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Abstract—The solubility of gold has been measured in aqueous sulphide solutions at temperatures
between 150°C and 500°C and pressures of 500-1500 bar over a wide range of pH and total dissolved
sulphur concentrations. The solubilities ranged from 0.002—1 mg/kg (1 X 10 ®t0 5 X 107° m) in
experiments with low total sulphur and acid pH, and from 2—108 mg/kg (1 X 107 to 5 X 107* m) in
solutions with high total reduced sulphur concentrations and near neutral pH. The solubilities generally
increased with increasing temperature, pH, and total dissolved sulphur. At near neutral pH, an inverse
correlation between solubility and pressure was observed, whereas in acid pH solutions, above 150°C,
increasing pressure also increased the solubility.

In near neutral pH solutions a solubility maximum was observed. This maximum is due to the species
Au(HS); . However, with increasing temperature, in accordance with the shift of pK, of H,S towards
more alkaline pH, the maximum solubility also shifts to higher pH-values and consequently, at high
temperatures the species stable at lower pH will dominate. It has been unambiguously proven that over
a wide range of temperatures and pressures in reduced sulphur-containing hydrothermal solutions of low
pH, the stoichiometry of the dominant Au(I)-hydrosulphide complex, is AuHS®. High temperature and
high pressure equilibrium constants for the formation of the Au(1)-hydrosulphide complexes, AuHS®,
and Au(HS)1, pertaining to the equilibria

Aug, + H,S = AuHS® + %4H,,, (1)

and

Au, + HsS + HS™ = Au(HS); + %Hy,,, (2)

have been calculated. The nonlinear least squares fitted equilibrium constant for reaction (1) varies from
log K, = —6.81 at 150°C/500 bar to a maximum of —5.90 at 200°C/1500 bar and decreases again at
higher temperatures (—7.83 at 400°C/500 bars). For reaction (2), a similar variation occurs: log K,
—~1.45 at 150°C/500 bar to —1.03 at 250°C/500 bar and —1.75 at 400°C/1500 bar. The
thermodynamic functions for the Au(I)-hydrosulphide formation reactions and the cumulative and step-
wise formation constants were derived after transforming the above reactions into isocoulombic form.

The equilibrium constants for the uncharged complex, AuHS", show that this species plays an im-
portant role in the transport and deposition of gold in ore depositing environments which are characterised

by low pH fluids.
1. INTRODUCTION

In order to understand the formation of hydrothermal gold
deposits, it is necessary to discern the physicochemical con-
ditions which govern the transport and precipitation mecha-
nisms of gold in hydrothermal solutions. In comparison to
other metals, relatively much is known about the hydrother-
mal chemistry of gold (Seward, 1991). Nevertheless, at-
tempts to quantitatively model the transport and deposition
mechanisms are still impeded by a dearth of reliable high
temperature and pressure, experimentally based thermody-
namic data.

Most experimental studies pertaining to the transport of
gold in hydrothermal ore solutions have focused on the role
of chloride and reduced sulphur-containing ligands. Gold
solubility studies in chloride (e.g., Ogryzlo, 1935; Henley,
1973; Vilor, 1973; Wood et al., 1987; Zotov and Baranova,
1989; Seward, 1991; Gammons and Williams-Jones, 1995)
and reduced sulphur-containing solutions (e.g., Ogryzlo,
1935; Zviaginicev and Paulsen, 1940; Weissberg, 1970;
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Seward, 1973; Shenberger and Barnes, 1989; Renders and
Seward, 1989; Hayashi and Ohmoto, 1991; Pan and Wood,
1994; Gibert et al., 1993; Zotov and Baranova, 1995) have
demonstrated that under typical hydrothermal conditions
(low oxidation potential, neutral to slightly acid pH), the
dominant gold complexing ligands are reduced sulphur spe-
cies. The stability constants for Au(I) chloride complexes
(e.g., at 25°C, see Seward, 1991) are up to twenty orders
of magnitude smaller than those of Au(l) hydrosulphide
complexes and, therefore, the latter predominate. Despite
this observation, the stability constants for Au(I) hydrosul-
phide complexes in high temperature and high pressure envi-
ronments are not yet well defined. This is particularly true for
the low pH region where no satisfactory data are available.

It is generally accepted that in near neutral pH, reduced
sulphur-bearing solutions, the dominant Au(I) hydrosul-
phide complex is Au(HS); (Seward, 1973; Shenberger and
Barnes, 1989; Renders and Seward, 1989; Zotov and Bara-
nova, 1995). The stoichiometry of this complex has been
firmly established over a wide range of temperatures (from
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Fig. 1. Total Au solubility (ug/kg) as a function of sampling
time (hours ) showing the approach to equilibrium from undersatura-
tion for a solution at 200°C and 500 bar. The size of the symbols
in all figures represents the precision of the analysis.

25°C to 350°C) and pressures (up to 1000 bar). However,
the high temperature equilibriumn formation constants for this
species from the different studies, vary by up to 1.5 log
units. The maximum solubility of Au as Au(HS); is found
where pH = pK; of H,S. With increasing temperature, in
accordance with the shift of pK, of H,S towards more alka-
line pH (Ellis and Giggenbach, 1971; Suleimenov and Sew-
ard, 1995), the maximum gold solubility also shifts to higher
pH. Consequently, above 300°C the species stable at lower
pH will become increasingly important for gold transport.

For the acid pH region, two complexes have been pro-
posed: AuHS® and HAu(HS)j. For the neutral species,
AuHS", proposed as the stable species at high temperatures
by Seward (1973), the stoichiometry and stability constant
were clearly determined at 25°C by Renders and Seward
(1989). Zotov and Baranova (1995) has conducted experi-
ments at 350°C in acid H,S bearing solutions and also sug-
gested AuHS® as the stable species. The protonated com-
plex, HAu(HS)J, was suggested by Hayashi and Ohmoto
(1991) on the basis of experiments in NaCl- and H,S-bearing
aqueous solutions at 250—350°C. Gibert et al. (1993) have
determined the solubility of Au in KCI solutions at tempera-
tures up to 450°C. From their data, AuHS" is likely to be
the dominant species. Yet, the discrepancies in the thermody-
namic data for the pyrite-pyrrhotite-magnetite assemblage
(their oxidation state buffer) made a conclusive determina-
tion of the stable species unfeasible, and the formation of
HAu(HS)? could not be ruled out.

The major goal of this study, therefore, was to determine
unambiguously the stoichiometry of the complex responsible
for gold transport under high temperature, acid pH condi-
tions, as well as to extend the thermodynamic database for
Au(I) hydrosulphide species to higher temperatures and
pressures. The bulk of the work concentrated on experiments
under acid pH conditions at temperatures between 150 and
400°C and 500-1500 bar. The equilibrium formation con-
stants for the near neutral pH species, Au(HS);, have been
redetermined and are reported here together with equilibrium
formation constants for the uncharged complex, predomi-
nating at low pH. The aim of this work was also to produce
a set of self-consistent thermodynamic data which is inde-
pendent (as far as possible) of any literature thermodynamic

data. Thus, the reliability of the thermodynamic data derived
rests primarily on the uncertainties inherent in these experi-
ments and on the data treatment.

2. EXPERIMENTAL METHODS

2.1. Design

A general equation which describes the equilibria involved in
Au(I)-hydrosulphide complex formation by the dissolution of gold
in aqueous sulphide solutions may be written

Aug, + xH,S(,, + YHS™ + H™ &
AuH 5y, S;;; + VZHZ(g)s (la)
with, K., the equilibrium constant:

.05
H,

_ QAW oy 1)Srss

K.

sayr T

(1b)

an,s* Alis” * ap’

This reaction conveniently describes the solubility of gold as a
function of pH and total reduced sulphur activity. In order to derive
the stoichiometry and the equilibrium constants of the dominant
Au(I) complexes at a given pressure and temperature, the intensive
variables ays ans,, and fy, have to be independently fixed or
determined. In this way, the system is completely defined.

For the pH range of interest, three sets of experimental conditions
were considered:

(a) Aug, + H.S + + H;O + Hyposy pH = 4

(b) Aug, + H.S + NaHS + H,O + H:,., pH =~ neutral
(¢) Aug, + H:S + HiPO, + H,O + Hy(,.,, pH < 4.

In the first two sets, (a) and (b), the pH was controlled by fixing
the H,S/HS ™ ratio. In set (¢) the pH was adjusted to more acid
values by using phosphoric acid. Total reduced sulphur corresponds
in set (a) and (c¢) to the molality of H,S, while in set (b) the H,S/
HS ~ ratio was controlled at near neutral pH by addition of a NaOH
solution of known molality. In all three sets, the oxidation potential
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FiG. 2. Total gold (mg/kg) plotted vs. time (hours) showing the
approach to equilibrium from under- and supersaturation at (a)
300°C and (b) 250°C; both experiments were conducted at 500 bar.
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FIG. 3. Variation of gold solubility (mg/kg or ug/kg) with temperature (°C) for a number of experiments conducted
at a constant pressure of 500 bar: (a) run 22: XS = 0.1133 m, Py, = 0.0357 bar; (b) run 14: 8 = 0.0108 m, Pu,
= 0.0357 bar; (¢) run 23: (O) S = 0.0176 m, P, = 0.0357 bar; run 27 (+) £S = 0.0478 m, Pu, = 0.1925 bar;

(d) run 16: ZS = 0.0786 m, pu, = 0.0357 bar.

was fixed through a known amount of hydrogen gas added directly
to the solutions.

2.2 Apparatus, Solution Preparation, and Run Constraints

The experiments were carried out in Bridgman seal-type auto-
claves of 300 and 1000 ml internal volume, which contained flexible
gold reaction-cell systems. The cells were made of pure gold
(99.99%, Johnson Matthey) with a wall thickness of 0.18 mm and a
maximum fluid volume of 200 ml and 600 mi, respectively. Pressure
tubing ( ") lined with gold (2.2 mm OD and 0.75 mm wall thick-
ness), connected the reaction cells to the sampling assembly via a
titanium valve. The sampling from this valve was made through a
teflon plug connected with Teflon tubing to the sampling bottles. In
this way, the solution was in contact only with gold, Ti, and Teflon.
Temperature and pressure were kept constant to +1°C and +5-10
bar. Temperatures (range 150—500°C ) were measured with chromel-
alumel thermocouples, in direct contact with the pressure medium
(distilled water ) surrounding the gold cell. Pressure (5001500 bar)
was monitored using 2000 bar transducers with an accuracy of
+0.15% at the full range output.

Hydrogen gas added to the solutions in the gold cell as an analysed
Ar-H, mixture, fixed the oxidation potential to a known value. In
order to check for possible hydrogen diffusion through the gold cell
walls during the experiments, a special sampling set-up for hydrogen
was constructed, such that, while the system was held at constant
temperature and pressure it was possible to remove a calibrated
aliquot of fluid from the gold cell. Subsequently, the fluid was trans-
ferred into a gas trap where a separation into a gaseous and aqueous
phase occurred due to pressure release. In this way, gold (in the
aqueous phase) and hydrogen (in the gas phase) and if required,
total reduced sulphur and pH could be measured. Hydrogen was
measured using a gas chromatograph (GC) to which the gas trap
could be directly connected. The added hydrogen, as well as the
hydrogen at pressure and temperature was monitored by replicate
GC measurements.

The solutions used in the experiments were prepared from freshly
boiled, triply-distilled (in quartz glass) water, which was cooled
under oxygen-free (99.996%) N,. The pure H,S-solutions (pH ~ 4)
were prepared by saturating water with H,S gas (Messer Griesheim,
grade 1.8) at 1 bar. For the H,S-HS ™ solutions (neutral to slightly
acid), a weighed amount of Analar grade NaOH (dried prior to use

at 130°C for 1 day) was mixed with triply-distilled water, such that
a solution of known NaOH molality was obtained. This solution was
subsequently saturated with H,S gas at 1 bar. For experiments using
phosphoric acid (pH at temperature 1.8 < pH, < 3.5), a H;PO,
solution, standardised against recrystallised borax, was prepared and
added to the H,S solution already in the gold cell. Total sulphide
concentrations of all solutions were measured prior to and at the
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Fi1G. 4. The effect of pressure on the solubility of gold (mg/kg
or ug/kg) plotted as a function of temperature (°C). (a) Run 28;
pH increases from 5.31 (150°C, 1500 bar) to 6.65 (350°C, 500 bar).
(b) Run 20; pH increases from 3.75 (150, 1500 bar) to 4.49 (350°C,
500 bar).
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Fi16. 5. Molality of hydrogen produced by the disproportionation
of H,S plotted as a function of time and molality of gold in (a) near
neutral pH solution at 200°C, 500 bar and £S = 0.0822 m and (b)
acid pH solution at 300°C, 500 bar and XS = 0.0768 m.

end of each run. Starting compositions of all runs are listed in
Appendix Al

Freshly prepared solutions were loaded into the gold cells at 25°C
using a small pressure vessel with a separator (movable piston).
During solution preparation and loading, considerable care was taken
to avoid any oxygen contamination of the solutions in order to
prevent the formation of polysulphides or sulphur oxyanions which
could affect the gold solubility. The oxidation potential of the system
was fixed at a known value by saturating the solutions with hydrogen
gas. This was achieved by imposing. at 25°C, a constant partial
pressure of an argon-hydrogen mixture (5.5 or 0.55 vpm) to the
solution in the gold cell as well as to the pressure medium (water)
surrounding the gold cell. At the commencement of these experi-
ments, in order to avoid very low solubilities, especially in the acid
pH region, it was necessary to choose adequate hydrogen partial
pressures, such that the gold solubilities were not depressed to con-
centrations which were too difficult to analyse (i.e., < 1 ug/kg).

Samples for gold analysis were extracted while the autoclaves
were held at constant pressure and temperature. After discarding the
first 1-2 ml, two to five replicate samples were taken. The variance
in the gold concentration of replicate samples was usually less than
3—5%. A high variance (up to 15%) occurred when the flow rate
of the discharging fluid became too fast, thus causing the fluid to
boil during sampling. The samples were weighed and evaporated to
dryness, after which the residue was dissolved in aqua regia (to
oxidise any remaining sulphur and take the gold in solution). The
solutions so obtained were evaporated nearly to dryness and then
rediluted with 1| M HCI (30% suprapur®, Merck). The resulting
solutions were analysed by an ELAN 5000 (Perkin-Elmer Sciex)
ICP-MS or a Varian 840 AAS (precision 2% at a 95% confidence
level).

For hydrogen measurements, samples were extracted into a gas
mouse (evacuated glass vessels with a septum) which could be
connected directly to a gas chromatograph (HP 5890.11). The sam-
ples were measured at isothermal conditions, using a S m, 5 A mesh
size molecular sieve with nitrogen gas as the carrier. With this
method, the absolute volume % of hydrogen in the sampling bottles
could be determined, but not the ratio between argon and hydrogen.

The pH of solutions extracted directly from the gold cells was
measured, at 25°C, using a PHM 95 pH/ion meter with an Orion
Ross combination pH-electrode. High temperature pH values were

calculated using the log K, for H,S and H;PO, listed in Appen-
dix AIll. Total sulphur was determined iodometrically by titration
of an acidified, iodine solution (standardised against 0.1 m
Na,S,0; - 5H,0) with the sample diluted in 1 m NaOH. Immediately
after filling the gold cell with solution, three to four titrations (preci-
sion *2-5%) were made at 25°C. During the course of each run,
the total sulphur was also monitored; however, the difference be-
tween the starting and final values never differed by more than the
precision of the analysis.

3. RESULTS

Gold solubilities were measured in aqueous sodium bisul-
phide and hydrogen sulphide solutions at temperatures from
150-500°C, pressures between 500 and 1500 bar and total
sulphur concentrations between 0.11 and 0.02 m. The solu-
bilities range from 0.002—-1.1 mg/kg (1.0 X 107® to 5.6
X 107 m) in experiments with acid pH (1.8 = pH, = 4.8),
and from 2-108 mg/kg (1.0 X 107° t0 5.5 X 10™* m) in
experiments with near neutral pH (5.6 =< pH, = 6.8). The
solubility data for more than 400 measurements are listed in
Appendix AIL

3.1. Equilibrium

In hydrothermal solubility experiments at high tempera-
tures and pressures, attainment of equilibrium and reversibil-
ity of the reactions involved are important requirements. At
the beginning of this study, a number of experiments were,
therefore, conducted in order to establish criteria for equilib-
rium and reversibility. Equilibrium gold solubilities, ap-
proached from undersaturation, were attained within a few
hours at 500°C and up to a maximum of three days at 150°C.
For example, in Fig. 1 at 200°C, equilibration approached
from undersaturation is achieved in 1.5 days. After reaching
a stable value, even if the runs were kept at constant pressure
and temperature for up to fifty days, no significant change
in solubilities was observed.

The approach to equilibrium solubility from both under-
saturation and supersaturation was demonstrated only at ¢
= 250°C. At 300°C, equilibrium solubilities were attained
from both directions in less than 100 hours (Fig. 2a). At
temperatures below 300°C, equilibrium was approached
from supersaturation by first equilibrating a solution at 350°C
and given pressure and then dropping the temperature to
300°C or lower. The solubilities initially decrease to as much
as 25-50% below the equilibrium value obtained by ap-
proach from undersaturation. With time, the solubilities in-
crease and reach the equilibrium value approached pre-
viously from undersaturation. In Fig. 2b it can be seen that
when equilibrium is approached from supersaturation at
250°C, a decrease of nearly 25% occurs. In order to reach
the equilibrium solubility previously approached from un-
dersaturation, a time span of seven weeks was required. At
t < 250°C, a decrease of up to 50% of the initial undersatura-
tion value was observed and the recovery towards the equi-
librium values was much slower. The reason for the under-
shooting of the equilibrium solubility observed during ap-
proach from supersaturation is not yet clear because the
kinetics of the involved reactions are at present poorly
known. A kinetic study would clarify this problem but this
was not the aim of this work. In this study, however, the
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final equilibrium constants at r < 300°C were calculated
using only the gold solubility values obtained by ap-
proaching equilibrium from undersaturation.

3.2. Temperature Dependence

The variations in gold solubility with temperature for a
number of different experimental compositions are plotted
in Fig. 3. It can be seen that in the near neutral pH region, at
low hydrogen partial pressure and high total reduced sulphur
concentration, an increase in gold solubility with increasing
temperature is apparent (Fig. 3a). At lower £S concentra-
tions, the solubilities are nearly constant over a wide range
of temperature but exhibit a maximum at 200°C (Figs. 3c
and 4a). By contrast, in most experiments with pure H,S
solutions (pH ~ 4), the solubility decreases with increasing
temperature (Fig. 3b). In runs, where the pH is entirely
controlled by H;PO, (i.e., pH < 3.5, Fig. 3d), a solubility
maximum is found at 200°C to 250°C, similar to the experi-
ments at near neutral pH (Fig. 3c).

3.3. Pressure Dependence

A number of experiments were also conducted in order
to elucidate the effect of pressure on the solubility of gold.
In these experiments, equilibrium was approached from un-
dersaturation and from low (500 bar) to high pressure (1500
bar). At 500°C, the experiments were stopped at 1000 bar
because of the working limits of the pressure vessels.

For each temperature/pressure pair, after allowing the sys-
tem to reach thermal and chemical equilibrium, replicate
samples were taken. Equilibration due to pressure change
was achieved at a similar time rate as for thermal equilib-
rium. At near neutral pH, an inverse proportional relationship
dominates the gold dissolution; that is, with increasing pres-
sure the solubility drops (Fig. 4a). This effect is constant
over the whole range of temperatures (150-500°C). In Fig.
4a between 350 and 400°C (overstepping the near-critical
region of water), a decrease in solubility can be observed,
yet the inverse relation with respect to pressure persists. It
should be noted, that at 400°C between 500 and 1000 bar,
a drastic decrease occurred, which was mainly a consequence
of oxidation due to a leak in the gold cell. At acid pH (Fig.
4b), initially, as at near neutral pH (Fig. 4a), an inverse
proportional relation to pressure exists but during tempera-
ture increase from 150-200°C an inversion occurs. At
150°C, increasing pressure decreases the solubility, while at
temperatures greater than 200°C an increase in pressure leads
to an increase in solubility, although between 1000 and 1500
bar the variation is small. To fully understand the influence
of pressure at acid pH conditions upon these equilibria, more
experiments are necessary. Nevertheless, from these data it
is apparent, that in acid pH sulphide solutions, at t > 150°C,
a decrease in pressure will favour precipitation, while in near
neutral solutions a decrease in pressure will increase the
solubility of gold.

3.4. Kinetics of Disproportionation of H,S

The reactions governing the disproportionation of H,S in
aqueous media can be written as follows:

H,S ., + 4H,O & HSO; + H' + 4H,,, (2)
and
HyS gy © Hag) + %S2)- 3

Although it is known that reactions involving aqueous
sulphur species proceed rather slowly (Ohmoto and Lasaga,
1982), the H,S-HSO, buffer is still often used to fix the
redox state of aqueous systems (Shenberger and Barnes,
1989; Hayashi and Ohmoto, 1991).

In order to study the influence of the disproportionation
of H,S on the experiments described in this study, as well
as its effect on the H,S-HSO; redox buffer in aqueous media
at elevated temperatures and pressures, two experiments
were conducted using a near neutral pH solution at 200°C
and 500 bar and a pure H,S solutions (pH =~ 4) at 300°C
and 500 bar. In these experiments, the same apparatus and
experimental set-up as for the gold solubility experiments
was used, except that the oxidation potential of the systems
was not fixed by addition of H, gas. During the experiments,
both the hydrogen and the gold concentrations were moni-
tored as the H,S disproportionation reaction proceeded. It
can be demonstrated (Fig. 5a and b) that the equilibration
rate for reaction (3) is very slow. At 200°C, for example
(Fig. 5a), the experiments were kept at pressure and temper-
ature for up to forty-one days and the redox equilibrium had
not been established, that is, the progressive disproportiona-
tion of H,S was still continuing. Similarly at 300°C, equilib-
rium for the H,S disproportionation reaction was not
achieved even after fifty-two days (Fig. 5b). It should also
be kept in mind that the establishment of redox equilibrium
between aqueous sulphur species as described by reaction
(2) and (3) is also extremely kinetically inhibited (Ohmoto
and Lasaga, 1982). Over the time span of our experiments,
we were unable to detect the presence of zero-valent sulphur
(spectroscopically as polysulphide) or sulphate sulphur in
solution. It should be kept in mind, however, that at 300°C
(and to a lesser extent at 200°C), polysulphides dispropor-
tionate quite rapidly (Giggenbach, 1974). Referring to Fig.
5 and according to reaction (2), it is clear that the amount
of sulphate sulphur produced (as HSO. ) during the course
of the H,S disproportionation experiments would be small
(i.e., =107* m at 300°C). The H,S solutions (0.0768 and
0.0822 m) were analysed by iodometric back-titration before
and after these experiments and remained constant within
the analytical precision of +2%.

These observations emphasize the problem of trying to
control or maintain the hydrogen fugacity at a known or
constant value in high temperature hydrothermal experi-
ments by assuming attainment of redox equilibrium amongst
aqueous sulphur species. An implication of these results is
that the use of aqueous sulphur species as an oxidation state
buffer is not advised and data up to 300°C collected from
experiments where this buffer has been used and where equi-
librium solubilities were assumed must be treated with cau-
tion.

In this study, the problem has been avoided by working
with known, fixed hydrogen concentrations much in excess
of those associated with the equilibrium disproportionation
of H,S. In addition, the disproportionation of H,S was sup-
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pressed by the added hydrogen. In this way, equilibrium
gold solubilities have been obtained without needing to con-
sider the role of side reactions such as (2) and (3). Further-
more, it was not necessary to rely on literature-based thermo-
dynamic data for these reactions in order to calculate equilib-
rium hydrogen fugacities.

4. SPECIATION

The system studied can be described using three compo-
nents, gold + sulphide solution + hydrogen gas, and was
chosen to be as simple as possible, in order to avoid all
potentially unknown or poorly known parameters (like ther-
modynamic data for solid mineral buffers) which would
introduce considerable uncertainties to the final evaluation
of the experimental data. In sulphide solutions, the most
important sulphur ligand forming stable complexes with
Au(I), will be the HS ™ species. The other potential sulphur
ligand, $?, is negligible in the range of pH studied (Giggen-
bach, 1971).

The general dissolution reaction for gold as mononuclear
Au(I) hydrosulphide complexes is given by reaction (la),
the equilibrium constant for which being defined by equation
(1b). In order to derive the equilibria defining the conditions
of gold-hydrosulphide complex formation, the equilibria in-
volving reduced sulphur species and phosphoric acid have
to be taken in account. Data for the equilibrium constants
used in the calculations are summarized in Appendix AIIL
The equilibria with the strongest influence upon the gold-

hydrosulphide equilibrium constants is the ionisation reac-
tion for H,S:

H,S ® H' + HS~ (4a)

with the first ionisation constant of H,S, K, y,s, expressed
as:

dys™ * Ayt

KI,HZS = (4b)

au,s

Data on pK, of H,S are from Ellis and Giggenbach (1971)
and have been corrected for pressure effects using the partial
molar volume data reported by Ellis and McFadden (1972).
The extrapolation of pK, of H,S to temperatures above 276°C
was made using a regression method similar to Clarke and
Glew (1966). The activity coefficient of H,S, yyu,s, was
calculated using the values for Henry’s law constants for
H,S determined by Suleimenov and Krupp (1994 ) assuming
a Setchenov-type equation that relates the salting coefficient
to the true ionic strength of the solution. The hydrosulphide
ion activity was corrected for the possibility of ion-pairing
with Na* at high temperatures and pressures. The data for
the NaHS? ion pair formation according to the reaction

Na* + HS™ « NaHS?, (5)

are by analogy with NaCl° taken from Shock et al. (1992).
Oelkers and Helgeson (1993) have recently discussed the
possible role of cluster species in supercritical aqueous solu-
tions. However, the highest Na concentration in these experi-
ments was 0.0373 m (see Appendix AI) but for the majority
of solutions in the near neutral pH region, Na concentrations
were < 0.01 m. Therefore, only the possible presence of the
simple NaHS® ion pair was considered. In any event, the
correction to the HS ™ activity is minor and only applies to
the higher temperature-pressure regime of these experiments.
In the low pH experiments, no Na was present. The individ-
ual ion activity coefficient for HS ™, yyus-, was calculated
by means of the extended Debye-Hiickel equation (Helge-
son, 1969),

__A|Z"|1]/2

= T+ape B (6)

log .
where B° is the deviation function at any given temperature,
I is the ionic strength (equivalent to myg -), Z, is the charge
on species n and 4 is the distance of closest approach which
corresponds to the ion size parameters for HS 7, H*, Na™,
and OH ™~ estimated by analogy with Kielland (1937). The
parameters A and B in Eqn. 6 are the conventional molal
Debye-Hiickel coefficients which are functions of the density
(pH;0) and dielectric constant (eH,O) of water (Haar et
al., 1984). Because the ionic strengths were always less than
0.0373 m, activity coefficient corrections are small, and more
than adequately considered by application of Eqn. 6.

For the set of experiments in which phosphoric acid was
used [set (¢)], the pH was fixed at more acid values through
the reaction

H;PO;, ., & H,POs + H”, (7a)

for which the first dissociation constant can be expressed as
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au,po; " An”
KI.H3P04 = (7o)

Au,po,

Data for K y,po, were taken from Read (1988).

The hydrogen fugacities were calculated from the initial
hydrogen concentration, input as a hydrogen-argon mixture,
using the Henry’s Law constant data in SUPCRT92 (John-
son et al., 1992). These data are based upon those given in
Shock et al. (1989) where the high pressure values have
been obtained using the partial molar volume data of Tiepel
and Gubbins (1972). A small correction was also made for
the hydrogen produced by the gold dissolution (i.e., reaction
1a). Hydrogen generated by the disproportionation of H,S
was negligible due to suppression by the added hydrogen-
argon mixture.

4.1. Complex Stoichiometries

From Eqgn. 1b for any sulphide concentration, the total
gold solubility may be defined as a sum of all gold species
present in solution

mAu.ml
X y <
= 2 X X Ko ins@iis an® Fae ¥ o, sits (8)

where the maximum coordination of Au(I) is 2.
Combining Eqgns. 4a and 4b with the expression for total
reduced sulphur,

Mg = Mys ™~ + Mys, (9)

it is possible to derive the activities of ay,s and ays- as
function only of K, of H,S, pH, and ms :

Kins * Yus
aus~ =
Ayt Yus™ T Kins * Vis

:| S Mg YHS - (10)

In order to simplify this equation, the term in brackets is
substituted by the function, «, which represents the degree
of dissociation of H,S. Consequently,

Aus™ = Q° Mspor® Yhs™ (1)
and combining Eqns. 4b and 11 we obtain
Qs = O Mg " YHs™ " Au* - Kihs. (12)

If Egns. 11 and 12 are substituted back into Eqn. 1b, an
expression for the equilibrium constant which depends only
on total gold, fugacity of hydrogen, pH, and total sulphur is
obtained. The above mentioned quantities were either mea-
sured or calculated from the experiments. The equilibrium
constant K, .. can, therefore, be expressed as

.05
AavH sitJ Ha

(2advbz—| Y

My yis U Lan- T K s 17

K. S8

(13)

Combining Eqn. 8 with Eqn. 13, the expression for the total
gold concentration can be written as

X ¥ z
Magior = Z 2 2 Ks,ry: Kl\}rizsf ﬁg[:"

(amsyns=)"an® vy KJHQHW,,)SQ_“I . (14)
Taking the logarithm and differentiating Eqn. 14 with respect
to total sulphur at constant pH, pressure, and temperature,
and with respect to pH at constant mg,,, pressure, and
temperature, a set of general equations for the ideal slope
of the solubility curves in the log ms,u Vs. 10g M, and pH
vs. log ma.. Space is obtained. If pH is constant, the slope
can be expressed as

0 log mayo
<_.__g_L-‘_‘) =(x +y). (15)
9 log Msuo0 / gupr
For simplicity, the function, «, may be approximated, such
that two regions of pH are identified:

a = K /ay+ pH < pK, of H,S (16a)
and
a =1 pH > pK, of H,S. (16b)
Thus, for pH > pK,

(?ﬁﬁm) = —(x+72) (17a)
BPH s ol T

and for pH < pK,

a1 w0
( 0g Ma,, :) —— (17b)
apH mg o T

In this way, any mononuclear Au(I) hydrosulphide complex
defined by reaction (1a) will be described by three equations
(15, 17a, and 17b) which define it uniquely in the delineated
fields. The graphical technique to identify the possible Au(I)
hydrosulphide complexes is shown in Fig. 6a and 6b, where
vertical axes represent a stepwise addition of H,S + HS™
and horizontal axes give the stepwise addition of H* ions.

At this point it should be noted that in comparison to
Seward (1973) and Renders and Seward (1989), the slopes
in pH > pK, of H,S and log may« V8. 10g ms o space differ
by a half a log unit. This arises from the different forms of
Eqn. 8, bearing in mind that Seward (1973) measured the
solubility of elemental gold in equilibrium with a pyrite
+ pyrrhotite redox buffer assemblage and Renders and Sew-
ard (1989) equilibrated sulphide solutions with Au,S rather
than Aug,,.

As discussed in the introduction, in this work three
possible species were primarily of interest: Au(HS).,
HAu(HS)%, and AuHS". In the pH region studied (2 = pH
=< 7), the presence of Au(HS); is quite well documented
from 25°C to high temperatures (Renders and Seward, 1989;
Seward, 1973; Shenberger and Barnes, 1989). However,
a major aim was to determine whether AuHS® or
HAu(HS)3 or any other species occurred in high tempera-
ture low pH sulphide solutions.

The stoichiometry of species contributing to the measured
solubility has been verified both graphically and using a
nonlinear least squares approach. For the graphical approach,
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Table 1. ideal slopes for the species of interest as function of pH and total sulphur in

the delineated pH regions
, Y, z frol
species (alOgm Au.tot) alogmAu‘mt % ¥,z Tom
9pH My P T al°gms,tol H, p. T equation
(13
pH<pK1 Has pH>pK) Has
(y-2) - (x+2) (x+y)
Au(HS)" 1 -1 2 1,1,0
HAu(HS)® 0 2 2 2,0,0
AuHS® 0 -1 1 1,0,0

the ideal slopes of the three species discussed above are
given in Table 1 as a function of pH and total sulphur concen-
tration. Due to the fact that at pH > pK, s, the stable
species is Au(HS )5 and that at pH < pK| y5, the two neutral
species have the same slope (zero), it is obvious that a
graphical determination of the stable species at pH <
pKi s can only be made by using the slopes in the log
Mauo VS. 108 ms o space (Fig. 6b). In such a plot, the ideal
slope for the species AuHS® is +1, whereas a slope of +2
would indicate the protonated species HAu(HS )$. Figure 7
shows the experimental results at pH ~ 4 plotted in log
Mauia VS. log ms o space. The data which are spread over a
wide range of total sulphur concentrations show that the
slope of the best fit line for temperatures from 150-300°C
is near unity. This demonstrates clearly that the complex,
AuHS?, is the stable species in low pH sulphide solutions.

g
g
«
5
2
-2 -1.6 -1.2 -0.8
log m S, tot
-4
200°C m=0919
120,769
- -5 [
e Q<
< (o}
26t o
5
2451
-8 : " "
2 -1.6 -1.2 0.8
log m §,tot

From the graphical approach, it was concluded that in acid
and near neutral pH solutions, the dominant Au(I) hydrosul-
phide complexes are AuHS® and Au(HS);, respectively.
Initial estimates for the equilibrium constants for AuHS®
were previously reported (Benning and Seward, 1994,
1995).

The stoichiometry of both species contributing to the ob-
served solubility was unambigously determined using a non-
linear least squares fitting approach similar to that used by
Renders and Seward (1989). The final equilibrium constants
for the formation of AuHS? and Au(HS)>, as well as their
associated uncertainties were calculated using the nonlinear
least squares routine in which all the data at a given tempera-
ture and pressure were treated simultaneously. In addi-
tion various other schemes of species (e.g., HAu(HS)9 +
Au(HS); ) were also tested but the scheme which statisti-

logm Au,tot

-2 -1.6 -1.2 -0.8
log m §,tot

logm Au.tot

-2 -1.6 -1.2 -0.8
log m S,tot

FiG. 7. The solubility of gold, logna, e, at 150—300°C (500 bar) at pH ~ 4, as a function of log molality of total
reduced sulphur, logms ,,; the points represent average run values for samples collected at the same temperature. The
lines are best fit lines with slopes close to one, indicating that the species AuHS® is the stable species under these

conditions.
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TABLE 2. Equilibrium constants, Ks xyz, for the species AuHS® and Au(HS)2" at 500,
1000 and 1500 bar pressure pertaining to equations (18) and (19). Because of the smaller

data base, equilibrium constants and their associated uncertainties for 400°C and for 1000
and 1500 bar have been calculated directly from the solubility data without using the non-

linear least squares routine.

log K s xyz
150°C 200°C 250°C 300°C 350°C 400°C
Ks,100 at 500 bar 6,81 (0.51) -6.17 (0.04) -6.06(0.12) -6.39 (0.11) -6.67 (0.14) -7.83 (0.20)
Ks,100 at 1000 bar  6.35 (0.11) -5.96 (0.06) -6.03* -6.30 (0.04) -7.00(0.20) -7.65*
Ks,100 at 1500 bar 630 (0.03) -590(0.12) -5.90* -6.22 (0.09) -6.81* -1.62*
Ks,110at 500 bar  -1.45(0.04) -1.09(0.06) -1.03 (0.05) -1.14 (0.06) -1.35(0.11) -1.52(0.15)
Ks,110 at 1000 bar  -1.09 (0.05) -1.08 (0.10) -1.20 (0.07) -1.34 (0.08) -1.45(0.10) -1.63*
Ks1102at 1500 bar  -1.12 (0.05) -1.10(0.10) -127(0.03) -1.42(005) -1.53(0.05) -1.75*
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* interpolated / extrapolated

cally best fitted the solubility data using the nonlinear least
squares procedure was AuHS® + Au(HS); . The final equi-
librium constants were calculated using this model which
gave the best minimized sum of squares.

The high temperature equilibrium constants, K, and
K., for the formation of AuHS® and Au(HS);, respec-
tively, pertain to the equilibria

Aug, + H,S & AuHS® + 1/sz(g, (18)
and
Au,, + HoS + HS™ & Au(HS); + %Hyq,. (19)

Data for K, o for reaction (18) and K|, for reaction (19)
at 500, 1000, and 1500 bar are given in Table 2. It should
be noted, that uncertainties for the equilibrium constants
calculated using a nonlinear least squares routine represent
confidence intervals calculated at 95% probability.

5. DISCUSSION
5.1. Thermodynamics of Complex Formation

At this point we have established that two Au(I) hydrosul-
phide complexes account for the solubility of gold in high
pressure and high temperature sulphide-containing hydro-
thermal solutions. Maximum gold solubility is obtained at
pH = pK, of H,S and is due to the complex Au(HS); . The
equilibrium constants determined for this species at 1000
bar are in good agreement ( within 0.25 log units) with those
of Seward (1973) but differ by up to 0.75 log units from
those of Shenberger and Barnes (1989) for saturated water
vapour pressure and are highly discrepant (up to 1.5-2 log
units) with those of Pan and Wood (1994). However, a
direct comparison to the literature data can not be made until
a conversion to the same standard state conditions is carried
out (see later). At low pH and high temperatures, the pres-

ence of the neutral complex AuHS" has been unambiguously
proven. This confirms the data of Renders and Seward
(1989) who determined the stoichiometry and stability of
this species at 25°C, but contradicts the high temperature
results of Hayashi and Ohmoto (1991) who proposed the
protonated species HAu(HS)9. However, the large scatter
in the data of Hayashi and Ohmoto {1991) makes a conclu-
sive determination of the stoichiometry of the dominant com-
plex somewhat doubtful.

Experimentally derived equilibrium constants provide a
basis for the derivation of standard thermodynamic proper-
ties at any given pressure and temperature. However, it
should be kept in mind that solubility measurements are a
less accurate method for determining precise thermodynamic
quantities than for example calorimetry, and errors can be
incorporated into the calculations (especially for AC;
and AV*®).

Initially, all thermodynamic functions were derived by
fitting the equilibrium constants for reaction (18) and (19)
to pressure and temperature dependent equations of the form
given by Eqn. 24. From these equations, the equilibrium
constants at saturated water vapour pressures (swyp) were
derived (Table 3) and are plotted in Fig. 8 together with the
experimentally derived equilibrium constants. It should be
noted that although the extrapolation is far over extended
(see Fig. 9), the 25°C values are nevertheless in reasonable
agreement with the experimentally derived equilibrium con-
stants of Renders and Seward (1989) who determined log
K, and log K)o to be —11.14, and —5.54, respectively.

The equilibrium constants for Au(HS); from Seward
(1973) and the log K, from Table 4 (both at 1000 bar)
are in excellent agreement (Fig. 9a). However, in Fig. 9b it
can be seen that the equilibrium constant for the species
Au(HS)3, log K; 1o at saturated water vapour pressure when
plotted together with the swvp data from Shenberger and
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TABLE 3. Equilibrium constants, Ks xyz, for AuHS® and Au(HS); at saturated water
vapour pressure referring to equations (18) and (19).

25°C 150°C 200°C 250°C 300°C 350°C

logK5s 100 at swvp -11.47 -7.14

logKs 110 at swvp -5.89 -1.56

-6.46 -6.24 -6.40 -6.92

-1.07 -0.94 -1.05 -1.28

Barnes (1989) and Pan and Wood (1994 ) show fairly large
discrepancies. The reason for the discrepancies with Shen-
berger and Barnes (1989) is, however, not easily explained
because the same standard state conditions apply and similar
chemical systems were studied. The only feasible explana-
tion could lie in the problems arising from the disproportion-
ation of H,S. It was shown previously (see Results) that
equilibrium in systems where the sulphate-sulphide redox
buffer is used is attained at a very slow rate. Shenberger and
Barnes (1989) were aware of this problem and thus used
data only from experiments involving the sulphide-sulphate
redox equilibria at temperatures above 250°C. However, as
seen previously, the attainment of equilibrium with this re-

400 300 200 t/°C 25
T

-4 T T
(a) ——- swvp
v 500 bar (1
--- 1000 bar O
6 T —-—1500bar A
=
- 4
e 8 /"f"j
o0 &
2
0 |
Augg) + HpS = AuHS® + 12H)(p)
12 \ ) L . N
1 1.5 2 25 3 3.5 4
103K/T
0 400 300 200 t/°C 25
T T T swvp
(L o spber O
-1 - 1000bar O]
—-— 1500bar A
o -2 o 1
3
)
52
4|
51 1
Augg) + HpS + HS™ = Au(HS)y + 112Hy(g)
6 L . . . A
1 1.5 2 2.5 3 3.5 4

13K /T

Fig. 8. Equilibrium constants, K., for the species AuHS" (a)
and Au(HS); (b) referring to Eqns. 18 and 19 plotted as a function
of inverse temperature (in Kelvin) from saturated water vapour
pressure to 1500 bar. The symbols delineate the experimentally de-
rived equilibrium constants, while the lines represent the fitted equa-
tions.

dox couple is achieved very slowly even at temperatures as
high as 300°C (see Fig. 5b).

As for the species AuHS®, only meager data are available
with which to compare. Hayashi and Ohmoto (1991) sug-
gested on the basis of gold solubility experiments in NaCl-
and H,S containing aqueous solutions at 250~350°C that the
species HAu(HS)J is the stable stoichiometry. Gibert et al.
(1993) measured the solubility of gold in 0.5 m KCI solu-
tions at 350-450°C with the pH buffered by the quartz-
muscovite-K-feldspar assemblage and sulphur and hydrogen
buffered by the pyrite-pyrrhotite-magnetite assemblage and
favoured the species AuHS® as the stable complex. Zotov

(@ | | Augy +HaS + HS = Au(HS); + 12Hyq) 1000 bar |
0
=1
. .
p R
bgn 2
- 3
-4 .
oSeward (1973)
-5 o this study
-6 " 1 —
0 100 200 300 400
t/°C

- - swvp
(b) ol Au(s)+H25+HS = Au(HS); + 1/2Hy(, ¥
-1 e
o o g O "9 ]
2t
= 3l © eoamene
M(; -
24
- 5| © Shenberger and Bames (1989)
A 0 Pan and Wood (1994)
-6 . & Renders and Seward (1989} ﬂ
7 ) 'lthis study
0 100 200 300 400

t/°C

Fic. 9. Equilibrium constants, K, for reaction (19) for the
species Au(HS); plotted as a function of temperature (°C): (a) at
1000 bar, open circles: Seward (1973); filled diamonds: this study
(the 25°C point is an extrapolated value at 1000 bar); the difference
between the two datasets is just slightly larger than the experimental
uncertainties; (b) at saturated water vapour pressure: open circles,
Shenberger and Barnes (1989); squares: Pan and Wood (1994);
filled triangle at 25°C: Renders and Seward (1989); filled diamonds:
this study.
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TABLE 4. Equilibrium constants, Kxy, for the species AuHS® and Au(HS)2" refering to
reactions (21) and (22) from saturated water vapour pressure to 1500 bar.

log Kxyz
150°C 200°C 250°C 300°C 350°C 400°C
AuHS®

SWVp 11.36 9.38 748 5.53 3.52
500 bar 11.48 9.51 751 5.44 3.70 1.29
1000 bar 1196 9.73 7.62 5.53 3.35 1.28
1500 bar 12.03 9.81 7.71 5.61 3.42 1.18

Au(HS)>"

SWvp 16.82 14.50 12.51 10.76 9.18 -
500 bar 16.84 14.59 12.54 10.68 9.02 7.60
1000 bar 17.22 14.61 1238 1049 8.950 7.50
1500 bar 17.21 14.61 12.32 1041 8.82 7.26

and Baranova (1995) measured gold solubilities in aqueous
H,S solutions and determined the equilibrium constant at
350°C in terms of AuHS. All these results interpreted in
terms of AuHS? are plotted in Fig. 10. It is clear that the
different sets are in disagreement with the log K, values
for AuHS? derived in the present study by 0.5 (Zotov, 1994)
and up to 2 log units (Gibert et al., 1993). Uncertainties in
the thermodynamic data for the mineral assemblages used
by Gibert et al. (1993) may explain a difference of up to
0.2-0.5 log units. Another reason for the differing values is
the use of the H,S ionisation constant data from the
SUPCRT92 database (Johnson et al., 1992), whereas we
have used values based on Ellis and Giggenbach (1971).
The first ionisation constant of H,S is fundamental for the
calculation of the equilibrium constants for the gold dissolu-
tion reaction. At high temperatures, a comparison of the pK,

4 {Aug +HyS = AuHS® + 1/2Hy o) 500 bar
'S N a o o
i)
8 -6 o AT o
M‘nﬁ » e
= Ld
o -8
-10 ) o Gibert et al. (1993)
. & Hayashi and Ghmoto (1991)]
O Zotov (1994)
12 . ¢ _thig study )
0 100 200 300 400 500
t/°C

FiG. 10. Equilibrium constants, K, 4 [reaction (18)], for the
species AuHS plotted as a function of temperature (°C) at 500 bar
pressure; open circle: Zotov (1994); squares: Gibert et al. (1993);
triangles: Hayashi and Ohmoto (1991) reinterpreted in terms of
AuHS"; filled diamonds: this study (the 25°C data point is extrapo-
lated).

of H,S values calculated using the SUPCRT92 database with
the extrapolated pK; of H,S values used in this study (Ap-
pendix AIIl), shows a difference of up to more than 1 log
unit. Ellis and Giggenbach (1971) determined the first ioni-
sation constants for H,S up to 276°C at saturated vapour
pressure. These data were corrected for pressure effects using
the partial molar volume data of Ellis and McFadden (1972)
and extrapolated to higher temperatures (Appendix AIll).
New, preliminary spectroscopic data for pK, of H,S (Su-
leimenov and Seward, 1995) are, up to 300°C, in reasonable
agreement with the data of Ellis and Giggenbach (1971).
For the time being and until a more complete and accurate
dataset for ¢+ > 300°C becomes available, the equilibrium
constants for hydrosulphidogold (I} complexes presented in
this study are calculated with the pK; of H,S based on data
from Ellis and Giggenbach (1971) which are listed in Ap-
pendix AIIl. The strong curvature at high temperatures
shown in Fig. 8, is, however, mainly a consequence of the
involved reactions being highly non-isocoulombic. Ion-sol-
vent interactions influence strongly the heat capacity and
volume changes and, therefore, for the final calculation of
the thermodynamic properties, reactions (18) and (19) were
transformed into isocoulombic and pseudo-isocoulombic re-
actions. It is well known that much of the dramatic change
in the thermodynamic functions (especially AC) and AV®
for a given equilibrium reaction) can be removed by repre-
senting such reactions in an isocoulombic form (Lindsay,
1980). By definition, a true isocoulombic reaction has to
have the same number of reactants and charges as the prod-
ucts, while for a pseudo-isocoulombic reaction, the number
of reactants and products may differ but the nature of the
charges on both sides of the reaction has to be the same.
For reactions (18) and (19), this transformation was made
by applying the gold redox reaction

Aum +H e Au" + l/sz(g). (20)
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The equilibrium constants for reaction (20) taken from the
SUPCRT92 database (Johnson et al., 1992) are listed in
Appendix AIIl and are consistent with the 25°C data of
Latimer (1952) and Bjerrum (1948). Using this approach,
the experimental gold solubilities in hydrosulphide solutions
can be recalculated in terms of the reactions

Au® + H,S & AuHS” + H", 21)
Au* + H,S + HS™ & Au(HS); + H*. (22)

The transformed equilibrium constants, log K, and log Ko
together with the fitted equilibrium constants for the forma-
tion of AuHS® and Au(HS); extrapolated to 25°C and satu-
rated water vapour pressure (swvp) are listed in Table 4 and
plotted against inverse temperature in Fig. 11.

The molar Gibbs free energy of these reactions can be
calculated at each temperature and pressure directly from
the equilibrium constants by applying

AG° = -RTIn K. (23)
In order to calculate the other thermodynamic functions, the
equilibrium constants, log K,,., for AuHS® and Au(HS)z
from Table 4 were fitted to equations of the type
C
IogK:A+Bp+?+DT+ET2, (24)

where p is in bars, T is in Kelvin and C, D, and E are in

t/°C
400 300 200 25
0 T T T T
Aut + HpS + HS = Au(HS),™ + H*
’ T
10}
N
F >
= N
15} \\ ]
Aut + H,S = AuHS® + H
\u
20} AN ]
R AN
TS 500 bar .
“TeT 1000 bar ™,
25— 10 \, |
1 1.5 2 2.5 3 35
103K/T
Fic. Il. Equilibrium constants, X,,.. for the species AuHS® and

Au(HS); referring to Eqns. 21 and 22 plotted as a function of
inverse temperature (in Kelvin). The equilibrium constants show a
linear dependence up to about 250°C as expected for isocoulombic
reactions; however, at temperatures above 250°C, a slight curvature
is obvious. This is in agreement with the behaviour of isocoulombic
reactions (Lindsay, 1980).

TABLE 5. Coefficients for equation (24) used to
fit the equilibrium constants, Kxyz, for AuHS®
and Au(HS)?" from TABLE 4.

____ parameler coefficients for AuHS®
A -9.4663
B -12.840E-04
C=(x+yp) (6264.3925 + 74.681E-02-p)
D = (x+y-p) (34.30E-03 -10.943E-03-p)
E = (x+y-p) -47.439E-06
3 deviation? 0.29
stand. deviation 0.16
parameter coefficients for Au(HS)>"
A 46410
B -16.355E-04
C = (x+y-p) (7113.3819 + 80.743E-02-p)
D = (x+y'p) -10.943E-03
E = (x+y-p) 0
¥ deviation? 0.28
stand. deviation 0.09

p is pressure in bars

turn pressure dependent functions of the type (x + yp).
There could be some discussion about the best (or better)
choice of fitting equations. However, due to the lack of any
experimental heat capacity data, the choice of the fitting
equation was based totally on the goodness of fit, although
an overfitting was avoided. Values for the coefficients of
Eqgn. 24 are given in Table 5.

The first derivative of Eqn. 24, with respect to temperature
at constant pressure, provides values for the enthalpy change,
AH°®, at any given temperature and pressure, while from
the second derivative, the heat capacity change, AC}, can
be obtained. In turn, entropy changes, AS°, may be derived
in the conventional way, using the enthalpy and the free
energy values. The following equations apply:

for AH®:

(25a)

(ﬁlog[() _ AH°
aT /, 2303RT?

AH® = 2.303*R(DT* + 2ET* — C), (25b)
for AS®:
AG®° = —RT In K = AH®° — TAS® (26a)
AH® — AG°®

ASC = ———, 26b
- (26b)

and for AC;:

<(’)“ln2K> _ <6AH> _ AC (272)
oT? ), oT /,

ACY = 2.303*R(2DT + 6ET?). (27b)

The isothermal pressure dependence of the equilibrium
constants permits the evaluation of the partial molar volume
change, AV° for reactions (21) and (22). This can be ex-
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Fi1G. 12. Isobaric temperature dependence of the standard partial
molar volume change for the complexes, AuHS® (reaction 21) and
Au(HS); (reaction 22).

pressed as the first derivative of the equilibrium constants
with respect to pressure,
< >T

(55°),

T RT

oln K
dp

AAG®
dp

NS
RT

(28)

>

1861

combined with Eqn. 24 and the nil coefficients from Table
5, this becomes:

AV° =0.74681pR — BRT for AuHS® (29a)

and

AV®° = 0.80743pR — BRT for Au(HS);. (29b)

The second derivative of the equilibrium constant with
respect to pressure at constant temperature gives the partial
molar isothermal compressibility change, Ax°,

2 7 ©
Af,:(a an> :_(aAv> '
T T

ap* dp

However, in the model employed, the compressibility is
pressure independent and hence zero. Therefore, the change
in partial molar volume for reactions (21) and (22) is pres-
sure independent but shows a positive linear correlation with
temperature (Fig. 12). It should be kept in mind that from
the statistical point of view, Eqn. 24 gave a satisfactory fit
to the data but, even though the absolute values for AV°

(30)

TABLE 6. Thermodynamic functions for reactions (21) and (22) from 25 to 400°C and
from swvp to 1500 bar based on the fitted values for log Kxyz from equation (24).

t/°C AG® AH® as’ Ac: AP
AuHS® Au(HS),” AuHS® Au(HS); AuHS® Au(HS)y" AuHS® Au(HS)y™ AuHS® Au(HS)y"
sSWvp
25 -100.2  -1441 -109.7 -1548 -32 -36 93 -125 2.0 -6.0
150 920 -1363 -140.1 -1738 -114 -89 420 -177 -39 2.2
200 -850 1313 1656 -1833 170 -110 599 198 27 06
250 -748 -1253 2009 -194.1 =241 -132 -804 -219 -14 09
300 607 -1181 -147.5 -2063 326  -154 -1038  -240 02 25
350 420 -1085 3069 -220.1 425 -177 -1298 -261 1.0 4.1
400 -17.2 983 -383.7 -2388 -544 =209 -1585 -282 23 5.6
500 bar
25 -103.7  -14701 <1169 -1625 44 -52 -93 -125 1.0 -6.0
150 939 -1374 1472 -1814 -126 -104 420 -177 -39 -2.2
200 -863  -131.7 1725 -1908 -182 -125 -599 -198 2.7 0.6
250 -75.5  -1249 2074 -2012 -252 -146 -804 -219 -1.4 09
300 608 -117.1 2534 2127 -336 -167 -1038 -240 -0.2 2.5
350 416 -1082 -3117 2253 433 -188 -1298 261 1.0 4.1
400 -17.2 983 -383.7 -2388 -544 =209 -1585 -282 23 56
1000 bar
25 1071 -1502 -1240 1703 57 67 93 125 10 60
150 959 -1385 -154.3 -189.2 -138 -120 420 -177 -39 22
200 876 -1320 -179.7 -1985 -195 -141 -599 -198 2.7 -0.6
250 762 -1244 2146 2000 -265 -162 -804 =219 -14 0.9
300 609 -1158 -260.6 -2205 -348 -183 -1038 -240 -0.2 2.5
350 -41.1 -106.2  -3189 2330 446 -204 -1298 -261 1.0 4.1
400 -16.1 -95.5 -390.8 -2466 -557  -2245 -1585 -282 23 5.6
1500 bar
25 -1106 -1532 -131.2 -1780 69 -83 93 ~125 7.0 -6.0
150 978 -1396 -1614 -1969 -150 -135 420 177 -39 22
20 889 1323 -1868 2063 207 156 59  -198 27 06
250 <769 -1240 -221.8 -216.7 271 -177 -804 <219 -14 0.9
300 -61.0 -1146 -267.7 -2282 -361 -198 -1038 240 0.2 2.5
350 406  -104.1 3260 -240.7 458 -219 -1298 -261 1.0 4.1
400 -150 -92.6 -398.0 -2543 -56% -240 -1585 282 23 5.6

Units: AG ° and AH ° in kJ mol!; AS ° and AC p° in J mol'1K-1; AV ° in 102 dm3 mol'! (=10cm3 mol-!)
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TABLE 7. Cumulative and stepwise formation constants for AuHS® and Au(HS)>" at
saturated water vapour pressure refering to equations (31), (32) and (33).

25°C 150°C 250°C 300°C 350°C
log 81 245503)  18.17(03)  16.58(02)  1508(0.2) 13.53(0.2)  11.83(0.3)
log By 3232(03)  2364(03) 21.70(03)  20.12002)  1876(0.3)  17.49(0.3)
log K2 7.68(0.3) 547(0.2) 5.12(02)  S504(03)  5.23(0.3) 5.66(0.2)

(Table 6) may inherit fairly large errors, the positive correla-
tion of AV® with temperature will persist. In Table 7, the
calculated values for the thermodynamic functions are listed
from 25-400°C and swvp to 1500 bar.

5.2. Cumulative and Stepwise Formation Constants

The cumulative and stepwise formation constants for the
gold species AuHS® and Au(HS); (3, 8; and K;), have
been calculated by combining the equilibrium constants for
H,S from Appendix AIII with the swvp values for the equi-
librium constants of the Au(I) hydrosulphide complexes ob-
tained in this study (Table 4). The values for the cumulative
and stepwise formation constants listed in Table 7 refer to
the equilibria

Au* + HS™ = AuHS® (48)) (31)

and
Au” + 2HS™ = Au(HS); (B2), (32)
from which the stepwise formation constant for the reaction:
AuHS® + HS™ = Au(HS); (K) (33)

can be calculated. The 25°C value derived in this study (Ta-
ble 7) for log 3, = 24.55 for the uncharged AuHS® complex
is in excellent agreement with that reported by Renders and
Seward (1989) of log 8, = 24.5. The value of log 8, = 32.32
is consistent with, but nevertheless somewhat discrepant
with respect to the more reliable value of log £, = 30.1
given by Renders and Seward (1989).

In order to derive the thermodynamic functions for the
formation constants from Table 7, a procedure similar to
the one applied to the experimentally derived equilibrium

constants (Eqns. 24—30) was applied. The form of the equa-
tion of the type

LogK=A+BT+CT*+D/T+EInT (34)

(T in Kelvin) which best fitted the formation constants in-
volved four terms. The coefficients for Eqn. 34 to which the
formation constants were fitted are given in Table 8 and the
calculated thermodynamic functions are listed in Table 9.
Gold has the electronic configuration, Xe 4f *5d'%s"’.
The Au ™ ion with filled 5d shells is a typical class ‘b’ metal
ion or soft Lewis acid. This classification of ion-ligand inter-
actions is rather simplistic but, nevertheless, helps in under-
standing the selectivity of Au* towards some ligands. As
the archetype soft electron acceptor, Au™ forms preferen-
tially more stable complexes with more polarizable soft
Lewis bases (e.g., I, HS 7). Complex formation at 25°C
between class ‘b’ metal ions and ligands is enthalpy domi-
nated such that the free energy of reaction is mainly a func-
tion of the AH® term and the entropy of the reaction is less
important. In a soft-soft interaction, in order to replace water
dipoles from the hydration shells during the formation of a
complex, an exothermic enthalpy change is required. The
formation of AuHS® at 25°C is accompanied by a large
energy release (AH®° = —135.6 kJ mol ') and a small posi-
tive entropy change (AS® = 15.1 J mol ' K™"). With in-
creasing temperature, up to 200-250°C, the AH® of forma-
tion for AuHS® is rather insensitive to temperature but at
higher temperatures the contribution of the enthalpy term in
the Gibbs free energy becomes more negative and the en-
tropy, after passing a maximum at 150°C decreases rapidly.
In the case of Au(HS),, the larger, positive entropies and
enthalpies at high temperatures suggest that with increasing
temperature, the electrostatic interaction between metal cat-

TABLE 8. Coefficients for equation (34) used to fit the formation constants for AuHS® and

Au(HS);" from TABLE 7.

A B c D
B8, 4277211 11.646E-02 -97.096E-06 12290.6849
K2 13.27821 42.926E-03 45.368E-06 944.35945
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TABLE 9. Thermodynamic functions derived from equilibrium formation constants for
AuHS® and Au(HS);" at saturated water vapour pressure from 25 to 350°C

EAS AG® AH® As AC?
)
mactios (D G G) @) Gh (N GD__ (Y
25 -140.1 -46.1 -1356 -45.1 15 -4 339 27
150 -1472 -44.3 -117.7 -33.6 70 25 -110 238
200 -150.2 -46.4 -129.9 -18.1 43 59 -386 389
250 -151.1 -50.5 -157.3 57 -12 107 =119 567
300 -148.5 -574 -202.7 39.0 95 168 -1100 770
350 -141.1 -67.6 -269.0 83.2 ~205 241 -1550 999

Units: AG® and AH in kJ mol-}; AS® and ACp® in J mol-1K-1.

ion and ligand increases as observed for metal chloride com-
plexes at elevated temperatures (Seward, 1981).

5.3. Conclusions and Implications to Gold Transport
and Deposition

The main purpose of this work was to obtain a set of
thermodynamically consistent data which describe the be-
haviour of gold in aqueous sulphide solutions. The derived
stability constants for the complexes AuHS? and
Au(HS); (Table 2) can be used to quantitatively model the
transport of gold in natural hydrothermal fluids and to help
understand the mechanisms and conditions of gold deposi-
tion from hydrothermal fluids in ore-depositing environ-
ments. It was shown that in sulphide solutions at near neutral
pH, the complex Au(HS); is the dominant gold species.
The solubility of gold reaches a maximum where pH = pK,
of H,S. However, with increasing temperatures the pK, of
H,S shifts towards more alkaline values (Ellis and Giggen-
bach, 1971; Suleimenov and Seward, 1995) and, therefore,
the maximum solubility due to this species also shifts to
more alkaline pH. In acid pH, high temperature solutions,
the neutral species AuHS", therefore, will be the dominant
gold transporting species and although the gold solubility
may be 1-2 orders of magnitude lower than at pH
> pK,(H,S), this complex has to be taken in account when
such systems are modelled. For example, in high sulphida-
tion epithermal ore systems (e.g., Arribas et al., 1995) the
AuHS? species may play an important role in gold transport
and deposition.

The mechanisms involved in gold precipitation include
temperature and pressure changes, phase separation, oxida-
tion, sulphide phase precipitation, pH changes, and fluid-
wallrock reactions. It is never only one factor which causes
gold to precipitate from the transporting solution but a mix-
ture of interdependent factors which are different from de-
posit to deposit. The main reasons for decreasing the solubil-
ity of gold in high temperature sulphide solutions are because
of changes in pH and/or total reduced sulphur concentra-
tions. In ore depositing systems, this is achieved by wall
rock interaction, oxidation of the fluids (e.g., mixing with
meteoric- or seawater ), boiling with loss of the volatile com-
ponents (H,S. H,, CO,) or precipitation of sulphide miner-

als. A temperature and pressure decrease is often assumed
to cause precipitation. The effect of temperature on the solu-
bility of gold in sulphide solutions is very strongly related
to the total sulphur concentration and the hydrogen fugacity.
In systems where high sulphur and low hydrogen fugacities
occur, decreasing temperature may play an important role
in the precipitation. Experimentally, it can be shown that in
acid pH solutions, a decrease in pressure will favour the
precipitation of gold from solution, whereas in near neutral
solutions, a drop in pressure will increase the solubility of
gold, and, therefore, precipitation will be impeded (Fig. 4).
However, this effect is probably only important in the near
neutral region.

Acknowledgments—This research is based on the Ph.D. thesis of the
first author which was supported by the Research Program of the
Swiss Federal Institute of Technology. We are grateful to P. Richner
and S. Wiget from Section 31 of the EMPA for the help with the
ICP-MS measurements. We thank our collegues B. W. Mountain,
O. M. Suleimenov, and J. K. Hovey for many helpful discussions
and assistance with computing. We are also grateful to G. M. Ander-
son, J. B. Fein, C. A. Heinrich, G. R. Helz, D. C. McPhail, G. A.
Pal’yanova, and V. A. Pokrovskii for critical comments which
helped improve the various versions of the manuscript.

Editorial handling: S. A. Wood

REFERENCES

Arribas A., Jr., et al. (1995) Geology, geochronology, fluid inclu-
sion, and isotope geochemistry of the Rodalquilar Au-alunite de-
posit, Spain. Econ. Geol. 90, 795-822.

Benning L. G. and Seward T. M. (1994) Hydrosulphide complexes
of gold(1) at high pressures and temperatures: equilibrium and
kinetic problems. Mineral. Mag. 58A, 75-76.

Benning L. G. and Seward T. M. (1995) AuHS"— An important
gold-transporting complex in high temperature hydrosulphide so-
futions. In Water-Rock Interaction-8 (ed. Y. K. Kharaka, O. V.
Chudaev). pp. 783-786. Balkema Press.

Bjerrum N. (1948) La stabilité des chiorures d’or. Soc. Chemie
Belge Bull. 57, 432-445.

Clarke E. C. W. and Glew D. N. (1966) Evaluation of thermody-
namic functions from Equilibrium Constants. Trans. Faraday Soc.
62, 539-547.

Ellis A. J. and Giggenbach W. (1971 ) Hydrogen sulphide ionisation
and sulphur hydrolysis in high temperature solution. Geochim.
Cosmochim. Acta 35, 247260,

Ellis A. J. and McFadden 1. M. (1972) Partial molal volumes of



1864 L. G. Benning and T. M. Seward

ions in hydrothermal solutions. Geochim. Cosmochim. Acta 36,
413-426.

Gammons C. H. and Williams-Jones A. E. (1995) The solubility of
Au-Ag alloy + AgCl in HC1/NaCl solutions at 300°C: New data
on the stability of Au(I) chioride complexes in hydrothermal
solutions. Geochim. Cosmochim. Acta 59, 3453-3468.

Gibert F., Pascal M-L., and Pichavant M. (1993} Solubility of gold
in KCl (0.5m) solution under hydrothermal conditions (350-
450°C, 500 bar) (abstr.}. In Proc. 4th International Symposium
on Hydrothermal reactions (ed. M. Cuney and M. Cathelineau ),
pp. 65--68. Institut Lorrain des Geoscience

Giggenbach W. F. (1971) Optical spectra of high alkaline sulphide
solutions and the second dissociation constant of hydrogen sul-
phide. Inorg. Chem. 10, 1333-1338.

Giggenbach W. F. (1974) Equilibria involving polysulfide ions in
aqueous sulfide solutions up to 240°C. Inorg. Chem. 13, 1724
1730.

Haar L., Gallagher J. S., and Kell G. S. (1984) NBS/NRC Steam
tables. Thermodynamic and transport properties and computer
programs for vapour and liquid states of water in SI units. Hemi-
sphere Publ. Corp.

Hayashi K-I. and Ohmoto H. (1991) Solubility of gold in NaCl-
and H2S bearing aqueous solutions at 250—350°C. Geochim. Cos-
mochim. Acta 85, 2111-2126.

Helgeson H. C. (1969) Thermodynamics of hydrothermal systems
at elevated temperatures and pressures. Amer, J. Sci. 267, 729
804.

Henley R. W. (1973) Solubility of gold in hydrothermal chloride
solutions. Chem. Geol. 11, 73-87.

Johnson J. W., Oelkers E. H., and Helgeson H. C. (1992)
SUPCRT92: A software package for calculating the standard
molal thermodynamic properties of minerals, gases, aqueous spe-
cies, and reactions from 1 to 5000 bar and 0°C to 1000°C. Comput-
ers Geosci. 18, 899-947.

Kielland J. (1937) Individual activity coefficients of ions in aqueous
solutions, J. Amer. Chem. Soc. 89, 1675-1679.

Latimer W. M. (1952) The Oxidation States of the elements and
their Potentials in Aqueous Solutions. Prentice-Hall.

Lindsay W. T., Jr. (1980) Estimation of concentration quotients for
ionic equilibria in high temperature water: the model substance
approach. Proc. Intl. Warer Conf. 41, 284-294.

Marshall W. L. and Franck E. U. (1981) Ion product of water
substance, 0—1000°C, 1-10,000 bar. New international formula-
tion and its background. J. Phys. Chem. Ref. Data 10, 295-304.

Oelkers E. H. and Helgeson H. C. (1993) Calculation of dissociation
constants and the relative stability of polynuclear clusters of 1:1
electrolytes in hydrothermal solutions at supercritical pressures
and temperatures. Geochim. Cosmochim. Acta 57, 2673-2697.

Ogryzlo S. P. (1935) Hydrothermal experiments with gold. Econ.
Geol. 30, 400-424.

Ohmoto H. and Lasaga A. C. (1982) Kinetics of reactions between
aqueous sulfates and sulfides in hydrothermal systems. Geochim.
Cosmochim. Acta 46, 1727-17435.

Pan P. and Wood S. A. (1994) The solubility of Pt and Pd sulfides
and Au metal in bisulfide solutions. II. Results at 200~350°C and
at saturated vapour pressure. Mineral. Deposita 29, 373-390.

Read A. J. (1988) The first ionisation constant from 25 to 200°C
and 2000 bar for Othophosphoric acid. J. Sol. Chem. 17, 213—
224,

Renders P. J. and Seward T. M. (1989) The stability of hydrosul-

phido- and sulphido complexes of Au(I) and Ag(I) at 25°C.
Geochim. Cosmochim. Acta 53, 244—-253.

Seward T. M. (1973) Thio complexes of gold in hydrothermal ore
solutions. Geochim. Cosmochim. Acta 37, 379-399.

Seward T. M. (1981 ) Metal complex formation in aqueous solutions
at elevated temperatures and pressures. In Physics and Chemistry
of the Earth. Nobel Symposium on the Chemistry and Geochemis-
try of Solutions at high temperature and pressures (ed. F. Wick-
man and D. Rickard), pp. 113-133. Pergamon

Seward T. M. (1991) The hydrothermal geochemistry of gold. In
Gold metallogeny and exploration (ed. R. P. Foster), pp. 37-62.
Blackie.

Shenberger D. M. and Barnes H. L. (1989) Solubility of gold in
aqueous sulfide solutions from 150 to 350°C. Geochim. Cos-
mochim. Acta 53, 269-278.

Shock E. L., Helgeson H. C., and Sverjensky D. A. (1989) Calcula-
tion of the thermodynamic and transport properties of aqueous
species at high pressures and temperatures: Standard partial molal
properties of inorganic neutral species. Geochim. Cosmochim.
Acta 53, 2157-2183.

Shock E. L., Oelkers E. H., Johnson J. W., Sverjensky D. A., and
Helgeson H. C. (1992) Calculation of the thermodynamic and
transport properties of aqueous species at high pressures and tem-
peratures: Effective electrostatic radii, dissociation constants and
standard partial molal properties to 1000°C and 5 kbar. J. Chem.
Soc. Faraday Trans. 88, 803-826.

Suleimenov O. M. and Krupp R. E. (1994 ) Solubility of hydrogen
sulphide in pure water and in NaCl solutions, from 20 to 320°C
and at saturation pressures. Geochim. Cosmochim. Acta 58,2433 -
2444,

Suleimenov O. M. and Seward T. M. (1995) Spectrophotometric
determination of the first ionisation constant of hydrogen sulphide
at high temperatures. In Water-Rock Interaction-8. (ed. Y. K.
Kharaka and O. V. Chudaev), pp. 113-115. Balkema Press.

Tiepel E. W. and Gubbins K. E. (1972) Partial molal volumes of
gases dissolved in electrolyte solutions. J. Phys. Chem. 76, 3044—
3049.

Vilor N. V. (1973) Laboratory and theoretical data on gold and
silica in hydrochemical process. Candidate thesis, Inst. Zemnoy
Kory SO AN SSSR, Irkutsk.

Weissberg B. G. (1970) Solubility of gold in hydrothermal alkaline
sulfide solutions. Econ. Geol. 65, 551-556.

Woad S. A., Crerar D. A., and Borcsik M. P. (1987) Solubility of
the assemblage pyrite-pyrrhotite-magnetite-sphalerite-galena-Au-
stibnite-bismuthinite-argentite-molybdenite in H,O-NaCl-CO; so-
lutions from 200° to 350°C. Econ. Geol. 82, 1864—-1887.

Zotov A. V. and Baranova N. N. (1989) Thermodynamic features
on the aurochloride solute complex, AuCl;, at temperatures of
from 350 to 500°C and under pressure of from 500 to 1500 bar.
Sci. Géol. Bull. 42, 335-342.

Zotov A. V. and Baranova N. N. (1995) The solubility of Au,S and
AuAgS in near-neutral sulphide solutions at temperatures of 25
and 80°C and pressures of 1 and 500 bars. In Water-Rock Interac-
tion-8 (ed. Y. K. Kharaka and O. V. Chudaev), pp. 773-776.
Balkema Press.

Zotov A. V., Akinfiev N. N., Baranova N. N, and Livin K. A.
(1993) Experimental and thermodynamic study of Au(I) and
Ag(I) aqueous species at 25-450°C and 1-1500 bar. Proc. 4th
Intl. Symp. Hydrotherm. Reactions. (unpubl. abstr.).

Zviaginicev O. E. and Paulsen I. A. (1940) Contribution to the
theory of formation of vein gold deposits. Dokl. Akad. Nauk SSSR
26, 647-651.



APPENDIX Al. Starting composition of the runs classified according to the initial input
conditions.The runs 01 to 20 HaS are experiments with pure H2S and H2S + H3PO4
solutions; runs 21 to 28 are experiments where the pH is adjusted to near neutral values

Hydrosulfide complexes of gold

bar

by addition of NaOH.
Run *LS  “H3POs  ““Hogas) Run *LS “H3POs "Hp(gag)

01 HzS 0.0505 0.03575 16 HpS 00753  0.00860  0.03575
02 HpS 0.0788 - 0.03575 17 HS 0.0953  0.14400  0.03575
03 H28 0.0919 - 0.03575 18 HaS 0.0216  0.00280 0.03575
04 HpS 0.1094 - 0.03575 19 HaS 0.0326  0.00069 0.03575
05 HaS 0.0201 - 0.03575 20 HpS 0.0786 _ 0.00700 _ 0.03575
06 HpS 0.0361 - 0.03575
07 S 0.0916 . 003575 Run ES TNaOH  TTHy(gas)
08 HzS 0.0383 - 003575 |21 H2S/HS™ 0.1141 003730 0.03575
09 HaS 0.0283 - 0.03575 |22HaS/HS™  0.1133 003592 0.03575
10 HS 0.0450  0.00175 0.03575 |23 H2S/HS" 00176  0.02510 0.03575
11 H$ 0.0066 000105 0.03575 |24 HS/HS™ 00992  0.00623 0.19250
12 HpS 0.0655 0.00098 0.03575 |25 H2S/HS" 0.0969 0.00750 0.19250
13 HgS 0.0242 001080 003575 |26H2S/HS™ 01012 0.00675 0.37400
14 H8 0.0108 - 0.03575 |27 HS/HS™ 0.0479  0.00380 0.19250
15 H2S 0.0412 000871 003575 |28H2S/HS 00280 000230 0.19250

*molalities

o
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Experimental solubility data; the data in this table refer to the stated
temperatures and pressures; the run numbers in this table are the same as those in Appendix I.

H2S or H25/H3PO4
150°C 500 bar
mun  Au(ppm) mAu
4.1 0422 2.1E-06
42 0355 1.8E-06
43 0.516 2.6E-06
4.5 0322 1.6E-06
4.6 0.429 2.2E-06
52 0.15  7.6E-07
6.1 0.239 1.2E-06
62 0224 1.1E-06
72 0.625 3.2E06
73 0.738 3.7E-06
74 072 3.7E-06
75 0.737 3.7E-06
76 0741 3.8E-06
717 0.637 32E-06
82 0.436 22E-06
83 0.435 22E-06
84 0.451 23E-06
92 0.167 8.5E-07
93 0.163  8.3E-07
9.4 0.168 8.5E-07
10.1 0.043 22E-07
102 0.048 24E-07
104 0.041 2.1E-07
111 0.141  72E07
12 0.148 7.5E-07
12.1 0.159 8.1EQ7
122 0.153  7.8E07
123 0.184 93E-07
124 0.184 9.3E-07
13.1 0.0055 2.8E-08
132 0.005 2.5E-08
133 0.0046 2.3E-08
141 0.095 4.8E-07
142 0.095 48EQ7
143 0.09 4.6E07
144 0.091 4.6E-07
16.1 0.048 24EQ7
162 0.051 26EQ7
16.3 0.055 28E-07
16.4 0.047 24E07
16.5 0.052 2.6E-07
17.1 0.058 2.9E-07
172 0.069 3.5E-07
18.1 0.0086 4.4E-08
19.1 0.0096 4.9E-08
19.2 0.01  5.1E-08
20.1 0.064 3.2E-07
202 0.049 25E-07

aH2S
0.109
0.109
0.109
0.109
0.109

0.02

0.036
0.036

0.092
0.092
0.092
0.092
0.092
0.092

0.038
0.038
0.038

0.028
Q.028
0.028

0.045
0.045
0.045

0.066
0.066

0.066
0.066
0.066
0.066

0.024
0.024
0.024

0.011
0.011
0.011
0.011

0.075
0.075
0.075
0.075
0.075

0.095
0.095

0.022

0.033
0.033

0.079
0.079

aHS-
1.53E-04
1.53E-04
1.53E-04
1.53E-04
1.53E-04

6.55E-05

8.79E-05
8.79E-05

1.40E-04
1.40E-04
1.40E-04
1.40E-04
1.40E-04
1.40E-04

9.05E-05
9.05E-05
9.0SE-05

7.78E-05
7.78E-05
7.78E-05

8.57E-06
8.57E-06
8.57E-06

1.82E-05
1.82E-05

1.93E-05
1.93E-05
1.93E-05
1.93E-05

1.39E-06
1.39E-06
1.39E-06

4.80E-05
4.80E-05
4.80E-05
4.80E-05

2.44E-06
2.44E-06
2.44E-06
2.44E-06
2.44E-06

7.06E-07
7.06E07

1.46E-06

6.21E-06
6.21E-06

2.85E-06
2.85E-06

fH210t
0.0331
0.0331
0.0335
0.033
0.0333

0.0325

0.0327
0.0327

0.0337
0.0338
0.0341
0.0341
0.0342
0.0339

0.0332
0.0333
0.0333

0.0325
0.0325
0.0325

0.0322
0.0322
0.0322

0.0324
00325

0.0325
0.0325
0.0326
0.0326

0.032
0.032
0.032

0.0323
0.0323
0.0323
0.0323

0.0322
0.0322
0.0322
0.0322
0.0322

0.0321
0.0321

0.0321

0.0321
0.0321

0.0322
0.0322

pH
3.81
3.81
3.81
3.81
3.81

4.18

4,06
4.06

3.85
3.85
3.85
3.85
3.85
3.85

2.43
2.43
2.43

4.32
4.32
432
432

249
2.49
249
2.49
249

2.81

3.26
3.26

2.54
2.54

H2S or H2S/H3PO4
500 bar

run  Au(ppm) mAu aH2S
1.1 0.524 2.66E-06 0.0505
13 0.615 3.12E-06 0.0505
1.4 0.599 3.04E-06 0.0505
1.6 0.605 3.07E-06 0.0505
1.8 0.593 3.01E-06 0.0505
19 0.575 2.92E-06 0.0505
110 0.587 2.98E-06 0.0505
L11 0.576  2.92E-06 0.0505
112 0517 2.62E-06 0.0505
1.14  0.566 2.87E-06 0.0505
2.1 0.483 2.45E-06 0.0788
22 0.498 2.53E-06 0.0788
23 0.459 2.33E-06 0.0788
25 0.496 2.52B-06 0.0788
26 0.499 2.53E-06 0.0788
27 0.492 2.50E-06 0.0788
2.8 0.467 2.37E-06 0.0788
29 0.504 2.56E-06 0.0788
210 0482 2.45E-06 0.0788
2.11 0.445 2.26E-06 0.0788
2.14 0454 2.30E-06 0.0788
215 0478 2.43E-06 0.0788
2.16 0.454 2.30E-06 0.0788
2.17 0448 2.27E-06 0.0788
220 0515 2.61E-06 0.0788
221 0.51 2.59E-06 0.0788
222 0469 2.38E-06 0.0788
2.23 0.505 2.56E-06 0.0788
224 0469 2.38E-06 0.0788
226 0466 2.37E-06 0.0788
32 0.873  4.43E-06 0.0919
33 0.747  3.79E-06 0.0919
34 0.785 3.99E-06 0.0919
4.1 0.277 1.41E-06 0.1094
42 0331 1.68E-06 0.1094
5.1 0.111  5.64E-07 0.0201
52 0.122  6.19E-07 0.0201
53 0.131  6.65E-07 0.0201
6.1 0202 1.03E-06 0.0361
6.2 0.265 1.35E-06 0.0361
9.1 0.161  8.17E-07 0.0283
9.2 0.165 8.38E-07 0.0283
10.1 009 4.57E-07 0.045
102 0089 4.52E07 0.045
10.3 009 4.57E-07 0.045
1.1 0229 1.16E-06 0.0661
12 0244 1.24E-06 0.0661
1.3 0239 1.21E-06 0.0661
14 0219 1.11E-06 0.0661
12.1 0.305 1.55E-06 0.0655
122 0365 1.85E-06 0.0655
123 0321 1.63E-06 0.0655
13.1  0.0016 8.12E-09 0.0242
132 00022 1.12B-08 0.0242

aHS-
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05
7.06E-05

8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-0S
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05
8.82E-05

9.53E-05
9.53E-05
9.53E-05

1.04E-04
1.04E-04

4.44E-05
4.44E-05
4.44E-05

5.96E-05
5.96E-05

5.28E-05
5.28E-05

5.29E-06
5.29E-06
5.29E-06

1.10E-Q5
1.10E-05
1.10E-05
1.10E-05

1.14E-05
1.14E-05
1.14E-05

9.20E-07
9.20E-07

fH2,tot  pH

0.0238
0.0237
0.0241
0.0241
0.0243
0.0241
0.0242
0.0241
0.0239
0.024

0.0237
0.0239
0.0238
0.0238
0.0237
0.0239
0.0239
0.0239
0.0238
0.0238
0.0238
0.0237
0.0237
0.0238
0.0238
0.0238
0.0238
0.0236
0.024
0.0239

0.0246
0.0244
0.0245

0.0233
0.0235

0.0231
0.0245
0.0233

0.0233
0.0234

0.0232
0.0232

0.0232
0.0231
0.023

0.023
0.0233
0.0234

0.023

0.0235
0.0236
0.0235

0.0229
0.0229

4.15
4.15

4.05
4.05

4.02
4.02
4.02

3.98
3.98

4.35
4.35
435

422
4.22

4.28
4.28

3.05
3.05
3.05

3.20
3.20
3.20
3.20

3.22
3.22
3.22

2.56
2.56



Hydrosulfide complexes of gold 1867

ApPENDIX All. Continued.

150°C 1000 bar 14.1 0.072 3.66E-07 0.0108 3.40E05 0.0229 4.48
142 0068 3.45E07 0.0108 3.40E-05 0.0229 4.48

20.1 0039 2E-07 0.079 1.52E-06 0.0321 245

20.2 004  2E-07 0.079 1.52E-06 0.0321 245 15.1 0.016 8.12E-08 0.0412 1.80E-06 0.0229 262

203 0.036 1.8E-07 0.079 1.52E-06 0.0321 245 152 0013 6.60E-08 0.0412 1.80E-06 0.0229 2.62

20.4 0.043 22E-07 0.079 1.52E-06 0.0321 2.45 153 0.013 6.60E-08 0.0412 1.80E-06 0.0229 262

20.5 0.054 2.7E-07 0079 1.52E-06 0.0321 245 154 0.013 6.60E-08 0.0412 1.80E-06 0.0229 2.62
150°C 1500 bar 16.1 0.101 5.13E07 0.0753 3.29E06 0.0231 262
16.2 0.099 5.03E-07 0.0753 3.29E06 0.0231 262
20.1 0.043 2.2E07 0.079 1.76E-06 0.0322 231 163 0.102 5.18E-07 0.0753 3.29E-06 0.0231 262
20.2 0.042 2.1E407 0.079 1.76E-06 0.0322 231 16.4 0073 3.71E-07 0.0753 3.29E-06 0.0231 262
203 0.042 2.1E-07 0.079 1.76E-06 0.0322 2.31 16.5 0.088 4.47E-07 0.0753 3.29E-06 0.0231 2.62
204 0.044 22E07 0.079 1.76E-06 0.0322 231
20.5 0.043 22E-07 0.079 1.76E-06 0.0322 2.31 19.1 00023 1.17E-08 0.0326 7.29E-06 0.0229 3.33

192 0.0023 1.17E-08 0.0326 7.29E-06 0.0229 3.33

20.1 0.085 4.32E07 0.0786 3.47TE06 0023 265
202 0082 4.16E-07 0.0786 3.47E-06 0.023 265
H2S-HS- 203 0.09 4.57E-07 0.0786 3.47TE-06 0023 2.65

22.1 33 0.00017 0.088 2.79E-02 0.0487 6.17 200°C 1000 bar
22 311 0.00016 0.088 2.79E-02 0.0489 6.17
20.1 0.115 5.8E07 0.0786 1.09E-06 0.0231 241
23.1 578 29E-05 0059 2.02E-02 0.0322 6.2 202 0.108 5.5EQ7 0.0786 1.09E-06 0.0231 241
232 5.84 3E-05 0.059 2.02E-02 0.0322 62 203 0.098 SE-07 0.0786 1.09E-06 0.0231 241
20.4 0.129  6.5E-07 0.0786 1.09E-06 0.0231 2.41
241 10.187 5.2E-05 0.095 5.54E-03 0202 5.43
24.2 10.269 5.2E-05 0.095 5.54E-03 0.202 5.43 200°C 1500 bar
243 9.765  SE-05 0.095 5.54E-03 0202 5.43
244 9.316 4.7E-05 0.095 5.54E-03 0202 543 20.1 0.125 6.3E-07 0.0786 1.33E-06 0.0231 228
202 0.107 5.4E-07 0.0786 1.33E-06 00231 2.28
271 725 3.7E-05 0.045 3.46E-03 0.193 556 203 0.104 53E-07 0.0786 1.33E06 0.0231 2.28
2712 7262 3.7E-05 0.048 3.46E-03 0.193 553
273 7.144  3.6E-05 0048 3.46E-03 0.193 553
274 7249 37E-05 0.048 3.46E-03 0.193 553 H2S /HS-
200°C 500 bar
28.1 2751 14E-05 0.027 2.14E03 0.18 5.58

282 2.855 14E-05 0.027 2.14E03 0.183 558 21.1 61.8 3.14E04 0.1 275E02 015 644
283 2733 1.4E-05 0.027 2.14E-03 0.18 558 21.2 6098 3.10E-04 0.1 275E-02 0.15 644
284 2.899 1.5E-05 0.027 2.14E03 0.18 5.58 213 61.748 3.13B-04 0.1 275E-02 015 644
285 3.005 1.5E-05 0.027 2.14E-03 0.18 558 214 62427 3.17E04 0.1 2.75E-02 015 644

215 59567 3.02E04 0.1 275E-02 015 644
150°C 1000 bar 216 62733 3.18E04 0.1 275E-02 015 644

28.1 2303 12E-05 0.027 2.14E03 0.179 544 221 383  1.94E-04 0.0999 2.66E-02 0.102 6.43

282 2276 12E05 0.027 2.14E03 0.179 5.44 222 38 193E-04 0.0999 2.66E-02 0.102 643

28.3 2416 12E0S5 0.027 2.14E03 0.179 S5.44

284 2.527 1.3E05 0.027 2.14E03 0.179 544 23.1 797 4.05E-05 0.0153 2.29E-03 0.0392 6.18
232 8.19 4.16E-05 0.0153 2.29E-03 0.0396 6.18

150°C 1500 bar

271 11352 5.76E-05 0.0453 3.41E-03 0.146 588
28.1 1.971 1E-05 0.027 2.13E03 0.178 531 272 11313 5.74E-05 0.0453 3.41E-03 0.146 5.88
28.2 1.991 1E-05 0.027 2.13E03 0.178 531 273 11214 5.69E-05 0.0453 3.41E-03 0.146 588
283 2075 LI1E05 0.027 2.13E-03 0.178 531 274 11139 5.66E-05 0.0453 3.41E-03 0.146 588

284 2.146  1.1E-05 0.027 2.13E-03 0.178 531
28.1 4.103 2.08E-05 0.0267 2.11E-03 0.023 590
282 4164 2.11E-05 0.0267 2.11E-03 0023 590
283 4.131 2.10E-05 0.0267 2.11E-03 0.023 590
284 4005 2.03E-05 0.0267 2.11E-03 0.023 5.90

200°C 1000 bar

28.1 3.493 1.8E05 0.0267 2.11E-03 0.129 5.55
282 3482 1.8E05 0.0267 2.11E-03 0.129 555
28.3 3294 1.7E05 0.0267 2.11E-03 0.129 555
284 328 L7EO5 0.0267 2.11E-03 0129 555

200°C 1500 bar

28.1 2765 1.4E05 00267 2.11E-03 013 572
282 2737 14E05 00267 2.11E03 013 572
283 2955 1.5E-05 00267 2.11E03 0.3 572
284 2864 L5E05 0.0267 2.11E03 013 572



1868

H2S or H2S/H3P0O4
50°C 500 bar
mun  Au(ppm) mAu

11 0.792 4.02E-06
1.4 0.859 4.36E-06
1.5 0.890 4.52E-06
1.7 0.808 4.10E-06
1.8 0.938 4.76E-06
1.9 0920 4.67E-06
21 1211  6.15E-06
22 1.121  5.69E-06
23 0.957 4.86E-06
25 1.032 5.24E-06
2.6 1.024 5.20E-06
2.7 1.105 5.61E-06
2.10 0.979 4.97E-06
2.11 1.081 5.49E-06
31 0.640 3.25E-06
3.2 0.709 3.60E-06
33 0.760 3.86E-06
34 0.660 3.35E-06
3.6 0.648 3.29E-06
3.8 0.717 3.64E-06
39 0.735 3.73E-06
4.1 0.615 3.12E-06
42 0.670 3.40E-06
5.1 0.081 4.11E-07
52 0.095 4.82E-07
6.1 0.141  7.16E-07
62 0221 1.12E-06
81 0.335 1.70E-06
82 0.362 1.84E-06
84 0.360 1.B3E-06
8.5 0.347 1.76E-06
8.6 0333 1.69E-06
9.1 0.063  3.20E-07
92 0.063  3.20E-Q7
9.3 0.060 3.05E-07
9.4 0.060 3.05E-07
10.1 0.063  3.20E-07
10.2 0.073 3.71E-07
103 0.057 2.89E-07
104 0.063 3.20E-07
111 0.166 8.43E-07
112 0.150 7.62E-07
114 0.165  B.38E-07
1.5 0.142  7.21E-07
121 0.230 1.17E-06
122 0.228 1.16E-06
131 0.002 1.16E-06
13.2 0.002 1.16E-06
14.1 0.063  3.20E-07
142 0.057 2.89E-07
14.3 0.065  3.30E-07
14.4 0.064 3.25E-07
16.1 0.117  5.94E-07
162 0.117  5.94E-07
163 0114 5.79B-07

aH2S$
0.051
0.051
0.051
0.051
0.051
0.051

0.079
0.079
0.079
0.0719
0.079
0.079
0.079
0.079

0.092
0.092
0.092
0.092
0.092

0092

0.109
0.109

0.02
0.02

0.036
0.036

0.038
0.038
0.038
0.038
0.038

0.028
0.028
0.028
0.028

0.045

a HS-
4.66E-05
4.66E-05
4.66E-05
4.66E-05
4.66E-05
4.66E-05

5.83E-05
5.83E-05
5.83E-05
5.83B-05
5.83E-05
5.83E-05
5.83E-05
5.83E-05

6.30E-05
6.30E-05
6.30E-05
6.30E-05
6.30E-05
6.30E-05
6.30E-05

6.87E-05
6.87E-05

2.92E-05
2.92E-05

3.93E-05
3.93E-05

4.05E-05
4.05E-05
4.05E-05
4.05E-05
4.05E-05

3.48E-05
3.48E-05
3.48E05
3.48E-05

2.65E-06
2.65E-06
2.65E-06
2.65E-06

5.37E-06
5.37E-06
5.37E-06
5.37E-06

5.57E-06
5.57E-06

4.94E-07
4.94E-07

2.13E-05
2.13E-05
2.13E-05
2.13E-05

8.85E-07
8.85E-07
8.856-07
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fH2, 1ot
0.0149
0.015
0.0151
0.015
0.0151
0.015

0.0154
0.0154
0.0152
0.0153
0.0152
0.0153
0.0152
0.0153

0.0147
0.0149
0.0149
0.0148
0.0148
0.0149
0.0148

0.0147
0.0148

0.0141
0.0141

0.0141
0.0142

0.0144
0.0144
0.0144
0.0144
0.0144

0.014
0.014
0.014
0.014

0.014
0.0141
0.014
0.014

0.0142
0.0142
0.0142
0.014}1

0.0144
0.0144

0.014
0.014

0.014
0.014
0.014
0.014

0.0141
0.0141
0.0141

4.65

2.43
2.43
243

. G. Benning and T. M. Seward

H2S or H2S/H3PO4
300°C 500 bar
mn  Au(ppm) mAu
31 0431 2.19E-06
32 0587 298E-06
33 0.487 2.47E-06
34 0488 248E-06
35 0.540 2.74E-06
36 0546 2.77E-06
37 0516 262E-06
4.1 0.165 8.38E-07
42 0178 9.04E07
5.1 0.050 254E07
52 0045 228E07
6.1 0.180 9.14E-07
62 0.151 7.67E-07
6.3 0.103  5.23E-07
6.4 0.086 4.37E-07
6.5 0075 3.BIE-07
6.6 0149 7.56E-07
8.1 0.187 9.49E-07
82  0.182 924E07
83 0.189  9.60E-07
9.1 0073 3.71EQ7
92 0069 3.50E-07
9.3 0055 279E-07
94 0058 294E-07
i1 0148 7.51E-07
11.2 0161 8.17E-07
113 0117 5.94E-07
114 0161 8.17E07
121 0299 L52E-06
122 0295 1.50E-06
13.1 0001 1.50E-06
13.2 0.001 1.50E-06
141 0029 1.47E07
142 0049 2.49E-07
143 0032 L1.62E07
i44 0031 L57E-07
16.1  0.076 3.86E-07
162 0.078 3.96E-07
163 0069 3.50E-07
16.4  0.069 3.50E-07
165 0070 3.55E-07
166  0.074 3.76E-07
167 0070 3.55E-07
19.1 0003 3.55E07
192 0003 3.55E-07
20.1  0.059 3.00E-07
202 0.075 3.81E07
203 0070 3.53E07
300°C 1000 bar
20.1  0.094 48EL07
202 0051 4.6E-07
203 0.083 4.2E-07
204 0094 4.8E-07

aH2S
0.092
0.092
0.092
0.092
0.092
0.092
0.092

0.109
0.109

0.079
0.079
0.079
0.079

aHSs-
4.41E-05
4.41E-05
4.41E-05
4.41E-05
4.41E-05
4.41E-05
4.41E-05

4.82E-06
4.82E-06

2.04E-05
2.04E-05

2.75E-05
2.75E-05
2.75E-05
2.75E-05
2.75E-05
2.75E-05

2.83E-05
2.83E-05
2.83E-05

2.43E-05
2.43E-05
2.43E-05
2.43E-05

3.31E-06
3.31E-06
3.31E-06
3.31E-06

3.44E-06
3.44E-06

3.19E-07
3.19E-07

1.48E-05
1.48E-05
1.48E-05
1.48E-05

3.36E-07
3.36E-07
3.36E-07
3.36E-07
3.36E-07
3.36E-07
3.36E-07

2.15E-06
2.15E-06

4.12E07
4.12E-07
4.12E-07

6.19E-07
6.19E-07
6.19E-07
6.19E-07

fH2,101

0.00759
0.00772
0.00766
0.00766
0.00769
0.0077

0.00768

0.00741
0.0746

0.00737
0.00737

0.00746
0.00744
0.00741
0.00739
0.00739
0.00744

0.00746
0.00746
0.00746

0.00739
0.00738
0.00737
0.00738

0.00744
0.00744
0.00741
0.00744

0.00754
0.00753

0.00734
0.00734

0.00736
0.00737
0.00736
0.00736

0.00739
0.00739
0.00738
0.00738
0.00738
0.00739
0.00738

0.00734
0.00734

0.00738
0.00739
0.00738

0.0074
0.0074
0.0074
0.0074

pH
4.35
435
435
4.35
435
4.35
4,35

3.32
332

4.68
4.68

4.55
4.55
4.55
4.55

3.37

3.39
3.39

2.719
2.79

4.81
4.81
4.81
4.81

2.32
232
2.32
2.32
2.32
232
232

3.49
3.49

239

2.39
2.39

2.25

2.25
2.25



164
165

19.1
19.2

20.1
20.2

21.1
21.2
213

22.1
2.2

23.1
232

271
212
213
274

28.1
282
283
28.4

250°C

28.1
282
283
28.4

250°C

28.1
282
283
28.4

0.109
0.106

0.003
0.003

0.088
0.088

H28-HS-

79.800
78.490
82.050

72.900
63.500

6.620
6.340

9.789
9.829
9.415
9.474

3.211
3.211
3.211
3.388

2.616

2.836
2.864

2.361
2.483
2.336
2.198

5.53E-07
5.38E-07

5.38E-07
5.38E-07

4.47E-07
4.47E-07

4.05E-04
3.98E-04
4.17E-04

3.70E-04
IVE04

3.36E-05
3.22E-05

4.97E-05
4.99E-05
4.78E-05
4.81E-05

1.63E-05
1.63E-05
1.63E-05
L.72E-05

1000 bar

13E-05
1.3E-05
1.4E-05
1.5E-05

1500 bar

1.2E-05
1.3E-05
1.2E-0S
1.1E-05

0.075
0.075

0.033
0.033

0.079
0.079

0.125
0.125
0.125

0.124
0.124

0.016
0.016

0.027
0.027
0.027
0.027

0.071
0.071
0.071
0.071

Hydrosulfide complexes of gold

8.85E-07
8.85E-07

3.57E-06
3.57E-06

1.06E-06
1.06E-06

2.45E-02
2.45E-02
2.45E-02

2.46E-02
2.46E-02

2.25E-03
2.25E-03

3.32E-03
3.32E-03
3.32E-03
3.32E03

2.07E-03
2.07E-03
2.07E-03
207603

2.07E-03
207E-03
207E03
2.07E-03

2.06E-03
2.06E-03
2.06E-03
2.06E-03
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0.0141
0.0141

0.014
0.014

0.0141
0.0141

0.115
0.113
0.117

0.106
0.094

0.0223
0.0219

0.0874
0.0875

0.0871

0.0792
0.0792
0.0792
0.0794

0.0785
0.0785
0.0785
0.0785

0.0782
0.0782
0.0782
0.0782

243
243

3.40
3.40

2.49
2.49

6.67

300°C

201
20.2
203
20.4

NN
mERkE
M= abLN-

AW

frirrivgaduiv B EKR- SV PN AF S

RV RS

RERR SS8888 pRyy RRRRRpopepopRng zuus KR
[- W DALY S

N -

291
2.87
2.87
2793

2.669
2.562
2.527
2.599

1500 bar

4.5E-07

5.4E-07

5.6E07
SE-07

5.17E-04
5.50E-04
5.20E-04
5.17E-04

4.32E-04
4.35E04

2.64E-05
2.69E-05
2.57TE-05
2.T7E-05

2.27E-04
2.31E-04
2.25E-04
2.31E-04
231E-04
2.13E-04
2.16E-04
2.35E-04
2.15E-(4
224E-04
2.26E-04
2.11E-04
221E-04
2.22E-04
2.24E-04

2.23E-04
2.09E-04
2.10E-04
2.15E-04

5.25E05
5.16E-05
5.21E-05
5.05E-05
5.03E-05
4.7TE-05

1.65E-05
1.55E-05
1.73E-05
1.59E-05

1000 bar

1.58-05
1.5E-05
1.5E-05
1.4B-05

1500 bar

1.4E-05
1.3E-05
1.3E-05
1.3E-05

0.079
0.079
0.079
0.079

0.177
0.177
0.177
0.177

0.173
0.173

0.016
0.016
0.016
0.016

0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106
0.106

0.11
0.11
0.11
0.11

0.048
0.048
0.048
0.048
0.048
0.048

0.028
0.028
0.028
0.028

0.028
0.028
0.028
0.028

0.028
0.028
0.028
0.028

9.03E-07
9.03E-07
9.03E07
9.03E-07

2.13E-02
2.13E-02
2.13E-02
2.13E-02

2.07E-02
207EQ2

2.15E-03
2.15E03
2.15E-03
2.15E-03

5.75E-03
5.75E-03
5.75E-03
5.75E-03
5.75E-03
5.75E-03
5.95E-03
5.75E-03
5.75E-03
5.75E03
5.75E-03
5.75E-03
5.75E-03
5.75E-03
5.75E-03

5.24E-03
5.24E-03
S5.24E-03
5.24E-03

3.14E-03
3.14E-03
3.14E-03
3.14E-03
3.14E-03
3.14E-03

1.99E-03
1.99E-03
1.99E-03
1.99E-03

1.98E-03
1.98E-03
1.98E-03
1.98E-03

1.97E-03
1.97E-03
1.97E-03
1.97E-03

0.0074
0.0074
0.0074
0.0074

0.0748
0.0748
0.0748
0.0748

0.0636
0.0636

0.0108
0.0108
0.0107
0.0109

0.069
0.0695
0.0688
0.0694
0.0695
0.0671
0.0675

0.0674
0.0685
0.0688

0.0682
0.0684
0.0685

0.106
0.104
0.104
0.105

0.0463
0.0462
0.0463
0.0461

0.0457

0.0416
0.0416
0.0417
0.0416

0.0414
00414
0.0414
0.0414

0.0413
0.0413
0.0413
0.0413

6.49

6.53
6.53
6.53
6.53
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H2S or H28/H3P0O4

350°C

n  Au(ppm)
16.1 0.055

16.2 0.057

16.3 0.059
16.4 0.062
20.1 0.047
20.2 0.048
203 0.044
350°C
16.1 0.072
16.2 0.059
16.3 0.067
16.4 0.060
2.1 0.010
202 0.012
20.3 0.012
204 0.017
350°C
20.1 0.006
20.2 0.008
203 0.007
H2S / HS-
350°C
25.1  59.425
252 60.590
253 53.837
25.4 55930
2.1 10.042
27.2 9.659
27.3 10458
27.4 10197
28.1 3.335
282 3.403
283 3.611
28.4 3.720
28.5 3.439
350°C
28.1 3.362
28.2 3.285
28.3 3.040
28.4 2.997
28.5 3.270
28.6 3.247
28.7 3.447
28.8 3.329
350°C
28.1 2.793
282 2.600
28.3 2458

500 bar

mAu aH2S aHS-
2.19E-06 0.0753 3.14E-07
2.98E-06 0.0753 3.14E-07
2.47E-06 0.0753 3.14E-07
2.48E-06 0.0753 3.14E-07

2.77E-06 0.0786 3.12E-07
2.77E-06 0.0786 3.12E-07
2.77E-06 0.0786 3.12E-07

1000 bar

2.19E-06 0.0753 5.53E-07
2.98E-06 0.0753 5.53E-07
2.47E-06 0.0753 5.53E-07
2.48E-06 0.0753 5.53B-07

2.77E-06 0.0786 1.80E-07
2.62E-06 0.0786 1.80E-07
2.62E-06 0.0786 1.80E-07
8.38E-07 0.0786 1.80E-07

1500 bar

2.77E-06 0.0786 1.20E-07
2.62E-06 0.0786 1.20E-07
2.62E-06 0.0786 1.20E-07

500 bar

3.02E-04 0.117 5.92E-03
3.08E-04 0.117 5.92E-03
2.73E-04 0.117 5.92E-03
2.84E-04 0.117 5.92E-03

5.10E-05 0.0506 3.23E-03
4.90E-05 0.0506 3.23E-03
5.31E-05 0.0506 3.23E-03
5.18E-05 0.0506 3.23E-03

1.69E-05 0.0286 2.05E-03
1.73E-05 0.0286 2.05E-03
1.83E-05 0.0286 2.05E-03
1.89E-05 0.0286 2.0SE-03
1.75E-05 0.0286 2.05E-03

1000 bar

1.71E-05 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03
2.19E-06 0.0286 2.05E-03

1500 bar
1.42B-05 0.0286 2.06E-03

2.62E-06 0.0286 2.06E-03
2.62E-06 0.0286 2.06E-03

ApPENDIX All. Continued.

fH2 1ot
0.00334
0.00334
0.00334
0.00334

334
334
334

0.0077
0.0077
0.0077

0.0356
0.0356
0.0356
0.0356

0.0209
0.0209
0.0209
0.0209

0.019
0.019
0.019
0.019
0.019

0.0189
0.0189
0.0189
0.0189
0.0189
0.0189
0.0189
0.0189

0.0187
0.0187
0.0187

pH
229
229
229
2.29

227
2.27
227

2.54
2.54
2.54
2.54

2.03
2.03
2.03
2.03

6.58
6.58
6.58
6.58

6.69
6.69
6.69
6.69

6.74
6.74
6.74
6.74
6.74

H2S or H25/H3
°C
run  Au(ppm)
19.1 0.003
19.2 0.003
19.3 0.002
H2S/HS-
400°C
28.1 2.690
28.2 2.683
283 2221
28.4 2.146
285 2.075
286 2275

PO4

500 bar

mAu
1.32E-08
1.32E-08
1.07E-08

500 bar

1.37E-05
1.36E-05
1.13E-05
1.09E-05
1.05E-05
1.16E-05

aH2S
0.0326
0.0326
0.0326

0.0299
0.0299
0.0299
0.0299
0.0299
0.0299

a HS-
1.89E-07
1.89E-07
1.89E-07

5.97E-04
5.97E-04
5.97E-04
5.97E-04
5.97E-04
5.97E-04

fH2 10t
0.0013
0.0013
0.0013

0.00733
0.00733
0.00733
0.00733
0.00733
0.00733

pH
243
243
2.43

6.26
6.26
6.26

6.26
6.26
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Appendix A III. A summary of the thermodynamic data and their sources

Reactions LogK data
150°C  200°C  250°C  300°C  350°C  400°C| source

Hy(g)=Ha(aq) at swvp 298 281 261 -238 207 -
Hy(g)e>H2(aq) at 500 bar 315 297 276 254 228 -196| 1
Ha(g)=>H(ag) at 1000 bar 332 313 291 269 245 219
Hy(g)=>H(aq) at 1500 bar 349 328 306 -282 259 224

HoO & H*+OH" at 500 bar -1145 -11.05 -1085 -1086 -11.14 -11.88

H20 < H*+OH" at 1000 bar 1129 -1086 -10.60 -10.50 -1054 -10.77| 2
H20 = H*+OH-" at 1500 bar 1116 <1071 <1043 -1026 -1022  -10.29
H2S(aq) <> HS™+H* at swvp 682 720 -161 -8.00 831 -

H2S(aq) & HS"+H* at 500 bar 667 -698 136 767 -188 -7.96| 3
H2S(aq) ¢ HS™+H* at 1000 bar 653 683 710 -731  .7.39 131
H28(aq) & HS™+H* at 1500 bar 640 666 -6.86 -698 696 676

Na* + HS <> NaHS® at 500 bar 031 -004 027 064 LIS 169

Na* + HS- <> NaHS® at 1000 bar 038 <014 013 042 075 L12| 4
Na* + HS" & NaHS® at 1500 bar 043 021 003 028 055 085
H3PO4 ¢ HyPO4 +H* at 500 bar 271 303 327 -355 383 4.1l
H3PO4 < HpPO4 +H* a1 1000 bar 258 289 314 -341 369 -396] S
H3PO4 < HpPO4 +H* at 1500 bar -247 276 301 -327 -353 -3.80
Aut+1f2 HygyoAuy+HY at 500 bar | 1829 -15.68 -13.57 -1183 -1037 -9.12
Aut+1/2 Hygy=Augsy+H* at 1000 bar | -1831 -15.69 -13.58 -11.83 -1035 -9.10[ 6
Aut+1/2 Hy(gyAu(y+H* at 1500 bar | 1833 -15.71 -13.59 -1183 -1035  -9.10

(1) SUPCRT92 (JOHNSON et al., 1992); (2) MARSHALL and FRANCK (1981); (3) up to 276°C ELLIS and
GIGGENBACH (1971), above extrapolated, pressure corrections to 1500 bar using the partial molar volume
data from ELLIS and MCFADDEN (1972); (4) in analogy to NaCl°® after SHOCK et al. (1992); (5) up lo
200°C READ (1988), above exirapolated; (6) SUPCRT92 (JOHNSON et al., 1992).



