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Abstract

The solubility of gold in H,S gas has been investigated at temperatures of 300, 350 and 400 °C and pressures up to
230 bars. Experimentally determined values of the solubility of Au are 0.4-1.4 ppb at 300 °C, 1-8 ppb at 350 °C and 8.6—
95 ppb at 400 °C. Owing to a positive dependence of the logarithm of the fugacity of gold on the logarithm of the fugacity
of H,S, it is proposed that the solubility of Au can be attributed to formation of a solvated gaseous sulfide or bisulfide

complex through reactions of the type:
Au(s) + (n+ 1) - HyS(g) = AuS - (H,S),(g) + Ha(g) (A)

or
Au(g) + (n+1) - HS(g) = AuHS - (H,S),(g) + iH:(g) (B)

which are fj;,-dependent; n is a statistical solvation number. If the redox potential is buffered by S/H,S (the case in our study),

the corresponding reactions are:
Au(s) +n-H,S(g) +S(1) = AuS - (H,S),(g) (©)

o Au(s) + (n+1) - HyS(g) +1S(1) = AuHS - (H,S),(g) (D)

Values of n for these latter reactions were calculated to be 1.8 and 1.2 at 300 °C, 1.7 and 1.0 at 350 °C, 2.2 and 1.7 at 400 °C,
respectively. The equilibrium constants for reactions C and D increase with temperature and have values of
logK=—11.1 £0.2 at 300 °C (both reactions), —10.7 + 0.3 and —10.5 + 0.3 at 350 °C, and —10.6 +0.2 and —10.4 +0.2
at 400 °C, respectively. At the conditions of this study, the solubility of gold in H,S gas is relatively high, and the results ob-
tained provide strong evidence that H,S can play an important role in the vapor transport of gold and the formation of hydro-
thermal gold deposits.

© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION standing of how this transport occurs is still poor. The first

experimental study to address this issue was that of Migdi-

Although there is now extensive evidence that the vapor
phase in magmatic hydrothermal systems is capable of
transporting high concentrations of some ore metals (see
review in Williams-Jones and Heinrich, 2005), our under-
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sov et al. (1999) who showed that at temperatures from 300
to 360 °C and pressures up to 180 bars the solubility of sil-
ver in H,O-HCI vapors is orders of magnitude higher than
predicted by simple volatility. They related this enhanced
solubility to formation of the species AgCl - (H,0),,. Archi-
bald et al. (2001, 2002) reported even higher solubility of
gold and copper in H,O-HCI vapors at similar condi-
tions and likewise interpreted their data as reflecting the
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formation of hydrated chloride complexes (AuCl - (H»0),
and Cu,Cl, - (H,0),). These latter studies measured con-
centrations of copper and gold in the vapor phase on the
order of hundreds of ppm and tens of ppb, respectively,
at a temperature of ~300 °C. By contrast, Heinrich et al.
(1992, 1999) measured weight percent and ppm level con-
centrations of these metals, respectively, in higher tempera-
ture (>550 °C) vapor-rich fluid inclusions from magmatic
ore deposits. Moreover, they showed that both metals par-
tition preferentially into the vapor phase rather than into
the coexisting brine. Based on this observation (i.e., that
the concentrations of the metals do not correlate with chlo-
ride activity) and the fact that H,S has a strong preference
for the vapor phase, these authors proposed that the high
concentrations of copper and gold in the vapor phase are
due to their complexation with reduced sulfur.

The only experimental study to shed direct light on the
ability of H,S to complex with metals in the vapor phase
is that of Zakaznova-lakovleva et al. (2001), who showed
that H,S gas can dissolve significant concentrations of anti-
mony as a result of the formation of the solvated species
Sb,S; - H,S. More recently, Pokrovski et al. (2006) have
shown that the presence of sulfur may increase the parti-
tioning of Au, Ag and Cu into the vapor phase at temper-
atures of up to 450 °C.

Inasmuch as complexes with HS™ and H,S are the prin-
cipal forms of dissolved gold in aqueous liquids (e.g., Hay-
ashi and Ohmoto, 1991; Benning and Seward, 1996; Loucks
and Mavrogenes, 1999; Stefansson and Seward, 2004; Tagi-
rov et al., 2005) and H,S partitions strongly into the vapor
phase of hydrothermal systems, it is also likely that gaseous
H,S is an essential component in promoting the volatile
transport of gold. In this paper, we report the results of
an experimental study of the solubility of gold in hydrogen
sulfide gas, and show that gold forms stable complexes with
H,S that serve to greatly increase its solubility over that
predicted by the vapor pressure of metallic gold or even
more volatile species like AuS. This study represents a
first step towards understanding the behavior of gold in
H,S-bearing gases and is an essential step towards the
quantitative modeling of gold transport and deposition in
vapor-dominated hydrothermal systems.

2. METHOD

The method used in this study is identical to that de-
scribed in previous experimental studies devoted to the
transport of metals in the gas phase (e.g., Migdisov et al.,
1999; Archibald et al., 2001, 2002; Zakaznova-lakovleva
et al., 2001; Migdisov and Williams-Jones, 2005; Rempel
et al.,, 2006). The experiments were carried out in tita-
nium-alloy autoclaves (Grade 2 and VT1-0) with volumes
of ~40-50 cm®. Autoclave volumes were determined by fill-
ing the autoclaves with 25 °C distilled water, and weighing
them before and after filling. The weighing was performed
to an accuracy of +10 mg. After the autoclaves had been
purged of atmospheric gases by passing nitrogen gas
through them for about 30 min, they were cooled to a tem-
perature of approximately —75 °C, and between 1 and 6 g
of liquid H,S was condensed in them from a stream of

H,S gas. The autoclaves were closed to the atmosphere dur-
ing the introduction of the H,S which was produced in a
Kipp’s type apparatus by the reaction

Na,S + 2HCI = 2NaCl + H,S

The H,S gas was purified by passing it through two gas-
washing bottles filled with nanopure water and then
through a series of four cold traps (to remove condensable
gases such as water vapor). As HCI has been shown to en-
hance the transport of gold in the gas phase (Archibald
et al., 2001) and was one of the reagents used to produce
H,S, an aliquot of liquid from the second washing bottle
was analyzed for its chloride content by HPLC (Activation
Laboratories Ltd.). The concentration of this element was
below the detection limit of the instrument (0.03 mg/L),
and given that HCI partitions very strongly into the liquid
phase, would have been even lower in the gas phase (NaCl
was ignored as a possible contaminant because of its extre-
mely low volatility). The cold traps cooled the H,S to a
temperature of —50 °C (using a mixture of dry CO, and
methanol) and served to ensure removal of any H,O intro-
duced during washing (at this temperature the partial pres-
sure of H,O is ~107° bar) plus any condensable gases.
Incondensable gases that might have remained after clean-
ing (e.g. HCI, which has a condensation temperature of
—85 °C) would have been removed in the flow of gas exiting
the autoclaves during the condensation of H,S. The purity
of H,S produced and cleaned in the manner described
above is considered to be >99.8% by weight based on anal-
yses reported in Migdisov et al. (1998).

A wire of native gold (Alfa Aesar, 99.95% purity) con-
tained in a silica-glass holder was placed in each autoclave.
In order to control the redox potential of the system,
approximately 100 mg of powdered elemental sulfur (Alfa
Aesar, 99.5% purity), which was sufficient to maintain equi-
librium between H,S gas and liquid sulfur at the conditions
of the experiment according to reaction

H,S(g) = S(1) + Ha(g)

was introduced into each autoclave in a separate open sil-
ica-glass holder. The holders were open at the top, and
stood well above the liquid H,S, thereby isolating the gold
wire and native sulfur from the latter.

Experiments were performed at temperatures between
300 and 400 °C in an electric oven (Fisher Isotemp® models
818F and 550-126) equipped with an aluminum box (with a
volume of about 0.05 m>, the walls are about 1 cm thick), in
which the autoclaves were placed, to reduce the tempera-
ture gradient. The choice of this range of temperatures
was governed by the detection limit of the analytical meth-
od employed for gold analysis (at temperatures below
300 °C, the solubility of gold was expected to be too low
to be measurable using instrumental neutron activation
analysis, see below) and the critical temperature of sulfur
(444.6 °C; Mills, 1974). The vertical temperature gradient,
measured with two chromel-alumel thermocouples located
at the top and bottom of the aluminum box, was generally
less than 0.5 °C/m. A thermal regulator allowed the temper-
ature to be controlled to an accuracy of 1 °C. At the con-
ditions of the experiments, the liquid H,S was converted
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entirely to gas (the critical point of H,S is at 100 °C and 89
bars), which filled the autoclaves and reacted with the solids
in the silica-glass holders (Fig. 1). At the end of a set of
experiments, the autoclaves were quenched to room tem-
perature in a water bath and further cooled to a tempera-
ture of ~—75°C in order to condense H,S gas into
liquid. The latter cooling ensured that, as was the case at
the beginning of an experiment, gold wire and H,S liquid
were also spatially separated at the end of an experiment.
The silica-glass holders containing sulfur and gold were
then removed from the autoclaves and all the H,S gas con-
densed into the liquid was released by slow boiling upon
warming up the autoclave to room temperature. Sulfur-
bearing holders were then weighed to determine the mass
losses. Native sulfur and gold precipitated on the walls of
the autoclaves during quenching were removed by washing
with 1.5-3 mL of dilute (~10 wt%) nitric acid at a temper-
ature of 200 °C and subsequently with 2-4 mL of aqua re-
gia at room temperature (HNO; and HCI of Fisher
Scientific Optima™ grade). The autoclaves were closed
when heated in order to oxidize any native sulfur and other
forms of reduced sulfur (e.g., polysulfanes, if present) that
might have condensed on the walls and thereby ensure their
complete dissolution in the washing solution (as sulfate).
Washing of the walls of the autoclave was facilitated using
a custom-designed rotating carousel that ensured semi-con-
tinuous contact of all the inner surfaces of the autoclave
with the washing solution. The concentration of gold in
the washing solutions, and hence dissolved in H,S, was

Ti T A

Au(s) g
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— S(s)
H,S(1)
A 4
Volume ~ 40 cm® ¢ 2.7 cm >

Fig. 1. Sketch of the experimental set-up. (a) Before an experiment,
liquid H,S gas is condensed in the autoclave at ~—75 °C and gold
wire and sulfur powder are placed in silica-glass holders arranged
in the autoclave so that the solids are not in contact with liquid
H,S. (b) As the autoclave is heated to the planned temperature of
the experiment (300400 °C), H,S converts to gas, which reacts
with the solids in the holders.

determined using instrumental neutron activation analysis
(INAA) at Ecole Polytechnique (University of Montreal).
The detection limit of the analytical technique was
0.1 ppb (1 ppb =1 pg/L) and the precision was +5% for
samples with concentrations greater than 1 ppb and
40.05 ppb for samples containing lower concentrations of
Au. In order to ensure that no gold remained in the auto-
claves after the first washing, the washing procedure was re-
peated and the resulting solutions also analyzed using
INAA. The concentration of gold in these second-washing
solutions was consistently below the detection limit, indi-
cating that no gold was missed during the initial washing.
The amount of sulfur transferred to the gas phase from
the silica glass holder during an experiment was determined
to an accuracy of +0.1 mg by weighing the holders loaded
with sulfur before and after each run.

A series of blank experiments (three experiments at each
temperature investigated) was conducted in an atmosphere
free of hydrogen sulfide (i.e., nitrogen gas). The concentra-
tion of Au determined for these was below the detection
limit of the analytical technique (0.1 ppb) indicating that
there was no significant transport and precipitation of gold
due simply to volatilization and condensation of the metal-
lic gas.

The attainment of equilibrium was tested by means of a
set of kinetic experiments of varying duration (from 1 to 22
days) at the lowest temperature investigated (300 °C). As
the pressures in the autoclaves varied slightly (410 bar) be-
cause of the difficulty in controlling the amount of H,S con-
densed, it was, however, necessary to correct Au fugacities
(their calculation is discussed below) to an arbitrarily cho-
sen H,S fugacity of 100 bars for purposes of comparison,
(this was done using the dependencies of Au fugacity on
the fugacity of H,S gas determined from later experiments).
The results of these kinetic runs are presented in Fig. 2 and
show that reproducible (within 5%) Au fugacities were
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Fig. 2. Results of kinetic experiments at 300 °C and pressure
normalized to 100 bars. Concentrations of the dissolved Au
presented as logfiaug)> were corrected to an arbitrarily chosen
fugacity of H,S of 100 bars because of the difficulty in maintaining
the same pressure conditions for a full set of kinetic runs (the
pressure in each autoclave was slightly different due to small
differences in the amount of H,S introduced into them). After 10
days, the system attained a plateau concentration interpreted to
represent equilibrium. Comparison of the results of these and
subsequent experiments suggests that the equilibrium concentra-
tion is reproducible to +5% (see text for further explanation).
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obtained in less than 10 days. Subsequent experiments were
run for longer duration (>12 days), thereby ensuring that
the measured metal concentrations closely approached the
equilibrium concentrations.

3. RESULTS

The experiments were performed at temperatures of 300,
350 and 400 °C, and pressures varying from 25 to 230 bars.
Owing to the very low vapor pressure of sulfur species in
the experiment (typically less than 1 bar) and vanishingly
small vapor pressure of gold (<10~ bar) compared to that
of H,S, the total pressure of the system was assumed to be
equal to that of pure hydrogen sulfide. Pressure and fugac-
ity coefficients were calculated using the accurately deter-
mined autoclave volume (minus the volume of the holders
with gold wire and elemental sulfur), the mass of H,S

introduced and the equation of state for hydrogen sulfide
gas (Rau and Mathia, 1982).

Assuming ideal behavior of volatile metal compounds,
the fugacity of the gold-bearing compound was calculated
using the ideal gas law, f= P =nRT/V, where P is the par-
tial pressure of the gaseous Au complex, V is the volume of
the autoclave, n the number of moles of Au dissolved in the
gas phase (which was calculated from the concentration of
Au measured in washing solutions and therefore represents
the amount of Au transported from the gold wire to the gas
phase), R the gas constant and 7 the temperature of the
experiment. The results of the experiments are reported in
Table 1 as logarithms of the fugacity of the gold-bearing
gas species, logf sy, and concentrations of gold dis-
solved in H,S (ppb, i.e., pg per kg of H,S). The solubility
of Au in H,S gas was found to range from 0.4 to 1.4 ppb
at 300 °C, 1-8 ppb at 350 °C and 8.6-95 ppb at 400 °C

Table 1

The solubility of gold in H,S gas

H,S (mol) Volume (cm?) P (bar) ¢ log fy,s bar “Au(g)”* x 10" mol logﬁAu(g)wb experimental Au° (ppb)
300°C

0.041 37.75 49.0 0.95 1.67 0.36 —8.35 0.50
0.047 37.61 56.4 0.94 1.73 0.89 -7.95 1.1
0.048 37.56 57.7 0.94 1.74 0.71 —8.04 0.85
0.075 38.51 85.1 0.92 1.89 0.71 —8.06 0.55
0.073 36.88 86.3 0.92 1.90 0.71 —8.04 0.56
0.085 37.47 98.0 0.91 1.95 0.71 -8.04 0.48
0.088 37.55 101 0.90 1.96 0.53 —8.17 0.35
0.089 37.22 103 0.90 1.97 1.4 -17.74 0.92
0.109 38.26 120 0.89 2.03 2.1 —7.58 1.1
0.137 36.82 153 0.86 2.12 32 —7.38 1.3
0.159 37.73 171 0.85 2.16 2.3 —7.54 0.84
0.207 37.61 215 0.82 2.25 34 -7.37 0.94
350°C

0.020 37.10 26.9 0.98 1.42 0.36 —8.30 1.0
0.023 37.27 31.2 0.98 1.48 0.71 —-8.01 1.8
0.043 37.06 57.3 0.96 1.74 0.71 —8.00 0.96
0.052 36.71 70.3 0.95 1.82 1.6 —7.65 1.8
0.066 36.77 87.4 0.94 1.91 1.6 —7.65 1.4
0.104 36.76 133 0.91 2.08 4.6 -7.19 2.6
0.140 36.94 174 0.88 2.19 43 —7.22 1.8
0.146 37.07 181 0.88 2.20 20 —6.55 8.0
0.188 37.21 228 0.86 2.29 5.3 -7.13 1.6
400 °C

0.024 37.08 353 0.98 1.54 3.6 -7.27 8.6
0.024 36.94 354 0.98 1.54 5.0 —-7.12 12
0.030 36.62 449 0.98 1.64 10 —6.80 20
0.045 37.28 65.1 0.96 1.80 45 —6.17 58
0.067 53.80 66.9 0.96 1.81 23 —6.62 20
0.063 38.56 87.9 0.95 1.92 104 —5.82 95
0.093 53.40 92.4 0.95 1.94 57 —6.22 36
0.128 54.30 126 0.94 2.07 82 —6.07 37
0.102 38.08 140 0.93 2.12 90 —5.88 51
0.152 53.40 148 0.93 2.14 83 —6.06 32
0.112 38.17 153 0.92 2.15 100 —5.84 51
0.118 38.33 159 0.92 2.17 122 —5.75 60
0.150 38.55 199 0.90 2.26 60 —6.06 23

% Amount of Au transported from the gold wire to the gas phase during the experiment.
® Calculated from the experimental data using ideal gas law (see text for explanation).
¢ The solubility of Au in H,S gas in the experiments presented as ppb = pg/kg.
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Fig. 3. A plot of the concentration of Au (in ppb or pg/kg)
dissolved in H,S gas versus pressure at the conditions of the
solubility experiments (temperatures of 300, 350 and 400 °C and
pressures of 25-230 bars).

(Fig. 3) and a positive correlation of logfiayg» Wwith
log fi,5 Was observed at all temperatures investigated
(see Fig. 7 and discussion below).

4. DISCUSSION
4.1. The solubility of Au in H,S gas

Thermochemical properties of the following gaseous
species of gold, Au, AuH and AusS, are reported in Mills
(1974) and Binnewies and Milke (1999). Evidence for the
existence of the molecule Au,S(g) was reported by Smoes
and Drowart (1968), however no information was pro-
vided on its stability, and it is not considered in our calcu-
lations.  Calculations based on the available
thermodynamic data show that, among these species, only
AuS(g) is likely to play a significant role in the vapor
transport of gold (Symonds and Reed, 1993; Taran
et al., 2000). We therefore initially attempted to describe
the solubility of gold in H,S gas solely in terms of this
species and an assumption that there are no interactions
between the solvent (H,S gas) and AuS(g), i.e., that the
behavior of the latter is ideal. The experimental system
was assumed to contain the following compounds: native
gold, Au(g), AuS(z), S(), S(2), HxS(g), HaS(1), HS(g),
and H,Si(1), where i (representing gaseous sulfur poly-
mers) varies from 1 to 8 (Rau et al., 1973), j (representing
gaseous hydrogen polysulfanes) varies from 2 to 6 (Féher
and Winkhaus, 1957; Migdisov et al., 1998), and k (repre-
senting liquid polysulfanes) is greater than 1 (Steudel,
2003). A variety of gaseous and liquid hydrogen polysul-
fanes are likely to have formed as a result of the interac-
tion of sulfur with H,S and, as will be shown below,
influence the mass balance of sulfur in the system (Migdi-
sov et al., 1998; Steudel, 2003) as well as complicate the
final gold fugacity calculations.

The solubility of gold in the vapor phase was described
initially by the following reaction:

Au(s) + HaS(g) = AuS(g) + Ha(g) (1)

This reaction is dependent on fy,,). However, when com-
bined with the reaction

Hy(g) +S(1) = HyS(g) 2
it yields the reaction
Au(s) + S(1) = AuS(g) (3)

which depends instead on the activity of liquid sulfur. In
order to quantitatively estimate the equilibrium constant
for reaction (1) or (3), and hence, to obtain values of the
solubility of Au in H,S gas, it is essential to know either
the fugacity of hydrogen gas or the activity of liquid sulfur
at equilibrium (both effectively represent the same redox
equilibria). Owing to the difficulty in determining fi, () at
the experimental conditions, it was necessary to evaluate
the solubility of Au in H,S gas using the activity of liquid
sulfur and reaction (3).

4.2. Activity of liquid sulfur in the system S-H,S

Owing to the appreciable consumption of H,S gas that
occurs during its interaction with molten sulfur (Fanelli,
1949), the activity of liquid sulfur cannot be assumed to
be equal to unity. Moreover, evaluation of this activity is
complicated by the fact that the consumption of H,S, as
first suggested by Fanelli (1949) and subsequently demon-
strated by Wiewiorowski and Touro (1966), is due not only
to simple dissolution of H,S but also to the formation of
liquid polysulfanes (H,S;), via the reaction

H,S(g) + (k= 1) - S(I) = HaS, (/) 4)

Wiewiorowski and Touro (1966) showed, furthermore, that
the solubility of H,S gas in molten sulfur actually decreases
with increasing temperature and that at temperatures above
about 150 °C, formation of polysulfanes predominates over
simple dissolution of H,S (Fig. 4). The dissolution of H,S

0.20 -
oo

J stmml. . “ .‘
¥ 0.16 4 9]
g . & °
= °
E 0.12 1 3 o)
£ ' H.S, °
f; oos{ &
) ] &° o

004 { === =tS
0 , , ,
100 200 300 400

T°C

Fig. 4. The solubility of hydrogen sulfide gas in liquid sulfur. The
data are from the solubility experiments of Fanelli (1949; closed
circles) and Wiewiorowski and Touro (1966; open circles). The net
contributions of the species H,S and H,S;. to the total solubility of
hydrogen sulfide (H,S"%) in sulfur melt were measured using
direct infrared spectroscopy by Wiewiorowski and Touro (1966)
and are shown by the black and grey dashed lines, respectively.
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gas into the sulfur melt and the formation of polysulfane
species result in a decrease in the mole fraction, and hence
activity, of liquid sulfur.

Inasmuch as the only experimental data available on the
stability of liquid polysulfanes in the melt are for tempera-
tures below 180 °C (Wiewiorowski and Touro, 1966), nei-
ther the values for the mole fraction of liquid sulfur in
the melt nor the corresponding activity coefficients are
known at the temperatures considered in our experiments
(300400 °C). On the other hand, the volatility of sulfur
species and thus the amount of sulfur that can be trans-
ported in the gas phase are related to the activity of liquid
sulfur through the following reactions:

S =S, Ky =1 o
0]

and

H,S(g) + (i~ 1)-S(1) = H,S (g), Kig=— "5 (g)

STrose - ”é(li
As the equilibrium constants for these reactions can be cal-
culated from thermodynamic data (Mills, 1974; Suleime-
nov and Ha, 1998), it is thus possible to use them to
extract values of the activity of S(1) in the melt by deter-
mining the amount of sulfur transported into the gas
phase coexisting with the melt. However, given that there
are no data on the fugacity coefficients of the different
sulfur species in the gas phase, it is necessary to assume
that they are equal to their corresponding partial pressures
and thus that

Ps,e) = fs,0) = K5) - agy (7)
and

~ _ i—1
Pri,s,(e) = fins () = Ki6) * fs(e) * dsq) (8)

The mass of sulfur transported into the gas phase was
therefore calculated from the ideal gas law

total
L= sV

RT
where n is the number of moles of sulfur lost from the
holder during the experiment, ¥ is the effective volume of
the autoclave, R the gas constant and 7T the temperature

of the experiment. The activity of liquid sulfur was in turn
determined using the relationship

8 6
. . : V
total . 1
molgy = (E i-Ks, - ag + g Ku,s, - fi,s(g 'a/s<1>> RT
P =

)
The values of Ks, and Ky,s, were calculated from Mills
(1974) and Suleimenov and Ha (1998), respectively, the va-
lue for fy,s() was evaluated from the equation of state for
H,S (Rau and Mathia, 1982), V' is the known volume of the
autoclave, T is the temperature of the experiment and
molts"(g’)1 is the mass loss of sulfur determined experimentally.
Eq. (9) thus has only one unknown, namely the activity of
liquid sulfur, asg), and could therefore be solved for this
parameter. It should be noted, however, that as the activity

coefficient of liquid sulfur in the melt is unknown, this solu-
tion did not provide any information on the mole fraction
of sulfur in the melt or further constrain the composition
of the latter.

From Fig. 5 it is evident that the activity of liquid sulfur
in the melt decreases with increasing fy,s() due to the dis-
solution of H,S gas and the resultant formation of liquid
polysulfanes. However, the extent to which ag;, decreases
depends on temperature. For example, between 300 and
350 °C, asy decreases to 0.47, whereas at 400 °C it only de-
creases to 0.7 (Fig. 5), which is consistent with the observa-
tion of Fanelli (1949) that the total solubility of H,S in
molten sulfur reaches a broad maximum (plateau value) be-
tween 300 and 370 °C (Fig. 4). Another pertinent observa-
tion is that the cumulative partial pressure of gaseous
hydrogen polysulfanes exceeds that of gaseous elemental
sulfur species at fugacities of H,S gas above about 20 bars
(Fig. 6), which agrees well with the findings of Migdisov
et al. (1998), who showed that the solubility of sulfur in
H,S gas at temperatures above 200 °C can be attributed en-
tirely to the formation of gaseous hydrogen polysulfanes.

4.3. The solubility of Au as AuS(g)

Having determined the activity of liquid sulfur, the
fugacity of AuS(g) was calculated from the expression for
reaction (3), the equilibrium constant of which is given by

Py o
RT

log K(3) = lOg fAuS(g) — log as(l) — / dp (10)

Py
The equilibrium constant, K(3), was calculated from stan-
dard thermodynamic data (Mills, 1974), the activity of li-
quid sulfur ag;y was obtained from Table 2, }° is the sum
of the molar volumes of native gold and sulfur, and R is
the gas constant. The last term of the equation is the Poyn-
ting pressure correction (Sandler, 1989). However, over the
range of conditions at which the experiments were

LO-zEI\\ P 300 °C
0.9 iy =~ a——-350°C
- ~ \3:\ - o — — 400 °C
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" .ﬁ--x-'.'{:‘ q----F
0.4 4
0.3 4
0.2 _ ' : '
" 5 100 150 20

longZS(g) , bar

Fig. 5. The activity of S in molten sulfur as a function of the
fugacity of H,S in the system. A polynomial equation (Table 3)
fitted to the experimental data at 300, 350 and 400 °C (with lg
standard deviations of +0.07, £0.02 and +0.01, respectively) was
used to calculate the activity of molten sulfur at the conditions of
interest (see text for further explanation).
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Fig. 6. The sum of the partial pressures of gaseous sulfur species (S;
and H,S)) as a function of the fugacity of H,S gas. Circles represent
the cumulative partial pressure of sulfur species determined in the
experiments. The partial pressures of gaseous polysulfanes (dashed
line) and sulfur polymers (dashed—dotted line) were calculated from
the thermodynamic data taking into account the variable activity
of sulfur with respect to the fugacity of H,S gas (see text for
details). At a pressure above about 20 bars, hydrogen polysulfanes
replace sulfur polymers as the dominant form of sulfur in H,S gas
and at pressures above 70 bars are the principal form of dissolved
sulfur in the gas phase.

conducted, corrections provided by this term do not exceed
0.05, which is much lower than the experimental error, and
therefore can be ignored. The values of gold solubility in
H,S gas calculated using Eq. (10) are presented in Table 3
(as logfaug) and illustrated in Fig. 7.

As is evident from Fig. 7, there are significant discrepan-
cies between the calculated values of logf«ay)~ and those
determined experimentally. The calculated values are 10°-
10* lower at 300 °C, 10'°-10° lower at 350 °C and 10-10°
lower at 400 °C. Furthermore, unlike the experimental
data, the calculated fugacity of gaseous gold species does
not correlate positively with the fugacity of H,S gas. These
observations indicate clearly that the formation of gaseous
AuS cannot alone be responsible for the solubility of gold
in H,S gas.

4.4. Au dissolution as a solvated species

The positive dependence of the dissolved gold concen-
tration on the fugacity of H,S gas suggests that gold solu-
bility may be controlled in part by a solvated species
resulting from solute-solvent interaction. By analogy with
models developed for solid—H,O (vapor) systems (Migdisov
et al., 1999; Archibald et al., 2001, 2002; Migdisov and
Williams-Jones, 2005; Rempel et al., 2006), we propose that

Table 2

this species has the form of an uncharged solvated gaseous
complex with reduced sulfur, e.g., AuS-(H,S), or
AuHS - (H,S),,, resulting from reactions of the type

Au(s) +(n+1) - HoS(g) = AuS - (H,S),(g) + Ha(g)  (11)
Au(s) + (n+1) - HyS(g) = AuHS - (H,8), (g) + ;Ha(g) (12)

where 7 is the solvation number of the gold species or the
number of H,S molecules in a shell immediately adjacent
to a gold-bearing species held there by van der Waals bond-
ing (akin to a hydration shell). Even though this number
represents a statistical approximation and is dependent on
both temperature and pressure, we still can consider reac-
tions Egs. (11) and (12) as being stoichiometric based on
the fairly good assumption that within the experimental
range of pressures the solvation number is pressure-inde-
pendent. This allows us to calculate the solvation number
and the equilibrium constant for the solubility reaction in
the manner described by Migdisov et al. (1999).

Unfortunately, we cannot distinguish between the above
species based on the experimental data reported earlier.
However, as AuS(g) is the most stable known gold species
in the Au-H-S gas system, it is reasonable to propose that
the gaseous volatile complex responsible for the high solu-
bility of gold in H,S gas has the form AuS - (H,S),. It is
equally possible, given the importance of AuHS® species
in aqueous liquids (e.g., Stefansson and Seward, 2004), that
the species controlling gold solubility in H,S gas has the
form AuHS - (H»S),. In the following paragraphs we evalu-
ate formation constants for these two species.

As discussed above, hydrogen fugacity is related to the
activity of liquid sulfur and fugacity of H,S gas in the
system through reaction (2). Therefore, by combining reac-
tions (2) and (11) and reactions (2) and (12) we obtain the
following reactions describing equilibrium in the system

Au(s) +n - HsS(g) + S(1) = AuS - (HS), (g) (13)
Au(s) + (n+1) - HoS(g) +1S(I) = AuHS - (H,S),(g) (14)
The equations for the equilibrium constants of these reac-
tions are
log K(13) = log fAuS-(HZS)"(g) —log asqy —n - log szs(g) (15)
log K(14) = 10g f unis (i), () — 3 - 108 @sq)

—(n+1)-log Sis(e)> Tespectively (16)
The procedure used to determine the solvation number of
the gaseous complex was similar to that employed in previ-
ous investigations of metal transport by vapor (Migdisov
et al., 1999; Archibald et al., 2001, 2002; Zakaznova-lakovl-

eva et al., 2001; Migdisov and Williams-Jones, 2005; Rem-
pel et al., 2006). However, unlike the dependencies of

Coefficients for the polynomial equation employed to estimate the activity of liquid sulfur (as))

T(°0) asm =a+b-fuse +c ‘fézs(g) +d '.fézs(g)

a b c d +lo
300 0.8980 —7.49-1073 3.37-107° +0.07
350 1.0108 —4.67-1073 —6.47-107° 9.15-1078 +0.02
400 1.0041 —1.16-107* —2.07-107° 6.82-107% +0.01
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Table 3

Calculated fugacities of gaseous gold species based on experimental data reported in this study compared with values calculated from
published thermodynamic data (The activity of sulfur was calculated from the polynomial equations given in Table 2)

P (bar) log f,g(g) (bar) as( logfaug™ logf“Au(g)”b logfaug™®
calculated as AuS(g) experimental modeled as AuS - (H,S),
300°C
49.0 1.67 0.63 —11.62 —8.35 —8.35
56.4 1.73 0.60 —11.65 -7.95 —8.26
57.7 1.74 0.60 —11.65 —8.04 —8.25
85.1 1.89 0.52 —11.71 —8.06 —8.00
86.3 1.90 0.52 —11.72 —8.04 —8.00
98.0 1.95 0.50 —11.73 —8.04 -7.92
101 1.96 0.49 —11.74 -8.17 —7.90
103 1.97 0.49 —11.74 —7.74 —7.89
120 2.03 0.47 —11.76 —7.58 —7.78
153 2.12 0.49 —11.75 —7.38 —7.62
171 2.16 0.52 —11.74 —7.54 —7.54
215 2.25 0.66 —11.67 -7.37 —7.34
350°C
26.9 1.42 0.88 —9.83 —8.30 —8.30
31.2 1.48 0.86 —9.84 —8.01 —8.21
57.3 1.74 0.75 —9.89 —8.00 —7.84
70.3 1.82 0.70 -9.92 —7.65 -7.72
87.4 1.91 0.64 —9.96 —7.65 —7.60
133 2.08 0.51 —10.04 -7.19 —7.38
174 2.19 0.47 —10.07 -7.22 -7.22
181 2.20 0.47 —10.07 —6.55 -7.20
228 2.29 0.53 —10.01 -7.13 —7.03
400 °C
353 1.54 0.98 —8.42 -7.27 -7.13
35.4 1.54 0.98 —8.42 -7.12 -7.12
44.9 1.64 0.96 —8.43 —6.80 —6.91
65.1 1.80 0.93 —8.44 —6.17 —6.57
66.9 1.81 0.93 —8.44 —6.62 —6.55
87.9 1.92 0.89 —8.45 —5.82 —6.31
924 1.94 0.88 —8.46 —6.22 —6.26
126 2.06 0.82 —8.48 —6.07 —6.01
140 2.12 0.79 —8.50 —5.88 -5.91
148 2.14 0.77 —8.50 —6.06 —5.86
153 2.15 0.77 —8.51 —5.84 —5.84
159 2.17 0.76 —8.51 —5.75 —5.80
199 2.26 0.71 —8.53 —6.06 -5.62

* Calculated from thermodynamic data using reaction (C): Au(s) + S(I) = AuS(g).

® Calculated from experimental data.

¢ Modeled from experimental data for reaction (13): Au(s) + n - H,S(g) + S(1) = AuS - (H,S),(g).

log f Me(g)” 0N 10€fgas solvent» Which were linear in these stud-
ies, the dependency in the present case is nonlinear due to
the variable activity of liquid sulfur. The solvation number
n and equilibrium constant for reactions Eqs. (13) and (14)
were calculated iteratively using MATLAB® software from
initial guesses and progressive minimization of the function

exp 'model
\/Z f fmo{:el ) ’ (17)

where f**P is the fugacity of the gold-bearing gaseous com-
plex calculated from experimental data using assumptions
discussed above, /%! is the modeled fugacity of the corre-
sponding gaseous complex (AuS - (H,S),, or AuHS - (H,S),)

at each fugacity of H,S investigated. The term f™°%' was
evaluated using the solvation number and the equilibrium
constant for the corresponding complexation reaction
(i.e., for the formation of AuS - (H,S), or AuHS - (H,S),),
which were used as adjustable parameters in the iteration
procedure. The algorithm employed in the minimization
was the Nelder—-Mead simplex search described by Nelder
and Mead (1965) and Dennis and Woods (1987).

The equilibrium constant for the reaction describing the
formation of the gaseous gold-bearing complex increases
with increasing temperature from 300 to 400 °C (Table
4). The solvation number (referred to below as 73, and
na4) in reactions (13) and (14), respectively), however, is
higher at 400 °C (n(;3) = 2.2, ng4y = 1.7), than at 300 and
350°C (mu3=1.8 and 1.7 and ng4=12 and I,
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Fig. 7. A plot of logf au~ versus log fy,s, comparing the
experimentally determined fugacity of dissolved gold to that
predicted assuming that this fugacity is dependent entirely on the
formation of gaseous gold sulfide AuS(g) (dashed line). The
calculated values are 10°-10% lower at 300 °C (a), 101°~10° lower at
350 °C (b) and 10-10% lower at 400 °C (c). Unlike the experimental
data, the calculated fugacity of gaseous gold species does not
correlate positively with the fugacity of H,S gas (solid lines reflect
the positive trend of the dependence of logf:aug) On 10g fi,5();
see text for further explanation).

respectively), which is unusual for gaseous metallic species.
In contrast to metallic species in H,O and H,O-HCI gases
(Williams-Jones et al., 2002 and references therein; Migdi-
sov and Williams-Jones, 2005; Rempel et al., 2006), the
dependence of the fugacity of the gaseous gold complex
on the total fugacity of H,S gas (Table 3) is slightly
nonlinear due to the effect of the change in the activity of
liquid sulfur with fi,5, (Fig. 8). This deviation from
nonlinearity is more pronounced at temperatures of 300
and 350 °C than at 400 °C due to the much lower plateau
values of ag() with increasing fi,s().

Table 4

Values of the solvation number, 7, logK( 3 and logK(4, for the
reactions Au(s) +n - H,S(g) + S(I) = AuS - (H,S),(g) and Au(s)+
(n+1)-HyS(g) +1S(1) = AuHS - (H,S),(g) calculated using the
minimization function given by Eq. (17)

T(°C) AuS - (H»S),(g) AuHS - (H2S),(g)
n13) log K13, n(14) log K14
300 1.8 —-11.14+0.2° 1.2 —11.14+0.2
350 1.7 —10.7£0.3 1.0 —10.54+0.3
400 2.2 —10.6 0.2 1.7 —-104+0.2

? The uncertainty represents the standard deviation for the
experimental data (+10).

-5.0 5 Experimental data:
1 o -400°C
o -350°C E
. 009 o -300°C
S
RS -
Eo -7.04
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=
L -8.04
E
9.0+
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108Fy 5. bar

Fig. 8. A plot of the experimentally determined solubility of Au in
H,S gas at temperatures of 300 °C (a), 350 °C (b) and 400 °C (c).
The solid lines represent the values calculated in this study for the
solubility of the gaseous species, AusS - (H,S), or AuHS - (H,S), (n
varying from 1 to 2.2 at temperatures between 300 and 400 °C, see
text for details). The nonlinear dependence of the calculated
solubility of Au in H,S gas is due to the deviation of agqy from
unity.

4.5. Comparison to previous studies

The only previous study to investigate the solubility of
metals in H,S gas is that of Zakaznova-lIakovleva et al.
(2001). Using an approach similar to that described in
our study, the authors concluded that the solubility of stib-
nite (Sb,S3) in H,S gas is due to the formation of the sol-
vated gaseous complex Sb,S;-(H,S). Comparing the
solubility isotherms presented in that study with those ob-
tained in our study, it is clear that, despite the substantially
greater solubility of stibnite, their form is essentially the
same, reflecting a very similar process of solvation of me-
tal-bearing species by H,S gas molecules (Fig. 9).

Although direct comparison of the results of this study
to those obtained previously for H,O-HCI mixtures (Archi-
bald et al., 2001) is difficult, it is worth noting that the sol-
ubility of Au in H,S gas is about one to two orders of
magnitude greater than that obtained for Au in the system
H,O-HCI at similar conditions (Fig. 10). It is also worth
noting that gold solubility in the H,O-HCIl system is
retrograde at temperatures above 300 °C, whereas the
stability of gold species in H,S increases appreciably with
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Fig. 9. A comparison of the solubility of gold in H,S gas
determined in this study (as AuS - (H,S), or AuHS - (H,S), with
n=1-2.2 at T = 300-400 °C) with the solubility of stibnite (Sb,S;)
in H,S (as Sb,S; - (H,S)at 7= 300-360 °C) measured by Zakaz-
nova-lakovleva et al., 2001.
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Fig. 10. A comparison of the solubility of gold in H;O-HCI vapor
mixtures (at fgc; = 0.065 bar) measured by Archibald et al. (2001)
with that in H,S gas determined in this study. The solubility of Au
in H,O-HCI vapor mixtures is controlled by the formation of a
hydrated gold chloride complex AuCl - (H,0), with n = 3-5, and
that in H,S gas by the formation of the solvated sulfide or bisulfide
complexes AusS - (H,S),, or AuHS - (H,S),, with n =1-2.2.

temperature over the range of temperatures investigated
(300400 °C). However, the solvation number of gold
chloride species dissolved in H,O-HCl gas mixtures is
greater (n =3-5) than for species dissolved in H,S gas
(n = 1-2). Consequently, the solubility of gold as a chloride
complex in natural chloride-bearing vapors will increase
more rapidly with pressure than in an H,S-bearing system.
On the other hand, the gold solvation number of AuCl-
(H,0),, decreases with decreasing temperature between
360 and 300°C, whereas that of AuS-(H.S), or
AuHS - (H,S),, remains constant.

4.6. The capacity of natural H,S-bearing vapor to transport
gold

In order to evaluate the possible effect of H>S complex-
ation and solvation on the transport of gold in the vapor
phase, we have calculated the likely concentration of gold

in a hypothetical hydrothermal vapor. We have assumed
that the vapor phase is produced by open system boiling,
at a temperature of 400 °C, of a fluid analogous to that ex-
solved from a felsic calc-alkaline magma. The fluid has a
salinity of 2 m NaCl, which is similar to that exsolved from
the magma in Bingham porphyry (e.g., Redmond et al.,
2004) and predicted on theoretical grounds by Burnham
(1979). The H,S concentration was assumed to be 0.1 m,
based on the composition of typical geothermal waters
and a correction to account for the dependence of the latter
on temperature (Barnes and Seward, 1997). The data of
Suleimenov and Krupp (1994) for the system H,O-H,S—
NaCl were used to establish the partitioning of H,S
between liquid and vapor at 400 °C. The solubility of gold
was assumed to be controlled by reaction (13) (reaction (14)
would have yielded an identical result) and redox condi-
tions buffered by the pair H,S/S (i.e., between those of
the hematite-magnetite and quartz—fayalite-magnetite
buffers); note that Au solubility increases with increasing
fO, (reaction 11).

Based on the above assumptions we calculated that after
0.1% boiling the mole fraction of H,S in the vapor was
effectively 1 (the P-T-X properties of the fluids were esti-
mated from data for the NaCl-H,O system reported by
Sourirajan and Kennedy, 1962) and after 1% boiling had
decreased to 0.18 (Fig. 11a). At these mole fractions of
H.,S, the corresponding concentrations of gold are 90 and
2 ppb, respectively (Fig. 11b). For comparison, the time re-
quired to form a hydrothermal deposit containing 50 tons

a 1
400 °C
0.8 2 m NaCl
0.1 m H,S
0.6
4,
s
X 04
0 T T T T T T T T T
o1 2 3 4 5 6 7 8 9 10
% boiling
b 100
400 °C
2 m NaCl
0.1 m H,S

N
\

001 T T T T T T T T T
01 2 3 4 5 6 7 8 910
% Dboiling

Au, ppb

Fig. 11. The calculated mole fraction of H,S in the vapor phase (a)
and the calculated solubility of Au in the vapor phase (b) as a
function of the extent of boiling of a 2 m NaCl aqueous liquid at
400 °C initially containing 0.1 m H,S.
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of gold (which is within the size range of numerous eco-
nomic deposits) from a fluid with a concentration 1 ppb
Au is 43 Ka assuming a depositional efficiency of 50%
and a discharge rate similar to that of modern geothermal
systems (e.g., 75 kg/s—Waiotapu; Henley, 1985). This time
period is much less than the lifespan of many gold-deposit-
ing hydrothermal systems, e.g., the duration of the Far
South-East-Lepanto system was about 300 ka (Arribas
et al., 1995). Our calculations therefore show that it is pos-
sible for boiling to produce a vapor with the concentration
of H,S needed to economically transport significant quanti-
ties of gold but only if the proportion of vapor relative to
that of the pre-boiled liquid is small.

5. CONCLUSIONS

The results of this experimental study support sugges-
tions of other researchers that complexation with reduced
sulfur may play an important role in the transport of
gold in the vapor phase of hydrothermal systems. The
solubility of Au in hydrogen sulfide gas can reach values
of 1.4 ppb (wt.) at 300 °C, 8 ppb at 350 °C and 95 ppb at
400 °C, and we propose that this solubility is governed by
the formation of a H,S-solvated gaseous complex having
the form AuS - (H,S), or AuHS - (H,S),, where n is be-
tween 1 and 2 at temperatures ranging from 300 to
400 °C and pressures up to 230 bars. Although the exper-
iments described here were not carried out at conditions
directly applicable to nature, they do provide strong evi-
dence that H,S can play a major role in dissolving gold
in hydrothermal vapors and that this role may be key
to understanding the genesis of porphyry and epithermal
gold deposits.
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