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Abstract

We carried out experiments on crystallization of Fe-containing melts FeSoAgo. 1-0.1xAup.1x (x = 0.05, 0.2, 0.4, and 0.8) with Ag/Au weight
ratios from 10 to 0.1. Mixtures prepared from elements in corresponding proportions were heated in evacuated quartz ampoules to 1050 °C
and kept at this temperature for 12 h; then they were cooled to 150 °C, annealed for 30 days, and cooled to room temperature. The solid-phase
products were studied by optical and electron microscopy and X-ray spectroscopy. The crystallization products were mainly from iron sulfides:
monoclinic pyrrhotite (Fep47S0.53 or Fe;Sg) and pyrite (Fep.99S2.01). Gold-silver sulfides (low-temperature modifications) are present in all
synthesized samples. Depending on Ag/Au, the following sulfides are produced: acanthite (Ag/Au = 10), solid solutions Agy_Au,S (Ag/Au =
10, 2), uytenbogaardtite (Ag/Au = 2, 0.75), and petrovskaite (Ag/Au = 0.75, 0.12). They contain iron impurities (up to 3.3 wt.%). Xenomorphic
micro- (<1-5 um) and macrograins (5-50 pum) of Au-Ag sulfides are localized in pyrite or between the grains of pyrite and pyrrhotite.
High-fineness gold was detected in the samples with initial ratio Ag/Au < 2. It is present as fine and large rounded microinclusions or as
intergrowths with Au—Ag sulfides in pyrite or, more seldom, at the boundary of pyrite and pyrrhotite grains. This gold contains up to 5.7 wt.%
Fe. Based on the sample textures and phase relations, a sequence of their crystallization was determined. At ~1050 °C, there are probably
iron sulfide melt L; (Fe,S > Ag,Au), gold—silver sulfide melt L (Au,Ag,S > Fe), and liquid sulfur Ls. On cooling, melt L; produces pyrrhotite;
further cooling leads to the crystallization of high-fineness gold (macrograins from L; and micrograins from L) and Au—Ag sulfides (micrograins
from L; and macrograins from Lp). Pyrite crystallizes after gold—silver sulfides by the peritectic reaction FeS + Lg = FeS; at ~743 °C. Elemental
sulfur is the last to crystallize. Gold-silver sulfides are stable and dominate over native gold and silver, especially in pyrite-containing ores
with high Ag/Au ratios.
© 2012, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction might also form from sulfide melts Agy ,Au,S (0<x<1.7)
] . ) (Barton, 1980; Palyanova et al., 2011a,b). Gold—silver sulfides
Golﬁ—sﬂver sulfides, uytenbogaarfitlte (AU3AUS2) and pet-  (Au,Ag,Fe),S were discovered together with iron, copper, and
rovskaite (AgAuS), were revealed in sulfide ores of many  pjckel sulfides in carbonaceous chondrites (Geiger and Bis-
deposits and ore occurrences (Barton et al., 1978; Castor and choff, 1995). Uytenbogaardtite grown over electrum was
Sjoberg, 1993; Nesterenko et al., 1984; Savva and Pal’yanova,  founq in the ijolites and nepheline syenites of the Goryachaya
2007). The size of their grains varies from submicron  Gory massif (Sazonov et al., 2008). In the ores from the
(<.0..l um) to few centlmeters; most often, it is fract10n~s of Original Bullford deposit in Canada (Castor and Sjoberg,
millimeter. Several physicochemical models for the genesis of 1993), exsolution structures were discovered, which are myr-

gold-silver sulfides were elaborated. They were tentatix;ely mekite-like intergrowths of native gold and uytenbogaardtite.
called h(}llpogene z(hgdfothi:,rmal and pa;lec;)olfat'anc) (Pal Yil- Not only argentite (acanthite) but also uytenbogaardtite were
nova and Savva, 2009; Pa )janova et al., 2011c; Savva et al., recognized in the ores from deposits in the Noril’sk district
2010a;) and hypergene (Pal’yanova and Savva, 2007; Savwva g} henikin and Mokhov, 2002, 2010; Spiridonov, 2010a.b).
and Pal’yanova, 2007; Savva et al., 2010b). However, they A high extracting capacity of Fe-containing sulfide melts for
Au and Ag was reported by Barnes et al. (2006), Czamanske

* Corresponding author. et al. (1992), Mungall et al. (2005), Nadeau et al., 2010;
E-mail address: palyan@igm.nsc.ru (G.A. Pal’yanova) Ryabchikov et al. (1999), Wager and Brown (1968). The goal
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of this work was to study the behavior of gold and silver
during the crystallization of high-temperature Fe—Ag—Au-S
melts and to estimate the formation conditions of Au-Ag
sulfides and native gold. Study of the behavior of Au and Ag
in Fe- and S-containing systems is of interest for revealing
their primary state in iron sulfides. We hope the performed
work will help to locate gold—silver sulfides (uytenbogaardtite
and perovskite) in sulfide-containing ores. The system Fe—Ag—
Au-S has a simplified composition as compared with the
natural ones and is an intermediate link between simple and
complex magmatic systems containing Cu, Ni, and other
elements.

Experimental conditions of synthesis

We studied the behavior of gold and silver during the
crystallization of melts in the system Fe—-Au-Ag-S with a
constant atomic S/Fe ratio equal to 2 and the total content of
noble metals (Au + Ag) not exceeding 10 wt.% of the total
content of major elements (Fe + S). The contents of Au and
Ag were higher than their maximum possible contents in iron
sulfides (Chareev, 2006; Cook and Chryssoulis, 1990; Mi-
ronov et al., 1987; Tauson et al., 1996, 1998, 2005), which
favored the formation of their individual mineral phases in the
system under study. The contents of noble metals in the
experiments were specified in different proportions to eluci-
date the influence of Ag/Au on the composition of Au-Ag
minerals. The studied system Fe—Au—-Ag-S can be formally
described as 1 mole FeS, + 0.1 mole Agj_,Au,, or FeS;
Ag0.1-0.1xAug.1x, Where the x values (mole fraction of gold in
Au-Ag alloy) was specified equal to 0.05, 0.2, 0.4, and 0.8,
which corresponded to atomic ratios from 19 to 0.25 and
weight Ag/Au ratios of 10.4 to 0.14. Hereafter, we use rounded
values of weight Ag/Au ratios—10, 2, 0.8, and 0.1.

a

1200

L L+LS
L+Fe Q
. N
1000 L +Po
Po+L
Po\\ 5 O*Ls

O 800 y
o
=
© 600
[]
Q.
€ Po+Fe
©

400 Py+Lg

Po+Py
200
Py+S
0 T T T T
Fe 0.2 0.4 0.6 0.8 S

Atomic fraction

As starting materials for the experiments, we used gold and
silver (99.99%) as well as iron and sulfur (special-purity
grade) (Table 1). The total sample weights were ~500 mg; the
accuracy of weighing was +0.05 mg. The starting materials
were placed into quartz ampoules with a quartz rod to
minimize the free volume. The ampoules were sealed at a
residual pressure of ~1072 torr. The samples were heated to
1050 °C for three days, were kept at this temperature for 12 h,
and then were cooled to 150 °C with a rate of 0.2 °C/min and
annealed at this temperature for 30 days. Afterwards, the
furnace was switched off and cooled to room temperature for
~7 h.

The Fe-S diagram (Fig. 1, a) shows the stability domains
of phases in the temperature range 0-1200 °C (Waldner and
Pelton, 2005). The black point (Fig. 1, a) corresponds to the
atomic S/Fe ratio (33.33 at.% Fe, 66.66 at.% S) during the
experiments and the maximum temperature of the ampoule
heating (~1050 °C). The atomic ratio (Fe + Ag + Au)/S was
1.8, which is lower than Fe/S in pyrite but higher than Fe/S
in pyrrhotite. Figure 1, b shows the system Ag—Au-S with
phases stable at room temperature (Barton, 1980; Osadchii and
Rappo, 2004; Vol and Kogan, 1976). The points correspond
to the initial Ag/Au ratios in the system, with S and Fe being
ignored. We omit the AgrS—Au;S section reflecting the phase
relations over a wide temperature range (Barton, 1980),
because it is identical to that in Fig. 1 in our recent paper
concerned with the system Ag—Au-S (Pal’yanova et al.,
2011b).

The annealing was performed at 150 °C, which is lower
than the temperature of phase transitions of Au—Ag sulfides
(<> B at 307 °C for petrovskaite, at 187 °C for uyten-
bogaardtite, and at 177 °C for acanthite). This temperature was
chosen in order to obtain a crystalline structure of low-tem-
perature polymorphic petrovskaite and uytenbogaardtite.
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Fig. 1. Diagrams of phase stability in the system Fe—S (Waldner and Pelton, 2005) in the temperature range 0—1200 °C (a) and compositions of phases stable in the
system Au—Ag-S at room temperature (Barton, 1980; Osadchii and Rappo, 2004; Vol and Kogan, 1976) (b). L, melt; Ls, liquid sulfur; Po, pyrrhotite; Py, pyrite. Black
point corresponds to initial atomic Fe/S ratios in the experiments and the maximum temperature of ampoule heating (). Rhombuses mark initial atomic Au/Ag

ratios (b).
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Table 1. Results of X-ray spectral microprobe analysis of solid phases in experiments with initial compositions FeS2Ago.1-0.1xAuo.1x (x = 0.05-0.8)

Experiment Initial composition Contents of elements in initial system and solid phases

of system, solid
phases Ag Au Fe S z Initial Ag/Au weight ratios and formular

units of solid phases

1 x = 0.05 31.94 3.2 1114 128.2 274.74 Ag/Au = 10
Pyrrhotite 0 0 59.98 38.85 98.83 Fe 475053
0 0 46.99 53.01 100.00
Pyrite 0 0 46.89 54.73 101.62 Fe.99S2.01
0 0 32.97 67.03 100.00
(Ag,Au,Fe),S 79.00 15.10 1.9 14.05 99.65 Ag) 6Aug,Feg 1Sy
53.17 6.47 2.87 36.99 100.00
Acanthite 90.2 0 0 11.15 101.35 Ag,S
70.64 0 0 29.36 100.00
2 x=02 24.5 11.2 1114 1284 275.5 Ag/Au = 2
Pyrrhotite 0 0 60.74 39.22 99.96 Fe 475053
0 0 47.06 52.94 100.00
Pyrite 0 0 47.45 54.09 101.54 Fe1.00S2.00
0 0 33.49 66.51 100.00
Uytenbogaardtite 55.41 29.2 1.09 11.69 97.39 Ags9AugoFe) 1Sy
49.11 14.17 1.87 34.86 100.00
(Ag,Au,Fe),S 51.59 34.64 0.94 14.68 101.84 Ag) 3AugsFep S| 2
42.37 15.58 1.49 40.56 100.00
Au-Ag-Fe alloy 14.62 75.07 5.72 0 95.41 Aug62Ag0.20Fe0.16 (Nay = 750%0)
21.89 61.56 16.54 0 100.00
3 x=04 16.3 20.0 111.0 128.4 275.7 Ag/Au = 0.8
Pyrrhotite 0 0 59.65 38.96 98.61 Fey 475053
0 0 46.78 53.22 100.00
Pyrite 0 0 46.34 53.68 100.02 FeS,
0 0 33.14 66.86 100.00
Petrovskaite 31.69 57.1 0.91 12.58 102.28 AgAuS
29.6 29.21 1.64 39.54 100.00
Uytenbogaardtite 55.07 31.72 2.15 12.83 101.77 Ags sAugoFeq 1S
45.98 14.5 3.47 36.04 100.00
Au-Ag-Fe alloy 5.58 96.77 1.39 0 103.74 Aug 37A80.09Fe0.04 (Nay = 930%o)
9.11 86.51 438 0 100.00
4 x=08 44 32.7 111.2 128.3 276.6 Ag/Au = 0.1
Pyrrhotite 0 0 61.98 40.11 102.09 Fey.47S0.53
0 0 47.01 52.99 100.00
Pyrite 0 0 46.18 52.36 98.54 FeS,
0 0 33.61 66.39 100.00
Petrovskaite 27.94 56.61 3.32 13.49 101.37 AgAuS
28.52 29.87 3.84 37.77 100.00
Au-Ag-Fe alloy 5.36 92.07 2.51 0 99.94 Aug 33Ago 09Fen.0s (Nay = 920%o)
8.84 83.16 8 0 100.00

Note. Bold figures, mg; italic figures, wt.%; normal figures, at.%. Contents in % and in molar fractions are one unit higher than the significant values.
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Moreover, since the experiments in the system Fe-Ag—Au-S
were performed in the same temperature regime as the
experiments in the system Ag—Au-S (Pal’yanova et al.,
2011a,b), we could compare their results and elucidate the role
of iron sulfides and sulfur in the formation of Au—Ag sulfides
as well as native gold.

To determine the optimal duration of the annealing by the
example of the system Au—-Ag-S, we carried out a series of
kinetic experiments with Agj eAug4S for 7, 14, 32, and 130
days and an experiment without annealing. The number,
composition, and structure of synthesized phases did not
change when the annealing was performed for 14 days and
more. The samples obtained without annealing and after
annealing for seven days had an inhomogeneous composition
(data of microprobe analysis) and contained additional phases
similar in composition to the initial sample Agi eAugaS
(Pal’yanova et al., 2011b).

Polished sections were prepared from 1/3 of each sample.
The synthesized solid-phase products were studied by optical
and electron microscopy. The chemical composition of phases
was determined on a JSM-6510LV (JEOL Ltd) electron
scanning microscope with an INCA Energy 350 Oxford
Instruments Analytical energy dispersion spectrometer at the
Institute of Geology and Mineralogy, Novosibirsk. Operation
conditions: accelerating voltage—20 kV, probe current—1 nA,
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spectrum recording during analysis—15 s, spectrum recording
during X-ray radiation—up to 3000 s. As reference samples,
we used Au-Ag alloy (750%0) for Au and Ag analysis and
CuFeS; for S and Fe analysis. To eliminate the presence of
background amounts of elements from the surrounding phases,
we examined only large grains (>10 um). The accuracy of
X-ray microprobe analysis was 1.5 rel.% for Au, 1 rel.% for
Fe and Ag, and 0.5 rel.% for S. The detection limit of Au and
Ag present as impurities in iron sulfides is 0.6 wt.%.

An X-ray phase analysis of the synthesized phases was
carried out using an ARL X’TRA Thermo Scientific X-ray
powder diffractometer with a Peltier-cooled solid Si-Li detec-
tor. Diffraction data were collected in the 20 range of 5°-60°
with a 0.02° step and the collection time of 10 s. The results
were treated using the WinXRD 2.0-6 (Thermo Scientific)
program. For phase analysis, the PDF-4 Minerals database
(The Powder Diffraction..., 2006) was used.

Results of investigation of synthesized solid phases

Table 1 lists the compositions of the synthesized solid
phases. Note that the main phases in all experiments are iron
sulfides (Figs. 2-5): pyrrhotite (Feg47So53 or Fe;Sg) and
pyrite (FeSy). The inequigranular texture of the synthesized
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Fig. 2. Reflected-electron images of large and fine grains of Au—Ag sulfides and native gold localized in pyrite and interstices of iron sulfides in experiments with

different initial Ag/Au ratios: a, 10; b, 2; ¢, 0.8; d, 0.1.
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Fig. 3. Reflected-light photos (Olympus BX51 optical microscope) of xenomorphic gold-silver sulfide grains in pyrite and emulsion phenocrysts of native gold and
Au-Ag sulfides in its core and rim, which are localized parallel to the pyrite—pyrrhotite boundary: a, b, Ag/Au = 10; ¢, d, 2; ¢, 0.8; f, 0.1.

samples is well seen in Figs. 2, a—d, 3, b—f, and Fig. 5, a, b.
Pyrrhotite has large euhedral grains with fine-grained aggre-
gates of pyrite and Au—Ag sulfides (Figs. 2, a and 3, b) and
alloys (Figs. 2, b—d and 3, c—f) in the interstices. The
pyrrhotite—pyrite boundary is resorbed and is obviously cor-
roded (Figs. 2, a—d and 3, b—f). The pyrrhotite grains reach
300 um in size; pyrite, 100 um; and Au—Ag sulfides, 50 um.
The pyrite grains are euhedral. Locally, the pyrite bears fine
pyrrhotite inclusions of irregular shape (Fig. 3, a). It also fills
thin cracks in the pyrrhotite (Fig. 3, e, f). Aggregates of iron
sulfide microcrystals have been revealed on the sample surface
(Fig. 4, a—f). The pyrite occurs as cuboctahedral crystals
(Fig. 4, b), and the pyrrhotite, as pseudohexagonal pyramids
or prisms (Fig. 4, ¢, d). Note that the pyrrhotite lacks gold

and silver microimpurities, or their content is below their
detection limit in X-ray microprobe analysis.

The Au-Ag sulfide grains are xenomorphic and are ar-
ranged between the pyrite grains or between the pyrite and
pyrrhotite grains (Figs. 2, a—d, 3, a—f, 4, a—f, and 5, a, D).
Moreover, Au—Ag sulfides as rounded grains or intergrowths
with Au—Ag melts form emulsion-like impregnations in pyrite
(Figs. 2, a—d, 3, a—f, 4, a—f). Gold-silver alloys were detected
only in experiments 2-4 (Ag/Au < 2) (Table 1). The content
and size of the alloy grains increase as Ag/Au in the initial
system decreases (Figs. 2, b—d and 3, e, f). Fine (<5 pum)
Au-Ag alloy grains are concentrated in the pyrite mainly along
its boundary with pyrrhotite (Figs. 2, b—f and 3, d—f). The
pyrite core contains both fine and large (up to 30 wm) rounded
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Fig. 4. Reflected-electron photos of aggregates of iron and gold—silver sulfide crystals on the surface of synthesized samples. a—f, See Photo 3.

grains of Au—Ag alloys, often intergrown with Au—Ag sulfides
(Figs. 2, e, f and 3, e, f). The iron content in the large alloy
grains does not exceed 5.7 wt.%. The fineness of gold
containing Fe impurities (Nay = Au/(Au + Ag + Fe) - 1000%o)
increases from 750%0 in experiment 2 to 920-930%¢ in
experiments 3 and 4.

The composition of Au—Ag sulfides depends first of all on
the initial Ag/Au ratios in experimental samples (Table 1).
In experiment 1, silver sulfide is close in stoichiometric
composition to acanthite (Ag/Au = 10). Solid solutions of
Au-Ag sulfides were found in experiments 1 and 2:
Agi.6Aug2Feo.1S1.1 and Agy3AugsFeo.1S1.2, respectively. In
experiments 2 and 3, the obtained Au-Ag sulfides are similar
in composition to uytenbogaardtite. In experiments 3 and 4,

the Au—Ag sulfides are close (within the analytical error) to
the stoichiometric composition of petrovskaite. Gold-silver
sulfides contain iron impurities, whose concentration does not
exceed 3.3 wt.%. Figures 4, a—f and 5, b show Au-Ag sulfide
microcrystals found on the surface of experimental solid
products. Most often, they are rounded (Fig. 4, b—f) and are
localized between pyrite or, seldom, pyrrhotite grains. Well-
faceted crystals of Au—Ag sulfides (Fig. 4, a, c¢) were produced
in the experiments with the highest initial Ag/Au ratios (22).
These are, most likely, paramorphs of low-temperature modi-
fications on high-temperature ones. In all experiments, there
are minor amounts of elemental sulfur on the surface of solid
phases or the ampoule walls.
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X-ray diffraction spectral data

The X-ray diffraction spectral analysis showed that all
studied samples contain pyrite FeS, (The Powder Diffrac-
tion..., 2006, card 04-004-6511) and monoclinic pyrrhotite
Fe;Sg (card 00-029-0723). The sample from experiment 1 also
contains acanthite (card 004-008-8450). The diffraction pattern
of the sample from experiment 2 has weak diffusive peaks
assigned to uytenbogaardtite (card 00-020-0461). The samples
from experiments 3 and 4 contain petrovskaite (card 00-019-
1146) and metallic phase, whose peaks are similar to those of
silver (card 04-007-7997), gold (card 04-007-8000), and their
alloys. A metallic phase is also present in a minor amount in
experiment 3 and in a much greater amount in experiment 4,
whereas petrovskaite is more abundant in experiment 3. The
weak peaks on the diffraction patterns of all samples are
assigned to sulfur.

Discussion

The experimental results for the studied system Fe—Ag—
Au-S were interpreted using available data on binary and
ternary subsystems and the melting points of possible solid
phases (Barnes, 1997; Barton, 1980; Taylor, 1970a,b; Vaughan
and Craig, 1978; Vol and Kogan, 1976; Waldner and Pelton,
2005). For example, the melting point of hexagonal pyrrhotite
is 1195 °C. But in the S-enriched (>50 at.% S) system Fe-S,
including the initial composition specified in our experiments
(33.33 at.% Fe and 66.66 at.% S; Ag and Au are ignored), its
melting point decreases to ~1100 °C (Waldner and Pelton,
2005). In the ternary system Ag—Au-S, an Au—-Ag—S melt is
produced at >700-840 °C; its composition is determined by
the proportion of elements (Barton, 1980). In the Ag-rich
systems, cooling of Ag-rich melts results in solid solutions
of Au-Ag sulfides, Agr S (x— 0)-Aug1AgioS and
Aug.1Ag1.9S-Aug4Ag ¢S, with face- and space-centered lat-
tices, respectively. In the Au-rich systems, high-fineness gold
and a solid solution of Au-Ag sulfides with a primitive cubic
lattice are produced.

By analogy to the systems Pb-Ag-FeS and Pb—Au-FeS
(Raghavan, 2009; Rybkin et al., 2006), we suggest that the
system under study includes immiscible liquids—iron sulfide
melt with impurities of noble metals, L (Fe,S > Ag > Au),
and gold-silver sulfide melt with iron impurities, Lp
(Ag,Au,S >Fe). In accordance with the Fe-S diagram
(Fig. 1, a), the specified composition falls in the liquation
domain involving liquid sulfur. This suggests the presence of
the third phase, Lg, in the system. On cooling, the melt L;
produces hexagonal pyrrhotite (Fig. 1, a). Noble metals
dissolved in L crystallize at the final stage, yielding xeno-
morphic fine grains of native gold and Au-Ag sulfides
(Fig. 2, a—e). Further cooling leads to the production of pyrite
by the peritectic reaction FeS + Lg = FeS, (Fig. 1, a). This is
confirmed by the resorbed surface of pyrrhotite in all experi-
ments and the euhedral pyrite grains growing over the larger
pyrrhotite grains (Figs. 2, a—d and 3, b—f). As a result,

(/3

Feo.47S0.53 e

Fig. 5. Inequigranular texture of synthesized sample (experiment 4) with coarse
euhedral pyrrhotite grains, with fine-grained aggregates of pyrite, petrovskaite,
and high-fineness gold between them. a, Reflected-light photo, nicols x; b, re-
flected-electron photo.

microinclusions of native gold and Au-Ag sulfides get into
the pyrite grains and are arranged parallel to the pyrite/pyr-
rhotite boundary. The large and fine rounded grains of
Fe-containing gold (Fig. 2, b-d) and Au-Ag sulfides
(Figs. 2, a—e and 3, a—f) forming emulsion-like impregnations
in the pyrite grain cores are the exsolution products of solid
solutions crystallized from the melt L (Au,Ag,S > Fe). At
317 and 113 °C, hexagonal pyrrhotite passes into a monoclinic
one, and liquid sulfur passes into a solid one (Fig. 1, a). Sulfur
is present as drops on the ampoule walls and on the sample
surface is the last solid phase. Transition of high-temperature
polymorphic Au-Ag sulfides into low-temperature ones
(0. = B) occurs in the temperature range 177-307 °C (Barton,
1980). Annealing at 150 °C leads to the ordering of the
structure of low-temperature polymorphic Au-Ag sulfides and
the formation of microcrystals on the sample surface
(Fig. 4, a—f).

Thus, the experimental results show the possible crystal-
lization of Au—-Ag sulfides from melts FeAgg 1-0.1xAugo.1x:52-
The Ag-rich systems (Ag/Au > 2) lack native gold. As the
content of gold in the system Fe-Ag—Au-S increases, only
high-fineness gold (>750%o) crystallizes. Most of the Au-Ag
phases are produced from the Au-Ag sulfide melt L;
(Au,Ag,S > Fe), which exists autonomously from the iron
sulfide melt L; (Fe,S > Ag > Au). These phases crystallize at
the intermediate stages of sulfide melt evolution after pyr-
rhotite but before pyrite. The experimental results account for
the low contents of Au and Ag in the pyrrhotites of sulfide
ores from the Noril sk district (Barnes et al., 2006; Sluzhenikin
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and Mokhov, 2002) and suggest high gold and silver con-
tents in pyrite ores. These data also confirm the model of
fractional crystallization of sulfide melts with the formation
of noble-metal mineral phases (Ebel and Naldrett, 1996, 1997;
Sinyakova et al., 2006). In natural ore-forming processes,
crystallization of sulfide melts can yield Au—Ag sulfides and
high-fineness gold. Judging from the clarke ratios Ag/Au >
10, Au—Ag sulfides will be predominant species of these
metals. We think Au—Ag sulfides can be of wider occurrence
and be present in almost all pyrite ores of deposits of different
genesis.

Conclusions

1. Depending on Ag/Au in the system FeS)—Ag—Au,
Au—Ag sulfides of different compositions with up to 3.3 wt.%
Fe are produced.

2. In the Au-rich systems, Au-Ag sulfides along with
high-fineness gold are formed. The minimum fineness of
native gold produced during the crystallization of Au—Ag
sulfide melt is 750%¢ (with regard to the presence of up to
5.7 wt.% Fe).

3. At 1050 °C, both iron sulfide melt with impurities of
noble metals (Fe,S,Ag >> Au) and Au-Ag sulfide melt with Fe
impurities (Au,Ag,S >>Fe) exist. On cooling of the melts, a
successive crystallization of pyrrhotite, high-fineness gold (at
Ag/Au = 2), Au—Ag sulfides (micro- and macrograins), pyrite,
and sulfur occurs.

4. Gold-silver sulfides are stable and dominate over native
metals, especially in pyrite ores with high Ag/Au ratios.
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