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Appendix

Thermodynamic properties of Au aqueous species and equilibrium calculations of Au

solubility and speciation

Speciation calculations were performed using thBBS computer code implemented in the HCh
software package (Shvarov, 1999; Shvarov and Bemtral999). The activity coefficients of aqueous
species were calculated according to Helgeson (196 ion size parameter & was taken to be equibt
A for all species. The thermodynamic properties afewand most aqueous species (except those f@l Au-
and Au-OH complexes) were adopted from the SUPCRI&abase (Johnson et al., 1992), and those of
NaSQ were taken from Pokrovski et al. (1995). The datarces for Au-Cl and Au-OH aqueous complexes

are discussed in detail below.

Au(OH)’, AuCPyg, and AuCy

The thermodynamic properties of Au(QHAUCF ., and AuCl were computed using HKF model
parameters reported in Akinfiev and Zotov (200m)tHat study, thermodynamic properties of AfiGlhich
dominates gold aqueous speciation at high tempesatin our EXAFS experiments, were obtained by
regression of the experimental data of Zotov andaBava (1989) (gold solubility measurements, 350-
500°C, 500-1500 bars), Gammons and Williams-Jornk395) (AgClsy + Ag-Au alloy solubility
measurements, 300, Ps,), and Nikolaeva et al. (1972) (potentiometric deieation of the equilibrium
constant for the reaction AuCt € = Aug) + 2 CI, 25-80°C andPs,). The experimental data of Zotov and
Baranova (1989) are in excellent agreement witlerre@xperimental gold solubility determinations by
Stefansson and Seward (2003b) (see Table 9 inMS&fa and Seward, 2003b). For consistency, wehase t
thermodynamic properties of AuClfrom Akinfiev and Zotov (2001) since they coveetbompleteT-P
range of our experiments and are based on thermaaugndata for KO, and aqueous HCI, NaCl ang H

which are employed in the present study.
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AuCly

The only thermodynamic dataset for AjGhat enables calculation of its’ thermodynamicpanies
at theT-P conditions of the present study is that of Sveslgret al. (1997). However, this dataset is based
entirely on the HKF-model correlations and is ingistent with the available experimental data ad a&l
with the Ad"/Au' ratios determined in the present study. Therefareperformed our own compilation of
the literature experimental data for AyCIThere are two studies available in the literatwiéch report
measurements of equilibrium constants of reactiogtsveen AuCl and AuC}. Nikolaeva et al. (1972)
potentiometrically determined the standard potéati25-150°C at an ionic strength of 1.0 for teaation

AuCl +2e = AuCl, + 2 CI 1)
Gammons et al. (1997) determined'Z&md Ad' concentrations in equilibrium with metallic goltl £00-
200°C and reported the equilibrium constant for thetiea

3AuCly = 2Aug) + AuCly+ 2CT 2
The equibrium constants of reactions 1 and 2 wetegolated to the standard state conditions utieg
extended Debye-Hickel model (Helgeson, 1969) dtetifio the modified Ryzhenko-Bryzgalin electrastat
model (Ryzhenko, 1981, Bryzgalin and Rafal’skiy829Plyasunov and Grenthe, 1994). This is a simple
electrostatic model which describes the Gibbs feeergy of a reactiodG(T,P) as a sum of
nonelectrostatic and electrostatic contributions

AG(T,P)= 4G nonei+ 4G eiec(T,P) (3)
The nonelectrostatic term is assumed to be independf temperature and pressure, whereasTtie
dependent electrostatic term accounts for the awof the dielectric permittivity of water with and P.
The regression of the experimental values betw&e20ZC for the AuC) dissociation constant (k)

AuCly = Au" + 4 CI 4)
was performed with the aid of the UT-RYZ programiahhis a part of the HCh package and using the
thermodynamic properties of Adrom the SUPCRT92 database. The program fits xperémental values

of the dissociation constants to the equation

—logK. .. = pK... == [pK. (T, P)+ C(T, 28
0gKgs =P dis_?[p as(Tn P)+ (T, B 2 (5)
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22

Ay

et

with =A +$, where pki, A andB are the regression parameters, apand P, stand for the

reference temperature and pressure, respective8; 2 K and 1 bar). The parame(T,P)is independent

of the nature of the species and was computed fhem-P dependence of the dissociation constant of pure

YAV
water (Marshall and Frank, 1981) and assuming Lha{]—eﬁ = 1.0107. More details of the Ryzhenko-
eff

Bryzgalin model are given in Plyasunov and Grer(ifg94).

The values pls (25°C, 1 bar) = 26.15 + 0.14, A = 3.352 + 0.09] &= 0 (fixed during regression)
were computed for the Augldissociation reaction (4). The pKvalues generated using these parameters
and Egn. (5) match the experimental data of Nikalagt al. (1972) to 10@ and Gammons et al. (1997) to
200°C within better than 0.1 pK, whereas the agergmnith the Nikolaeva et al. (1972) data is withih 15
and ~0.40 pK at 125 and 150°C, respectively, wisccomparable with their experimental uncertainfies
0.1 and #0.3 pK at 125 and &) respectively). Note, however, that in low-densitids (< 0.4 g/cr) at
temperatures above 400°C, the electrostatic mageligiions become unreliable and large uncertairdre

expected for pl§s (> 1 pK) calculated for XAFS experiments 5 and @his study.

AuOH o)

The only thermodynamic dataset for Auflj was published by Akinfiev and Zotov (2001).
However, their compilation was entirely based andRperimental gold solubility data of Zotov et(4985)
between 300 and 500°C at 500-1500 bar and did ongider the experimental study of Au solubility in
H,O-NaOH solutions performed at 25°C by Vlassopoalad Wood (1990), which reports the only available
data for AuOH at 25°C/1 bar. The restrictéBrange of the Zotov et al. (1985) data prohibitsuaate
extrapolation of AuOP stability constants to ambient conditions, resgitiin anomalously high
concentrations of AuOHat temperatures below 300°C as predicted by Adanfand Zotov (2001).
Stefansson and Seward (2003) report stability emstfor Au(OHj., based on their Au solubility
determinations at 300-600°C and 500-1500 bar. Th@H formation constants reported in that study are in

close agreement (within 0.4 log units) with theadat Zotov et al. (1985). Because the van't Hoffiaipn
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coefficients for the AuOPiformation constant reported in Sieéson and Seward (2003a) do not allow their
interpolation with respect to pressure we, themfaalculated, with the aid of the Ryzhenko-Bryiygal
electrostatic model, two independent sets of dojuilin constants for the reaction

AUOH = AU + OH (6)

i) a first set was obtained by regression of theeeimental data of Zotov et al. (1985) and Vlassip® and
Wood (1990), pkis (25°C, 1 bar) = 20.00 + 1.56, A = 0.677 + 0.175¢ 8 = 0; and ii) a second set was
generated by regression of the experimental daBtefinsson and Seward (2003a) and Vlassopoulos and
Wood (1990), pls (25°C, 1 bar) = 19.85 +0.70, A = -0.777 + 0.380¢ B = 1047 + 239.

Results of speciation calculations performed whkste thermodynamic datasets for A{Gind
AuOH’,) are given in the Supplementary Table and compaitidthe experimental results of the present
study in Section 4.2. Supplementary Table showsspeciation in the experimental solutions calculated
using the two sets of thermodynamic data for Aﬂ@;—hnd the thermodynamic properties for Au-Cl species
discussed above. The set based on the AuBtrhation constants from Zotov et al. (1985) yse#fabilities
of AuOH® at T < 300°C which are in good agreement with the Au ispen determined from XAFS

measurements in present study.
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1003  Supplementary Table

1004 Calculated dissolved gold concentrations (in mol#dgH,0O) and fraction of dominant Au
1005 species in the investigated systems at 600 bafascton of temperature.
1006

T°C mAu AUCly AuCl, Aucl’ AuOH’
% % % %
Stability of AUOH ° is determined via regression of experimental datiom Zotov et al.
(1985) and Vlassoupoulous and Wood, 1990
Aur0.032m HAUCL,-0.53m NaCl-0.53m HCl
22

0.032 97.7 2.2 <1 <1
250 0.091 2.6 88.2 8.9 <1
0.035m HAUCL,-0.50m NaCl-0.01m HCI
30 0.035 100 <1 <1 <1
100 0.035 99.9 <1 <1 <1
150 0.035 99.5 <1 <1 <1
200 0.035 97.9 1.5 <1 <1
250 0.035 93.8 4.9 1.0 <1
300 0.035 85.4 12.5 1.6 <1
Au-0.035m HAUCL-0.50m NaCl-0.01m HClI
30 0.035 98.0 1.7 <1 <1
100 0.039 84.1 11.2 1.9 2.9
150 0.048 58.3 28.7 6.4 6.6
200 0.069 26.5 53.3 12.1 8.1
250 0.094 6.1 73.2 14.2 6.6
300 0.10 <1 82.9 12.1 4.3
400 0.10 <1 93.9 7.5 2.0
Aur2.6m NaCl — 0.53m HSO,
300 5.110* <1 96.0 4.0 <1
400 7.210° <1 97.4 2.5 <1
500 * 0.014 40.2 58.0 1.0 <1

Stability of AUOH ° is determined via regression of the experimentalata from Stefansson
and Seward, 2003 and Vlassoupoulous and Wood, 1990
Au-0.032m HAUCL-0.53m NaCl-0.53m HCI

22

0.032 97.7 2.2 <1 <1
250 0.091 2.5 86.2 8.7 2.6
0.035m HAUCL-0.50m NaCl-0.01m HCI
30 0.035 100 <1 <1 <1
100 0.035 99.9 <1 <1 <1
150 0.035 98.8 <1 <1 1.0
200 0.035 96.3 1.5 <1 2.5
250 0.035 92.1 3.9 <1 3.3
300 0.035 84.6 11.5 15 2.4
Aur0.035m HAUCL-0.50m NaCl-0.01m HClI
30 0.035 98.0 1.7 <1 <1
100 0.043 71.4 10.0 1.6 17.0
150 0.064 32.3 20.4 4.3 43.1
200 0.086 11.0 36.3 7.5 45.3
250 0.10 2.6 55.7 9.9 31.9
300 0.10 <1 73.1 10.2 16.2
400 0.10 <1 90.5 7.5 1.6
AU(S)-Z.Gm NaCl — 0.53m HSO4
300 5.110* <1 95.6 3.9 <1
400 7.2110° <1 97.4 2.5 <1
500°C, 600 bar* 0.014 40.2 58.0 1.0 <1
500, 800 bar 0.026 <1 98.0 1.7 <1

1007  * calculations for 500°C, 600 bar are highly unaertdue to restrictions of both HKF and Ryzhenko
1008  models at densities below 0.4 gicm
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