 A which is close
to the Au-As distance in arsenopyrite (Nas = 3, Rayas ~ 2.53 A)
and lollingite (Nas = 6, Rayas ~ 2.52 A, Trigub et al., 2017a);

(ii) the distant coordination shells of Au are best described by the
combination of pure pyrite and arsenopyrite/l6llingite structures.
The presence of Fe atoms at the distances of 2.9 A and 4.1 A is
characteristic of the arsenopyrite and 16llingite structures, there are
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no Fe atoms at this distance in the structure of pyrite (last column of
Table 5). In the structure of Au-bearing 16llingite, the Au-Fe dis-
tance of 4.23 A (Trigub et al., 2017a; Table 6, this study) is
somewhat larger than the distance of 4.12 A determined in the
Sample No. 17/2. In the structure of pure arsenopyrite the Fe atoms
are located at 3.94 — 4.10 A (this distance was not reported for the
Au-bearing arsenopyrite in Trigub et al., 2017a, but usually the
distances in the distant coordination shells of metal in pure and Au-
bearing sulfides are similar). The similar positions of the distant-
coordination-shell Fe atoms in Sample No. 17/2, arsenopyrite and
16llingite do not allow to discriminate between arsenopyrite and
I6llingite, but only indicate that one of these minerals or both
present in this sample.

Regardless of the pyrite type and composition (natural or synthetic,
pure or arsenian) the interatomic distances Ra,.s are correlated with the
number of the nearest S atoms Ns (Fig. 4 i). The observed dependence
can be accounted for by the presence of two dominant forms of Au. The
first form is the solid solution Au. Incorporation of Au into the cationic
position of the pyrlte crystal structure (Ng = 6) results in the i increase of
Raus by 0.15 A up to 2.41 Ain comparison with Rp.s = 2.26 A in the
structure of pure pyrite. The second form we identify as Au,S-like
clusters/inclusions. Due to low values of coordination number and in-
teratomic distances in the 1st shell of Au in Au,S (Ng = 2 and Ra,.
s = 2.30 ;\, c.f., Filimonova et al., 2019) admixture of Au,S-like clusters
causes significant decrease of the measured Ra,s and Ng which was
observed in the studied series of samples. Because of the presence of the
two forms of Au the uncertainties of calculated values of interatomic
distances and coordination numbers are quite large.

10

3.3.2. As K-edge

According to the XANES spectra analysis, the oxidation state of As in
the samples of natural arsenian pyrites from the Vorontsovka deposit
(Nos. Vr-134-7 and Vr-134-13) is close to 1-. These results are con-
firmed by the EXAFS spectra fits. In these samples, the EXAFS spectra
are best described by the model of the solid solution with S substituted
by As in pyrite crystal structure. Due to a larger As atomic radius the As-
S and As-Fe interatomic distances increase slightly, by 0.1 and
0.06-0.08 A, respectively, relatively to the pure pyrite structure. In
sample No. 8522 (the Samolazovskoe deposit) O atoms are the nearest
neighbors of As due to the presence of As®>* oxide.

In all the studied samples (with an ecxeption of the Sample No. 17/
2, see below) no As atoms were observed around the excited As atom.
Incorporation of As atoms to the 1st coordination shell of As resulted in
their elimination during the experimental spectra fits. Savage et al.
(2000) found that the best fit of the As K-edge spectra of natural ar-
senian pyrite is attained when the 2nd coordination shell comprises 4 S
atoms at a distance of 3.10 A and 3 As atoms at a distance of 3.17 A.
Implementation of the Savage et al. (2000) model resulted in the sig-
nificant increase of the As-S and As-As distances: both types of atoms
moved to a distance of 3.23 A. The equivalence of the distances looks
unrealistic because of the significant difference in the ionic radii of As
and S. Moreover, the goodness of the fit decreased significantly in
comparison with the As-free model (reduced 2 increased from 18 to
83). Therefore, we suggest the absence of As-As clustering.

The spectrum of synthetic pyrite Sample No. 5/2 is described by a
combination of spectra of As oxides and the solid solution As in pyrite.
The nearest to As atoms O and S are located at the distances of1.72 and
2.26 A, correspondingly which is close to the values determined in the
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Table 5

Gold local atomic structure determined by EXAFS spectra fits (the fits are performed in R-space unless otherwise indicated, k?-weighting). Uncertainties are cal-

culated by ARTEMIS program. Numbers without uncertainties were fixed during the fit.
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Atom Experimental data’ Theoretical data®

N R, A 2, A? AE®, eV Red. %2 (R-factor) R, AN)
Au Lz-edge®
Natural pyrite
No. 8522: R-range: 1.3 — 6.6, k-range: 3 — 11 Au,S and FeS,»"
S 5.5 = 0.8 2.40 *= 0.01 0.002 = 0.001 6.7 = 1.2 1 (0.018) 2.30 (2)/2.26 (6)
S 8 3.45 = 0.02 0.007 = 0.002 3.45 (6) and 3.60 (2)
Fe 12 3.83 = 0.01 0.003 = 0.001 3.83 (12)
S 6 4.35 = 0.07 0.013 = 0.012 4.45 (6)
S 18 5.32 = 0.08 0.017 = 0.016 5.16 and 5.26 (6 and 12)
Fe 6 5.43 = 0.05 0.003 *= 0.005 5.42(6)
S 26 5.88 = 0.02 0.003 = 0.002 5.78, 5.87 and 6.43 (2, 12, 12)
Fe 24 6.68 += 0.02 0.003 = 0.002 6.64 (24)
High temperature synthesis (450 °C/1 kbar)
No. 8: R-range: 1.3 - 3.1, k-range: 3 — 11 Au,S and FeS,»"
S 7.0 £ 26 2.45 = 0.02 0.005 = 0.005 13.8 = 2.5 3 (0.018) 2.30 (2)/2.26 (6)
Au 9.1 + 23 2.62 + 0.01 0.005 *= 0.002 3.68 (12)/-
No. 10: R-range: 1.3 - 3.1, k-range: 3 - 11 AuS and FeS,™"
S 71 = 1.4 2.41 + 0.01 0.005 = 0.001 115 = 1.4 0.5 (0.006) 2.30 (2)/2.26 (6)
Au 12.6 = 5.4 2.59 + 0.01 0.011 =+ 0.003 3.68 (12)/-
No. 16: R-range: 1.3 - 2.3, k-range: 3 - 11 Au,S and FeS,™
S 33 = 1.3 2.32 * 0.03 0.004 = 0.004 1.7 = 4.7 3 (0.023) 2.30 (2)/2.26 (6)
No. 6/14: R-range: 1.3 — 2.3, k-range: 3 — 11 Au,S and FeS,»"
S 48 + 1.6 2.36 = 0.03 0.005 = 0.004 6.2 + 3.9 1 (0.015) 2.30 (2)/2.26 (6)
Atom Experimental data’ Theoretical data®

N R, A >, A? AE°, eV Red. x? (R-factor) R, AN

Low temperature synthesis (300 °C/Psat)
No. 17/1: R-range: 1.3-4.3, k-range: 3-11 AuS and FeS,»"
S 6.3 = 1.3 242 + 0.01 0.005 =+ 0.002 3.2 = 1.7 3 (0.029) 2.30 (2)/2.26 (6)
S 8 3.49 = 0.04 0.010 = 0.005 3.45 (6) and 3.60 (2)
Fe 12 3.84 + 0.02 0.009 + 0.002 3.83 (12)
S 6 4.38 + 0.05 0.006 *= 0.07 4.45 (6)
No. 17/2: R-range: 1.3-4.3, k-range: 3-11 Au,S and FeS,™? FeAsS (< 5%)¢
S 3.8 = 23 2.39 + 0.03 0.008 =+ 0.009 7.2 = 21 2 (0.005) 2.30 (2)/2.26 (6) 2.23 (3)
As 2.2 2.54 + 0.04 0.005 =+ 0.012 - 2.37-2.41 (3)
Fe 1 291 *= 0.04 0.001 *= 0.007 - 2.73 (1)
S 8 3.43 + 0.05 0.018 =+ 0.007 3.45 (6) and 3.60 (2) -
Fe 12 3.88 + 0.02 0.008 =+ 0.002 3.83 (12) -
Fe 6 4.12 += 0.02 0.001 =+ 0.001 - 3.94-4.10 (6)
No. 5/2: R-range: 1.3 — 3.7, k-range: 3 — 12 AuS and FeS,»"
S 4.6 = 0.4 235 += 0.01 0.007 =+ 0.001 22 *+ 1.0 0.2 (0.005) 2.30 (2)/2.26 (6)
S 19 = 1.4 3.42 += 0.03 0.008 =+ 0.008 3.45 (6) and 3.60 (2)
Fe 12 3.81 = 0.01 0.015 *= 0.001 3.83 (12)

1 N - coordination number, R - interatomic distance between the absorbing and neighboring atoms (10\), o - Debye-Waller factor (Az); R-factor (the fraction of
misfit between experiment and model) and Red. x? (reduced chi-square — parameter including the degree of freedom and uncertainties of each data point) —
goodness-of-fit statistics; 2data from: ®Filimonova et al. (2019), bBrostigen and Kjekshus (1969), “Bindi et al. (2012); 3amplitude reduction factor S = 0.84 adopted
from Filimonova et al. (2019).

Table 6
Comparison of Au local atomic environment in Sample No. 17/2 and Au-bearing phases which were detected in this sample.

Sample No. 17/2* Au,S? Solid solution Au
Au in pyrite® Au in arsenopyrite* Au in 16llingite*

Atom N° R, A® Atom N R A Atom N R A Atom N R A Atom N R A
S 3.8 2.39 S 2 2.30 S 6 2.41 S 3 2.47 As 6 2.52
As 2.2 2.54 Au 12 3.68 S 8 3.47 As 3 2.53 Fe 2 3.00
Fe 1 2.91 Fe 12 3.83 Fe 1 2.98 As 4 3.88
S 8 3.43 S 6 4.37 Fe 1 3.66 As 6 4.06
Fe 12 3.88 S 4 3.72-3.78 Fe 8 4.23
Fe 6 4.12 As 4 3.79-3.92

Fe® 6 3.94-4.10

Experimental data from ! this study, 2 Filimonova et al. (2019),  this study, Samples No. 17/1 and 8522, average, * Trigub et al. (2017a); °N - coordination number,
R - interatomic distance between the absorbing and neighboring atoms (A); © adopted from the pure arsenopyrite structure;
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Table 7

Ore Geology Reviews 121 (2020) 103475

Arsenic local atomic environment in pyrite determined by EXAFS spectra fits (the fits are performed in R-space unless otherwise indicated, k*-weighting).
Uncertainties are calculated by ARTEMIS program. Numbers without uncertainties were fixed during the fit.

Atom Experimental data’ Theoretical data®
N R, A o2, A2 AE°, eV Red. %2 (R-factor) R, A
As K-edge®
Reference materials
Natural mimetite: R-range: 1.1-2.0, k-range: 3-13 Pbs(As® T 0,4)5CI2
(0] 4 1.70 = 0.01 0.002 =+ 0.002 79 = 3.0 1320 (0.012) 1.66-1.75 (4)
Natural orpiment: R-range: 1.1-3.5, k-range: 3-13 As3TS5°
S 3 2.28 = 0.01 0.004 =+ 0.001 7 £ 1.0 175 (0.012) 2.27-2.28 (3)
S 1 3.38 = 0.04 0.003 =+ 0.003 3.40 (1)
As 2 3.54 = 0.03 0.008 + 0.003 3.49-3.50 (2)
Natural pyrites
No. 8522: R-range: 1.1-5.4, k-range: 2-12 FeAs®* 0,2H,0/As3" 03, Fe(S, As! 7),0%¢
o 0.4 = 0.5 1.74 = 0.05 0.002 + 0.010 8.6 = 1.8 18 (0.066) 1.70-1.80 (4)
S 1 2.25 = 0.04 0.002 =+ 0.002 2.18 (1)
Fe 3 2.32 = 0.02 0.008 =+ 0.002 2.26 (3)
S 6 3.18 = 0.02 0.012 * 0.003° 3.07 (6)
S 6 3.45 = 0.05 0.012 = 0.003° 3.32 (6)
Fe 4 3.56 = 0.02 0.008 =+ 0.003 3.45 (3) and 3.60 (1)
Fe 3 4.24 + 0.08 0.015 + 0.010 4.45 (3)
S 3 4.74 = 0.03 0.002 + 0.002 4.53 (3)
ms* 3 5.58 = 0.04 0.004 =+ 0.004 5.34 (3)
No. Vr-134-7: R-range: 1.1-5.1, k-range: 2-13 Fe(S, As' 7),°
S 1 2.25 += 0.04 0.002 =+ 0.004 7.6 = 09 49 (0.014) 2.18 (1)
Fe 3 2.33 = 0.01 0.003 =+ 0.001 2.26 (3)
S 6 3.07 = 0.01 0.005 * 0.001° 3.07 (6)
S 6 3.33 = 0.01 0.005 * 0.001° 3.32 (6)
Fe 4 3.49 = 0.01 0.007 =+ 0.002 3.45 (3) and 3.60 (1)
Fe 3 4.62 = 0.02 0.004 =+ 0.002 4.45 (3)
Ms°® 6 5.25 + 0.02 0.007 =+ 0.002 5.30
No. Vr-134-13: R-range: 1.1-5.2, k-range: 2-13 Fe(S, As' 7),°
S 1 2.28 = 0.03 0.002 *= 0.003 82 * 1.6 60 (0.025) 2.18 (1)
Fe 3 2.34 = 0.01 0.003 =+ 0.001 2.26 (3)
S 6 3.11 = 0.03 0.013 =+ 0.003 3.07 (6)
S 6 3.35 = 0.02 0.005 =+ 0.002 3.32 (6)
Fe 4 3.43 = 0.04 0.011 *= 0.006 3.45 (3) and 3.60 (1)
Fe 3 4.61 = 0.03 0.006 =+ 0.002 4.45 (3)
MS°® 6 5.27 = 0.06 0.011 =+ 0.005 5.30
Low temperature synthesis (300 “C/Psat)
No. 5/2: R-range: 0.9-2.9, k-range: 2-10 FeAs®* 042H,0/As3" 03, Fe(S, As! 7),0%¢
(0] 1.1 = 0.6 1.72 = 0.02 0.003 + 0.005 6.8 + 44 23 (0.073) 1.70-1.80 (4)
S 1 2.26 = 0.03 0.006 + 0.003 2.18 (1)

N - coordination number, R - interatomic distance between the absorbing and neighboring atoms (10%), o - Debye-Waller factor (10\2); R-factor (the fraction of misfit
between experiment and model) and Red. x? (reduced chi-square — parameter including the degree of freedom and uncertainties of each data point) — goodness-of-fit

statistics;

2calculated using crystallographic data from ®Dai et al. (1991), ®Kampf et al. (2011), “Kitahama et al. (1975), %Pertlik (1978), ®Brostigen and Kjekshus (1969);
Samplitude reduction factor So> = 0.90 calculated by fitting the spectra of mimetite and orpiment;

“MS - multiple scattering, corresponds to As0-S-Fe-S-AsO path;
SParameters are fixed to be equal;
®MS corresponds to AsO- Fe-S-As0 path.

samples of natural arsenian pyrite No. 8522. Our attempts to fit the
EXAFS spectra of all other synthetic arsenian pyrites failed to produce a
set of consistent data because these samples represent a mixture of
several As-bearing phases: according to XANES spectra analysis
(Section 3.2.2), the spectra result from the superimposing of the signals
from the As'~ solid solution, As sulfide (or sulfides), and As®* and
As®>™" oxides.

The spectrum of Sample No. 17/2 cannot be adequately presented
as a linear combination of the listed above phases. Examination of the
backward Fourier transform of the spectrum of this sample showed
that, in contrast to the other samples, Au presents in the distant co-
ordination shell of As at a distance of 2.5-2.6 A (Fig. A.2b). The latter
distance is similar to the Au-As distance calculated from Au Ls-edge
EXAFS spectra fit (Nas = 2.2, Rauas = 2.54 + 0.04 A, Table 5). The
presence of Au atom at this distance confirms that Sample No. 17/2, in
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addition to the solid solution Au in the pyrite matrix, contains Au-
bearing arsenopyrite or 16llingite.

4. Discussion

The results of our study demonstrate that in the ores of hydro-
thermal deposits “invisible” Au in the matrix of pyrite exists in the form
of the solid solution Au and Au,S-like particles or clusters. These two
forms coexist, their concentration ratio is governed by kinetic factors
rather than physicochemical parameters of the ore-forming process. In
the solid solution state the Au'* substitutes for Fe. Due to the large
ionic radius of Au the distance between the metal and the nearest six S
atoms increases from Rp..s = 2.26 A (pure pyrite) to Rays = 2.41 A
(Au-bearing pyrite). Distortions of the atomic structures are localized
around Au atoms and are eliminated at R > 3 A. The presence of
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substantial amount of Au,S-like clusters (pure AusS: Ns = 2 and Rp,.
s = 2.30 10\) results in the significant decrease of the calculated co-
ordination number and interatomic distance Au-S in the 1st coordina-
tion shell. The presence of As does not affect the local atomic en-
vironment of the solid solution Au: no As was detected by means of the
Au L3-edge EXAFS spectra treatment, and no Au was observed around
As by the As K-edge EXAFS spectra fits. Moreover, the examination of
Au L;-edge EXAFS spectra of As-free and arsenian pyrites revealed si-
milar atomic configurations around Au. Therefore, both Au and As are
statistically (randomly) distributed in the matrix of pyrite without the
Au-As clustering. These results are consistent with data of Merkulova
et al. (2019) who also determined the state of Au in a sample of natural
arsenian pyrite by means of XAS. Results of our XAS experiment imply
that the state of Au in pyrite is independent of the redox conditions: the
local atomic environment of Au in pyrites formed in the oxidized
system at 450 °C (H,S/SO, couple controls the redox state) is similar to
the one which corresponds to the reduced media at 300 °C (H,S is the
dominant form of sulfur).

Results of our study imply that the As-free pyrite can contain Au in
the solid solution state at the 100 ppm level. This conclusion is in line
with previous studies of Au sorption and precipitation with pyrite (c.f.,
Kozerenko et al., 2001; Widler and Seward, 2002; Laptev and Rozov,
2006), as well as with our study of the state of Au in synthetic As-free
pyrite by XAS (Trigub et al., 2017a). Examination of the concentration
of the “invisible” Au in pyrite (Table 1) confirms the results of XAS
experiment and shows that Au and As behave independently during the
pyrite-forming processes studied in the present work. Results of our
study imply that the concentration of the solid solution Au is in-
dependent of the As content. For example, in the sample of natural
arsenian pyrite from the Samolazovskoe Au-sulfide deposit
(C(As) ~ 0.34 wt%) the concentration of “invisible” Au = 300 ppm
only slightly exceeds the average Au content of ~200 ppm in low-
temperature (300 °C) synthetic As-free pyrites. At the same time, ana-
lysis of the EXAFS spectra suggests that the natural arsenian pyrite can
contain an admixture of Au,S-like clusters along with the solid solution
Au, which increases the “invisible” Au concentration. The concentra-
tion of “invisible” Au decreases twofold with the increase of the tem-
perature from 300 to 450 °C: the average Au content in synthetic Au
samples is ~200 ppm at 300 °C and < 100 ppm at 450 °C in Au-satu-
rated system in the presence of Au metal. This result is consistent with
analysis of natural Au-bearing pyrites from various deposit types
(Deditius et al., 2014), as well as with our previous study (Trigub et al.,
2017a) where it was demonstrated that increase of temperature results
in decrease of the “invisible” Au concentration in pyrite from a few
hundred ppm at ambient temperature to < 100 ppm at 300-500 °C.
Similar retrograde behavior of the concentration of Au in synthetic As-
free pyrites was observed in Pokrovski et al. (2019). Based on the re-
sults of theoretical modeling of Au Ls;-edge HERFD-XANES spectra
Pokrovski et al. (2019) suggested that the main form of the “invisible”
Au in their pyrite samples were clusters of linear S-Au-S units similar to
the aqueous sulfur-bearing complexes and Au,S. However, Trigub et al.
(2017a) demonstrated that, despite the fact that Au Lz-edge XANES
spectra of Au,S and the “invisible” Au in pyrite are close in shape and
positions of the main spectral features, their direct comparison, as well
as the theoretical modeling of the XANES spectra of Au-bearing pyrites,
cannot produce unambiguous information on the state of Au. The
analysis of Au Lz-edge XANES spectra should be complemented with
EXAFS spectra modeling to unambiguously determine the state of Au in
pyrite. It is possible that both the Au,S-like clusters and the solid so-
lution Au were present in the pyrite samples of Pokrovski et al. (2019).

In three experiments the solubility of Au dissolved in the hydro-
thermal fluid was determined along with the Au content in pyrite.
These data indicate that As does not affect the hydrothermal transport
of Au, at least at acidic pH imposed by the H,S-SO, couple where the
neutral species H3AsO5° predominates (Experiments No. 8 and 10 at
450 °C, Table 1). The measured Au concentrations are in close
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agreement with our data published previously (Trigub et al., 2017b)
and are accounted for by the formation of AuHS® — the main form of Au
in acidic sulfide-bearing fluids (c.f., Benning and Seward, 1996;
Stefansson and Seward, 2004; Tagirov et al., 2005). Jump-like increase
of Au concentration observed in As-rich system (Experiment No. 16,
450 °C, Table 1) can be attributed to the contamination of the sample by
the fluid phase with Au-rich amorphous As,S; phase (which contains
ca. 1 wt% Au) which was deposited during quenching and found on the
autoclave walls after the experiment.

Arsenic in natural and synthetic samples of arsenian pyrites exists in
1—,3+,and 5 + oxidation states. Natural pyrites contain mostly As' ~
in the form of the solid solution when As substitutes for S in the pyrite
anionic sites. The sample from the Samolazovskoe Au-sulfide deposit
contains an admixture of As3* 5. The states of As in synthetic pyrites
are more diverse. The samples contain As in the form of the solid so-
lution As'~ along with As®* and As®* oxides. Besides, As can present
in pyrite as a minor admixture of tiny inclusions of Au-bearing ar-
senopyrite or 16llingite: we were not able to discriminate between these
minerals. Despite oxidized redox state in several experimental systems
traced by the presence of As oxides, no incorporation of As into octa-
hedral cationic Fe sites, which was suggested in Le Pape et al. (2016),
was observed in our study.

Savage et al. (2000) determined that in the sample of arsenian
pyrite from tailings of the Clio Mine of the Mother Lode Gold District As
substitutes for S with significant As-As clustering. By means of com-
parison of the Fourier transform (FT) of the experimental As K-edge
EXAFS spectrum with the FTs of the spectra simulated theoretically the
authors found the ~30% substitution of As for S in the nearest to As
sites. Besides, the best fit of the experimental spectrum was achieved
when ~43% of S atoms in the 2nd shell were substituted by As. Our
study resulted in the 1st shell As-S and As-Fe distances (2.25-2.28 A
and 2.32-2.34 A, correspondingly) which agree within the uncertainty
with data of Savage et al. (2000). However, we did not observe a
contribution from As in the 1st and 2nd shells around the excited As
atom which implies insignificant As-As clustering in the studied sam-
ples.

An important issue of our work is that in the studied pyrite samples
the states of As and Au are decoupled: the presence of As in the ore-
forming system and its form of occurrence in pyrite has no effect on the
speciation of Au which presents in the form of the solid solution Au or
Au,S-like clusters regardless of the state of As. We note, however, that
in the present study the decoupling of As and Au chemistry is demon-
strated only for synthetic pyrites and a sample from Au-sulfide deposit.
In these samples the Au and As concentrations are not correlated. In
contrast, in pyrites from the Carlin-type deposits strong positive Au vs.
As correlation is observed (e.g., Fleet and Mumin, 1997; Reich et al.,
2005; Deditius et al., 2014). In the light of our results, there are two
possible explanations of this correlation. First, due to high As content,
the As-As clustering can take place in As-rich pyrite grains or zones
within the grains. The presence of the arsenopyrite or 16llingite-like
clusters/domains in the matrix of pyrite can greatly increase the con-
centration of Au (for example, the solid solution Au concentration can
reach about 0.1 wt% in l6llingite, Trigub et al., 2017a). Second, the
formation of pyrites which are enriched in both Au and As can reflect
the chemistry of the ore-forming fluids. In this case, the simultaneous
increase of the concentrations of As and Au dissolved in the ore-forming
fluid would result in the formation of Au-rich arsenian pyrites. We note,
however, that additional spectroscopic experiments are necessary to
reveal the state of Au in the ores of Carlin-type deposits.

5. Conclusions

The main purpose of this work was to determine the effect of phy-
sicochemical parameters and As concentration on the state of Au in
pyrite. We obtained Au-bearing As-free and arsenian pyrites by means
of hydrothermal technique. The synthesis experiments were performed
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in the wide range of T-P-compositional parameters: at 300 °C/P;,, and
450 °C/1 kbar, in oxidized and reduced sulfide fluids, and in As-free and
As-bearing systems. The synthesized pyrites contained up to 1.5 wt%
As. Results of LA-ICP-MS chemical analyses showed that both Au and As
are homogeneously distributed within the matrix of synthetic pyrite
samples. The concentration of “invisible” Au in pyrite was found to be
independent of the As content and varied between ca. 100 and
300 ppm. The concentration of Au dissolved in aqueous acidic sulfide
fluid was also independent from the As content which implies that
AuHS® complex was the dominant Au species at the experimental
parameters. The retrograde behavior of the “invisible” Au in pyrite with
respect to temperature was observed: the increase of the pyrite for-
mation temperature resulted in a decrease of Au concentration. X-ray
absorption spectroscopy (XAS) was applied to determine the local
atomic environment and the valence state of Au and As in the synthe-
sized pyrite samples, which were compared to the natural arsenian
pyrite from the Samolazovskoe Au-sulfide deposit (Yakutia, Russia, the
sample contained ca. 300 ppm Au and 0.34 wt% As). According to
XANES spectra analysis, the “formal” oxidation state of “invisible” Au
in all the samples is 1+. Two forms of “invisible” Au in pyrite were
identified by means of the EXAFS spectra analysis. The first form is the
solid solution Au, the second one is the Au,S-like clusters/inclusions. In
the solid solution state Au substitutes for Fe and is in octahedral co-
ordination with S atoms independently of As content. The Me-S bond
length in the first coordination shell increases from 2.26 A of pure
pyrite to 2.41 A for Au-S bond. The distant coordination shells of the
solid solution Au are similar to the pure pyrite structure. In some
samples, the Au atoms were identified in the 2nd coordination shell of
the excited Au atom which was interpreted as clustering of the solid
solution Au. In these samples, the distant coordination shells are of
disordered character. The presence of the second form, the Au,S-like
clusters, resulted in a significant decrease of the Au-S distance and
coordination number (in AusS Rpus = 2.30 A and Ns = 2). In one
sample of synthetic arsenian pyrite the As atoms were observed in the
2nd shell of Au and were attributed to the presence of Au-bearing ar-
senopyrite and/or 16llingite. Accordingly, the presence of Au-bearing
arsenopyrite and 16llingite in the matrix of pyrite can increase the bulk
concentration of Au and cause Au enrichment in natural arsenian pyr-
ites. The oxidation state of As varied from 1 — to 5+. The solid solution
state, where As'~ substituted for S, was the dominant form of As in
natural arsenian pyrites. In this case, due to the large ionic radius of As,
the interatomic distances in the 1st shell increased from Rgg. = 2.18 A
in pure pyrite to Rpspe 2.25-2.28 A in arsenian one. The 3+ and 5+
oxidation states were identified in synthetic pyrites and interpreted as
the presence of As oxides. Analysis of XAS data demonstrated that the
speciation of As and the redox state of the system do not affect the state
of Au. Additional spectroscopy experiments are necessary to char-
acterize the state of Au in As-rich ores of the Carlin-type deposits with
the strong direct correlation between the concentrations of Au and As in

pyrite.
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