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Theory: Hydration and solvation of gaseous metallic species 

The dissolution of solids in gases is dependent on the nature of the solvent (Hannay and 

Hogarth, 1880) and, in the case of water vapor, the solubility of SiO2, MoO3 and WO3 is orders 

of magnitude higher than their volatility, i.e., the vapor pressure over the corresponding solid, 

(Millner and Neugebauer, 1949; Morey and Hesselgesser, 1951; Wendlandt and Glemser, 1964). 

Results of our recent experiments on the solubility of Mo and Au in water vapor, show that metal 

fugacity increases with increasing water fugacity, reaching a maximum at the water saturation 

pressure below the critical point, and a value equivalent to that of liquid-like fluids above the 

critical point. These values of metal fugacity are one to three orders of magnitude higher (and 

increase with increasing hydration number) than determined previously for lower vapor 

pressures, for which hydration numbers were constant (Zezin et al., 2007, 2011; Migdisov and 

Williams-Jones, 2013; Hurtig and Williams-Jones, 2014a, b). In the case of molybdenum, for 

which the gaseous metal species is similar to the fully protonated aqueous species, it has been 

shown that there is a continuum of Mo solubility between vapor-like and liquid-like fluids (Fig. 

DR1). This increase in metal solubility with water density is considered to be due to the 

formation of metal-water and water-water molecule clusters (Kebarle, 1977; Pitzer and Pabalan, 

1986; Likholyot et al., 2005; Migdisov and Williams-Jones, 2013; Hurtig and Williams-Jones, 

2014a, b). For hydration numbers above two, the average entropy of hydration of MoO3(H2O)y,g 

is -79.4 Jmol
-1

K
-1

 and the average enthalpy is -24.3 kJmol
-1

 (Hurtig and Williams-Jones, 2014a). 

These values are similar to corresponding values for AuCl(H2O)y,g (-89.4 Jmol
-1

K
-1

 and -34.2 

kJmol
-1

; Hurtig and Williams-Jones, 2014b) and to those of water clusters after progressive 

addition of water molecules (Mejias and Lago, 2000). This indicates that the solubility increase 



associated with higher hydration numbers results from solvent-solvent interaction rather than the 

formation of separate hydrated metal species. 

 

Fitting of experimental results and equilibrium constants 

The solubility of metals in H2S- and HCl-bearing aqueous vapor is governed by dissolution 

reactions of the general form: 

Metals + xH2Sg + yH2Og = MetalS(H2S)x-1(H2O)y + H2,g  Ks,xy (1) 

Metals + zHClg + yH2Og = MetalClz(H2O)y + 1/z H2,g  Ks,y (2) 

MetalO3,s + yH2Og = MetalO3(H2O)y     Ks,y (3) 

where metal stands for Au, Ag or Mo, x is the number of H2S and z is the number of HCl 

molecules involved in metal speciation and solvation and y is the hydration number. Using the 

integer hydration/solvation steps implicit in Reactions 1 – 3, the hydration/solvation model 

allows us to relate metal fugacity to solvent fugacity in a simple equation from which 

thermodynamic properties can be derived for the use in geochemical modeling involving other 

gaseous species.  

The thermodynamic data sets for AuCl(H2O)y and MoO3(H2O)y were taken from Hurtig and 

Williams-Jones (2014a, b) and we refer to these studies for details of the fitting procedure and 

discussion. Experimental data for hydrated AgCl and solvated AuS were fitted using the same 

approach as in Hurtig and Williams-Jones (2014a, b). The sources of thermodynamic data used 

to interpret the experimental results are summarized in Tables DR11 and DR12. Experimental 

data on Au solubility in H2S-H2O bearing vapor were fitted using equation 1, which has two 

unknown parameters x and y. Data from the water-free experiments of Zezin et al. (2007) were 



used to derive x, the number of H2S molecules involved in the dissolution reaction (Fig. DR2). 

Linear regression fits to the data in a log fAu,species vs. log fH2S diagram have slopes of 1.5 to 2 but, 

as discussed in Migdisov and Williams-Jones (2013) and Hurtig and Williams-Jones (2014a, b) 

the relationship is actually exponential, with each integer change of slope of the function 

corresponding to an integer increase in the hydration number. We therefore evaluated the data in 

integer steps for the purpose of deriving log Ks,xy at y=0. The derivative of the logarithm of the 

equilibrium constant (log Ks,x0) with respect to log fH2S is: 

(∂log Ks,x0/∂log fH2S)T,fH2 = 0 = (∂log fAuS(H2S)x-1– x∂log fH2S)/∂log fH2S. (4) 

The number of H2S molecules(x) is given by the first derivative of a power function of the form: 

log fAu,species = a+b*(log fH2S)
c 

   (5), 

which was fitted to the experimental data. Values of a, b and c are given in Table DR1. For the 

purpose of deriving the hydration number (y), the gold fugacity in H2S-H2O-bearing experiments 

from Zezin et al. (2011) was normalized to log fH2S multiplied by x= 1 or 2 (Fig. DR3). The 

derivative of the logarithm of the equilibrium constant (log Ks,xy) with respect to log fH2O is: 

(∂log Ks,xy/∂log fH2O)T,fH2= 0 = (∂log fAuS(H2S)x-1– x∂log fH2S)/∂log fH2O – y∂log fH2O/∂log fH2O (6) 

for x = 1 or 2 and y is therefore described by the first derivative of a power function of the from:  

(log fAu,species – x log fH2S) = d+e*(log fH2O)
f 

   (7) 

Values of d, e and f are given in Table DR2. Hydration numbers reach a maximum of 3, 11 and 9 

for x=1 and 4, 20 and 16 for x=2 for 300, 350 and 365 °C, respectively (Fig. DR3). In log fH2O-

log fAu,species diagrams, which are not normalized to log fH2S, the increase in gold fugacity with 

increasing water fugacity is masked and no relationship can be derived (Zezin et al., 2011). This 



problem was resolved by treating the effects of solvation of the Au species by H2S and H2O 

separately.  

Dissolution Reaction 1 is dependent on fH2, which is buffered by the reaction: 

H2Sg = S(l) + H2,g  KS(l)  (8) 

This reaction is dependent on the activity of liquid sulfur, which is governed by the polynomial 

equation: 

aS(l) = a + b fH2S + c fH2S
2
 + d fH2S

3
  (9) 

in the water-free system and by the polynomial equation: 

aS(l) = a + b Ptotal + c Ptotal
2
 + d XH2S + e Ptotal XH2S (10) 

in H2S-H2O gas mixtures, where XH2S is the mole fraction of H2S. The values of the parameters 

employed in Equations 9 and 10 are given in Zezin et al. (2007, 2011).Values of log Ks,xy for 

gaseous solvated AuS and all relevant parameters for the calculation of log Ks,xy are reported in 

Table DR3. 

 

  



Table DR1: Values of the parameters for the equation, log fAu,species = a+b*(log fH2S)
c
, which was 

used to fit the experimental data shown in Figure DR2. The 1-sigma error was calculated by 

least-squares regression of the experimental data to the power function. 

T (°C) y a ± 1σ b ± 1σ c ± 1σ # of points adj. R
2
 

300 0 -8.5 ± 0.6 0.022 ± 0.086 5.0 ± 4.4 12 0.686 

350 0 -9.0 ± 1.9 0.379 ± 1.228 2.1 ± 2.9 9 0.770 

400 0 -7.8 ± 1.7 0.285 ± 0.897 2.5 ± 2.9 8 0.927 

adj. R
2
= adjusted R-square 

 

 

 

Table DR2: Values of the parameters for equation, (log fAu,species– x log fH2S)= d+e*(log fH2O)
f
, 

which was used to fit the experimental data shown in Figure DR3. The 1-sigma error was 

calculated by least-squares regression of the experimental data to the power function. 

T (°C) x d ± 1σ e ± 1σ f ± 1σ # of points adj. R
2
 

300 1 -9.8 ± 0.1 0.024 ± 0.029 6.0 ± 2.3 35 0.538 

350 1 -9.5 ± 0.1 1.8E-4 ± 1.8E-4 12.7 ± 1.4 76 0.843 

365 1 -9.2 ± 0.1 2.1E-5 ± 1.3E-4 13.9 ± 3.5 40 0.724 

300 2 -11.7 ± 0.1 0.009 ± 0.012 8.5 ± 2.6 35 0.633 

350 2 -11.4 ± 0.1 1.5E-4 ± 1.5E-4 13.7 ± 1.4 76 0.841 

365 2 -10.9 ± 0.2 1.4E-5 ± 5.3E-5 16.3 ± 5.1 40 0.628 

adj. R
2
= adjusted R-square 



Table DR3: Re-calculated values for parameters in the equation log Ks,xy = log fAu,species – x log fH2S – y log fH2O + log fH2 – P* for 

values of 1 and 2 for x and integer hydration numbers y of 0 to 4. The hydrogen fugacity is governed by: log KS(l) = log fH2S – log fH2 

– log aS(l) and P* is the Poynting correction: P* = V
0
(Ptotal-Pr)/RT, with V

0
 = 1.021 Jbar

-1
, Pr = 1 bar and R= 8.314 JK

-1
mol

-1
. 

Species T Ptotal PH2O γH2O logfH2O y x XH2S logfH2S PH2S γH2S logfAu logaS(l) logfH2 logKS(l) logKs,xy P* 

 
°C bar bar 

      
bar 

       
AuS 300 58 0 

  
0 1 

 
1.76 

  
-8.13 -0.24* -1.85 3.8 -11.8 0.012 

 
350 17 0 

  
0 1 

 
1.23 

  
-8.45 -0.03* -2.37 3.6 -12.0 0.003 

 
400 12 0 

  
0 1 

 
1.20 

  
-8.39 0.00* -2.34 3.4 -11.8 0.002 

AuS(H2S) 300 126 0 
  

0 2 
 

2.10 
  

-7.64 -0.31* -1.44 3.8 -13.3 0.027 

 
350 201 0 

  
0 2 

 
2.30 

  
-6.84 -0.26* -1.07 3.6 -12.6 0.039 

 
400 80 0 

  
0 2 

 
1.95 

  
-6.28 -0.05* -1.49 3.4 -11.6 0.014 

AuS(H2O) 300 95 33 0.92 1.48 1 1 0.652 1.76 62 0.94 -7.77 -0.16** -1.92 3.8 -13.0 0.020 

 
350 70 53 0.90 1.68 1 1 0.244 1.23 17 0.99 -8.09 -0.05** -2.36 3.6 -13.4 0.014 

 
365 80 64 0.89 1.76 1 1 0.200 1.20 16 0.99 -7.83 -0.01** -2.36 3.6 -13.2 0.015 

AuS(H2O)2 300 121 59 0.85 1.70 2 1 0.510 1.76 62 0.94 -7.45 -0.12** -1.97 3.8 -14.6 0.026 

 
350 86 69 0.87 1.78 2 1 0.198 1.23 17 0.99 -7.81 -0.04** -2.36 3.6 -15.0 0.017 

 
365 99 83 0.86 1.85 2 1 0.162 1.20 16 0.99 -7.68 -0.01** -2.36 3.6 -15.0 0.019 

AuS(H2O)3 300 152 91 0.78 1.85 3 1 0.405 1.76 62 0.94 -7.09 -0.07** -2.02 3.8 -16.4 0.032 

 
350 99 82 0.85 1.84 3 1 0.172 1.23 17 0.99 -7.64 -0.04** -2.36 3.6 -16.8 0.019 

 
365 114 98 0.83 1.91 3 1 0.140 1.20 16 0.99 -7.54 -0.01** -2.36 3.6 -16.9 0.022 

AuS(H2S)(H2O) 300 173 28 0.93 1.41 1 2 0.840 2.10 145 0.87 -7.34 -0.15** -1.60 3.8 -12.5 0.037 

 
350 281 47 0.91 1.63 1 2 0.833 2.30 234 0.86 -6.63 -0.17** -1.16 3.6 -11.8 0.055 

 
365 168 60 0.89 1.73 1 2 0.641 2.00 107 0.93 -6.82 -0.14** -1.43 3.6 -12.0 0.032 

AuS(H2S)(H2O)2 300 185 39 0.90 1.55 2 2 0.788 2.10 145 0.87 -7.14 -0.12** -1.63 3.8 -14.0 0.039 

 
350 294 60 0.89 1.72 2 2 0.797 2.30 234 0.86 -6.50 -0.14** -1.18 3.6 -13.5 0.058 

 
365 182 74 0.87 1.81 2 2 0.591 2.00 107 0.93 -6.70 -0.13** -1.44 3.6 -13.8 0.035 

AuS(H2S)(H2O)3 300 194 49 0.88 1.63 3 2 0.747 2.10 145 0.87 -6.93 -0.10** -1.65 3.8 -15.6 0.041 

 
350 303 69 0.87 1.78 3 2 0.772 2.30 234 0.86 -6.36 -0.13** -1.20 3.6 -15.3 0.060 

 
365 192 85 0.85 1.86 3 2 0.559 2.00 107 0.93 -6.58 -0.13** -1.44 3.6 -15.6 0.037 

AuS(H2S)(H2O)4 300 204 58 0.86 1.70 4 2 0.713 2.10 145 0.87 -6.71 -0.07** -1.68 3.8 -17.3 0.043 

 
350 311 77 0.86 1.82 4 2 0.752 2.30 234 0.86 -6.22 -0.11** -1.22 3.6 -17.1 0.061 

 
365 201 94 0.84 1.90 4 2 0.534 2.00 107 0.93 -6.46 -0.13** -1.44 3.6 -17.5 0.039 

*Zezin et al.(2007); aS(l) = a + b fH2S + c fH2S
2
 + d fH2S

3
; **Zezin et al.(2011); aS(l) = a + b Ptotal + c Ptotal

2
 + d XH2S + e Ptotal XH2S. 

 



Experimental data on silver chloride solubility in water vapor (Migdisov et al., 1999; 

Migdisov and Williams-Jones, 2013) were fitted for the dissolution reaction:  

AgCls + yH2Og = AgCl(H2O)y  (11) 

because the experimental vapors were in equilibrium with solid silver chloride between 300 and 

440 °C (Fig. DR4f). The fitting procedures and calculation of log KsAgCl,y are equivalent to those 

presented in Migdisov and Williams-Jones (2013) and we refer to this publication for further 

detail and discussion. For completeness, we report the values of the parameters used for fitting 

the experimental data (Table DR4 and Fig. DR4) and the re-calculated values of log fH2O, log 

fAg,species and the logarithmic equilibrium constants (log KsAgCl,y and log KsAg0,y) as well as all 

relevant parameters for their calculation (Table DR5).  

 

Table DR4: Values of the parameters for equation, log fAg,species = a+b*(log fH2O)
c
, which was 

used to fit the experimental data shown in Figure DR4. The 1-sigma error was calculated by 

least-squares regression of the experimental data to the power function. 

T (°C) a ± 1σ b ± 1σ c ± 1σ # of points adj. R
2
 

300 -6.8 ± 0.1 5.1E-13 ± 5.1E-12 40.6 ± 14.4 6 0.978 

350 -7.6 ± 0.1 0.005 ± 0.004 8.1 ± 1.2 11 0.987 

360 -7.9  ± 0.1 0.029  ± 0.014 5.8  ± 0.6 12 0.998 

400 -6.3  ± 0.1 6.7E-7 ±8.9E-7 19.2  ± 1.7 13 0.986 

440 -5.9 ± 0.1 0.002 ± 0.002 8.6 ± 1.6 12 0.968 

adj. R
2
= adjusted R-square 

 

The experimental log Ks,xy and log Ks,y values for AuS(H2S)x-1(H2O)y and AgCl(H2O)y were 

fitted linearly to reciprocal temperature for the purpose of interpolation as discussed in Hurtig 

and Williams-Jones (2014a, b). Values of the fitting parameters a and b are reported in Table 

DR6. Logarithmic equilibrium constants for AuS(H2S)(H2O)1-4 fit the linear function poorly



Table DR5: Re-calculated values for parameters in the equation log KsAgCl,y = log fAg,species –y log 

fH2O – P* and log KsAg0,y = log KsAgCl,y + log Ks_silver. P* is the Poynting correction: P* = V
0
(Ptotal-

Pr)/RT, with V
0
 = 2.573 Jbar

-1
, Pr = 1 bar and R= 8.314 JK

-1
mol

-1
. Log Ks_silver (Ag

0
s + HClg = 

AgCls +0.5H2) is -0.38, -0.46, -0.50, -0.64 and -0.76 for 330, 350, 360, 400 and 440 °C 

respectively. 

 

Species  T PH2O fH2O logfH2O logfAg y γH2O P*AgCl logKsAgCl,y logKsAg0,y 

 
°C bar bar 

       
AgCl(H2O) 330 89 73 1.86 -6.75 1 0.81 0.044 -8.65 -9.03 

 
350 40 37 1.57 -7.40 1 0.92 0.019 -8.99 -9.45 

 
360 29 27 1.44 -7.62 1 0.95 0.013 -9.07 -9.57 

 
400 82 72 1.86 -6.18 1 0.88 0.036 -8.07 -8.71 

 
440 56 52 1.72 -5.70 1 0.93 0.023 -7.44 -8.20 

AgCl(H2O)2 330 99 79 1.90 -6.70 2 0.79 0.048 -10.54 -10.92 

 
350 60 53 1.73 -7.17 2 0.89 0.028 -10.65 -11.11 

 
360 50 46 1.66 -7.29 2 0.91 0.023 -10.64 -11.14 

 
400 99 86 1.93 -6.07 2 0.86 0.044 -9.98 -10.62 

 
440 84 76 1.88 -5.46 2 0.90 0.035 -9.26 -10.02 

AgCl(H2O)3 330 105 82 1.91 -6.65 3 0.78 0.051 -12.45 -12.83 

 
350 79 67 1.83 -6.92 3 0.85 0.037 -12.44 -12.90 

 
360 74 64 1.81 -6.93 3 0.87 0.034 -12.39 -12.88 

 
400 112 95 1.98 -5.97 3 0.85 0.049 -11.94 -12.58 

 
440 109 96 1.98 -5.21 3 0.88 0.045 -11.20 -11.96 

AgCl(H2O)4 330 110 85 1.93 -6.60 4 0.77 0.054 -14.37 -14.75 

 
350 97 80 1.90 -6.66 4 0.82 0.046 -14.31 -14.77 

 
360 100 82 1.92 -6.55 4 0.82 0.047 -14.26 -14.76 

 
400 122 102 2.01 -5.86 4 0.83 0.054 -13.94 -14.58 

 
440 135 114 2.06 -4.95 4 0.85 0.056 -13.23 -13.99 

AgCl(H2O)5 330 114 87 1.94 -6.55 5 0.76 0.056 -16.31 -16.69 

 
350 117 92 1.96 -6.39 5 0.78 0.055 -16.26 -16.72 

 
360 132 101 2.01 -6.14 5 0.77 0.062 -16.24 -16.74 

 
400 131 108 2.03 -5.75 5 0.82 0.058 -15.96 -16.60 

 
440 161 131 2.12 -4.67 5 0.81 0.067 -15.33 -16.09 

AgCl(H2O)6 330 117 89 1.95 -6.50 6 0.76 0.057 -18.25 -18.63 

 
350 138 103 2.01 -6.11 6 0.74 0.066 -18.25 -18.71 

 
360 174 121 2.08 -5.72 6 0.70 0.081 -18.30 -18.80 

 
400 140 113 2.05 -5.63 6 0.81 0.061 -18.01 -18.65 

 
440 188 148 2.17 -4.39 6 0.79 0.078 -17.49 -18.25 

  



because of the limited amount of data available for fitting. However, these are currently the only 

data available for this species. By fitting log KsAg0,y linearly to reciprocal temperature, our 

approach to interpolation of the data differs from that of Migdisov and Williams-Jones (2013), 

who fitted their values of Gibbs free energy of formation for AgCl(H2O)y to reciprocal 

temperature. We also employed reactions involving dissolution of native silver (log KsAg0,y) for 

the purpose of extrapolation rather than AgCls, because the latter undergoes a solid-liquid phase 

transition at about 450 °C. To test the reliability of our approach, we compared our extrapolated 

values of log fAg,species to the experimental data of Simon et al. (2008) (Fig. DR5). At the 

conditions of their experiments (log fHCl= -2.7 to -1.4) and close to the nickel-nickel oxide 

(NNO) redox-buffer, native silver is the stable solid, hence liquid silver chloride (Fig. DR5b) 

decomposes according to the reaction: 

AgCll + 0.5 H2,g = Ag
0

s + HClg  (12) 

We therefore corrected the measured HCl concentration reported in Simon et al. (2008) to 

account for the decomposition of liquid AgCl. The new linear relationship of log fHCl vs. log 

fAg,species has a slope of 1.67 for 1400 bar (Fig. DR5c) and a slope of 0.21 for 1000 bar (Fig. 

DR5d), whereas our values fit a line with a slope of 1, consistent with the stoichiometry of 

AgCl(H2O)y. The fit of our model to the values of Simon et al. (2008) is generally better than 10 

% RSD. We believe that the significant differences in the slopes obtained with the data of Simon 

et al. (2008) reflect problems of decomposition of reactants under experimental conditions.  

  



Table DR6: Parameters for the equation, log Ks,xy and log Ks,y=a+b*(1/t) used to determine the 

variation of log Ks,y with reciprocal temperature of the species AuS(H2S)x-1(H2O)y and 

AgCl(H2O)y (Fig. DR5), and the corresponding values of Hr
298

 and Sr
298

. 

Species Hydration 

number 

a b ∆Hr
298 

kJmol
-1

 

±1σ Sr
298 

JK
-1

mol
-1

 

±1σ Adj. R
2
 

AuS y=0 -12.74 520 -10 17 -243.9 27.8 -0.29 

AuS(H2O) y=1 -15.83 1626 -31 28 -303.0 46.6 0.091 

AuS(H2O)2 y=2 -18.45 2194 -42 9 -353.1 14.9 0.911 

AuS(H2O)3 y=3 -20.49 2318 -44 1 -392.3 1.6 0.999 

AuS(H2S) y=0 -2.033 -6495 124 13 -38.9 20.2 0.970 

AuS(H2S)(H2O) y=1 -9.798 -1499 29 77 -187.4 127.1 -0.76 

AuS(H2S)(H2O)2 y=2 -13.83 -51 10 79 -264.8 129.7 -0.99 

AuS(H2S)(H2O)3 y=3 -17.55 1152 -22 81 -335.9 133.4 -0.86 

AuS(H2S)(H2O)4 y=4 -21.02 2173 -42 84 -402.3 137.6 -0.60 

AgCl(H2O) y=1 1.381 -6827 131 18 26.4 27.2 0.946 

AgCl(H2O)2 y=2 -2.269 -5567 107 14 -43.4 20.7 0.953 

AgCl(H2O)3 y=3 -7.226 -3495 67 18 -138.3 28.5 0.753 

AgCl(H2O)4 y=4 -10.06 -2920 56 16 -192.5 25.3 0.728 

AgCl(H2O)5 y=5 -13.03 -2288 44 15 -249.5 23.8 0.640 

AgCl(H2O)6 y=6 -16.12 -1616 31 16 -308.6 24.2 0.423 

van`t Hoff: slope b= -∆Hr
298

/(Rln(10)), intercept a= Sr
298

/(Rln(10)), adj. R
2
= adjusted R-square 

  



Methodology and thermodynamic data 

Geochemical modeling calculations were carried out using GEM-Selektor v.3.2 

(http://gems.web.psi.ch/GEMS3/), which is based on the Gibbs energy minimization method 

(Karpov et al., 2001; Karpov et al., 2002; Wagner et al., 2012; Kulik et al., 2013). References to 

the thermodynamic data sets for minerals, gases and aqueous species used in thermodynamic 

modeling are summarized in Table DR7. The major gases, H2Og, H2,g, CO2,g, CH4,g, COg, Cl2,g, 

O2,g, HClg, H2Sg, and SO2,g were treated as non-ideal and their fugacity coefficients were 

determined using the Peng-Robinson-Stryjek-Vera (PRSV) equation of state (Stryjek and Vera, 

1986; Reid et al., 1987; Proust and Vera, 1989). Metallic gaseous species (Table DR8), S2,g, S8,g 

and SO3,g were treated as ideal gases, because no data are available to describe their non-ideality. 

In gas-mineral equilibrium simulations, all gases were treated as ideal initially, and the fugacity 

of major gases was calculated manually in a subsequent step using their fugacity coefficients for 

the appropriate pressure-temperature conditions. The activity of aqueous electrolytes was 

modeled with the extended Debye-Hückel model (Helgeson, 1981) using NaCl as the 

background electrolyte; the activity of water was calculated from the osmotic coefficient.  

Simulations of phase separation considered the partitioning of volatile non-electrolyte species 

(HCl, O2, H2, H2O, H2S, etc.) between aqueous solutions and coexisting gas. The PVT properties 

of the gases were determined using the PRSV equation of state. The conventional Van der Waals 

mixing rule with one binary interaction parameter was used to describe the properties of the non-

ideal mixtures. Partitioning of metals between vapor and liquid upon phase separation was 

evaluated separately using the mineral-gas simulation set-up described above in combination 

with the major gas composition determined in the phase separation simulation. The vapor-liquid 



partitioning coefficient (KD = (Xmetal,vapor/Xmetal,liquid)) is expressed in terms of the mole fraction 

ratio (Xmetal,phase=∑Mspecies/∑Melements) between the coexisting phases (Prausnitz et al., 1997). 

Many sulfides undergo temperature-dependent phase transitions at the conditions of interest 

for our study, which we considered (entropy, enthalpy, volume and cp-function). Heat capacity 

and the enthalpy of phase transition for acanthite to argentite were taken from Grønvold and 

Westrum (1986) and for bornite, chalcopyrite and chalocite from Robie et al. (1994). A sub-

regular solid-solution model for Ag-Au alloys (White et al., 1957) was added by introducing 

temperature-dependent equations to calculate the activity coefficients of Au and Ag in electrum. 

Molybdic acid was added to the thermodynamic data set as a reaction-dependent species 

(H2MoO4 = HMoO4
-
 + H

+
) using experimentally determined logarithmic equilibrium constants 

for the dissociation reaction from Minubaeva (2007) for temperatures between 30 – 200 °C and 

from Kudrin (1985) for temperatures between 300 – 400 °C. The fitted data are only valid for the 

temperature range of the experiments and, above 400 °C, the calculated activity of H2MoO4 

deviates considerably from the experimentally determined Mo solubility (Ulrich and 

Mavrogenes, 2008). Gold species (Au(HS)(aq), Au(HS)2
-
, AuCl2

-
, Au(OH)(aq)) were also added to 

the thermodynamic data-base in the form of reaction-dependent species formation reactions. 

Experimental log K values (Stefansson and Seward, 2003a, b, 2004) of the reactions considered 

were pressure-independent and cover a temperature range between 100 – 600 °C.  

 

Limitations of the geochemical modeling approach 

The assumption that minor gas species, such as S2,g, S8,g and SO3,g are ideal will not introduce 

significant errors, because these gases are non-polar and only occur in low concentrations in the 

gas mixtures considered. The nature of the gaseous metal species, on the other hand, indicates 

that their behavior in aqueous vapor is non-ideal. By using a set of hydration reactions, which are 



linked to the water fugacity, we partly accounted for the non-ideal behavior of these species. The 

model deviates from experimental observations around the critical point (365 - 400 °C), where 

the observed hydration numbers are highest (up to 25), because it only considers hydration 

numbers of 6 - 10. At temperatures of 300 – 360 °C and 450 – 1000 °C, the current metal 

hydration model for gases reproduces the experimental findings in aqueous vapor to within the 

experimental precision (Hurtig and Williams-Jones, 2014a, b).  

Simulations of the gas-liquid-mineral system are limited to conditions below the critical point 

of water, for which a C-H-O-S-Cl-bearing gas phase is in equilibrium with a low to moderately 

saline aqueous liquid. The extended Debye-Hückel model satisfactorily predicts measured 

concentrations to within experimental uncertainty for fluids with low to moderate salinity (4.5 

mol/kg) at temperatures and pressures to 600°C and 3000 bar (Sharygin et al., 2002), 

respectively, but fails to do so for higher salinity fluids. These limitations mean that the partition 

calculations presented here are not fully applicable to the porphyry environment, in which a 

NaCl-bearing vapor is commonly in equilibrium with hypersaline brine. Nonetheless, the 

observed trends are comparable to those based on analyses of fluid and vapor inclusions from 

Cu-Au-(Mo) deposits.  

 

Additional information for the geochemical modeling scenarios 

i) The input ore fluid 

The composition of the input ore fluid was modeled for 600 °C and 810 bar, corresponding to a 

fluid density of 300 kg/m
3
. The density of the model gas phase/fluid is lower than that reported 

for natural fluids at the same P-T conditions, because the geochemical modeling is considers 

non-ideal gas mixtures, but no NaCl-H2O mixtures. For this reason we can compare trends, but 

not absolute pressure between modeling calculations and naturally occurring porphyry systems. 



Minerals were used to buffer the redox potential and sulfur content of the gas phase to conditions 

similar to those observed in porphyry systems at the magma-gas interface. The mineral buffering 

considers only major phases that are involved in buffering S content, redox potential and metal 

saturation. In the case of a high temperature vapor-like fluid pH and alteration are negligible, 

because all species are molecular and no free electrons exist. For this reason we assume that the 

major vein mineralogy is buffering the vapor-like fluid during cooling and decompression. In the 

absence of thermodynamic data for their hydrated gas species, Ca, Fe and Ti concentrations, 

were determined assuming the cation concentrations were fixed by the stability of the respective 

Ca-, Fe-, and Ti-bearing minerals. This assumption has a negligible effect on the modeled gas 

redox potential and therefore no influence on the modeled solubility of modeled Au, Mo and Ag. 

Table DR9 summarizes results of geochemical simulations of the input ore fluid with various 

compositions and at different PT-conditions and redox potential.  

 

ii) Cooling and decompression: Metal solubility and precipitation 

The pressure in these simulations was expressed as a temperature-dependent polynomial 

(user-defined scripts; GEM-Selektor). Two sets of simulations were performed. The first set 

involved cooling a fluid initially saturated with respect to the ore minerals (Table DR10) and the 

second set, cooling of a fluid that initially was slightly undersaturated with respect to 

molybdenite, electrum and argentite (Table DR11). The HCl content was constant because HCl 

is not a component of any of the minerals and in gases the species are neutral, thereby precluding 

pH-mediated gas-rock interaction. Carbon dioxide concentration was constant, because our 

modeling conditions favor the formation of anhydrite over calcite and Fe-oxides and sulfides 

over Fe-carbonates. At more reduced conditions, CO2 fugacity would be buffered by the 



formation of carbonates at depth, indicating that the initial redox potential of the magmatic 

volatile phase controls the mineral assemblage formed upon cooling by preferential buffering of 

carbon over sulfur. The P-T evolution path first follows isochoric decompression (e.g. constant 

density) and then follows the saturated water vapor pressure curve below the critical temperature. 

At a density of 300 kg/m
3
 the path is similar to a compilation of P-T conditions of fluid 

inclusions from various porphyry Cu-Au-Mo deposits (Fig. DR7), the 100 kg/m
3
 density path 

was chosen to represent a very low density vapor-like fluid and visualize the effect of 

density/pressure on porphyry ore formation. Time-constant P-T conditions are assumed for 

cooling and decompression models, as opposed to a cycling system, which is inferred from 

natural systems. This assumption is substantiated by numerical modeling performed by Weis et 

al. 2012, who showed that stable P-T fronts are developed in dynamic plumes of magmatic-

hydrothermal systems.  

Mineral precipitation (Mp,i[x]) during cooling of an ore fluid initially undersaturated with 

respect to Au, Ag and Mo minerals was evaluated from the initial amount of metal in solution 

(Mi,v[x-1]) minus the amount of metal in solution at step x (Mi,v[x]) for x incremental cooling 

steps. Negative values show that the ore mineral dissolved because the solubility of the mineral 

at step x is greater than at the previous step (Table DR11). The amounts of Mo, Au and Ag 

precipitated during cooling and the zonal distribution of these amounts with respect to 

temperature depends on the initial composition of the ore fluid and its PT evolution path.  

 

iii) Metal partitioning upon phase separation 

Geochemical modeling of natural processes generally requires simplification of the complex 

multi-component system, so that the effects of changes in a single variable are not obscured. The 



gas-liquid mixture is buffered by a mineral assemblage similar to that used for single-phase gas 

simulations, except that Cu-minerals were not considered. The elements of interest are the ore 

metals (Mo, Ag and Au) as well as ligands and acids (e.g., HCl, H2S, CO2). Calcium and Fe 

occur as aqueous species and are precipitated as Ca- and Fe-minerals that buffer the pH, redox 

potential, sulfur and carbon content of the system. Titanium only occurs in minerals (rutile and 

ilmenite) and helps to constrain the redox conditions of the simulation. Sodium is only present in 

the aqueous liquid and its main role is to control the ionic strength (salinity) of the fluid. 

Modeling results are presented in Table DR12.  

  



Table DR7: References for thermodynamic data sets  

Name Formula Ref.  Formula Ref. 

Molybdenum dioxide MoO2,s 1,2  Ag(HS)(aq) 8 

Molybdite MoO3,s 3  Ag(HS)2
-
 8 

Molybdenite MoS2,s 3  Ag(OH)2
-
 8 

Gold Au 4  Ag
+
 8 

Silver Ag 4  AgCl2
-
 8 

Chlorargite AgCl 4  AgCl(aq) 8 

Argentite/Acanthite* Ag2S 3,5  Ag(OH)(aq) 8 

Bornite Cu5Fe3S4 3,6  Au(HS)2
-
 9 

Chalcopyrite CuFeS2 3,6  Au(HS)(aq) 9 

Cuprite Cu2O 7  Au(OH)(aq) 9 

Tenorite CuO 7  AuCl2
-
 9 

Chalcocite Cu2S 3,6  Au
+
 4 

Covellite CuS 3  H2MoO4(aq) 10,11 

Digenite Cu1.8S 3  HMoO4
-
 4 

Iron Fe 3  MoO4
2-

 4 

Siderite FeCO3 7  CO(aq) 12 

Hematite Fe2O3 7  CO2(aq) 13 

Magnetite Fe3O4 7  CO3
2-

 14 

Pyrrhotite_+ Fe0.875S 7  HCO3
2-

 14 

Pyrrhotite FeS 7  CH4(aq) 15 

Pyrite FeS2 7  Cl
-
 14 

Ilmenite FeTiO3 7  HCl(aq) 16 

Rutile TiO2 7  H2(aq) 13 

Sulfur S 7  O2(aq) 13 

Calcite CaCO3 7  SO2(aq) 4 

Anhydrite CaSO4 7  HSO4
-
 17 

   
 SO4

2-
 17 

   
 H2S(aq) 4 

Steam H2Og 3,18  HS
-
 17 

Hydrochloric acid HClg 3,18  OH
-
 14 

Hydrogen gas H2,g 3,19  H
+
 14 

Oxygen gas O2,g 3,18  Water/H2O(aq) 4 

Chlorine gas Cl2,g 3,19  Na
+
 14 

Octa-atomic sulfur S8,g 6  NaCl(aq) 17 

Sulfur gas S2,g 3  NaOH(aq) 17 

Hydrogen sulfide gas H2Sg 1,19  Ca
2+

 14 

Sulfurdioxide gas SO2,g 3,19  CaCl
+
 17 

Sulfurtrioxide gas SO3,g 3  CaCl2(aq) 17 

Carbon monoxide gas COg 20,18  Fe
2+

 17 

Carbon dioxide gas CO2,g 20,18  FeCl
+
 17 

Methane gas CH4,g 20,18  FeCl2(aq) 17 

    FeOH
+
 17 

 

1. Chase, 1998; 2. King et al. 1960; 3. Robie and Hemingway, 1995; 4. Johnson et al. 1992; 5. Gronvold and 

Westrum, 1986; 6. Robie et al. 1994; 7. Holland and Powell, 2011; 8. Akinfiev and Zotov, 2001; 9. Stefansson and 

Seward, 2004; 10. Kudrin, 1985; 11. Minubaeva, 2007; 12. Shock and Mckinnon, 1993; 13. Shock et al. 1989; 14. 

Shock and Helgeson. 1988; 15. Shock and Helgeson, 1990; 16. Tagirov et al. 1997; 17. Shock et al. 1997; 18. 

Stryjek and Vera, 1986; 19. Proust and Vera, 1989; 20. Frenkel, 1994;  
 

  



Table DR8: Thermodynamic properties of hydrated metallic gaseous species 

Name/Formula Ref. ∆fG
0 ∆fH

0 S0 cp log K log K: a0 + a1T + a2T
-1 +a3lnT + a4T

-2+ a5T
2 Tmin 

  
kJmol-1 kJmol-1 Jmol-1K-1 Jmol-1K-1  a0 a1 x10-2 a2 x103 a3 a4 a5x10-5 (°C) 

MoO3(H2O) 1 -862 -994 127.83 111.4 -6.02 -3.502 -1.282 
   

1.461 150 

MoO3(H2O)2 1 -1069 -1203 353.12 142.1 -9.85 -5.344 
 

-1.343 
   

233 

MoO3(H2O)3 1 -1298 -1466 471.29 175.7 -9.77 -9.035 
 

-0.220 
   

257 

MoO3(H2O)4 1 -1528 -1733 583.39 209.3 -9.46 -13.043 
 

1.069 
   

268 

MoO3(H2O)5 1 -1762 -2005 686.62 242.9 -8.63 -17.515 
 

2.648 
   

279 

MoO3(H2O)6 1 -1994 -2276 790.72 276.5 -7.99 -21.940 
 

4.158 
   

287 

MoO3(H2O)7 1 -2245 -2584 834.14 310.0 -3.99 -29.536 
 

7.616 
   

295 

MoO3(H2O)8 1 -2477 -2853 940.08 343.6 -3.53 -33.866 
 

9.046 
   

300 

AuCl(H2O) 2 -208 -239 287.56 73.47 -20.27 -3.67 
 

-4.950 
   

150 

AuCl(H2O)2 2 -443 -512 394.70 107.04 -19.10 -7.94 
 

-3.327 
   

198 

AuCl(H2O)3 2 -681 -790 491.50 140.61 -17.52 -12.74 
 

-1.425 
   

240 

AuCl(H2O)4 2 -917 -1066 591.97 174.18 -16.19 -17.36 
 

0.348 
   

253 

AuCl(H2O)5 2 -1153 -1342 691.70 207.75 -14.88 -22.01 
 

2.128 
   

262 

AuCl(H2O)6 2 -1389 -1618 790.82 241.32 -13.57 -26.70 
 

3.915 
   

271 

AuCl(H2O)7 2 -1625 -1894 889.39 274.89 -12.26 -31.41 
 

5.710 
   

280 

AuCl(H2O)8 2 -1861 -2171 987.47 308.46 -10.96 -36.15 
 

7.511 
   

287 

AuCl(H2O)9 2 -2097 -2447 1085.08 342.03 -9.66 -40.92 
 

9.320 
   

294 

AuCl(H2O)10 2 -2333 -2724 1182.27 375.60 -8.36 -45.71 
 

11.135 
   

300 

AuS 3 29.44 -30.45 -121.43 30.53 -11.00 -12.74 
 

0.520 
   

150 

AuS(H2S) 3 69.3 83.4 289.32 64.72 -23.82 -2.03 
 

-6.495 
   

150 

AuS(H2O) 3 -203 -295 8.30 64.12 -10.37 -15.83 
 

1.626 
   

150 

AuS(H2O)2 3 -427 -546 147.01 97.71 -11.09 -18.45 
 

2.194 
   

150 

AuS(H2O)3 3 -647 -790 296.70 131.30 -12.72 -20.49 
 

2.318 
   

150 

AuS(H2S)(H2O) 3 -211 -254 329.66 98.31 -14.82 -9.79 
 

-1.499 
   

150 

AuS(H2S)(H2O)2 3 -444 -524 441.11 131.90 -14.00 -13.83 
 

-0.051 
   

150 

AuS(H2S)(H2O)3 3 -674 -789 558.83 165.49 -13.68 -17.55 
 

1.151 
   

150 

AuS(H2S)(H2O)4 3 -903 -1050 681.22 199.08 -13.73 -21.02 
 

2.173 
   

150 

AgCl(H2O) 3 -203 -203 385.84 73.85 -21.18 1.718 
 

-6.827 
   

150 

AgCl(H2O)2 3 -433 -469 498.30 107.44 -20.94 -2.269 
 

-5.567 
   

190 

AgCl(H2O)3 3 -673 -751 592.27 141.03 -18.95 -7.226 
 

-3.495 
   

210 

AgCl(H2O)4 3 -896 -1004 726.89 174.62 -19.85 -10.058 
 

-2.920 
   

230 

AgCl(H2O)5 3 -1120 -1258 858.77 208.21 -20.71 -13.033 
 

-2.288 
   

250 

AgCl(H2O)6 3 -1344 -1512 988.52 241.80 -21.54 -16.119 
 

-1.616 
   

300 

∆fG
0
 is the Gibbs free energy of formation, ∆fH

0
 is the enthalpy of formation, S is the entropy, and a0 to a6 are the coefficients for 

the cp and the log K polynomial, respectively. 1. Hurtig and Williams-Jones (2014a); 2. Hurtig and Williams-Jones (2014b); 3. 

fitted this study. 



Table DR9: Composition and redox potential of the input ore fluid. 

Anhydrite-magnetite-rutile (minimum S content) 

log fO2 RH S CO2 HCl Ag Au Mo 

  

wt.% wt.% wt.% ppm ppm ppm 

-16.5 -3.67 0.1 3.5 0.01 221 0.5 767 

-16.3 -3.77 0.1 3.5 0.01 221 0.6 952 

-16.2 -3.85 0.1 3.5 0.01 221 0.7 1167 

-16.0 -3.93 0.2 3.5 0.01 221 0.8 1383 

-15.9 -3.99 0.2 3.5 0.01 220 0.9 1579 

-15.8 -4.03 0.3 3.5 0.01 220 0.9 1750 

-15.7 -4.07 0.3 3.5 0.01 220 1.0 1900 

        

        
Pyrite-anhydrite-magnetite-rutile (maximum S content) 

log fO2 RH S CO2 HCl Ag Au Mo 

  

wt.% wt.% wt.% ppm ppm ppm 

-16.7 -3.59 2.5 7.2 0.01 107 8 1 

-16.3 -3.78 2.8 7.2 0.01 111 9 2 

-16.1 -3.87 3.2 7.2 0.01 112 10 2 

-16.0 -3.93 3.7 7.1 0.01 113 10 3 

-15.9 -3.97 4.2 7.1 0.01 113 11 3 

-15.9 -4.00 4.7 7.1 0.01 113 11 4 

-15.8 -4.03 5.3 7.1 0.01 112 11 4 

-15.8 -4.06 5.8 7.1 0.01 112 11 5 

-15.7 -4.07 6.3 7.1 0.01 112 11 5 

 

 

  



Table DR10: Initial composition of the model ore fluid at 600 °C and 810 bar (Fig. 1). 

  

T P log fO2 RH S HCl Au Ag Mo Ag/Au Au/Mo 

°C bar   wt.% ppm ppm ppm ppm   

Scenario A 

600 810 -16 -4.1 0.1 5 0.06 12.3 1838 215 3.15e-5 

600 810 -16 -4.1 1.0 5 0.32 9.61 240 30.5 1.31e-3 

600 810 -16 -4.0 3.0 5 1.87 7.15 16.0 3.8 0.117 

600 810 -16 -4.0 5.0 5 5.61 5.81 3.97 1.04 1.412 

           

Scenario B 

600 810 -16 -3.6 0.1 100 1.02 217 559 213 1.83e-3 

600 810 -16 -4.0 1.0 100 4.09 182 117 44.6 0.035 

600 810 -16 -4.0 3.0 100 8.28 129 5.85 15.5 1.416 

600 810 -16 -4.0 5.0 100 14.5 105 1.62 7.20 8.973 

600 810 -16 -3.9 8.0 100 31.8 80.6 0.39 2.53 81.45 



Table DR11: Metal concentration at molybdenite, electrum and argentite saturation during 

cooling and isochoric decompression of fluids with a density of 100 kg/m
3
 (first set) and 300 

kg/m
3 

(second set) 

T P Density RH Ag Au Mo S CO2 HCl Log fO2 

°C bar kg/m
3
 

 

ppm ppm ppm wt.% wt.% ppm 

 220 22 12 -7.2 1.2E-06 3.1E-03 1.4E-05 0.11 7.3 97 -32.1 

240 32 17 -6.9 6.2E-06 3.9E-03 5.3E-05 0.11 7.3 97 -30.7 

260 50 24 -6.6 5.3E-05 2.7E-02 4.7E-04 0.12 7.3 97 -29.4 

280 72 33 -6.3 4.0E-04 2.0E-01 2.9E-03 0.12 7.3 97 -28.2 

300 95 46 -6.1 1.9E-03 6.3E-01 8.4E-03 0.13 7.3 97 -27.1 

320 120 64 -5.9 6.3E-03 9.9E-01 1.8E-02 0.18 7.3 97 -26.0 

340 143 93 -5.7 1.6E-02 1.0E+00 2.6E-02 0.19 7.3 97 -25.0 

360 166 100 -5.4 3.7E-02 9.4E-01 3.6E-02 0.21 7.3 97 -24.2 

380 186 100 -5.2 7.2E-02 6.9E-01 4.1E-02 0.24 7.3 98 -23.3 

400 205 100 -5.0 1.2E-01 4.2E-01 4.2E-02 0.27 7.3 98 -22.6 

420 221 100 -4.8 1.7E-01 2.3E-01 3.9E-02 0.30 7.3 98 -21.8 

440 236 100 -4.7 2.3E-01 1.2E-01 3.6E-02 0.35 7.3 98 -21.2 

460 250 100 -4.5 2.9E-01 6.9E-02 3.4E-02 0.40 7.3 98 -20.5 

480 262 100 -4.3 3.6E-01 4.2E-02 3.2E-02 0.47 7.3 98 -19.9 

500 275 100 -4.2 4.4E-01 2.8E-02 3.7E-02 0.52 7.3 98 -19.3 

520 287 100 -4.1 5.9E-01 1.9E-02 7.2E-02 0.52 7.3 98 -18.6 

540 299 100 -4.1 8.5E-01 1.3E-02 2.1E-01 0.52 7.3 98 -17.9 

560 312 100 -4.0 1.1 9.4E-03 3.6E-01 0.52 7.3 98 -17.4 

580 326 100 -3.9 1.4 7.3E-03 6.8E-01 0.52 7.3 98 -16.9 

600 339 100 -3.8 1.9 6.0E-03 1.3 0.52 7.3 98 -16.4 

220 21 12 -7.2 1.0E-06 2.7E-03 2.0E-06 0.11 7.3 97 -32.1 

240 29 17 -6.9 4.0E-06 2.0E-03 3.9E-06 0.11 7.3 97 -30.7 

260 42 24 -6.6 2.2E-05 1.9E-03 1.6E-05 0.12 7.3 97 -29.4 

280 62 33 -6.3 1.3E-04 5.4E-03 1.3E-04 0.12 7.3 97 -28.2 

300 87 46 -6.1 8.3E-04 1.2E-01 2.5E-03 0.13 7.3 97 -27.1 

320 117 64 -5.9 5.3E-03 7.1E-01 1.4E-02 0.18 7.3 97 -26.0 

340 153 93 -5.7 2.7E-02 2.7 5.4E-02 0.19 7.3 97 -25.0 

360 192 144 -5.5 1.2E-01 7.8 1.7E-01 0.21 7.3 97 -24.1 

380 236 300 -5.3 4.4E-01 18 4.3E-01 0.24 7.3 98 -23.3 

400 284 300 -5.1 1.4 34 9.6E-01 0.27 7.3 98 -22.5 

420 334 300 -4.9 3.6 50 1.7 0.31 7.3 98 -21.7 

440 387 300 -4.7 8.0 60 2.7 0.35 7.3 98 -21.0 

460 441 300 -4.6 16 61 3.6 0.41 7.3 98 -20.4 

480 497 300 -4.4 27 55 4.5 0.48 7.3 98 -19.7 

500 553 300 -4.3 45 44 6.4 0.52 7.3 98 -19.1 

520 609 300 -4.2 69 32 11 0.52 7.3 98 -18.5 

540 663 300 -4.1 97 21 20 0.52 7.3 98 -17.8 

560 716 300 -4.1 128 13 50 0.53 7.3 98 -17.2 

580 766 300 -4.0 151 7.4 70 0.53 7.3 98 -16.6 

600 812 300 -3.9 169 4.0 95 0.53 7.3 98 -16.1 

  



Table DR12: Ore mineral precipitation modeling for different composition and density of the 

input ore fluid.  

 
Input ore fluid composition 

 

S Ag Au Mo S Ag Au Mo S Ag Au Mo 

 

wt.% ppm ppb ppm wt.% ppm ppm ppm wt.% ppm ppm ppm 

 

0.01 0.4 3.5 20 0.20 11 4.2 788 1.64 1.1 11 7.7 

 

Model 1: Shallow-low S Model 2: Deep-low S Model 3: Deep-highS 

 
Mass of metal deposited on cooling at each20 C cooling step 

T P Ag Au Mo P Ag Au Mo P Ag Au Mo 

°C bar mol mol mol bar mol mol mol bar mol mol mol 

220 22 1.14E-11 -2.32E-10 3.61E-11 21 7.2E-12 -2.6E-10 8.5E-12 21 8.7E-12 -3.1E-09 7.5E-11 

240 32 9.48E-11 5.29E-09 3.74E-10 29 4.3E-11 2.6E-09 9.1E-11 29 5.0E-11 4.0E-09 5.2E-10 

260 50 8.77E-10 0 4.34E-09 42 2.8E-10 1.6E-08 5.6E-10 42 3.1E-10 3.1E-08 2.8E-09 

280 72 4.85E-09 0 1.71E-08 62 1.8E-09 1.0E-07 3.2E-09 62 1.9E-09 1.9E-07 1.3E-08 

300 95 1.61E-08 0 2.86E-08 87 1.2E-08 6.4E-07 1.8E-08 87 1.2E-08 1.2E-06 6.4E-08 

320 120 3.54E-08 0 2.33E-08 117 6.6E-08 2.6E-06 7.1E-08 117 6.5E-08 4.5E-06 2.1E-07 

340 143 8.61E-08 0 3.59E-08 153 2.9E-07 6.8E-06 2.1E-07 153 2.9E-07 1.3E-05 7.1E-07 

360 166 1.46E-07 0 2.10E-08 192 1.1E-06 0 5.3E-07 192 1.1E-06 4.6E-06 1.7E-06 

380 186 2.03E-07 0 4.68E-09 236 3.6E-06 0 1.1E-06 236 3.5E-06 0 3.7E-06 

400 205 2.48E-07 0 0.00E+00 284 1.1E-05 0 4.0E-06 284 0 0 5.8E-06 

420 221 3.90E-07 0 7.27E-08 334 2.6E-05 0 1.1E-05 334 0 0 7.4E-06 

440 236 9.18E-07 0 1.13E-07 387 0 0 2.5E-05 387 0 0 7.9E-06 

460 250 0 0 1.83E-07 441 0 0 5.0E-05 441 0 0 7.2E-06 

480 262 0 0 3.06E-07 497 0 0 8.5E-05 497 0 0 5.4E-06 

500 275 0 0 1.15E-06 553 0 0 1.3E-04 553 0 0 0 

520 287 0 0 4.92E-06 609 0 0 5.4E-04 609 0 0 0 

540 299 0 0 2.44E-05 663 0 0 1.3E-03 663 0 0 0 

560 312 0 0 2.24E-05 716 0 0 1.0E-03 716 0 0 0 

580 326 0 0 4.68E-05 766 0 0 5.7E-04 766 0 0 0 

600 339 0 0 0 812 0 0 0 812 0 0 0 

Mp,i[x]=Mv,i[x-1]-Mv,i[x], i = Mo, Ag, Au (Metal precipitated), grey italic: above the phase separation 

horizon 

  



Table DR13: Partitioning of Au, Ag, Mo between vapor and liquid.  

    
Vapor Liquid Partition coefficient (log KD) 

T P Xgas RH log f log f log f log f log f log f Au Ag Mo pH NaCl Au Ag Mo HCl H2S CO2 Au Ag Mo 

°C bar 
  

CO2 HCl H2O O2 SO2 H2S ppm ppm ppm 
 

wt.% ppm ppm ppm 
      

220 23 0.44 -4.6 0.18 -6.42 1.29 -37.2 -9.05 -2.77 4.5E-06 4.8E-11 3.0E-10 5.63 0.86 4.9E-04 2.2E-02 1.9E-04 0.01 2.0 2.4 -2.0 -8.6 -5.8 

232 29 0.44 -4.5 0.27 -6.13 1.39 -36.2 -8.65 -2.55 4.7E-06 5.2E-10 8.0E-10 5.61 0.96 8.4E-04 3.6E-02 2.6E-04 0.06 1.8 2.3 -2.2 -7.8 -5.5 

245 36 0.45 -4.4 0.36 -5.85 1.48 -35.1 -8.28 -2.34 3.8E-06 7.2E-10 6.4E-10 5.59 1.09 1.4E-03 5.9E-02 3.6E-04 0.09 1.7 2.2 -2.1 -7.5 -5.3 

257 45 0.46 -4.3 0.44 -5.58 1.56 -34.2 -7.92 -2.14 1.6E-05 6.1E-09 3.3E-09 5.58 1.23 2.1E-03 9.6E-02 4.9E-04 0.12 1.6 2.0 -2.1 -7.2 -5.1 

270 55 0.47 -4.2 0.52 -5.33 1.64 -33.2 -7.58 -1.95 2.1E-05 3.4E-08 2.1E-08 5.59 1.42 3.1E-03 1.6E-01 6.9E-04 0.14 1.5 1.9 -2.1 -6.6 -4.5 

282 66 0.49 -4.2 0.59 -5.08 1.71 -32.3 -7.26 -1.77 3.0E-05 1.2E-07 1.6E-07 5.60 1.64 4.4E-03 2.5E-01 9.6E-04 0.16 1.4 1.8 -2.1 -6.3 -3.8 

294 79 0.51 -4.1 0.66 -4.84 1.78 -31.5 -6.95 -1.60 5.2E-05 6.3E-07 1.1E-06 5.61 1.93 6.0E-03 4.1E-01 1.3E-03 0.17 1.3 1.7 -2.0 -5.8 -3.1 

307 94 0.53 -4.0 0.72 -4.61 1.84 -30.7 -6.65 -1.43 1.3E-04 3.5E-06 5.9E-06 5.64 2.27 8.0E-03 6.4E-01 1.8E-03 0.18 1.2 1.5 -1.8 -5.2 -2.5 

319 112 0.56 -3.9 0.79 -4.39 1.90 -29.9 -6.37 -1.27 3.4E-04 1.3E-05 1.8E-05 5.68 2.69 1.0E-02 1.0 2.4E-03 0.18 1.1 1.4 -1.5 -4.9 -2.1 

332 131 0.59 -3.9 0.85 -4.17 1.96 -29.2 -6.10 -1.12 1.0E-03 5.1E-05 5.5E-05 5.73 3.19 1.2E-02 1.6 3.1E-03 0.17 0.9 1.3 -1.1 -4.5 -1.7 

344 153 0.61 -3.8 0.91 -3.95 2.02 -28.5 -5.83 -0.97 3.1E-03 1.9E-04 1.7E-04 5.81 3.81 1.4E-02 2.6 3.9E-03 0.15 0.8 1.1 -0.6 -4.1 -1.3 

220 23 0.59 -6.6 0.05 -4.12 1.30 -33.2 -3.54 -3.27 2.1E-04 2.4E-08 1.5E-06 2.65 0.03 4.1E-03 1.5 5.8E-05 -0.01 1.9 2.4 -1.3 -7.8 -1.6 

232 29 0.60 -6.5 0.15 -3.78 1.40 -32.1 -3.13 -3.05 2.6E-04 2.6E-07 2.7E-06 2.58 0.03 6.9E-03 2.8 9.2E-05 0.04 1.8 2.3 -1.4 -7.0 -1.5 

245 36 0.61 -6.4 0.24 -3.45 1.48 -31.1 -2.74 -2.84 2.1E-04 3.8E-07 1.6E-06 2.52 0.04 1.1E-02 5.3 1.4E-04 0.08 1.7 2.1 -1.3 -6.7 -1.5 

257 45 0.63 -6.4 0.32 -3.13 1.57 -30.1 -2.36 -2.64 8.7E-04 3.5E-06 6.8E-06 2.47 0.05 1.8E-02 9.8 2.2E-04 0.11 1.6 2.0 -1.3 -6.4 -1.5 

270 55 0.66 -6.3 0.39 -2.83 1.64 -29.2 -2.01 -2.45 1.1E-03 2.2E-05 3.7E-05 2.42 0.06 2.6E-02 18 3.3E-04 0.13 1.5 1.9 -1.3 -5.9 -0.9 

282 66 0.69 -6.2 0.46 -2.55 1.72 -28.3 -1.67 -2.28 2.8E-03 7.8E-05 2.5E-04 2.39 0.08 3.7E-02 30 5.1E-04 0.15 1.4 1.8 -1.1 -5.6 -0.3 

294 79 0.74 -6.1 0.51 -2.29 1.78 -27.4 -1.38 -2.10 3.3E-02 4.4E-04 1.5E-03 2.39 0.11 5.1E-02 48 8.0E-04 0.17 1.3 1.6 -0.2 -5.0 0.3 

307 94 0.79 -6.0 0.57 -2.07 1.85 -26.7 -1.15 -1.94 2.6E-01 2.4E-03 7.0E-03 2.45 0.17 6.5E-02 75 1.3E-03 0.18 1.2 1.5 0.6 -4.5 0.7 

319 112 0.84 -5.9 0.63 -1.89 1.91 -26.0 -0.99 -1.77 7.5E-01 8.3E-03 1.7E-02 2.60 0.31 7.8E-02 120 2.4E-03 0.18 1.1 1.4 1.0 -4.1 0.9 

332 131 0.88 -5.8 0.69 -1.75 1.97 -25.3 -0.89 -1.67 2.0 2.8E-02 5.4E-02 2.82 0.58 9.0E-02 210 6.3E-03 0.18 0.9 1.3 1.4 -3.9 1.0 

344 153 0.91 -5.7 0.77 -1.62 2.02 -24.7 -0.80 -1.62 5.0 9.4E-02 2.3E-01 3.07 1.03 1.0E-01 370 2.1E-02 0.16 0.8 1.1 1.7 -3.6 1.1 
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Supplementary Material Figure captions 

Figure DR1: The logarithmic mole fraction of dissolved molybdenum in aqueous vapor as a 

function of the logarithmic density of water (gcm
-3

) at 400°C. There is a continuous rise in the 

proportion of Mo from vapor-like to liquid-like supercritical fluids.  

 

Figure DR2: Binary diagrams showing log fAu,species as a function of log fH2S for a) 300 C, b) 350 

C and c) 400 C. The linear least-squares regression fits of the experimental data indicate an 

average solvation number of 1.5 to 2.1. For the purpose of deriving log Ks,xy, we fitted the 



experimental data to a power function, log fAu,species = a + b*log fH2S
c
. The values of a, b and c are 

reported in Table DR1.  

 

Figure DR3: Binary diagrams showing log fAu,species – x logfH2S as a function of log fH2O for a) 300 

C and x = 1, b) 350 C and x = 1, c) 365 C and x = 1, d) 300 C and x = 2, e) 350 C and x = 2, 

f) 365 C and x = 2. The gold fugacity is normalized to H2S fugacity multiplied by the 

stoichiometric factor x in order to correct for the effect of H2S solvation and is fitted to a power 

function: log fAu,species = a + b*log fH2O
c
. The values of a, b and c are reported in Table DR2. 

Integer hydration numbers (y) range between 3 and 20.  

 

Figure DR4: Binary diagrams showing log fAg,species as a function of log fH2Oat a) 300 C, b) 350 

C, c) 360 C, d) 400 C and e) 440 C. f) Stability fields of Ags and AgCls at 400 °C as a 

function of log fHCl and log fO2; the experimental conditions were in the stability field of solid 

AgCl. The experimental data (Migdisov et al., 1999; Migdisov and Williams-Jones, 2013) were 

fitted to a power function (Table DR4) with integer hydration numbers (y) ranging up to 25 at 

400 °C. 

 

Figure DR5: Logarithmic equilibrium constants (log Ks,xy and log Ks,y) as a function of the 

inverse of temperature for a) AuS(H2O)y, b) AuS(H2S)( H2O)y and c) AgCl(H2O)y. Values for the 

linear least-square fitting parameters are given in Table DR6.  

 



Figure DR6: Binary diagrams comparing values of logfAg species extrapolated to 800 C (this 

study) as a function of log fH2Oor log fHCl to values of this parameter derived from the 

experimental data(Simon et al., 2008), a) as a function of log fH2O, b) as a function of log fHCl at 

1400 bar and c) as a function of log fHCl at 1000 bar. d) Diagram showing the stability fields of 

Ags and AgCll at 800 °C and 1400 bar as a function of log fHCl and logfO2 and the corresponding 

conditions of the experiments(Simon et al., 2008)at the nickel-nickel oxide (NNO) buffer.  

Figure DR7: A temperature-pressure diagram comparing the conditions of the model ore fluid 

and its fluid evolution paths during cooling and decompression to the conditions of entrapment 

of vapor and intermediate-density fluid inclusions from porphyry deposits (colored squares). The 

curve SPWV, which ends at the critical point, is the saturation pressure water vapor curve for 

pure water, and the thin black lines are isochores for densities of0.1, 0.2, 0.3 and the 0.45 

g/cm
3
.Thegrey curve shows the vapor-liquid-halite (V+L+H) surface in the NaCl-H2O system 

and the grey lines are isochores at densities of 0.29, 0.34 and 0. 50 g/cm
3
 projected on to the PT-

surface. The red lines represent the two modeling scenarios for a cooling vapor and intermediate 

density fluid, respectively; the red stars indicate the starting conditions of the fluid.  
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