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ABSTRACT

Knowledge of the chemical speciation of platinum and the solubility of Pt-bearing minerals in
hudratharmal fluide ic raanirad ta accace Dt trancnart ramanhilizatinn and cancantration in tha Farth’c
crust. In this study, we combined PtS(s) solubility measurements in a hydrothermal reactor allowing
fluid sampling, in situ X-ray absorption spectroscopy, and first-principles molecular dynamics
simulations to systematically investigate the structure, composition and stability of Pt sulfide
complexes in model aqueous H,S-bearing solutions up to 300 °C and 600 bar. The results demonstrate
that tetrahydrosulfide, Pt"(HS),%-, is the major Pt-bearing complex in agqueous solutions saturated with
PtS(s) over a wide range of dissolved hydrogen sulfide concentrations, from <0.2 to ~2 molal. The
equilibrium constants of the dissolution reaction of PtS(s) generated in this study, PtSy) + 3 HyS(,q) =
Pt(HS),> + 2 H* (B4), are described by the equation log;oB,= 0.9x1000/T(K)—-19.7 (+0.5) over the
temperature range 25-300 °C and pressure range P,,—600 bar. Furthermore, the stepwise formation
constants of four Pt"-HS complexes, Pt(HS)*, Pt(HS),°, Pt(HS);~, and Pt(HS),%>-, were estimated, for the
first time, from molecular dynamics simulations. The generated constants indicate that the maximum
solubility of platinum in the form of Pt(HS),> in reduced H,S-dominated hydrothermal fluids at
moderate temperatures (<350 °C) is close to 1 ppb Pt at near-neutral pH of 6-8 and hydrogen sulfide
concentrations of 0.1 molal. Although this solubility is much greater than that of Pt-Cl, Pt-OH and Pt-
SO, complexes at such conditions, it is yet too low to account for significant Pt transport in most
shallow-crust hydrothermal settings, characterized by the presence of both sulfide and sulfate.
Complexes with S-bearing ligands, very likely other than H,S/HS-, such as S;~, would be required to
account for Pt hydrothermal mobility. Our results provide a basis for more systematic future studies,
using combined approaches, of the role of hydrothermal fluids in the behavior of platinum group

elements in nature.



Keywords: platinum sulfide complexes, hydrothermal fluid, solubility, X-ray absorption spectroscopy,

molecular dynamics, stability constant.

Platinum-group elements (PGEs; Ru, Rh, Pd, Os, Ir, and Pt) are eagerly sought critical metals for
many technological fields, spanning from the automotive and petrochemical industries to
pharmaceutics and nanomaterials. Among these metals, platinum is one of the most largely used (e.g.,
Ahmadi et al., 1996; Moldovan et al., 2002; Lee et al., 2008; Kim et al., 2015; Chong et al., 2018).
Platinum is, however, a trace element in nature, with average concentrations of <1 ppb in the upper
continental crust (Chen et al., 2016), and its deposits are very scarce. The majority of actually known
economic Pt concentrations comes from (ultra)mafic magmatic settings where Pt and other PGE are
concentrated along with Fe-Ni-Cu sulfide minerals and melts, such as Bushveld, Norilsk and Sudbury
that account for >95% of economic platinum extraction (Mungall and Naldrett, 2008; Barnes and Liu,
2012; Mudd and Jowitt, 2014; Barnes et al., 2017). Platinum is intimately associated with reduced
sulfur in such settings, being concentrated in pentlandite ((Fe,Ni)sSg), chalcopyrite (CuFeS,), and
pyrrhotite (FeS,.,, x<0.1), both in the form of solid solutions and individual Pt-bearing mineral phases
such as platinum metal (Pt) and its alloys, sulfides (Pt"S and Pt"VS,), selenides (e.g., PtSe,), arsenide
(PtAs,), telluride (PtTe,), stanides (PtSn), bismuthides (PtBi,), and antimonides (PtSb,), to name a few
(Mcmahon et al., 1997; Hanley, 2005; Hutchinson and Kinnaird, 2005; Zientek, 2012; O’Driscoll and
Gonzalez-Jiménez, 2016; Duran et al., 2017). In these and most other solids, Pt usually occurs in three
formal oxidation states, 0, Il and IV. The mechanisms of Pt concentration in magmatic deposits are
believed to be controlled by different processes of fractional crystallization, fractionation and
segregation of silicate and sulfide melts (e.g., Kerr and Leitch, 2005; Brenan, 2008; Lorand et al., 2008;
Palme, 2008). However, the potential role of aqueous magmatic or post-magmatic fluids in PGE

concentration and remobilization processes in such deposits is constantly debated in the literature



(e.g., Kanitpanyacharoen and Boudreau, 2013; Le Vaillant et al., 2016a,b; Boudreau, 2019; Sullivan,
2022a,b). In parallel, there are numerous instances of (re)mobilization and concentration of Pt, as well
Aac nthar DOEE _in varvinie hudratharmal cottinac ciich ac narnhvurs Cii A NMa _hlacl_chala hactad anld
deposits, and serpentinites from subduction zones (Ballhaus and Stumpfl, 1986; Rehkdmper et al.,
1997; Wood and Cabri, 2002; Mungall, 2005; Luguet et al., 2008; Arai and Miura, 2016; Barnes and
Ripley, 2016; Boudreau, 2019), with Pt concentrations locally reaching up to 3 orders of magnitude
more than its average crustal abundance. These observations point to an important, but often
overlooked so far, the role of moderate-temperature (200-500 °C) hydrothermal fluids in Pt transport.
Such hydrothermal settings may become potentially exploitable for PGE in the near future. Therefore,
knowledge of Pt chemical speciation and solubility in the hydrothermal fluid phase is required to
guantify the formation and distribution of Pt resources in nature as well as to optimize the rapidly
growing Pt use in technological processes. Indeed, among the four major types of ligands in natural
fluids (hydroxide, chloride, sulfate and sulfide), the “soft” nature of sulfide species (H.S, HS-, S*) makes
them the most plausible candidates for binding the “soft” platinum cations (Pt?*, Pt**), according to the
HSAB theory (Hard and Soft Acids and Bases; Pearson, 1968a,b, 1997). The present study is devoted to
a systematic determination of the nature, stability and geological role of Pt sulfide aqueous complexes

in shallow-crust hydrothermal fluids.

2. BRIEF OVERVIEW OF AVAILABLE DATA AND APPROACHES USED IN THIS

STUDY

The rare studies of Pt sulfide type complexes at hydrothermal conditions are both inconsistent
and controversial. This is because all of them employed the bulk solubility approach to the PtS(s) and
PtS,(s) solid phases using hydrothermal reactors (Gammons and Bloom, 1993; Pan and Wood, 1994;

Kokh et al., 2017; Filimonova et al., 2021; Pokrovski et al., 2021). Such solubility experiments are



intrinsically difficult to perform and interpret both because of the low, often ppb-level, Pt dissolved
concentrations posing severe analytical challenges, and the narrow pH and sulfur concentration ranges
that mav nracticalhs ha rAviarad by ciich avnarimante Thaca icciiac Aftan mala it amhiaiiniice tha
derivation of Pt complex stoichiometries from the analysis of Pt bulk solubility dependence on those
parameters. For example, Gammons and Bloom (1993) measured PtS(s) solubility in H,S/HS™ solutions
(pH 0.5-8.4, 0.4-1.0 m S; where m is molality, mol/kg H,0, throughout the article) from 200 to 300 °C
under saturated vapor pressure (P.,) using fused silica tubes quenched at the end of experiment. Their
interpretation suggests three Pt complexes, Pt(HS),° Pt(HS);~ and Pt(HS),>, among which di- and
trihydrosulfide would be the most abundant. However, their solubility-pH-H,S trends were quite
scattered to allow robust constraints on the exact Pt species ligation number. Their study contrasts
with that of Pan and Wood (1994) who used H,S/SO,* solutions of comparable pH and sulfide
concentration ranges (pH 5.9-9.4; 0.3-2.2 m S) to measure PtS/PtS, solubility from 200 to 350 °C at
P,.: using hydrothermal reactors allowing fluid sampling. Pan and Wood (1994) tentatively assumed
Pt(HS),° to be the major species. However, they failed to provide enough constraints on its
stoichiometry and, therefore, proposed to the reader a large choice of alternative complexes (from
Pt(HS)* to Pt(HS),2) with their corresponding formation constants. The absolute PtS(s) solubility values
predicted using Pan and Wood’s (1994) stability constants are, however, 3 to 4 orders of magnitude
higher than those from Gammons and Bloom (1993) at the same temperature and solution
compositions. Kokh et al. (2017) used a flexible-cell reactor to measure PtS(s) solubility in supercritical
H,0-CO, fluids with pH and redox buffered by aluminosilicate and sulfide/oxide iron mineral
assemblages at 450 °C and 650-750 bar (pH=4-6, 0.02-0.06 m S). The authors demonstrated the
predominance of the uncharged Pt(HS),° complex with equilibrium concentrations of 1-2 ppb, which
were 100 times lower than those predicted by extrapolating Pan and Wood's (1994) data to 450 °C.
More recently, Filimonova et al. (2021) measured PtS(s) solubility in dilute H,S/HS™solutions (pH=3-8,

0.01-0.2 m S) at 50-75 °C, 1 bar, and at 450 °C, 1000 bar, using batch reactors quenched at the run



end. They tentatively interpreted their data by Pt(HS),° as the dominant species, with PtS(s) solubility
magnitudes matching those of Gammons and Bloom (1993) and Kokh et al. (2017). However, the ppb-
lavial D+ rAancantratinne fanind miacht havia haan cithiactad +a cianificant 1incartaintiac hyv tha 1ica Af A
guench technique that often suffers from elevated analytical backgrounds. Finally, Pokrovski et al.
(2021) measured PtS(s) solubility in sulfate-sulfide bearing solutions containing significant
concentrations of the trisulfur radical ion S;~ within a narrow T-P and S concentration range (275-300
°C, 500-700 bar, 1-2 m S) using different types of hydrothermal reactors (both quench- and sampling-
based) as well as in situ X-ray absorption spectroscopy. Their data show that the presence of S;~
enhanced Pt solubility by 3 to 5 log units compared to H,S-dominated solutions, due to the formation
of mixed Pt-HS™-S;~ species. However, the results of Pokrovski et al. (2021) might be dependent on the
choice of data for Pt-HS complexes dominant in S;— free solutions. This brief overview highlights that
far more systematic data are required to constrain the nature and stability of Pt sulfide complexes,

which is unlikely to be achieved using solely bulk-solubility approaches.

In the last 10 years, significant progress of in situ spectroscopic and molecular modeling
approaches has provided unprecedented support to traditional bulk-solubility batch-reactor
experiments for investigating metal complexation in hydrothermal fluids. In particular, X-ray
absorption spectroscopy (XAS) has emerged as the most direct approach to obtain information about
the metal oxidation state and coordination, the identity of its ligands in chemical complexes, as well
as to measure in situ metal dissolved concentrations (Pokrovski et al., 2005, 2006; Bazarkina et al.,
2010, 2014; Mei et al., 2015a; Tagirov et al., 2019). Extensive XAS measurements have been performed
on various Pt mineral phases and aqueous and surface complexes in both technological and geological
materials (e.g., Ayala et al., 2001; Peyrelade, 2005; Crowther, 2007; Gorczyca et al., 2014; Scholten et
al., 2018; Tagirov et al., 2019; Filimonova et al., 2019). In contrast, no XAS data are available for sulfur-
bearing hydrothermal fluids (with a single exception of Pokrovski et al., 2021, to the best of our

knowledge), and Pt-HS complexes have never been directly investigated by XAS. Another rapidly



emerging theoretical method, first-principles molecular dynamics (FPMD) simulations, represents a
valuable complementary approach to both solubility and XAS to investigate the structure and stability
Af motal ~raminloavac In narticiilar tho firct_nrincinlac tharmadvinamic intaaratinn annraach anahlac
determination of the stepwise formation constants of metal complexes in hydrothermal fluids, as
demonstrated for various base and precious metals in S-, Cl- and O- aqueous systems, e.g., U-O-OH-Cl-
NO; (Buhl et al., 2006, 2008), Cu-HS-Cl (Mei et al., 2013a), Au-HS-S; (Mei et al., 2013b), (Au/Cu)-Cl (Mei
et al.,2014), Pd-HS-Cl (Mei et al., 2015a), Zn-Cl (Mei et al., 2015b), Au-HS-S; (Pokrovski et al., 2015), Zn-
HS (Mei et al., 2016), Au-NH;-OH (Mei et al., 2020), Y-Cl (Guan et al., 2020), and Au-HS-S; (Pokrovski et

al., 2022).

In this work, we attempted to better quantify the stoichiometry and stability of Pt-HS
complexes in hydrothermal fluids through a combination, for the first time in a single study, of three
complementary approaches: solubility measurements, in situ XAS experiments, and FPMD simulations.
Our results place more robust constraints on both the chemical nature and geological significance of
Pt sulfide complexes in hydrothermal fluids, and provide a foundation for future research on metals in

hydrothermal fluids and, potentially, silicate melts using combined interdisciplinary approaches.

3. MATERIALS AND METHODS

3.1. Solid phases

Native metal, Pt(s), and platinum sulfides, Pt"S(s) and Pt'VS,(s), were used in our solubility and
XAS experiments. Both sulfide phases were synthetized by the solid-state method using the protocols
of Laskar (2022), by reacting nearly stoichiometric amounts of Pt and S at 750 °C for 10 days in silica
tubes sealed under argon atmosphere. Both phases were also used as Pt" and Pt" structural references
in XAS analyses (section 3.3.3). The PtS(s) solid was additionally hydrothermally synthesized according

to Kokh et al. (2017), by reacting stoichiometric amounts of Pt and S in a 0.1 m NaOH aqueous solution



placed in a titanium reactor at 450 °C and 500 bar for 11 days. This solid was used in batch-reactor
experiment m35 of this study (section 3.3.1). A commercially available platinum metal foil
[CAnAEallawie: 1NN 1im thicrlknace QQ QROL niiritv) wiac 1icad in YAC hudratharmal avnarimantc inctaad ~f
PtS(s) powder to avoid an eventual contamination of aqueous solution XAS spectra by the signal from
fine solid particles getting dispersed in the solution. The Pt metal foil gets sulfidized very quickly in
contact with the sulfur-bearing fluid by forming a strongly adhering homogeneous layer of PtS(s) in
equilibrium with the fluid (Pokrovski et al., 2021). For each experiment, a new piece of Pt foil was used
to avoid potential cross-contamination; the piece was washed with hot acid (5 wt% HCI + HNO; for 30
min) before each experiment to increase its surface roughness and enable more rapid and efficient

sulfidation.

To limit the oxidation of the fluid in experiment m35, the mineral buffer pyrite-pyrrhotite (PP),
composed of pyrite FeS,(s) (Aldrich, >99%) and troilite FeS(s) (Aldrich, >95%) was loaded into the
reactor, together with the aqueous H,S-solution whose sulfur concentration was large enough (0.5-1
m) to remain almost constant during equilibration and troilite/pyrrhotite transformation to pyrite. The

oxygen fugacity fo, was therefore controlled by the reaction:

Fe51+x(5) + (1—X) HZS(aq) + (1—X)/2 02 = FeSZ(S) + (1—X) Hzo (X<01) (1)

yielding fo, values of ~5 orders of magnitude lower than those in a H,S/HS7/SO,% system. Minor
variations in pyrrhotite composition (x<0.1) yield negligible oxygen fugacity variations (Alogfo,<5%)
and do not affect the Pt stable phase equilibria at out experimental conditions (Fig. 1). Such redox
buffering during our experiment ensures both the thermodynamic stability of PtS(s), as opposed to
PtS,(s) in the presence of sulfate (e.g., Pan and Wood, 1994), and negligibly low concentrations (<1078
m) of polysulfide ions S,?~ (2<n<8) and the S;~ radical ion that are very strong complexing agents for Pt

(e.g., Pokrovski et al., 2021). At temperatures below 250 °C, pyrrhotite tended to be partly consumed



by pyrite; nevertheless, FeS(s) consumption had no significant effect either on aqueous S

concentrations or the redox potential, which always remained within the PtS(s) stability field (Fig. 1).

crystallinity. Small amounts (<10%) of PtS,(s) were found in the initial PtS(s) solid-state synthesized
phase, likely due to minor excess of sulfur during the synthesis, but without effect on the solubility
which was always controlled by PtS(s). Metallic gold, as the material of the flexible cell of the
hydrothermal reactor, was also present in the experiment. Synthetic palladium sulfide, PdS(s), as per
Bazarkina et al. (2014), was also added in this experiment. Palladium dissolved concentration were,
however, too low (<10 ppm Pd) to modify the composition of the fluid, pH or redox. The analysis of

the Pd solubility data will be a subject of future publications.

3.2. Fluid phase

The sources of sulfur in the aqueous solutions used in this study were sodium hydrosulfide
(NaHS) and thioacetamide (CH;CNH,S). Solutions of NaHS were prepared by bubbling H,S(g) through a
NaOH aqueous solution (1 or 2 m, depending on the experiment) until saturation (Py,s,=1 bar). The
obtained NaHS solutions were diluted (if necessary) with deoxygenated water and used both in batch-
reactor experiment m35 and XAS experiments Expl to Exp9 (Tables 1 and 2), with total sulfide
concentrations of 0.3—2.2 m. Because NaHS solutions are prone to rapid oxidation yielding polysulfide
dianions (S,%7), their presence was examined by in situ Raman spectroscopy (514.5 nm green laser
excitation) in a sapphire cell using the hydrothermal apparatus developed at the Néel Institute
(Testemale et al., 2005). The freshly synthesized NaHS solutions (<2 days) were found to be free of
polysulfides (detection limit 0.001 m S), from 25 °C to at least 200 °C (P.,; to 600 bar). In contrast, a
one-year-old NaHS solution showed a bright-yellow coloration and yielded a Raman spectrum with a

large peak at 390-510 cm™ at 25 °C/1 bar arising from S,> (Trofimov et al., 2009; Pokrovski and



Dubessy, 2015; Steudel and Chivers, 2019). Therefore, extreme care has been taken in this study to
use only fresh and uncolored NaHS solutions to avoid any complexation of Pt with the polysulfide ions.
In additinn tha analhicac in nnir frachlhs nranarad caliitinne Af radiicad cuilfiir rancantratinne (H C/HC-)
(see section 4.3.1) confirm the absence of polysulfides and EXAFS spectra from our XAS experiments
(see section 4.1.2) do not indicate any 2™ shell signals that might arise from polysulfide chains if they
were to be bound to Pt. Solution pH was measured using a combination glass electrode, at ambient
T-P before loading into the reactor or spectroscopic cell, to quantify the amount of H,S using the

dissociation constant:

H,S=H*+HS™ (pK=7.03 at 25 °C, 1 bar) (2)

The value of this constant imposes limitations as to the practical use of NaHS-H,S solutions at
pH <6-7 due to a rapid massive degassing of volatile H,S molecules whose solubility in water is rather
small (<0.1 m at 25 °C, 1 bar). Therefore, to cover the acidic pH region, another sulfur source,
thioacetamide, was used. Thioacetamide-bearing solutions were prepared by dissolution of the solid
compound (Aldrich, 299%) in deoxygenated water. In near-neutral to moderately-acidic solutions,
thioacetamide stoichiometrically decomposes to acetic acid (CH;COOH), ammonia (NH3) and H.S with

the reaction rate becoming faster upon heating (Pokrovski et al., 2008):

CH3CNst(aq) +2 HZO = CH3COOH(aq) + NH3(aq) + HzS(aq) (3)

In contrast, acetic acid is kinetically stable at our moderate temperatures (<300 °C) within the run
duration, and is known to start significantly decomposing to formic acid and CO,/CO only above 320-
350 °C(Lietal., 2017). Care was taken when preparing HCl-acidified solutions (e.g., Exp6) to avoid early
decomposition of thioacetamide and partial H,S release, by quickly loading the solution and

pressurizing the XAS cell within <10 min.

10



3.3. Experimental and analytical setups

3.3.1. Flexible-cell reactor with rapid sampling (FCR)

11E SUIUDIILY Ul FLI(S) WdS [1EdSUTEU 1T dqUEUUS INdFIS-INdUT SUIULIUIS 11T UIE elpeidLule
range 50—300 °C and the pressure range 100-600 bar (experiment m35, Tables 1 and S1, Fig. S1) using
a flexible-cell reactor (FCR) allowing fluid sampling (Coretest®; Rosenbauer et al., 1993). The reactor is
equipped with a 100-200 cm? flexible inner cell made of gold (99.99% purity) and a rapid-sampling
device adapted to S-rich fluids (Kokh et al., 2020). The cell was loaded with the solids (0.15 g PtS, 0.4 g
PdS, 2.0 g FeS, 1.8 g FeS,) and a NaHS solution (1.04 m NaHS + 0.12 m H,S) under argon atmosphere.
The cell was then rapidly compressed to remove the gas phase; the experiment was conducted in the
single-phase liquid domain. Multiple fluid extractions (2 to 4) were periodically taken at each
temperature step, from 56 °C up to 300 °C and down to 50 °C, at pressures from 100 to 500 bar
(depending on the step, see Tables 1 and S1). Injections of water, HCI/NaOH or H,0, concentrated
solutions were performed through the sampling line at given steps to modify in situ the sulfur
concentration, pH or redox in the experimental fluid. Until step m35/4, when H,S is a minor species in
the fluid and fluid degassing is weak, the solution could directly be sampled with a gas-tight syringe.
For the other steps, fluid was sampled under pressure using a rigid titanium vial attached to a pressure
valve to avoid any degassing. Sampling procedures using different trap solutions are detailed in Kokh

et al. (2017, 2020) and only briefly summarized below.

3.3.2. Analytical methods

At each step of solubility experiment m35 (Tables 1 and S1), multiple fluid samples (usually 3
to 4, 1 to 2 g each) were extracted from the flexible cell. Each sample was destined for a different
analysis (see Kokh et al., 2017, 2020 for more details). Sample 1 was aimed to remove the residual

solution present in the sampling tube from a previous injection or sampling to avoid cross-

11



contamination; sample 2 was titrated for reduced sulfur with iodine (I,) placed in the sampling vial;
sample 3 was trapped in ultrapure aqueous 30 wt% NHj; solution to measure total metal and sulfur
rantantc: camnla A wwiac trannad in A 1 m 2inc aratata (7nlCH CON) ) anianiic enliitinn +A nracinitatao
ZnS (titrated afterwards with |,, see below) and to measure sulfate (SO,%) concentrations in the
supernatant. Note that iodine reacts with both sulfide and polysulfide species, while zinc acetate reacts
only with sulfide species (H,S+HS™+NaHS?) to form the ZnS solid. Vials containing ZnS (sample 4) were
acidified with HCI (18 wt%) in the presence of an excess of I,, which was back-titrated with sodium
thiosulfate (Na,S,05, 0.1 mol/L) to determine the total sulfide concentration. Sample 3 was separated
into two fractions: one for metal concentration analyses, and the other for total sulfur analyses, after
converting all S to sulfate by adding 2 mL of 30 wt% H,0, aqueous solution. The fraction for metal
analyses was collected in clean Teflon vials (Savillex®) and processed as followed: i) evaporation of the
solution in the vial on a hot plate (70 °C); ii) addition of ~5 mL of aqua regia (1/3 HNO;, 2/3 HCl) in the
closed vial (~120 °C for 3 hours); iii) evaporation of aqua regia on a hot plate until wet residue (70 °C);
iv) dilution of the residue with ultra-pure doubly-distilled acids (0.5 wt% HNO; plus 1.5 wt% HCI). The
use of aqua regia and an HCI-HNO; matrix is indispensable to fully solubilize the poorly soluble PtS(s)

precipitates and to keep Pt in solution as soluble chloride species Pt"Cl,>~ and/or PtVClg?~.

Concentrations of Pt and Au in the sampled fluids were measured by inductively coupled plasma
- mass spectrometry (ICP-MS) and/or inductively coupled plasma - optical emission spectrometry (ICP-
OES). Samples for ICP-MS were further diluted in 2 wt% HNO3, just before the analytical session, to
reduce the CI- and SO,% ion concentration in solution, which is a source of plasma instability and
elevated analytical background in the ICP-MS analysis. The maximum total dissolved load therefore did
not exceed 100 ppm in our samples, with S content less than 5 ppm. An ICP-MS Element XR
spectrometer was used in our study, enabling detection limits (DL) as low as 1 ppt Pt and quantification
limit (QL) of 10 ppt Pt. Two standard solutions (0.19+0.01 and 18.3+0.01 ppb Pt) were used for

calibration, and showed excellent signal linearity through zero (R%,>0.999). Both %Pt and %Pt

12



isotopes analyzed yielded identical Pt concentrations (within +2%) demonstrating the absence of
spectral interferences. ICP-OES was used to analyze gold and sulfur, which were far more
rancantratad Chlarvida and cuilfata inn ~rAancantratinne wiara datarminad hyv hich narfAarmanca licnid
chromatography (HPLC) in water-diluted samples. Sodium ion concentrations were measured using

flame atomic absorption spectrometry (FAAS).

3.3.3. X-ray absorption spectroscopy

The X-ray absorption spectroscopy measurements (including both X-ray absorption near edge
structure, XANES, and extended X-ray absorption fine structure, EXAFS) at the Pt-L,, edge (~11564 eV)
were performed at beamline BM30-FAME (Proux et al., 2005) of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). The beamline has an X-ray optics setup with a Si(220) double-crystal
monochromator with sagittal focusing for choosing the energy of X-rays delivered from a bending
magnet, and two Rh-coated mirrors for harmonic rejection and vertical focusing, yielding a beam spot
on the sample of 200x300 um?. In transmission mode, silicon diodes collected scattered radiation from
a Kapton foil placed in the incidental and transmitted X-ray beam. In fluorescence mode, a Canberra
13-element solid-state germanium detector was placed in the right-angle geometry to the incident
beam. The energy position during each scan was monitored in transmission mode using a Pt metal foil
whose L, -edge energy was set to 11564.0 eV as the maximum of the spectrum first derivative.
Reference solid compounds, PtS(s) and PtS,(s), were diluted with boron nitride (BN) powder to achieve
an above-edge absorbance of one, pressed in 5-mm diameter pellets and recorded in transmission
mode at ambient conditions. The experimental solutions were placed in the glassy-carbon inner cell
(0.2-0.3 mL volume) of the hydrothermal apparatus, developed at the Néel Institute (Testemale et al.,
2005; see also Pokrovski et al., 2006 for details), and were recorded at 250 and 300 °C at 500 bar in

fluorescence mode (Table 2). A round-shape cut Pt metal foil (0.4 mm thickness) was placed at the cell
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bottom outside the X-ray beam passage to measure, from the amplitude of fluorescence spectra in the

fluid, the solubility of PtS(s) that rapidly formed at the metal surface (see section 3.1).

part of the solutions at low Pt concentrations (1-20 ppm Pt), at least 10 to 20 scans of 40 min
acquisition time each were necessary. The acquired XAS spectra were analyzed using the Athena and
Artemis software (Ravel and Newville, 2005) based on the IFFEFIT program (Newville, 2001) and
following previously established protocols (e.g., Pokrovski et al., 2005; Laskar, 2022). Spectra were
normalized to the absorption edge height and atomic-background subtracted with a normalization
order of 3. Exploitable k-ranges were within 3-12 A-1. A Fourier Transform (FT) was applied to extract
the frequency-dependent contributions from the backscattering atoms, using a Kaiser-Bessel window
with a dk value of 3. Fits were performed in R-space on both real and imaginary parts of FT to obtain
the structural information, such as the interatomic distance (R), the mean square displacement bond
length for a given scattering path (so-called Debye-Waller factor, 02), and AE, which is a non-structural
parameter accounting for energy shift between experimental spectrum and FEFF calculations that
were used to obtain the amplitude and phase electron scattering factors for backscattering atoms. Fits
were performed with k-weighting of 1, 2 and 3 to diminish correlations between (NxSy?) and 02, and R
and AE, and to improve fit robustness (Ravel and Newville, 2005). The amplitude reduction factor, Sy?,
which is critical for accurate quantification of coordination numbers (N), was set to 0.80 as established
on the basis of EXAFS fits of a large number of Pt reference compounds both in fluorescence and

transmission modes (Laskar, 2022).

The absorption edge height in transmission mode, which may be used for straightforward
determination of dissolved absorber concentrations from XAS spectra (e.g., Pokrovski et al., 2005,
2006), was too small to be quantified for the low Pt concentrations of our experiments. In contrast,
the absorption edge height in fluorescence mode is much greater and accurately determined, but

required calibrations as a function of detector position as well as matrix absorption corrections to be
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converted into metal concentration (e.g., Bazarkina et al., 2014; Pokrovski et al., 2022). Calibrations of
the fluorescence signal were performed using three solutions of K,PtCly(,q of ~1, 10 and 100 ppm Pt,
inwhirh NaClwinac addad +a adinict tha matriv ahearhance ta mala it cimilar ta that Af tha avnarimantal
solutions. The calibrations were made as a function of detector and sample positions, because these
positions were varied during the different experiments to optimize the fluorescence signal depending
on the Pt concentration (see Appendix A for more details). The Pt concentration my in each scan (X) is

determined as:

Ay
My =Mgrp X 7, - (4)

where my and mgrp are, respectively, the Pt experimental and standard concentrations(in mol/L), and
Auyx and Apgrp are, respectively, the absorption edge height of the sample and the absorption edge
height of the standard corrected to the same absorbance and position as the experimental sample.
Volumetric concentrations were converted to molality using the fluid density at the experimental T-P
conditions assuming that density is equal to that of aqueous NaCl solution of the same solute weight
concentration (Pokrovski et al., 2009). The combined uncertainty on Pt concentration determination

is 5 to 30 % of the total value, depending on the experiment (Table 2).

3.4. Thermodynamic modeling

Equilibrium thermodynamics calculations were performed to quantify the chemical speciation
and the solubility controlling parameters (pH, fo,, activity of sulfur ligands) in the fluid phase both to
optimize the choice of experimental solution compositions and to derive Pt species stoichiometry and
stability constants. The sources of thermodynamic data used in these calculations are reported in Table
S2. Data for major aqueous species were taken from the updated version of the Supcrt92 database

(Johnson et al., 1992; Zimmer et al., 2016), based on the revised and extended Helgeson-Kirkham-
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Flowers model (HKF; Tanger and Helgeson, 1988; Oelkers et al., 2009; Sverjensky, 2019). More recent
data were taken for polysulfide dianions (S,%, 2<n<8; Barré et al., 2017), S5~ radical ion (Pokrovski and
Nithacevr IN1EN Aand HCI0 [Tamirav at Al 1007\ Tha tharmadunamic nranartioc Af D+Qlc) wwiara talban
from Sassani and Shock (1998), whose original sources are detailed in Table S3. These data were
preferred to the more recent theoretical estimations of Karzhavin (2007), who based his analysis on
inter-element correlations which may be subjected to significant uncertainties. The properties of
aqueous volatile non-electrolyte species (HS, SO,, H,, and O,) were adopted according to the equation
of state of Akinfiev and Diamond (2003), which performs better than HKF for moderate pressures (<
1-2 kbar). The NaHS° ion pair, which represent a significant fraction of reduced sulfur at pH>7, was
also included assuming that its dissociation constant is equal to that of NaCl® at all T-P. The standard
state of solid phases and H,0 is unit activity at all temperatures and pressures; the standard state of
aqueous species is 1 molal aqueous solution whose behavior is ideal. The HCh software (Shvarov, 2008)
was used for thermodynamic calculations. The module OptimA connected to HCh (Shvarov, 2015) was
used to choose among possible Pt-HS species (Pt"(HS),°, Pt"(HS)5~, Pt"(HS),%) inferred from the EXAFS
and MD data (see below), based on the statistically best match of the experimental solubility data
points. Then, the standard Gibbs energy value of the chosen complex was optimized by regression of
the experimental data points of Pt solubility obtained at a given T-P condition, while taking into
account the data point relative weights (equal to 1/o0, where o is the standard deviation of solubility
value in logy, units). The overall errors on the resulting constants of solubility reactions of PtS(s) with
formation of Pt-HS complexes (see below), which stem from the experimental data point scatter and
the uncertainties in the thermodynamic properties, are typically less than +0.5 log,, units (see
Pokrovski et al., 2015, 2021 for a more detailed assessment of errors related to the choice of

thermodynamic data).

3.5. Thermodynamic analysis of experimental data from the literature

16



To provide more thermodynamically consistent comparisons between the stability constants
of Pt-HS complexes derived in this study and previous work, the same thermodynamic data frame must
hao 1icad Thic ic haraiica tha intarnratatinn Af D+Clc) calithilitvi Aata in tarme Af thoa Aaminant D+ _HCQ
complexes as a function of pH, redox and sulfide ligand activity is strongly dependent on the exact
values of those parameters, which are in turn calculated using thermodynamic data sources that were
different in different studies. Therefore, we attempted to reanalyze the large set of PtS(s) solubility
data acquired in the seminal work of Gammons and Bloom (1993) using our thermodynamic database
(Table S2) and more robust thermodynamic analysis tools (OptimA) which were not available at the
time of their original work. These authors studied PtS(s) solubility between 200 and 300 °C at P, in
NaHS-NaOH-HCl aqueous solutions with sulfide concentrations of 0.4—1.0 m in the pH range 6.4-8.4.
These conditions are very similar to those of our study. The set of solubility measurements at each
temperature (16, 13 and 14 data points at 200, 250, and 300 °C, respectively, Table A5 in Gammons
and Bloom, 1993) has been processed using the thermodynamic software OptimA coupled with HCh
to analyze the data in terms of Pt-HS species stoichiometry found in our experiments (in particular
Pt(HS),%, see section 4) and to derive their stability constants. In these calculations, we also took into
account the amount of H,S in the vapor phase, which made between 20 and 30 % of the total

experimental tube volume (from our communication with C. Gammons).

No attempt was made to re-process in a similar way the data of Pan and Wood (1994) and
Filimonova et al. (2021) because their speciation is likely to be different from ours. Filimonova et al.
(2021) used much more dilute H,S solutions (<0.1 m) in which lower-ligation number complexes are
likely to be dominant (e.g., Pt(HS),%). Pan and Wood (1994) employed sulfate-sulfide solutions in which
Pt complexes with the trisulfur ion or polysulfide dianions might form in addition to Pt-HS species.
Furthermore, we have identified errors in the reported stability constants for some of the suggested
Pt-HS species in their study (e.g., for Pt(HS);-and Pt(HS),2 in their Table 4). Therefore, to allow formal

comparisons with other data sources, we just manually recalculated Pan and Wood’s (1994) values for
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these complexes using the reported Pt solubility, H,S activities and pH (from their Table 3). The re-

processed or re-calculated values from these previous studies are reported in Table 5 and will be

ramnarad with AnLir raciiltec in cartinn &

3.6. First principles molecular dynamics simulations

First principles molecular dynamics (FPMD) simulations (Car and Parrinello, 1985) were
performed using the simulation code CP2K (Kihne et al., 2020), within the Born-Oppenheimer
framework. The molecular dynamics (MD) simulations were run in the NVT ensemble (constant
number of particles N, volume V, and temperature T), using a velocity-Verlet integrator (with a time
step At = 0.5 fs) and a canonical sampling/velocity rescaling (CSVR) thermostat (Bussi et al., 2007; with
Tesve = 1 ps). A cutoff of 800 Ry was used for the electronic density and dispersive interaction
corrections were added using the DFT-D3 scheme with a cutoff radius of 15 A (Grimme, 2006). A
molopt double-zeta valence plus polarization (DZVP-MOLOPT) basis set was used for FPMD
calculations (VandeVondele and Hutter, 2007), with the Goedecker-Teter-Hutter pseudo-potential
(Goedecker et al., 1996; Hartwigsen et al., 1998; Krack, 2005). The PBE exchange-correlation functional
(Perdew-Burke-Ernzerhof; Perdew et al., 1996; Perdew and Levy, 1997) was used because it usually
yields good results for heavy transition metals such as Pt (Vicha et al., 2015). The interatomic distances
of the complexes were initially optimized by static density functional theory (DFT), using the Orca
program (Neese, 2012, 2018) and with PBEO exchange-correlation functional (Adamo and Barone,
1999). Scalar relativistic effects have been included within the zeroth order regular approximation

(ZORA) to the Dirac equation and an all electron TZVPP basis set was used.

The first principles thermodynamic integration method (Resat and Mezei, 1993; Sprik and
Ciccotti, 1998; Bihl et al., 2006, 2008) was adapted to estimate the energetics of complexation

reactions between the Pt?* ion and HS™ ligands. The approach consists in constraining the bond length
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between the central Pt ion and the S atom of one of the surrounding HS™ ligands, to determine the
force needed for the system to keep this Pt-S distance at the constrained length. The force is derived
hyvi A L aaranan miuiltinliar (ICnhrile and Cicratti 1002\ wwhan niilllina anart +tha Dt AanAd C atArmec fram A firet
coordination shell distance between Pt and HS (~2.3 A), up to a much longer distance at which Pt and
the ligand virtually stop interacting with one another (>5-6 A). Then the time-averaged forces
calculated at each Pt-S distance were integrated along the distance path, to obtain the corresponding
Pt-S bond free-energy as a function of Pt-S distance. Different Pt-S bond distances were chosen to
minimize the number of runs while keeping a good precision in the force integration, with differences
between successive bond lengths from 0.05 to 0.5 A depending on the force variations with the Pt-S
distance. The stepwise reaction constants corresponding to the formation of a Pt-S bond was then
derived as detailed in Appendix A. Notably, the Pt-S bond was modeled as a spring (Ramachandran et
al., 2008) yielding stepwise reaction constants independent of the accessible volume for the free

species in the simulation box.

We used a box of 128 water molecules and one complex among the different Pt-HS complexes
(Fig. 2). This configuration corresponds to a sulfur concentration of 0.5 to 2 m, similar to that in our
experiments, even though these values are not directly comparable because of the periodic boundary
conditions used in the simulation. The size of the cubic box (17x17x17 A, Table 3) was kept the same
for all runs, so that the water density surrounding the complex would be unchanged, with pressure
values in the range of 500—700 bar. The box contained no counter ions in order to accelerate the
simulations and to have all HS™ ions bounded to Pt. The influence of the presence of 2 additional Na*
cations in the simulation box was tested, with the Pt-S bond length fixed at 2.80 A for a run with the
job 4 configuration (Table 3), and yielded the same within errors force value as without Na*. In the
absence of counter ions, the simulation box was electrically neutralized by a uniformly charged
background (-1, 0, +1, and +2 for jobs 1, 2, 3, and 4, respectively). This procedure did not influence the

force determination in our case in the absence of redox reactions that would have otherwise required
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charge transfer. Note that the number of water molecules in our simulations is much greater than in
previous studies (N(H,0)=128 vs N(H,0)=55; Mei et al., 2015a, for example). The greater number of
H N _malaciilac nraviante thoa ramnlav +a  artafactiiallhy intoaract with _ite narindic ranlica haina
surrounded by nearly two water solvation shells. The step was set to 0.5 fs, for a whole simulation
duration of 5 to 7 ps. The first 700 steps (0.35 ps) were not used in the force determination to allow

for the chemical bonds to equilibrate with the newly constrained Pt-S distance.

4. RESULTS

4.1. X-ray absorption spectroscopy

4.1.1. XANES analysis

Normalized Pt L,-edge XANES spectra of sulfur-bearing aqueous solutions (0.9-2.4 m H,S/HS")
from three Pt XAS experiments (Exp6, 7 and 9) at 300 °C/500 bar and one experiment (Exp3) at 250
°C/500 bar are plotted in Fig. 3a and compared with spectra of the Pt"S and Pt"S, solid reference
compounds. It can be seen that both the amplitude and the energy position of the white-line (summit
at 11567.5 eV) of the spectra of dissolved Pt are very similar to that of PtS(s) in which the metal isin a
formal oxidation state of Il and coordinated by 4 sulfur atoms in a square-planar geometry. Such
coordination geometries are typical of most Pt" organic and inorganic compounds (Cotton et al., 1988)
that contain same or different ligands (e.g., HS-and H,0/OH"). In the absence of reference XAS spectra
for such compounds, we attempted to discriminate among the most plausible Pt-HS complexes
(Pt"(HS),(H,0),°, Pt"(HS);(H,0), and Pt"(HS),*) by calculating their theoretical XANES spectra. These
calculations used the finite difference method near edge structure (FDMNES) package (Joly, 2001;
Bunau and Joly, 2009) with complexes geometry generated by static DFT calculations (Fig. 2). Details
of FDMNES calculations may be found in Pokrovski et al. (2021, 2022). XANES spectra calculated using

the well-known crystallographic structures of the Pt reference solids (Pt'"S, native Pt and K,Pt'"Cl,) are
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very close to those of the experimental spectra (Fig. S8), correctly reproducing both the while line
position and amplitude and the energy position of the post-edge resonances in XANES spectra. XANES
cnartra ralriilatad fram NET_aanaratad aanmatriac Af anianiic ramnlavac ara alen rlaca +a thnca Af
averaged configurations from FPMD snapshots (Pokrovski et al., 2022). It can be seen in Fig. 3b that
our experimental XANES spectrum (represented by Exp3) is very different in white-line amplitude,
post-edge shape and energy positions from the simulated XANES spectrum of Pt(HS),(H,0),%. The
experimental spectrum is much closer to the calculated spectra of Pt(HS);(H,0)~ and Pt(HS),%". The
FDMNES-calculated spectrum of Pt(HS),>"matches slightly better than that of Pt(HS);(H,0)~ the post-
edge spectral pattern and amplitude of the experimental spectrum, even though the differences
remain rather small. Thus, the most likely species in our experimental solutions is either trihydrosulfide
or tetrahydrosulfide or a mixture of both. EXAFS spectra provide additional constraints on the

stoichiometry of Pt sulfide complexes as shown below.

4.1.2. EXAFS analysis

Acquiring EXAFS spectra from high T-P hydrothermal fluids at ppm-level absorber
concentrations is challenging. Only one experiment (Exp3) yielded high-quality EXAFS exploitable to
11.5 A after summing up at least 20 scans x 40 min acquisition time per scan (Fig. 4), allowing us to
perform statistically robust EXAFS fits with a number of variables significantly smaller than the number
of independent points (see Ravel and Newville, 2005; Kelly et al., 2008). The EXAFS derived Pt-S
distance is 2.30+0.01 A (Table 4 and Fig. 4), which is identical within errors to the crystallographic Pt'-
S distance of 2.31 A in PtS(s). This distance is shorter than that of mixed Pt" and PtV complexes with
HS™ and S5~ ligands in sulfide-sulfate solutions as derived from EXAFS in a recent study, Pt-S = 2.32 to
2.36 A (Pokrovski et al., 2021). This difference thus indirectly suggests the absence in our system of

polysulfide complexes that are expected to have longer Pt-S distances. The fitted mean square
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displacement bond length (062~0.003 A2?) of the EXAFS spectrum from this experiment is within the
range of values found for linear/planar-square (Au/Pt)-(HS=/S;7/Cl-) complexes in recent XAS studies
[~2 ranaina fram N NN +A N NNAE A2. DAl ravcliat Al 20NA IN1E INI1- Taairavat Al IN10) Tha ~varaaa
number of sulfur atoms in the nearest Pt coordination shell is 4.0£0.5, suggesting that Pt(HS),%" is likely
the dominant complex in the experimental solution, which is also in agreement with the XANES
qualitative observations above. The predominance of Pt(HS),>would also be supported by the
presence of a multiple scattering contribution at 4.6 A, which is double the Pt-S distance of 2.3 A (Fig.
4, Table 4) and arises from the first Pt coordination shell, thereby pointing to a symmetrical square-
planar geometry. However, given the intrinsically high uncertainties (typically 10 to 20 %) on the
determination of coordination numbers from EXAFS fits, the presence of oxygens arising from the
coordinating H,0 molecules in the complex (Fig. 2) cannot be fully excluded. Note that O, being lighter
than S, is therefore a much weaker EXAFS backscatter; as a result, the EXAFS signal is dominated by
sulfur atoms. In an attempt to detect O in the EXAFS signal, we applied a statistical analysis developed
in Kelly et al. (2008) and used in Bazarkina et al. (2010) for analogous [Pd(H,0),Cl,_,] complexes. This
analysis is based on the comparisons of the reduced (x?..q) factors between EXAFS fits performed either
with S atoms exclusively or with both S and O atoms in the first Pt shell. We found that the addition of
oxygen in the first shell yields Ng values up to 0.5 atoms but does not improve the EXAFS fit quality in
a statistically significant manner (e.g., x%.s~25 for the model with S and O atoms is not significantly
different from that for the model with S atoms only, x%..s~33; Table 4). Supported by the XANES results
above, these findings suggest that Pt(HS),%"is the dominant complex in our experiments at 250-300 °C
and 1-2 m sulfide concentration. Further support to this stoichiometry is provided by FPMD results as

shown below.

4.2. Results from molecular dynamics
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The FPMD simulations of Pt-HS complexes were performed at 300 °C and 500-700 bar, with
different starting geometries generated by static DFT calculations (Pt"(HS)(H,0)s*, Pt'"(HS),(H,0),°
D+I/HQ) [ NY- anAd D+I/HQ) 2-. Cia I and Tahla 2\ Tha aanmaoatrni nf thaca catiara_nlanar ~amnlavac
remained stable over the whole MD simulation duration (~5—7 ps). The mean Pt-S distance from FPMD
is 2.38+0.01 A for the Pt(HS),>~ complex (Table S4), which is longer than the EXAFS-derived
experimental value (2.30+0.01 A) for the experimental solution at 250 °C (Table 4). Note that compared
to XAS measurements, similarly longer (by 0.04 to 0.1 A, Table S4) metal-ligand distances are
systematically predicted by FPMD (e.g., Spezia et al. 2008, 2012; Mei et al., 2015a; Pokrovski et al.,
2022). The mean Pt-S distance from DFT for the Pt(HS),>~ complex (2.35 A) is closer to XAS
measurements, which was attributed to the use of a pseudopotential in FPMD that only approximates
the effect of core electrons, whereas static DFT methods treat both core and valence electrons
explicitly (Pokrovski et al., 2022). The Pt-S mean bond lengths from FPMD were 2.37+0.01 A, 2.37+0.01
A and 2.28+0.01 A, for Pt(HS);~, Pt(HS),° and Pt(HS)*, respectively (Table S4). The generally slightly
shorter Pt-S bond lengths for complexes with lower numbers of HS™ ligands are likely due to the
presence of water, with shorter Pt-O distances of 2.10-2.29+0.03 A (Table S4), leading to an overall

contraction of the Pt coordination shell.

The stepwise reaction constants for the four potential Pt-HS complexes calculated using the

FPMD force integration method, as detailed in Appendix A, are reported in Table S5 for the reaction:
Pt(HS),_;3*+ HS~ = Pt(HS), 2>, 1<x<4 (5)

These may be converted, for practical purposes, to cumulative reaction constants 3,, describing the

solubility of PtS(s) in terms of the three most plausible hydrosulfide complexes:

PtS(S) +3 HZS(aq) = Pt(HS)42_ + 2 H* |0g10I34 (6)
PtS(S) +2 HZS(aq) = Pt(HS)3_ + H* |OgloB3 (7)
PtS(S) + st(aq) = Pt(HS)20 |Og10[32 (8)
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This conversion requires a value of the reaction constant for the Pt?* ion:

Pt + HaS(aq) = PtSyg + 2 H* (9)

111> VdIUE Wd> dUUPLEU UA>EU UII UIE Udld Ul 9dS>diil diu SITULR (LIJ0) Ul LHE FL LIErNiouyiidiing
properties in the framework of the HKF model, which are also consistent with the choice of other
thermodynamic data in this study (Table S2). Sassani and Shock’s (1998) set of data was preferred to
an alternative Pt?* thermodynamic set reported by Tagirov et al. (2015). The latter may be subjected
to potentially large uncertainties related to the extrapolation to infinite dilution of the low-
temperature values of the formation constants of PtCl, (1<n<4) species from Pt** (Elding, 1972a,b,

1978) on which the Pt?* thermodynamic properties at high temperatures are currently based.

4.3. Results of solubility experiments from flexible-cell reactor (FCR) and in situ XAS

4.3.1. PtS(s) solubility under reducing conditions from FCR experiments

In experiment m35 conducted in FCR at each corresponding step, reduced sulfur
concentrations analyzed with iodine and zinc acetate are similar (Table S1), demonstrating that
reduced sulfur species other than sulfide are negligible. The total sulfur concentration (S.) is also
similar to the sulfide concentration within their analytical errors (x10% each). Sodium and chloride
concentrations have smaller analytical errors and remain stable during a given step (within +5%). These
values therefore were used to more accurately determine dilution factors from the injections and the
resulting fluid composition. Dissolved gold concentrations stabilize within <2 days during each step
following an injection, suggesting that both pH and fo, that control Au(s) solubility equilibrate equally
rapidly. The experimental Au concentrations are within <0.5 log unit of the predicted concentrations
of the Au(HS),~ complex using the available thermodynamic data sources (Table S2). Platinum
concentrations in experiment m35 vary in the range (0.1-14)x10-° m Pt (Tables 1 and S3, Fig. S1). They

exhibit systematic changes with temperature (50-300 °C), pH (5.0-7.8) and sulfide concentration (0.5—
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1.2 m). A steady state is usually attained after a few days following the temperature change or the
modification of the fluid composition via injection, suggesting that fluid equilibrium is likely to be
raarhad with D+Qlc\ \Aith tha incraaca in tamnaratiira fram 27NN +A 2NN °C At A rAanctant culfur
concentration and in the pH range 6.8-7.5, the Pt concentrations remained similar (3—4x107% m). At
300 °C, the decrease of pH by one unit (from 6.8 to 5.7) results in a Pt concentration decrease of about
one log unit, whereas the sulfide concentration only slightly decreased (from 1.0 to 0.8 m). The PtS(s)
solubility values at a given temperature quickly respond to the changes in pH upon HCl injection. The
pH dependence is consistent with the formation of electrically charged Pt-HS complexes, most likely
Pt(HS),% (equation 6). The Pt concentration variations with pH at lower temperatures (50-250 °C) are
more difficult to interpret without in-depth thermodynamic analysis, as the sulfide concentrations also
changed by a factor of two between the alkaline and acidic experimental steps at the same
temperature. The influence of pressure on PtS(s) solubility was found to be negligible within the
analytical errors, at least from 200 to 600 bar, which is consistent with the low compressibility of

aqueous solutions at moderate temperatures (50-300 °C).

4.3.2. PtS(s) solubility from XAS experiments

In the XAS experiments, the measured Pt concentrations range from 6x107° to 60107 m, for
reduced sulfur concentrations of 0.9-2.4 m and pH of 5-10 (Table 2). In situ XAS measurements offer
the possibility to monitor the temporal evolution of dissolved concentrations far more accurately than
hydrothermal batch reactor experiments. Changes in the amplitude of absorption edge height of
fluorescence spectra Aup; (fl), proportional to Pt concentration, were observed with time at a given T-
P (Fig. S3). In the experiments with NaHS aqueous solutions, Pt concentrations slightly increased (<10
% of the value) before attaining a steady state after a few hours of dissolution reaction. In the

experiments with thioacetamide, Pt concentrations either decreased to stable values at 250 °C after
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10 h, or increased to relatively stable values at 300 °C after 3-5 h (Fig. S3). Such different dissolution
patterns may be due to combined kinetics of thioacetamide decomposition (reaction 2) and PtS(s)-
fliiid anuilihratinn . Tharafara in tha furthar tharmadiinamic analucic e 1icad Dt enlithilitvy A-ta
measured after 4 hours in each XAS experiment (except Exp3 at 250 °C for which a 10 h steady state
was adopted). These data were assumed to correspond to equilibrium. Note that the obtained results
for experiments with NaHS are very similar to the FCR solubility experiment, supporting the validity of
Pt concentration determination from in situ XAS data. For example, XAS experiment Exp7 at 300 °C
and 500 bar with S,.4=0.97 m and pH=8.3 yielded (6.5+0.5)x10=® m Pt at steady state, which is similar
within errors to the value of (4£2)x107° m from the much longer FCR experimental step with S,.4=1.12
m and pH=6.8. All XAS experiments, but Exp9 (see below), were used, together with the FCR
experiment, to derive the stability constants of Pt(HS),> (see next section). The only exception is the
most alkaline pH experiment (Exp9; pH=10), which yielded too high Pt solubility and the resulting
logioBs constant (Table 2, Fig. S2), compared to all other experiments conducted at pH <9. This
discrepancy might be due to the formation of additional Pt-HS-S complexes at such alkaline pH (e.g.,
Filimonova et al., 2021), probably with the S>~ion that was predicted to form in significant amounts at
pH >10 according to theoretical estimations of its dissociation constant by Phillips and Phillips (2000).
However, more direct experimental data on sulfur speciation at such alkaline pH at elevated
temperatures are required before the S?~ion could be considered in speciation models. Therefore, we

omitted this alkaline experiment from further discussions.

4.3.3. PtS(s) solubility at oxidizing conditions in FCR

In step m35/14 at 50 °C and 260 bar of the FCR experiment, hydrogen peroxide was injected to
investigate the effect of partial sulfur oxidation on PtS(s) solubility. Both S,; and Sy analyzed

concentrations (H,S+HS+NaHS?=0.13-0.16 m, Table S1) are much lower than the expected S,; of 0.32



m according to the mass balance calculations of the remaining and injected fluid amounts, while
analyzed sulfate concentrations were below 0.01 m (Table S1). Thermodynamic calculations predict
tha nracinitatinn Af nativia cuilfiir in Aaraamant with thaca analhicac Aand An incraaca Af £- hv 1E lAx
units (Table 1). Platinum concentrations in the fluid were 1 to 2 orders of magnitude higher compared
to the predicted Pt concentrations assuming Pt(HS),>~. The findings of this single exploratory
measurement would therefore suggest the formation of additional complexes, most likely with
polysulfide ions produced via H,S oxidation that may be strong ligands for Pt (e.g., Pokrovski et al.,
2021). According to our thermodynamic calculations of the fluid speciation, among them, Ss>~ would
be the most abundant one, reaching concentrations of 5x10~* m at these T-P conditions (note that the
radical S;™ ion is rather minor at such low temperatures, [S;7]<107® m). Even though the quantitative
complexation capacity of Sg2~ for Pt is unknown, complexes such that Pt"(Ss),> and Pt"V(S;);% existing
in solids (Wickenden and Krause, 1969; Laskar, 2022) may equally form in aqueous solution. This
solubility step was therefore ignored in the derivation of Pt-HS complexes stability constants that

follows.

4.4. Derivation Pt(HS),2" stability constants

The FPMD-derived stepwise complexation constant of the formation of Pt(HS),> from Pt(HS);~
(logioKs = 6.8+1.0, reaction 4, Table 3), implies that the tetrahydrosulfide dominates over
trihydrosulfide in solution at HS™ concentrations above 107 m at 300 °C and slightly acidic to alkaline
pH. These fluid parameters cover most natural and experimental fluid compositions examined here
and in previous work. The Pt dihydrosulfide complex would have concentrations at least 4 orders of
magnitude lower than trihydrosulfide at such conditions (log;oK; = 10.5%0.9). The absolute
concentrations of the three complexes calculated in equilibrium with PtS(s) for our range of sulfide

concentrations (0.8—2.4 m) at 300 °C and 500 bar are compared with experimentally measured values
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in Fig. 5. It can be seen that Pt(HS),%>~ concentrations are only slightly lower (<0.5 log unit) than in most
experiments, whereas the predicted concentrations of Pt(HS),? and Pt(HS);~ using our MD constants
Aara naaliaihlhvs _crmall  Fuan thaniah MDD _Aariviad  ctahilitv cAanctante Aara ciihiartad +a cianificant
uncertainties (see Appendix A for more details), when combined with the independent in situ XANES
and EXAFS results, they strongly support the conclusion that Pt(HS),>~would be the dominant species

at our conditions.

These constraints on the complex stoichiometry enable derivation of the stability constants of
Pt(HS),%~ from PtS(s) solubility data obtained in FCR and XAS experiments in this study. In this
derivation, the standard molal Gibbs energy of the complex (G%;) was determined by fitting the
solubility data at each experimental temperature and pressure using the OptimA software (Fig. S2).
The differences between experimental and regressed solubility data points at 50, 100, 200, 250, and
300 °C do not exceed 1 log unit, which may be considered as a decent agreement in light of the ppb-
level measured absolute Pt concentrations. Furthermore, the FCR and XAS data are in fairly good
agreement, the differences between them being within 0.5 log unit (Figs. 5 and S1). The obtained
values were converted to the reaction constant (Table 5) using the Gibbs energies of the other reaction
constituents from thermodynamic data sources in Table S2. Note that the solubility-derived value at
300 °C and 500 bar is within 1 log unit of the independent MD-predicted value, which was not used in
the regression. The solubility-derived log,oB4 values generated in this study (Fig. 6, blue diamonds)

were fitted by a linear function of the reciprocal of absolute temperature:

log10B4 = 0.9x1000/T(K) = 19.7 (0.5) (10)

5. DISCUSSION

5.1. Structure and stoichiometry of Pt-HS complexes in hydrothermal fluids
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Our direct spectroscopic data coupled with molecular dynamics calculations demonstrate that
the square-planar platinum tetrahydrosulfide Pt(HS),> is likely the most stable Pt" complex in sulfide-
rirh hudratharmal fliiide At laact A+ mAadarata tamnaratiirac [#2EN °C) ltc ctriictiira Aand ctnichinmaoatrn:
are typical of most inorganic Pt" complexes known in chemistry (e.g., Cotton et al., 1988). Furthermore,
similar stoichiometries and structures were found in model hydrothermal fluids for Pt"Cl,%>-, which may
be the major Pt chloride complex in saline sulfur-free hydrothermal-magmatic fluids (Tagirov et al.,
2019), as well as for the analogous Pd"(HS),%>~ predicted using FPMD to be the most stable among Pd"-
HS complexes (Mei et al., 2015a), and for Pd"Cl,>~ shown to be stable in highly saline S-free solutions
at moderate temperatures (Bazarkina et al., 2013; Tagirov et al., 2014). The formation of doubly
charged chalcophile metal complexes, coordinated with S ligands was also demonstrated for Mo"'S,%~
(Liu et al., 2020), and Pt"(HS),(S5),%~ and Pt"V(HS);(S3),%>~ (Pokrovski et al., 2021). The stability of such
complexes, at least at temperatures below 350 °C in liquid-like density fluids, is in line both with the
high chemical affinity of the metal for reduced sulfur and with the relatively high dielectric constant of
aqueous solution at such temperatures (>10) stabilizing negatively charged species (e.g., Brimhall and

Crerar, 1987).

Our direct structural results place additional constraints on the interpretation of the available
literature solubility data in terms of complex stoichiometry. Such data are intrinsically difficult to
interpret based exclusively on the bulk solubility data as a function of estimated fluid parameters such
as pH and HS™ concentration, usually varying only in a narrow range in experimental studies. These
limitations may explain the apparent disagreement of our findings with the available bulk solubility
measurements of PtS(s) at conditions very similar to those of our study. For example, Pt(HS),° and
Pt(HS);~ were suggested as the dominant species by Gammons and Bloom (1993), but the large scatter
intrinsic to the solubility-pH and solubility-a(HS") dependences in their study renders such

stoichiometries uncertain. Similarly, Pan and Wood (1994) failed to derive a definite Pt complex
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stoichiometry from their solubility measurements and therefore reported a long list of alternative

complexes, from Pt(HS)* to Pt(HS),2-, at temperatures <350 °C and sulfide concentrations of >0.1 m.

Pt(HS),%>~ would become less stable and over dominated by lower ligation number complexes. This
tendency would be in agreement with the decrease of both fluid density and dielectric constant
favoring ion association and uncharged or weakly-charged species stability (Todheide, 1982; Walther
and Schott, 1988; Da Silva et al., 2009; Hou et al., 2020). For Pt, such a tendency was likely to be
confirmed by Kokh et al. (2017) and Filimonova et al. (2021) who inferred, from bulk solubility
measurements, Pt(HS),° to be the dominant Pt species in much more dilute H,S solutions (<0.05 m)
and temperatures of 450 °C. In addition, ion-pairing with alkali ions may contribute to the metal
speciation at such conditions as shown by solubility studies (e.g., Zajacz, 2010, 2011). Independently,
Mei et al. (2014) predicted, using MD simulations, the increasing formation of ion pairs between highly
charged complexes and alkali counter-ions (Na*, K*) with decreasing the fluid density below 0.7 g/cm3
(e.g., NaCuCl,® formed at the expense of CuCl,7). The general tendency for lowering electric charge and
ligation number of Pt and other metal complexes with increasing temperature is also supported by
recent experiments performed in S-free magmatic brines (800-1000 °C, 2 kbar; Sullivan et al., 2022b),
indicating the predominance of PtCl,° and PtCl;- complexes rather than PtCl,>. Similar complexes for

Pd, PdCL,° and PdCl;~, were also found at such conditions (Sullivan et al., 2022a).

5.2. Equilibrium constants of Pt-HS complexes and solubility of PtS(s)

The equilibrium constants of PtS(s) dissolution reactions as Pt-HS complexes from this and
previous studies are summarized in Table 5 and the solubility of PtS(s) calculated using these data is
shown in Fig. 5. Our B, constants for Pt(HS),> are higher than the only directly reported values of

Gammons and Bloom (1993) in whose speciation model the tetrahydrosulfide complex was judged to

30



be subordinate compared to the supposedly dominant Pt di- and trihydrosulfide species (see the
section above). We, therefore, re-analyzed their solubility data in terms of Pt(HS),?~ using the OptimA
cnfriainra Thavacultina va ~calaiilatrad AviAavanca ~Ane +ante R AvAin Aacranman +asith Anrvaliiac within 19
log units over the T range 200-300 °C (Table 5), despite, as the authors recognized themselves, the
assignment of stoichiometries from their experimental points was prone to considerable error. Their
study vyields PtS(s) solubilities within +1 log unit of our values in the T range 200-300 °C at S
concentrations of 0.1 to 1 m at near-neutral pH of 5-8 (e.g., Fig. 6). Similarly, we re-calculated log,oB.
values from the PtS(s) solubility experiments of Pan and Wood (1993) in more oxidizing sulfate-sulfide
solutions in the T range 200-300 °C, and obtained logy, B, giving values within 0.4 to 2.3 log units of
our values (Fig. 6 and Table 5). The concentrations of intermediate-valence S species, such as S5, which
has a very strong affinity for Pt (e.g., Pokrovski et al., 2021), are rather small (S37/H,S < 1073), as we
estimated in Pan and Wood’s (1994) experimental solutions of using the thermodynamic properties of
S;~ (Pokrovski and Dubessy, 2015). Thus, the Pt speciation model with Pt(HS),>~ as the main complex
as supported by our MD, XAS, and solubility data, offers more coherence between Gammons and
Bloom’s (1993) and Pan and Wood’s (1994) studies, with a difference between log;, B, values from
these studies being within only 1 log unit in the 200-300 °C range (Fig. 6 and Table 5). By contrast, the
crying discrepancy of the Pt(HS),° B, values, between our MD estimations and both solubility studies,
with differences up to 18 log units at 300 °C (Table 5), strongly suggests that Pt(HS),’-based models
are inadequate, at least at moderate temperatures. Thus, first principles free energy calculations

provide important independent constrains on speciation models.

6. GEOCHEMICAL SIGNIFICANCE OF PLATINUM HYDROSULFIDE COMPLEXES IN

HYDROTHERMAL FLUIDS AND COMPARISON WITH GOLD
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The stability constants of Pt(HS),%~ generated in this study allow for improved predictions of Pt
transport in moderate-temperature hydrothermal fluids. Figure 7a shows PtS(s) solubility in a typical
calina fliid (1N w0/ NAaCl anmunivialant) 1indar radav canditinne ~rAarrocnandina +a thaca Af tha
conventional Ni-NiO mineral oxygen buffer (NNO), as a function of pH and S content from 0.01to 1 m,
at 300 °C and 500 bar. It can be seen that the solubility is dominated by Pt(HS),? at acidic to alkaline
pH, whereas the contribution of PtCl,> is restricted to very acidic (pH<3) and sulfur-poor (<0.01 m)
fluids. Note that the contribution of hydroxide and sulfate complexes (not shown here) is much
smaller, less than 1 Pt atom per kg of fluid, according to the available thermodynamic predictions of
Sassani and Shock (1998). The absolute PtS(s) solubility is negligibly low at acidic conditions (<1 ppt Pt).
The maximum solubility is attained at near-neutral pH (6-7) as Pt(HS),>. However, the total Pt
dissolved concentrations remain too small (e.g., <0.1 ppb Pt at 0.1 m S and pH 5) to account for
significant Pt transport in most epithermal environments. For example, such Pt dissolved
concentrations would have required >10*! cubic meters of fluid to form a modest deposit of 10 tons of
Pt, providing an extremely focused fluid flow and 100% precipitation efficiency. Such fluid amount is
equivalent to the global flux of water through all terrestrial subduction zones for 1000 years (e.g.,
Wallace, 2005), and therefore would be geologically implausible. Therefore, it is unlikely that both Pt-
Cl and Pt-HS may explain the multiple instances of PGE remobilization and concentration commonly
observed in hydrothermal environments (Hanley, 2005; Mungall and Naldrett, 2008; Economou-

Eliopoulos, 2010; Wilkinson, 2013; Arai and Miura, 2016; Holwell et al., 2017; Boudreau, 2019).

This conclusion contrasts with the behavior of gold, which exhibits a similar affinity as platinum
for reduced sulfur (Pearson, 1968a,b, 1997; Cotton et al., 1988). Gold is much more soluble and mobile
than platinum in most epithermal systems hosting large (10s to 100s tons) gold deposits (e.g.,
Kouzmanov and Pokrovski, 2012; references therein). In such fluids, the speciation of Au' is largely
dominated by similar hydrosulfide complexes, such as Au(HS),”, commonly attaining ppm-level

concentrations (Seward, 1973; Pokrovski et al., 2014, 2015). Paradoxically, the affinities of Pt" and Au'

32



to the aqueous HS™ ligand compared to CI- are very similar as can be quantified using the symmetrical

ligand exchange reactions:

Au'Cl,” + 2 HS™ = Au'(HS),” + 2 CI- (12)

These reactions have equilibrium constant values (log,oK;o and logyoK;4) of 23.2 and 11.4 at 300 °C and
500 bar. These values correspond to 5.8 and 5.7 per HS™ ligand, respectively, if normalized to the
number of ligands in each complex. The major difference in the geochemical behavior of Au and Pt in
hydrothermal systems is thus the difference in their stable solubility-controlling solid phases. The
formation of platinum sulfide minerals (Fig. 1) makes Pt very poorly soluble compared to gold whose
solubility is controlled by the native metal. If Pt metal were the stable phase in S-bearing environments,
its solubility would be fairly comparable with that of gold (Fig. 7b). This difference in the solid-phase
control on the metal transport is likely to be the main cause of the general scarcity of Pt and other PGE
compared to Au in epithermal deposits of gold and base metals (e.g., Barnes and Liu, 2012; Kouzmanov

and Pokrovski, 2012; Bazarkina et al., 2014; Pokrovski et al., 2014; Filimonova et al., 2021).

To account for Pt and other PGE mobility in hydrothermal fluids, complexes other than with
HS~ or CI- would be required. The most plausible one, which is capable of strongly complexing Pt, is the
trisulfur radical ion S;~ that is abundant in sulfate-sulfide solutions over a wide range of temperatures
(e.g., Pokrovski and Dubessy, 2015; Colin et al., 2020). Similar conclusions have been reached for Pd,
whose CI-and HS- complexes are equally too poorly soluble to account for significant Pd hydrothermal
transport (Bazarkina et al., 2014). Extremely stable Pt-HS-S; mixed-ligand species were recently
evidenced both for Pt" and Pt"V in S;~-bearing fluids at 300 °C (Pokrovski et al., 2021). Work is currently
in progress to extend these findings to a larger T-P-compositional range of hydrothermal-magmatic

fluids. More generally, the results of the present study provide a basis for more systematic future
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studies, using combined interdisciplinary experimental, spectroscopic and modeling approaches, of

the role of hydrothermal fluids in the behavior of platinum group elements in nature.

7. CONCLUSIONS

We have performed, for the first time, a systematic study that combined solubility experiments,
in situ X-ray absorption spectroscopy, and thermodynamic and molecular dynamics modeling to
investigate platinum speciation in sulfide-bearing hydrothermal fluids. This unique combination
enables more robust constraints on the nature and stability of Pt-HS complexes in hydrothermal fluids

that would have been impossible using a single method.

The combination of MD simulations with both XANES and EXAFS structural analyses provides
direct evidence that the tetrahydrosulfide species, Pt(HS),2, is the most stable one among the different
Pt-HS complexes considered so far in moderate-temperature S-bearing hydrothermal fluids. Coupled
with accurate solubility measurements using flexible cell hydrothermal reactors and in situ
spectroscopy, our data allow generation of the stability constants for this Pt species over the
temperature range of 50 to 300 °C and pressures <700 bar. The derived stability constants allow the
solubility of Pt-bearing phases to be predicted in typical hydrothermal fluids below 350 °C. Solubility
of PtS(s) appears, however, to be less than 0.1-1 ppb Pt, in contrast to much more soluble gold (ppm
levels) despite the similar chemical affinities of both metals for reduced sulfur in aqueous solution. The
major difference in PGE vs Au mobility is therefore the nature of the solubility-controlling phase,
sulfide vs metal for Pt and Au, respectively. This difference is the key factor of Au vs PGE fractionation

in hydrothermal systems.

The solubility of Pt as sulfide, chloride, sulfate or hydroxide complexes appears to be too low in
typical moderate-temperature (<350 °C) hydrothermal fluids to account for multiple instances of Pt

remobilization and concentrations observed in natural settings. Complexes with other S-bearing
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ligands, such as polysulfide dianions and radical sulfur ions, may significantly contribute to PGE fluid-

phase mobility. Their studies in a wide T-P-compositional range of hydrothermal-magmatic fluids will

raniiira 2 ramhinad avnarimmantal cnartracecanic and camniitatinnal annraach ciich ac that Aavialanad

in this study.
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TABLES AND FIGURES

Table 1. Platinum dissolved concentration and fluid composition and major parameters in the system H,0-NaHS-PtS-Au-FeS-FeS, at the indicated T-P
conditions during the different steps of FCR experiment m35.

Run/step T,°C P, bar NaHS, m H;Suq, m HCLm NaOH, m H,0,, m pH® 10810f0,° Mpt mean (X10°8), l0g10Bs Nexp Injected aqueous
m solution

m35/1 56 3205 1.04 0.12 - - - 7.8 -78 14 -17.3 1 -

m35/10 50 260+10 0.51 0.07 0.48 - - 5.3 -80 0.11 -17.2 3 -

m35/11 50 44015 0.51 0.07 0.48 - - 5.3 -80 0.28 -17.1 2 -

m35/12b¢ 50 90+10 0.51 0.07 0.48 - - 5.4 -80 3.8bd —b 2 -

m35/13 50 25015 0.44 0.06 0.41 0.04 - 5.8 -80 2.3 -16.6 2 NaOH

m35/14¢ 50 26015 0.15¢ 0.05 0.35 0.03 0.29 6.4 —65 2.99 -15.8¢ 2 H,0,

m35/9 100 25045 0.51 0.07 0.48 - - 5.0 -67 0.12 -16.7 3 -

m35/2 200 47040 1.04 0.12 - - - 7.1 -49 3.4 -17.9 2

m35/8 200 30050 0.51 0.07 0.48 - - 5.0 -50 0.21 -16.8 2 H,0

m35/3 250 510+70 1.04 0.12 - - - 7.3 —42 3.1 -18.4 4 -

m35/7 250 400+100 0.67 0.09 0.62 - - 5.3 -43 0.60 -17.5 5 H,0

m35/4 300 47050 1.04 0.12 - - - 7.5 -36 3.3 -19.0 3 -

m35/5 300 45030 1.01 0.11 0.29 - - 6.8 -37 4.0 -18.9 2 Hd

m35/6 300 490+40 0.81 0.10 0.71 - - 5.7 -38 0.68 -18.5 3  Hd

Error +1 +10% +10% 5% 5% 5% 0.1 +1 +10% 0.5

m denotes the number of moles of each solute per kg of water (mol/kg H,0); N, corresponds to the number of samples for used to calculate the average
value, Mpg,mean; the x number in m35/x (1<x<14) represents the chronological order of the corresponding step; P is reported as the mean value with 1 standard

deviation accounting for pressure variations during a given step. See Table S1 for further analytical details.
@ pH and fo, are calculated from the composition of the experiment at different steps with the HCh software.

bsamples are likely not representative because of a suspected cell leak at this step; they were ignored in further interpretation.
¢injection of H,0, solution makes some sulfur Sg)iq (0.18 mol) to form in the system.
4 not considered in the thermodynamic analysis.
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Table 2. Platinum concentrations and fluid compositions in XAS experiments at the indicated T-P conditions. Pt concentration were determined at the Pt-L,,
absorption edge from fluorescence signals.

# Composition duration, T, P, pH? logiy  Appyox 103 dfid, Mp° (x108), logio Ba
hours °C bar fo,? g/cm?3 m

Expl NaHS (2.03 m) + H,S (0.07 m) 14.0 250 500 7.7 -39 0.19+0.02 0.93 9.1+0.8 -18.3
Exp3 CH;CNH,S (2.16 m) 14.0 250 500 54 -41 1.940.1 1.00 90£20 -17.0
Exp4 NaHS (2.03 m) + H,S (0.01 m) 17.6 300 500 8.4 =35 0.6210.05 0.87 3612 -17.8
Exp6  CH3CNH,S (2.35 m) + HCI (1.00 m) 14.5 300 500 5.0 -36 0.2910.05 0.99 1612 -17.4
Exp7 NaHS (0.97 m) + H,S (0.01 m) 13.6 300 500 8.3 =35 0.16%0.01 0.83 6.5+0.5 -17.9
Exp8 CH5CNH,S (2.16 m) 13.6 300 500 54 -36 0.24+0.05 0.95 10+2 -18.1
Exp9 NaHS (2.02 m) + NaOH (0.58 m) + H,S (0.01 m) 16.6 300 500 10.0 -36 0.15+0.02 0.89 8.2+0.8° -16.8°
Error ol | 110 0.1 1 10.03 0.5

Fluorescence calibration were performed with aqueous solutions of K,PtCl,, taking into account the absorption of the fluid and the distance of the sample to
the detector (see Appendix A); m denotes the number of moles of each solute per kg of water (mol/kg H,0).
2 pH and fo, are calculated from the composition at the experimental T-P using the HCh software.

b not taken into account in the thermodynamic analysis of Pt(HS),2".
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Table 3. Solution compositions, temperature, pressure and density of Pt'-HS solutions used in the
FPMD simulations of this study.

Job No. Solution composition T,°C P, bar

L 4rL 1119, 10111V
2 1Pt, 2 HS, 130 H,0
3 1Pt, 3 HS, 129 H,0
4 1Pt, 4 HS, 128 H,0

UV

300

300

300

TAYAYS

600

550

500

Density,
g/cm?

V.04

0.82

0.83

0.84

Reaction

re THIo —ruiio)
Pt(HS)* + HS™ = Pt(HS),°
Pt(HS),2 + HS™ = Pt(HS)s

Pt(HS)s~+ HS™ = Pt(HS),>

log1oKy

J.ul4i.V

9.6+0.8
10.5+0.9

6.8+1.0

The cubic box size is 17.0 A for all jobs. Errors on P and density are +50 bar and +0.03 g/cm3, respectively.
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Table 4. In situ platinum local atomic structure in sulfur-bearing aqueous solutions in equilibrium
with PtS(s) derived from EXAFS modeling.

7,°C P,bar Atom N R, A o?, A? AE, eV Reduced ¥ k-range, A1 R-range,
(R-factor) A
250 500 S 4.0+0.5 2.30+0.01 0.003+0.001 71 33 3.0-11.5 1.2-5.0
Stwa 4.60° 0.011+0.005 (0.027)

So? is the amplitude reduction factor set to 0.8; uncertainties are calculated by the ARTEMIS program;
the number of variables (5) is lower than the number of independent points (20) for the fit; R = Pt-
indicated atom mean distance; N = Pt-indicated atom coordination number; 6?> = mean square
displacement bond length (or Debye-Waller factor); AE is a non-structural parameter accounting for
phase shift between experimental spectrum and FEFF calculation; R-factor defines goodness of the
total fit in R-space; Sq,, = multiple scattering linear path forward through absorber (fwa) within the
square Pt(S), unit: Pt-S-Pt-S-Pt; R(Sswa)=2%R(S).
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Table 5. Values of the PtS(s) dissolution reaction constants with different Pt-HS complexes at the indicated T-P conditions.

log10Bx(T,P) log10Bx (T,P) log10Bx (T,P)
Reaction This study Recalculated Originally reported data
(solubility)
T,°C P, bar FCR+XAS FPMD GB93® PW942 GB93? F21°
50 300 -17.140.5 - - - - -
100 300 -16.740.5 - - - - -
PtS + 3 H,Saq) = Pt(HS),#~ +2 H* 200 500 -17.4+0.5 - -16.8+0.7 -17.8+1.6 -18.7+0.6 -
250 500 —18.0+0.5 - -18.6+0.5 -19.0+1.6 —20.4+0.5 -
300 500 -18.2+0.6 -20.0+3.7 -21.0£0.5 -20.5+1.6 —22.9+0.5 -
PtS + 2 H,S(aq) = Pt(HS)s™ + H* 300 500 - —-19.8+2.7 - —-12.5+0.6 -13.60.5 -12.0+0.5
PtS + H,S(aq) = Pt(HS),° 300 500 - -23.1+1.8 - —-5.240.5 —7.7+0.5 —-7.810.5

Uncertainties are equal to the standard deviation for the calculated constants.

Gammons and Bloom (1993) — GB93 (solubility at P,,); Pan and Wood (1994) — PW94 (solubility at P,,); Fiimonova et al. (2021) — F21 (density
model).

‘~“ means not available.



HSO, 50,2 300 °C 500 bar

e~

logyo fo2

Fig. 1. Phase diagram in the Pt-O-S-H system, at 300 °C/500 bar, and 3 wt% dissolved S, as a function
of fo,and pH. Conventional fp, mineral buffers are shown as horizontal dashed red lines (HM:
Hematite-Magnetite; NNO: Nickel-Nickel Oxide; QFM: Quartz-Fayalite-Magnetite). Predominance
boundaries of major sulfur aqueous species are shown by dotted blue lines. Symbols indicate the
conditions of our hydrothermal reactor (FCR) and XAS reactor (XAS) experiments in the PtS(s) stability

domain.

48



¥ &

Pt(HS)(H,0)5* Pt(HS),(H,0),°

. VN W)
§ o
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Fig. 2. Ball-and-stick structural presentation of the Pt"-HS-H,O complexes calculated by DFT (Pt-grey,
S-yellow, O-red, H-white). All complexes have a square-planar geometry.

49



. EXPS; PH=2.4 EXp3; pH=5.4
A — — ~ ExpB; pH=5.0 SN e Pt(HS),0 FDMNES
{ T 7 ExpripH83 PN - - - - Pt(HS)3~ FDMNES
[ — —— Exp9; pH=10.0 Y 32
L u\ PIS(s) L — == Pt(HS)42~ FDMNES
NN QR -
\

Normalized absorption (arb. units)
Normalized absorption (arb. units)
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Fig. 3. XANES spectra at the Pt L, -edge of the solid references Pt"S(s) and Pt"S,(s), at 25 °C and 1 bar,
and of the indicated experimental solutions at 250 or 300 °C, 500 bar (a), and comparison between the
spectrum of the thioacetamide solution (Exp3, 250 °C, 500 bar, Table 2) and quantum-chemistry
simulated XANES spectra of the three major Pt-HS complexes with DFT-optimized geometries (b). The
white-line energy position and shape of the Pt"S(s) reference (marked by a vertical dashed line at
11567.5 eV) are similar to those of the experimental solution spectra, as opposed to PtVS,(s). The
spectrum from Exp3, as compared to simulated XANES spectra, is best matched by the Pt(HS),*-
complex.
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Fig. 4. k*-weighted EXAFS spectra (a) and their corresponding Fourier transform magnitudes (not
corrected for phase shift) (b) of the investigated Pt aqueous solution in experiment Exp3 at 250 °C and
500 bar, and its comparison with the spectra of crystalline references Pt"S(s) and Pt'VS,(s) at 25 °C and
1 bar. Dotted curve is least-squares fit to the experimental solution spectrum shown by solid curve.
Vertical dashed line is an eye guide to indicate the changes in energy position. The solution spectrum
is consistent with 4 S atoms in the 15t shell (S1) and a multiple scattering feature (MS) arising from the

square-planar arrangement of S atoms around Pt.
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Fig. 5. Platinum dissolved concentrations in equilibrium with PtS(s) in aqueous solution (symbols) as a
function of pH at 300 °C and 500 bar measured in hydrothermal reactor experiments (FCR, at 0.7-1.0
m S) and XAS (XAS, at 1 and 2 m S), compared with solubility predictions for the indicated Pt-HS
complexes (dotted or dashed curves) using the stability constants from Table 5 derived in this study
(FCR+XAS and MD) and Gammons and Bloom (1993) (GB93). All experimental data points were
considered in thermodynamic modeling (see Fig. S2a). The sulfur concentration used to calculate the
curves was set to 0.90 m S, similar as the concentrations of the FCR and XAS experiments, whereas
curves at higher sulfur concentrations (e.g., 2 m S passing through the corresponding XAS datapoints)
were omitted to not overload the picture. Note that the concentrations of the Pt(HS),° complex whose
constant was predicted by MD in this study are negligibly small (log1o(Pt(HS),%\p) ~—23), and not shown
here. The Pt(HS),% complex provides the best match of both the experimental solubility data and MD
predictions of this study.
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PtS... + 3 H.S,... = Pt(HS),2 + 2 H*
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-22 A 1 O MD (this study)
223 - GB93 (recalculated)
2 - - 0 PW94 (recalculated)
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1000/T(K)

Fig. 6. Values of the reaction constant log;oBa: PtS() + 3 HyS(aq) = Pt(HS),>+ 2 H*, as a function of the
reciprocal of absolute temperature 1000/T(K). Data points FCR+XAS were generated from our solubility
and least-squares regressed using the linear relationship (dashed line) log;oB4 = 0.9x1000/T(K)-19.7
(x0.5). Other data points, shown in the figure but not used in the regression, are from our FPMD
simulations at 300 °C/500 bar (MD) and solubility data of Gammons and Bloom (1993; GB93) and Pan
and Wood (1994; PW94) recalculated in this study assuming Pt(HS),>~ to be the dominant complex.
Note that the X-axis position of these data points is slightly shifted to avoid overlap on the graph.
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Fig. 7. Solubility of PtS(s) as Pt(HS),> and PtCl,2~ in an aqueous fluid of 2 m NaCl equivalent at oxygen
fugacity of the conventional nickel-nickel oxide buffer (NNO, log;, fo, = —34) as a function of pH at the
indicated total sulfide concentrations at 300 °C and 500 bar (a). Comparison of the solubility of PtS(s),
Pt metal, and Au metal in the same fluid of total sulfide content of 0.1 m, with the indicated Au and Pt

species concentrations (b).
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