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ABSTRACT
The oxidation state of hydrothermal fluids, whiciirh economic deposits of noble metals, varies in
wide limits — from oxidized ones typical for porpliymineralization to reduced which formed
volcanogenic massive sulfide deposits. Sulfur-lbgpspecies, along with chloride, are the most
important ligands that form stable aqueous compglewéh Au and determine Au concentration in
natural ore-generating fluids. Depending onf{lae) value, in high-temperature fluids (t > 300 °C)
the dominant forms of sulfur are sulfide84HS), sulfites (SQ, HSQ, SGQ?), sulfates (HS®,
SO?), and the radical speciess{SHere we report an investigation of Au complesatin high-
temperature sulfide-bearing fluids of contrastimglation states. The solubility of Au was measured
in “oxidized” sulfide fluid (HS/SQ? buffer controls th&ked/Ox state) at 450 °C, 1000 bar, and
compared with the Au solubility in “reduced” suligystems (E6/HS predominate) reported in the
literature. The measured values of the Au solyhihiitches best the model of the formation of
Au(HS) at near-neutral to weakly acidic pH, and AuHSaardic solutions. The solubility
constants have been determined for the reactions,

AU + HoS%q) + HS = Au(HS) + 0.5 Hg) logKaugs)y,- =-0.9 £0.1 ,

AU(cr) + HoS®%aq) = AUHSag) + 0.5 Hg) lodauHs =-6.5+0.1

The average value of ldgauns),- = -1.3 + 0.5 was calculated for 450 €« 500 — 1500 bar) using

all the available Au solubility constants obtainedboth “reduced” and “oxidized” sulfide systems.
The local atomic environment of Au in high-temparathydrothermal fluids has been studied using
X-ray absorption fine structure spectroscopy (XAKS)igh energy resolution fluorescence
detection (HERFD) mode in combination wah initio molecular dynamics (AIMD) and Reverse
Monte Carlo (RMC) simulations. Interpretation of Bstedge EXAFS spectra showed that,
independently of th&ed/Ox (sulfide or sulfide/sulfate systems) aA@d — conditions (350 — 450 °C,
500 bar) two S atoms are located in the first cmatibn shell of Au at 2.29+0.02A. Comparison of
the experimental spectra with those simulated bgma@f AIMD revealed that EXAFS

spectroscopy is not sensitive to the presencagbf &toms like S in a distant coordination shell of



Au. However, theoretical calculations indicated tine shape of Als-edge HERFD-XANES
spectra depends upon the composition of the distaordination shell and, therefore, can be used to
discriminate between Au(HS)Au-(HS)-S and, probably, other complexes with distant-
coordination-shell anions. Experimental As¢tedge HERFD-XANES spectra are identical for all
studiedPT- andRed/Ox-parameters. These results allowed us to concludedi(HS)» complex
predominates Au speciation in weakly acidic to wealkkaline pH independently from the
oxidation state of the fluid. Besides that, XAF®enment demonstrated that the formation of
mixed Au-HS-CI complex can be neglected. With iasieg pressure (takbar) or decreasing
temperature (to < 300 °C), due to increasing oteairation of S species in intermediate oxidation
states, formation of the Au-HS complexes can berapanied by the formation of other species
with (hydro)sulfite, thiosulfate, (hydro)polysulégdand sulfur radicals, which would enhance the
hydrothermal Au mobility. Stability of these comyés needs further experimental and theoretical

examination.

Key words: gold, solubility, hydrothermal fluids, hydrosuléccomplexes, stability constants, X-ray

absorption spectroscopy, HERFD-XA&h initio molecular dynamics



1. Introduction

It is generally accepted that Au is transportechéatyral ore-forming fluids in the form of
hydrosulfide or chloride species. Depending on &l Ci activity, AuCbk, Au(HS)", or AUHS®
complexes predominate Au speciation (e.g., Sewl&d3; Zotov et al., 1991; Benning and Seward,
1996; Gibert et al., 1998; Fleet and Knipe, 20Gef&hsson and Seward, 2003, 2004; Dadze and
Kashirtseva, 2004; Tagirov et al., 2005, 2006}hincited works the composition and stability of
chloride and hydrosulfide complexes was determinadhe measurements of Au solubility as a
function of pH,f(Hz), and sulfur activity at reducd®ed/Ox conditions, where Soxidation state of
sulfur predominates, andb&/HS are the dominant sulfur species. Natural ore-foghsystems,
however, can transport ore metals in wide rangeedfOx conditions from reduced to oxidized. For
example, hydrothermal systems associated with rolganic massive sulfide (VMS) deposits and
their modern analogues — submarine hydrothermé&tisygs are characterized mostly by reduced
conditions (Large et al., 1977; Kawasumi and Ch#tfH,7). In these systems deposition of ore
sulfides, which are often enriched in Au, takesela response to the drop of temperature, pH,
f(O2), and}’S. In contrast to VMS deposits, most of the porglGu-(Mo)-(Au) deposits are
associated with oxidized magmas (f¢Q2) > FMQ + 2, where FMQ is fayalite-magnetite-quartz
oxygen buffer, c.f. Sun et al., 2015). In these mag SG@* predominates over reduced sulfur
species. The hydrothermal fluids inherited highdation potential from the oxidized volatile species
such as S®and SQ that were degassed from the parental magma. Fomatthe stable Au
complexes with oxidized S species in addition teH% complexes can increase the fluid transport
capacity with respect to Au. In addition, sulfidehrhydrothermal fluids often contain significant
concentrations of chlorides that can increase dneentration of dissolved Au via the formation of
the mixed hydrosulfide-chloride Au-HS-CI speciescontrast to chloride complexes Ad@d) and
AuCly, which are responsible for Au transport in acitlicds, mixed HS-Cl species can form at
weakly-acidic and near-neutral pH, where Au(FH%)the dominant Au complex in the absence of

chlorides. Therefore, more experimental data aeele@ to characterize the chemical state



(composition of aqueous complexes and their stgpdif Au in oxidized sulfide environments,
including chloride-rich fluids.

In accord with the available thermodynamic datg.(6SUPCRT92 database, Johnson et al.,
1992), the dominant S species in acidic high teatpee (>300 °C) oxidized hydrothermal sulfide-
rich fluids are HS (S? oxidation state), S&Xor its hydrated form — sulfurous acid$0s, S™
oxidation state), with minor contribution of thenepletely dissociated 450y (S™ oxidation state) in
the form of HS@. At near-neutral and alkaline pH the role 6f 8ecreases and the dominant S
species are #/HS and HSGQ/SQ> with subordinate amount of SGHSOs", which also can form
complexes like Au(S€)* (the latter complexes are known to be stablekalimle solutions at
ambient temperature, Peshevitsky et al., 1976&dthtion, radical species{pexist in solutions
where logf(Oz) is controlled by sulfide-sulfate buffer (Giggewshal974; Pokrovski and Dubessy,
2015). Formation of stable Au complexes withv#as suggested by Mei et al. (2014) on the basis of
ab initio molecular dynamics simulations. The Au(H®)X®mplex was found to be important for the
hydrothermal Au transport by means of analysisefdolubility of Au and X-ray absorption
spectroscopy studies of the oxidized sulfide syqteakrovski et al., 2015).

In the current study, we used synchrotron X-raygitson spectroscopy (XAS) to compare
the speciation of Au in sulfide-rich hydrothermialidis at contrastingred/Ox conditions. We
recorded Al z-edge X-ray absorption spectra for the systemstgp8s: i) reduced, where the
speciation of S is dominated by$HS, ii) oxidized with BS/SQ? as the dominant species, and
iii) oxidized chloride-rich with NaCl added to tleidized sulfide system. The X-ray absorption
near edge structure/extended X-ray absorptionsineture (XANES/EXAFS) spectra
measurements were performed in high energy resalfitiorescence detection (HERFD) mode
(Glatzel and Bergman, 2005) which allows observatibimportant spectral features not manifested
in total fluorescence yield (TFY) geometries (Tagiet al., 2016; Trigub et al., 2017). The
composition of Au complexes was derived by thenfiftof conventional EXAFS spectra with the aid

of IFEFFIT software package (Ravel and NewvilleQ2)) and by EXAFS spectra fitting performed



with the aid of Reverse Monte-Carlo method (Timodteeet al., 2012). Additional information on
the effect of the system composition on the stoictatry of Au complexes was provided by
simulation of the EXAFS and XANES spectra usingdtmmic/molecular structures generated by
means ofb initio molecular dynamics (Gianozzi et al., 2009). Intetg@tion of the XAS spectra
together with the measurements of Au solubilityfgened at 450C/1000 bar in oxidized sulfide
system, show that the chemical states of Au in‘téghperature reduced and oxidized sulfide (xClI)
systems are identical and corresponds to Au{H&)HS° complexes. The calculated Au solubility

constants are in close agreement with values reghqrieviously.

2. Methods

In this section experimental methods used for teasurements of the solubility of Au
and X-ray absorption spectroscopy measurementesiibed. Details on the computational
methods, including thermodynamic calculations, EX6Agpectra fittingab-initio molecular
dynamics simulations, and calculations of theoadtfANES/EXAFS spectra are provided in

supplemental information.

2.1. Gold solubility determinations

Hydrothermal Au solubility experiments were carrad at 450 °C and 1000 bar pressure
using Ti autoclaves (VT-8 alloy) with an internalyme of ~25 ml. A strip of Au foil was attached
to the Ti partition in the upper part of the autv@. The autoclaves were loaded with the necessary
amount of &, distilled water degassed by boiling and saturatih Ar, or solution of NaOH. The
stock[12m NaOH solution was prepared from the concentralied pure base and standardized
against HCI solution, which concentration was dateed against tris(hydroxymethyl)-
aminomethane (Trizma-base, Aldrich) with methyl asdan indicator. Pressure in the autoclaves
was controlled by the degree of filling in accordhAPVT data for NaCI-HO system. The closed

autoclaves were placed into the gradientless f@smpceheated to 450 °C. At the end of the three



weeks period the autoclaves were quenched in catdrwThe concentration of Au in quench
solutions and in solutions obtained by flushinghaf autoclave walls with hot aqua regia was
determined by means of ICP-MS. The method of sasrmieparation is described in detail in
Tagirov et al. (2013). For the ICP-MS analyses damwere diluted with 2M HCI to fall within the
necessary concentration range (< 100 ppb) andreédimieffect of NaCl, which was formed due to

interaction of alkaline solutions with aqua regia.

2.2. XAS spectroscopic measurements

The experimental setup used for spectroscopic erpats was described in detail in
Tagirov et al. (2016) and Trigub et al. (2017) aheyefore, will be only briefly outlined here. XAS
spectra were collectedlagh-brilliance X-ray absorption and X-ray emissgpectroscopy
undulator beamline ID26 of the European SynchroRadiation Facility (ESRF) at Grenoble. The
flux of the incident X-ray beam was approximately @2 photon & on the sample position.
XANES spectra were measured in the high energyutso fluorescence detection (HERFD) mode
using an X-ray emission spectrometer (Glatzel aady®ann, 2005; Kvashnina and Scheinost,
2016). The sample, analyzer crystal, and photoactiat (silicon drift diode) were arranged in a
vertical Rowland geometry. The Au XANES/EXAFS HEREBpectra at thes-edge were obtained
by recording the intensity of the Awlemission line (9713 eV) as a function of the iead
energy. The intensity was normalized to the indidierx.

In the heating experiment a small piece of Au Wir®& mm long) was loaded into a silica
glass capillary (Polymicro Technologi&s 600pum OD, 400um ID, 20 mm length) filled with
solution of NaS0z or NaOH. In the experiment with reduced systenmeaited amount of ASscr
was loaded into the capillary filled with NaOH stdun. The AbSs was synthesized by heating
stoichiometric quantities of ultra pure Al and Sthie evacuated silica glass ampoule. Heated
Al 2Sg(cr) reacted with water and produceeSs

AlSser) + 4 HO = 2 AIOOHe) + 3 H:S . (1)



In thein situ XAS measurements hermetically sealed capillarieiewwlaced into a
microtomography furnace (Bellet et al., 2003). Tenagpure readings were calibrated at an accuracy

of £5 °C with aK-type thermocouple placed instead of the capillary.

3. Resultsand discussion
3.1. Gold solubility

Results of the Au solubility experiments are cdkecin Table 1. Assuming that at the
experimental parameters the dominant sulfur spesge$tS/HS, SO, HSG /SO, H2S0:2, and
Ss, and bearing in mind that the Au-$Ccomplexes are weak (Peshevitsky et al., 1976)dtion

of the sulfur-bearing Au complexes can be describethe following reactions,

AU + 2 HpS%aq) = AU(HSY + H' + 0.5 hyg) Kaums),) (2)
AU + 4 HS%q) = AUHS)S + H" + 3 Hyg) Kaums)s,) 3)
AU(er) + 6 HoS%aq) = Au(S)2 + H + 5.5 Hyg) Kau(sy,) (4)
Aucn + 2 HS%aq) + 6 O = Au(HSQ)2 + 6.5 hbg) KauHsoy,) (5)

AU(er) + 2 HS%aq) + 6 HO() = Au(SQ)> + 3 H" + 6.5 M)  Kausoy,3 (6)

Auen + Ha2S%q) = AuUHSag)+ 0.5 ) Kauns) (7)

Auicn + 2 HS%aq = HAU(HSY® + 0.5 B KHaumHs)y) - (8)

The Au-SOs? complexation is not considered here because, labavshown in the next section,
XANES spectra analysis ruled out formation of thesecies at the experimental parameters. The
experimental data on the solubility of Au were ugadhe calculation of Gibbs energies of the
aqueous Au complexes and corresponding solubdeégtion constants. Results of the calculations
are presented in Table 2. Figure 1 displays tHeréifice between the calculated and the
experimental values of the Au solubility. The Au(kAUHS® model matches the experimental data

better than other models of Au speciation. Thuscaeord with our data, gold in oxidized sulfide



system dissolves with the formation of AuHS® (acipH) and Au(HS) (weakly acidic to alkaline
pH) complexes.

This speciation model can be checked via analygiseoAu solubility as a function of
pH and sulfur concentration. The concentration ofdirectly correlated with pH in near-neutral to
weakly-acidic solutions (Fig. 2a). The slope of siméubility curve vs. pH is close to +1 which
implies that the Au(HS) predominates (Eq. 2). At acidic pH ~ 3 the coneitn of dissolved Au
increases with increase of theSHconcentration. The slope +1.2 (Fig. 2b) indic#tes the
dominant complex is AuH&g) (Eq. 7) with minor contribution of other specieghahigher number
of ligands - Au(HSy. The formation of HAU(HS} can be ruled out as the concentration of this
complex is pH-independent, but increases as thpdver of BS molality (Eq. 8, slope lom(Au)
vs. logm(H2S) is +2).

The Au(HS)/AuHS aq) solubility constants, calculated from the expentaédata on
Au solubility, were compared with the literaturdues (Table 2). Our results for Au(HSjre in
excellent agreement with the data of Fleet and g@i{2000), who have measured the Au solubility
at 100 — 400 °C, 1500 bar in reduced sulfide systentaining 20.6n H>S. At this extremely high

H>S concentration thRed-Ox potential of the system is controlled by34S° couple. The value of
Kuns),) predicted by Sverjensky et al. (1997) with theafithe HKF (Helgeson-Kirkham-

Flowers) equation of state and model correlatioedased on the experimental Au solubility data
reported in Shenberger and Barnes (1989) for 258ntCsaturated vapor pressure. The value of
Sverjensky et al. (1997) is also in excellent agrest with our data. Baranova and Zotov (1998) and
Dadze and Kashirtseva (2004) measured the solubflidu in reduced media at temperatures up to
350 °C (these data are not shown in Table 2 bea#us@ier experimental temperatures). In these
experiments b5 was produced by thioacetic acid hydrolysis. Tieasared values of the solubility

of Au were much higher than those determined bgrathsearchers. For example, at 300 °C and

300-500 bar pressure l&Gws), falls within -0.3+ -0.6 range. Extrapolation of these data to 450

°C results in positive values of |&Gus),- which are at least one log unit higher than thee aif



log Kauns), = -0.9 determined in the present study. StefanasdrSeward (2004) measured the

solubility of Au in the diluted E5/NaOH/HCI solutions with control of dissolved hgden
concentration, and calculated Aukigrand Au(HS) formation constants for 100 — 500 °C
temperature range. The difference between thead&@&efansson and Seward (2004) with results of
the present study is 0.75 log units and, as willliseussed below, can be attributed to the
uncertainties in calculation of the sulfur specatof the oxidized sulfide fluids studied in the
present work. Data of Tagirov et al. (2005) wertaoted in a chemical system which included
silicate and sulfide mineral assemblages that otlatt pH and sulfur activity, respectively. The
calculated Au(HS) formation constants are in close agreement wehviiues reported by
Stefansson and Seward (2004). The values of sijubfilAu determined by Gibert et al. (1998) in
weakly acidic fluids in the system with mineral fau§ also are in good agreement with data
reported in Stefansson and Seward (2004) (sed Eig Stefansson and Seward, 2004).

To summarize the discussion about the Au solubiiey note that all the above studies
and the present work, are consistent with the praedance of Au(HS)/AuHSaq) complexes in
both reduced and oxidized sulfide systems. Allghblished so far values and our experimental

Kaums),- value fall within 1 log unit interval (-0.9 -1.9, neglecting pressure variations)
independently of thRed/Ox conditions in the experimental system. These dfEmcies ifKaus),”

can result from insufficiently accurate chemicadl dinermodynamic description of complex systems
where sulfur presents in several oxidation stdteparticular, for oxidized sulfide system the
calculated pH ant{O.) are highly uncertain because thermodynamic vadnesdissociation
constants for sulfur-bearing acids and their 4alig., NaHS, N£&5Cs;, NaHSQ, NaSQy, Na$ etc.)

are not well characterized. The most accurate gadfiéaus),- were obtained from the experiments
performed in the simple system where sulfur preseng- oxidation state (Stefansson and Seward,
2004). At the same time, at low temperatures, whreoxidized system the concentration of
polysulfide ions (§5%, t < 150 °C) and radicals (e.gs,SL50 °C <t < 300 °C) becomes significant

(Giggenbach, 1974), formation of Au complexes witbse ligands can enhance Au mobility (c.f.



Berndt et al., 1994). At acidic values of pH, gdldsolves with the formation of AuH&g. The

calculateKauns) value (Eg. 7) is in good agreement with the ltier@ data (Table 2).

3.2. XANES spectra analysis

Gold Lsz-edge HERFD-XANES spectra of the experimental sahgtand reference
compounds are shown in Fig. 3, positions of thennfeatures of the spectra are listed in Table 3.
Fig. 3 shows that the spectra of all experimerghlt®ns are identical. Positions and intensities o
two main spectral features for reduced$HNaOH) and oxidized (N&O3 and NaS,0z/NaCl)
sulfide systems are close to each other. The diffgx between the positions of the first two feature

(Ag-w In Table 3) is the same for all the spectra: diesarly illustrated in the insert of Fig. 3 where

the spectra of the oxidized and reduced systemsoan@ared. The only difference between the
spectra i§0.5 eV shift of the white line position in the spacf 3.6n NaoS03 solution (Table 3).
The observed shift can result from the high conegion of charged species in the experimental
solution, and disappears in less concentratet NSOz fluid at higher temperature (experiment
capl). These data provide significant evidencetti@tocal structural environment of Au in sulfide-
rich fluids is independent of the system compositiRed/Ox state, and the experimenEil-
parameters. This suggestion was checked with thefaib initio molecular dynamics simulations

reported in the following sections. Note also ti@Ag.\y, values of experimental solutions are

different from those of the reference systems -S0§)>" complex and AgScn) (6.5 vs. 8.2 vs. 8.9
eV, respectively). Despite the fact that the Auisaihce in the reference systems are close to the
Au-S distance in aqueous Au (hydro)sulfide compdexiee S and Au (for crystalline phase) atoms
present in the distant coordination shells of AAU{S:0s)2> and AuS(cr) which can result in the

observed difference between the spectra.

3.3. Au aqueous complex composition from EXAFS spectra fitting (ARTEMIS code)



In the previous studies (Pokrovski et al., 2009j &dtel., 2013) it was shown that the
distance between Au and the nearest S atom cadulaing quantum chemistry aallinitio
molecular dynamics is independent of the composiibaqueous complex and falls within 2.30 £
0.01A for Au(HSY, AUHS(SO)°, Au(HSQ)2, Au(SQ)-*, Au(HS)S', and Au(S)2. Therefore, the
position and intensity of the first maximum of theurier transform (FT) of EXAFS function is
insensitive to the presence of an aniofi ¢ O) in the distant coordination shell. In order to
determine thé- andR- ranges for which EXAFS is sensitive to the conmpms of the distant
coordination shells, the shape of the FT was exathas a function dérange (Fig. 4). The
calculated FT functions demonstrate thaRat3 A, where the atoms located in the distant
coordination shells can contribute to EXAFS, theflR€ structure becomes clearly visible only kor
> 11 A%, The structure of EXAFS FT obtained for oxidizedfisle systems (cap8 and cap21, bottom
of Fig. 4) comprises three peaks with differentipoiss and intensities located at 3R« 4.5 A.
Despite the fact that both systems are oxidizezlsthuctures of the FTs seem to be different. The
best quality EXAFS spectrum was collected for expent cap21. Therefore, this spectrum was
used to examine the possibility of the formatiortafmplexes with- and without an anion in the
second coordination shell. Table 4 and Fig. Al retie results of EXAFS spectra fitting performed
with the aid of ARTEMIS computer code (which isatpof IFEFFIT software package). As an
example of Au complex with an anion in the secomardination shell we used Au(HS)Svhich
was suggested as the dominant Au complex in oxddugh-temperature sulfide solutions by
Pokrovski et al. (2015). Results of the fitting pedures (Table 4) are consistent with the presence
of 2 S atoms located in the first coordination kb&Au at 2.29+0.02 A for both Au(Hg)and
Au(HS)S complexes. Our data demonstrate that both modsksdoon Au(HS) and Au(HS)S
species fit the fine EXAFS FT structureRat 3 A with nearly equal accuracy. This can be
explained by the high value of Debye-Waller faetdr 0.025 for Au-%bond, which makes the
spectrum weakly sensitive to the presence of tamf (labeled here as)$n the second

coordination shell. Note that the theoretical fitsnot reproduce the third peak of the FT with



maximum at#.3 A. Therefore, in addition to ARTEMIS computede, other method of EXAFS
spectra fitting (Reverse Monte-Carlo, RMC), and panson of the experimental spectra with
results ofab initio molecular dynamics (AIMD) were applied to obtaargmeters of the distant

coordination shells of Au complexes.

3.4. AIMD simulations

Ab initio molecular dynamics simulations were performediiaio atomic
configurations for subsequent modeling of EXAFS XAMNES spectra. Geometries of aqueous Au
complexes generated via the AIMD simulations atd in Table 5, thermochemical properties of
simulation boxes are listed in Table 6. Data codldaén Table 6 imply that stabilities of all the
modeled Au-S-HS complexes are equivalent withincideulation uncertainty. The calculated radial
distribution functiongyj(r) and coordination numbers of Au are presentedgn/A2, A3, and A4.
The radial distribution function of Au-S (complex&s(HS)S and Au(S)2, Fig. A3) has a weak
diffuse peak located between 3 and 4 A. This inspiiat the Satom position is not well defined
(S stands for the sulfur atom in the second coordinathell of Au), and the Au-Slistance as well
as the Au-&$; angle fluctuates widely. Consequently, the absendee “rigid” geometry results in
high value of the Debye-Waller parameter feia®m (Table 4) and makes difficult (if at all
possible) determination of the local atomic struefparameters of complexes with an anion in the
second coordination shell. Another interesting fiadty revealed by the AIMD simulations is that
the coordination of Au by Na is the highest for A&)S” model (Fig A3). In this system the Au-Na
radial distribution function has two maxima betw@% and 5 A. The coordination numb@n) of
Nais 1 at ~4 A and reaches 3.5 at a distancefofvthereas th€Nnais only 1.5 and 1 at 6 A

distance for Au(HS) and Au(S)2, respectively.

3.5. Results of EXAFS spectra simulations (AIMD and RMC methods)



Results of EXAFS spectra modeling by means of thiCRind AIMD methods are
shown in Fig. 5a,b. Parameters of the local at@nigronment of Au complexes obtained by RMC
fits are listed in Table A3. Comparison of the expental and theoretical spectra lead to conclusion
that RMC fitting always is in better agreement vilik experimental spectra than theoretical spectra
based on the AIMD atomic configurations. The redsemind it is that the RMC-EXAFS analysis is
aimed to minimize the difference between the expenital and calculated signals, whereas the
AIMD-EXAFS spectra are calculated from the fixedratc configurations.

In case of Au-HS-CI system (cap8, Fig. 5a) the bgstement between the experimental
and calculated spectra is observed for AugH&mplex. This is true for both RMC-EXAFS and
AIMD-EXAFS simulations, although the agreementestér for RMC-EXAFS for the reasons
indicated above. In the case when chloride ionckided into the first coordination shell of Au kit
the formation of mixed Au(HS)Ctomplex, the AIMD simulation underestimates thehimde of
the EXAFS function oscillations as well as the nsi¢y of the first FT peak. Therefore, the
formation of mixed Au-HS-CI complex can be ruled.dthe oscillations of EXAFS signal in the
region of multiple-scattering contributionsfat> 3 A are poorly reproduced by AIMD-EXAFS.
Despite the fact that the FT of both experimenta AIMD-EXAFS signals in this region consists
from two main peaks, their intensity in the thematspectra is underestimated, and their maxima
are located at lower values Ricompared to the experimental spectra.

For experiment cap21 (oxidized systemn3/a.S;03 loaded into the capillary) three
models were tested: Au(HS)AU(HS)S, and Au(S)2 (Fig. 5b). The best agreement between the
theoretical and experimental spectra was obsexweithé RMC-EXAFS fit based on the AulS
model (right-side panel of Fig. 5b). In this sintida the theoretical spectra reproduces both
intensity/position of the first peak in the FT eesponding to theiSigands contributions, as well as
the structure of the FT &> 3 A which consists of three distinct featurettvihe most intense one
located at ~3.7 A. The AIMD-EXAFS simulation is alst equivalent for all three models, with

slightly better agreement with the experimentacsijgefor Au(HS)S. Nonetheless, the structure of



the distant FT region, where contributions fromhomtultiple-scattering and AuzS\u single-
scattering paths are located, is poorly reprodingetihe theoretical calculations for all three
complexes. One can conclude that the interpretati@XAFS spectra based on the AIMD method
cannot result in unambiguous determination of tramosition of Au-HS-S complex because of
superposition of multiple-scattering contributiomish small effect of sulfur atoms located in the

distant coordination shells.

3.6. Theoretical XANES spectra

Simulations of HERFD-XANES spectra by means of Aldpproach are presented in
Fig. 6. Simulation performed for experiment capBi§)(6a) was based on the Au(F#Shodel. In
the reduced sulfide system, whergSHHS are the dominant sulfur species, the formatioAwf
complexes with oxidized sulfur species, includinga8icals and 8 anions can be neglected. This
simulation resulted in the spectrum with the Wlemgity underestimated in comparison with the
experimental HERFD-XANES one. The AIMD-XANES simtitans performed for experiment
cap2l (oxidized system,,B/SQ" dominate sulfur speciation) resulted in threealéht spectra.
Figures 6b,c,d show that the shape of the calaikgtectra is strongly dependent on the complex
composition. For Au(HS) model the WL intensity is much lower than the insi¢y of the second
feature, for Au(HS)% the first and the second features intensitieabin@st equal, whereas for
Au(Ss)2” WL is the most intense HERFD-XANES feature. Cadtiohs of Lowdin and Bader partial
atomic charges showed that the observed differestees from the atomic charges redistribution
(Table A4). Replacement of H&ith & results in increase of the unoccupiedd™@OS of Au (and,
consequently, of the positive charge on Au), whighds the increase of the WL intensity predicted
for Au complexes with Sradical. As the experimental spectra for redugetiaxidized systems
(cap33 and cap21, respectively) are identical, edethe shape of the spectrum is predicted to be
highly sensitive to the composition of the Au comylwe conclude that the same Au complex -

Au(HS) - predominates in both systems. Formation of atbenplexes with oxidized sulfide



species is also possible, but the concentratiotisese complexes are not high enough to be detected

by means of the HERFD-XAS.

4. Concluding remarks

The Au speciation in aqueous fluids of differ&etl/Ox states and chemical
compositions has been explored by the combinati¢tERFD-XAS measurements of Au dissolved
in aqueous fluids witlb initio molecular dynamics simulations, and measuremdmsi golubility
in oxidized sulfide fluid. The solubility of Au iaxidized sulfide-bearing fluids (sulfide/sulfate
equilibrium controls th&ed/Ox state) decreases linearly with decreasing pH fatkaline to
weakly-acidic at supercritic®T-parameters (450 °C, 1000 bar). The experimentaddubility
data matches best the model of Au(FH&hd AuHSEq complexes. Stability constants for these Au
complexes are in reasonable agreement with pubdlisieeature values. Interpretation of EXAFS
spectra recorded at Ais-edge reveals that, independently of Ree/Ox state (sulfide or
sulfide/sulfate systems) afd — conditions (350 — 450 °C, 500 bar) two S atoomsg the first
coordination shell of Au at 2.29+0.02 A. The sameal atomic environment of Au was monitored
in H2S/SQ?/NaCl fluid which rules out the formation of mixédi-HS-Cl species. It is shown that
the interpretation of EXAFS spectra solely is ndfisient to make a conclusion about the presence
of a specific anion in a distant coordination slélAu and, thereby about the formation of Au
complexes with S€-, HSQy, or sulfur radical species’'STo discriminate between the speciation of
Au in reduced and oxidized sulfide systems we @edrAulLs-edge HERFD-XANES spectra in
reduced HS — bearing fluid, and in oxidized one wherSESQ? equilibrium controlled th&®ed/Ox
state. The recorded spectra were identical whighes for similar character of Au speciation in
fluids of contrastindred/Ox states. Results @b initio molecular dynamics simulations confirm this
conclusion. It is shown that formation of complexeth S atoms in the distant coordination shells
(Au-HS-S or Au-S) would result in prominent changes of the HERFDNE&ES. This means that

Au-HS complexes (Au(HS)and AuHSq) predominate in sulfide-rich supercritical fluids



independently of their oxidation state, and therel@se of pH and temperature causes Au deposition
with the formation of Au-bearing ores.

Nonetheless, the formation of stable Au complexiés " species (sulfite and
hydrosulfite ion), 903 (thiosulfate), $ (sulfur radical), §5° (polysulfide) and HSS
(hydropolysulfide) ions is possible (Peshevitskglat1976; Giggenbach, 1974; Mei et al., 2013)
and can affect the speciation of Au in oxidizedeys at low temperatures (<300 °C), where these
ligands are available in sufficient concentratidnghese “oxidized” solutions (or, more precisely,
solutions of intermediate oxidation degree whettisgan adopt various oxidation states including
intermediate ones), the above mentioned compleix@s can compensate the effect of decreasing
pH and temperature and stabilize dissolved Au. tion of Au-S” complexes at higRT-
conditions also cannot be ruled out and may enhtgngcmobility of Au in high-pressure oxidized
sulfide fluids due to increase of th& Stability and concentration (Pokrovski and Dube&6y15).
More experimental data pertinent to fluids produitesubduction zones are necessary in order to

elucidate the speciation of Au at higfi-conditions.
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Figure captions

Fig. 1. Deviation of calculated from experimental concetidres of Au as a function of
calculated pH. Gold speciation models used fomtloglynamic calculations are indicated at the
top of each figure.

Fig. 2. Gold solubility as a function of calculated pH &md BS°@aq) concentration (b, acidic
pH) at 450°C, 1000 bar. Points correspond to experimental @athle 1), lines were calculated
using reaction constants from Table 2.

Fig. 3. GoldLs-edge HERFD-XANES spectra of Au-bearing oxidizexp@iments cap21,
capl), reduced (experiment cap 33) solutions, andiefrsystems — solution of Au thiosulfate
and AuScn. RT - room temperature. Vertical dashed linesdati main features for Au in
oxidized NaS;0s solution at 350C/500 bar. Compositions of the experimental sohgiare



given in Table 3 ($row), and the solute speciation at the experinidftgparameters is
presented in Table Al.

Fig. 4. EXAFS spectra at Aus-edge k? weighted) for experiments cap8 and cap21 (oxidizer
system), and their Fourier transforms (not coriéébe phase shift) performed for differdot
ranges. The S(HS), S (S8) — the nearest atoms to Aw,-Ssulphur atom in the second
coordination shell of Au.

Fig. 5. EXAFS spectra at Auz-edge: comparison of experimental spectra (oxidgetem)

with results of reverse Monte-Carlo simulations apdctra calculated using species geometries
obtained by means ab initio molecular dynamics. (a) experiment cap8. (b) erpant cap21l.
Fourier transforms are not corrected for phase.dRésults of AIMD simulations are given in
Figures A2, A3, and A4.

Fig. 6. Results of Au_z-edge HERFD-XANES spectra modeling. Calculationseweerformed
using atomic configurations obtained framinitio MD simulations. (a) cap33, reduced
H2S/NaOH fluid, 450 °C/500 bar. (b), (c), (d) cap@gidized NaS:0Os fluid, 350 °C/500 bar.
The composition of Au complex for which the AIMDhailation was performed is indicated at
the top of each figure. Energy scale is given redat to the Fermi level.
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