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Abstract:

This contribution provides an introductory overview of the chemical thermodynamic modeling
approach used in the field of hydrothermal mineral deposit research. An outline of our current
knowledge of the physicochemical properties of geological fluids as a function of temperature,
pressure, and density is presented. Currently, solubilities of major minerals and metal speciation
can be predicted relatively accurately by thermodynamic calculations within the liquid-like
density range of hydrothermal fluids. Metal-ligand chemical affinities and stabilities of aqueous
complexes in such fluids are reviewed for main groups of metals. The fundamentals of the
approach are first introduced in terms of chemical reactions of mineral solubility and dominant
aqueous metal complexes. Using gold as an example, it is shown how this first-order approach
can place valuable constraints on gold solubility and precipitation mechanisms, greatly aiding
the interpretation of natural observations. The use of thermodynamic databases and computer
codes for multicomponent systems is introduced, followed by a discussion of caveats and
current limitations. Two more detailed examples of case studies of hydrothermal gold ore-
forming systems, in porphyry and sedimentary contexts, highlight the value of complementary
information that modeling can bring to naturalistic approaches. An overview of key challenges
and emerging perspectives in fluid-rock interaction modeling concludes this article.
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1. Introduction

On the global geochemical scale, mineral ore deposit formation on Earth is a very rare
phenomenon. This is because the amount of a chemical element commodity in nowadays
economically exploitable deposits is infinitely small compared to the total amount of this
element the Earth’s crust (e.g., 10,000 and 1,000,000 smaller for copper and gold, respectively).
Ore-forming processes lead to metal concentration factors of thousands to a million relative to
the average metal abundances in common crustal rocks. Such an exceptional phenomenon
results from a favorable combination of a number of different factors. These span from the
availability of a metal source and necessary amount of water to a heat source, from favorable
geodynamics and tectonics to sufficient rock permeability allowing the fluid flow or circulation,
and to efficient chemical and physical barriers triggering metal precipitation. These and other
factors operate in combination, thereby allowing metal economic accumulation in the right
place at the right moment within the Earth’s crust, which would be impossible to imagine
without a fluid phase. Therefore, the chemical speciation in the fluid phase and the solubility
of both ore and gangue minerals at elevated temperatures and pressures is necessary for
quantifying the processes and conditions that have led to the formation of an ore deposit and
controlled its subsequent evolution. Although we, geologists, have sufficient access to ore — the
ultimate product of such fluid-mineral(-melt) interactions at depth, the fluid phase itself remains
very poorly accessible. While valuable direct evidence comes from fluid inclusions trapped in
minerals during their growth or deformation, such data remain quite limited both due to intrinsic
rarity and poor preservation of analyzable inclusions. Modern geothermal sources and volcanic
gases also provide precious information of the fluid chemistry, but they generally probe near-
surface conditions that may not fully reflect the amplitude of fluid-mineral reactions operating
at depth.

Independent approaches are therefore required to better reconstruct the properties of the
metalliferous fluid phase and its transformation reactions during ore deposit formation. One of
them is thermodynamic modeling. It provides theoretical quantification of the concentrations
and chemical speciation of metals and volatiles of the fluid phase and their changes upon fluid
evolution in pressure-temperature-depth space during chemical reactions with rocks or other
fluid reservoirs. The essential feature of this modeling is the assumption of chemical
equilibrium, which allows us to use existing databases of thermodynamic properties for
minerals, gases and dissolved species. Indeed, thermodynamic equilibrium is a plausible
assumption for most reactions occurring within the fluid phase as well as for many reactions
between an aqueous solution (or a gas) and solid phases at elevated temperatures relevant to
ore deposit formation in hydrothermal and magmatic contexts. The main reason allowing us to
assume equilibrium is because, in general, the rates of all chemical reactions greatly increase
with increasing temperature, enabling a faster approach to equilibrium at temperatures well
above ambient. However, some redox reactions, in particular those involving carbon (CH4-C-
CO,), sulfur (H,S-SO,) or nitrogen (NH3-N,-NOj3), may yet be remarkably slow at moderate-
temperature hydrothermal conditions (<300 °C). In such cases, thermodynamics serves only as
a guide of what would be expected if equilibrium were attained in the given system, thereby
providing indications of the rates and duration of fluid-rock interactions. Needless to say that
extreme care should be taken when applying equilibrium thermodynamic modeling to low-
temperature near-surface environments. In fact, many chemical reactions appear to be
“kinetically frozen” at such conditions (i.e. they are too slow to proceed within a reasonable
timeframe of geological events). A funny example is the N,-O,-H,O water-gas system at the
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Earth’s surface for which, if chemical equilibrium could be attained, we would have been
swimming in concentrated nitric acid.

This overview is focused on chemical speciation and equilibrium in fluid-mineral
systems in a hydrothermal-magmatic context where both elevated temperature and sufficiently
long durations of ore deposit formation allow such systems to reasonably approach equilibrium,
thereby enabling the application of chemical equilibrium thermodynamics. After a brief
overview of our chemical and thermodynamic knowledge of geological fluids, key
fundamentals of reaction thermodynamics applied to mineral-fluid systems are presented.
Thermodynamic databases and associated computer tools allowing calculations in
multicomponent systems are briefly introduced. The uncertainties and current limitations of this
approach are highlighted. A concluding remark is offered regarding the remaining challenges
and emerging perspectives of the thermodynamic modeling method, which is greatly enhanced
through its integration with other complementary approaches.

This overview is intended for students, geoscientists, and economic geologists who have
limited familiarity with the physical chemistry of aqueous solutions but are interested in
applying thermodynamic modeling to enhance their understanding of ore-forming processes in
a hydrothermal context. For these reasons, specific details and extensive comparisons are
intentionally avoided in light of the vast body of experimental and thermodynamic data and
models for aqueous species and minerals. The literature references are kept to a reasonable
minimum to provide an inexperienced reader with a general overview without becoming
overwhelmed by the intricacies of thermodynamic analysis.

2. Key physical-chemical properties of ore-forming fluids in the crust

2.1. Chemical composition of hydrothermal fluids

Fluids are essentially aqueous on Earth, accounting for 1-2% of the total Earth’s crust
rock volume. Therefore, in a first approximation, one might assume that a hydrothermal fluid
moving through the largely dominating rock should closely match the rock elemental
composition. Table 1 reports typical element concentrations of hydrothermal fluids compared
to the corresponding Clarke values of the upper continental crust. The compositional data on
hydrothermal fluids stem either from direct fluid sampling in active geothermal areas or from
analyses of fluid inclusions that have been trapped by minerals (mostly quartz, but also topaz,
calcite, fluorite, or sphalerite) during ore formation. It can be seen that the element
concentrations in the fluids are both very different and much more variable compared to their
corresponding crustal values. For example, major elements such as Si, Al or Fe are by many
orders of magnitude depleted in the fluid phase compared to their average crustal abundance,
whereas volatile elements, such as C, S, halogens, B or As, are typically strongly enriched in
fluids versus common rocks. Alkali metals (Na and K), being almost in identical tenors in
crustal rocks, show spectacular fractionations in the fluids with Na/K ratios up to 10 times
greater than in the rock. The concentrations of base metals (Cu, Zn, Pb) in the fluid phase exhibit
orders-of-magnitude variations. These observations clearly demonstrate that the fluid phase
composition cannot simply be approximated by that of the rock with which the fluid interacts.
These interactions are fundamentally controlled by specific fluid-mineral chemical reactions
involving different molecular entities, called species or complexes, formed by chemical
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elements in the fluid phase. Their molecular composition and thermodynamic stability are
required to allow us to assess the role of fluids in geological processes. Our knowledge of these
parameters is highly variable among the different fluid types and is strongly temperature- and
pressure-dependent, as discussed in the following section.

2.2. State of knowledge of physical-chemistry of geological fluids and limits of applicability
of thermodynamic modeling for the fluid phase

Geological fluids operate in a wide range of temperatures (from 0 to ~1000 °C) and
depths (from Earth’s surface to 100 km down), over which the physical-chemical properties of
water and water-salt-gas systems and, consequently, their capacities to dissolve minerals and to
transport chemical elements are markedly disparate. The principal types of geological fluids are
illustrated in Figure 1 in the water phase diagram, showing the domains of the liquid, vapor,
and supercritical fluid phases as a function of temperatures (7) and pressures (P) typical of the
Earth’s crust. Although there is a continuity between all fluid types in 7-P-depth geological
space, our physical-chemical knowledge of the fluids is not continuous, and the available
experimental and theoretical approaches used for their study are not uniform. Understanding
the impact of these different fluid types on geological processes requires knowledge of the
solubility of minerals and the speciation and partitioning of chemical elements in the different
fluid and mineral phases. Our ability to numerically predict these parameters significantly
varies across the 7-P range, as illustrated by the three fields identified in Fig. 1. In the domain
of aqueous solutions at moderate temperatures (blue, labeled A), a large amount of data exists
on the identity and stability of the major metal complexes. Thermodynamic models based on
these data have been developed over >50 years for predicting ore mineral solubilities and fluid-
rock interactions (e.g., Brimhall and Crerar, 1987; Helgeson et al., 1981; Barnes, 1997; Wood
and Samson, 1998; Oelkers et al., 2009; Stefansson et al., 2013 to name a few). In contrast, it
is only in the last 10-20 years that new insights have been gained into the speciation and
transport of economic metals in low-density vapor phases typical of hydrothermal-magmatic
deposits (pink area, labeled B in Fig. 1). Nevertheless, our ability to numerically predict vapor-
phase metal transfers is still rather limited (see Liebscher and Heinrich, 2007; Pokrovski et al.,
2013a for a review). Similarly, our current knowledge is still insufficient in the domain of high-
pressure fluids typical of subduction zones (gray area, labeled C in Fig. 1). In this domain, large
uncertainties persist as to the quantitative estimation of the effect of the major ligands like
chloride, sulfur, carbon or silica on metal mobility (e.g., Manning, 2018). Recent extensions of
the thermodynamic models of the fluid phase (HKF, density model, see below) based on
experimental data enable nowadays reasonable predictions of solubility above 5 kbar for a
limited number of elements and minerals.

Because the density of the aqueous phase varies over several orders of magnitude across
the 7-P range of terrestrial processes, it is convenient to consider the different types of aqueous
fluid phases in terms of density. Indeed, the capacity of these fluid phases to carry and
fractionate chemical elements is primarily a function of temperature and fluid density. In this
chapter, I will use the term “fluid” for an aqueous, commonly salt-bearing, solution whose
density is greater than the water critical density (>0.3-0.4 g/cm?). This term implicitly includes
the “liquid phase” domain whose upper limit is commonly defined by the critical point of water
(374 °C and 221 bar). The term "vapor" is used here to refer to a volatile fluid phase produced
by magma degassing and/or fluid boiling over a wide 7 range (100-1000°C) and whose density
is less than the critical density of the given fluid composition. The vapor domain may in turn
be divided into two sub-types, which mostly differ from one another by their density: volcanic
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vapors and hydrothermal-magmatic vapors (Fig. 1). Typical density ranges at magmatic-
hydrothermal(-metamorphic) conditions on Earth are <0.001-0.4 g/cm? and 0.4-1.0 g/cm? for
vapor and liquid phases, respectively.

In this article, the focus will be on the liquid-like fluids delimited by domain (A), for
which more extensive and robust thermodynamic information is currently available than for
domains (B) and (C). Thermodynamic modeling of fluid-mineral reactions requires two key
things: first, knowledge of the chemical speciation of the dissolved elements in the fluid phase,
and second, numerical values for reaction constants. These requirements are discussed in the
following sections.

2.3. Chemical speciation of elements in the fluid phase

Chemical elements are dissolved in aqueous solution in the form of cations (positively
charged ions formed by most metals, e.g., Ag*, Fe?*, Zn?*, AI**) and anions (negatively charged
ions formed by non-metals, usually called ligands, e.g., CI, SO4>, HS"). The ions are all
hydrated to varying degrees by water molecules, which can be seen "directly" by some
spectroscopic methods (e.g., X-ray absorption or nuclear magnetic resonance spectroscopy).
For example, the Ag* cation is surrounded by four water molecules in its first-shell coordination
sphere, forming the Ag(H,0)," entity, with additional weakly bound H,O molecules in the
outer-sphere, while the Cl™ anion is more loosely solvated by H,O with a less clearly defined
coordination sphere. Both types of ions can associate with each other, usually by displacing a
water molecule from the Ag first coordination sphere and forming a direct chemical bond (Ag—
Ch

1Ag(H20)4Jr +Cl = AgCl(H20)3O + H,O (la)

Given that the water activity is approximately one in an aqueous fluid phase, this reaction may
be simplified for thermodynamic modeling purposes by omitting the water molecules

Ag' + ClI-= AgCI0 (1b)
g

Here, all reaction components are aqueous species, which should not be confused with gaseous
ions, which have different thermodynamic properties and reference states (see section 4 for
definition).

With increasing salt content in the fluid and raising temperature, such associates become
more abundant and more ligands may are bound to the cation (e.g., forming AgCl,™ and higher
order chloride complexes, AgCl;*>~ and AgClg*"). All cations, anions and their complexes are
present simultaneously in the aqueous fluid phase, but at different concentrations (or activities).
This property contrasts to a pure mineral phase (e.g., pyrite, sphalerite or hematite) whose
thermodynamic activity is either 1 or 0 and whose formation and disappearance in 7-P-
composition space is governed by the phase rule. The notion of activity makes the fundamental
physical-chemical difference between a pure phase and an aqueous species often misunderstood
by geologists. The total metal content in the fluid phase is always the sum of all species
concentrations:

SAgaq = Ag' + AgCl® + AgCly + AgCls> + AgClLy?- (1c)



Review article for Ore Geology Reviews, Revision1, final, clean, 25/12/2024

Other non-chloride species may be added to this total (e.g., hydrosulfides). However, among
the multitude of aqueous species for a given metal, all present simultaneously in the fluid phase,
there is usually one or a few that are dominant (i.e., most concentrated) at given 7-P conditions
and fluid composition, while all other species are often much less abundant. For example, in
the case of Ag, AgCl,” is the dominant complexes in most saline hydrothermal fluids at
temperatures above 200-300 °C while AgCl1° as well as AgCl3>~ and AgCly*~ are much less
abundant and the Ag"* cation itself is virtually negligible (e.g., Pokrovski et al., 2013b). As a
result, the latter four species can be safely neglected because their contribution to the total
amount of metal transported by the fluid would be very small.

What are the dominant complexes for a given metal in hydrothermal fluids? For
example, why are they chlorides for zinc or silver, but sulfides and polysulfides for gold and
platinum? Their nature is determined by two factors: 1) the chemical affinity of the metallic
element for a particular ligand, and ii) the abundance of the ligand itself in the fluid. Metal-
ligand affinities are fundamentally defined by the electronic structure of the complexing
elements. These affinities may be predicted using the so called soft-hard classification of
chemical elements (hard and soft acid and base theory, HSAB) appeared in chemistry in the
1960s (Pearson et al., 1963; Pearson, 1997 and references therein). While behind this theory
are numerical functions such as ionization potential, bond-dissociation energy and
electronegativity, the concept itself is simple and elegant. It is outlined below for a general
reader who is also referred to Crerar et al. (1985), Brimhall and Crerar (1987), Wood and
Samson (1988), and Barnes (1997) for more details and variations of presentation. According
to this concept illustrated in Fig. 2, metal cations (called acids) may be divided into three
categories. The first, shown in red, contains either small and strongly charged (Be**, B3*, Zr*,
Nb>") or big and easily ionizable (Cs*, Ba?") cations. They are termed “hard” because their
electronic clouds are hard to deform (or polarize) to be able to share electrons with ligands in a
chemical bond. These types of chemical bonds are called ionic and are provided by dominant
electrostatic attractions between the charged cation and anion spheres. The second category,
shown in blue, contains large, weakly charged and easily polarizable cations (e.g., Ag*, Au”,
Pt?"), with electronic clouds that can be easily deformed to allow sharing of electrons with a
ligand in a chemical bond. Such bonds are called covalent bonds. The third (intermediate or
often called borderline) category of metals is shown in yellow. Analogous three types also apply
to non-metals (or ligands, also called bases), with O>-, OH-, F~ and C*" (as carbonate COs>")
being hard, Br-, I, Te?~ — soft, and CI” — intermediate.

The basic rule is that a soft "loves" a soft and a hard "loves" a hard, i.e. hard metal
cations prefer to complex with hard ligands and soft metals with soft ligands. The degree of
hardness (or softness) also depends on the oxidation state of the element, with higher oxidation
states being harder. Sulfur is an excellent example of such a dualism as it forms both very soft
sulfide (S*) and very hard sulfate (S¢"). Similarly, arsenic and antimony in their highest
oxidation state of +5 as arsenates and antimonates (shown in the red upper right corner of their
respective cells in Fig. 2) form almost exclusively oxyhydroxides both in aqueous solution and
in the solid phase at the Earth’s surface. The most reduced formal states of —1 to —3 as arsenides
and antimonides (shown in blue in the lower left corner of their cells in Fig. 2) make these
elements soft ligands similar to sulfide. Finally, in their intermediate oxidation state of +3 (not
shown), both oxyhydroxide (hard) and sulfide (soft) complexes and minerals occur for As and
Sb in reduced sedimentary environments and geothermal systems. Although qualitative, this
classification not only elegantly explains the prevalence of the various complexes in aqueous
solution, but also reflects the general distribution of elements on Earth, since it is also applicable
to solid phases. Remarkably, the hard-soft classification strongly resembles the geochemical
classification of elements as lithophile (i.e. SiO,-loving and therefore hard), chalcophile (i.e.
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copper-loving meaning reduced sulfur-loving such as in the main copper ore chalcopyrite,
CuFeS,, and therefore soft), and siderophile (iron-loving and, therefore, intermediate). Thus, a
hard metal cation, such as La’* representative of the group of rare earth elements (REE), forms
the most stable complexes with the hardest ligand of the halogen group, F~, while a moderately
soft cation, Ag", forms the strongest complexes with I".

However, this does not mean that fluoride and iodide complexes, respectively, would
be the dominant types transporting REE and Ag by most hydrothermal fluids. Another
parameter — the ligand concentration itself — must be taken into account. In fact, fluorine is a
minor component of most hydrothermal fluids (Table 1) because of the poor solubility of its
solid phases, such as fluorite and apatite, and its much stronger affinity for silicate minerals and
melts than for aqueous fluids. Similarly, iodine concentrations in the fluids are usually
negligible due to its very low natural abundance (average I concentration in the upper
continental crust is only ~0.1 ppm; Rudnick and Gao, 2014). Consequently, neither F~ nor I
ligands are present in sufficient concentrations to complex La and Ag. As a result, for both
metals and their respective analogs, chloride complexes are largely dominant due to the simple
fact that CI™ is by far the most abundant ligand in various types of hydrothermal fluids.

Our current knowledge of the main complexes of different elements in typical
hydrothermal fluids is resumed in Table 2. The data presented are the result of a large number
of experimental (mostly solubility), in situ spectroscopic as well as theoretical studies, mostly
since the 1950s. This work has established the stoichiometry of the dominant metal complexes
and generated their stability constants over the hydrothermal 7-P range of aqueous liquid-like
fluids (blue area (A) in Fig. 1). For details on methods, complexation peculiarities, mechanisms
and coordination changes depending on the element, the reader is referred to the representative
publications listed in Table 2 as well as to detailed reviews and compilations (Baes and Mesmer,
1976; Brimhall and Crerar, 1987; Jolivet et al., 1994; Martell and Hancock, 1996; Barnes, 1997,
Wood and Samson, 1998; Kouzmanov and Pokrovski, 2012; Pokrovski et al., 2014, 2025;
Brugger et al., 2016; Migdisov et al., 2016).

Studies of chemical speciation in aqueous fluids at elevated temperatures and pressures,
benefiting from state-of-the-art approaches, appear regularly in the chemical and geochemical
literature (see also section 6). Our vision of the behavior of some elements is evolving and
becoming "sharper" with the continued development of experimental, analytical, spectroscopic,
and modeling approaches. Gold is a good example, for which at least 20 different sulfide,
chloride and hydroxide complexes have been proposed in hydrothermal fluids over >80 years
of research, of which only 3 have direct spectroscopic evidence along with robust and consistent
thermodynamic data sets (see compilations of Pokrovski et al., 2014, 2025). The current
situation for different groups of metals is the following. In typical hydrothermal fluids, most
metalloids (As, Sb, Si) dominantly form uncharged hydroxide complexes. The speciation of
transition and base metals (Fe, Cu, Ag, Zn, Pb) is largely dominated by chloride species. “Hard”
metals (Al, Zr, Nb, Ti, Cr) mostly form hydroxide complexes. For rare earth elements (REE),
chlorides and sulfates are likely to be most important while hydroxide and fluoride are generally
subordinate. “Soft” metals (Au, Pd, Pt) largely prefer hydrosulfide (HS") ligands, while their
chloride complexes may only be sufficiently abundant in highly acidic, saline and oxidized
high-temperature fluids. An additional strong ligand for these metals, the trisulfur radical ion
(S57), has recently been discovered in hydrothermal-magmatic fluids in which sulfate and
sulfide coexist (Pokrovski and Dubrovinsky, 2011; Pokrovski and Dubessy, 2015; Colin et al.,
2020; He et al., 2025). In addition to the exact stoichiometry of the complexes reported in Table
2, our ability to predict metal solubilities also depends on the robustness of the stability
constants for all these complexes. This parameter may be expressed in terms of the uncertainty
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associated with thermodynamic calculations of ore and gangue mineral solubilities within the
typical 7-P domain of hydrothermal fluids (<600 °C, <2 kbar). The solubility of the major solid
phases of metals and metalloids, such as As, Au, Ag, Si, Al, Cu, Zn, and Pb, in hydrothermal
fluids may reasonably be predicted within 0.5—1 log units. The equilibrium predictions are
much less precise for REE, which form different types of complexes depending on the fluid
composition, and even more importantly, a variety of silicate, oxide and fluoride solid phases
and solid solutions whose thermodynamic properties are poorly known, bringing additional
uncertainty on the true solubility-controlling phase. Modeling trace elements that do not usually
form their pure mineral phases but rather get incorporated into major-element sulfide, oxide or
silicate minerals in chemically bound states (e.g., invisible gold in pyrite and arsenopyrite; see
sections 4.1 and 6), is virtually non-existent because of the lack of a robust thermodynamic
framework for such substitutions. This is also the case of Ga, Ge or Cd with relatively well
known aqueous speciation (Table 2). Among the metals shown in Table 5, the “worst” situation
is probably for Mo, and its “little brother” (Re, not shown) whose complexes with major ligands
(such as Cl and S) are still very poorly known. The uncertainty of thermodynamic predictions
generally grows with increasing 7 and P. Note that a typical error of one decimal log unit,
inherent to the solubility of known metal complexes, can be considered a good precision given
the much larger variability of natural metal concentrations, which typically exhibit variations
of many orders of magnitude as analyzed in natural fluid inclusions (e.g., Yardley, 2005;
Kouzmanov and Pokrovski, 2012).

3. Fluid-mineral interactions in terms of dominant chemical reactions

Once we know for a given metal its dominant species and its stability constant in the
fluid phase, in many cases the solubility of the metal-bearing ore mineral can be quantitatively
evaluated by analyzing elementary chemical reactions, without the need for sophisticated
computer codes. Such an approach should be considered as the first step in interpreting fluid-
rock interactions. For example, in the case of gold in the majority of epithermal sulfur-bearing
fluids, the gold dissolution (or precipitation) controlling reaction is the following:

Au(HS); + 0.5 Hauq + H" = Augg) + 2 HySg) (2a)

where (s) denotes the Au-bearing solid phase (native metal), and all other reaction constituents
are aqueous species (aq) in the fluid phase. The equilibrium constant of this reaction, according
to the mass action law, 1s written as

_ a(st)2
~ a(Au(HS), ) x a(H,)"* x a(H")

(2b)

T,P

where «a is the thermodynamic activity of each indicated species equivalent to its concentration
(see section 4 for rigorous thermodynamic definitions). Note that Au) metal is omitted is this
equation because it is a pure phase whose activity is equal to one by definition. The fundamental
property of a thermodynamic equilibrium constant is that its value at given 7 and P is
independent of the system chemical composition. Therefore, identifying the dominant reaction,
along with knowledge of its thermodynamic constant value, allows direct quantification of Au
solubility as a function of the fluid H,S and H, concentrations and acidity (pH). These three
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parameters may either be directly obtained from sampled geothermal fluids (e.g., Hannington
etal., 2016; Simmons et al., 2016) or accessed in ancient deposits from fluid-inclusion analyses
(e.g., Kouzmanov and Pokrovski, 2012) and major mineral assemblages that act as redox or pH
buffers. For example, the hematite-magnetite assemblage, common in porphyry systems,
defines the value of oxygen fugacity, fo,, and consequently of fy,, via the following equilibria

FC304 (magnetite) +0.25 OZ(g) =1.5 FeZO3 (hematite) (3)
Hag) + 0.5 Oy = H2Oq) 4),

where logfo, = -4xlogK3, and logfy, = —logK, — 0.5xlogfo,. Similarly, the alkali-aluminosilicate

assemblage of quartz, potassic feldspar and muscovite, common for felsic rocks hosting
porphyry deposits, buffers the pH in equilibrium with a KCl-bearing fluid

1.5 KAISi;05 k-feldspar) + H" = 0.5 KAL3Si3010(OH)2 (muscovite) + 3 S102 (quary + K™ (5),
where the ratio a(K*)/a(H*) = logKs at given T-P and is independent of the fluid composition.

Table 3 reports typical values of aqueous H,S and H, concentrations and pH determined in
modern geothermal fluids and porphyry-epithermal Cu-Au-Mo deposits, of an average salinity
of 6 wt % NaCl equivalent. The resulting Au solubility in such a fluid can thus be calculated
directly from equation (2b) using the reaction K, values reported in the literature (e.g.,
Pokrovski et al., 2014), and the activities of H, and H,S approximated by their respective
concentration values. Note that such calculations must be made on the molality scale for
aqueous species concentrations (i.e. number of moles of the species per 1 kg of water, m)
because, by convention, all thermodynamic constants are related to this concentration scale (see
section 4). It can be seen in Table 3 that the calculated Au solubility values are well within the
range of natural Au concentrations reported for medium temperature (~300 °C) geothermal and
epithermal fluids. This agreement strongly supports both the validity of the thermodynamic
constant values for Au(HS), and the robustness of the elementary reaction approach for well-
constrained fluid compositions.

In contrast, calculations for higher 7-P porphyry fluids underestimate, up to 200 times,
Au concentrations as compared to direct analyses of fluid inclusions from such settings. This
discrepancy, in general, may be due to three potential issues, acting alone or in combination: 1)
poor knowledge of the reaction (2) constant value at such high 7-P conditions due to lack of
experimental data or imperfections of the thermodynamic models used for its estimation; ii)
poor assessment of the H,S, redox and pH values in the natural fluid; and iii) the predominance,
at these 7-P conditions, of Au-bearing species other than Au(HS),™. The quantitative assessment
of these issues, inherent in any thermodynamic modeling of fluid-rock interactions, should be
made on a case-by-case basis, as it is highly dependent on both the metal/reaction itself (see
Table 2) and the detailed geochemical context. For the present example of Au, it seems very
likely that reasons (i) and (ii) are subordinate, and reason (iii) is most important. Indeed, novel
stable Au-bearing complexes formed with the S5~ ion, such as Au(HS)S;™, have recently been
identified at such conditions (Pokrovski et al., 2015, 2022a, see section 5). They should
therefore be taken into account in the solubility calculations, in addition to reaction (2). More
generally, the modeler should be aware of the uncertainties intrinsic to the three issues above,
combined with the large magnitude of fluid composition variations in nature. For example, a
change of one order of magnitude in the H,S concentration alone would result in a
corresponding change of two orders of magnitude in the Au concentration, according to the
stoichiometry of reaction (2a). This is simply because a change in the concentration of one of
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the reaction components at equilibrium must be compensated for by an increase or decrease in
the Au(HS),™ concentration to keep the K, value constant (equation 2b).

As a result, equations (2a) and (2b) offer a straightforward assessment of the effect of
key fluid parameters on gold precipitation. Thus, a decrease in H,S concentrations (e.g., via
fluid boiling, interactions with FeO-bearing rocks, and/or oxidation by meteoric waters) would
favor Au precipitation, if the other parameters (i.e. redox, acidity) remain unchanged. Fluid
reduction (e.g., via interactions with organic carbon-bearing rocks) would increase H,
concentrations and shift reaction (2a) to the right, thereby leading to gold precipitation. Fluid
acidification (e.g., through hydrolysis of magmatic SO, to H,S and sulfuric acid — a process
common in porphyry systems, e.g., Fontbot¢ et al., 2017) would also favor gold precipitation
for the same reason. However, in many natural situations, a change of one parameter is
accompanied by concomitant changes of the other parameters. For example, boiling, which
results in H,S loss from the liquid phase and favors gold precipitation, is often accompanied by
a decrease in H; and an increase in pH, both of which favor gold dissolution. The resulting
effect on gold solubility is thus a fine interplay of all these parameters. Its quantitative
evaluation would require more advanced numerical modeling in multi-component systems than
is provided by the elementary reaction analysis above. The following section outlines the basics
of such modeling.

4. Thermodynamic modeling in multicomponent fluid-mineral systems

4.1. Fundamental thermodynamic relationships and functions

Thermodynamic equilibrium calculations in most systems of geological interest require
either the standard molar Gibbs energies for individual aqueous species, minerals or gases or,
alternatively, equilibrium reaction constants. The equations and associated coefficients that
describe these two fundamental variables as a function of 7 and P are stored in databases and
evaluated by computer codes that will be reviewed in section 4.2. Here we define and briefly
discuss fundamental thermodynamic relationships and equations for their practical use in
modeling studies.

The Gibbs energy of individual aqueous or gaseous species or solid phase is defined as

Grp= AGI.(?T’ p +RTIna; (for solid and aqueous species) (6)
Girp= AGST,P, +RTIn f; (for gases) (7)

where AG,-?T, p = standard molar Gibbs energy of i-th species, a; = activity (for aqueous or solid

species), f; = fugacity (for gaseous species), and In is natural logarithm (=2.3026 log;). The
standard states commonly adopted in geochemistry of fluid-rock-gas interactions are the
following (e.g., Oelkers et al., 2009): for solid phases — pure substance (a; = 1); for gases — pure
gas substance at 1 bar pressure and having an ideal-gas behavior (f; = P;x@;, with fugacity
coefficient @, = 1); for aqueous species — 1 molal (i.e. I mole per kg of H,O) solution whose
behavior is ideal (a@; = m;xy,, with activity coefficient y; = 1). For solid solutions, the
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activity/concentration units of solid-phase species or mineral end-members are conventionally
expressed as mole fraction (a; = x;<y;). Note also that, by convention, all thermodynamic
properties of the proton (H") in aqueous solution are equal to 0 at all 7 and P.

For the majority of geochemical purposes, the Debye-Hiickel (DH) electrostatic model
for activity coefficients of electrically charged aqueous species is commonly used (e.g.,
Helgeson et al., 1981):

logioyi = —A zANU/(1+B ¢ V) + b1+ T, (8)

where A and B are the DH electrostatic parameters; I is the effective molal ionic strength (I =
0.5 >z> m;); z; and d; are, respectively, the ionic charge and the distance of the closest approach
between ions; b is the extended DH parameter for electrolyte solutions depending of the
dominant salt (e.g., NaCl, KCI); T', is the mole fraction to molality conversion factor, I', =
logo(1+0.018m*), where m* is the sum of the molalities of all solute species. Note that the
validity of this equation extends to very high salinities at elevated temperature (e.g., up to as
much as 18 m NaCl at 7>300 °C; Zotov et al., 2018). For uncharged aqueous species, equation
(8) simplifies to

logioy; =T + b; 1 ©)

where b; is the empirical Setchenov coefficient, which is usually set at zero for neutral species
thereby yielding activity coefficients close to one. Other more elaborate, but limited in 7-P
range and element selection, activity coefficient models, such as the Pitzer model, are also used
to model mostly low-temperature brine-mineral interactions, typically in the context of
evaporite reservoirs and geologic CO, storage in salt rock formations. Many computer codes
offer a choice of activity coefficient models. Note, however, that in most applications to high-
temperature (= 300 °C) hydrothermal-magmatic contexts, the exact choice of activity
coefficient model has a relatively small impact compared to the uncertainties in the stability
constants (or standard Gibbs energy) for most aqueous species. (see Table 2).

The change of standard Gibbs energy of a reaction is related to the reaction equilibrium
constant as

AGPp =Y nxGly , ==23026RT xlog,, Ky , (10)

where R is the ideal gas constant = 8.314 J/(mol K), 7= temperature in Kelvin=7°C + 273.15,
n; 1s the stoichiometric coefficient of each reaction constituent, and K7p is the equilibrium
constant at given 7" and P of the generic reaction

wW+xX=yY+zZ (11)
ko Ux77 (12)
WWXXX

where W, X and Y, Z are activities of the reactants and the products, respectively, and w, x, and
v, z are their respective stoichiometric coefficients in the reaction. Note that both A,G° and K
depend on 7 and P, but do not depend of the system composition at given 7 and P. At
equilibrium, the total Gibbs energy of the system is minimal
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2G;rp— min (13)

Depending on the computer program, thermodynamic equilibrium calculation algorithms either
seek to minimize the total Gibbs energy of the system (equations 6 and 7) or solve the system
of reaction equations (equations 11 and 12), in both cases by finding an appropriate set of
species activities at equilibrium. Both algorithms apply mass and electrical charge balance
constraints (i.e. the masses of the chemical elements in the system are conserved and the
aqueous solution has an electrical charge of zero).

The major caveat of such calculations, often disregarded by many users of geochemical
computer codes, is the reliability of estimations of numerical K and G° values at elevated 7-P.
The variation of the standard Gibbs energy with 7 and P of any phase or species may be
obtained by integrating the heat capacity and volume functions over the 7-P interval:

1

T T P
Gl p =A,Gly (T =T)x Sy o+ [ Cp dT =T [(Cp{ IT) dT +[ V" dP (14)
Tr Tr Pr

where A,G, , = molar Gibbs energy of formation from the elements at the reference

temperature and pressure 7, and P,, which are 25°C (298.15 K) and 1 bar (=0.1 MPa),

respectively; SfTr .p = molar entropy of the i-th species at 7, and P,, and Cp! and V' =

respectively, molar isobaric heat capacity and volume of the i-th species. It follows from
equation (14) that knowledge of Cp? and V" as a function of T and P is required for accurate

1
calculations of the AG° values (or equilibrium constants). Note that another thermodynamic

function, the standard enthalpy, A H; ,, is a redundant variable in such calculations because

it is directly related to Gibbs energy and entropy as

AsGrp = ApHy = T<ASy (13)

where ArSg » 1s the standard entropy change of the reaction of formation of the i-th species

from elements in their stable states. As an example, the thermodynamic Gibbs energy and
enthalpy functions of formation for the Au(HS),™ aqueous complex are defined by the formal
reaction:

ALI(S) +1.5 Hz(g) +2 S(s,l) = AU(HS)[ +H* (16)

where the elements gold, hydrogen and sulfur are in their standard stable states, i.e. their
A,Gp p and A H?, , values are zero.

The thermodynamic models for aqueous species, gases and solid phases at elevated 7-
P mostly differ in the way they treat the Cp® and J° functions. As a result, in most
thermodynamic databases, the user will commonly find numerical values for the following
thermodynamic parameters: AG° (and/or AH), S°, Cp® and 7° at 25 °C and 1 bar and sets of
numerical 7-P independent coefficients that describe the change of Cp° and 7 values with
temperature and pressure (e.g., SUPCRT92 or SUPCRTBL databases). Alternatively, some
databases store log;(K (or InK) values of different reactions that cover the whole set of species
and minerals in the system as a function of temperature using a set of empirical regression
coefficients (e.g., PHREEQC or LLNL databases):
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10g10K=A1 + AxT+ A3/T+ A4X10g]0T+ 1&5/7—2 (17)

For most modeling applications in the hydrothermal(-magmatic/metamorphic) 7-P space
of shallow-to-middle crustal metal ore formation, the thermodynamic properties of pure
minerals and gases are much better constrained than those of aqueous species. For example,
ideal gas properties can reasonably approximate most gas-phase components up to pressures of
several kbar. Similarly, the mineral expansivity and compressibility (described by the volume
functions vs. T and P, e.g., in the SUPCRTBL or Perple X database, see below) can be
neglected to at least 10 kbar without introducing significant errors since their contribution to
the Gibbs energy is rather small and moreover is (partially) compensated by the simultaneous
increase in 7'and P. Major data sources and models of thermodynamic properties of solid phases
and gases can be found in seminal compilations of Naumov et al. (1974), Wagman et al. (1982),
Robie and Hemingway (1995), Chase et al. (1998) and Holland and Powell (2011).

Models for aqueous species are more sophisticated and more challenging. The most
widely used model to describe the thermodynamic properties of aqueous species at
hydrothermal conditions is the HKF model (named in honor to its developers — Helgeson,
Kirkham, Flowers; Helgeson et al., 1981), largely revised and extended in subsequent papers
of Helgeson’s group (e.g., Sverjensky et al., 1997, 2014) and incorporated in thermodynamic
databases, such as SUPCRT92 (Johnson et al., 1992) and SUPCRTBL (Zimmer et al., 2016).
This model applies to the majority of metal aqueous species cited in Table 2. Other, less
commonly used, models to describe thermodynamic properties of aqueous species or reaction
constants at elevated 7-P include the density model (e.g., Anderson et al., 1991; Zotov et al.,
2018), Ryzhenko-Bryzgalin (RB) model (Borisov and Shvarov, 1992; Tagirov and Seward,
2010; Shvarov, 2015), and Akinfiev-Diamond (AD) model (Akinfiev and Diamond, 2003).

In hydrothermal deposits, many trace elements, do not form their own pure solid phases
but incorporate major minerals in isomorphic substitutions, which can be approximated by solid
solution thermodynamic models. Generally, for an isostructural solid solution (4,8, ,) with
mixing on one site and with 4 and B as the end-members (e.g., (Zn,Cd)S, (Mo,Re)S,,
Fe(As,S),), its standard molar Gibbs energy at given 7 and P is expressed as

AG’(A.B,_ ) =xxAG’(A)+(1-x)xAG"(B)+AG.,,, + AGY. (18a)

where AG’(4)and AG°(B) are the standard molar Gibbs energies of the pure end-member 4
and B, x is the mole fraction of end-member 4; these two terms of equation (18a) correspond to
mechanical mixing of A and B. The mixing energy of the solution is composed of AG,,,, which
is a Gibbs energy of ideal chemical mixing of random distribution with no preferred energetics,
and AG) which is excess energy accounting for non-ideality of mixing (non-random

distribution of A and B in the site and specific chemical interactions). For the simplest case of
ideal mixing (1 site, 2 compounents)

AG[‘(;eal =RT(x,Inx,+(1-x,)In(1-x,)) (18b)
or more generally for i components
AGt%eal = Rszi In Xi (18C)

For multiple-site mixing (such as often in silicates) the equation becomes
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AGY.., =RTXm;2x;Inx, (18d),

where m; is the number of j sites and x;; is mole fraction of i in site j. The AGy,,, term is always
negative because 0<x;<1, making the solution stable compared to a mechanical mixture (see
Powell, 1976). The AG’. term can be negative or positive depending on the mixing energetics.

The reader can find in the literature different models for AG’. (and its composing entropy and

enthalpy terms analogous to equation 15) implemented in computer codes for specific non-ideal
systems (e.g., various regular and subregular solution models, Margules, Redlich-Kister and
other equations). For the major silicate and oxide minerals in the high-temperature magmatic
and metamorphic domains, these models were applied for both cationic (e.g., Na, K, Ca, Mg,
Fe, Mn, Ti) and anionic (Al, Si, OH, F, CI) sites (as detailed in Grover, 1976; Navrotsky, 1987;
Wood, 1987; Holland and Powell, 1998; to name a few). In contrast, such models are much less
developed for trace elements in hydrothermal sulfide or oxide ore minerals. As a result, in a

first approximation, ideal solid solutions with AG). = 0 (and a = x in equation (6)) can be

adopted for minor element substitutions in sulfides and oxides. This approach has been used,
for example, to calculate metal concentrations in the fluid in equilibrium with their solid
solution mineral phase, such as Ge in quartz (Pokrovski and Schott, 1998) or Cd in sphalerite

(Bazarkina et al., 2010). Non-ideal solid-solution models (with AG.. = 0, and therefore a = x)

based on experimental or theoretical data were proposed for Au and Ag in electrum
(Pal’yanova, 2008) and for As in arsenian pyrite (Xing et al., 2019). The solid-solution models
above require knowledge of Gibbs energy of the end-member phases. In many cases, however,
the corresponding trace element end-member phase is unstable, poorly known or of different
stoichiometry from the major-element end-member. This is the case, for example, of Ge'Y or
In'! in sphalerite or Au' in arsenian pyrite whose incorporation occurs via charge compensation,
structural vacancies or special coordination environments that differ from the stoichiometry of
the major element end-member. The thermodynamic description of such types of substitution
requires knowledge of the exact metal speciation and solubility in the solid phase that can be
obtained by combining spectroscopic analyses, molecular simulations, and fluid-mineral
partitioning measurements (e.g., Pokrovski et al., 2021a; Liu et al., 2023) — approaches that are
still in their infancy.

More detailed account of the thermodynamic equations of state for minerals, gases and
aqueous species is beyond the scope of this introductory article and can be found in extended
reviews (e.g., Navrotsky, 1987; Oelkers et al., 2009; Stefansson et al., 2013) and seminal books
(e.g., Garrels and Christ, 1965; Fraser, 1976; Wood and Fraser, 1977; Anderson, 2005).

4.2. Thermodynamic databases and computer codes

Thermodynamic functions for aqueous and gaseous species and solid phases can
nowadays be accessed from thermodynamic databases (e.g., SUPCRT, SUPCRTBL, MINTEQ,
LLNL). These databases are integrated in computer codes allowing thermodynamic equilibrium
calculations in multicomponent fluid-mineral-gas systems at elevated temperatures and
pressures (e.g., EQ3/6, CHESS, HCh, PHREEQC, GEM, GWB). Detailed account of the
existing databases, associated software, and advantages and limitations of the thermodynamic
models for aqueous species and minerals may be found in Oelkers et al. (2009) and Pokrovski
et al. (2025). Table 4 lists non-exhaustively the most frequently used databases and computer
codes for modeling fluid-mineral(-gas) interactions in the systems of geochemical interest. The
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use of one or another code is mostly a matter of habit, accessibility (different computer
platforms or licensing), and the 7-P range covered by calculations, as well as the choice of
elements, species, and solid phases. For example, the MINTEQ and PHREEQC codes and their
original databases were suitable for relatively low-temperature calculations (<300 °C). In
contrast, the EQ3/6, HCh and GEM programs allow mineral-fluid equilibrium calculations up
to high-temperature magmatic and high-pressure metamorphic conditions by combining HKF-
model revised and improved databases (e.g., Huang and Sverjensky, 2019). Perple X is
primarily designed for modeling mineral phase diagrams under metamorphic conditions and
includes a large set of silicate mineral solid solutions, but offers a limited selection of aqueous
species. To enable a more detailed assessment of the solubility speciation in metamorphic
systems while preserving the accuracy of mineral composition predictions by Perple X, it can
be complemented by codes such as HCh offering a flexibility of fluid-phase models and a large
choice of aqueous species (e.g., He et al., 2024). Modern computer tools make it possible to
link or exchange databases to allow equilibrium calculations, e.g. by the PHREEQC code using
the SUPCRTBL thermodynamic database, greatly extending the 7-P range of the original
software (e.g., Hang et al., 2020). Whatever the exact computer code, its general structure is
quite similar, as shown in Figure 3. Each calculation requires the preparation of a set of input
files describing the composition of the system to be modeled in terms of 1) minerals and species
(and gases) to be considered, ii) the initial system solid phase and fluid chemical constituents
and their amounts and concentrations and, eventually, 1i1) a description of the 7-P path, mixing
scheme, variation in fluid/rock ratio or other instructions. The format of those files may vary
from one code to another. Once these files are created, they are used by the code, along with
standard Gibbs energies or reaction constants calculated from the associated thermodynamic
databases, to find the composition of the equilibrium system at each programmed step. This
search is made either using Gibbs energy minimization algorithms that search for the minimum
of the sum of Gibbs energies of all species and phases by varying their activities (equations 6,
7 and 13) or by solving the system of equations (similar to equation 12). In both cases, mass
and electrical charge balance are two additional fundamental constraints. The resulting output
is a list of thermodynamically stable minerals with their respective amounts, and gas and
aqueous species with their corresponding partial pressures and concentrations at equilibrium.
Some codes also offer easy-to-use graphical interfaces that allow plots of species distribution
or solid-phase equilibrium diagrams (e.g., GWB, Perple X), while others provide easy-to-use
digital text or Excel output files (e.g., HCh). Modern codes enable the passing of instructions
defining a 7-P path, mixing schemes of different reservoirs. Such options greatly facilitate
calculations as a function of 7 and P, and the fluid/rock ratio. Other options offer a possibility
of programming different steps in the system evolution, e.g., first by equilibrating a fluid with
a rock and then allowing the fluid separation and subsequent evolution. They also allow
modeling of progressive fluid-rock interactions by the so-called flow-through reaction
technique, in which an aqueous solution percolates through a rock defined by a series of reactors
of variable bulk composition, defined in terms of pre-reacted rock and solution (e.g., Shvarov
and Bastrakov, 1999). Examples of such types of modeling of fluid evolution in metamorphic
and sea-floor hydrothermal settings can be found in Zhong et al. (2015), Petrella et al. (2021)
or Hurtig et al. (2024). Since pioneering work in the 1990s (e.g., Steefel and Lasaga, 1994),
there is nowadays a growing body of studies of reactive transport calculations applied to
hydrothermal deposits that integrate, along with the thermochemistry aspects discussed above,
reaction rate constants for major silicate minerals with fluid flow physical parameters, to enable
modeling of ore deposition in space and time (e.g., Chang et al., 2024; references therein).

4.3. Examples of modeling related to ore deposit formation
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The thermodynamic modeling approaches for fluid-rock interactions outlined above
have been applied to a number of general and specific cases of ore deposit formation in various
hydrothermal-metamorphic-sedimentary contexts. These include geothermal settings (e.g.,
Simmons et al., 2016; Stefansson et al., 2016), deep-sea hydrothermal systems (Melekestseva
et al., 2017; Hurtig et al., 2024), porphyry-epithermal deposits (e.g., Heinrich, 2005;
Kouzmanov and Pokrovski, 2012; Pokrovski et al., 2015; Chang et al., 2024), sedimentary-
basin hosted deposits (e.g., Barré et al., 2017; Vallance et al., 2024), and orogenic gold deposits
(e.g., Rauchenstein-Martinek et al., 2014; Zhong et al., 2015; Petrella et al., 2021) to name a
few. Two examples of the capabilities and research impact of the method are briefly discussed
below, with a focus on gold deposits.

Porphyry-epithermal deposits. Figure 4 shows an example of thermodynamic modeling
of magmatic fluid evolution in a typical context of porphyry-epithermal Cu-Au(-Mo) deposits.
These settings are particularly amenable to such modeling because of the extensive geological
and mineralogical knowledge of these systems and the abundance of fluid inclusion data that
allow the modeler to place robust constraints on the initial fluid composition and its 7-P
evolutionary path (e.g., Heinrich, 2005). Chemical equilibrium calculations shown in Fig. 4
simulate the cooling of a sulfur- and Cu-Fe-Au-bearing magmatic fluid along a typical 7-P
gradient in equilibrium with aluminosilicate rocks. First, these calculations quantitatively
confirm the common mineral associations and precipitation sequences of the major sulfide and
oxide copper and iron ore minerals observed in porphyry settings. In addition, they allow
quantitative estimation of changes in Cu, Fe, and Au contents of the fluid upon cooling, greatly
aiding in the interpretation of natural fluid inclusion data (Kouzmanov and Pokrovski, 2012).
The general results of the modeling is to demonstrate that cooling of a magmatic metal- and
sulfur-bearing fluid is the main cause of Cu and Fe precipitation. A more specific result is to
highlight the role played by the recently discovered sulfur aqueous species — trisulfur radical
ion (S;*7) — in complexing and transporting gold in the fluid phase. Indeed, calculations show
that most Au in S-rich porphyry fluids at temperatures above 400 °C is transported as the
Au(HS)S;~ complex. Its predicted concentrations in equilibrium with metallic gold at such
conditions are in excellent agreement with Au contents measured in fluid inclusions (up to 10
ppm Au; Table 3). In contrast, the concentrations of traditional Au hydrosulfide and chloride
complexes are 10 to 100 times lower. These results, which can only be achieved by numerical
modeling, imply that the S;*~ ion is a key player in the process of Au extraction from hydrous
sulfur-rich magmas in arc settings (Pokrovski et al., 2015; He et al., 2024). It is only in the
epithermal environment, below ~300 °C, that the “traditional” hydrosulfide complex,
Au(HS),, takes over from Au(HS)S;™ in the transport of gold (Fig. 4). Overall, the modeling
demonstrates that the capacities to transport gold by S-rich sulfide-sulfate(or SO,) bearing
fluids at circa-neutral pH buffered by felsic rocks, are very high over a large temperature range.
Note that the currently available thermodynamic datasets and models allow achieving such
degree of detail in modeling of fluid-rock interactions only for liquid-like fluids with densities
above ~0.4 g/cm?® (Fig. 1 and section 2.2). Vapor-like fluids in porphyry settings, which are
either produced by direct magma degassing at shallow levels or by unmixing of supercritical
saline fluids upon their cooling and decompression (e.g., Heinrich et al., 1992; Sillitoe, 2010),
are not yet amenable to a similar degree of quantification for most metals for the two reasons
often ignored by geologists practicing thermodynamic modeling using available computer
codes. First, the metal speciation in such low-density phases is fundamentally different from
that in the liquid and is much poorer known, resulting in a lack of well-constrained vapor-phase
species stoichiometries and thermodynamic functions. Second, the widely-used thermodynamic
models for aqueous species (such as HKF) are not applicable to such low densities and may
lead to large errors and, sometimes, unphysical speciation for both sulfur and metals. Semi-
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quantitative estimations of bulk Au, Cu and Fe partitioning between shallow-depth silicate
melts and magmatic vapors or between brine and vapor phases can be made on the basis of
experimentally measured partition coefficients for metals and empirical density and hydration
models proposed (e.g., Pokrovski et al., 2013a for a review).

Sediment-hosted hydrothermal deposits. Another example, shown in Figure 5, illustrates
fluid interactions with organic-bearing sedimentary rocks leading to the formation of sediment-
hosted gold and associated metal ore deposits. Gold in sediment- and metamorphic rock-hosted
deposits is frequently associated with organic matter or its metamorphosed products such as
pyrobutimen or graphite (C,g). Organic matter has generally been thought to play a major role
in scavenging gold from the fluid (e.g., Robb and Meyer, 1995). Indeed, dissolution of organic
carbon, because of its reducing nature, should increase the activity of H, in the fluid. This
increase should shift the equilibrium of reaction (2a) to the right favoring gold precipitation.
However, the reactions of an aqueous fluid with organic matter are also accompanied by
changes in other reaction (2a) components, such as H,S and H*. Consequently, the resulting
effect on Au solubility can only be quantified by multi-component chemical equilibrium
simulations. In Fig. 5, an oxidized, moderately saline and sulfate-bearing fluid of magmatic
origin, carries Au, As and Fe in concentrations as commonly found in fluid inclusions from
epithermal high-sulfidation Cu-Au deposits (1, 100 and 1000 ppm, respectively, Kouzmanov
and Pokrovski, 2012). Such fluids are often acidic due to the hydrolysis of magmatic SO, to
sulfuric acid (e.g., Heinrich, 2005) and a lack of reactive alkali aluminosilicate rocks or
carbonates that could buffer the fluid pH in the context of the selected sandstone-dominated
sedimentary environment (Vallance et al., 2024). This fluid interacts, at typical 7-P conditions
of 300 °C and 500 bar, with a C,-bearing sandstone, at increasing content of organic carbon
(approximated by a C/H ratio of 1, see details in the Fig. 5 caption). The fluid is saturated with
metallic gold and pyrite through the whole interaction process to allow direct estimation of the
fluid transporting capacity for Au, Fe and S. In addition to the ability to model precipitation and
dissolution of pure minerals (as in Fig. 4), arsenic incorporation in pyrite as a solid solution
with sulfur, Fe(S,As),, can also be quantified using a recent thermodynamic model for arsenian
pyrite solid solution (Xing et al., 2019). It can be seen in Fig. 5a that the fluid interaction with
Corg results in contrasting behavior of the three metals. Iron concentrations drop by as much as
8 orders of magnitude in the presence of low C,, levels in the rock (<2 mol %). Arsenic
concentrations remain constant in the fluid, and only a small fraction is incorporated into pyrite
at tenors of few ppm As. It is only when the aqueous sulfate is nearly consumed by reduction
with organic carbon (C,, in rock >3 mol %) that arsenic is incorporated into pyrite in amounts
comparable to the naturally observed levels (1000s ppm As) found in many epithermal and low-
grade metamorphic deposits characterized by the ubiquitous presence of arsenian pyrite (e.g.,
Reich et al., 2005). In contrast, gold shows a spectacular increase in solubility, reaching several
100s ppm Au at carbon contents in the system comparable to that of sulfur (at Cyy >2-3 mol
%), followed by a slight decrease (to 10s ppm Au) when approaching graphite saturation. These
contrasting changes are fundamentally driven by the concomitant evolution of pH and redox of
the sulfate-bearing fluid, which are controlled by thermochemical sulfate reduction (TSR)
reactions:

SO427 + CH4(aq) +2H = HzS(aq) + COz(aq) +2 HzO(]) (19)
CHyaq) T 2 Ox(g) = COxaq) t+ 2 HyOy (20)

It follows from these reactions, and the more detailed quantitative evolution of its constituent
concentrations shown in Fig. 5b,c, that the increase in pH and H,S during the TSR has a much
stronger effect on Au solubility as controlled by reaction (2a) than the decrease in O, (equivalent
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to increase in Hy, reaction (4)). The overall effect of these changes results in strongly promoting
Au solubility rather than its precipitation. This finding of a positive effect of Co, on Au
transport, which could only be obtained by numerical modeling, challenges the old paradigm
that organic matter exclusively plays a scavenger role for Au, owing to a generally reducing
nature of C,,. The model shown in Fig. 5 has recently been used in combination with
geochemical, mineralogical and structural geology approaches, to interpret Au transport and
accumulation in an ancient petroleum basin in a case study of the Shahuindo gold epithermal
deposit hosted within the Marafidn fold and thrust belt of northern Peru (Vallance et al., 2024;
Galdos et al., 2024). Given the ubiquity of graphite and arsenian pyrite in many sediment-hosted
gold deposits, the great potential of thermodynamic modeling demonstrated here should be
exploited for many other deposits worldwide.

5. Caveats and limitations of the thermodynamic modeling approach

It has been shown in this overview that the thermodynamic modeling approach for fluid-
rock interactions can be a valuable complement to traditional methods in the domain of
georessources. It can serve case studies in a given ore deposit context as well as the more
general understanding of physical-chemical phenomena of fluid-rock interactions and major
factors of ore deposit formation inaccessible by experimental or naturalistic approaches alone.
However, it has its own specific limitations and caveats that are briefly outlined as follows.

The major caveat when applying this approach to a given natural setting is to know the
composition and 7-P path of the system; this knowledge may be greatly variable from one case
to another and for different ore deposit types. Therefore, detailed geodynamic, mineralogical,
geochemical and fluid-inclusion information should be acquired before attempting such a
modeling.

The second major caveat is the degree of completeness when defining the physical-
chemical system to be modeled. For example, omission, in the system description input files or
default databases, of important minerals such as pyrite might simply lead to unrealistic
equilibrium mineral associations, such as pyrrhotite and hematite or formation of unphysically
sulfur-rich fluids, to satisfy sulfur and iron mass balance in the program. Similarly,
omission/absence of major charge-bearing species to be included in the fluid, such as Na*, K*
and CI, would force the program to seek to satisty the electrical charge and mass balance at
equilibrium by artificially increasing activities of nominally minor species (e.g., metal cations),
changing significantly the fluid pH or precipitating naturally unrealistic Na-bearing minerals.

For minor and trace metals that contribute little to the system mass balance, omitting
their dominant aqueous complexes, such as Au(HS)S;™ or CuCl,  (see Table 2 for the major
species), would lead to significant underestimation of dissolved metal content in the fluid at
equilibrium (e.g., Fig. 4). Conversely, inclusion of complexes without molecular or
spectroscopic evidence and well constrained thermodynamic properties can lead to large
overestimates of metal concentrations. For example, using the HKF parameters of the
tetrasulfide Au complex Au(HS)(H,S);° (Loucks and Mavrogenes, 1999), would yield gold
solubilities of ~10* times higher than those predicted in Table 2 or found in natural fluid
inclusions from high-sulfidation epithermal deposits. Another appealing example is platinum
and palladium (and other PGE) whose solubility predictions in hydrothermal fluids use default
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databases such as SUPCRT92 or SUPCRTBL that include only hydroxide, sulfate and chloride
species. Such default calculations return unphysically small Pt and Pd solubilities (less than 1
atom per kg of fluid) in typical epithermal fluids. This is because they disregard the key
hydrosulfide and trisulfur ion complexes whose stability was constrained in recent work (e.g.,
Filimonova et al., 2021; Pokrovski et al., 2021b, Laskar et al., 2022, 2025; references therein).
Indeed, inclusion of these sulfur complexes yields Pt and Pd solubilities of ppb-to-ppm levels,
in line with multiple instances of PGE remobilization and concentration in hydrothermal
settings.

As discussed in section 2.2, the degree of robustness of the thermodynamic data for such
species and the extent of the 7-P range over which the data can be extrapolated with confidence
are the major contributions to the uncertainties of metal solubility estimates. Therefore, care
should be taken particularly when using default databases often supplied with the programs
listed in Table 4, or tentative sets of HKF parameters from certain studies (e.g., see Pokrovski
et al., 2024). For example, if equilibrium calculations for typical hydrothermal fluids as such
those listed in Table 1 return dominant metal species other than those listed in Table 2, the
original thermodynamic data source should be carefully re-considered. This is, however, not an
easy exercise because many thermodynamic databases do not directly report original data
sources, in the best case just referring to previous thermodynamic compilations. The modeler
has therefore to dig into the literature to find the original experimental or theoretical papers
reporting thermodynamic properties for the aqueous species in question at elevated
temperatures and pressures, and to incorporate them in the right form depending on the
thermodynamic code (e.g., K or G° values, HKF coefficients).

Finally, if even with the current metal species data set, the calculated concentrations are
still significantly (i.e. several log units) lower than natural fluid inclusion analyses, the user
should first revise the initial conditions and the assumed concentrations of the key fluid
components contributing to mineral solubility (e.g., redox, H,S, pH, see reaction (2a,b)). If the
agreement with nature is still insufficient, it is possible that other, as yet unknown, species
dominate the metal speciation under the modeled conditions. For example, this was likely the
case for molybdenum whose published stability constants of oxyhydroxide and oxysulfide
complexes invoked in few existing studies (e.g., HM0oO4~, NaHMo00,4°, M0O,S,>") were largely
insufficient to account for the high Mo concentrations analyzed in fluid inclusions from
porphyry-epithermal systems (Kouzmanov and Pokrovski, 2012). Thus, other as yet unknown
Mo species are likely to control molybdenum transport under these conditions. The generation
of their thermodynamic parameters requires new experimental data.

Thus, the modeling of fluid-rock interactions for mineral resource studies is not an
isolated approach. Rather, it is a continuous back-and-forth between computational results and
what is observed in a given natural context, by re-adjusting the choice of initial system
composition and solubility controlling parameters, and re-examining thermodynamic data
sources for species and minerals. Other current major limitations of the fluid-rock modeling
that include extending the 7-P-density space (Fig. 1), acquiring new thermodynamic data (Table
2), understanding speciation of trace elements in major minerals, and linking chemical
speciation with fluid flow physics, are briefly outlined below.

6. Perspectives and challenges
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A major challenge in our modeling of geological fluids across the crustal 7-P conditions
is to develop a common framework of physical-chemical equations of state enabling predictions
of thermodynamic properties of aqueous species from aqueous solutions to hypersaline brines
and low-density vapor phases (Fig. 1). At present, there is a gap in our ability to predict metal
behavior in multi-phase systems between, on the one hand, the liquid or relatively dense
supercritical fluid phase (o > 0.4-0.5 g/cm?) for which robust thermodynamic models (e.g.,
HKF or density model) are available and, on the other hand, the low-density under-saturated
vapor (p<0.01 g/cm?) for which ideal gas thermodynamics may be applied with good accuracy.
In between, lies a large domain of hydrothermal-magmatic vapors of intermediate density
(<0.1-0.4 g/cm?) in which metal speciation is still poorly known. Models applicable to this
domain (e.g., hydration, density model) require far more extensive experimental data to reach
an accuracy comparable to what we presently have for a higher density solution (HKF model)
or a very low density gas phase (ideal gas anhydrous species equilibria). Some promising
models for the vapor-liquid interface have been proposed (e.g., Akinfiev and Diamond, 2003),
but they still lack the experimental data necessary for their parameterization. Another type of
geological fluids, termed mixed H,O-CO,, typical of deep metamorphic contexts, has received
little attention from thermodynamic modeling (e.g., Newton and Manning, 2009; Manning et
al., 2013). HKF-based approaches that take into account the change of aqueous fluid dielectric
constant in the presence of CO, have provided recent advances in modeling of metamorphic
gold deposit formation (e.g., Kokh et al., 2017). However, for many metals, they still rely
heavily on knowing the exact aqueous species involved. Similarly, recent estimates of the
dielectric constant of water in the high 7-P region of subduction zone fluids have recently
allowed the computational capabilities of the traditional HKF model to be extended to pressures
of several tens of kbars (e.g., Sverjensky et al., 2014; Huang and Sverjensky, 2019). However,
experimental data on the speciation of most economic metals under such conditions are urgently
needed to validate such predictions and to assess their uncertainties. Finally, linking
thermodynamic equilibrium models of silicate melts to those of aqueous fluids is a formidable
challenge, both from the point of view of thermodynamic concepts that differ between melts
and fluids, and from the point of view of software algorithms and databases (e.g., Dingwell et
al., 2022).

In the 2000s, molecular modeling approaches based on density functional theory (DFT),
such as static quantum chemistry and first-principles molecular dynamics (FPMD), have
provided insights into the atomic structure and hydration energy of ore-metal complexes (e.g.,
Au, Cu, Ag, Zn, Cd, Sb, Pt), helping to interpret spectroscopic and solubility data and to choose
among possible speciation models to describe experimental data (e.g., Brugger et al., 2016;
Pokrovski et al., 2013b, 2022a). In principle, modern FPMD methods enable calculations of
Gibbs energies of complexation reactions for relatively simple metal complexes at virtually any
temperature and pressure (e.g., Mei et al., 2014; Laskar et al., 2022; and numerous references
therein). Although the realistic uncertainties associated with such calculations are still much
greater than those from direct experimental measurements (where available), the situation is
rapidly improving with advances in the computational power of molecular modeling, for which
one of the main limitations is the prohibitively long duration of simulations. In the meantime,
acquiring new experimental data (solubility and speciation) for aqueous complexes of many
critical elements in hydrothermal fluids (e.g., Mo, Re, W, PGE, Co, In, Sc, Nb, Ta) remains the
primary necessity to be able to integrate them in models of hydrothermal fluid-rock interactions.

Many economically valuable trace elements, however, do not commonly form their own
mineral phases. Instead, they are hosted by major sulfide, oxide or silicate minerals (e.g., pyrite,
chalcopyrite, magnetite, micas, serpentines) as isomorphic substitutions or complexes, clusters
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and nanophases in the crystallographic structure and its defects. Therefore, there is a large
unexplored domain of computational geochemistry of trace elements that awaits
thermodynamic and kinetic information on their incorporation mechanisms, partition
coefficients, and chemical and redox speciation in major minerals under hydrothermal
conditions. The situation contrasts with the environmental geochemistry domain where large
databases of trace metal speciation and sorption properties on the surfaces of major mineral
phases are available (e.g., Stumm and Morgan, 1996), and with the magmatic and metamorphic
petrology domain that widely uses solid solution models for a large range of lithophile elements
in silicate minerals. Only few analogous models are currently operational for hydrothermal
sulfide minerals. For example, it is only recently that a model of arsenic incorporation in
arsenian pyrite could be integrated into existing thermodynamic codes (such as HCh, Xing et
al., 2019; Fig. 5). A combination of hydrothermal experiments and high-resolution
spectroscopy allowed the understanding of arsenic-controlled gold substitution mechanisms in
pyrite and arsenopyrite in terms of gold-arsenic-sulfur sites formed in the mineral structure
(AuAs,Se_,). These data have been placed into a quantitative thermodynamic framework, for
the first time, in terms of equilibrium constant values of a reaction between gold species in the
fluid and mineral (Pokrovski et al., 2021a). Analogous thermodynamic models are eagerly
awaited for many economically critical trace elements (e.g., PGE, Ge, Ga, In, Tl, Te, Co) for
which pyrite and other major iron, zinc and copper sulfarsenides are the principal hosts in
hydrothermal deposits.

Another advance of the beginning of the 21" century is the growing application of
physical hydrology approaches based on heat distribution, fluid flow models and permeability
changes. Such approaches have allowed integrated reactive transport modeling of fluid paths,
pressure and temperature evolution, unmixing and boiling, and three-dimensional ore
distribution and shape (e.g., Ingebritsen and Appold, 2012; Weis et al., 2012; Stoltnow et al.,
2023). However, the chemistry of fluid-rock interactions, mineral solubility, and chemical
element speciation in the fluid and vapor phases are not yet quantitatively and systematically
considered in these physical models, especially for economic metals. The integration of both
chemistry and physics into the same conceptual model would thus be another major challenge
for theoretical geochemistry and would contribute to our fundamental understanding of the role
of fluid phases in ore deposit formation as well as to improving ore exploration and extraction.
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Figure captions

Figure 1. High-temperature part of the water phase diagram showing the domains of the different
aqueous phases (liquid, vapor sensu stricto, and supercritical fluid) and three major types of geological
fluids, labelled (A), (B) and (C) according to their 7-P-density parameters and the degree of our
knowledge of chemical speciation, solubility and thermodynamic properties as discussed in section 2.2.
Gray lines indicate selected isochores of pure water (i.e. lines of equal density) labelled by the
corresponding density values in g/cm3. The domain boundaries are imaginary and roughly guided by the
practical applicability of the HKF equation of state for most aqueous species for domain (A). The
asymmetrical shape of domain (A) and the 0.4 and 0.7 isochores break is due to the Y-axis scale break
at 500 bar.

Figure 2. Hard-soft classification of chemical elements in their geochemically common oxidation states.

Figure 3. General scheme of a computer code for thermodynamic modeling of fluid-rock-gas equilibria.

Figure 4. Example of thermodynamic modeling of fluid evolution in a generic context of porphyry-
epithermal Cu-Au(-Mo) deposits (modified from Pokrovski et al. 2015). An initial magmatic fluid has the
following typical composition as inferred from fluid inclusions and geochemical studies: 10 wt % NaCl
equivalent, 2 wt % S, H,S:SO, mole ratio = 1, 0.75 wt % Fe as FeCl,, 0.30 wt % Cu as CuCl. The fluid,
degassed from magma at 700 °C and 1.5 kbar, cools and decompresses in the liquid-phase domain in
equilibrium with native Au and alkali aluminosilicate rocks (quartz-muscovite-potassic feldspar
assemblage, pH of 5-6 at all temperatures), according to a common scenario of fluid evolution in a
porphyry-epithermal setting (see Kouzmanov and Pokrovski, 2012 for more details). Curves show the
concentrations of the indicated sulfur forms (in ppm S), Au total solubility (XAu, red curve), which is the
sum of the major dihydrosulfide and subordinate monohydrosulfide and dichloride complexes (green
curve) and the Au(HS)S;~ complex (pink curve), and total Fe and Cu solubility (ZFe and XCu as
dominantly chloride complexes; Table 2). Gray horizontal bars delimit the temperature range of the
stability of the indicated minerals (Py = pyrite, Mag = magnetite, Bn = bornite, and Ccp = chalcopyrite)
that precipitate on fluid cooling.

Figure 5. Example of thermodynamic modeling of fluid-rock interactions in the context of a gold
sediment-hosted deposit (Shahuindo, northern Peru, described in Vallance et al., 2024). The following
scenario is considered: an aqueous magmatic-derived S-Au-As-Fe bearing fluid of high-sulfidation type
(sulfate-dominated, fo, > that of the hematite-magnetite buffer, HM) percolates through an hydrocarbon-
bearing sandstone rock (represented by a C:H = 1 stoichiometry). The fluid is of moderate-salinity and
acidic (7 wt % NaCl equivalent; 1 m NaCl + 0.1 m KCI1 + 0.05 HCI, pH = 2.5), bearing 100 ppm of As
and saturated with pyrite and metallic gold. The fluid reacts at 300 °C, 500 bar with a hydrocarbon-
bearing shale at a mass fluid/rock ratio of 1:1 as a function of CH content in the rock. (a) Concentrations
of total dissolved Au (Au(HS),” + Au(HS)S5"), Fe (FeCl, + FeCls?), and As (as As(OH);) in the fluid
and of As in arsenian pyrite (as Fe(As,S), solid solution), as a function of the rock carbon content.
Corresponding evolution of the fluid-phase concentrations (molality) of the sum of sulfide (H,S + HS-
+ NaHS"), sulfate (SO,*> + HSO,~ + NaHSO,° + NaSO,") and carbonate (CO, + HCOs~ + COs*") types
of species, S5~ ion, dissolved hydrogen and methane (b), and fluid pH and fo,, relative to the HM buffer
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(c). Remarkably, organic matter promotes, rather than limits, gold transport by the fluid through organic
carbon bearing sedimentary or metamorphic rock lithologies.
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Figure 1. High-temperature part of the water phase diagram showing the domains of the different
aqueous phases (liquid, vapor sensu stricto, and supercritical fluid) and three major types of geological
fluids, labelled (A), (B) and (C) according to their 7-P-density parameters and the degree of our
knowledge of chemical speciation, solubility and thermodynamic properties as discussed in section 2.2.
Gray lines indicate selected isochores of pure water (i.e. lines of equal density) labelled by the
corresponding density values in g/cm?3. The domain boundaries are imaginary and roughly guided by the
practical applicability of the HKF equation of state for most aqueous species for domain (A). The
asymmetrical shape of domain (A) and the 0.4 and 0.7 isochores break is due to the Y-axis scale break

at 500 bar.
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borderline

Figure 2. Hard-soft classification of chemical elements in their geochemically common oxidation states.
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Figure 3. General scheme of a computer code for thermodynamic modeling of fluid-rock-gas equilibria.
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Figure 4. Example of thermodynamic modeling of fluid evolution in a generic context of porphyry-
epithermal Cu-Au(-Mo) deposits (modified from Pokrovski et al. 2015). An initial magmatic fluid has
the following typical composition as inferred from fluid inclusions and geochemical studies: 10 wt %
NaCl equivalent, 2 wt % S, H,S:SO, mole ratio = 1, 0.75 wt % Fe as FeCl,, 0.30 wt % Cu as CuCl. The
fluid, degassed from magma at 700 °C and 1.5 kbar, cools and decompresses in the liquid-phase domain
in equilibrium with native Au and alkali aluminosilicate rocks (quartz-muscovite-potassic feldspar
assemblage, pH of 56 at all temperatures), according to a common scenario of fluid evolution in a
porphyry-epithermal setting (see Kouzmanov and Pokrovski, 2012 for more details). Curves show the
concentrations of the indicated sulfur forms (in ppm S), Au total solubility (XAu, red curve), which is
the sum of the major dihydrosulfide and subordinate monohydrosulfide and dichloride complexes (green
curve) and the Au(HS)S;~ complex (pink curve), and total Fe and Cu solubility (XFe and ZCu as
dominantly chloride complexes; Table 2). Gray horizontal bars delimit the temperature range of the
stability of the indicated minerals (Py = pyrite, Mag = magnetite, Bn = bornite, and Ccp = chalcopyrite)
that precipitate on fluid cooling.
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Figure 5. Example of thermodynamic modeling of fluid-rock interactions in the context of a gold
sediment-hosted deposit (Shahuindo, northern Peru, described in Vallance et al., 2024). The following
scenario is considered: an aqueous magmatic-derived S-Au-As-Fe bearing fluid of high-sulfidation type
(sulfate-dominated, fo, > that of the hematite-magnetite buffer, HM) percolates through an hydrocarbon-
bearing sandstone rock (represented by a C:H = 1 stoichiometry). The fluid is of moderate-salinity and
acidic (7 wt % NaCl equivalent; 1 m NaCl + 0.1 m KCI1 + 0.05 HCI, pH = 2.5), bearing 100 ppm of As
and saturated with pyrite and metallic gold. The fluid reacts at 300 °C, 500 bar with a hydrocarbon-
bearing shale at a mass fluid/rock ratio of 1:1 as a function of CH content in the rock. (a) Concentrations
of total dissolved Au (Au(HS),” + Au(HS)S5"), Fe (FeCl, + FeCl4?), and As (as As(OH);) in the fluid
and of As in arsenian pyrite (as Fe(As,S), solid solution), as a function of the rock carbon content.
Corresponding evolution of the fluid-phase concentrations (molality) of the sum of sulfide (H,S + HS-
+ NaHS"), sulfate (SO,*>~ + HSO,~ + NaHSO,° + NaSO,") and carbonate (CO, + HCOs~ + COs*") types
of species, S5~ ion, dissolved hydrogen and methane (b), and fluid pH and fo,, relative to the HM buffer
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(c). Remarkably, organic matter promotes, rather than limits, gold transport by the fluid through organic
carbon bearing sedimentary or metamorphic rock lithologies.
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Tables

Table 1. Composition of hydrothermal fluids from typical examples of active sources and
fluid inclusions from metal hydrothermal-magmatic deposits and comparison with the
Clarke element concentrations (in ppm).

Element | Geothermal brine, | H,0-CO, ore fluid, | Quartz-cassiterite fluid Average element
Salton Sea, 300 °C, | gold-bearing vein, Mole Granite, concentration in the
USA? quartz vein, 270 550 °C, Australia® upper continental crust*

°C, Italy?

Na 50400 17314 78000 24300

K 17500 863 37000 23200

Ca 28000 793 3200 25700

Cl 155000 21389 266000 370

F 15 401 - 557

Br 120 104 420 1.6

Fe 2290 18 60000 39200

Al 4 272 - 81500

Sr 400 53 30 320

Cu 8 4 900 28

Zn 540 2 5200 37

Pb 102 3 3300 17
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As 12 96 480 5

Au 0.0005 > 0.05° 17 0.0015
SiO; 400 900 5400 666000
B 390 432 - 17

S - - 1000-10000 621
SO, 5 996 - -

H,S 16 340 - o

CO, 110 94500 - 73008

1 Muffler and White, 1969; 2 Yardley, et al. 1993; 3 Heinrich, et al. 1992; * Rudnick and Gao, 2014; >
McKibben et al., 1990; ¢ Rauchenstein-Martinek et al., 2014, average value of similar veins; 7

Kouzmanov and Pokrovski, 2012, average of porphyry-deposit fluids; ® Wedepohl, 1995.
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Table 2. Solubility-controlling aqueous species and solids phases of selected gangue and ore elements in
saline aqueous fluids (7= 150-500 °C, P < 2 kbar, density > 0.4 g/cm3) at conditions relevant to hydrothermal
deposit formation.

Element Solubility-controlling Dominant species in Prediction Key recent references 3
solid phases aqueous fluid * quality 2
As arsenopyrite, arsenian As(OH)5° good Perfetti et al., 2008; Xing et
pyrite al., 2019; Pokrovski et al.,
2022b
Sb stibnite, Cu-Fe-Sn Sb(OH);°, Sb(OH),CI° fair Zotov et al., 2003; Pokrovski
sulfosalts et al., 2006
Ge GeS,, Ge0O,, sphalerite, Ge(OH),° fair Pokrovski et al., 2005
quartz, phyllosilicates
Ga GaOOH, Al-oxy- Ga(OH),*, Ga(OH),~ fair Bénézeth et al., 1997;
hydroxides, Al-silicates Diakonov et al., 1997
Zn sphalerite ZnCl,°, ZnCl5~, ZnCl,%~ good Sverjensky et al., 1997;
Akinfiev and Tagirov, 2014
Cd greenockite, sphalerite
Pb galena PbCl,%, PbCl5~, PbCl,2~ fair Sverjensky et al., 1997
Fe pyrite, magnetite, Fe''Cl,°, Fe'Cl2- fair Sverjensky et al., 1997;
hematite, pyrrhotite Testemale et al., 2009;
Fel'cl3n Saunier et al., 2011;
Gammons and Allin, 2022
Cu chalcopyrite, bornite, CuCl,~, Cu(HS),~ good Akinfiev and Zotov, 2001; Liu
enargite and McPhail, 2005; Trofimov
et al., 2023
Ag argentite, sulfosalts AgCl,~ good Pokrovski et al., 2013b
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Au native gold; bound Au Au(HS),~, Au(HS)S;-, good Pokrovski et al., 2014, 2015,
in pyrite and AuCl,~ 20213, Zotov et al., 2018
arsenopyrite

Mo molybdenite HMo0,~, Mo0,%, poor Dadze et al., 2018; Liu et al.,

MoS,? 2020
oxysulfides,

oxychlorides,

polysulfides

Pt, Pd cooperite, braggite, Pt(HS),°, Pt(HS).Z, poor Bazarkina et al., 2014; Kokh
sperrylite, PGE PtCl,2, Pt(HS),(S3),%, etal., 2017; Tagirov et al.,
substituted in pyrite, Pd(HS)4%, PdCl,> 2019; Filimonova et al., 2021;
pyrrhotite, chalcopyrite Pokrovski et al., 2021b;

Laskar et al., 2022, 2025
Si quartz, major silicates Si(OH),° good Sverjensky et al., 2014; Miron
etal., 2016

Al muscovite, boehmite, AI(OH);°, Al(OH),, good Salvi et al., 1998; Tagirov and

corundum, feldspar (Na/K)AI(OH),°, Schott, 2001; Sverjensky et
AlOSi(OH);2, al., 2014; Miron et al., 2016
Al(OH);0Si(OH)5-

REE monazite, bastnasite, REECI?*, REECI,*, fair Migdisov et al., 2016
fluocerite REE(SO4),~

S pyrite, pyrrhotite, S0,%-, HSO,~, NaSO,, fair Shock et al., 1997, Akinfiev
barite, gypsum, alunite H,S°, HS™, SO,0, S5™~ and Diamond, 2003;

Pokrovski and Dubessy, 2015

1 Species shown in italic are expected to be significant but yet have poorly constrained stoichiometry and stability.

2 Qualitative estimate as a rough uncertainty in predicting the metal dissolved concentration in equilibrium with its solid
phases as a function of T, P, pH and S, and O, fugacity, using the available published stability constants for the
corresponding aqueous species from different studies: good = <1 log unit, fair >1 to 2 log units, poor >2—3 log units. This
estimate also includes uncertainties related to the solid solutions and trace element speciation in the solubility-controlling

solid phase.

3 Major selected experimental or theoretical studies explicitly reporting thermodynamic data for aqgueous complexes that

can directly be used in thermochemical calculations (numerous previous references can be found therein).
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Table 3. Comparison of Au concentrations in equilibrium with native gold metal calculated using the
equilibrium constant of reaction (2a) for typical compositions of geothermal, epithermal and porphyry
fluids (average salinity of 5.5 wt% NaCl equiv., or 1 m NaCl) and their comparison with natural geothermal
or fluid inclusion data. Solute concentrations are expressed both in units of ppm (analytical) and molality
(m, mol/kg H,0) (thermodynamic).

Setting H,S, H,S, H,, H,, pH | Log Au, m Au, Au, ppm
K ppm

ppm m ppm m calc.? natural
calc.

Deep geothermal waters

1 - _ _
and black smokers 50 0.0015 | 03 1.5>:10 50| o8 7.1>;10 0.0014 43%2

300 °C, 300 bar

Epithermal high-

sulfidation Cu(-Au) 4.6x10-

deposits? 5000 | 0.15 1.0 | 5x10* |50 | 9.7 5 9.0 0.1-20
300 °C, 500 bar
Porphyry Cu-Au-Mo, some
Y :
orogenic Au 01000 029 | 100 | 005 |50|117 | ¥ | 005 | 0.1-10

500°C, 1000 bar

! Hannington et al., 2016; Simmons et al., 2016
2 Kouzmanov and Pokrovski, 2012

3 Activity coefficient of Au(HS),™ is adopted as 0.4 and 0.3 at 300 °C (I = 0.6) and 500 °C (I = 0.2), respectively,
according to equation (8).
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Table 4. Selected computer codes and thermodynamic databases enabling thermodynamic
equilibrium calculations in multicomponent mineral-fluid(-gas) systems.

Code/database

Web address

Supcrt92 database

http://geopig3.la.asu.edu:8080/GEOPIG/index.html

SupcrtBL database

https://models.earth.indiana.edu/applications_index.php

NIST-JANAF database

https://janaf.nist.gov/

Thermoddem database

https://thermoddem.brgm.fr/

MINES 2023 database

https://doi.org/10.58799/mines-tdb

CHNOSZ https://chnosz.net/

HCh http://www1.geol.msu.ru/deps/geochems/soft/index_e.html
EQ3/6 https://github.com/lInl/eq3_6

CHESS http://chess.geosciences.mines-paristech.fr/

Geochemists Workbench (GBW)

https://www.gwb.com/index.php

PHREEQC

https://www.usgs.gov/software/phreeqc-version-3/

Visual MINTEQ

https://vminteq.lwr.kth.se/

GEM-Selektor

http://gems.web.psi.ch/

Perple_X

http://www.perplex.ethz.ch/
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