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Abstract—The paper is a summary of the authors’ and published data on the occurrence of Au in common gold-concentrating minerals
(pyrite, arsenopyrite, pyrrhotite, chalcopyrite, bornite, galena, sphalerite, and magnetite). The solubility of gold in minerals is evaluated
through identification of the limiting element incorporation into the real crystal. The distribution of gold between coexisting minerals
is considered. Obtaining reliable data on the gold solubility involves discrimination of the structural form of the element and correct
separation of Au forms between the surface and the volume, which is not always possible because of the small size and low quality of
crystals (defects and highly developed internal surfaces). It is also necessary to have a phase (individual or nonautonomous) limiting the
incorporation of Au or to compare the mineral under study (within the framework of the principle of phase composition correlation) with
a reference mineral with a reliably established structural form of Au. The most reliable and consistent estimates for the hydrothermal pa-
rameters (450-500 °C, 1 kbar) are as follows (ug/g): sphalerite — 0.7, highly ferrous sphalerite — 5, magnetite — 1, pyrite — 3, manganese
and copper-containing pyrite — 10, pyrrhotite — 21, chalcopyrite — 110, bornite — 140, and galena — 240. The highest solubility of gold (up
t0 30,000 pg/g) is established in arsenopyrite, but it is likely to be a metastable miscibility caused by the nonstationary conditions of crystal
growth or by the crystal growth at the expense of the surficial nonautonomous phase. The same factors can cause supersaturation of pyrite
with Au admixture at low temperatures. The dual behavior of Au in pyrrhotite and magnetite is for a different reason: Under reducing condi-
tions, these minerals can contain a submicroscopic elemental form of Au indistinguishable from the structural one. We consider the forms

of Au occurrence and the relationship between the solubility of gold and its metallic bonds in minerals.
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INTRODUCTION

More than 30 years have passed since the publication of
the first works on methods and results for determining the
solubility and distribution of gold in sulfide minerals
(Mironov and Geletii, 1979; Mironov et al., 1987, 1989).
The attempts to understand the problem following the above
studies were of fragmentary character. Generalization and
analysis of results, with rare exceptions (Tauson et al., 1996;
Tauson and Lipko, 2015), were absent, despite the power of
new analytical methods. It appears that, as was in many re-
spects explained by the observation of S.P. Kapitsa (1991):
“If the computer is unsurpassed in its ability to process num-
bers and information, then until we determine the initial
concepts and learn to measure them, all the power of artifi-
cial intelligence will not be able to help the infirmity of our
natural consciousness”. This is especially true for the geo-
logical sciences, where universal laws and their numerical
characteristics are still insufficiently used. The purpose of
this paper is to consider the regularities and factors of gold
occurrence in the structures of ore minerals on the basis of
modern concepts, methods and methodological approaches.
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The significance of the structurally bound form of Au is
without doubt, since it provides an opportunity to make
comparative estimates of the metal content in ore-forming
fluids that form gold deposits, based on experimental data
on the mineral-hydrothermal solution distribution coeffi-
cient (Tauson et al., 2018b). It is the only indicator of the
element activity in a hydrothermal solution. At present,
there is an urgent need to gather together the data we previ-
ously obtained on the incorporation of Au into its main con-
centrator minerals and compare them with the existing esti-
mates and global data obtained by the state-of-the-art
methods. This will allow us to objectively assess the state of
the problem and the most important theoretical and practical
trends for further research. This work is based largely on
experimental data. Natural data on Au content in minerals
are unlikely to be instrumental in solving the problem of the
limits of gold incorporation in them due to very rough ideas
about conditions and mechanisms of their formation and
post-growth history.

CONCEPTS AND DEFINITIONS, METHODOLOGY

This paper uses a system of concepts proposed by one of
the authors (Tauson, 1999a, 2005) based on solid state geo-
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chemistry concepts (Urusov et al., 1997). Many authors be-
lieve that the solubility of Au in a mineral is determined by
the presence of elemental gold in the system. Normally it is
a wall of a reaction vessel, a gold ampoule, which “...pro-
vided an abundant source of Au and buffered the Au activity
close to one” (Fraley and Frank, 2014, p. 408). Hence, it is
concluded that the determined values of the Au content
in minerals within such a system (for example, sulfides)
“...represent the solubility of gold in these sulfides at the
experimental conditions and gold activity of 0.94 + 0.01”
(Jugo et al., 1999, p. 580). However, it is not clear how Au
activity in an Au-based alloy or pure Au material relates to
the state of the element in the sulfide. This choice of the
standard state is incorrect, since Au is present in the struc-
ture of the sulfide not in the form of Au°, as in an alloy or
pure material, but in the ionic form (Au®, Au**, possibly Au).
Certainly, small quantity of the neutral Au atoms can also be
present in the structure of a mineral, and for it such a choice
of the standard state is formally acceptable. But in general,
the Au content in the mineral will be determined by the ac-
tivity of gold in the equilibrated with the mineral fluid,
which may be different with different composition of the
system (fluid, melt) in the same gold ampoule.

The above approach to the concept of solubility (S) of Au
in a mineral usually leads to an underestimation of this val-
ue, unless the system achieves the activity of the dissolved
Au forms that corresponds to saturation with respect to the
phase of Au (real or virtual), which restricts its entry into the
structure of the mineral. However, if the content of Au
structural form is correctly determined, the result may be
considered as a minimal value of solubility under the given
test conditions (S;fi;},(%)ﬂ'i IL). By solubility, we mean Au
incorporation limit (IL) into the structure regardless of its
mechanism — isomorphic (IL = IC, that is, isomorphic ca-
pacity), or with the participation of defects in the crystal
structure of the matrix — both intrinsic and extrinsic (Tau-
son, 1999a, 2005). In the case when defects are involved in
the process of the admixture entrance, the concentration of
the so-called defining or active defects (AD) becomes an
essential parameter, in addition to the main T, P, (a,,)g-
They directly interact with the admixture atoms (ions),
forming donor-acceptor pairs and more complex entities,
and their concentrations in turn depends on intensive param-
eters, including not only (a,,)s, but also, for example, aS, ,
if these defects are the sulfur vacancies in the structure of
the sulfide. IL can be defined as a constant only under maxi-
mum concentration of AD possible under given conditions,
and IC, on the contrary, — in the absence of AD. This also
applies to “extrinsic”, i.e., admixture defects, which are of-
ten associated with a heterovalent Au isomorphism. There-
fore, in order to compare and evaluate the reproducibility of
experimental data, it is necessary to indicate for which phase
(taken as the “standard” state) the saturation of the mineral
with gold is considered, and what mechanism of incorpora-
tion and type of AD is assumed. This phase will be referred
to as the reference phase, that is, the comparison phase. As
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shown above, the metal Au cannot be such a phase. One of
the goals of this work is to review the available experimen-
tal data taking into account the above features.

Another source of uncertainty with respect to Au IL is the
method often used by experimenters for in situ deposition of
mineral particles in the presence of dissolved Au, usually at
low temperatures (<200 °C). In the case of pyrite, small
(~10-40 microns), inhomogeneous and highly defective
precipitation particles are formed. It is not always clear how
the authors manage to analyze the Au in them and correctly
separate the volume and surficial components of the Au con-
tent (see below). In this case, the effect of duality of the
distribution coefficient may appear, due to which the distri-
bution coefficient of Au between the solid phase (pyrite, Py)
and the solution ag (D}Y'*) remains relatively constant, but
differs from the true one that corresponds to the structural
form (Tauson et al., 2011). For pyrite precipitates obtained
in the presence of As, (D;Y*’) varies from 50 to 1800
(Kusebauch et al., 2019). In the absence of As, it changes
more than 2 times (Table S2 in the same work). Such varia-
tions indicate that the principle of “apparent” phase compo-
sition correlation is not fulfilled either (Urusov et al., 1997),
and the system does not obey Henry’s law even formally.
The problem of size and perfection of crystals of the desired
phase is also related to the need to separate Au® form, that is,
the elemental gold in the crystal unit or on the crystal sur-
face in the form of micro- or nanoparticles. This problem is
quite complex and is ignored in most works.

One of the possible options for absorbing an admixture of
an incompatible element in the structural form is the mecha-
nism of crystal growth through the medium of surficial non-
autonomous phase (NAP), which can entail significant local
enrichment of ore minerals with noble, rare earth metals and
other trace elements (Tauson et al., 2018a,b, 2019a,b). This
mechanism can either facilitate or hinder determination of
Au solubility in minerals. The problem is complicated by
the fact that the presence of SNAP requires a clear division
of the element concentration into volume (structural) and
surficial components. On the other hand, the property of
NAP to act as a reference phase makes the task easier. The
situation can be presented as follows (Tauson et al., 2019a).
In the course of crystallization, it is the surface layer of the
crystal and not the crystal core that is in equilibrium with the
solution. Equilibrium is interpreted as equality of chemical
potentials, taking into account the Ap required for growth,
that is, as a forced equilibrium under the influence of an ex-
trinsic forcing factor (Tauson and Akimov, 1997). This lay-
er is structurally reconstructed and chemically modified into
NAP that is inseparable from the matrix crystal. The altered
state of the layer is explained by the fact that the solid phase
in equilibrium with an oversaturated solution is character-
ized by a higher value of the chemical potential compared to
the solid phase in a saturated solution (Akhumov, 1987). An
excess of p can manifest itself both in the change of the
structure of the surficial phase and in the change in its chem-
ical composition (for example, the absorption of an admix-
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ture incompatible with the bulk structure). As the thickness
of the NAP layer increases, the moment comes when the
layer sections adjacent to the matrix lose their diffusive con-
nection with the oversaturated solution, and then part of the
layer is transformed into a matrix crystal structure by the
type of coherent or semi-coherent solid-phase transforma-
tion. In this case, the structure will include only as much of
the element as it can accept according to the value of its
solubility under these conditions. The element is found in
NAP in a much higher concentration than in a matrix crystal
and in a “suitable” chemical (ionized) form (at least partial-
ly). This allows us to consider NAP as a carrier of the prop-
erties of the reference phase (RP). The thickness of the NAP
layer varies depending on the conditions and growth medi-
um of the crystal, but does not exceed 1 um. The contents of
incompatible elements in the layer exceed their volume con-
centrations by thousands of times (gold in pyrite and magne-
tite, see (Tauson et al., 2011; 2012)). The problem is that
SNAP, since it is in local equilibrium with the fluid, must
also be maximally saturated with this element. For this pur-
pose, it is proposed to use the so-called assisting elements
(AE) that increase the content of the element in the fluid
(Tauson et al., 1998; Tauson, 1999b). In the case of Au, As
and Se were used: by varying the additives to the system of
these elements, we obtained dependencies Cjy,—Cip between
the content of structural admixture of Au in the crystal and
the content of AE in it. The flat section of this curve, which
corresponds to the saturation of the crystal with Au, was
extrapolated to the zero AE content, thus obtaining Au IL in
a “pure” mineral. This operation can be performed with a
dependency C5,~C. , but the determination of the Au con-
tent in the fluid requires the use of sampling techniques,
which are not always reliable enough. The role of the refer-
ence phase can also be performed by an autonomous phase,
which in this case is the so-called comparison mineral, CM
(Tauson, 1999a,b), in which the forms and IL of the element
under study in its structure are sufficiently well studied. As-
suming that the system of co-existing (simultaneously grow-
ing) minerals obeys Henry’s law and the principle of phase
composition correlation, it is possible to estimate the IL of
an admixture element in the studied mineral by extrapolat-
ing data on the interphase distribution to the impurity IL in
the CM. We used greenockite (a-CdS) as a CM when study-
ing the occurrence of Au in some concentrator minerals. In
nature, greenockite does not pertain to main Au concentra-
tors. Under relatively high sulfur fugacity, the AD for Au
entry into greenockite are vacancies in the metal sublattice
(Desnica-Frankovic et al., 1999), forming donor-acceptor
pairs with interstitial gold atoms (vey — Au)). They are as-
sociated with the maximum gold IL, which is ~70 pg/g at
lgfs, = —1.1 bar, 500 °C and a pressure of 1 kbar. At lower
lgfS2 <-2.4 bar, it is 50 + 10 pg/g at the same P—T parame-
ters (Tauson et al., 2008). The minimum solubility of Au in
CdS corresponds to a defect-free crystal and is associated
with the traditional concept of isomorphic capacity, that is,
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the miscibility limit of CdS and a hypothetical compound of
AuS with the structure of a-CdS (wurtzite).

Given the above, it is necessary to consider experiments
on the solubility (incorporation limit) of gold in minerals,
taking into account a number of factors. These are the con-
ditions of experiment, method of defining Au structural
form (taking into account the size of the phase, important in
the diagnosis and separation of Au modes of occurrence),
type of the reference phase, and the mechanism of Au incor-
poration and the nature of active defects. In the absence of
clarity regarding the reference phase, we will use the con-
cept of minimum solubility estimation (S™" < IL) formulat-
ed above. Data on the Au distribution coefficients between
the mineral under study and the comparison minerals will
also be involved, including extrapolation of the Au concen-
tration to the IL in the CM, according to the phase composi-
tion correlation principle. The presentation of the entire set
of available data on individual minerals is preceded by the
original authors’ developments that supplement and refine
some of the previously obtained results.

EXPERIMENTS WITH Au-CONTAINING
MINERAL ASSOCIATIONS

Problem statement. The need for additional experi-
ments is due to the fact that individual IL estimates were
obtained indirectly — through the coefficients of Au distribu-
tion between co-existing sulfides (Mironov et al., 1987,
1989; Tauson et al., 1996), by a qualitative method of com-
paring autoradiograms (Mironov et al., 1989, p. 141). Sub-
sequently, the Au IL in some of them (galena, pyrrhotite)
were refined (Tauson et al., 2008), but with the advent of the
possibility of analysis by the LA-ICP-MS method, the ac-
curacy of determining low Au contents increased, which
made it necessary to repeat experiments on the synthesis of
polyphase associations of this metal concentrator minerals.

Methods of experiment and analysis. The experiments
were performed at 450 °C and a pressure of 1 kbar accord-
ing to the standard method of thermogradient hydrothermal
synthesis using internal sampling to determine the composi-
tion of a high-temperature fluid (Tauson et al., 2011, 2013,
2018a,b). Experiments were carried out in passivated tita-
nium (VT-8) inserts for 24 days, and in the first 4 days the
isothermal conditions were maintained for homogenization
of the system, and in the next 20 days a temperature differ-
ence of 15 °C was created along the outer wall of the auto-
clave. The actual temperature gradient in titanium reaction
containers did not exceed 0.1 deg/cm. The experiments
were terminated by quenching the vessels in cold running
water. Immediately after opening the inserts, the elements
were completely removed from the trap by washing it with
aqua regia and analyzed by atomic absorption spectrometry
(AAS) on Perkin-Elmer M503, M403 (USA) devices. Diag-
nostics of the obtained phases was performed by X-ray
phase analysis using an automatic D8 ADVANCE diffrac-
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Table 1. Conditions and results of hydrothermal experiments on synthesis of multiphase associations and study of Au partitioning at 450 °C and 100 MPa

Exper. No.  Batch composition, wt.%* Solution composition, Solution in Sampler Phases obtained**
wt.%

ZnS  PbS  CuS  Fe ’ pH Au, pe/g
D28-1 30 30 20 20 - 5 NH,Cl1 7.9 1.0 Sph, Mt, Bn, Gn,Cpy
D28-2 30 30 20 20 - 10 NH,CI 7.5 0.62 Sph, Mt, Bn, Cpy, Gn
D28-3 30 30 20 20 - 10 NH,Cl +2 K,Cr,0, 7.6 n.d.*** Sph, Mt, Gn
D28-4 30 30 10 15 15 5 NH,Cl 6.5 1.94 Sph, Cpy, Py, Gn
D28-5 30 30 10 15 15 10 NH,CI 6.5 2.56 Sph, Py, Gn, Bn

*Weight of sulfide part of the charge is 6 g. Elemental Au is added as a foil (20 mg).
**Sph, sphalerite, Mt, magnetite, Bn, bornite, Gn, galena, Cpy, chalcopyrite, Py, pyrite.

***Not detected because of low volume of trapped fluid.

tometer (Brucker, Germany). Crystals in polymineral asso-
ciations (Table 1) had sizes from fractions of a millimeter to
2-3 mm, the largest and most perfect of them were selected
for analysis.

Particular attention was paid to the determination of Au,
which was performed with two standard samples — labora-
tory sulfide standard MA4-1 (45 £+ 3 ppm Au) and a standard
sample of NIST 612 glass (4.9 + 0.3 ppm Au). The measure-
ments were performed on an Agilent 7500ce mass spec-
trometer with the New Wave Research UP-213 laser abla-
tion platform (Agilent Tech., USA). The detection limit of
Au amounted to 0.12 pg/g. Main parameters of analysis
were as follows: plasma power 1400 W, flow rate of carrier
gas 1.22 L/min, plasma-forming gas 15 L/min, laser power
90%, wavelength 213 nm, frequency 20 Hz, spot diameter
55 microns, number of channels per mass 3, scanning time
of one channel 0.15 s, burn time 10 s. 3—4 points were taken
in 5-6 crystals, and the contents of all the mineral-forming
elements present in the system were monitored, which al-
lowed us to filter out the cases of the point falling on the
inclusion of another (co-existing) phase.

Results and discussion. Experimental conditions and
phase analysis data are presented in Tables 1 and 2. Though
Au contents in sphalerite are close to the detection limit,
they positively correlate with the Au content in galena; the

principle of phase composition correlation is also fulfilled
when the element is distributed between galena and bornite
(Fig. 1). This indicates the structural nature of the Au ad-
mixture, which is most likely isomorphic, since it is difficult
to expect the same behavior of the AD in such different
structures. The situation is quite different in the experiments,
where pyrite appears. There is a very high content of Au in
galena (det. D28-4, Table 2), significantly exceeding its de-
termined incorporation limit of 240 pg/g (Tauson et al.,
2008). Thorough examination of the galena crystals ob-
tained in this experiment reveals an interesting phenome-
non. The crystals have a high blockiness, actually represent-
ing heteroepitaxial (syntactic) structures in which nanofilms
of chalcopyrite and possibly other phases of copper are pres-
ent on the cleavage faces of galena; they are perfectly visi-
ble even through a light microscope due to their characteris-
tic reflectance. Apparently, these boundaries are highly
active in the absorption of gold, similarly to the activity of
dislocation pile-ups causing the effect of micro-admixture
trapping (Urusov et al., 1997). In this case, we are most
likely dealing with a phenomenon where the real crystal
growth peculiarities have a critical influence on the absorp-
tion and distribution of admixture elements captured during
crystallization. This entails absence of phase composition
correlation between galena and pyrite, but in det. D28-5 we

Table 2. Results of Au LA-ICP-MS analysis in coexisting minerals synthesized in hydrothermal experiments at 450 °C and 1 kbar

Exper. No. lgfsz, bar Fe in Sph, wt.% Au = 6, pg/g (LA-ICP -MS)!

(AAS)

Sph Mt Gn Cpy Bn Py

D28-1 <2.7? 2.8 0.16 £0.02 0.15+0.02 73+5 n.d. 42410 -
D28-2 <2.7% 34 0.11£0.02 <0.1 28+ 1 13£5 17+3 -
D28-3 - 4.1 0.14+0.03 0.12+0.02 47+2 - - -
D28-4 —-4.0° 1.8 <0.1 - (600 £ 30)* 15+2 - 2+2
D28-5 -3.73 1.3 <0.1 - 9.9+0.3 - 102+0.2 9.7+0.2°

Note. Dash indicates absence of phase in association.

16 at confidence level of 95%.

2Estimated from equilibrium Cpy = Bn + Py.

3Estimated from sphalerite composition in the pyrite field.
“Explanation in text.

SEvenly distributed Cu in pyrite — 0.20 + 0.07 wt.%.
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Fig. 1. Diagram of phase composition correlation galena-bornite (Au
distribution) based on the data of hydrothermal experiments. Au incor-
poration limit into bornite is estimated as ~140 pg/g.

also observe another peculiarity — a fairly high Au content in
pyrite at relatively low levels in co-existing galena and
bornite. At the same time, Au is distributed very uniformly
in all three minerals (the coefficient of variation is 2%!). In
our view this is accounted for by the fact that pyrite in this
experiment also has a uniform distribution of copper
(0.20 = 0.07 wt.%). If it forms a structural admixture in it,
then the distribution of Au will depend on its content, and
will not obey the Nernst’s law in the same way (with the
same distribution coefficient) as an ordinary isomorphic ad-
mixture. Au can enter pyrite by the mechanism of Au®" +
Cu’ = 2 Fe*" (Chouinard et al., 2005), but due to a certain
decrease in the parameter of the pyrite unit cell from this

Table 4. Data on Au solubility in arsenopyrite

1335

Table 3. Gold solubility in minerals relative to galena as a comparison
mineral according to the data of hydrothermal experiments at 450 °C, 1 kbar

Mineral Sau Sau
Sphalerite 0.5 0.7+0.3
0.9
0.7
Magnetite 0.5 0.6
0.6
Chalcopyrite 110 110
Bornite 138 140
146

experiment, we also assume the entry of Au with the forma-
tion of a neutral vacancy: Au’ + Cu' = Fe?" + V., espe-
cially since this mechanism seems to start acting at a slight-
ly higher sulfur activity (Table 2). Using the previously
specified incorporation limit of Au in galena, we shall per-
form the corresponding estimates of the solubility of the ele-
ment in the remaining minerals of the obtained associations
(Fig. 1; Table 3). The situation with pyrite will be discussed
in detail below.

DATA ON THE SOLUBILITY OF GOLD
IN MINERALS

Arsenopyrite. In the studies using the method of hydro-
thermal synthesis at temperatures of 400-500 °C and pres-
sures of 1.5-2.0 kbar (Table 4), inhomogeneous in composi-
tion, zonal crystals of arsenopyrite were obtained. They
were examined by the EPMA method. The paper (Wu and
Delbove, 1989) presents averaged data for crystal zones,
which are enriched with Au (1800-8000 ng/g) and depleted
in it (S MDL = 500 pg/g). The zones with high Au grade are
characterized by a slightly higher As/S ratio compared to
Au-poor zones (on average 1.16 and .11, respectively).
A negative correlation of the atomic contents of Fe and Au

No. Experimental condition Crystal size,

Au determina-

Au solubility, Probable incorpora- Ref.

pum tion method'  pg/g? tion mechanism,
active defect type

1 Hydrotherm., 500 °C, 2 kb, Fe,0,~As—S— 10-800 EPMA 17,000 AueFe, (Wu and Delbove, 1989)
NaCl(HC1)-AuCl;-H,0 As>S?P

2 Hydrotherm., 400-500 °C, <10 EPMA 30,000 The same, +Vp, (Fleet and Mumin, 1997)
1.5 kb, FeS—As—NaCl-H,0-Au (amp.)

3 “Dry” system, 300-600 °C, 2-3 kb, natural ~ Not specified LA-ICP-MS  2.4-4.7 Not specified (Tomkins and Mavrogenes,
material 2001)

4 Salt fluxes, 580— ~520 °C, elements — Fe <5-200 LA-ICP-MS, 23+14 Au—Fe, (Trigub et al., 2017)
and S, sulfides, arsenides; Au — foil (from photo) XAS Au°

5 Salt fluxes, 450—~400 °C, 550— ~500 °C, Up to 1000 EPMA 30,000 Au—Fe (Kovalchuk et al., 2019)
elements — Fe, As and S, sulfides, arsenides  (from photo)

—FeS,, FeAs; Au — wire

'EPMA, Electron Probe Microanalysis, LA-ICP-MS, Laser Ablation Inductively Coupled Plasma Mass Spectrometry, XAS, X-ray Absorption Spectroscopy.
’In absence of a definite referent phase the values are equal to S™" < IL (see text for details).
*Negative correlation of Au and Fe in single crystal according to EPMA; As excess and S deficit in zones of elevated Au content.
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Fig. 2. Correlation between atomic quantities of Au and Fe in synthesized crystals of arsenopyrite according to Wu and Delbove (1989) (a) and
Fleet and Mumin (1997) (b). Points shown as diamonds were not used in the approximating curve plotting because they appreciably reduced the

coefficient of determination.

was observed within a single crystal (Fig. 2a), which al-
lowed the authors to assume the substitution of Fe for Au in
the structure of arsenopyrite. But it is possible that an in-
crease in the As content also contributes to Au grade, al-
though the Au-As correlation is less clearly expressed. Hy-
drothermal experiments similar in terms of conditions and
results were later performed in the study (Fleet and Mumin,
1997) (Table 4). The Au content in arsenopyrite reached
3.0 wt.% (0.85 at.%) in the experiment at 400 °C, 1.5 kbar,
57 days. As in the previous work, the authors note the het-
erogeneity and chemical zoning of the crystals, despite their
small size (about 10 microns). The composition of the main
components is also variable: As varies from 27.2 to 41.5,
S from 26.6 to 39.6 at.%. EPMA data on Au content in dif-
ferent growth zones of idiomorphic arsenopyrite grains re-
vealed Fe deficiency and negative correlation of Au and Fe
(Fig. 2b). This allowed the authors to assume the mecha-
nism of gold entering the Fe position with a vacancy in the
metal position — (Fe, Au, 0) As,,.S,,, (Fleet and Mumin,
1997). Most points with higher Au content correspond to
As/S from 1.11 to 1.47, but there is no unambiguous corre-
spondence: the same Au content may correspond to both of
the above As/S values. In the works under consideration, the
Fe—Au dependence is stronger than when replacing “atom
by atom” (Fig. 2a, b), and assumes either the replacement of
Fe with arsenic when Au is included, or the appearance of
Fe vacancies.

Analyzing the materials considered, we tend to agree
with the opinion (Wu and Delbove, 1989; Wu et al., 1990)
about the existence of some special mechanism of crystalli-
zation of arsenopyrite under hydrothermal conditions, which
leads to high concentrations of chemically bound (dissolved)
gold in it, unusual needle morphology and distinct zoning of
crystals, which the authors relate to a non-equilibrium

growth process. “Invisible” Au correlates with excess As in
most natural and synthetic arsenopyrites (Fleet and Mumin,
1997). This is accounted for by the absorption of Au from
the ore-forming fluid by chemisorption at surficial centers
containing excess As and Fe deficiency, and the entry of Au
into the composition of a metastable solid solution. But this
model does not explain why this surface structure persists
with continued growth, and how it enters the crystal volume,
causing zoning in the distribution of As and Au. Chemo-
sorption, which can only be responsible for the surface ac-
cumulation of the element, does not appear to explain this
phenomenon, unlike the growth of arsenopyrite crystals by
means of NAP, as a result of which the surface structure
passes into the volume of the crystal (Tauson et al., 2019a).

Experimental modeling of the behavior of “invisible”
gold in metamorphic reactions between arsenopyrite, pyr-
rhotite and 16llingite showed that the increased content of
the element is associated exclusively with the last of the
listed minerals (407 + 119 pg/g Au at 550—700 °C, 2-5 kbar).
The transition of 16llingite and pyrrhotite to arsenopyrite re-
leases “invisible” gold from I6llingite, but it is practically
not included in arsenopyrite (2.4—4.7 pg/g, Table 4). The
test with natural arsenopyrite containing “invisible” gold in
the presence of H,O in a gold ampoule at 600 °C and 3 kbar
led to the exsolution of Au from it in the form of idiomor-
phic crystals. Although there is reason to doubt the achieve-
ment of equilibrium in these experiments observed by the
authors (Tomkins and Mavrogenes, 2001), their results are
of interest from the point of view of the possibility of using
161lingite as a comparison mineral in the study of Au incor-
poration into arsenopyrite and pyrrhotite.

In recent years, studies have been performed on the syn-
thesis of arsenopyrite and other sulfides in salt eutectic melts
in the presence of Au (Trigub et al., 2017; Kovalchuk et al.,
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2019). At the temperature of ~520 °C, it proved possible to
saturate arsenopyrite with gold to ~23 pg/g (Table 4), and
the authors concluded that the neutral form of Au replaced
Fe. Kovalchuk et al. (2019) confirmed the relationship be-
tween Au and Fe and showed the possibility of not only Fe
deficiency in arsenopyrite, as in the experiments (Fleet and
Mumin, 1997), but also its excess (up to 2.1 at.%). For both
compositions of arsenopyrite, enriched and poor in iron,
negative correlations between Au and Fe are maintained, but
their determination coefficients are low. However, these re-
sults confirm that formally one Fe atom is replaced by more
than one Au atom. This may mean that part of the Au is
embedded into the interstitials as Au,” or in the position of
As as Au, and in case of iron deficiency, replacement of
Au«Fe is accompanied by the formation of a Fe vacancy or
replacement of Fe with As.

According to the conditions of the experiments under con-
sideration, a stationary temperature gradient of ~ 4.5 °C/cm
was created in the ampoule (see Supplemental Materials to
the article (Trigub et al., 2017)). The ampoule was placed
horizontally in the furnace, which practically excluded con-
vective temperature equalization, and in these conditions,
the specified gradient is quite large. The temperature gradi-
ent can cause metastability and supersaturation of solid
solutions. The appearance of inhomogeneous and zonal
arsenopyrite crystals indicates significant instability of
growth conditions. For example, in one of the samples, the
Au content varied from <MDL to 1.42 wt.%, in the other —
from <MDL to 3 wt.%. Variations in the composition of the
main components are also significant (2—4 at.%).

In natural arsenopyrite, Au concentrations exceeding
1 wt.% (up to ~1.7 wt.%) (Cabri, 1992), are no exception. In
pyrite at high concentrations of “invisible” form, Au is often
present in two forms — chemically bound (structural) and
elemental (native), represented by nano- or microparticles of
free metal (Yang et al., 1998; Palenik et al., 2004), whereas
in arsenopyrite, with rare exceptions (Genkin et al., 2002),
the structural form prevails (Cabri et al., 1989). Its distribu-
tion is extremely heterogeneous. At the Le Chatelier deposit
(France), electron-probe microanalysis of arsenopyrite re-
veals gold enrichment from the core to the periphery of the
crystal from < MDL to 1.22 wt.% (Marcoux et al., 1989).
This high heterogeneity and zoning of crystals is explained
by the capture of Au during rapid non-equilibrium crystal-
lization and changing parameters of T -P-f02 (Wu et al,
1990).

Pyrite. Studies on the synthesis of gold-containing pyrite
and its concentration of dispersed Au have been carried out
since the 1940s (Kuranti, 1941; Maslenitskii, 1944). Let’s
focus on the results obtained using quantitative methods and
approaches (Table 5). These table data allow us to conclude
that high values of Au solubility in pyrite, exceeding few
parts per million, are observed only in the investigations
without separation of the structural form of Au from the su-
perficially bound one. This is especially true for experiments
at low temperatures in the presence of As (Nos. 4 and 12 in

1337

Table 5), in which fine particles of FeS, were formed, and
total Au contents reached (4-6)-10° pg/g. The results of
growth experiments in which the size of crystals was at the
level of millimeters, which allowed separating the volume
and surface components of the Au concentration (Nos. 1, 5,
7, 8, and 13 in Table 5), differ sharply from the data ob-
tained at low-dimensional, in fact, dispersed phases. The
limit imposed by the presence of the reference phase — sul-
fide of Au and Ag (No. 9, Table 5): C,, <240 pg /g is ex-
tremely important.

Already the first experiments on the co-crystallization of
pyrite and Au in the conditions of crystal growth have
shown that evenly distributed Au is not present in the crystal
body in any significant amount, but is located in a thin sur-
face layer that “...does not exceed 7:10”° cm” (Mironov and
Geletii, 1978), that is, several hundred nanometers. This re-
sult was subsequently confirmed by our growth experiments,
which showed the presence on the surface of growing pyrite
crystals of surficial non-autonomous phases of such thick-
ness (~500 nm), capable of absorbing Au (as well as other
trace elements) in concentrations by 3 orders of magnitude
higher than in the volume of the crystal (Tauson et al., 2011,
2018a,b). Thus, the data of growth experiments leave no
doubt that Au at the “hydrothermal” temperature and pres-
sure parameters, over the entire stability interval of pyrite
from its equilibrium with S° to the border with pyrrhotite, is
not incorporated into the structure of pyrite at concentra-
tions above 1-3 pg/g. The limit of Au incorporation in py-
rite may increase slightly (to about ~10 pg/g) when other
admixture elements appear in its structure (Mn, Cu, Nos. 8
and 13 in Table 5; possibly As). Apparently, there is no phe-
nomenon of Au retrograde solubility in pyrite (Deditius et
al., 2014; Trigub et al., 2017); it is only a consequence of an
incorrect interpretation of the results of experiments in
which the separation of Au forms between the surface and
the volume of crystals was not performed or was incorrectly
performed due to the small size and low quality of the latter
(defects, highly-developed internal surfaces). If we sum up
the experimental and natural data on Au solubility in pyrite,
we can obtain a concentration interval of at least 4 orders of
magnitude. In most relatively high-temperature orogenic,
magmatogenic-hydrothermal and hydrothermal-metamor-
phic deposits formed at temperatures from ~300 to 500 °C,
the contents of “invisible” Au in pyrite are at the level of
“equilibrium” concentrations of the structural form of gold
established in our experiments (Tauson et al., 2019b). This
is fully consistent with the values determined by the ADSSC
method (analytical data selections for single crystals (Tau-
son et al., 2013)) for Au structural form in pyrite (<5 pg/g,
accuracy +30 rel.%) at the deposits of different genetic types
on the territory of the largest gold-bearing provinces of Rus-
sia and Uzbekistan (32 samples of pyrite from 11 deposits)
(Tauson et al., 2014).

First-principle calculations, unfortunately, do not provide
quantitative estimates for the occurrence of Au, although
they confirm spectroscopic data on the charge state of gold
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Table 5. Data on Au solubility in pyrite

No. Experimental condition Crystal Au analysis Au solubility, RP or Probable incor-  Ref.
. ) .
7.°C P, lefi,  Medium size, um  method ng/g CM por. mechanism,
2 chem. form
kb  bar
1 500 1 - 2M NH,Cl1 (1-8)-10° ARG Au <0.01 NAP?* - (Mironov and
Geletii, 1978)
2 600 14 22 Im KCl1 (3-5)10>  AAS 2+043 - - (Cygan and Candela,
700 1.4 04 The same The same  The same 6+1° - - 1995)
3 450 1 >-5.6 10% NH,Cl, add. As, n-10° EPMA, AAS 550 +300° NAP?  AueFe, (Tauson and Smagu-
Se, Te Auv*t nov, 1997)
4 405 1.5 - KCI+ H,0, <10 EPMA 37003 - Au® or Au* (Fleet and Mumin,
add. As 1997)
5 500 1 <24 10% (1-5)-10°  AAS-ADSSC, 3=1 a-CdS  Aug, —v(HSy)  (Tauson,
NH,CI ARG '"Au 1999b)
6 200 02 - H,S + NaOH + 1-2 AAS, 3000° - Au(I) (Laptev and Rozov,
H,0 + Au (sol.) XPS 2006)
7 450 1 - NH,Cl + Na,S + (1-2)-10°  AAS-ADSSC 1.2-3.6 NAP - (Tauson et al., 2011)
HCI + H,0
8 450 1 5.6 10% <103 AAS-ADSSC,  1-7.3* NAP, Aut+Mn* = (Tauson et al., 2013)
NH,CI XPS a-CdS  2Fe*
9 500 107 -43 “Dry” system <10 EPMA <2403 AgAuS - (Pal’yanova et al.,
2015)
10 450 1 —-1.4... FeS+S+H,0 <10 ICP-MS, XAS  86° - AueFe, (Trigub et al., 2017)
-2.8 Au*
11 450 07 - 0.5m K,S,0,+ <10-40 EPMA, 2043 - S-Au-S (Pokrovski et al.,
0.3m KOH RFA,XAS, LA- 2019)
350 037 - 0.49m K,S,0; + ICP-MS, SEM 1664
0.14m HC1
12 200 Sut. -16 FeCO;+0.05mH,S 1040 LA-ICP-MS 1928 + 7773 - Au* (Kusebauch et al.,
vap. 5657° (with As) 2019)
13 450 1 4.0  5%NH,CI n-103 LA-ICP-MS 2+£2 NAP, - This work
37 10% NH,CI 9.7+0.25 PbS  Auttcu= (Table 2)
=Fe*" +Vp,

Note. ARG, Autoradiography; AAS, Atomic Absorption Spectrometry; EPMA, Electron Probe Microanalysis; ADSSC, Analytical Data Selections for
Single Crystals (Tauson et al., 2013, 2018b), XPS, X-ray Photoelectron Spectroscopy, LA-ICP-MS, Laser Ablation Inductively Coupled Plasma Mass
Spectrometry, XAS, X-ray Absorption Spectroscopy, XFA, X-ray Fluorescent Analysis, SEM, Scanning Electron Microscopy.

'In absence of a definite referent phase the values are equal to S™" < IL.

2NAP, Nonautonomous Phase; question marks that NAP might be formed under the experimental conditions but was not studied.
Bulk content: the separation of structural Au from the surficial form was not performed.

*Value 7.3 corresponds to pyrite enriched with Mn up to 0.3 wt.%.

SPyrite contains evenly distributed (structural?) copper admixture (0.20 = 0.07 wt.%).

Dash indicates the absence of data.

in pyrite to be Au® (Simon et al., 1999). The most likely
models are the introduction of a gold atom into the intersti-
tial position of the pyrite structure and its replacement of a
sulfur atom (Chen et al., 2014). The latter does not seem
strange due to the high probability of existence of anti-struc-
tural defects in pyrite with the formation energy of ~1.7 eV
(Tomm et al., 1995).

There is no agreement on the mechanism of “excess” Au
uptake by pyrite. It is believed that the entry of Au (I) into
pyrite is controlled by the chemisorption of polysulfide
complexes (-S-Au-S-(S-),). These complexes are “...partly
incorporated in defects and dislocations by the growing py-
rite crystal, and partly rejected from the structure by reduc-

tion to Au(0) during further pyrite life” (Pokrovski et al.,
2019, p. 561). This model is unacceptable for the following
reasons. First, pyrite demonstrates surface enrichment not
only with gold, but also with other trace elements, both in
experimental and in natural conditions (Tauson et al., 2018b,
2019b), which casts doubt on the hypothesis of a single
complex responsible for the chemical state of Au. Second,
high Au content in the surface is observed not only for py-
rite and sulfides, but also for magnetite and hematite — ox-
ides that crystallize in the absence of sulfur and, consequent-
ly, sulfide complexes (Tauson et al., 2012, 2016, 2018b).
Third, the surface layers of crystals enriched with impurities
behave thermodynamically as phases (NAP), and not as ad-
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Table 6. Data on Au solubility in FeS — pyrrhotite (Po) and troilite (Tr)
No. Phase Experimental condition Crystal Au analysis Au solubility, RP or Ref.
- size, um  method ug/g! CM
7,°C P,kb lngZ, bar Medium
1 Po 500 1 —4.3 2M NH,CI, (5-8)- 10° ARG '*Au 25 (add. Te)* NAP?*  (Mironov et al.,
add. Te, Se 196(add. Se)? 1989)
2 Po 600 1.4 22 Im KCl1 (3-5)-10>  AAS 7+13 - (Cygan and Candela,
700 14 04 The same The same  The same 9+23 - 1995)
3 Po 450 1 -5.6 10% NH,CI n-10° EPMA 700 NAP? (Tauson and Smagu-
nov, 1997)
4 Po 850 1 -1£0.7 0.15MNaCl+0.15M EPMA 470 = 100° 1SS (Jugo et al., 1999)
(FeggCug0)S KCI+0.02 M HCI+0.02
M CuCl
5 Po(Tr) 450 1 -16.2 10% NH,CI, (1-2):10>  AAS-ADSSC 25+9 a-CdS  (Smagunov et al.,
(Fe, ,S) add. As, Se 2004)
6 Po 450 1 -5.6 10% NH,CI1, (2-3)-10°  The same 21 NAP (Tauson et al., 2005)
(Fey5,5) add. As, Se
7 Po 1050 10% -1.3 “Dry” system with sili- <200 LA-ICP-MS  800° - (Simon et al., 2008)
cate and sulfide melts
8 Po 450 1 -5.6 10% NH,CI 1.5:10° AAS-ADSSC 4+ 1 NAP, (Tauson et.al., 2013)
(FeggsS) a-CdS
9 Po 800- 2 —2...+0.2 H,S+H,O +silicate LA-ICP-MS  10-2703 - (Zajacz et al., 2013)
(Fe,Cu)S 1000 melt
10 Po 600 1 2+1 NaCl+KCl+HCl+ EPMA 500 £ 100° ISS (Fraley and Frank,
(Fe,Cw)S 700 1 -02.. MO 300-400° 2014)
+0.4
11 Po 500 107 43 “Dry” system <10 EPMA <240° AgAuS  (Pal’yanova et al.,
Tr 500 107 15 400+ 130° - 2015)

Note. %3 see the notes in Table 5.

ISS, Intermediate Solid Solution Cu—Fe—S coexisting with Po and containing much more Au than pyrrhotite — probable reference phase although of variable

composition.
Dash indicates the absence of data.

sorbed complexes. The question of chemical and coordina-
tion state of Au in NAP is not finally resolved, as is the role
of As in its concentration (Pokrovski et al., 2019). However,
there is no doubt that the increased Au content (tens, hun-
dreds, and even thousands of grams per ton, Table 5) is not
related to the structural form of its presence in the volume of
the pyrite crystal.

Pyrrhotite and troilite. The situation with iron mono-
sulfide is as ambiguous as with iron disulfide (Table 6), al-
though the variations in the estimation of the solubility of
Au are much smaller and amount to a maximum of 2 orders
of magnitude. Apparently, the cause for the discrepancies is
different from that in the case of pyrite. The data is divided
into two clusters — the first covers the Au content of
4-25 pg/g (Nos. 2, 5, 6 and 8), the second — 300-800 ng/g
(Nos. 3, 4,7, 10 and 11 Tr, Table 6); the intermediate posi-
tion is occupied by Nos. 1 and 9. Belonging to one or an-
other cluster does not seem to depend on the temperature
and activity of sulfur in the system (and hence the composi-
tion of pyrrhotite). It is not yet clear with what this duality
of Au behavior is related when it enters pyrrhotite. In the
studies using EPMA, the heterogeneity of the composition
in Au is often observed, and the element contents are close

to MDL, and acquisition of correct data requires serious sta-
tistical analysis. Concerning the question of the mechanism
of Au occurrence in pyrrhotite, it is suggested that “...Au is
contained in either vacancies or interstitial sites within the
pyrrhotite lattice and is limited to 400 + 100 pg/g” (Fraley
and Frank, 2014, p. 416). However, the data presented in
Table 6 shows that the entry of Au is not associated with Fe
vacancies (compare Nos. 5, 6 and 11, Po and Tr). Perhaps
due to the high degree of metallicity of the chemical bond in
pyrrhotite, the entry of gold into its structure at the position
of iron does not require the participation of defects and cor-
responding charge compensation, and in this case the Au IL
in stoichiometric pyrrhotite becomes a “true” isomorphic
capacity of FeS in Au (Tauson et al., 2008).

Chalcopyrite. Experimental data on Au solubility in
chalcopyrite are limited. Several studies are devoted not to
chalcopyrite itself, but to its “...high temperature equiva-
lent, intermediate solid solution (Iss)”, which “...may play
an important role in sequestering gold from the melt” (Jugo
et al., 1999, p. 574). The solubility of Au in ISS was esti-
mated in the above work as 1.9 + 0.4 wt.% at 7= 850 °C and
P =1 kbar (see No. 4 in Table 6), the phase composition is
Cu,Fe,S;. In the field of “hydrothermal” parameters, the es-
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timate by Mironov et al. (1987) of 250 pg/g at 500 °C,
1 kbar, which was later used to determine the solubility of
Au in other sulfides (Tauson et al., 1996), was obtained by
autoradiography of !> Au. In the light of the results of this
work (Tables 2 and 3), it seems to be overestimated. This is
confirmed by the data of Simon’s and co-authors’ studies
(Simon et al., 2000) conducted by the method of salt flux
and solid-phase synthesis at 400, 500, 600, and 700 °C. At
500 °C, concentrations of Au in chalcopyrite from 5 to
16 pg/g were obtained, which is consistent with the data in
Table 2. In the work mentioned above, ion-probe microanal-
ysis was used to determine Au. It should be noted that there
is no reason to consider the obtained values as the Au solu-
bility, since there was no phase controlling saturation in the
experiments, as there was no comparison mineral in them.
As mentioned above, the presence of Au® does not prove
saturation of a sulfide solid solution with respect to chemi-
cally bound gold. At the same time, a very clear dependence
of Au content on the temperature in the range of 400-600 °C
was found, which may indicate the formation of a gold solid
solution in CuFeS,: 2—4 at 400, 5-16 at 500, and 100-
125 pg/g Au at 600 °C. In this regard, the result of 110 pg/g
obtained using galena as a reference mineral (Table 3), most
likely corresponds to saturation at employed parameters
(450 °C, 1 kbar).

High Au contents in ISS confirm the assumption
(Mironov and Geletii, 1979; Jugo et al., 1999) that Au iso-
morphically replaces Cu in chalcopyrite. Indeed, the aver-
age length of the Fe-S and Cu-S valence bond (2.01 A) al-
most coincides with this parameter for the Au-S (2.03 A)
bond (Brese and O’Keeffe, 1991). Theoretical analysis and
simulation data of X-ray absorption spectra indicate a strong
interaction between hybridized Au s,p,d, S p and Cu p,d or-
bitals, which causes the formation of gold-containing solid
solutions in minerals of the Cu-Fe-S system (Tagirov et al.,
2016). Apparently, for this reason, for chalcopyrite and ISS,
there are no such discrepancies in the estimates of Au solu-
bility, which we saw above for pyrite and pyrrhotite.

Bornite. The role of bornite as an Au concentrator is
controversial. It is defined as an ineffective Au carrier (Cook
et al., 2011), which fails to correlate with the ability of this
mineral to absorb Au. Simon et al. (2000) in the experiments
with salt melts showed that bornite contains an order of
magnitude more Au than chalcopyrite (or ISS) at all the
temperatures studied within the range of 400-700 °C. Au
contents determined by ion-probe microanalysis are maxi-
mal in stoichiometric bornite and decrease both when the
phase is enriched with copper and depleted in it. This seems
to indicate that the occurrence of Au in bornite is not related
to stoichiometric vacancies in its structure, but is isomorphic
(AuT—Cu”). At the same time, the regularity of increasing
the Au content in stoichiometric bornite with a temperature
of 13-80 at 400, 235-364 at 500, and 1280-8200 pg/g at
600 °C is clearly maintained. A lower estimate is given by
Frank et al. (2011) for conditions of 800 °C, 1 kbar, in the
medium of NaCHKCHHCI+H,0; at Igfg, = 1.5 bar, the Au
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content in bornite was 300 + 80 pg/g. However, in a later
work (Fraly and Frank, 2014) in the same system, but at
lower sulfur fugacity, the maximum equilibrium concentra-
tions of Au in bornite co-existing with ISS, according to
EPMA data, amounted to 1000 + 300, 1500 £+ 300, and
1800 + 300 ng/g at 500, 600, and 700 °C and lng2 =11,
—8.3, and —6.0 bar, respectively. The authors observe that
the solubility of Au in bornite increases with both tempera-
ture and /g , but it is not possible to divide the contributions
of each of these parameters into the solubility value. The
result obtained in the present study is 140 pg/g at 450 °C
using galena as a reference mineral and LA-ICP-MS for Au
analysis (Fig. 1; Table 3) does not contradict the above data,
taking into account their accuracy and variation intervals.

Galena. This mineral, as far as the authors know, has
been scantily studied experimentally as a gold concentrator.
But already in early works on hydrothermal synthesis of
gold-containing ore sulfides, it was shown that, in contrast
to pyrite and sphalerite, galena contains a uniformly distrib-
uted Au in the crystal body, possibly isomorphically replac-
ing lead (Mironov and Geletii, 1979; Mironov et al., 1989).
These works present the value of Au content equaling
73 ng/g for conditions of 500 °C, 1 kbar (synthesis in 2.06 M
solution of ammonium chloride), and obtained using con-
trast autoradiography '®>Au. There is no evidence of reach-
ing the incorporation limit because of lack of a limiting (ref-
erence) phase or a comparison mineral. In a later work
(Tauson et al., 2008), the phase composition correlation
principle was applied using a comparison mineral (gree-
nockite) and AE (As and Se) at 500-520 °C, 1 kbar (synthe-
sis in 10% NH,Cl, sulfur fugacity at ~10* bar). The contents
of the structural form were determined using atomic absorp-
tion spectrometry with electrothermal atomization and data
processing using the method of ADSSC — analytical data
selections for single crystals (Tauson et al., 2013). Au IL in
galena amounted to 240 pg/g. The study of this system un-
der different conditions (low fsz) and the analysis of the de-
fective structure of PbS allowed us to assume that IL ob-
tained in these experiments corresponds to the occurrence of
gold in galena in the form of donor — acceptor pairs vy, -Au;”
(Tauson et al., 2008).

Sphalerite. The works cited above by Mironov et al.
(1979, 1987, 1989) do not state the occurrence of Au in the
structure of sphalerite at a concentration higher than
the MDL of autoradiographic method, estimated by the
authors as 0.01 pg/g. Results of the LA-ICP-MS analysis
(Table 2) confirm the low, but still significant content of Au
(0.11-0.16 pg/g) in sphalerite with low iron content
(5-7 mol.% FeS). Using galena as a comparison mineral, we
obtained Au IL in sphalerite of this composition of 0.7 +
0.3 ng/g (Table 3). A similar value was obtained in the ex-
periments on hydrothermal synthesis of ferrous sphalerite
(22 mol.% FeS) at 500 °C, 1 kbar — 1 pg/g (Tauson et al.,
1996). If the ratio of solubility S™"/S for more ferrous spha-
lerite remains the same as for a low-ferrous sphalerite, then
the proportion can be used to estimate Au IL in ferrous
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sphalerite as ~5 pg/g. The mechanism of incorporation
(Tauson et al., 1996) involves participation of trivalent iron
according to the scheme Au* + Fe** «<» 2 Zn?" (or Zn** +
Fe?"). The oxidation of Fe?" to Fe** is accompanied by the
formation of vacancies in the metal sublattice and becomes
essential for the crystal chemistry of sphalerite at a FeS con-
tent above 12 mol.%. The proportion of Fe** increases with
increasing fg, and amount, according to Mdssbauer spectros-
copy, 5—7% of total iron in a solid solution with 20 mol.%
FeS at 700 °C (Lepetit et al., 2003). An increase in sulfur
activity and an increase in Fe in sphalerite are antagonistic
processes, so it is possible that the occurrence of Au in
sphalerite with low iron content is partly due to the same
donor-acceptor mechanism as for other mobile impurities in
AIIBVI compounds — vy, —Au;".

Recently, studies have been conducted on the state of Au
in In-sphalerite obtained at high temperature (850 °C) by a
chemical transport reaction with a temperature gradient (Fil-
imonova et al., 2019). EPMA, LA-ICP-MS, and X-ray ab-
sorption spectroscopy at the Au L, absorption edge were
used. Au content reached 0.5 wt.%, gold was represented by
the form Au" and was presumably incorporated into struc-
ture of solid solution Zn, , (Au,In) S. It appears to have dis-
integrated as the system cooled, so that the predominant
form of gold in sphalerite was Au,S nanoclusters, although
it is difficult to understand where such clusters can be found
in the densely-packed (diamond-like) structure of sphalerite.
However, these results allow us to explain the appearance of
Au°® nanoparticles as a result of instability of gold sulfide
formed during the transformation of the primary structural

Table 7. Data on Au solubility in magnetite, Ti-magnetite and Mn-magnetite
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form (solid solution) of Au in the mineral during cooling or
changes in redox conditions.

Magnetite. Like sphalerite, magnetite is a unique geo-
chemical indicator. As a “transient” mineral, it also has wide
isomorphic capabilities. Whether or not magnetite is one of
Au concentrator minerals is still a subject of discussion
(Mironov et al., 1989). We assume that, in contrast to pyrite,
Au in magnetite is a compatible element (Tauson et al.,
2012), so at low sulfur activity, the role of Au concentrator
can shift from pyrite to magnetite (Smagunov and Tauson,
2003). An overview of Au solubility data in magnetite is
presented in Table 7. By oxygen fugacity, most of the table
data refers to conditions near the oxygen buffer NNO or
MH. Under the conditions close to magnetite-hematite buf-
fer, most experiments were performed with the control of
the structural component of Au at 450 and 500 °C; since in
a number of experiments, X-ray phase analysis diagnosed an
admixture of hematite, the oxygen fugacity in them was at
the level of lgfo2 =-21.6 and —19.2 bar, respectively (Tau-
son et al., 2016). Given the significant temperature range
and differences in the chemical conditions of the experi-
ments (in some cases, silicate melts were used), their results
show good agreement, despite the fact that in some cases the
data were obtained by the LA-ICP-MS method on micro-
crystals (Nos. 3 and 5, Table 7) with dimensions smaller
than the diameter of the laser spot (Simon et al., 2003,
2008). The obvious exception is result No. 4, which is 2 or-
ders of magnitude higher than the others. We see the expla-
nation of this phenomenon in the fact that these experiments
achieved high reduction conditions close to MI buffer in fOz’

No. Phase  Experimental condition Crystal size, Au analysis Au solubil- RP Ref.
m method ity, ng/g' or CM
7,°C P.kb Medium : e
1 Mt 500 1 2.03 M NH,Cl (0.4-2)-10° AAS 2.5% NAP?? (Mironov et al., 1989)
2 Mt 600 1.4 1 mKC1 (3-5)-10% AAS 2+0.43 - (Cygan and Candela, 1995)
700 1.4  The same The same The same 3+£0.6° -
3 Mt 800 1.4 NaCl+KCI+ 4-12 LA-ICP -MS 23 - (Simon et al., 2003)
HCI+H,0
4 Mt 450 1 10% NH,CI n-10° AAS- ADSSC 117 +55 Fe-greenockite  (Smagunov and Tauson, 2003)
Mt-Ulv 800 1 5% NaCl eq. 25 LA-ICP -MS 16+9° - (Simon et al., 2008)
6 Mt 450 1 10% NH,CI+=HCl + (0.5-3)-10° AAS-ADSSC 0.5+0.2 NAP (Tauson et al., 2012)
NaOH
7 Mt-Mn 450 1 10% NH,CI (1-2)-10° AAS- ADSSC* 0.1-4.7 NAP, (Tauson et al., 2013)
greenockite
8 Mt 500 1 10% NH,CI (1-2)-103 AAS- ADSSC, 0.2 NAP (Tauson et al., 2016)
8 MtMn 500 1 10% NH,CI (0.5-1)-10° LA-ICP-MS 1 -
9 Mt 450 1 5% NH,CI, (0.5-1)-10° LA-ICP-MS 0.6 NAP, This work, Table 3
10% NH,C1 galena
+2% K,Cr,0,

Note. >? See the footnotes in Table 5.
*Several versions of ADSSC were used.

Note: Mt-Ulv, Ti-magnetite (magnetite-ulvospinel series), Mt-Mn, Mn-magnetite (magnetite-jakobsite series).

Dash indicates the absence of data.
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Fig. 3. Correlation of Au solubility and metallicity of chemical bond in
sulfides — concentrators of noble metal.

and stoichiometric pyrrhotite Fe, (S crystallized in associa-
tion with magnetite (Smagunov and Tauson, 2003). This
could lead to the formation of a uniformly distributed sub-
micron-sized form of reduced gold Au® in magnetite, which
is indistinguishable from the structural form by the ADSSC
method. Thus, the estimation of the Au IL in magnetite at
450-500 °C as ~1 pg/g seems optimal. With increasing tem-
perature, IL changes insignificantly (Table 7).

Table 8 summarizes the most reliable, in our opinion, re-
sults on Au solubility, that is, data obtained with the separa-
tion of the structural form of Au in the presence of any lim-
iting phase (autonomous or NAP), or by comparing with
CM with a reliably established structural form of Au. In the
vast majority, these are the results of hydrothermal experi-
ments on the synthesis of mineral crystals at 450-500 °C,

Table 8. Au solubility in minerals in “hydrothermal” area of P—T parame-
ters (7 = 450-500 °C, P=1 kbar)

Mineral Formula Sy HE/E
Sphalerite ZnS 0.7
Fe-Sphalerite (marmatite) (Zn,Fe)S

Magnetite Fe;0, 1

Pyrite FeS, 3
Pyrite-Mn,Cu (Fe,Mn,Cu)S, 10
Pyrrhotite Fe,,S 21
Chalcopyrite CuFeS, 110
Bornite CusFeS, 140
Galena PbS 240
Arsenpyrite FeAsS (30,000)*

*Probably metastable miscibility.
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consistent (at least, not diverging within the order of magni-
tude) with the data of higher-temperature experiments. In
accordance with the new data, the relationship between gold
solubility and such a crystal-chemical parameter as the frac-
tion of metallicity of the chemical bond in the mineral is
clarified (Mironov et al., 1987). The metallicity of the bond
(m) is characterized by a delocalized fraction of the covalent
electron cloud; the criterion for absolute metallicity is the
energy-gap width of the compound. We used the Batsanov
equation (1989) for calculating m, the parameters of which
were calculated earlier (Tauson et al., 1996). The results are
shown in Fig. 3. They basically confirm the trend previously
outlined (Tauson et al., 1996) of increasing Au solubility
with increasing m, although, even with close metallicity of
the bond, it is difficult to expect the same behavior of Au in
non-isostructural compounds.

CONCLUSIONS

1. The solubility of gold in minerals is a multi-factor
function and can only be correctly estimated if a number of
conditions are met. Due to the influence of surficial nonau-
tonomous phases on the element distribution, it is necessary
to control the size and specific surface area of crystals in the
experiments. The entry of Au into the structure through the
use of “intrinsic” (own) and “extrinsic” (admixture) point
defects makes it necessary to control the activity of sulfur
and oxygen in the system and its composition in respect to
admixture elements. The mechanism of crystal growth in
experiments, in particular, growth by means of NAP, can
definitely affect Au content causing imitation of high Au
solubility in pyrite, arsenopyrite and galena (in nano-aggre-
gates with copper sulfides). If it is taken into account, “false
solubility” of Au observed in some experiments decreases
by 1-3 orders of magnitude.

2. Sphalerite, magnetite and pyrite are characterized with
low levels of S,, (~1-3 pg/g), which are slightly increased
when impurities enter the mineral structure (up to ~5 pg/g
Au in Fe-sphalerite and ~10 pg/g in Mn- and Cu-containing
pyrite and Ti-containing magnetite). Cu-containing sulfides
(chalcopyrite, bornite), in which Au is most likely included
as a true isomorphic admixture, possess lowest variability
(Sy, = 110 and 140 pg/g, respectively, at 450-500 °C and
1 kbar). The dual situation with pyrrhotite (the availability
of experimental data sets with Au content at the level of
4-25 and 300-800 pg/g) is not yet clear, but it is obviously
not associated with Fe vacancies in its structure. At low ac-
tivity of sulfur and oxygen, under reducing conditions, the
formation of uniformly distributed submicroscopic form of
Au° in pyrrhotite and magnetite is possible, simulating the
structural form and inseparable from it by analytical meth-
ods. Galena (S,, =240 pg/g) is the most favorable sulfide
matrix for locating Au atoms due to the high metallicity of
chemical bond, which confirms the homogeneous distribu-
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tion of the noble metal and a well-maintained phase compo-
sition correlation with greenockite and bornite, for which
Au is a structural admixture.

3. The use of NAP as a reference phase in determining
the limit of Au incorporation into minerals is theoretically
and experimentally justified. The correlation between the
solubility of Au and the degree of metallicity of the chemi-
cal bond in the mineral is defined more precisely; it has a
sufficiently high coefficient of determination (0.76).

This study was funded by the RFBR, project number 19-
15-50007.
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