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Experiments were performed to determine crystallization of Fe,S-melts (pyritic and troilitic with molar
ratio S/Fe ratios of 2 and 1, respectively) containing traces of gold and silver at (Ag/Au) ratios varying
from 10 to 0.1. The solid products were studied by optical microscopy, scanning electron microscopy, X-
ray powder diffraction (XRD), microprobe analysis, and X-ray photoelectron spectroscopy (XPS) in order
to reveal the concentration limits of “invisible” gold and silver in magmatic iron sulfides, and to deter-
mine the influence of sulfur on forms of precious metals in the Fe—S system with different Ag/Au ratios.
Au—Ag phases do not form inclusions but instead concentrate on the grain boundaries in the synthetic
pyrrhotite and troilite, while pyrite comprises micro- (1—5 pm) and macroinclusions of Au—Ag alloys and
Au—Ag sulfides. In “pyritic” systems, the fineness of alloys increases from 650 to 970% and the
composition of sulfides changes from acanthite (Ag»S) to uytenbogaardtite (AgsAuS;) and petrovskaite
(AgAuS) as the Ag/Au ratio decreases. The concentrations of “invisible” precious metals revealed in
troilite were 0.040 + 0.013 wt.% Au and 0.079 + 0.016 wt.% Ag. Measured concentrations in pyrite and
pyrrhotite were <0.024 wt.% Au and <0.030 wt.% Ag. The surface layers of iron sulfides probed with XPS
were enriched in the precious metals, and in silver relative to gold, especially in the systems with Fe/
S = 1, probably, due to depletion of the metallic alloy surfaces with gold. Au- and Ag-bearing iron sulfides
crystallized primarily from melts may be the source of redeposited phases in hydrothermal and

hypergene processes.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction

gold, silver or Au—Ag alloy particles in pyrite, pyrrhotite and other
sulfides [12]. Other authors believe that gold is embedded in the

Iron sulfides, pyrite (FeS;), pyrrhotite (Fe;_4S) and its stoichio-
metric end-member troilite (FeS), are common minerals in a wide
variety of geological formations including sedimentary deposits,
hydrothermal veins, metamorphic and magmatic rocks [1]. The
behavior of precious metals in igneous systems is largely controlled
by sulfide minerals, and quantitative determination of the abun-
dance of gold and silver in primary iron sulfides can provide key
information about the distribution of these elements during
various magmatic processes. Iron sulfides can accumulate minor
and trace elements, including gold and silver [2—9], however, the
state of precious metals is still under discussion [4,10,11]. It is often
assumed that gold and silver are presented as discrete metallic
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crystal lattice of sulfides forming solid solution (being referred as
“invisible”, “isostructural”, “structurally-bound”, “chemically
bound”, “isomorphic” gold) [13—15]. Bortnikov et al. [16] have
established the presence of both native and isomorphic gold in
sulfide ores using Mossbauer and photoelectron spectroscopy. The
nature of the occurrence, concentration ranges, and the variation in
amounts of precious metals in pyrrhotite, pyrite and other sulfides
were reviewed by Cabri [5], who demonstrated that the metals
occur both as invisible form and as submicroscopic native gold or
other minerals inclusions. It has been shown recently that pyrite
can host trace elements not only as “structurally bound” species or
solid solution, but also as nanoparticles of metals with varying
degrees of compositional complexity from native Au to
Fe—As—Sb—Pb—Ni—Au—S nanophases [6,17—20]. It has been noted
that gold-bearing pyrite is commonly arsenic-bearing, leading to a
paradigm that As is essential for Au to enter the pyrite structure.
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The limit of structurally-bound Au accommodated by arsenian
pyrite is 0.5 wt.% Au at 10 wt.% As [20,21]; Palenik et al. [20] have
determined that Au may be present as discrete nanoparticles of
gold (~5—10 nm) in As-rich overgrowths on pyrite from the
Screamer deposit in the Carlin trend.

Cook et al. [18] analyzed the range of elements, including Au, Te,
Ag, Pb, Bi, Cu, Co, Ni and As, in pyrites from 3 gold deposits in China
have shown that As-free pyrite can readily contain significant
amounts of invisible gold, both as nanoparticles and as locked in
the sulfide lattice. The authors identified the importance of Te and
other “low melting point chalcophile elements” (e.g., Bi) in gov-
erning the high concentrations of gold. Au-telluride nanoparticles
were revealed in “arsenic-free” pyrite from an intrusion-hosted Au
deposit with orogenic overprint (Dongping, China) [22]. The results
presented in Ref. [7] indicate that most of the Au in pyrite from the
Dexing porphyry Cu deposit is contained in solid solution at con-
centrations <0.001 wt.%, but higher concentrations (e.g.,
0.01-0.1 wt.% Au) reported are exclusively related to micro-to
nano-sized particles of Au.

Modern surface-sensitive methods provide evidence for the
existence of nanometer-sized objects at the surfaces of ore min-
erals. Gold was found in natural iron sulfides as surface phase
[23,24]; also surface-bound gold was found to adsorb onto minerals
during the mineralization and subsequent oxidation or metallur-
gical processing [25].

Magmas play an important role as a source of metals and sulfur
for hydrothermal ore deposit formation. During the two last de-
cades a considerable attention has been paid to the investigation of
gold and silver behavior in Fe, S-containing melts [26—29]. The
sulfide melt acts as a “collector” for gold, silver, platinum, palla-
dium, rhodium, ruthenium, iridium, osmium, and other elements,
the contents of which are 10—100,000 times higher than in silicate
melts [30]. Zajacz et al. [31] have determined from the solubility of
Au, Cu and Ag in pyrrhotite crystallized in silicate melts at 200 MPa,
800—1000 °C. The solubility of silver decreases from 0.034 to
0.040 wt.% (basalt, andesite and dacite melts) at 1000 °C to
0.012 wt.% (rhyolite melt) at 800 °C, while that of gold reaches the
values of 0.051—-0.059 to 0.002 wt.%, respectively. Maximal con-
centrations of isomorphous gold soluble in pyrite and pyrrhotite at
450°C and 100 MPa were found to be 0.0025 and 0.0005 wt.%,
respectively. Tauson et al. [3,32] reported the solubility of Ag as
0.035—0.15 wt.% and Au as 0.015—0.08 wt.% in pyrrhotite from
assemblage with magnetite + immiscible Fe—S—O melt + rhyolite
melt at 1050 °C. Yang et al. [8] measured “invisible” gold, silver and
other elements contents in primary sulfide minerals from granit-
oids. Maximum contents of Ag and Au reach 0.0123 and
0.0021 wt.% in pyrite, while those in pyrrhotite are 0.00465 and
0.000034 wt.%, respectively.

In the Fe—S system, Fe;_4S (hexagonal pyrrhotite) is stable at S
contents of 36.5—41.2 wt.%, whereas FeS, (pyrite, cubic) originates
from a peritectic reaction at 743 °C and undergoes a transition to
the orthorhombic form (marcasite) at 425 °C. Three nearly stoi-
chiometric superstructure compounds, Fe11S12, Fe10S11, and FegSqo,
are known in addition to troilite (FeS) and monoclinic pyrrhotite
(FesSg) at room temperature [33,34]. Available experimental data
for the four component Fe—S—Ag—Au system are scarce, and the
coupled solubility of gold and silver in iron sulfide melts is poorly
studied. It is known that 7 and 4.4 wt.% of gold dissolves in FeS at
1250 and 1200 °C, respectively, while silver solubility approaches
20—-25 wt.% at these temperatures [35]. Some authors [36—38]
suggested that gold is originally concentrated in early pyrrhorite
(at concentrations up to 0.0030 wt.%) with following exsolution
during peritectic transformation of the matrix to pyrite-marcasite.

Gold contents reported for natural hydrothermal pyrites vary
from 107 to 10 wt.% [2,3,11,13—15]; concentrations of silver in iron

sulfides do not exceed 0.27 wt.% [39]. Up to 0.032 wt.% of “invisible”
gold was established in pyrite from modern submarine sulfide ores
of the Manus Basin (Pacific Ocean) [16]. According to the review of
Cabri [5], the concentration of precious metals varied from 0.006 to
1.8 wt.% in pyrrhotite and from 0.25 to 0.80 wt.% in pyrite. Fleischer
[40] has estimated the maximal solubility of Ag and Au in natural
pyrites to be 0.02 wt.% while the data of Abraitis et al. [2] show
0.0009—-0.09 wt.% for Ag and 0.7 wt.% for Au.

Although invisible silver in iron sulfides has been proven and
measured in a number of studies, understanding of silver incor-
poration in iron sulfides lags well behind that of gold. Huston et al.
[41—44] stressed the importance of Ag/Au ratios for ore-forming
processes. Investigation of the Au and Ag behavior in the Fe—S
system is of fundamental and practical importance both for un-
derstanding their occurrence in the pyrite- and pyrrhotite-
containing ores, and precious metal extraction from refractory
sulfide ores.

In this work we performed the experiments on coupled gold and
silver solubility in magmatic iron sulfides (pyrite, troilite, pyrrhotite);
the study was confined to the simple Fe—S system with Ag/Au ratios
typical for sulfide ores. The aim was to reveal the solubility of gold
and silver and to determine the influence of sulfur on visible forms of
precious metals in Fe—S system with different Ag/Au and S/Fe ratios.
X-ray photoelectron spectroscopy was also applied to characterize
the surface layers of the mineral assemblies largely determining
their reactivity upon weathering and the mineral processing.

2. Experiments and analytical methods
2.1. Starting compositions

The starting materials were elementary gold and silver (99.99%),
sulfur (99.9%) and iron (99.5%). The compositions of chosen sam-
ples can be formally written down as FeSxAgo 1(or 0.01)—xAux (“sul-
fur-rich” or “pyritic” system) and FeSAgo1(or 0.01)-xAux (“sulfur-
depleted” or “troilitic” system) (x = 0.0035; 0.019; 0.02; 0.056;
0.06; 0.04 or 0.08) (Table 1). Therefore, molar ratio of sulfur to iron
(S/Fe)was 2 or 1 and weight ratio (Ag/Au)w. varied from ~10 to ~0.1.

2.2. Experimental method

For each sample the charge and the quartz rod, which was used
to minimize the free volume, were loaded into a quartz ampoule.
Sealing of the ampoules was performed after evacuating them to a
residual pressure of ~10~# torr. To prevent an explosion of the
ampoules due to excess sulfur pressure, the mixture was heated for
72 h at a rate of 0.2—0.5°/min. The ampoules (Py1 = Py7, Tr1 + Tr7,
Table 1) were heated to 1050 °C for 12 h and then cooled at a rate
0.2°/min to 150 (Py1 = Py4) and 500 °C (Py5, Py6, Tr5, Tr6) and
thereafter annealed at this temperature for 30 and 7 days, respec-
tively. At the end of the annealing procedure the furnace was
switched off and the ampoules were cooled to room temperature
for about 7—10 h. The ampoules Py7, Tr1 + Tr4 and Tr7 were cooled
to room temperature for about 24 h without being annealed. The
maximal temperature of the experiments ensured a full melting of
the samples [34], while the annealing corresponded to conditions
of high- and low temperature metamorphic processes.

2.3. Analytical techniques

2.3.1. Electron microprobe analysis

The samples were preliminary studied by optical and scanning
electron microscopy (SEM). Polished sections were prepared from
1/3 part of each sample. The chemical composition was determined
by energy-dispersive (EDS) and wavelength-dispersive (WDS)
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Table 1

The results of electron microprobe (EMPA) and X-ray diffraction (XRD) analyses of the solid phases crystallized in experiments with the starting composition FeSAgo1(or 0.01)—

xAuy (“pyritic” system) and FeSAgo.1(or 0.01)-xAUx (“troilitic” system) (x = 0.0035 + 0.08).

No exp. Starting composition

Tannealing/(Ag/Au)wt

Synthesized solid phases (fineness of gold, %o)

“sulfur-rich” system (Fe/S=2)

Py1 FeS2Ag0.095AU0,005 150 °C/10 Po > Py > Ac + Au,Fe—Ac?

Py2 FeS,Ag0.0sAUg 02 150 °C/2 Po > Py > Uyt + Fe-Uyt" + Au—Ag alloy (750)
Py3 FeS,Ag0.06AU0.04 150 °C/0.75 Po > Py > Uyt + Pet + Au—Ag alloy (930)
Py4 FeS,Ag0.02AUp 08 150 °C/0.125 Po > Py > Pet + Au—Ag alloy (920)

Py5 FeS,Ag0.081AU0.019 500 °C/2.13 Po > Py > Ac + Au—Ag alloy (650)

Py6 FeS,Ag0.044AU0 056 500 °C/0.39 Po > Py > Pet + Au—Ag alloy (970) + S
Py7 FeS2Ag0.0065AU0.0035 No/0.93 Po > Py >> Uyt + Pet + Ag—Au alloy (930)
“sulfur-depleted” system (Fe/S=1)

Trl FeSAgo.095AU0 005 No/10 Tr >> Au—Ag alloys (20+100)

Tr2 FeSAgo.0sAU0 02 No/2 Tr >> Au—Ag alloys (90+350)

Tr3 FeSAgo.06AU0.04 No/0.75 Tr >> Au—Ag alloys (290+600)

Tr4 FeSAgo.02AUp 08 No/0.125 Tr >> Au—Ag alloys (400+950)

Tr5 FeSAgo.081AU0.019 500 °C/2.13 Tr >> Au—Ag alloys (240+600)

Tr6 FeSAgo.044AU0 056 500 °C/0.39 Tr >> Au—Ag alloys (120+800)

Tr7 FeSAg0.0065AU0.0035 No/0.93 Tr >> Au—Ag alloys (270+650)

Mineral abbreviations: pyrite Py, pyrrhotite Po, troilite Tr, acanthite Ac, uytenbogaardtite Uyt, petrovskaite Pet.

2 Iron presents in Au—Ag sulfides.

electron microprobe analysis (EPMA) using a scanning electron
microscope MIRA 3 LMU (Tescan Orsay Holding) combined with X-
ray microanalysis systems INCA Energy 450+ Xmax-80 and INCA
Wave 500 (Oxford Instruments Nanoanalysis Ltd). EDS EPMA was
carried out at an accelerating voltage of 20 kV, probe current 1.5 nA,
live acquisition time of spectra 30 s. For the analysis we used the
Xray K-series (S, Fe) and L-series (Ag, Au). The spatial resolution of
the analysis was about 3 pm. Relatively large grains more than
10 um in size were examined to avoid background fluorescence
from surrounding phases. Pure metals (Au and Ag) and pyrite (FeS;)
were used as reference samples. The accuracy of X-ray microprobe
analysis was 1.5 rel. % for Au and 1 rel.% for Ag in Au—Ag alloys, and
1 rel.% for Fe and 0.5 rel.% for S in sulfides.

50 pm

90 um

The amount of invisible gold in sulfides was estimated by WDS
EPMA using Au M-line at an accelerating voltage of 20 kV, probe
current 20 nA, acquisition time of 400 s for peak, and 200 s for
background measurement on each side of the peak. The concentra-
tion of silver was measured by the Energy-dispersive spectrometer
(live acquisition time 570 s). The analyses were made on the
10 x 10 um? areas in a raster mode. The lower limits of detection at
the given parameters were estimated as 0.024 wt.% for Au and
0.030 wt.% for Ag.

2.3.2. X-ray powder diffraction (XRD)
X-ray powder diffraction patterns were collected on a Stoe
STADI MP  diffractometer (CuKal radiation, Ge(111)

1 pm

Fig. 1. Optical and SEM photos of pyritic (a,b,c) (Py6) and troilitic (d,e,f) (Tr6) samples. Symbols of the synthesized phases: Py — pyrite. Po — pyrrhotite. Tr — troilite. Pet — pet-
rovskaite. Auy — Ag—Au alloys and their fineness. Ag, Au,S? — exact composition was not determined due to the small size.
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W r' \Ag,AuS ; .

10 um

20 um

Fig. 2. Microcrystals of Au—Ag alloys and Au—Ag sulfides on the surface of the samples Py6 (a), Py7 (b), Tr6 (c), Tr1 (d).

monochromator, 40 kV, 40 mA) equipped with a MITHEN 1K linear
detector. The diffraction data were collected from 15 to 60° 26
angular range with a step of 0.015° and accumulation time of 15 s
per step. The results were processed in the program WinXPOW 2.21
(Stoe). The database of PDF-4 Minerals (The Powder Diffraction File
PDF-4 +, 2006) [45] was used for phase specification.

2.3.3. X-ray photoelectron spectra (XPS)

X-ray photoelectron spectroscopy (XPS) experiments were per-
formed on specimens crushed to 100—200 pm in a jasper mortar,
immediately attached to a conductive carbon sticky tape and
transferred to the vacuum chamber. The measurements were car-
ried out using an SPECS instrument equipped with a hemispherical
analyzer PHOIBOS 150 MCD 9 at electron take-off angle 900. The
pass energy was set at 8 eV and 20 eV for high resolution narrow
scans and for survey spectra, respectively; unmonochromatized Mg
Ko radiation (1253.6 eV) of the X-ray tube was used for excitation.
The lines were fitted with Gaussian—Lorentzian peak profiles after
Shirley background subtraction using CasaXPS software.

3. Results and discussions

The starting compositions and the results of analyses of the solid
phases crystallized in the “pyritic» (Pyl + Py7) and “troilitic”
(Tr1 + Tr7) experiments are shown in Table 1. Fig. 1 demonstrates
the examples of experiments from each series (Py6 and Tr6).

The major phases in «pyritic » experiments are represented by

pyrrhotite (Feg 475053 or Fe;Sg) and pyrite (Feq.00S2.00 or Feg 99S2.01)-
Pyrrhotite forms large resorbed grains surrounded by fine-grained
aggregates of pyrite (Fig. 1b, Py6). Au—Ag sulfides were found in all
the samples synthesized in “pyritic” experiments, while Au—Ag
alloys appeared only in Py2 — Py7. Micrograins of Au—Ag sulfides
and Au—Ag alloys (Fig. 1d, Py6) less than 1-5 pm in size are
localized mostly in pyrite along the borders with pyrrhotite. Large
xenomorphic grains of Au—Ag sulfides are generally in the central
part of pyrite grains. Separate coarse grains of fine gold (5—50 um)
intergrow with Au—Ag sulfides in pyrite crystals (Fig. 1b, Py6). The
composition of Au—Ag sulfides and Au—Ag alloys depends on Ag/Au
ratios in the initial loading (Table 1), with acanthite Ag,S ((Ag/
Au)y¢ = 10 =+ 2.13; experiments Py1, Py5), uytenbogaardtite AgszAuS,
(Ag/Au)wt = 2 + 0.75; experiments Py2, Py3), and petrovskaite
AgAuS ((Ag/Au)y: = 0.93 + 0.12; experiments Py3, Py4, Py6, Py7)
produced. The presence of iron in Au—Ag sulfides, that is
Ag1.5Au0,2Fe0,1S1.1 and Agz.gAuO.gFEOJ So1, is observed in experi—
ments Py1 and Py2, respectively. Detailed results on experiments
Py1 = Py4 are shown in Ref. [46]. The fineness of gold (Na, = Au/
S(Au + Ag)-lOOO, %o) increases from 650 to 750 ((Ag/
Au)yt = 213 + 2, experiments Py2, Py5) to 920—970 %o ((Ag/
Au)ye = 0.93 = 012 experiments Py4, Py6, Py7) (Table 1). The iron
content in Au—Ag alloys varies in the range 0—5.7 wt.%. The iron
impurity in Au—Ag sulfides and alloys may be the result of me-
chanical contamination of iron sulfide particles during polishing.
This assumption is confirmed by the analysis of a few gold-silver
alloys by TOFSIMS method (device FERA 3, Tescan Orsay Holding),
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Table 2
Relative atomic concentrations of the elements on the surface of the synthesized
samples crystallized in experiments with the starting composition FeS,Ago 1(or 0.01)—

xAuy  (“pyritic”  system) and FeSAgoior o0.01)-xAux (“troilitic”  system)
(x = 0.004 + 0.08) (XPS data).
No exp.  Starting composition  Tanpealing °C~ Fe S Ag Au
“sulfur-rich” system
Py1 FeS2Ag0.005AU0 005 150 1 20 0.24 0.011
Py2 FeS2Ag0.0sAUQ 02 150 1 286 04 0.057
Py3 FeS2Ag0.06AU0 04 150 1 3.2 0.2 0.08
Py4 FeS,Ag0.02AU0 08 150 1 185 0.1 0.081
Py5 FeS,Ag0.081AUp 019 500 1 1.75 023 0.005
Py6 FeS2Ag0.044AUg 056 500 1 185 0.15 0.09
Py7 FeS2Ag0.006AU0.004 No 1 1.59 0.086 0.002
“sulfur-depleted” system
Tr1 FeSAgo.095AUp 005 No 1 1.27 0.12 Traces
Tr2 FeSAgo 0sAup 02 No 1 1.10 0.097 Traces
Tr3 FeSAgo.06AU0 04 No 1 091 0.065 Traces
Tr4 FeSAgo.02Aug 08 No 1 143 0.029 Traces
Tr5 FeSAgo.0s1AUp 019 500 1 1.05 0.02 Traces
Tr6 FeSAgo.044AU0 056 500 1 1.14 Traces Traces
Ar" etched 500 1 1.01 Traces Traces
Tr1 FeSAgo.006AU0.004 No 1 1.04 Traces Traces

indicating an increased iron concentration only in the top layer of
the polished particles.

The X-ray diffraction analysis showed that the samples pro-
duced in experiments Pyl + Py7 contain cubic pyrite FeS; (The
Powder Diffraction ..., 2006, card 04-004-6511) and monoclinic
pyrrhotite Fe;Sg (card 00-029-0723). XRD detected acanthite (card
004-008-8450) in the experiment Py1, uytenbogaardtite (card 00-
020-0461) (Py2, Py3), and petrovskaite (card 00-019-1146) (Py3,
Py4, Py6 and Py7). The samples from experiments Py2 =+ Py7
comprise a metallic phase with the peaks close to those of silver
(card 04-007-7997), gold (card 04-007-8000), and their alloys.
Elementary sulfur was observed on the surface of the solid phases
(Fig. 1a) or on the ampoule walls in the experiment Py4.

The concentrations of “invisible” precious metals in pyrite and
pyrrhotite are lower than the sensitivity limit of X-ray spectral
microanalysis (Au < 0.024 and Ag < 0.030 wt.%). “Surface” Au—Ag
phases were observed both on pyrite (Fig. 2a) and pyrrhotite
(Fig. 2b), in the latter as 1—2 pm species located on crystal vicinals.

Surface compositions determined using XPS are in a qualitative
agreement with those for the bulk, except that surface layers are
enriched in silver (Table 2). Fig. 3 shows photoelectron Fe 2p, S 2p, Ag
3d and Au 4f spectra and X-ray excited Auger Ag MNN spectra of the
samples FeS;Agp1_xAuy synthesized using different initial composi-
tions (Py1 + Py4, Table 1). Narrow peaks at the binding energy (BE) of
707.2 eV in the spectra of iron are due to low-spin Fe(Il) in pyrite; the
overlapping bands at higher BEs are attributable to high-spin Fe(Il) in
pyrrhotite (BEs of 708—709 eV) and Fe(III) in oxyhydroxides (about
710 eV and higher) resulted from the surface oxidation.

The highest intensity of the pyritic iron line was observed for the
sample with the largest content of silver. The S 2p3)21,2 spectra are
better fitted with three doublets which can be assigned to mono-
sulfide species (S 2p3) at 161.3 eV) in pyrrhotite and Ag—Au sul-
fides, disulfide ions in FeS; (about 162.6 eV), and elementary sulfur
and/or polysulfide species (near 164 eV). The relative proportion of
monosulfide increases for the samples with increasing content of
silver mainly due to growing yield of pyrrhotite, in agreement with
the spectra of iron.

The Ag 3ds; peaks for two samples with higher concentration of
silver (xay = 0.005, 0.02) are centered at 368.1—368.15 eV, which is
typical for Ag,S and AgsAuS; and related solid solutions, in accord
with the position of Auger Ag M4N45N45 line at the kinetic energy of
356.6 eV (not in Figures) and the above results. As the concentra-
tion of silver decreases, the Ag 3d bands widen and shift to slightly

lower BEs, probably owing to the formation of AgAusS.

The quantities of gold found using XPS correlate with the bulk
ones (Table 2). The Au 4f;; binding energy of 84.65 eV for the sample
with the lowest content of gold (xay, = 0.005) is characteristic of
uytenbogaardtite [47], and it shifts to lower values with increasing
concentration of gold, reaching 84.2 eV typical for petrovskaite for
the sample with xa, = 0.08. Interestingly, the lines of metallic gold
(84.0 eV) were absent or very weak for all the samples studied.

Troilite (Fe100S1.00) and Au—Ag alloys were specified in the
“troilitic” samples Tr1 + Tr7. Au—Ag alloys are present as rounded
microinclusions at the boundary of troilite grains (Fig. 1e,f); Au—Ag
microspheres also were found on the surface of troilite (Fig. 2¢,d).
The fineness of Au—Ag alloys depends on the starting Ag/Au ratios
and increases from 20 to 100 (Tr1) to 400+-950%o (Tr4). The contents
of «invisible » gold and silver in locations beyond the inclusions of
the Au—Ag phases are found to be 0.040 + 0.013 and
0.079 + 0.016 wt.%, respectively.

According to the results of XRD study, the solid phases synthe-
sized in experiments Tr1 + Tr7 are hexagonal troilite (The Powder
Diffraction ..., 2006, card 01-075-8712) and silver (card 04-007-
7997) and gold (card 04-007-8000) or Au—Ag alloys.

The photoelectron Fe 2p spectra collected from samples pre-
pared in the sulfur-depleted system FeSAgpi_xAux (Xay = 0.005,
0.02, 0.04 and 0.08, Tr1 + Tr4) (Fig. 4) show wide multiplet lines of
high-spin Fe(Il) bonded sulfur with the Fe 2ps3;; maximum near
708 eV and those of Fe(IlI)—O species at 710 eV and higher BEs; a
contribution from low-spin ferrous pyritic species (707.2 eV) is low
if any. The rather big quantities of ferric oxyhydroxides, which easily
formed on pyrrhotite exposed to atmosphere, are in accordance
with the spectra of oxygen (not shown in Figures). The band of
monosulfide at about 161.4 eV dominates in the S 2p spectra, while
disulfide and polysulfide components (about 162.9 eV) are smaller.

The intensity of Ag 3d spectra and atomic S/Ag ratios (Table 2)
vary sympathetically with the total content of silver in the samples.
The Ag 3ds) binding energy of 368.25 eV is attributable to metallic
silver; it slightly shifts towards smaller BEs with decreasing Ag/Au
ratio in the bulk, suggesting the formation of silver sulfide phase(s).
In contrast to « pyritic » systems, photoelectron spectra of gold are
surprisingly weak (Fig. 4d), even after moderate Ar + sputtering,
implying that gold is almost absent on the surfaces exposed by
crushing regardless of its total content. A very low signal with Au
4f7, at about 84.3 eV may be assigned to Au(I)-S species, in
particular, gold dissolved in ferrous sulfide matrix. This contradicts
the microprobe analysis data which show notable quantities of gold
in alloys (Nay > 400%o) for the sample with xAu = 0.08 (Table 1, Tr4;
Fig. 4d). These findings could be rationalized in terms of small
surface areas of these rather big metallic particles (Fig. 4), but the
intensities of relevant bands of elementary silver are quite high. So,
the most likely explanation is that rather thick near-surface layers
of the alloys are strongly depleted in gold and enriched in silver.

Texture study of the synthesized samples suggests the sequence
of crystallization of Au—Ag phases and iron sulfides, and reveals
formation conditions of invisible and native form and sulfides of
gold and silver. The first phase solidified in the sulfur-rich system is
hexagonal Au, Ag-bearing pyrrhotite. The next stage of solidifica-
tion is a formation of pyrite by a peritectic reaction between pyr-
rhotite and liquid. Precious metals, apart from those solved in Fe—S
solid phases, crystallize at the final stage forming xenomorphic fine
grains of native gold and Au—Ag sulfides in pyrite; this is well seen
in Figs. 1b and 5. This assumption is also confirmed by the resorbed
surface of pyrrhotite and idiomorphic grains of pyrite in all exper-
iments. A part of the phases with precious metals may appear in the
pyrite as a result of peritectic reaction. In this case, the micro-
inclusions of Au—Ag alloys and Au—Ag sulfides captured by primary
pyrrhotite are found to be localized in pyrite, marking the former
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boundary of pyrrhotite grains (Fig. 5). A transition of hexagonal
pyrrhotite into the monoclinic phase, and solidification of sulfur
take place at temperatures 317 and 113 °C, respectively [33].
Transformation of high-temperature polymorphs of Au—Ag sulfides
into low temperature ones (a.— f) proceeds in the interval of
178—307 °C [48].

The sequence of crystallization of phases in sulfur-depleted
system (experiments Tr1 + Tr7, Table 1) is more simple. The first
solid formed upon cooling is Au, Ag-containing troilite followed by
interstitial crystallization of Au—Ag alloys (Fig. 1e).

Our results on solubility of gold and silver in iron sulfides are in
general agreement with those obtained by other authors for
experimental [31,32] and natural samples [8,40,41,49—52]. How-
ever, the variation of data is possible in the case of complex natural
systems; for instance, the presence of copper may be suggested to
affect the content of noble metals in massive ores with pyrrhotite
from Norilsk-1, Oktyabrsk and Talnakh deposits. The measured
concentrations were in the range of 0.000002—0.00026 wt.% for
gold and 0.00013—0.0033 wt.% for silver [9,53] which is far lower

than average values.

The data obtained here support the model of fractional crys-
tallization of sulfide melts, according to which the precious metals
should form their own minerals [30]. The experiments showed that
Au—Ag sulfides are quite stable, in addition to the native gold.
Recent experimental research [54] also confirms the existence of
the sulfide form of gold and silver on the pyrite surface. The phases
of (Au,Ag,Fe),S composition along with Fe, Cu and Ni sulfides were
found in carbonaceous chondrites [55]. The decay structures rep-
resenting mirmekite-like intergrowths of native gold and uyten-
bogaardtite in ores of the Original Bullfrog deposit in Canada were
diagnosed in Ref. [56]. Native gold — pyrite — acanthite (or uyten-
bogaardtite) mirmekitic intergrowth was found in the base metal
ores of Popsko deposit, Bulgaria [57]. Uytenbogaardtite overgrown
by electrum was established in ijolites and nepheline syenites of
Goryachegorsk massif [58]. Rare findings of Au—Ag sulfides in the
sulfide ores of various genesis are likely to be a result of compli-
cated diagnostics of these minerals caused by their micron sizes
and high fragility and low hardness, which lead to their losses
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Fig. 5. Microinclusions of Au—Ag alloys and Au—Ag sulfides in pyrite localized near the
boundary with pyrrhotite grains (sample Py2).

during fabrication of polished sections, as well as during produc-
tion of concentrates and schliches [59]. Moreover, “difficult to
extract” gold may be connected with the presence of micron-scale
inclusions of Au—Ag sulfides in pyrite aggregates. In our opinion,
both Au—Ag sulfides and native gold, which crystallize primarily
from melts, may be the source of redeposited phases in hydro-
thermal and hypergene processes [60].

The existing methods for the recovery of precious metals from
sulfide ores are focused on native (metallic) form of gold and silver
and largely disregard the presence of Au—Ag sulfides — acanthite,
uytenbogaardtite and petrovskaite. Data on the solubility of
precious metals in iron sulfides are important to balance the
various types of gold occurrence in the sulfide ores.

4. Conclusion

1) Crystallization of pyrrhotite and pyrite as major phases occurs in
the sulfur-rich system (S/Fe = 2). Precious metals are
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concentrated in pyrite as inclusions of alloys and sulfides. With
decreasing Ag/Au weight ratio from 10 to 0.1 the fineness of Au
alloys increases from 650 to 970%o0 and the composition of sul-
fides changes from acanthite to uytenbogaardtite and pet-
rovskaite. The content of “invisible” precious metals in pyrite
and pyrrhotite does not exceed 0.024 and 0.030 wt.% for Au and
Ag, respectively.

The sulfur depleted system (S/Fe = 1) forms troilite with
isomorphous precious metals; their concentrations can reach
0.040 + 0.013 and 0.079 + 0.016 wt.% for Au and Ag, respectively.
Most of “visible” Au—Ag phases are located between or close to
the grain boundaries.

3) The photoelectron spectra characterizing a few nanometer thick

layer showed preferentially Ag—Au sulfide phases on the sur-
faces of ground specimens. Moreover, almost no surface gold
was observed in the samples depleted in sulfur (“troilitic™),
where the precious metals are present mainly in the elementary
form. Probably, the surfaces of metallic Ag—Au alloys are
enriched in silver, and the effect being more pronounced in the
S-bearing systems due to a higher Ag affinity to S. This may
affect the leaching of gold; and it should be taken into consid-
eration for the reactions of weathering and processing of Au-
bearing ores.
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