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Abstract: Gold is transported in high-temperature chloride-bearing hydrothermal fluids in the form
of AuCl, ™. The stability of this complex has been extensively studied, but there is still considerable
disagreement between available experimental data on the temperature region 300-500 °C. To solve
this problem, we measured the solubility of gold in HCI/NaCl fluids (NaCl concentration varied
from 0.1 to 3 mol-(kg-H,O)!) at 450 °C and pressures from 500 to 1500 bar (1 bar = 10° Pa).
The experiments were performed using a batch autoclave method at contrasting redox conditions:
in reduced experiments hydrogen was added to the autoclave, and in oxidized experiments the
redox state was controlled by the aqueous SO, /SO3 buffer. Hydrogen pressure in the autoclaves was
measured after the experiments in the reduced system. The gold solubility constant, Au) + HCI®5q)
+Cl” =AuCl,” +0.5 Hzo(aq), was determined for the experimental T-P parameters as log Ks° = —4.77
=+ 0.07 (500 bar), —5.11 £ 0.08 (1000 bar), and —5.43 & 0.09 (1500 bar). These data, together with
values from the literature for temperatures from 25 to 1000 °C, were fitted to the simple equation
log K¢° = 4.302 — 7304-T(K)~! — 4.77-log d(w) + 11080-(log d(w))-T(K)~! — 6.94 x 10°-(log d(w))
T(K)~2, where d(w) is the pure water density. This equation can be used together with the extended
Debye-Hiickel equation for activity coefficients to calculate gold solubility at pressures up to 5000 bar
at fluid chlorinities at least up to 30 wt %. The speciation of gold in natural chloride-bearing fluids
is discussed.

Keywords: gold; solubility; hydrothermal solutions; chloride complex; experiment; thermodynamic
modeling

1. Introduction

Chlorine is the most important component of natural fluids. Fluid chlorinity, together with acidity
and redox state, controls the concentration of many ore metals, which can migrate in the fluid phase in
the form of chloride complexes. The chlorinity of natural ore-forming fluids varies in a wide range.
For example, solutions migrating in seafloor hydrothermal systems at temperatures from 250 to 400 °C
are relatively diluted (~3 wt % NaCl eq., Seward et al. [1]), whereas the magmatic brines of porphyry
systems may contain up to 50-60 wt % NaCl eq. at ~750 °C (Ulrich et al. [2]). In these fluids Au
can be efficiently transported in the form of the Au(I)-Cl complexes [1]. The complexation of Au
in chloride solutions has been extensively studied by potentiometry, solubility experiments, X-ray
absorption spectroscopy, and ab initio molecular dynamics (AIMD). Nikolaeva et al. [3] determined the
potential of Au electrode in 1 M (mol-L~1) NaCl + Au(l) solution at 25-80 °C. The authors attributed
the measured potentials to the reaction between the Au electrode and AuCl, . The solubility of
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Au in chloride solutions was studied by Gammons and Willams-Jones [4] at 300 °C, Zotov et al. [5]
at 350-500 °C (see also references in this paper), and Stefansson and Seward [6] at 300-600 °C.
These authors [4-6] determined the formation constants of AuCl, ~—the dominant Au complex in
chloride-rich fluids—and calculated the thermodynamic properties of this complex. The Au solubility
constants determined by Zotov et al. [5] are ~1.5 log units higher than those reported by Stefansson
and Seward [6] for similar T-P parameters. Au—-Cl complexation at higher temperatures (750-1000 °C)
was studied by Ryabchikov and Orlova [7], Zajacz et al. [8], and Guo et al. [9]. The dominant role
of AuCl,~ in chloride-rich fluids was confirmed by X-ray absorption spectroscopic experiments
performed at 250 °C (Pokrovski et al. [10]). Mei et al. [11] interpreted the results of AIMD simulations
in terms of the formation of the NaAuCl,° ion associate, which was found to predominate over
AuCl, ™ at fluid densities d < 0.7 g-cm 2. The solubility of Au in low-density vapor was determined by
Archibald et al. [12].

The aim of our study is to obtain new experimental data on Au solubility, determine the stability of
the dominant Au—Cl complex at an intermediate temperature of 450 °C, and resolve the disagreement
between the key studies of Au—Cl complexation [5,6]. The uncertainty of redox potential is an important
source of errors in the Au solubility constant. To eliminate this error, we performed solubility
experiments under contrasting redox conditions: reduced (with the addition of hydrogen to the
experimental system) and oxidized (with the sulfite (SO;)/sulfate (SO3) redox buffer). After all
experiments under reduced conditions, hydrogen pressure was measured in the experimental system.
Combining the two sets of data obtained in the reduced and oxidized systems, we obtained reliable
values for the stability constant of the dominant Au complex, AuCl,~, free of error related to redox
potential uncertainty. These new values were pooled with the literature data and fitted to a simple
density model equation. The resulting equation enables accurate estimation of Au solubility in chloride
fluids in a wide range of fluid chlorinity and over the whole range of T-P parameters characteristic of
hydrothermal systems, up to temperatures of 1000 °C and pressures of 5000 bar. Based on this new
model, the speciation and concentration of Au in natural chloride-bearing fluids are discussed.

2. Materials and Methods

2.1. Experimental

Solubility experiments were performed using two methods of redox control. To impose reduced
conditions, hydrogen was added into the autoclave, and its pressure was measured after the experiment.
The redox state of the oxidized system was controlled by the SO, /SO3 buffer.

2.1.1. Reduced Conditions

The solubility measurements were performed at 450 °C and pressures of 500 and 1000 bar using Ti
autoclaves (VT-8 alloy) with a volume of 20 cm?. A needle valve allowing gas pressure measurement
was built in the cup of the autoclave (Kudrin [13]). Prior to the experiments the autoclaves were
passivated with an HNO3-H,O (1:3 by volume) mixture at 400 °C and 500 bar. The total pressure
in the autoclave was controlled by the degree of filling using the PVT properties of the HyO-NaCl
system (Driesner [14]; Driesner and Heinrich [15]). The uncertainty of total pressure was estimated as
+2%. Experimental solutions were prepared from distilled water, extra pure NaCl, and 0.1 M HCI
fixanal. A piece of Au net (99.99%) with an outer surface of 1.5-3 cm® was fixed in the upper part
of the autoclave. The autoclave was loaded in air. A weighed Al chip (99.9%) was used to produce
hydrogen upon heating via the reaction: Al + 2H,O — AIOOH + 1.5 Hy(g). The loaded autoclave was
hermetically closed and placed in a gradient-free furnace. During the experiment, temperature was
controlled within +2 °C using a K-type thermocouple. The duration of the experiments varied from
5 to 12 days, which was sufficient for equilibration (Zotov and Baranova [16]). After the experiment,
the autoclave was quenched in cold water. The hydrogen pressure in the autoclave was measured
after quenching: the internal valve inside the autoclave cap was opened and hydrogen from the
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autoclave passed into an external cell with a built-in pressure piezometer. The volume of the cell
was 6.7 cm®. The piezometer was calibrated at atmospheric pressure and in vacuum (5 x 1075 bar);
its readings before the measurements were verified against an external reference pressure gauge
in the pressure range 2-5 bar. The measured value was corrected for the pressure of atmospheric
nitrogen (0.8 bar). We estimated the uncertainty of hydrogen pressure determination as +10%. This
uncertainty is accounted for mostly by the presence of nitrogen. After hydrogen pressure measurement,
the autoclave was opened and the quench solution was extracted and diluted with an equal volume of
aqua regia. Then the autoclave was filled with hot aqua regia and kept for 30 min at 70-80 °C, after
which the washing solution was diluted with an equal volume of distilled H,O. Finally the solution
was diluted with 6 M HCl to match the concentration range suitable for analysis. The concentration
of dissolved Au was analyzed by inductively coupled plasma mass spectrometry (ICP-MS) on an X
Series 2 Thermo Scientific mass spectrometer, Waltham, MA, USA. The accuracy of the analysis was
£5% at the 95% confidence level, and the detection limit was 0.1 ppb. It was found that a considerable
amount of dissolved Au (20-50%) was deposited on the autoclave walls during quenching.

The concentration of hydrogen in the experimental fluids calculated from the measured hydrogen
pressure was lower than the initial value. The hydrogen loss varied from 20% to 90% at 500 bar and
from 40% to 99% at 1000 bar. Hydrogen escaped through the needle valve and the autoclave seal.
The hydrogen loss was not reproducible and, usually, increased after several experiments owing to
the seal ring wear. The concentration of dissolved Au increased during the experiment. We believe
that the kinetics of Au dissolution is fast enough to attain equilibrium Au concentration at any
hydrogen pressure. This assumption is confirmed by the excellent agreement between Au solubility
constants obtained from the Au solubility data under reduced and oxidized conditions (see next
section). Therefore, the Au concentrations of experimental solutions determined after the experiments
are considered identical to the equilibrium Au solubilities for given T-P-f(H;) parameters.

2.1.2. Oxidized Conditions

In the oxidized system, Au solubility was measured at 450 °C and pressures of 1000 and
1500 bar. Conventional batch Ti autoclaves (VT-8 alloy) with an internal volume of 20 cm3 were
used. The stock solutions were prepared from extra pure concentrated SO,, HySO,, HCl, and extra
pure NaCl. The concentration of SO, was determined by iodometric titration; H,SO4, by densimetry;
and HC], by volumetric titration against Trizma® base (Sigma-Aldrich, St. Louis, MO, USA) with
methyl red as an indicator. The procedures of autoclave loading, quenching, and solution preparation
were the same as described for the reduced system. The duration of the experiments varied from 12 to
20 days.

2.2. Thermodynamic Calculations

The standard state of a pure solid phase and H,O corresponds to a unit activity of the pure phase
at a given temperature and pressure. The standard state adopted for the aqueous species is unit activity
for a hypothetical one molal (1, mol-(kg~HzO)’l) ideal solution. The activity coefficients of charged
aqueous species were calculated using the extended Debye-Hiickel equation

Az2\/T
17\/>+1"

1
1+ Ba/1 g

logy; = —

where the ion size parameter i was taken to be 4.5 A for all species, A and B are the Debye-Hiickel
activity coefficient parameters, I is the ionic strength, z; is the charge of the species, and Ty is
the conversion factor from mole fraction to molality. For neutral species, it was assumed that
logy, =TIy = —log (1 + 0.018-m*), where m* is the sum of the concentrations of all solute
species. Speciation calculations were performed by means of the Gibbs computer code of the
HCh software package (Shvarov [17]). The thermodynamic properties of the aqueous species Na*,
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Cl—, HSO,~, SO42~, HSO; ™, SO52~, S,03%2~, K+, KClo(aq) were taken from the SUPCRT92 database
(Johnson et al. [18]). The thermodynamic properties of H,O, HCI®, NaCl°, and OH™ were adopted
from Wagner and Prusss [19], Tagirov et al. [20], Ho et al. [21], and Bandura and Lvov [22], respectively;
those of Hz%(agq) O2°(ag), and SO2°(ag), from Akinfiev and Diamond [23]. The values of Henry
constants and dissociation constants of aqueous electrolytes calculated using the aforementioned
thermodynamic data are presented in the Supplementary Material Section 1. The thermodynamic
properties of Au(), hematite Fe;O3, magnetite Fe3O4, Ni(), and bunsenite NiO were taken from
the SUPCRT92 database [18], and those of manganosite MnO and hausmannite Mn3Oy, from Robie
and Hemingway [24]. Thermodynamic data for quartz, muscovite, K-feldspar, and andalusite were
adopted from Berman [25] with corrections of Sverjensky et al. [26].

The OptimA program of the HCh package (Shvarov [27]) was used to calculate the Gibbs free
energies of Au aqueous complexes. The program computes the Gibbs free energies of aqueous
complexes by the least squares minimization of the difference between the calculated and experimental
values of activity or total solute concentration (i.e., m(Auy,)) in this study). Finally, the optimized
values of the Gibbs free energies of Au complexes were recalculated, together with the corresponding
confidence intervals, to the logarithms of reaction constants as log K = —A.G/(2.303-RT).

3. Results

3.1. Experimental Au Solubility Determination

The results of experiments are given in Table 1. Figure 1a,b and Figure 2a-c show that the slopes
of the solubility curves vs. log m(H;°(q) and log m(Cl™) are consistent, over the whole range of
experimental temperature, pressure, and system composition, with the formation of AuCl, ™ complex
via the reaction

Au(cr) + HClo(aq) +Cl” = AuCl27 +0.5 Hzo(aq) (2)
for which
log K =log m(AuCly ™) + 0.5 log m(H;° (aq)) — log m(Cl™) — log m(HCI® 5q)) 3)
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Figure 1. The concentration of Au (a) as a function of Hy° (,4) concentration at constant fluid salinities,
and (b) as a function of C1~ concentration at constant dissolved hydrogen concentration. The slopes
of the solubility curves are indicated in the diagrams. Experiments were performed with hydrogen
added to the system (reduced conditions).

It follows from Equations (2) and (3) that the dissolved Au concentration decreases as a square
root of hydrogen fugacity (at constant fluid acidity and chlorinity). The dependence of the logarithm
of dissolved Au concentration on the logarithm of hydrogen molality has a slope of —0.5 (Figures 1a
and 2a,b). Note that the Au solubilities determined in the systems with contrasting redox states are in
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excellent agreement with the stoichiometry of Equation (2) (Figure 2b). As follows from Equations (2)
and (3) and is demonstrated by Figures 1b and 2c, the concentration of Au increases proportionally to
the fluid chlorinity (at constant concentrations of hydrogen and hydrochloric acid).

Table 1. Compositions of experimental solutions and results of Au solubility experiments (molal

concentrations are given, mol-(kg-H,O) 1), t = 450 °C, P from 500 to 1500 bar.

m NaCl m HCl m HySOy4 m SO, m Hy(ag) log m Au Alog m Au **
500 bar
2 0.1 0.014 —5.24 0.14
2 0.1 0.03 —5.43 0.17
2 0.1 0.076 —5.42 —0.05
2 0.1 0.09 —5.55 0.05
2 0.1 0.015 =51 -0.01
2 0.1 0.1 -5.69 0.16
2 0.1 0.045 —5.55 0.20
1 0.1 0.037 —5.49 —0.11
1 0.1 0.079 —5.65 -0.12
1 0.1 0.052 —5.57 -0.11
0.1 0.1 0.147 —6.79 —0.02
0.1 0.1 0.095 —6.64 -0.07
0.1 0.1 0.167 —6.95 0.11
1000 bar
2 0.1 0.0026 —5.16 0.20
2 0.1 0.057 —5.7 0.08
0.5 0.1 0.078 —5.86 —0.30
0.5 0.1 0.118 —6.34 0.09
0.5 0.1 0.0085 -5.61 —0.07
0.5 0.1 0.0082 —5.6 —-0.07
0.1 0.1 0.0003 —5.28 —0.21
0.206 0.119 0.0478 0.0987 586 x 1077 * -3.69 -0.13
0.508 0.119 0.0478 0.0987 1.26 x 1076 * -3.62 0.01
1.018 0.119 0.0478 0.0987 222 x1076* —3.60 0.12
2.035 0.119 0.0478 0.0987  3.78 x 1076 * —3.44 0.09
3.043 0.119 0.0478 0.0987  5.07 x 1076 * -3.21 —0.07
1500 bar
0.218 0.119 0.0478 0.0987  8.05x 1077 * —4.10 —0.001
0.497 0.119 0.0478 0.0987 1.62 x 1076 * -3.93 0.04
1.012 0.119 0.0478 0.0987 294 x1076* —3.68 —0.05
2.038 0.119 0.0478 0.0987  5.04 x 1076* —3.42 -0.15
3.007 0.119 0.0478 0.0987  6.55 x 1076 * —3.64 0.15
* calculated values; ** Alog m Au = log m Au(calc.) — log m Au(exp.).
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Figure 2. Cont.
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Figure 2. (a) The concentration of Au (corrected for C1~ concentration according to Equation (2)) as
a function of Hy° 54) concentration under reduced conditions. (b) The concentration of Au (corrected for
Cl™ concentration) as a function of Hzo(aq) concentration under reduced to oxidized conditions. (c¢) The
concentration of Au (corrected for the of Hzo(aq) concentration) as a function of CI~ concentration
under reduced conditions.

The differences between the experimental and calculated Au solubility values (last two columns
of Table 1) do not exceed 0.2 log units and are independent of NaCl concentration in the wide range of
fluid salinities (from 0.1 to 3 mol~(kg-H20)_1), HC1 concentrations, and redox conditions (Figure 3).
This confirms the high accuracy of our method of the calculation of activity coefficients (in particular,
the constant value of the ion size parameter 1=45A), including the activity coefficient of H>°(5q),
which was calculated ignoring the salting-out effect even in concentrated NaCl solutions.
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Figure 3. Difference between Au solubilities calculated using Equation (5) and observed in the
experiments vs. NaCl molality.

3.2. Au Solubility Constant at 25-1000 °C and Pressures up to 5 kbar

The Au solubility constant values, log Ks°, determined in this study are given in Table 2 together
with values obtained from the literature data. The log Ks° values are plotted as a function of
temperature and pressure in Figure 4. Nikolaeva et al. [3] determined the electromotive force (e.m.f.)

of the reaction
AuCl,” + 0.5Hpg) = Au+2Cl- +H' 4)

at 25-80 °C and saturated vapor pressure (Psyt.). The ionic strength of experimental solutions was fixed
at 1 M. In the present study, the data of [3] were corrected for ionic strength for the calculation of the
thermodynamic value of Au solubility constant (Supplementary Material Section 2). Experimental
Au solubility data reported by Ryabchikov and Orlova [7] (750 °C, 1500 bar, Supplementary Material
Section 3.1), Guo et al. [9] (800 °C, 2000 bar, Supplementary Material Section 3.2), and Zajacz et al. [8]
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(1000 °C, 1500 bar, Supplementary Material Section 3.3) were evaluated using the OptimA computer
code for the calculation of log Ks°. The results of regression analysis are summarized in the
Supplementary Materials together with the original experimental data. In the calculation we used the
experimental data of Guo et al. [9] obtained under redox conditions reliably controlled by the Ni-NiO,
Fe304-FeyO3, MnO-Mn30y4 buffers (five experiments in total). Experimental data of Zajacz et al. [8]
for sulfur-free NaCl-HCI-H; fluids were used in our calculations, because thermodynamic data for
sulfur-bearing species are highly uncertain at the experimental T-P parameters. The Au solubility
constant reported by Gammons and Willams-Jones [4] for 300 °C and Ps,t. was recalculated to satisfy
Equation (3) as described in Supplementary Material Section 3.4.

The Au solubility constants obtained in the present study and values calculated from the literature
data were fitted to a simple density model (Anderson et al. [28]),

log Ks° = 4.302 — 7304-T(K) ™! — 4.77-log d(w) + 11080-(log d(w))-T(K) ™! — 6.94 x 10°-(log d(w))-T(K)™2  (5)

where d(w) is the pure water density. The calculated values of log K° are listed in Table 3, compared
with the experimental data in Figure 4, and with the literature theoretical models in Figures S1 and S2 of
the Supplementary Materials. The values of Gibbs free energy of AuCl, ~, calculated using Equation (5),
are tabulated in Table 514 of the Supplementary Materials. The values of Gibbs free energy of aqueous
species—components of the experimental systems, for which we used equations of state other than
HKEF (Helgeson, Kirkham, Flowers) are listed in Table 515 (NaCl®), Table 516 (SO,°), Table S17 (O°),
and Table 518 (H;,°) of the Supplementary Materials. During the fit of log K;° to the density model,
the statistical weights of log Ks° values were set to 2 for the 25 °C data (Nikolaeva et al. [3]) and
0.5 for t > 750 °C, because of the higher uncertainty of the thermodynamic properties of aqueous
ions and electrolytes at high temperatures. The fit quality, expressed as the standard deviation of the
difference between the calculated and experimental log K;° values, is equal to 0.12, which is close to
the experimental uncertainty (Table 2). As can be seen in Figure 4, the dependence of log Ks° on the
reciprocal absolute temperature is close to linear. This supports the plausibility of the Au solubility
reaction (Equation (2)), which can be considered as isocoulombic (A;Cp,° ~0).

| L | L | 1 |
_4 -
-8 —
&
o -12 —
°
-16 —
i —— This study, calculation
¢ This study, experiment:
{ 0.5,1,1.5kb
-20 — 4 Nikolaevaetal., 1972, P,
v Guo et al., 2018, 2 kb
T I T I T I T I

0 200 400 600 800
t,°C

Figure 4. Cont.
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Figure 4. The Au solubility constant (Equation (3)) as a function of pressure and reciprocal temperature.
Symbols are experimental data, and lines were calculated using Equation (5). The effect of pressure up
to 5 kbar is shown in the insert.

Table 2. Comparison of experimental values of the Au solubility constant (Equation (3)) with
model values calculated using Equation (5): log Ks° = 4.302 — 7304-T(K)~1 — 4.77-log d(w) +
11080-(log dw))-T(K)~! — 6.94 x 106-(log d(w))-T(K)~2, where d(w) is the pure water density.

t,°C  P,bar logKs° (exp.) log K;° (calc.)  Alog K;° (calc. — exp.) Reference
450 500 —4.77 £ 0.07 —4.72 0.05 This study
450 1000 —5.10 £ 0.09 * —5.22 —0.12 Ibid.
450 1000  —5.12 £+ 0.06 ** —5.22 —-0.10 Ibid.
450 1500 —5.43 +0.09 —5.36 0.07 Ibid.
25 1 —20.12 + 0.08 —20.14 -0.02 Nikolaeva et al. [3]
50 1 —18.09 £ 0.08 —18.11 —0.02 Ibid.
70 1 —16.74 £ 0.07 —16.68 0.06 Ibid.
80 1 —16.12 £ 0.07 —16.02 0.10 Ibid.
300 DPgat. —7.46 £ 0.40 —7.47 —0.01 Gammons and Williams-Jones [4]
750 1500 —2.91 £ 0.30 —2.59 0.32 Ryabchikov and Orlova [7]
800 2000 —2.54 £0.20 —2.33 0.21 Guo etal. [9]
1000 1500 —0.99 £0.20 -1.23 —0.24 Zajacz et al. [8]

* Au-NaCl-HCI-H,-H, O system; ** Au-NaCl-HCl-H,S504-50;-H, 0 system.

The experiments reported here fall within the T-P range of the key studies of Au solubility in
chloride fluids performed by Zotov et al. [5] and Stefansson and Seward [6] (Supplementary Material
Section 3.5). Our Au solubility data are 0.5 log units lower than those of [5]. At 350 °C the difference
between the log K;° values predicted by Equation (5) and data of [5] increases to one log unit. This
disagreement can be explained by partial loss of hydrogen, whose concentration was calculated, but
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not measured in [5]. In contrast, the log K;° values reported by Stefansson and Seward [6] are one log
unit lower compared with our results. The reason for this disagreement is unclear.

Table 3. The Au solubility constant of the reaction Ay + HCI?(4q) + C17 = AuCly ™ + 0.5H;° () as
a function of temperature and pressure. Calculations were performed using Equation (5) obtained in

the present study.
Pressure, bar
t,°C
Psy, 500 1000 1500 2000 5000
25 —20.14 —20.56 —20.93 —21.27 —21.57 —22.96
100 —14.83 —15.06 —15.27 —15.46 —15.63 —16.41
200 —10.33 —10.55 —10.71 —10.84 —10.95 —11.42
250 —8.79 —8.99 —9.15 —9.27 —9.37 —9.76
300 —7.47 —7.72 —7.89 —8.00 —8.09 —8.43
350 —6.25 —6.65 —6.85 —6.97 —7.05 —7.34
400 —5.69 —5.97 —6.10 —6.18 —6.44
450 —4.72 —5.22 —5.36 —5.45 —5.68
500 —3.94 —4.58 —4.73 —4.82 —5.02
550 —4.02 —4.19 —4.27 —4.45
600 —3.56 -3.71 -3.79 —3.95
650 —3.16 —3.30 —3.37 —3.51
700 —2.81 —2.93 —2.99 —3.11
750 —2.59 —2.64 —2.76
800 —2.28 —2.33 —2.43
850 —2.00 —2.04 —2.13
900 -1.73 -1.77 —1.85
950 —1.47 —1.51 —1.60
1000 -1.23 —1.27 —1.36

4. Discussion

4.1. Effect of Temperature, pH, and Chlorinity on Au Solubility

The range of chlorinity of aqueous fluids used to derive Equation (5) extends from pure HCl to
4.4m NaCl (20 wt % NaCl). In our recent study (Tagirov et al. [29]), the speciation of Au was studied
by means of X-ray absorption spectroscopy and ab initio molecular dynamics up to 4m HCI/7m
KCI (34 wt % KCI). Moreover, the experimental spectra were acquired and theoretical calculations
were performed for dry (anhydrous) chloride melts. It was demonstrated that at high temperatures
the microscopic state (local atomic environments) of the system is identical over the whole range of
chloride concentrations, from dilute fluids to dry melts. This means that AuCl, ™ is the main chloride
complex at any chloride concentration at fluid density d > 0.3 g-cm ™2 (this density corresponds to
the experimental T-P parameters of the study of Zajacz et al. [8]). The study [29] and the present
work clearly demonstrate that there is no need to invoke ionic associates, such as NaAuCl,° and
HAuCl,°, to describe Au solubility. The solubility of Au in high temperature fluids and brines can be
accurately calculated, as described in Section 2.2, using the equilibrium constant of reaction (2) and
the extended Debye-Hiickel equation for the activity coefficients of aqueous species (Equation (1)).
At lower densities (d < 0.3 g-cm~3), the simple neutral complex AuCl®5q) predominates Au speciation
(Archibald et al. [12]).

The excellent agreement between Au solubilities calculated by Equation (5) and experimental data
in the wide range of T-P parameters (from 25 to 1000 °C and from Pg,;. to 2000 bar) enables accurate
prediction of Au mobilization in most natural environments where ore metals are transported and
deposited by chloride-rich fluids. The effect of temperature, pH, and fluid salinity on Au solubility
is shown in Figure 5. This diagram was constructed for a redox state buffered by the Ni-NiO
equilibrium and salinities of (i) 1m NaCl, which is typical, for example, of relatively low-temperature
(300-400 °C) seafloor hydrothermal systems (Bortnikov et al. [30]; Hannington et al. [31]) and
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high-temperature magmatic fluids (800 °C) separated from arc dacite magma of porphyry-generating
intrusion (Blundy et al. [32]); and (ii) 7m NaCl which is typical of magmatic brine inclusions and
products of the separation of single-phase magmatic fluids (Seward et al. [1], Aranovich et al. [33]).
At a low temperature of 200 °C, hydrosulfide complexes predominate at any pH and chlorinity
(Seward et al. [1], Trigub et al. [34]). The maximum solubility is observed in near-neutral solutions
in the Au(HS), ™ predominance region with pH ~pKpys (that is, at similar concentrations of HyS%5q)
and HS™, which are necessary for the formation of the Au complex). As temperature increases, the
Au concentration of acidic solution starts to increase, because the Au solubility is controlled in this
region by AuCl, ™ (Equation (2)). In the AuCl,~ predominance region, the Au solubility increases
systematically with increasing temperature and fluid acidity. The Au concentration in 7m NaCl at
neutral pH can reach a few hundred ppb at 500 °C and 1 kbar and increases by three orders of
magnitude at 800 °C and 2 kbar. We note that the Au concentration at the minima of the solubility
curves is weakly dependent on T, P, and fluid chemistry and is close to 10 ppb at the given redox state
(Ni-NiO) and H,S molality (0.01m). In this region, AuHS® (,q) dominates at t <400 °C, and Au(OH)° 5q)
becomes the main Au complex at higher temperatures.
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2 T 2 I
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Figure 5. Cont.
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2 1 | L | 1 | 1 | I
600°C, 1 kb —L 1 waci 6wy 800°C, 2 kb
——— 7m NaCl (29 wt%)

- 1m NaCl (6 wt%)
7m NaCl (29 wt%)

log C Au, ppm
n
|
~
I
log C Au, ppm

Figure 5. Gold solubility as a function of pHr p. The concentration of dissolved sulfur is 0.01 m,
the redox conditions are controlled by the Ni/NiO buffer. Lines are calculated using the results of
the present study: solid lines—total dissolved Au, and dashed lines—individual aqueous complexes.
The vertical dashed-dotted line corresponds to neutral pH. Thermodynamic data for Au—-OH and
Au-HS complexes were adopted from Akinfiev and Zotov [35].

4.2. Gold Concentration in Natural Fluids

Figure 6 compares the Au concentrations calculated using Equation (5) with the data of
Ulrich et al. [2] for high-temperature fluid inclusions of the Bajo de la Alumbrera porphyry Cu-Au
deposit (Argentina). The highest-temperature primary brine inclusions from this deposit (650770 °C,
50-60 wt % NaCl eq.) contain 0.55 ppm Au. The hydrothermal fluids of porphyry systems are usually
oxidized, and the redox state can be considered close to the hematite-magnetite buffer. The calculated
Au solubility in the chloride brine of the Bajo de la Alumbrera deposit is ~103 times higher than
the measured Au concentration (0.55 ppm). This implies that the high-temperature ore fluids are
strongly undersaturated with respect to native Au. Therefore, at high temperatures during the early
stages of porphyry ore formation, Au can be deposited only in an “invisible” (or refractory) state,
either in the form of nanoscale particles or as a component of solid solutions (e.g., Tagirov et al. [36],
Trigub et al. [37]). A decrease in temperature results in a drastic decrease in Au solubility. The Au
saturation limit of 0.55 ppm is attained at a temperature of slightly above 400 °C at 1 kbar under the
hematite-magnetite buffer redox conditions. At these conditions, the deposition of native gold becomes
possible, which is consistent with estimates for ore precipitation at the Bajo de la Alumbrera deposit.

Figure 7 shows Au solubility as a function of fluid chlorinity at temperatures from 300 to
1000 °C. The pH values are controlled by silicate mineral buffers, and the redox state, by the
hematite-magnetite buffer. At the given KCI concentration, the pH values range from near-neutral
to weakly acidic. Another feature of fluid systems buffered by mineral assemblages is that the
muscovite—andalusite—quartz buffer yields more acidic pH values (black lines in Figure 7) than the
K-feldspar-muscovite—quartz buffer (blue lines). At subcritical temperatures and near-neutral pH
values imposed by fluid interaction with silicate mineral assemblages, the hydroxide complex AuOH®
dominates over the whole range of chlorinity up to 60 wt % NaCl eq. An increase in temperature results
in an increase in dissolved Au concentration. At low ClI concentrations in the AuOH® predominance
region, an increase in temperature from 400 to 1000 °C results in an increase in Au solubility from 10
to 400 ppb. At higher chlorinities in the AuCl, ™ predominance region, an increase in Cl concentration
results in an increase in Au solubility, which can reach at 10 wt % NaCl eq. ~1 ppm at 500 °C and
~1000 ppm at 1000 °C. We note again that the pH values are near-neutral at both temperatures: pH
~5.3 at 500 °C/1 kbar and ~8 at 1000 °C/2 kbar (neutral pH is 5.8 and 7.4, respectively). Therefore,



Minerals 2018, 8, 286 12 of 15

despite the neutral pH conditions, the Au solubility in high-temperature fluids is sufficiently high,
owing to the high stability of AuCl,~, for efficient Au transport even in Au-undersaturated fluids.

4 L | L | | I
KFs-Musk(And)-Qtz —

Ulrich et al., 2002
Natullal porphyry sygtem —

log C Au, ppm
1
T

2 T T T ] T T

400 500 600 700 800
t,°C

Figure 6. The solubility of Au as a function of temperature at 1 and 2 kbar (blue and black lines,
respectively). The pH value is controlled by the K-feldspar—-muscovite—quartz buffer at t <550 °C at
1 kbar and t < 600 °C at 2 kbar and the K-feldspar-andalusite-quartz buffer at higher temperatures.
The redox state of the system corresponds to the Fe;O3/Fe304 (HM) and Ni/NiO (NNO) buffers.

The horizontal line shows the concentration of Au (0.55 ppm) determined in the highest-temperature
fluid inclusions from the Bajo de la Alumbrera porphyry Cu—-Au deposit (Argentina, Ulrich et al. [2]).
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Figure 7. The solubility of Au as a function of fluid chlorinity for S-free system. The concentration of
KCl is fixed as m(KCl) = 1/5 m(NaCl). The pH value is controlled by the K-feldspar-muscovite-quartz,
muscovite—andalusite—quartz, and K-feldspar—andalusite-quartz buffers. Horizontal segments of the
solubility curves correspond to the AuOH® predominance fields. Thermodynamic data for Au-OH
complexes are adopted from Akinfiev and Zotov [35].

5. Conclusions

The solubility of Au was measured at 450 °C and pressures of 500, 1000, and 1500 bar in a wide
range of fluid chlorinity, from 0.1m to 3m NaCl. The redox state of the experimental system was
controlled either by hydrogen added to the autoclave (reduced conditions), or by the SO, /SO3 buffer
(oxidized conditions). The measured Au solubilities are best described by the formation of the AuCl,~
complex. The equilibrium Au solubility constants calculated for the contrasting redox states are
in perfect agreement with each other and fall between the values reported by Zotov et al. [5] and
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Stefansson and Seward [6]. The experimental values of the Au solubility constant were fitted together
with Au solubility data available in the literature for temperatures from 25 to 1000 °C and pressures
up to 2 kbar to a simple density model equation. The equation describes the experimental data with
an accuracy approaching the experimental uncertainties in the whole region of T-P parameters and can
be used to predict Au solubility at pressures up to 5 kbar. The results of our study demonstrate that
the simple complex AuCl, ™ predominates Au speciation in natural fluids in a wide range of salinity at
fluid densities d > 0.3 g-cm 3. The solubility of Au can be accurately calculated at solute concentrations
up to at least 5m NaCl eq. using the equilibrium constant of the reaction of AuCl,~ formation
and the extended Debye-Hiickel equation for activity coefficients. Thermodynamic calculations
performed using the obtained results showed that the formation of AuCl, ™ can account for efficient
hydrothermal transport of Au at ¢ > 400 °C and any chlorinity of hydrothermal fluid whose density
(d) is > 0.3 g-em 3. At t < 400 °C hydroxide and hydrosulfide complexes become the dominant Au
species. Atd < 0.3 g-cm~3 the role of AuCl, ™~ is masked by the formation of AuCl°.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/7/286/s1,
Table S1: The log K° values of the reaction Na* + CI™ = NaCl°(,q), Table S2: The log K° values of the reaction

HClo(aq) =H" + CI~, Table S3: The log K° values of the reaction Hz(g) = Hzo(aq), Table S4: The log K° values
of the reaction On(g) = O2°(aq), Table S5: The log K® values of the reaction SOy(g) = SO2°(aq), Table S6: The log

K° values of the reaction HyOqy = H* + OH~, Table S7: Calculation of Gibbs free energy of AuCl,™ using
data of Nikolaeva et al., Table S8: Calculation of equilibrium constant of Au solubility reaction using data of
Nikolaeva et al., Table S9: Treatment of experimental data of Ryabchikov and Orlova, Table S10: Treatment of
experimental data of Guo et al., Table S11: Treatment of experimental data of Zajacz et al., Table S12: Recalculation
of data of Gammons and Williams-Jones into the Au solubility constant, Table S13: Original and recalculated
values of Au solubility constant, log Ks°, based on data of Zotov et al. and Stefansson and Seward, Table S14:
Gibbs free energy of AuCl, ", Table 515: Gibbs free energy of NaCl°® (), Table 516: Gibbs free energy of SO;° (4q),
Table S17: Gibbs free energy of O;°(,q), Table 518: Gibbs free energy of H° (5q).
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