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Preface to "Experimental and Thermodynamical
Modeling of Ore-Forming Processes in Magmatic
and Hydrothermal Systems”

This Special Issue book includes 10 original research articles that highlight, discuss and solve
some problems of ore-forming processes in magmatic and hydrothermal systems. Several articles of
this Minerals Special Issue are devoted to the study of the genesis, sources of ore matter, and
geochronology of some ore occurrences in China (Cao et al., 2018; Yang et al., 2018; Wei et al., 2018),
Brazil (Sirqueira et al., 2018), Australia (Krneta et al., 2018), Argentina (Testa et al., 2018), and Russia
(Murzin et al., 2018). This Special Issue also contains articles that highlight recent experimental
investigations on the solubility of gold in HCl/NaCl fluids (Zotov et al., 2018), the distribution
behaviors of some precious metals and rare earth elements between Fe-rich minerals and chloride-
based hydrothermal solutions (Tauson et al., 2018), and interactions of Mg, Fe Ni-olivine with
anhydrite and Mg-sulfate, as possible sources of oxidized S-rich fluid under lithospheric mantle P, T-
parameters (Bataleva et al., 2018).

Ore-forming processes occur over a long period of time. What we know about them today is just
one piece in the huge mosaic of the history of the development of the Earth. I hope that this special
issue will be useful for scientists who work on the fundamental problems of ore-forming processes

and genesis of the ore deposits, and will provide new ideas for future research.

Galina Palyanova

Special Issue Editor
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A number of excellent books and articles on the ore-forming processes, magmatic and
hydrothermal systems, physicochemical conditions of the ore-forming fluids, and thermodynamic
modeling in the geosciences have been published over the past 50 years [1-13]. Fundamental
knowledge about ore-forming processes has practical applications for mineral exploration.

Experimental investigations and thermodynamic modeling have been successfully used to solve
many problems, in which ore-forming processes play an important role. The experimental study of
simple systems with precisely controlled parameters provides the data necessary for obtaining reliable
thermodynamic characteristics of minerals, aqueous species (ions, complex ions, and molecules),
gas mixtures, and solid solutions. The main obstacles to the experiments are the multicomponent,
multiphase and multiaggregate features of natural systems and the inevitability of their simplification.
Thermodynamic modeling can be an alternative to complex model experiments. To construct quantitative
genetic models of ore-forming processes, computer thermodynamic modeling on the basis of modern
program complexes is used [14-18]. The reconstruction of the sources of ore components and fluids,
physicochemical parameters, and the mechanisms of accumulation and separation of elements during
the formation of ore deposits is an important task in addressing the fundamental problems of
ore-forming processes. Some of the papers in this issue deal with experimental and thermodynamic
modeling [19-25], while the others are devoted to the analytical geochemistry, geochronology,
and genesis of some ore occurrences [26-28].

In the article by Zotov and coauthors [19], the solubility of gold was measured in HCl1/NaCl fluids
(NaCl concentration varied from 0.1 to 3 m) at 450 °C and pressures from 500 to 1500 bar. The obtained
data for the stability constant of the AuCl, ™ complex, together with values from the literature for
temperatures from 25 to 1000 °C, were fitted to the simple equation of log Ks°. 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 speciation of gold in natural chloride-bearing fluids
is discussed. The results of the study are important to the understanding of the formation process of
hydrothermal gold deposits.

Tauson and coauthors [20] investigated the partitioning of precious metals (Au, Pt, and Pd)
in the system of a “mineral-hydrothermal solution”, where the minerals were pyrite, As—pyrite,
magnetite, Mn-magnetite, and hematite and the fluids were ammonium chloride-based hydrothermal
solutions at 450 and 500 °C and 100 MPa pressure. These authors study the cocrystallization (exchange)
coefficients (De) of rare earth elements (Ce, Eu, Er, and Yb) and Fe in magnetite and hematite at
450 °C and 100 MPa. Trace element partitioning in the “mineral-hydrothermal solution” system was
studied by the method of thermogradient crystal growth coupled with the internal sampling of a fluid

Minerals 2018, 8, 590; d0i:10.3390/ min8120590 1 www.mdpi.com/journal /minerals



Minerals 2018, 8, 590

phase. The analytical procedure used enables the evaluation of structurally bound and superficially
bound modes of trace elements in crystals and the determination of corresponding dual partition
coefficients. The obtained experimental results assume that the distribution of precious metals and
rare earth elements is largely dependent on the composition of the superficial nonautonomous phases,
which affects geochemical regularities.

Bataleva and coauthors [21] report the results of the experimental modelling of interactions
of Mg, Fe, and Ni-olivine with anhydrite and Mg-sulfate, which are possible sources of oxidized
S-rich fluid under lithospheric mantle P-T parameters. An experimental study was performed in the
olivine-CaSO4(MgSO,)-C systems at 6.3 GPa and temperatures of 1050 and 1450 °C using a multianvil
high-pressure apparatus. Calcium and magnesium sulfates, being the most abundant sulfur-bearing
minerals in the Earth’s crust, are expected to play a principal role in the recycling of oxidized forms of
sulfur into the deep mantle under subduction settings. It was experimentally shown that olivine-sulfate
interaction can result in mantle sulfide formation and the generation of potential mantle metasomatic
agents: S- and CO,-dominated fluids and silicate-oxide or carbonate—silicate melts.

Murzin and coauthors [22] present a physicochemical model for the formation of magnetite—
chlorite—carbonate rocks with copper—gold in the Karabash ultramafic massif (Southern Urals, Russia).
This massif is located within a belt of ultramafic massifs stretching along the Main Ural fault zone in
the Southern Urals. It was constructed based on the geotectonics of the Karabash ultramafic massif;
features of the spatial distribution of metasomatically altered rocks, their geochemical characteristics,
and mineral composition; data on the P-T parameters; and composition of the ore-forming
fluids. This model included a four-reservoir calculation scheme. Thermodynamic modeling was
performed using the Selektor-C software that employs the Gibbs energy minimization method,
including minerals, aqueous solution components, and gases in the Na-K-Mg-Ca-Al-Si-Ti-Mn—
Fe-Cu-Ag-Au-Hg-5-P-Cl-C-H-O system. The thermodynamic properties of various compounds
were calculated using the Selektor-C database. The rocks (serpentinites, gabbro, harzburgite and
limestones); deep magmatogenic fluids, mixed with metamorphogenic fluids released during the
dehydration and deserpentinization of rocks in the lower crust; and meteoric waters were considered as
the possible sources of the petrogenic and ore components in the model. It supports the involvement of
sodium chloride—carbon dioxide fluids extracting ore components (Au, Ag, and Cu) from deep-seated
rocks and is characterized by the ratio of ore elements corresponding to Clarke values in ultramafic
rocks. The model calculations show that copper—gold can also be deposited during the serpentinization
of deep-seated olivine-rich rocks and ore fluids risen by the tectonic flow to a higher hypsometric level.
These results predict the copper—gold-rich ore occurrences in other ultramafic massifs.

Krneta and coauthors [23] investigated the REE fractionation in apatites from the Olympic
Dam iron oxide—copper-gold deposit (South Australia) with the aim of constraining fluid evolution.
The concentrations of trace elements and their variation within hydrothermal minerals can provide
valuable information on the fluid parameters and conditions of ore deposition for assemblages.
The behavior of the REE in hydrothermal fluids is affected by parameters such as pH, temperature,
salinity, redox conditions, and fluid composition, thus allowing the REE to be used as a geochemical
tracer in hydrothermal systems.

The REE signatures of three unique types of apatite from hydrothermal assemblages crystallized
under partially constrained conditions were numerically modeled, and the partitioning coefficients
between the apatite and fluid were calculated. Article by Krneta et al. [23] adds important information
to the current knowledge on REE fractionation in apatites.

The article by Testa and coauthors [24] tried to resolve the evolution of hydrothermal fluids
responsible for complex Bi-Cu-Pb-Zn-Mo-As-Fe-Ag—Au mineralization in the San Francisco de los
Andes breccia-hosted deposit (Frontal Cordillera, Argentina). The authors provide well-documented
insights into the complex mineralogy and mineral microtextures of the hydrothermal precipitates and
reconstruct the physiochemical conditions of the ore-forming processes (temperature, fO,, fS,, fTey,
and pH). They suggest that the mineralization formed due to the magmatic contribution of Te to the
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hydrothermal system. This study presents an interesting problem of genetic and (in part) practical
importance related to the Bi and Te ores.

Sirqueira and coauthors [25] studied the genesis and evolution of Paleoproterozoic Sn and rare
metal albitites in the Goias Tin Province (central Brazil). Albitites are uncommon rocks with typically
more than 70-80% of albite. Most of the known albitites worldwide have their origin attributed to the
action of hydrothermal fluids on granites. More rarely, albitites are formed by direct crystallization from
Na-rich magmas, generally related to specialized and rare-metal granites. Geological, petrological,
and isotopic data from albitites and spatially associated granites were integrated to constrain the
evolution history of the albitites. This study also intends to contribute to the petrogenesis and
metallogenesis of evolved granitic systems rich in rare metals. These results extend the possibilities of
a tin source in the Goias Tin Province. They have implications for the province’s economic potential
and help understand the solubility and tin concentration in peraluminous granitic systems which are
highly evolved and very rich in sodium.

Cao and coauthors [26] investigated the genesis and geochronology of the Xitian W-Sn polymetallic
ore field (Hunan Province, South China). Analytical and calculated data obtained during the study of
hydrothermal zircon U-Pb and muscovite 40Ar/3Ar dating allowed them to conclude: (1) there are two
epochs of W-Sn mineralization formation: skarn-type at ca. 226 Ma and quartz vein/greisen-type
at ca. 156 Ma; (2) the ore-forming fluids for the two metallogenic events are both characterized by
enrichment in F and low oxygen fugacities; and (3) the ore components for the skarn-type and quartz
vein/greisen-type W-Sn mineralization are both originated from a crust source. A good distinction is
made between the skarn deposits, which are related to the earlier period of magmatic activity and the
vein deposits, which are related to the second period of magmatic activity. This paper reports on some
new geochemistry in the Xitian deposit with applications regarding the timing of mineralization and
metal sources.

Yang and coauthors [27] studied the geochronology, petrology, and genesis of two small-sized
granitic plutons (Laiziling and Jianfengling) of the Xianghualing Ore Field (South Hunan Province,
South China). These granitic plutons have a close relationship with the super-large Xianghualing Sn
deposit and large Dongshan W deposit, respectively, both in time and space. South Hunan, located in
the central part of the Shi-Hang zone, is well known for its world-class W-Sn polymetallic deposits.
The Shi-Hang zone, well known as the collision suture between the Yangtze Block and Cathaysia Block
in the Neoproterozoic, is also an important granitic magmatic belt and polymetallic metallogenic belt.

New data of the zircon U-Pb dating, bulk-rock geochemical compositions, and zircon Lu-Hf
isotopes of Laiziling and Jianfengling granites constrain the source and origin of the granitic magmas,
discuss the tectonic setting, and clarify the relationship between these two plutons. Both of the Laiziling
and Jianfengling granitic plutons are characterized by extremely similar elemental and Lu-Hf isotopic
compositions. These features indicate that they both belong to highly fractionated A-type granites and
were formed in an extensional setting and from the same magma chamber, which originated from the
Paleoproterozoic metamorphic basement of South China with a certain amount of mantle-derived
magma involving temperatures of ca. 730 °C and low oxygen fugacity.

Wei and coauthors [28] report the zircon U-Pb dating results of a porphyritic granite intrusion
recently discovered in the Zhuanzhilian section and try to establish evidence of age and the relationship
with the Au mineralization of the Dongping gold deposit (North Hebei, China). The gold deposits
associated with alkaline rocks worldwide are widely distributed and have important economic value.
The Dongping gold deposit, located in the middle northern part of the North China Craton, is the first
giant gold deposit discovered among the alkaline complex-hosted in China in the 1980s. Mechanisms,
possible sources, and tectonic environments of gold mineralization in the Dongping deposit are well
discussed in this paper.
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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 HCl/NaCl fluids (NaCl concentration varied
from 0.1 to 3 mol-(kg-H,0)~!) 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, /SOj3 buffer. Hydrogen pressure in the autoclaves was
measured after the experiments in the reduced system. The gold solubility constant, Au ey + HCI® (5q)
+Cl™ = AuCly™ + 0.5 Hp° (3q), 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 4 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 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, 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(I) solution at 25-80 °C. The authors attributed
the measured potentials to the reaction between the Au electrode and AuCl, . The solubility of
Au in chloride solutions was studied by Gammons and Willams-Jones [4] at 300 °C, Zotov et al. [5]
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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 3. 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, /SOj3 buffer.

2.1.1. Reduced Conditions

The solubility measurements were performed at 450 °C and pressures of 500 and 1000 bar using Ti
autoclaves (VI-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 HC1
fixanal. A piece of Au net (99.99%) with an outer surface of 1.5-3 cm3 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
autoclave passed into an external cell with a built-in pressure piezometer. The volume of the cell
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was 6.7 cm®. The piezometer was calibrated at atmospheric pressure and in vacuum (5 x 10~° 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 HCI 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 cm® were
used. The stock solutions were prepared from extra pure concentrated SO,, H,SOy4, HCI, and extra
pure NaCl. The concentration of SO, was determined by iodometric titration; HySO4, 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-H20)*1) ideal solution. The activity coefficients of charged
aqueous species were calculated using the extended Debye-Hiickel equation

2
Azi\ﬁ n

r 1
1+Ba/T 2

logyi = —

where the ion size parameter @ 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 I'y is
the conversion factor from mole fraction to molality. For neutral species, it was assumed that
logy, = I'y = —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*,
Cl—, HSO,~, SO4%~, HSO5;~, SO32~, $,052~, K*, KCI° (ag) Were taken from the SUPCRT92 database
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(Johnson et al. [18]). The thermodynamic properties of H,O, HC1°, 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"(aq), Ozo(aq), and SOzo(aq), 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;03, magnetite Fe3Oy, Ni(y), and bunsenite NiO were taken from
the SUPCRT92 database [18], and those of manganosite MnO and hausmannite Mn3Oj, 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(Auyy) 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(Hz°(,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

Aler) + HCl (o) + CI” = AuCly™ +0.5 Ha"aq) @
for which
log K, = log m(AuCl, ™) + 0.5 log m(H,° (oq)) — log m(C1™) — log m(HCI® (5q)) (3)
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Figure 1. The concentration of Au (a) as a function of H,° ,q) concentration at constant fluid salinities,
and (b) as a function of Cl~ 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
excellent agreement with the stoichiometry of Equation (2) (Figure 2b). As follows from Equations (2)
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and (3) and is demonstrated by Figures 1b and 2¢, 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, m01~(kg~H20)’]), t =450 °C, P from 500 to 1500 bar.

m NaCl m HCl m HySOy4 m SO, m Hy(q) 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 —5.1 —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 5.86 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 x 1076 * —3.60 0.12
2.035 0.119 0.0478 0.0987 378 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 8.05 x 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 x 1076 * —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 CI~ concentration according to Equation (2)) as
a function of Hy° (5q) concentration under reduced conditions. (b) The concentration of Au (corrected for
Cl™ concentration) as a function of Hy° ,q) concentration under reduced to oxidized conditions. (c) The
concentration of Au (corrected for the of Hzo(aq) concentration) as a function of Cl~ 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), HCI 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 a=45 A), including the activity coefficient of Hy®(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
AuCly™ + 0.5H) = Au+2C1™ + H* 4)

at 25-80 °C and saturated vapor pressure (Ps,t.). 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-Fe;03, MnO-Mn3 Oy 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 Pg,. 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
HKF (Helgeson, Kirkham, Flowers) are listed in Table S15 (NaCl°), Table S16 (SO,°), Table 517 (O;°),
and Table S18 (H,°) of the Supplementary Materials. During the fit of log Ks° to the density model,
the statistical weights of log K;° 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 Ks° 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 K° 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).

1 | 1 