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Dry annealing of Au-Ag alloys (Au, Aug s6Ag0.44, AUo 35A80.65, Alp.10A80.81 and Ag), together with pyrite as a
source of sulphur, at 450 °C was used to study the mechanisms of corrosion and transition of metal forms of
noble metals to sulphide forms. In the experiment with Ag plates the silver completely sulphidates to form
acanthite Ag,S and pyrite desulphidates to form pyrrhotite Fe;_,S. In the experiments with the Au-Ag plates there
also formation of an uytenbogaardtite phase and ennobling of Au-Ag alloys take place. Gold in the absence of
silver stabilizes pyrite and prevents its transition to pyrrhotite.

1. Introduction

Pyrite is one of the host minerals accumulating gold and silver in
many of the world’s gold deposits [1-3]. Pyrite is frequently intergrown
with native gold or contains its microinclusions [4-7]. At some
deposits, pyrite along with native gold contain microinclusions of Au-
Ag sulphides — acanthite (Ag.S), uytenbogaardtite (AgsAuS,) and
petrovskaite (AgAuS) [8-10]. A number of deposits are characterized
by the development of dark rims of Au-Ag sulphides after native gold
and silver [11]. Study of natural samples showed that the composition
of these rims depends on the fineness of native gold after which they
form: uytenbogaardtite forms after gold of fineness above 380%o,
whereas petrovskaite, above 650%o. At high temperatures, gold and
silver do not virtually dissolve in the iron-sulphide melt, and on cooling
and quenched annealing crystallize to form Au-Ag alloys and Au-Ag
sulphides [12,13]. Tarnishing of jewelry productions of gold and silver
or the appearance of a dark film on Au-Ag alloys are attributed to silver
sulphide. In our experiments Au-Ag alloys have turned black due to
sulphidation, but we found acanthite, uytenbogaardtite and Au-en-
riched noble alloys [11]. The sulphidation mechanism of native gold
and source of sulphur for the occurrence of sulphidation reactions of
noble metals in natural processes is unclear. It is assumed that this
might be native sulphur, sulphides of nonferrous metals or gaseous
sulphur [14-18]. At many gold deposits that contain native gold and
sulphides of nonferrous metals, acanthite (Ag-S), uytenbogaardtite
(AgsAuS,) or petrovskaite (AgAuS) were not found, which may be
due to the difficulty of detecting them because of their microscopic sizes
and low hardness. In many ores, these and other chalcogenides cause
severe processing problems and loss of gold. Some gold ores that
contain pyrrhotite are more troublesome than others, depending on the

* Corresponding author.
E-mail address: palyan@igm.nsc.ru (G. Palyanova).

http://dx.doi.org/10.1016/j.corsci.2017.03.020

type of pyrrhotite present [5].

The aim of this work is to study the mechanisms of corrosion and
transformation of metal forms of noble metals into sulphide form in the
presence of pyrite, which is a potential source of sulphur in natural ore-
forming processes. One of the tasks of the study is to reveal the
influence of silver and gold on the transition of pyrite to pyrrhotite on
heating and to determine the compositions of formed Au-Ag sulphides.
Knowledge of all mineral forms of the occurrence of noble metals,
especially those that are hard to detect in sulphide ores is very
important and is of interest to mineralogists, technologists and metal-
lurgists.

2. Experiments and analytical methods
2.1. Starting compositions

The experiments on solid-phase diffusion [19] have been conducted
using Au-Ag alloys of varying composition and pyrite single crystal
from the Berezovskoe gold-quartz deposit (Ural, Russia). Microprobe
analysis showed that the pyrite crystal was homogeneous and did not
contain micro impurities. First, a ~5-6 mm thick plate was cut from
the crystal. Gold-silver alloys of Augpi19A80.s1, AUg35A806s and
Aug s6Ag0.44 composition were synthesized from a stoichiometric
mixture of metals and were rolled out to the thickness of ~200 pm
and cut into plates measuring 3 X 3 mm. Also pure silver and gold
plates 300 and 100 pm in thickness were used. Unlike the earlier
performed experiments at 500 °C [17], in which pyrite blocks and
plates of Au-Ag alloys were placed successively, as puff pastry, into one
big long ampoule, in new experiments one Au-Ag plate was put
between the pyrite blocks, the other was isolated by a quartz column
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Fig 1. Pyrite blocks (a) and Au-Ag plates of varying composition (b), and the ampoule with Au-Ag plates of composition Aug 19Ag0.s1 before (c) and after the experiment (d).

Table 1

Chemical compositions of solid-phase products formed at the contact of pure gold, Au-Ag alloys and pure silver plates with pyrite blocks at 450 °C.

Ne Starting composition Compositions of new solid phases (formula)

Au-Ag alloys”

Ac” Uyt? Pyrrhotite
Fe,.,S/FeS,(n")

1 Au < < FeS, _
2 Augs6A80.44 < < FeSy Alg.60-0.62A80.40-0.38
3 Aug 35A8065 < < FeS, Ao 43.0.47A80.57-0.53
4 Aug.10A80s1 < < FeSy Alg 47.0.52A80.53-0.48
5 Ag < < FeS, -

Ag2.021.9750.08-1.03 > > Feo.geo + 0.002S/FeS1.163 (4)
Ag3.64-3.20AU0.24-0.4452.12-2.36
Ag229.21980.71.0.81 > > Feo.873 + 0.0025/FeS1.145 (5)
Ag3.55—3.30Au0.34'0.4452.11—2.28
Ag211-1.9650.89-1.04 > > Feo.ges + 0.002S/FeS1 155 (4)
Ag3.57-3.48AU0.29.0.4652.14-2.06
AB1.96-1.8651.04-1.14 Feo.gs7 + 0.002S/FeSy 153 (4)

@ Calculations for Au-Ag alloys for 1, acanthite for 3 and uytenbogaardtite for 6 formula units.

> 1 — number of analyses.

Fig. 2. SEM photo of the surface of pyrite blocks after experiments: (a) with fine-dispersed gold particles (experiment with starting composition Au + FeS, (No. 1, Table 1)), (b) with
silver sulphide and pyrrhotite (experiment with starting composition Ag + FeS, (No. 5, Table 1)).
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Fig. 3. Crystals of silver sulphide (acanthite, Ac) grown on the silver plate that was out of contact with pyrite (experiment No. 5, Table 1): a — SEM photo of the plate, b — SEM photo of
crystals.

Fig. 4. SEM (a,c,d) and optical photo (b) of the longitudinal section of pyrite block fragments after the experiment with the starting composition Ag + FeS, (No. 5, Table 1) — with newly
formed solid phases: a — ¢ — acanthite with pyrrhotite on the surface and in cracks of pyrite, d — fragments of pyrite grains with overgrown crystals of pyrrhotite and acanthite.
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Fig. 5. SEM photo of phases in the reaction zone formed at the contact of pyrite and Au-Ag alloys of initial compositions Aug s6Ag0.44 (2), AUg 35A80.65 (D) and Aug 19Ag0.s1 (). Symbols of
phases: Py — pyrite, Po — pyrrhotite, Ac — acanthite, Uyt — uytenbogaardtite, Au;.,Ag, — compositions of newly formed Au-Ag alloys.

from pyrite and each of these sets of starting substances was placed
separately into a short quartz ampoule 5 mm in diameter.

After packing, all ampoules were sealed under 10 >torr, slowly
heated to 450 °C in the isothermal zone of the furnace, and kept at this
temperature for 39 days. After annealing, the ampoules were cooled to
room temperature in the switched off furnace. Fig. 1 shows, as an
example, the starting substances — pyrite blocks (a) and Au-Ag plates of
various composition (b), and one of the ampoules before (c) and after
the experiment (d).

2.2. Analytical techniques

Optical microscopy, scanning electron microscopy (SEM), electron
microprobe analysis (EPMA) and X-ray powder diffraction methods
were applied to study the samples. A polished section was prepared
from synthesized phases for microscopy analyses. Studies on the
chemical composition of the synthesized substances were carried out
using MIRA 3 LMU SEM (TESCAN Ltd.) combined with the micro-
analysis system INCA Energy 450+ on the basis of the high sensitive
silicon drift detector XMax-80, and WDS INCA Wave 500 (Oxford
Instruments Ltd.) (Analytical Center for Multielemental and Isotope
Research, Novosibirsk, Russia). Operation conditions: accelerating
voltage, 20 kV; probe current, 1.5 nA; spectrum recording, 15s; and
spot size, 12 um. In all measurements, the electron beam was slightly
defocused for reducing the effect of a sample micro relief and
decreasing the destructive influence of the electron beam on unstable
Au-Ag sulphides. Pure silver, gold and PbS and CuFeS, were used as
standards for Ag, Au, S, and Fe, respectively. The analysis accuracy was
1-1.5 relative%.

X-ray powder diffraction study of the synthesized phases was
performed on a Stoe IPDS-2T diffractometer (MoKa radiation, graphite
monochromator) using Gandolfi mode. Two-dimensional X-ray patterns
were radially integrated using the X-Area software package. The
diffraction profiles were treated using the WinXPow (Stoe) program
packages. For the phase analysis, the database of PDF-4 Minerals [20]
was used. Pyrites and plates of noble metals were analyzed from the
surface.

3. Results

Table 1 shows the results of analysis of the composition of phases
formed at the contact of pyrite and Au-Ag alloys of varying composition
(No. 1-5). In the experiment with the starting composition Au + FeS,
(No. 1), in which gold plates were used, newly formed phases are
absent. However, detailed analysis showed the presence of fine-
dispersed gold particles no more than 2 um on the surface of pyrite
blocks (Fig. 2a). In the experiment with the starting composition Ag
+ FeS, (No. 5), the silver plates both in contact and out of contact with
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pyrite were completely replaced by acanthite. Fine- and coarse-grained
aggregates of spear-shaped and box-line crystals of silver sulphide
formed on the silver plate that was out of contact with pyrite
(Fig. 3a—c). Near the contact with the silver plate on the surface of
pyrite and in the cracks pyrrhotite and acanthite formed (Fig. 4a-d).
Fig. 4d shows the overgrowth of pyrite with crystals of pyrrhotite and
acanthite.

The same as in the experiment with metal silver (Table 1, No. 5), in
the experiments with Au-Ag alloys (Table 1, No. 2-4), pyrrhotite
formed only on the surface of pyrite near the metal plates. Fig. 5.
shows the distribution of phases in the reaction zones with Au-Ag alloys
of initial compositions AugseAgoa44 (a), AuUg3sAgoes (b) and
Aug 19Ag0.81 (). It is well seen that pyrite zone is replaced by pyrrhotite
with rare microinclusions of Au-Ag sulphides in the intergrain space,
further lies the zone of Au-Ag sulphides containing the inclusions of Au-
Ag alloys. Au-Ag sulphides — acanthite and uytenbogaardtite — form
intergrowths that are similar to decay structures. They differ in the
shades of gray color: light phase in the form of thin veinlets is
uytenbogaardtite, and the main dark phase is acanthite. The composi-
tions of acanthite and uytenbogaardtite are unstable and widely vary in
Au, Ag and S (Table 1, No. 2-4). In all experiments, deficit of gold in
uytenbogaardtite compared to its stoichiometric composition was
observed. This may be related to the small sizes of this phase and its
intergrowth with acanthite, which leads to the overestimation of silver
quantity in the composition of uytenbogaardtite in microprobe analysis.

The compositions of pyrrhotites and newly formed Au-Ag alloys
differ in experiments No. 2-4 (Table 1). The composition of pyrrhotite
with the maximum iron content Feg g73 + .002S was established in the
experiment with the starting alloy of composition Aug s56Ag0.44 (NO. 2,
Table 1), whereas the composition of pyrrhotite with the minimum iron
content Feg geo + 0.002S Was found in the experiment with the starting
alloy of composition Aug 35A80.65 (No. 3, Table 1). Similar concentra-
tions of Fe in pyrrhotite Fegges + 0.002S and Feg gey =+ 0.002S within
analytical error were found in experiments No. 4 and 5, in which the
starting alloy was of composition Aug ;9Agos; and Ag.

It is worth noting that the Au-Ag plates located out and in contact
with pyrite in the experiments with Au-Ag alloys of starting composi-
tions Aug s56A80.44, Alp.35A80.65 and Aug 190Ago g1 (Table 1, No. 2-4) are
completely replaced and have similar compositions of newly formed
Au-Ag alloys and Au-Ag sulphides.

The maximum change in the compositions of alloys (Au, = 0.3 mol
fraction) was detected in the experiment in which the starting alloy of
Aug 19Ago g1 was replaced by the alloy of Aug 49Ag0.51 (No. 4, Table 1).
The minimum change in the compositions of alloys (Aux = 0.05 mol
fraction) was found in the experiment in which the starting of alloy
Aug 56Ag0.44 increased to Aug 1A80.30 (No. 2, Table 1). The composition
of alloy Aug3sAgoes (No. 3) grew to Aug4sAgoss, i-e. by 0.1 mol
fraction Au.
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Fig. 6. X-ray powder diffraction pattern of sample No. 3 (a) and No. 5 (b) a with starting alloys of compositions Aug ssAgo.44 and Ag in accordance. Vertical lines under graph represent
the positions of peaks (from top to bottom): Experimental pattern, uytenbogaardtite AgzAuS,, pyrrhotites Fe, ggS and Fe; S, acanthite Ag,S and residual pyrite FeS,. The bottom of the
figure shows a bar chart for each phase in the same sequence as in the phase at the top of the list on the right.

The XRD data show the absence of pyrrhotites and newly formed
phases in the solid-phase products of experiment No. 1 (Au + FeS,)
(Table 1). Samples No. 2—-4 contains acanthite (PDF card 03-065-2356),
uytenbogaardtite (04-010-1186) and pyrrhotite Feg ggS (01-073-7399)
or Fe; .S (00-029-0726). Fig. 6a shows the diffraction pattern of solid-
phase products of the experiment with Au-Ag alloy of compositions
Aug 56A80.44 (No. 3, Table 1). The ratio of the intensities of the peaks of
Au-Ag sulphides shows that the concentration of uytenbogaardtite is
considerably lower than that of acanthite. Sample No. 5 (Ag + FeS,)
contain acanthite (03-065-2356), pyrrhotite Fe; .S (00-029-0726) and
residual pyrite (Fig. 6b).

Magnetic phases in the experimental solid-phase products have not
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been detected. In accordance with the Fe-S diagrams [21,22], hexago-
nal nonmagnetic pyrrhotite is stable at 450 °C. The data from [23,24]
evidence that pyrrhotite (Fe;_,S) may be monoclinic or hexagonal.
However, the presence of other highly concentrated phases in the
samples made it impossible to establish the modification of pyrrhotite
from the data of diffraction experiment.

4. Discussion

The results obtained evidence that desulphidation of pyrite with
formation of pyrrhotite took place only in the experiments with Au-Ag
alloys and metallic silver (Table 1, No. 2-5). In the experiment with
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starting composition Au + FeS, (Table 1, No. 1), pyrrhotite was not
found either in pyrite or on its surface. Microparticles of gold (Fig. 2a)
found of the surface of pyrite in this experiment, most likely, formed
from the gas phase which resulted from heating and annealing of
starting substances. These data suggest that the presence of gold in the
system makes pyrite more stable, probably owing to the appearance
fine-dispersed particles on its surface, which prevent formation of
pyrrhotite.

According to the method of solid-phase diffusion [19] used in the
experiments, a reaction process is considered to be completed and the
system is close to equilibrium if one of the starting components is
consumed. In the experiments No. 2-5 there were no residue of initial
metal plates. The starting plates No. 2-4 both in contact and out of
contact with pyrite were fully replaced by acanthite, uytenbogaardtite
and Au-Ag alloys with higher content of Au. In case of silver (No. 5), it
was completely transformed into acanthite (see Table 1). Thus, it may
be concluded that chemical reactions in these experiments are com-
pleted and have reached equilibrium conditions.

Variations in the compositions of pyrrhotites (No. 2-5) and Au-Ag
alloys (No. 2-4) in different experiments (Table 1) are totally regular, as
the experiments were conducted in the ampoules isolated from each
other and, hence, sulphur fugacity (fS,) varied. Under experimental
conditions fS, was determined by temperature, pyrite-pyrrhotite buffer
and activity of silver and gold in starting alloys.

The pyrrhotite composition was determined by the equation from
[25]:

x = 1.4510*(t + 273.15) + 1.035, @

where x — mol fraction in FeS, and t - the temperature over the range of
347-700 °C, for the reaction of thermal decomposition of pyrite in
vacuum:

FeS, (s) <= FeS, (s) + 0.5/(2-x) S, (g), where 1 < x < 1.23, 2)

at 450 °C x is 1.1403. Data of microprobe analysis show that the
contents of S in pyrrhotite in terms of one molar fraction of iron in
experiments No. 2-5 (Table 1) are somewhat higher and amount to
1.145-1.163. Deviations in pyrrhotite composition might be due to the
varying activity of gold and silver in the alloy, which influences sulphur
fugacity in the experiments.

The obtained results on the annealing of pyrite out and in contact
with Au-Ag alloys at 450 °C show that the amount of uytenbogaardtite
is considerably lower than that of acanthite. Petrovskaite, which is the
Au-richest gold and silver sulphide, was not found in the solid-phase
products of the experiments. Its absence may be related to the lack of
high sulphur fugacity under experimental conditions.

The formation of Au-Ag sulphides in the presence of pyrite, most
likely, takes place under the interaction of gaseous sulphur with noble
metals rather than solid phase reactions as was assumed previously in
the experiments on thermal diffusion [17]. Sulphidation of Ag and Au-
Ag plates, which were out of contact with pyrite in our experiments and
in the experiments of other researchers [26-28], supports the participa-
tion of gaseous sulphur in sulphidation and desulphidation reactions.
The mechanism of deposition of gold on pyrite with participation of
gases has been discussed in many works [29-32]. The results obtained
also prove the probable participation of gaseous forms of gold and
sulphur in ore formation.

Under the metamorphism of pyrite and pyritic ores [32,33] the
formation of Au-Ag sulphides is probable in the presence of native
silver, kustelite or electrum. High-fineness and pure gold is resistant
and no susceptible to sulphidation.

5. Conclusions

The presence of Ag promotes the transformation of pyrite into
pyrrhotite and sulphidation and ennobling of Au-Ag alloys. Gold, on the
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contrary, stabilizes the resistance of pyrite and prevents its transforma-
tion into pyrrhotite. On heating, gold passes into a gas phase and is
accumulated on the surface of pyrite. We predict the presence of Au-Ag
sulphides, mainly acanthite, and smaller amounts of uytenbogaardtite
in pyrite-bearing ores of metamorphic genesis, which contain native
silver, kustelite or electrum. In gold-sulphide ores with high-fineness
gold, these are absent.
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