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Abstract 11 

Ore formation in porphyry Cu-Au-(Mo) systems involves the exsolution of metal-bearing fluids 12 

from magmas and the transport of the metals in magmatic-hydrothermal plumes that are subject to 13 

pressure fluctuations. Deposition of ore minerals occurs as a result of cooling and decompression 14 

of the hydrothermal fluids in partly overlapping ore shells. In this study, we address the role of 15 

vapor-like fluids in porphyry ore formation through numerical simulations of metal transport using 16 

the Gibbs Energy Minimization Software, GEM-Selektor. The thermodynamic properties of the 17 

hydrated gaseous metallic species necessary for modeling metal solubility in fluids of moderate 18 

density (100 – 300 kg/m3) were derived from the results of experiments that investigated the 19 

solubility of metals in aqueous HCl- and H2S-bearing vapors. Metal transport and precipitation 20 

were simulated numerically as a function of temperature, pressure and fluid composition (S, Cl 21 

and redox). The simulated metal concentrations and ratios are compared to those observed in 22 

vapor-like and intermediate-density fluid inclusions from porphyry ore deposits, as well as gas 23 
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condensates from active volcanoes. The thermodynamically predicted solubility of Cu, Au, Ag 24 

and Mo decreases during isothermal decompression. At elevated pressure, the simulated metal 25 

solubility is similar to the metal content measured in vapor-like and intermediate-density fluid 26 

inclusions from porphyry deposits (at ~200-1800 bar). At ambient pressure, the metal solubility 27 

approaches the metal content measured in gas condensates from active volcanoes (at ~1 bar), 28 

which is several orders of magnitude lower than that in the high-pressure environment. During 29 

isochoric cooling, the simulated solubility of Cu, Ag and Mo decreases, whereas that of Au reaches 30 

a maximum between 35 ppb and 2.6 ppm depending on fluid density and composition. Similar 31 

observations are made from a compilation of vapor-like and intermediate-density fluid inclusion 32 

data showing that Cu, Ag and Mo contents decrease with decreasing P and T. Increasing the Cl 33 

concentration of the simulated fluid promotes the solubility of Cu, Ag and Au chloride species. 34 

Molybdenum solubility is highest under oxidizing conditions and low S content and gold solubility 35 

is elevated at intermediate redox conditions and elevated S content. The S content of the vapor-36 

like fluid strongly affects metal ratios. Thus, there is a decrease in the Cu/Au ratio as the S content 37 

increases from 0.1 to 1 wt.%, whereas the opposite is the case for the Mo/Ag ratio; at S contents 38 

of >1 wt.%, the Mo/Ag ratio also decreases. In summary, thermodynamic calculations based on 39 

experiments involving gaseous metallic species predict that vapor-like fluids may transport and 40 

efficiently precipitate metals in concentrations sufficient to form porphyry ore deposits. Finally, 41 

the fluid composition and P-T evolution paths of vapor-like and intermediate-density fluids have 42 

a strong effect on metal solubility in porphyry systems and potentially exert an important control 43 

their metal ratios and zoning.  44 

 45 

1. Introduction 46 
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Porphyry Cu-Au-Mo deposits represent the largest source of Cu and Mo ore world-wide and 47 

contain significant resources of Au, W, Re and Ag (Singer et al., 2005; Sinclair, 2007). They are 48 

associated with porphyritic intrusive complexes and form in the root zones of andesitic volcanoes 49 

in subduction-related, continental and island-arc settings (Sillitoe, 1973; 2010; Cooke et al., 2005; 50 

Sinclair, 2007; Richards, 2014). Although, economic porphyry deposits form mainly at shallow 51 

crustal levels, i.e., 2 to 5 km depth (Vila and Sillitoe, 1991; Proffett, 2009; Murakami et al., 2010; 52 

Schöpa et al., 2017), some, notably the Butte Deposit, occur at greater depth (>6 km; Rusk et al., 53 

2008; Mercer and Reed, 2013) and others such as those of the Maricunga Belt, Chile (Muntean 54 

and Einaudi, 2000; 2001) and the Jarovie Belt, Slovakia (Koděra et al., 2014) that are emplaced at 55 

very shallow depth (< 2km). The economic mineralization is hosted mainly in quartz vein 56 

stockworks that provide evidence of a complex history of multiple episodes of veining, alteration 57 

and ore mineral deposition (Sillitoe, 1973; Gustafson and Hunt, 1975; Hedenquist et al., 1998; 58 

Rusk and Reed, 2002; Redmond et al., 2004; Landtwing et al., 2005; Rusk et al., 2008; Redmond 59 

and Einaudi, 2010; Sillitoe, 2010; Landtwing et al., 2010; Monecke et al., 2018).  60 

Ore formation in porphyry systems (Fig. 1a, b) involves the exsolution of hydrothermal fluids 61 

in the cupolas of large-scale crustal batholiths and the transport of the metals upward and outward 62 

from the magmatic centers where they precipitate in overlapping ore shells upon cooling and 63 

decompression (Lowell and Guilbert, 1970; Gustafson and Hunt, 1975; Henley and McNabb, 64 

1978; Dilles, 1987; Williams-Jones and Heinrich, 2005; Rusk et al., 2008; Richards, 2013). 65 

Commonly, a saline intermediate-density supercritical fluid exsolves from the magma and upon 66 

cooling and decompression separates into a low density vapor and a high density hypersaline liquid 67 

(Eastoe, 1978; Henley and McNabb, 1978; Bodnar and Beane, 1980; Hezarkhani and Williams-68 

Jones, 1998; Redmond et al., 2004; Heinrich, 2005; Landtwing et al., 2005; Driesner and Heinrich, 69 
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2007; Lecumberri-Sanchez et al., 2015; Audétat, 2019; Mernagh et al., 2020). Upon separation of 70 

a moderately saline (2 - 8 wt.% NaCl) fluid the vapor dominates volumetrically over the 71 

hypersaline brine (Fig. 1b). For example, Lerchbaumer and Audétat (2012) show that the vapor to 72 

brine mass ratio at Alumbrera was 4 – 9, which translates to a volume proportion of 96 – 98% 73 

vapor. A similar conclusion was reached by Mernagh et al. (2020) based on enthalpy constraints 74 

(i.e., 90 – 98 % vapor). The vapor to liquid phase proportions vary as a function of salinity, T and 75 

P and consequently may change considerably over the life-time of an active hydrothermal plume 76 

(Landtwing et al., 2010). In shallow systems, the fluid exsolving from the melt may be vapor-like 77 

and coexist with halite, salt melts or brine (Muntean and Einaudi, 2000; 2001; Heinrich et al., 78 

2004; Williams-Jones and Heinrich, 2005; Koděra et al., 2014). The path of fluid evolution varies 79 

depending on the depth at which the fluid exsolves from the melt, the composition and volume of 80 

the fluid(s) (e.g., salinity, CO2 content), and the permeability of the host rocks (Heinrich et al., 81 

2004; Redmond et al., 2004; Heinrich, 2005; Williams-Jones and Heinrich, 2005; Klemm et al., 82 

2007; Driesner and Heinrich, 2007; Rusk et al., 2008; Redmond and Einaudi, 2010; Monecke et 83 

al., 2018).  84 

Elevated concentrations of ore metals (10 – 4300 ppm Cu, 0.05 – 10 ppm Au, 2 – 190 ppm Ag 85 

and 1 – 290 ppm Mo) have been detected in vapor-like and intermediate-density fluid inclusions 86 

(Heinrich et al., 1999; Ulrich et al., 1999; Audétat et al., 2000; Ulrich et al., 2002; Rusk et al., 87 

2004; Klemm et al., 2007; 2008; Zajacz et al., 2008; Audétat, 2010; Seo et al., 2011; 2012; 88 

Lerchbaumer and Audétat, 2013; Seo and Heinrich, 2013). The data referred to here are based on 89 

laser ablation inductively coupled plasma mass-spectrometer (LA-ICP-MS) measurements of the 90 

vapor in composite brine-vapor inclusion assemblages and vapor-like and intermediate-density 91 

fluid inclusions that homogenize to the vapor or by critical behavior, respectively (Electronic 92 
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Appendix B: all data including references). Here we loosely refer to these fluids as vapor-like 93 

fluids, with the emphasis placed on predicting metal transport in compressible fluids of low to 94 

intermediate density (i.e., 0.1 to 322 kg/m3 in the pure H2O system). Elevated metal concentrations 95 

have also been documented in high temperature (melt-)vapor-brine partitioning experiments 96 

(Frank et al., 2002; 2003; Pokrovski et al., 2005; Simon et al., 2005; 2006; 2007; 2008; Zajacz et 97 

al., 2008; 2010; 2011; 2012; 2017). They have likewise been documented in lower temperature 98 

vapor experiments (Migdisov and Williams-Jones, 2013; Hurtig and Williams-Jones, 2014a; 99 

2014b; Migdisov et al., 2014). These studies establish a baseline for metal contents in vapor-like 100 

fluids, providing the fundamental evidence that vapor-like fluids can transport sufficient metals to 101 

be considered ore fluids. 102 

Numerical simulations of the physical aspects of porphyry copper ore formation have 103 

demonstrated the transient nature of the fluid phase states and fluid miscibility within magmatic-104 

hydrothermal fluid plumes (Gruen et al., 2012; Weis et al., 2012; 2014; Afanasyev et al., 2018). 105 

Key observations from these simulations in the NaCl-H2O system are the occurrence of pressure 106 

fluctuations, the presence of compressible intermediate-density supercritical fluids, occasional 107 

formation of ‘immobile’ brine lenses and a correspondingly high proportion of vapor after phase 108 

separation. Processes such as fluid-rock interaction and mineral precipitation have not been 109 

considered in these physical models. Advanced coupled chemical and physical reactive transport 110 

simulations only have been performed for major elements (i.e., O, H, S, C, Ca, Na, Cl, K, Al, Ma 111 

and Si) and have not evaluated metal transport and precipitation (Yapparova et al., 2019). To date, 112 

the only ore metal for which solubility has been coupled to physical transport models is copper 113 

(Weis et al., 2012). Weis (2015) simulated the flow of multiphase variably miscible H2O-NaCl 114 

fluids and predicted the formation of self-organizing plumes with a stable temperature front where 115 
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Cu deposition occurs as a result of efficient cooling of the hydrothermal plume by an overlying 116 

meteoric convection cell. Chemically more complex models simulating metal transport of 117 

porphyry ore formation (Heinrich et al., 2004; Heinrich, 2005; Reed et al., 2013) have used existing 118 

thermodynamic models for aqueous liquids (e.g., the HKF-model; Helgeson et al., 1981). These 119 

chemical models predict the development of alteration sequences due to fluid-rock interaction 120 

comparable to those observed in porphyry deposits.  121 

Lastly, some thermodynamic studies have approached the system from the vapor-side using 122 

metal volatility to estimate ore precipitation from magmatic gases (Krauskopf, 1957; Krauskopf, 123 

1964; Eastoe, 1982) and/or vapor-liquid partitioning data from experiments and vapor-melt 124 

partitioning data from active volcanoes (Pokrovski et al., 2013). These simulations have not 125 

yielded metal concentrations (i.e., Au, Cu, Ag and Mo) sufficient for ore formation by vapor-like 126 

fluids, because the solvating properties of water vapor were not considered (see Section 2, 127 

Hydration model, for more detail). The density-model (Marshall and Franck, 1981; Anderson et 128 

al., 1991; Akinfiev and Diamond, 2004) has yielded promising results for predicting Ag solubility 129 

in low-density fluids for a wide range of temperature and fluid density (Akinfiev and Zotov, 2016). 130 

As this model has not been implemented into a thermodynamic code package such as GEM-131 

Selektor, it is currently not possible to use the density-model to simulate metal ratios and fluid-132 

mineral reactions. In summary, existing models have failed to predict metal transport in 133 

multicomponent vapor-like aqueous fluids relevant to porphyry ore formation because of a paucity 134 

of experimental data for low- and intermediate-density fluids and the difficulty of introducing these 135 

data into thermodynamic code packages.  136 

In Hurtig and Williams-Jones (2015), we presented a model for Au-Ag-Mo solubility designed 137 

specifically to treat the case of metal transport by vapor-like fluids based on experiments 138 
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(Migdisov et al., 1999; Archibald et al., 2001; Rempel et al., 2006; Zezin et al., 2007; 2011; 139 

Migdisov and Williams-Jones, 2013; Hurtig and Williams-Jones, 2014a; 2014b). Here, we expand 140 

on our earlier study by including experimental data for CuCl solubility in water vapor (Archibald 141 

et al., 2001; Migdisov et al., 2014). We present comprehensive thermodynamic simulations of the 142 

behavior of Cu, Au, Ag and Mo solubility in vapor-like fluids buffered by simplified vein gangue 143 

mineral assemblages using the GEM-Selektor code package (Kulik et al., 2013). These simulations 144 

approach the thermodynamic modelling from the gas phase; importantly we consider metal 145 

solubility as a function of water vapor pressure and hydrated gaseous species. Vapor-liquid 146 

partitioning is not simulated, and cooling paths only follow metal transport and precipitation from 147 

vapor-like fluids. Four numerical simulation setups (Fig. 1c) were employed to understand: 1) the 148 

effect of fluid chemistry on metal solubility and metal ratios at high temperature in a vapor-like 149 

fluid (i.e., titration of Cl, S and O); (2) the effect of isothermal decompression; (3) isochoric 150 

cooling on metal mobility and metal ratios and (4) single-pass flow-through ore formation and 151 

metal zoning models. We compare the simulated metal concentrations and ratios to those of vapor-152 

like fluid inclusions, volcanic gas condensates and ores in porphyry deposits. Based on these 153 

comparisons, we evaluate the contributions of the simulated processes to metal enrichment and 154 

identify the key drivers of porphyry ore genesis within a magmatic-hydrothermal plume.  155 

 156 

2. A hydration model for predicting gaseous metallic speciation 157 

The role of water as a solvent is the key to understanding metal transport in aqueous fluids, which 158 

can be decompressed from a liquid-like to a vapor-like fluid density above the critical temperature 159 

and pressure of water without crossing any phase boundaries (Weingärtner and Franck, 2005). 160 

Water is an ideal solvent because it is a dipolar molecule with a high negative charge density near 161 
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the oxygen atom and a high positive charge density near the hydrogen protons (Weingärtner and 162 

Franck, 2005). It exists as a fluid (liquid or gas) over a wide range of temperature and pressure, 163 

and, in its liquid state, dipole-dipole interaction between water molecules leads to the formation of 164 

a strong network of hydrogen bonds (Franks, 1973). This network is responsible for the 165 

physicochemical properties of liquid water, the formation of water clusters and hydration shells 166 

around ions and other dipole molecules and the dissociation of aqueous species (Dagade and 167 

Barge, 2016). These are essential characteristics of liquid water and control its capacity to dissolve 168 

solutes, notably those forming ionic (charged) species. In the most widely used model for the 169 

thermodynamic prediction of element transport by aqueous liquid, the HKF model (Helgeson et 170 

al., 1981), the capacity of water for ion association/dissociation at any given temperature, pressure 171 

and density is described by the Born equation (Born, 1920; Bucher and Porter, 1986; Majer et al., 172 

2008). The Born equation is used to estimate the electrostatic component of the Gibbs free energy 173 

of solvation of an ion of a given charge and radius. It is an electrostatic model that treats water as 174 

a continuous dielectric medium having a physical state that is an incompressible continuum. This 175 

equation and, by extension, the HKF model, accurately predicts metal solubility in electrolyte 176 

solutions with liquid-like density at low to moderate temperature but fails to predict metal transport 177 

in non-electrolyte solutions with vapor-like density.  178 

In the gas state, the dielectric constant decreases exponentially with decreasing water vapor 179 

density and increasing temperature (Fernández et al., 1997). Consequently, in vapor-like fluids the 180 

dielectric constant is low and ion association is strong, thereby stabilizing neutral compounds at 181 

the expense of ionic species. Like liquid water, water vapor is composed of polar molecules and 182 

can therefore dissolve solids (Weingärtner and Franck, 2005). Thus, the solubility of oxides (e.g., 183 

SiO2, MoO3 and WO3) in water vapor is orders of magnitude higher than their volatility in dry gas, 184 
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i.e., the vapor pressure over the corresponding solid (Hannay et al., 1880; Morey and Hesselgesser, 185 

1951; Morey, 1957; Wendlandt and Glemser, 1964). The importance of hydrated gaseous species 186 

was first recognized by Pitzer and Pabalan (1986), for the NaCl-H2O system. The solubility of 187 

NaCl in water vapor and liquid was subsequently modeled for a wide range of temperature and 188 

pressure, and shown to increase continuously from vapor to liquid in supercritical fluids (Bischoff 189 

et al., 1986; Pitzer et al., 1987; Tanger and Pitzer, 1989; Sterner et al., 1992; Anderko and Pitzer, 190 

1993). A solubility continuum in supercritical fluids also has been demonstrated for copper. This 191 

was done using synchrotron X-ray absorption spectroscopic (XAS) techniques in S-free and S-192 

bearing solutions (Liu et al., 2008; Etschmann et al., 2010; Louvel et al., 2017). The same 193 

continuum for Mo had been demonstrated using the solubility method (Wendlandt and Glemser, 194 

1964; Hurtig and Williams-Jones, 2014a). The increase in metal solubility with water density is 195 

related to the formation of metal-water and water-water molecule clusters (Fig. 2) and has been 196 

simulated using ab initio molecular dynamics and density functional theory (Godinho et al., 2005; 197 

Mei et al., 2014; 2018). Thus, metal solubility in vapor-like fluids may be viewed as a series of 198 

hydration steps with increasing hydration number for which the free energy can be calculated from 199 

experimental data or predicted by theory. For hydration numbers below two, metal solubility (Au, 200 

Ag, Mo and Cu) is dominated by solute-solvent interaction and consequently is heavily influenced 201 

by the electronic structure of the corresponding volatile metallic species (Fig. 2b). The latter, in 202 

turn, is reflected by differences in the enthalpy and entropy of hydration for these species. For 203 

hydration numbers above two, the contribution of solute-solvent interaction decreases sharply with 204 

increasing hydration number and solvent-solvent interaction dominates (Fig. 2b). Thus, above a 205 

hydration number between 3 and 6, which depends on the metal of interest (Au, Ag, Cu and Mo), 206 

the energy of hydration (per water molecule added) approaches a constant similar to that calculated 207 
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using theoretical models for water molecule cluster formation (Mejías and Lago, 2000; Velizhanin 208 

et al., 2020). Below, we use the observations described above to simulate metal transport in the 209 

continuum between vapor-like fluids and those of intermediate density. 210 

 211 

3. Methods 212 

3.1 The thermodynamic framework 213 

The sources of the thermodynamic data for the minerals and gases used in the numerical 214 

simulations are summarized in Tables A1-3 (Electronic Appendix A) and were managed with the 215 

GEM-Selektor code package (Karpov et al., 2001, 2002; Kulik et al., 2013). Data for the minerals 216 

were compiled from Johnson et al. (1992), Robie and Hemingway (1995), Chase (1998), Evans et 217 

al., (2010) and Holland and Powell (1998; 2011) and temperature-dependent phase transitions for 218 

the sulfides at the conditions of interest were implemented (entropy, enthalpy, volume and cp-219 

function). Data for the heat capacity and enthalpy of the phase transition for acanthite were taken 220 

from Grønvold and Westrum (1986) and for bornite, chalcopyrite and chalcocite from Robie et al. 221 

(1994). Thermodynamic data for the major gases, H2Og, H2,g, CO2,g, CH4,g, COg, Cl2,g, O2,g, HClg, 222 

H2Sg, and SO2,g were compiled from Frenkel (1994), Robie and Hemingway (1995) and Chase 223 

(1998) and parameters for the Peng-Robinson-Stryjek-Vera (PRSV) equation of state were taken 224 

from Proust and Vera (1989) and Stryjek et al. (1986). 225 

The gaseous metallic species considered in this study, were limited to Au, Ag, Mo and Cu for 226 

which experimental data are available. The experimental data for the metallic gaseous species were 227 

fitted using the linear relationship of log Ks to the inverse of temperature and the species were 228 

added as reaction-dependent components in GEM-Selektor. The fitted parameters for the hydrated 229 

gold chloride species, AuCl(H2O)y, were taken from Hurtig and Williams-Jones (2014b) and for 230 
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hydrated molybdenum trioxide, MoO3(H2O)y from Hurtig and Williams-Jones (2014a). 231 

Experimental data for the hydrated silver chloride species, AgCl(H2O)y (Migdisov et al., 1999; 232 

Migdisov and Williams-Jones, 2013) and for solvated gold sulfide species, AuS(H2S)x-1(H2O)y 233 

(Zezin et al., 2007; Zezin et al., 2011), were fitted in Hurtig and Williams-Jones (2015). 234 

Experimental data for solvated copper chloride species, CuCl(H2O)y and CuCl(HCl)(H2O)y 235 

(Archibald et al., 2002; Migdisov et al., 2014) were fitted in this study (Table A2). The 236 

experimental data for AgCl, CuCl and AuS species were refitted for consistent implementation 237 

into GEMS. Details of the fitting these experimental data and the validity range of all gaseous 238 

hydrated metallic species used in this study can be found in the Electronic Appendix A.  239 

The activity models and equations of state are summarized in the TSolMod library class 240 

(Wagner et al., 2012). The reference state is 25 °C and 1 bar. The standard state for all solids was 241 

that of a pure phase and for the gases was that of an ideal gas at 1 bar. A sub-regular solid-solution 242 

model for Au-Ag alloys (White et al., 1957) was introduced as a set of user-defined temperature-243 

dependent equations (see Electronic Appendix A for details). In the gas-mineral equilibrium 244 

simulations, all gases were treated as ideal and ideal mixtures (see 6.4). This is currently a 245 

limitation of the GEM-Selektor code package, which cannot treat non-ideal gas mixtures with 246 

reaction-dependent components, our only method for implementing the experimentally derived 247 

gaseous metallic species. The experimental data for the metallic gaseous species were fitted to 248 

water fugacity and thus were modeled at water fugacity instead of total pressure (see Electronic 249 

Appendix A for pressure tables using IAPW-95). This adaptation was necessary to preserve the 250 

observed exponential increase in solubility of the metallic gaseous species (Fig. 3) with water 251 

vapor density and to ensure that the correct P-T behavior of these species was modeled. The 252 
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simulated metal solubility was tested against the experimental data and was reproducible within 253 

the experimental uncertainty (see Electronic Appendix A and Table A3). 254 

 255 

3.2 Numerical simulations 256 

The geochemical simulations of the behavior of Ag-Au-Cu-Mo-bearing vapors were carried out 257 

using GEM-Selektor v.3.7 (http://gems.web.psi.ch/GEMS3/), which employs a Gibbs energy 258 

minimization approach (Karpov et al., 2001, 2002; Kulik et al., 2013). We present four numerical 259 

simulations (Fig. 1c), namely 1) titration at constant (high) temperature and pressure with variable 260 

fluid chemistry 2) isothermal decompression, 3) isochoric cooling and 4) single-pass flow-through 261 

reaction. The titration models at constant temperature and pressure evaluate the effects of S, Cl 262 

and the redox condition on the solubility of the ore-forming minerals. The isothermal 263 

decompression models show the solubility as a function of fluid density, providing a connection 264 

between the conditions of volcanic gases (~1 bar) and those of porphyry systems (100 – 1800 bar). 265 

The isochoric cooling models evaluate the mobility of ore metals along a constant-density fluid 266 

evolution path. The simulated P-T paths only consider the vapor-path after phase separation i.e., 267 

the aqueous liquid was not activated/considered in these simulations. Thus, by not considering the 268 

liquid, the conditions minimized metal solubility and maximized mineral precipitation from vapor-269 

like fluids. The single-pass flow-through reaction simulations represents the progressive reaction 270 

of a batch of vapor-like fluid with buffer minerals while simultaneously cooling and 271 

decompressing. This model was used to investigate metal zoning. The modeling conditions are 272 

summarized in Table 2.  273 

The titration models at 600 ºC and 810 bar (density of 300 kg/m3) involved ore mineral 274 

saturation and were conducted at varying redox conditions and for variable S and Cl contents (Fig. 275 
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1c). In order to select realistic concentration ranges for major components in the simulations, we 276 

turned to the compositional data available for volcanic gases and vapor-like and intermediate-277 

density fluid inclusions from porphyry deposits (Table 3; see Electronic Appendix B for individual 278 

data sets and references). The S (SO2 and H2S), Cl (HCl) and C (CO2) contents of volcanic gases 279 

range widely, from 0.002 – 26 wt.%, 0.002 – 16 wt.% and 0.02 – 55 wt.%, respectively (Gemmell, 280 

1987; Symonds et al., 1987; 1990; Giggenbach and Matsuo, 1991; Symonds et al., 1992; 281 

Hedenquist et al., 1994; Symonds et al., 1994; Taran et al., 1995; Giggenbach, 1996; Symonds et 282 

al., 1996; Taran et al., 2000; 2001; Scher et al., 2013; Zelenski et al., 2014; Taran and Zelenski, 283 

2015 and references therein; Nadeau et al., 2016). The ranges in the concentrations of these 284 

components reported for vapor-like and intermediate-density fluid inclusions from porphyry 285 

deposits are similar, namely 0.1 – 1.3 wt.% S, 1.0 – 8.9 wt.% Cl and 1.1 – 13 wt.% C (Ulrich et 286 

al., 1999; Audétat et al., 2000; Ulrich et al., 2002; Tarkian et al., 2003; Redmond et al., 2004; Rusk 287 

et al., 2004; Klemm et al., 2007; 2008; Rusk et al., 2008; Zajacz et al., 2008; Seo et al., 2009; 288 

Audétat, 2010; Landtwing et al., 2010; Seo et al., 2012; Lerchbaumer and Audétat, 2013; Seo and 289 

Heinrich, 2013; Audétat, 2019; Zaheri-Abdehvand et al., 2020). Major element compositions 290 

considered in the simulations range from 0.0002 – 10 wt.% S and 0.01 – 1 wt.% Cl, the C content 291 

was held constant at 2 wt.%, which is the median value for high T vapor-like and intermediate-292 

density porphyry fluids see Table 3 (see Electronic Appendix B).  293 

Measuring the sulfur content of fluid inclusions is challenging and consequently only a modest 294 

data set is available. From our simulations (see 5.1) it is apparent that the amount of S in the fluid 295 

exercises an important control on metal ratios. Therefore, we decided to expand the range of S 296 

contents to data from volcanic gases. The Cl range chosen for our simulations is narrower than 297 

that reported by Audétat (2019) for single-phase ore fluids (5 to 15 wt.% NaCl). Our compilation 298 
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of fluid inclusion data returned a range of 1 – 9 wt. % NaCl, averaging 4.4 wt.% NaCl (i.e., 2.9 299 

wt.% Cl), because we excluded single-phase fluids with a liquid-like density. In the simulations, 300 

we further reduced this amount of Cl by ignoring Cl that would have complexed with Na, K, Fe, 301 

and thus not have been available for complexation with Au, Ag and Cu.  302 

The redox condition was described as the redox potential, RH = log (fH2/fH2O), which represents 303 

the most meaningful probe into the redox states of volcanic gases (Giggenbach, 1987; 1996). In 304 

Electronic Appendix B, we also report the sulfidation potential (Einaudi et al., 2003) as RS = log 305 

(fH2/fH2S). The use of the Gibbs Energy Minimization method in GEM-Selektor allowed for 306 

evaluation of the redox potential for each local equilibrium step, by varying the amount of H2,gas 307 

and O2,gas in the vapor-like fluid. All simulations were performed in the vapor-solid system and by 308 

employing vapor-mineral equilibria in which the mineral assemblage changed from the reducing 309 

assemblage, calcite-ilmenite-magnetite(±pyrrhotite) to the oxidizing assemblage, hematite-310 

anhydrite-rutile(±pyrite). Owing to the lack of direct measurements of redox sensitive species in 311 

fluid inclusions, the redox potential of porphyry-ore forming fluids can only be estimated (see 312 

Section 4). 313 

We present two types of cooling and decompression simulations (Fig. 1c), namely isothermal 314 

decompression and isochoric cooling (red and orange pathways in Fig. 4h), at ore mineral 315 

saturation. Isothermal decompression was simulated for three temperatures (600, 400 and 300 ºC), 316 

constant Cl concentration (500 ppm) and two S contents (0.1 and 5.5 wt.%). Isochoric cooling 317 

(600 to 180 ºC) was modeled for a constant Cl content (500 ppm), S contents of 0.2 and 5.5 wt.% 318 

and a density of 300 and 100 kg/m3. The isochoric cooling pathways modeled in this study 319 

represent projections of a plausible P-T fluid pathway recorded in fluid inclusion data projected 320 

from the NaCl-H2O system to that of pure water (red and orange paths in Fig. 4h; Electronic 321 
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Appendix A). Below the critical point of water, the vapor density corresponds to that of water 322 

vapor at the water vapor saturation pressure. The pressure in these simulations was expressed as a 323 

temperature-dependent user-defined polynomial function (see Electronic Appendix A).  324 

Ore mineral precipitation during cooling and decompressing was modeled using a single-325 

pass flow-through reaction simulations (Fig. 1c). The metal ratios of the simulated fluids were 326 

taken from the compositional models at 600 ºC, 810 bar and a density of 300 kg/m3. These fluids 327 

were slightly undersaturated with respect to the ore minerals, molybdenite, electrum, chalcopyrite, 328 

bornite, chalcocite, acanthite (see Table 4 for starting fluid compositions). Because we used the 329 

metal ratios determined in the titration models and employed a similar degree of undersaturation, 330 

the ore precipitation models clearly illustrate the effects of the initial S, Cl and RH fluid 331 

composition on the P-T evolution paths. The fluids become saturated during cooling and 332 

decompression and precipitate ore minerals during each step while equilibrating with a constant 333 

buffer mineral assemblage needed to constrain the redox potential of the evolving fluid (see 334 

Section 4). The simulated fluid varied compositionally from 0.05 – 10 wt.% Cl, 0.1 – 3 wt.% S, -335 

3.2 – 4.0 RH at 2 wt.% C. In simulations at 1 and 10 wt.% Cl, the HCl/∑Cl ratio provides a measure 336 

of the excess Cl and illustrates the control on metal zonation with various degrees of ore mineral 337 

undersaturation in the starting fluid. User-defined GEM-Selektor scripts and additional 338 

information on the modeling setup can be found in the Electronic Appendix A and B. 339 

 340 

4. Mineral-gas reactions in numerical simulations 341 

Mineral-gas buffering is a widely used concept involving the interaction of a gas with minerals 342 

and has been employed frequently to describe active geothermal and volcanic gas systems 343 

(Giggenbach, 1981; Stefánsson and Arnórsson, 2002; Henley and Seward, 2018). The concept is 344 
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based on the exchange of elements between minerals and gases as these phases adjust their 345 

compositions during the attainment of a steady state (‘equilibrium’). In a multicomponent system, 346 

the redox potential and S content of the gas are controlled by several competing mineral-gas 347 

reactions and thus can only be described in terms of boundary conditions (i.e., minimum and 348 

maximum values) and not a single value (e.g., those of the hematite-magnetite or nickel-nickel 349 

oxide buffers, Fig. 5).  350 

The application of mineral-gas buffers in our numerical simulations was essential in 351 

providing a basis for relating the simulated fluids to natural ore-forming systems, because they 352 

allowed us to realistically evaluate the redox condition and S contents for different parts of the 353 

porphyry ore-forming environment. The vapor-like fluid (H-O-S-Cl-C-Au-Ag-Mo-Cu) is 354 

equilibrated with solid phases that also include Ca, Fe and Ti (Table 1A in Electronic Appendix 355 

A). We currently cannot simulate the mobility of Ca, Fe, and Ti in vapor-like fluids due to a lack 356 

of thermodynamic data for species involving these elements. Thus, the model assumes that Ca, Fe 357 

and Ti are only present in the minerals that buffer the vapor-like fluid and are present at all 358 

conditions, whereas ore-forming metals (Au, Ag, Mo and Cu) are mobile. In porphyry ore deposits, 359 

Ca occurs as anhydrite, plagioclase and apatite, Ti as rutile/anatase, titanite or as a trace component 360 

in biotite and quartz and Fe occurs as magnetite, hematite, biotite and various Fe- and Fe-Cu-361 

sulfides. These minerals are abundantly present in porphyry deposits as documented by numerous 362 

petrographic studies (Lowell and Guilbert, 1970; Sillitoe, 1973; Gustafson and Hunt, 1975; 363 

Hedenquist et al., 1998; Rusk and Reed, 2002; Redmond et al., 2004; Landtwing et al., 2005; Rusk 364 

et al., 2008; Redmond and Einaudi, 2010; Sillitoe, 2010; Landtwing et al., 2010; Richards, 2014; 365 

Zaheri-Abdehvand et al., 2020).  366 
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The following list of simplified mineral-gas and gas-gas reactions buffer the boundary 367 

conditions for the simulated vapor-like fluids:  368 

 369 

Anhydrite-Calcite:  CaCO3,s + H2Og + SO2,g = CaSO4,s + CO2,g + H2,g  (1) 370 

Rutile-Magnetite-Ilmenite: 3TiO2,s + Fe3O4,s + H2,g = 3FeTiO3,s + H2Og   (2) 371 

Magnetite-Pyrite:  Fe3O4,s + 6H2Sg = 3FeS2,s + 4H2Og + 2H2,g   (3) 372 

Hematite-Magnetite:  3Fe2O3,s + H2,g = 2Fe3O4,s + H2Og    (4) 373 

Pyrite-Pyrrhotite:   FeS2,s + H2,g = FeSs + H2Sg     (5) 374 

S-gas buffer:   SO2,g + 3H2,g = H2Sg + 2H2Og     (6) 375 

 376 

The range of redox conditions covered by these mineral and gas buffers represent RH values 377 

between the nickel-nickel oxide, the quartz-magnetite-fayalite and the hematite-magnetite buffer 378 

(Fig. 5a). Based on petrographic analysis of the deep barren stockwork zone of porphyry deposits 379 

we can associate the assemblage magnetite-anhydrite-rutile with porphyry ore formation 380 

(Macdonald and Arnold, 1994; Audétat et al., 2004; Reed et al., 2013). This mineral assemblage 381 

is stable at RH values ranging between -3.6 and -4.1 at S contents below pyrite saturation (<4.8 382 

wt.% S), thus providing a relatively well constrained field for RH values for a typical porphyry ore 383 

fluid in equilibrium with magnetite, anhydrite and rutile. The RH porphyry field is constrained by 384 

Equation 4 (hematite-magnetite) towards more oxidizing conditions and by Equation 2 (rutile-385 

magnetite-ilmenite) towards more reducing conditions. The reducing boundary condition is 386 

expanded in pyrite saturated simulations to RH values of -3.0 bounded by Equation 5. The RH 387 

conditions identified here overlap with predicted fO2-T ranges in Richards (2014), which indicate 388 
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that porphyry Cu-Au ore formation is favored by the H2S-SO2 gas buffer over more reducing 389 

mineral buffers.  390 

The dominant Fe-bearing mineral assemblage affects the stability field of Fe2+-bearing 391 

minerals and constrains RH values relevant for porphyry ore forming fluids. The only other Fe-392 

bearing mineral phase occurring in high-temperature porphyry alteration zones is biotite, which 393 

contains Fe2+ and/or Fe3+ and, for simplification, was not simulated in this study. Simulations 394 

designed to investigate the redox potential in silicate-bearing systems (Electronic Appendix B) 395 

predict mineral assemblages typical of the high temperature stage of porphyry deposit evolution 396 

(biotite, k-feldspar, plagioclase, quartz, andalusite, magnetite, rutile, anhydrite). The RH values of 397 

these simulations are -3.3 and -4.2, which are within the range represented by the simplified 398 

assemblages that exclude silicate phases.  399 

The S content of the fluid is reflected in the mineral buffering assemblage through 400 

saturation of different S-bearing minerals. At low S content (~0.09 wt.%), anhydrite becomes 401 

stable over calcite in a fluid with 2 wt.% C (~7 wt.% CO2) and in the Si-bearing calculations 402 

anhydrite is stable at ppt levels of S in vapor-like fluids (Electronic Appendix B). At a high S 403 

content (>4.8 wt.%), pyrite and pyrrhotite are stabilized over magnetite. This reaction is also 404 

observed in simulations involving silicates, for which the S content is >4.6 wt.% (see Electronic 405 

Appendix B). These reactions constrain the S content of vapor-like fluids with RH values ranging 406 

between -3.0 and -4.1. As explained above, a typical high temperature porphyry mineral 407 

assemblage includes magnetite, anhydrite and rutile, whereas pyrite and pyrrhotite are generally 408 

not present. Nonetheless, inclusions of intermediate and monosulfide solid solutions (iss and mss) 409 

have been observed in magmatic minerals from several porphyry ore deposits and active volcanic 410 

analogues (Halter et al., 2002; 2005; Nadeau et al., 2010; Wilkinson, 2013; Richards, 2014; 411 
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Nadeau et al., 2016; Rottier et al., 2019). The presence of these high temperature sulfide phases is 412 

attributed to sulfide saturation in silicate melts. In the context of the simulations presented here, 413 

the occurrence of pyrite and pyrrhotite in the buffering mineral assemblage may be viewed as 414 

being representative of magmatic sulfide saturation during the exsolution aqueous fluids. 415 

 416 

5. Numerical simulation results 417 

5.1 Effect of fluid composition on ore metal solubility and metal ratios 418 

The titration models were designed to determine the controls of Cl, S and redox conditions on 419 

metal solubility and metal ratios in vapor-like porphyry ore fluids. The titration models were 420 

performed at 600 ºC and 810 bar (i.e., a density of 300 kg/m3) to represent the conditions of a high 421 

temperature vapor-like fluid after it had exsolved from a magma (Fig. 1). The fluid was saturated 422 

with ore minerals and buffered by various Ca, Ti and Fe minerals. The results of these simulations 423 

are summarized in Table 5, Figures 6-8 and the Electronic Appendix B.  424 

The effect of Cl was modeled by progressively increasing the Cl content in the gas from 0.01 425 

to 1.0 wt.% at a constant S concentration of 0.2 wt.% and 5.5 wt.%, respectively (Fig. 6). The 426 

simulated Cl contents (0.01 – 1.0 wt.%) overlap with the range of Cl concentrations measured in 427 

volcanic gases (0.002 – 16.3 wt.% Cl) and in NaCl-bearing vapor-like and intermediate-density 428 

inclusions from porphyry ore deposits (0.6 – 9.3 wt.% Cl; Table 3). Although at the lower end of 429 

the Cl concentration range for fluid inclusions, the simulated contents are considered to be realistic, 430 

as only a small proportion of the Cl in the porphyry fluids is available for complexation with Cu, 431 

Au and Ag. Thus, the Cl content used in this model can be considered equivalent to the excess Cl 432 

in the form of HCl (i.e., the Cl not complexed with Na, K, and Fe) in porphyry ore fluids. For 433 

example, for a total chlorinity of 5 wt.% NaCl equiv. at 0.01 HCl/∑Cl, the HCl content is 0.05 434 

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Hurtig, N. C., Migdisov, A. A., and  Williams-Jones, A. E., 2021,  
••Are Vapor-Like Fluids Viable Ore Fluids for Cu-Au-Mo Porphyry Ore Formation? 

 Economic Geology, v. 116, p. 1599-1624.



 20

wt.%, and for 0.1 HCl/∑Cl, the HCl content is 0.5 wt.%. Numerical simulations conducted at 435 

higher Cl contents result in orders of magnitude higher simulated metal solubility, greatly 436 

exceeding reliably measured metal contents in vapor-like and intermediate-density fluid inclusions 437 

(Table 3). The buffering mineral assemblage was magnetite-anhydrite-rutile for the low S model 438 

(Fig. 6a) and pyrite-anhydrite-rutile for the sulfide-saturated model (Fig. 6d). Gaseous metal 439 

chloride species of Cu, Ag and Au increase in concentration with increasing Cl content, whereas 440 

concentrations of Mo and the AuS species remain constant (Fig. 6b, e). The Cu/Mo and Cu/Au 441 

ratios increase with increasing Cl content (Fig. 6c, f).  442 

To investigate the effect of S on metal solubility, the S content of the fluid was increased 443 

progressively from 0 to 10 wt.% at constant Cl concentrations of 500 ppm and 0.3 wt.% (Fig. 7). 444 

The gas phase was initially buffered by the assemblage magnetite-anhydrite-rutile at low S 445 

contents. The redox conditions between ~0.5 and ~1.7 wt.% S were buffered mainly by hematite, 446 

whereas between ~1.7 and 4.8 wt.% S magnetite was the dominant buffer. At higher S contents (> 447 

4.8 wt.%), pyrite stabilized at the expense of magnetite. The replacement of magnetite by pyrite 448 

as the main redox buffering mineral represents an upper limit for the S content of a porphyry ore 449 

fluid buffered by the assemblage magnetite-anhydrite-rutile (Fig. 7a, d). The lower limit for the S 450 

content of porphyry fluids is controlled by Reaction (1), which converts calcite to anhydrite. 451 

Anhydrite became stable when the S content of the gas reached ~0.01 wt.% S at 2.0 wt.% C. This 452 

range of S contents (0.01 – 4.8 wt.%) is within that observed in volcanic gases (0.004 – 25 wt.% 453 

S) and overlaps with the range of S contents measured in fluid inclusions (0.17 – 1.3 wt.% S) from 454 

porphyry ore deposits (Table 3). Copper and Ag concentrations decreased slightly with increasing 455 

S content (Fig. 7b, e). Molybdenum concentrations decrease sharply with increasing S content, 456 

whereas Au concentrations increase with S contents due to the importance of AuS (short for 457 
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AuS(H2S)x-1(H2O)y) species. Consequently, the Cu/Au ratio decreased with increasing S content 458 

and the Cu/Mo ratio increased (Fig. 7c, f). 459 

The effect of the redox condition, RH = log(fH2/fH2O), was evaluated for three different fluid 460 

compositions (Table 2; Fig. 8). The low S model (0.1 wt.%; Fig. 8a) was simulated for two Cl 461 

contents (500 ppm and 0.3 wt.%; Fig. 8b, c) and the sulfide-saturated model (5.5 wt.%; Fig. 8d) 462 

was simulated for low Cl concentration (500 ppm; Fig. 8e). In the low S model, the buffering 463 

mineral assemblage evolved with increasing O2,g content of the fluid from calcite-ilmenite-464 

magnetite, through magnetite-anhydrite-rutile to hematite-anhydrite-rutile (Fig. 8a). In the sulfide-465 

saturated model, the evolution of the buffering mineral assemblages was from calcite-rutile-466 

pyrrhotite through anhydrite-rutile-pyrite(-magnetite) to hematite-anhydrite-rutile (Fig. 8a). 467 

Molybdenum concentration decreased by 3 – 7 orders of magnitude under reducing conditions, 468 

whereas Cu and Ag contents remained roughly constant (Fig. 8b, c, e). The Au solubility reached 469 

a maximum at conditions buffered by magnetite-anhydrite-rutile in the low S model and anhydrite-470 

rutile-pyrite(-magnetite) at sulfide-saturated conditions (Fig. 8b, c). At a constant Cl content of 471 

500 ppm, the Cu/Au ratio was ~2 orders of magnitude lower in the sulfide-saturated model than in 472 

the low S model (Fig. 8f). However, the Cu/Au ratio increased by only ~0.2 orders of magnitude 473 

in the low S models in response to an increase in the Cl concentration from 500 ppm to 0.3 wt.% 474 

(Fig. 8f). The Cu/Mo ratio decreased by 4 – 6 orders of magnitude for the oxidized mineral 475 

assemblage relative to the reduced mineral assemblage (Fig. 8g). There was also a large increase 476 

in the Cu/Mo ratio (1 – 4 orders of magnitude) from the low S to the sulfide-saturated model; the 477 

corresponding increase from the low to the high Cl model was only 1 – 2 orders of magnitude. 478 

 479 

5.2 Isothermal Decompression 480 
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The isothermal decompression models were developed to better understand the effects of pressure 481 

fluctuation and decompression on metal solubility in magmatic-hydrothermal systems. In 482 

porphyry ore deposits, pressure fluctuations are well documented by fluid inclusion data (Heinrich 483 

et al., 1999; Audétat et al., 2000a; Ulrich et al., 2002, 1999; Klemm et al., 2007; Zajacz et al., 484 

2008; Seo et al., 2012, 2011; Lerchbaumer and Audétat, 2013; Mercer and Reed, 2013; Seo and 485 

Heinrich, 2013), multi-generational quartz textures (Rusk and Reed, 2002; Landtwing et al., 2005; 486 

Monecke et al., 2018) and studies of vein density and geometry (Gruen et al., 2010).  487 

The vapor-like fluid was saturated with ore minerals during decompression at 600 ºC from 810 488 

to 10 bar, at 400 ºC from 296 bar to 10 bar, and at 300 ºC from the water vapor saturation pressure 489 

to 10 bar. The low S model was buffered by the mineral assemblage, magnetite-anhydrite-rutile, 490 

and the sulfide-saturated model by magnetite-anhydrite-rutile-pyrite. Metal solubility decreased 491 

gradually with decreasing pressure at all temperatures for both low S and sulfide-saturated models 492 

(Fig. 9a-f). The Cu/Au and Cu/Mo ratio decreased over the range 600 to 400 ºC in the low S model, 493 

but the Cu/Au ratio at 300 ºC increased with decreasing pressure exceeding that at 400 ºC for 494 

pressures below 35 bar; the Cu/Mo ratio at 300 ºC exceeded that at 600 ºC for pressures below ~50 495 

bar (Fig. 9g, i). At sulfide-saturated conditions, the Cu/Au ratio decreased with decreasing 496 

temperature by 4 – 5 orders of magnitude (Fig. 9h-j). In contrast, the Cu/Mo ratios increased by 3 497 

– 4 orders of magnitude in the isothermal decompression models performed at lower temperature.  498 

The orders of magnitude decreases in metal solubility predicted by the decompression models 499 

described above are analogous to those observed in going from the porphyry to the volcanic gas 500 

environment (Fig. 4). The metal contents measured in porphyry-hosted fluid inclusions increase 501 

with both temperature and pressure, whereas in the low-pressure volcanic gas environment they 502 

vary only slightly as a function of temperature (Fig. 4).  503 
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 504 

5.3 Isochoric Cooling 505 

Isochoric cooling models combine cooling and decompression and were performed at constant 506 

density and the fluid was saturated with ore minerals. Vapor-like intermediate-density fluids (300 507 

kg/m3) and lower-density (100 kg/m3) vapors were cooled from 600 to 180 ºC at constant density 508 

above the critical point of water and along the liquid-vapor curve below the critical point of water 509 

(Fig. 4h, Electronic Appendix A). The models only follow the vapor-path below the critical point 510 

of water and vapor-liquid partitioning is not considered. The isochoric cooling models were 511 

performed for concentrations of 0.1 wt.% and 5.5 wt.% S at 500 ppm Cl and 2.0 wt.% C. The low 512 

S models were buffered by magnetite-anhydrite-rutile at high temperature and below 530 ºC by 513 

hematite-anhydrite-rutile, whereas the sulfide-saturated models were buffered by anhydrite-rutile-514 

pyrite between 600 and 180 ºC. The RH traces follow a similar path for both S contents as shown 515 

by the representative RH trace for isochoric cooling models in Figure 5b (Electronic Appendix B).  516 

Copper, Mo and Ag solubility decreased with decreasing temperature, whereas Au reached a 517 

maximum solubility of 95 ppb – 2.6 ppm between 330 and 510 ºC depending on the density and S 518 

content of the vapor (Fig. 10a-d). The Au solubility maximum is more pronounced in the low S 519 

models at 500 ppm Cl, for which the dominant species is hydrated AuCl species. At sulfide-520 

saturated conditions, the AuS species is dominant for a Cl concentration of 500 ppm. At higher Cl 521 

content (>0.4 wt.% see Fig. 6e), the hydrated AuCl species would be dominant even at sulfide-522 

saturated conditions. As expected from the Au solubility profiles, the Cu/Au ratios reached a 523 

minimum at ~300 ºC (Fig. 10e, f). At sulfide-saturated conditions, the Cu/Au ratios decreased 524 

continuously during isochoric cooling (Fig. 10g, h) and the Cu/Mo ratio exceeded the Cu/Au ratio. 525 
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The effect of fluid density (i.e., the P-T pathway) on metal ratios in the sulfide-saturated model is 526 

much less pronounced than in the low S models buffered by magnetite-anhydrite-rutile.  527 

 528 

5.4 Mineral Precipitation Models 529 

The deposition of ore minerals (electrum, acanthite, molybdenite, chalcopyrite and bornite) during 530 

isochoric cooling of a vapor-like intermediate-density (300 kg/m3) fluid was evaluated for a range 531 

of redox conditions, HCl/∑Cl ratios, S and Cl contents. The P-T path is that of the isochoric cooling 532 

model at 300 kg/m3. Initially, the fluids were undersaturated with respect to ore-forming minerals 533 

and then became saturated upon cooling and decompression, triggering ore deposition (Table 4). 534 

The metal ratios are based on the S, Cl and redox titration models. The degree of initial ore mineral 535 

undersaturation was similar in all precipitation models, except for models presented in Figure 11g 536 

and h, in which the excess Cl was increased at constant metal content (that of Fig. 11f). The starting 537 

fluid compositions are summarized in Table 4 and are within the range of metal contents reported 538 

for natural fluid inclusions (Table 3). Fluid and mineral compositions for all mineral precipitation 539 

models are given in the Electronic Appendix B.  540 

We tested a range of starting fluid compositions that fall within the compositional range of a 541 

typical porphyry ore fluid (Fig. 11 a-c, e-f). The first set of models was performed for 500 ppm Cl 542 

and variable S contents; the redox conditions were buffered by magnetite-anhydrite-rutile (Fig. 11 543 

a-c). These models are specifically designed to evaluate the competition for Cl and S ligands in 544 

Au complexation and the effect of S on electrum fineness, Cu/Au and Cu/Mo ratios. The RH traces 545 

for these models vary depending on the S content in the fluid and starting redox buffering 546 

assemblage (Fig. 5b). The S-rich model follows a more reduced RH-pathway compared to the low 547 

S model, constraining metal precipitation to higher P-T conditions. At low S content (0.5 wt. %; 548 
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starting fluid 0.09 ppm Au), Mo precipitated first at ~ 570 ºC followed by bornite and acanthite at 549 

560 – 480 ºC, chalcopyrite at 510 – 430 ºC, and electrum at ~ 390 ºC (XAu = 0.73 – 0.69; Fig. 11a). 550 

At higher S content (1 wt.%; starting fluid 0.14 ppm Au), the amount of precipitated molybdenite 551 

was ~5 times lower than in the low S model and the chalcopyrite and electrum zones moved to 552 

higher temperatures (550 – 450 ºC and ~400 ºC; Fig. 11b). Slightly more electrum with similar 553 

Au-content (XAu = 0.73 – 0.69) precipitated in this model compared to the low S model. At even 554 

higher S content (3 wt.% S; 0.74 and 0.47 ppm Au in starting fluids, respectively), the high 555 

temperature fluid was either buffered by the assemblage anhydrite-magnetite-rutile (RH = -3.6 to -556 

4.1, common in porphyry deposits) or a reduced assemblage of anhydrite-magnetite-ilmenite-557 

pyrrhotite (RH = -2.6 to -3.6, ‘reduced’ porphyry deposits). In these models, the amount of Au 558 

precipitated exceeded that of Mo and the Cu/Au ratios were remarkably low (79 and 248, 559 

respectively). In the high S model buffered by anhydrite-magnetite-rutile (RH = -3.8), Ag and 560 

minor Mo deposited at high temperature (~560 ºC); the bulk of the chalcopyrite precipitated at 500 561 

– 400 ºC (Fig. 11c). Electrum precipitated between 560 and 360 ºC and its Au content decreased 562 

(0.95 – 0.74) with decreasing temperature and pressure. In the reduced high S model (RH = -3.2), 563 

Cu precipitation was dominated by chalcopyrite, which deposited at higher temperature (580 – 460 564 

ºC) than in the more oxidized high S model, overlapping with Ag and Au mineralization (Fig. 565 

11d). The Au content of the electrum was lower (XAu = 0.89-0.50) and reached a minimum mole 566 

fraction of 0.5 at 360 ºC.  567 

The second set of models was performed for 0.3 wt.% Cl and two different S contents to 568 

establish a baseline for comparison with models at lower Cl content (Fig. 11e, f) and variable 569 

excess Cl i.e., HCl/∑Cl ratio (Fig. 11g, h). The low S model for 0.3 wt.% Cl produced the highest 570 

proportion of precipitated Cu-minerals, which was expected as the starting fluid contains 2620 571 
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ppm Cu (Table 4; Electronic Appendix B). Increasing the S content at 0.3 wt.% Cl (starting fluid 572 

655 ppm Cu) has a similar effect on metal ratios and the distribution of ore shells to simulations 573 

with lower Cl contents (starting fluids 65 – 400 ppm Cu). It is noteworthy that the occurrence of 574 

molybdenite and bornite is restricted to the low S models (Fig. 11e, f). In the high Cl models, the 575 

precipitation of gold is controlled by the Cl complex and thus increasing the S content has a 576 

minimal effect on the amount of electrum precipitated. Models for 1 and 10 wt.% Cl (Fig. 11g, h) 577 

were performed for the same metal contents as in the model for 0.3 wt.% Cl (i.e., 655 ppm Cu, 7 578 

ppm Ag, 0.18 ppm Au and 6 ppm Mo). Consequently, the HCl/∑Cl ratio, which represents the 579 

proportion of excess Cl to complexed Cl (0 = all Cl is complexed; 1 = all Cl is excess HCl), is 580 

higher in simulations with high Cl content. Generally, but not exclusively, volcanic gases and 581 

vapor inclusions have the highest HCl/∑Cl ratios (0.7 – 0.99), whereas high T intermediate-density 582 

fluid inclusions have moderate ratios (0.3 – 0.7) and brines have the lowest ratios (0.03 – 0.3). For 583 

comparison, the HCl/∑Cl ratio was determined to vary between 0.07 and 0.68 in the aqueous phase 584 

of experiments involving equilibrium between a silicate melt and an aqueous fluid (Williams et 585 

al., 1997).  586 

Lastly, the third set of models tests the sensitivity of ore mineral precipitation as a function of 587 

Au, Ag and Cu undersaturation by increasing the Cl content from 0.3 wt.% (Fig. 11f) to 1 and 10 588 

wt.% (Fig. 11g, h). At a Cl content of 1.1 wt.% and a HCl/∑Cl ratio of 0.93, the Cu, Ag and Au 589 

ore shells form at lower P-T conditions compared to the model for 0.3 wt.% Cl and 0.76 HCl/∑Cl. 590 

For the same starting metal contents, the sequence of metal zoning did not change with increasing 591 

Cl content, i.e., degree of Au, Ag and Cu undersaturation. The molybdenum solubility (7 ppm in 592 

the starting fluid) is controlled by the MoO3(H2O)y species, thus it is not affected by increasing the 593 

amount of Cl in this model and formed its ore shell at similar P-T conditions. At an even higher 594 
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Cl content of 10 wt.% (0.99 HCl/∑Cl), the Cu and Au ore zones form below the critical point of 595 

water (Fig. 11h). At these conditions, the gaseous hydrated silver species (~ 7 ppm Ag) remain 596 

stable in the vapor-like fluid leading to the highest electrum fineness. The Mo content decreased 597 

to 0.09 ppm in the starting fluid due to the increased stability of solid molybdenum-oxy-chloride 598 

limiting the solubility of Mo.  599 

 600 

6. Discussion 601 

6.1 Comparison between metal contents and ratios of simulated and natural fluids in porphyry 602 

deposits 603 

To evaluate the importance of vapor-like fluids for porphyry ore formation, we compare the 604 

simulated metal solubility and metal ratios to metal contents measured in vapor-like and 605 

intermediate-density fluid inclusions (Fig. 4) and metal ratios of ores in porphyry deposits (Fig. 606 

12). The simulated metal solubility and metal ratios change as a function of the fluid composition 607 

at 600 ºC and 810 bar i.e., a density of 300 kg/m3 (Table 5; Figs. 6-8), isothermal decompression 608 

(Fig. 9) and isochoric cooling (Fig. 10). We evaluated the metal solubility for RH values ranging 609 

between -4.6 to -1.5. Importantly, we consider simulations buffered by the assemblage magnetite-610 

anhydrite-rutile to be representative of the deep barren stockwork zone in porphyry ore deposits 611 

(Fig. 1a; Macdonald and Arnold, 1994; Audétat et al., 2004; Reed et al., 2013) and simulations 612 

buffered by pyrite-anhydrite-rutile(-magnetite) to be representative of sulfide-saturated silicate 613 

melts in porphyry ore deposits (Halter et al., 2002; Halter et al., 2005; Wilkinson, 2013; Richards, 614 

2014; Rottier et al., 2019).  615 

At elevated Cl contents (>700 ppm) and high temperature, the solvated Cu species 616 

CuCl(HCl)(H2O)y is dominant; at lower temperature (<400 °C) the CuCl(H2O)y species will 617 
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become dominant. The high temperature species comprises of two Cl molecules, resulting in a 618 

stronger positive correlation of Cu solubility with increasing Cl content compared to other species 619 

containing a single Cl atom i.e., AuCl(H2O)y and AgCl(H2O)y. The potential role of Cu-S species 620 

could not be simulated, because the required thermodynamic data were not available. A recent in-621 

situ X-ray absorption (XAS) and Raman spectroscopic study (Louvel et al., 2017) designed to 622 

investigate the effect of S on Cu transport in water vapor, failed to detect the presence of Cu-S 623 

complexes at temperatures between 300 and 600 °C. We therefore conclude that such species are 624 

not relevant for the simulated fluid compositions in this study.  625 

The highest Cu (7533 – 8817 ppm) solubility was predicted for fluids in which the Cl content 626 

was highest (Fig. 6; Table 5). For comparison, in Reed et al. (2013) copper concentrations ranged 627 

from 10 – 6000 ppm in simulations using the HKF-model for liquid-like fluids assuming a starting 628 

fluid composition of 8 wt.% S, 2 wt.% Cl (~4 wt.% NaCleq) and 3 wt.% C. Copper concentrations 629 

in vapor-like and intermediate-density fluid inclusions range from 10 ppm to 3.3 wt.%, however 630 

the highest Cu values were shown to be affected by post-entrapment Cu diffusion into quartz-631 

hosted fluid inclusion (Lerchbaumer and Audétat, 2012). Subsequently, Cu was also measured in 632 

topaz- and garnet-hosted vapor inclusions showing concentrations of 56 – 160 ppm (Seo and 633 

Heinrich, 2013). For constraining the Cu contents in natural fluid inclusions to realistic values we 634 

used PT-CCu correlations and removed elevated Cu values that did not follow the systematic PT 635 

trends (Electronic Appendix B). Here, we suggest that 10 – 4300 ppm Cu with a median of 850 636 

ppm is realistic for vapor-like porphyry fluids based on fluid inclusion data (Table 3). The redox 637 

titration models provide a comparable range of 163 – 2785 ppm Cu for vapor-like fluids buffered 638 

by magnetite-anhydrite-rutile. In volcanic gas condensates, Cu contents range from 3 ppb to 60 639 

ppm and show a median of 0.3 ppm, which makes Cu the most abundant metal compared to Au, 640 
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Ag and Mo in very low-density vapors (Table 3). Copper solubility at the lowest pressure (~8 bar) 641 

from decompression models range from 0.07 – 2.5 ppm at 600 °C, 0.08 -1.9 ppb at 400 °C and 642 

0.22 – 21 ppb at 300 °C.  643 

Silver is transported as AgCl(H2O)y in vapor-like fluids and is predicted to dissolve in 644 

concentrations up to 22 ppm for a Cl concentration of 1 wt.%. This Ag solubility is an order of 645 

magnitude lower than that reported in Hurtig and Williams-Jones (2015) for the same Cl 646 

concentrations and reflects the strong competition for the chloride ion by Cu species, which were 647 

not considered in the earlier study. By comparison, vapor-like and intermediate-density fluid 648 

inclusions have been reported to contain up to 190 ppm Ag with a median of 23 ppm (Table 3; 649 

Fig. 4g). The lower Ag contents predicted by our current model could reflect the presence of a 650 

high temperature gaseous AgS species as suggested by the experiments of Yin and Zajacz (2018), 651 

which showed that the Ag concentration in vapor-like hydrothermal fluids increase with increasing 652 

H2S concentration. In the absence of thermodynamic data for gaseous solvated AgS species, 653 

however, we were unable to evaluate the potential contribution of AgS species to the transport of 654 

Ag in vapor-like fluids. Decompression models at 600 °C predict 0.7 - 3.5 ppb Ag at the lowest 655 

pressure (~ 8 bar); at lower temperatures and ~8 bar, Ag values are generally below 1 ppb. 656 

Comparatively, the Ag contents for volcanic gases are 3 – 14 ppb, however only 12 of the 136 657 

measurements in our compilation showed detectable Ag contents, indicating that Ag values are 658 

likely lower than the limit of detection.  659 

Molybdenum, which dissolves as MoO3(H2O)y, had its highest solubility of 230 ppm Mo in 660 

oxidizing low S (0.1 wt.%) fluids buffered by magnetite-anhydrite-rutile. Molybdenum solubility 661 

correlates positively with increasing fO2 (i.e., degreasing RH) and negatively correlates with S due 662 

to the formation of molybdenite (MoS2), the main Mo ore-forming mineral. Vapor-like and 663 
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intermediate-density fluid inclusions in porphyry ore deposits have comparable Mo contents of 1.2 664 

– 290 ppm with a median of 50 ppm (Fig. 4a, b). Some systems, notably Rito del Medio (Zajacz 665 

et al., 2008; Audétat, 2019) and Cave Peak (Audétat, 2010) report consistently higher Mo 666 

concentrations, than those predicted (80 – 230 ppm) for simulations at 0.1 wt.% S buffered by 667 

magnetite-anhydrite-rutile. This could be because NaCl-bearing fluid inclusions in these deposits 668 

are of higher density (~350 – 500 kg/m3) than the density considered in our models (300 kg/m3). 669 

These higher density fluids also have a higher salinity, which could promote the formation of 670 

molybdenum oxy-chloride species (Rempel et al., 2008; Ulrich and Mavrogenes, 2008; Borg et 671 

al., 2012) or H(2-x)NaxMoO4 species (Cao, 1989; Kudrin, 1989; Shang et al., 2020) that were not 672 

considered in our simulations. Several studies have evaluated the solubility of MoS2 in 673 

hydrothermal liquid-like fluids, however with the exception of Zhang et al. (2012), these studies 674 

attributed Mo transport to molybdate or molybdenum oxy-chloride (Wood et al., 1987; Kudrin, 675 

1989) or HNaMoO4 species (Shang et al., 2020). Importantly, Mo shows a strong negative 676 

correlation with increasing S content in the experiments of Zhang et al. ( 2012) and contrary to 677 

their interpretation the possibility of Mo-S complexes is unlikely and not predicted by the hard-678 

soft acid-base concept (Pearson, 1963), because Mo(IV) qualifies as a hard metal, which would 679 

not easily bond with soft ligands such as reduced sulfur. In decompression models Mo contents 680 

range from 4 ppb to 2.5 ppm with increasing temperature (300 – 600 °C) at the lowest pressure 681 

(~8 bar) and low S contents and decrease to below 2.4 ppb below 600 °C and high S content (5.5 682 

wt.%). In volcanic gases, the Mo content ranges between 2 ppb and 2.8 ppm Mo (Table 3), which 683 

is comparable to the predicted values using the hydration models. 684 

Gold solubility is controlled by hydrated AuCl (AuCl(H2O)y) and solvated AuS species 685 

(AuS(H2S)x-1(H2O)y) and thus exhibits a more complex behavior than Cu, Ag or Mo (Figs. 6-8). 686 
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The highest Au solubility was predicted for models simulated at the highest S content of 10 wt.%. 687 

The Au concentrations in these models were 7.6 ppm for a Cl concentration of 500 ppm and 8.2 688 

ppm for a Cl concentration of 0.3 wt.%. Gold solubility increased with increasing Cl and S 689 

concentrations and a showed a solubility maximum at intermediate redox conditions; the latter is 690 

more pronounced for AuS than AuCl. The modeled Au concentrations are comparable to 691 

concentrations of 0.05 – 10 ppm Au measured in vapor-like and intermediate-density fluid 692 

inclusions (Table 3, Fig. 4e, f). Most vapor-like and intermediate-density fluid inclusions have Au 693 

contents below the limit of detection as the compilation consists of only 16 data points. Therefore, 694 

accurately predicting Au contents in porphyry ore fluids is challenging and simulations presented 695 

in this study provide a new opportunity to investigate reasonable Au contents for vapor-like fluids. 696 

Numerical values for simulated Au solubility are given in Table 5 and the Electronic Appendix B 697 

for a wide range of conditions. In volcanic gases Au contents range from 7 ppt to 5 ppb (Table 5, 698 

Fig. 4e, f). Comparably, simulated Au solubility predicted at 8 bar in decompression models are 9 699 

– 73 ppt in the low S models and 0.2 – 16 ppb in the sulfide-saturated models. The highest value 700 

of 16 ppb Au was predicted for a fluid comprised of 4.8 wt.% S, 2 wt.% C and 500 ppm Cl at 300 701 

°C; at these conditions the AuS species dominates. 702 

 703 

6.2 Fluid evolution pathways: Metal mobility and precipitation 704 

Numerical simulations of metal solubility in vapor-like fluids provide a means for evaluating the 705 

effects of pressure, temperature and composition on metal solubility and the formation of ore shells 706 

in porphyry deposits. Ore mineral precipitation in porphyry deposits is commonly zoned with a 707 

high temperature Mo-shell partially overlapped by a telescoped Cu-shell and a narrow shallow Au 708 

shell (Fig. 1a; Lowell and Guilbert, 1970; Dilles, 1987; Landtwing et al., 2005; Rusk et al., 2008; 709 
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Gruen et al., 2010). However, it is also common that several events of mineralizing fluid produce 710 

overlapping ore shells not only in space but also in time (Seedorff and Einaudi, 2004; Gruen et al., 711 

2010).  712 

In Figure 11, we present simulated ore precipitation models that illustrate a single pulse of 713 

fluid during isochoric cooling at a density of 300kg/m3 (see Section 5.3). The Cu/Au (~ 4300) and 714 

Cu/Mo ratios (~ 6) predicted by the model with the lowest S content (0.5 wt.%) at 500 ppm Cl are 715 

similar to the metal ratios observed in porphyry deposits such as Bingham (Singer et al., 2005). 716 

Obviously, the timing of ore formation and subsequent mineralizing pulses are much more 717 

complex in natural systems compared to the simplified models presented here. A somewhat lower 718 

Cu/Au ratio and higher Cu/Mo ratio is predicted by the model for 1 wt.% S, namely ~2800 and 719 

~30, respectively; these ratios are comparable to those for the Boneng Lobo and Nevados del 720 

Famatina porphyry deposits (Singer et al., 2005). In contrast, the predicted Cu/Au and the Cu/Mo 721 

ratios for the highest S content (3 wt.%), are ~90 and ~300 at the redox conditions commonly 722 

interpreted for porphyry deposits and ~300 and ~8200 for the subset of ‘reduced’ porphyry 723 

deposits (Rowins, 2000; Tarkian et al., 2003), respectively. These ratios are also similar to those 724 

observed, for example, in the Dizon and Santo Thomas II porphyry deposits (Singer et al., 2005). 725 

These two deposits are not part of the ‘reduced’ porphyry subclass as they do not contain pyrrhotite 726 

and/or ilmenite (Imai, 2001; Imai, 2005). Instead, the presence of high temperature intermediate 727 

sulfide solid solutions (iss) and rounded sulfide inclusions (Imai, 2001; Imai, 2005) indicate 728 

sulfide-saturated silicate melts in these deposits. As pointed out in the S titration models, the 729 

observed Cu/Au and Cu/Mo ratios also depend on the S content of the vapor-like fluid and are 730 

indicative of sulfide-saturated systems (>4.8 wt.% S). At high Cl and low S contents (0.3 wt.% Cl, 731 

0.1 wt.% S), the Cu/Au increases to ~ 16’600 and the Cu/Mo ratio is ~30. Increasing the S content 732 
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to 0.5 wt.% in the high Cl model decreases the Cu/Au ratio to ~3700 and increases the Cu/Mo ratio 733 

to 104, showing that the effect of S strongly affects metal ratios also at higher Cl contents. 734 

Increasing the HCl/∑Cl ratio does not affect the Cu/Au and Cu/Mo ratios, because the metal 735 

contents were kept constant at the same level as models presented in Figure 11f. However, at the 736 

highest Cl content of 10 wt.% solid MoO2Cl2,s starts buffering the Mo content at high T and thus 737 

the Cu/Mo ratio increase to ~7400. In conclusion, this indicates that Au-rich porphyry deposits are 738 

favored at reduced redox conditions and high S content, and that the interplay between these S 739 

content and redox conditions is an important control on the Cu/Au and Cu/Mo ratios in porphyry 740 

ore fluids (Fig. 11a-f). In addition to the compositional controls changing, the P-T pathway of the 741 

fluid will also affect the shape and distribution of the ore shells. An important conclusion that can 742 

be drawn from the numerical precipitation models (Fig. 11) is that the locations and extent of 743 

overlap of the Cu, Mo, Au and Ag ore shells vary with the major fluid chemistry (i.e., S, Cl and 744 

redox condition) for similar degrees of ore mineral undersaturation. Compositional parameters (S, 745 

Cl content, redox conditions) exercise a particularly important control on metal ratios and the metal 746 

transport capacity of magmatic fluids. Thus, magma evolution during cooling and crystallization 747 

and continued fluid exsolution (Giggenbach, 1996; Webster, 1997; Webster et al., 2009; Webster 748 

and Botcharnikov, 2011) may result in variable metal solubility and metal ratios in vapor-like 749 

fluids throughout the life-time of magmatic-hydrothermal systems, not captured by the simplified 750 

simulations presented in this study. 751 

The depth of fluid exsolution (i.e., the lithostatic pressure) and fluid pressure fluctuations 752 

within magmatic-hydrothermal plumes are important features that need to be considered in order 753 

to fully understand the metal zoning. Numerical simulations of physical processes in magmatic-754 

hydrothermal plumes indicate that they are self-organizing systems, establishing themselves above 755 
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the magmatic heat source with a stable temperature front and fluctuations between hydrostatic and 756 

lithostatic pressure regimes (Weis et al., 2012; 2014). Thus, depressurization events occur 757 

frequently and consequently have been identified in detailed studies investigating vein distribution 758 

and vein density in stockwork zones (Gruen et al., 2010). As the stability of hydrated gaseous 759 

metal species is highly dependent on pressure and temperature, understanding their behavior in 760 

evolving magmatic-hydrothermal systems is a prerequisite for predicting the formation of ore 761 

shells and the metal endowment of porphyry deposits. The isothermal decompression models at 762 

600, 400 and 300 ºC show that the solubility of Mo, Ag and Au is strongly dependent on pressure 763 

at high temperature (600 ºC) and that this solubility decreases by ~3 – 4 orders of magnitude as 764 

pressure decreases from 800 to 10 bar. In contrast, the Cu solubility remains constant for a wide 765 

range of pressure (800 to 100 bar) but decreases by ~2 orders of magnitude below ~100 bar (100 766 

to 10 bar). The behavior of hydrated Cu, Au, Ag and Mo species with pressure depends on the 767 

number of water molecules in the hydrated species and their stability at elevated temperature; 768 

species with high hydration numbers are more sensitive to pressure changes. In natural systems, 769 

the concentration of Mo correlates strongly with pressure (Fig. 4b), as is the case for Cu 770 

concentrations below ~1500 ppm (Fig. 4d). In contrast, Au concentrations do not display a clear 771 

positive correlation with pressure and may also reach a solubility maximum (Fig. 4f). The higher 772 

metal concentrations of fluids entrapped at elevated pressures (100 – 1600 bar) compared to those 773 

of volcanic gases at atmospheric pressure (~1 bar) are predicted by pressure-dependent simulations 774 

at high temperature (600 °C; Fig. 9a, b). At lower temperature (400 and 300 ºC), the concentrations 775 

of all the metals considered in this study decreased by 2 – 3 orders of magnitude as pressure 776 

decreased from 300 and 80 bar to 10 bar, respectively (Fig. 9b, e). In the sulfide-saturated model, 777 

the Au solubility governed by the AuS species shows the least dependence on pressure and only 778 
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decreased by ~1 order of magnitude as pressure decreased from 80 – 10 bar at 300 ºC, thereby 779 

demonstrating the mobility of Au in S-rich vapors at low pressure and temperature.  780 

Comparing results from isothermal decompression and isochoric cooling simulations allows 781 

for individual analysis of the effects of pressure (i.e., density) at constant T and temperature at 782 

constant density on metal ratios in porphyry ore fluids. The isothermal decompression models 783 

show that the Cu/Au ratio varies little with pressure and thus depth at 600 ºC (Fig. 9a, b). By 784 

contrast, in the isochoric cooling models, gold solubility reaches a maximum between 340 and 510 785 

ºC, depending on the fluid density and S content (Fig. 10). These models show that there is a 786 

considerable potential for Au re-mobilization during the cooling of magmatic-hydrothermal 787 

systems. In the sulfide-saturated simulations, the Au solubility even exceeds that of Cu at low Cl 788 

content and a temperature below 300 ºC. This could be potentially important for the formation of 789 

anomalous Au-rich porphyry deposits at very shallow depth, such as in the Maricunga Belt (Vila 790 

and Sillitoe, 1991; Muntean and Einaudi, 2000; Muntean and Einaudi, 2001) and transport of Au 791 

to epithermal environments (Heinrich et al., 2004).  792 

 793 

6.3 Simulated metal ratio trends compared to ore metal ratios in porphyry deposits 794 

The predictive power of the numerical simulations and their applicability to natural systems is 795 

illustrated in Figure 12. In this figure, we compare the simulated metal ratio evolution paths for 796 

titration (Section 5.1), isothermal decompression (Section 5.2) and isochoric cooling (Section 5.3) 797 

to metal ratios trends for porphyry deposits (Singer et al., 2005; Fig. 12a). The simulated metal 798 

ratios are controlled by ore mineral solubility and thus are considered representative of the relative 799 

capacity of the magmatic-hydrothermal plume to transport and precipitate metals in a porphyry 800 

setting. These models do not consider potential vapor-melt metal partitioning or the degree of 801 
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undersaturation of ore forming constituents in magmatic vapors, which have been shown to be 802 

important in controlling metal ratios of porphyry ore fluids (Richards, 2013; Wilkinson, 2013).  803 

The trends for Cl- and redox-titration, isothermal decompression, and isochoric cooling (Fig. 804 

12b) fail to predict the general trend of ore metal ratios in porphyry deposits, which follow a 805 

vertical trend at high Mo/Ag ratios with decreasing Cu/Au and a horizontal trend at low Cu/Au 806 

ratios with decreasing Mo/Ag ratios (Fig. 12a). Trends for isothermal decompression show an 807 

increase in Cu/Au ratios at 600 °C with decreasing pressure between 810 and 20 bar, whereas 808 

trends for isochoric cooling show decreasing Cu/Au ratios between 600 °C and 810 bar and 280 809 

°C and 64 bar. The Cu/Au ratio in porphyry ore deposits has been shown to decrease with 810 

decreasing pressure (Murakami et al., 2010). In this study, we show that isothermal decompression 811 

at high T is not responsible for decreasing Cu/Au ratios. However, the Au solubility maximum 812 

during isochoric cooling exercises an important control on the Cu/Au ratio and promotes Au 813 

mobility at lower temperature and pressure, i.e., in shallow porphyry systems. The behavior of Cu 814 

and Au in vapor-like fluids is governed by the interaction of gaseous metal molecules with water 815 

molecules (Section 2).  816 

It is quite remarkable that the predicted metal ratio evolutionary paths for S-titration models 817 

broadly follow the ore metal ratios of porphyry deposits along a vertical trend between 0 – 1 wt.% 818 

S and a horizontal trend between 1 – 10 wt.% S (Fig. 12c). The kinks in the vertical part of the 819 

model represent variations in the buffering mineral assemblages controlling the redox potential 820 

and metal solubility, which mainly affects the Mo/Ag ratio (Section 5.1). Increasing the Cl 821 

concentration displaces the modeled S simulation path to a higher Cu/Au ratio. The S-titration 822 

models might thus provide an explanation for why some of these deposits (e.g., Bethlehem, 823 
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Chuquicamata) have high Cu/Au and Mo/Ag ratios, whereas others (e.g., Grasberg, Galore Creek) 824 

have relatively low Cu/Au and Mo/Ag ratios.  825 

Ultimately, the composition of the exsolved magmatic fluid depends on the composition of the 826 

magma and the aqueous fluid-melt element partition coefficients. However, the relative solubility 827 

of metals in vapor-like fluids controls their transport and precipitation and thus the formation of 828 

ore shells. For example, the high S models (> 4.8 wt.%) are representative of sulfide-saturated 829 

conditions, at which iss and mss are stable. The presence of magmatic sulfides has been linked to 830 

variable sequestration of Cu and Au affecting the Cu/Au ratio of silicate melts during magma 831 

evolution and under conditions where iss act as temporary sinks for Au (i.e., releasing it into the 832 

ore-forming fluid upon fluid exsolution) it has been argued that the formation of Au-rich porphyry 833 

deposits is favored (Halter et al., 2002; 2005; Nadeau et al., 2010; Wilkinson, 2013; Richards, 834 

2014; Nadeau et al., 2016; Rottier et al., 2019). By extension, the high S contents in vapor-like 835 

fluids are likely the result of higher S contents in the magma or even the presence of immiscible 836 

sulfide melt. Thus, it is reasonable to argue that the positive feedback from an elevated S content 837 

in the magma and the vapor-like fluid on the Cu/Au ratio results in the observed trends seen in 838 

Figure 12.  839 

Finally, we emphasize that these models need to be refined to accurately predict the metal 840 

endowment/ratios for individual deposits by also considering the effects of T, P and redox 841 

conditions as well as the Cl and S contents in the fluid and potential undersaturation by considering 842 

vapor-melt metal partitioning data and the potential presence of magmatic sulfides.  843 

 844 

6.4 Limitations of the numerical simulations 845 
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There are several limitations to the numerical simulation approach employed in this study. Firstly, 846 

all gases, except H2Og, are treated to be ideal. This limitation is a result of introducing 847 

thermodynamic properties of gaseous metal species in the form of temperature-dependent 848 

logarithmic equilibrium constants of hydration reactions. The fugacity of major gas species is 849 

calculated manually after mineral-gas equilibrium calculations have been performed using 850 

fugacity coefficients where necessary. Gaseous metal species are linked to water fugacity, i.e., 851 

non-ideal behavior of water, by employing a set of hydration reactions for implementation of 852 

thermodynamic properties into GEM-Selektor (Electronic Appendix A). Thus, simulations had to 853 

be performed at water fugacity and not at total pressure for correct consideration of experimentally 854 

fitted thermodynamic properties of gaseous metal species (see Electronic Appendix A for further 855 

detail). Partial pressures of major gases such as SO2, H2S, CO2 and HCl, do not exceed ~5 mol% 856 

and are less than 2 mol% in most simulations, thus their effect on the total pressure/water fugacity 857 

was assumed to be negligible. Secondly, the vapor density is limited to that of pure water, whereas 858 

magmatic-hydrothermal fluids are commonly NaCl-bearing with a higher density than that of pure 859 

water. This limitation restricted P-T path to the water vapor saturation point and the critical density 860 

of pure water. Intermediate-density fluids in the NaCl-H2O system of ‘critical behavior’ 861 

(homogenization by meniscus disappearance) often have a higher density than can be modeled in 862 

the pure water system, which is limited to 322 kg/m3.  863 

Finally, below the critical point of water the simulations in this study only follow the vapor 864 

path and vapor-liquid metal partitioning was not considered. The potential contribution of liquids 865 

(i.e., hypersaline brines) to the metal budget was neglected. Therefore, simulated metal solubility 866 

below the critical point of water represents minimum metal mobility and ore mineral precipitation 867 

is maximized. In porphyry ore-forming systems, however, hypersaline brines are typically present, 868 
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and commonly have high metal concentrations (Lerchbaumer and Audétat, 2012; Seo et al., 2012). 869 

They could therefore play an important and even dominant role in metal transport after phase 870 

separation. Whether hypersaline brines contribute significantly to the metal budget depends on the 871 

mole fraction of vapor to liquid in the two-phase mixture (Fig. 1b), the relative mobility of the 872 

hypersaline liquid in the magmatic-hydrothermal plumes (Weis et al., 2012; Weis, 2015; 873 

Afanasyev et al., 2018) and the efficiency of cooling and ore mineral precipitation from the liquid. 874 

As magmatic-hydrothermal plumes vary considerably in their P-T paths(Heinrich, 2005; 875 

Williams-Jones and Heinrich, 2005; Driesner and Heinrich, 2007; Audétat, 2019), it follows that 876 

there are systems, which will be liquid-dominated and those of the type represented by our 877 

simulations, that will be vapor-dominated. 878 

 879 

7. Conclusions 880 

Numerical simulations based on metal solubility experiments in vapors provide important insights 881 

into the participation of compressible fluids in the formation of magmatic-hydrothermal Cu-Au-882 

Mo-(Ag) deposits. These simulations represent an independent test of the validity of the hypothesis 883 

that vapor-like magmatic-hydrothermal fluids carry sufficient Au, Cu, Ag and Mo to be viable ore-884 

forming fluids. This idea has recently been challenged through experimental studies showing that 885 

Cu and Au may diffuse in and out of quartz-hosted fluid inclusions, thus questioning the reliability 886 

of LA-ICP-MS data obtained from natural vapor-rich fluid (Lerchbaumer and Audétat, 2012).  887 

A key finding of this study was that metal mobility in vapor-like fluids depends strongly on 888 

pressure and temperature. As a result, vapor-like fluids can easily deposit large amounts of metals 889 

without undergoing phase separation upon decompression thereby connecting low metal contents 890 

found in volcanic gases at the surface to orders of magnitude higher metal contents found in fluid 891 
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inclusions at depth. This observation is critical when considering the efficiency of mineral 892 

precipitation from vapor-like fluids compared to that of brines, where cooling and/or fluid-rock 893 

reaction would be the driving mechanisms for mineral precipitation. The S content of the fluid was 894 

found to exert an important control on metal solubility and metal ratios in vapor-like fluids, which 895 

in turn may control the metal endowments and metal ratios in porphyry ore deposits. The major 896 

element composition of the vapor-like fluids (SO2, H2S, HCl, CO2) provide the link between 897 

aqueous fluids and silicate melts, thus the observed trends may be extended to include melt-vapor 898 

processes.  899 

The fact that gold solubility reaches a maximum at 340 – 510 ºC, whereas this is not the case 900 

for the other gaseous metallic species considered in this study, argues strongly for the hypothesis 901 

that Au is preferentially remobilized to shallow, cooler environments such as those of epithermal 902 

systems (Heinrich et al., 2004; Williams-Jones and Heinrich, 2005; Henley and Berger, 2011; 903 

Hurtig and Williams-Jones, 2015). The Au solubility maximum was also identified as a likely key 904 

control on decreasing Cu/Au in shallow porphyry deposits (Murakami et al., 2010).  905 

Our numerical simulations have shown that the P-T distribution of ore shells in porphyry ore 906 

deposits are controlled by the fluid composition and the P-T paths of the cooling ascending fluids. 907 

Recognition of these systematic controls on metal ratios and the formation of ore shells is a 908 

discovery that could lead to new strategies for the exploration of porphyry and related ore deposits. 909 
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 1413 

Figure Captions: 1414 

Figure 1. (a) Schematic sketch of a porphyry ore deposit modified after Sillitoe (2010), showing 1415 

the overlapping alteration and ore zones. (b) Illustration of the fluid evolution path along path-A 1416 

for an intermediate-density vapor dominated pathway and along path-B for a liquid dominated 1417 

pathway. Phase proportions are calculated using the Lever Rule and the enthalpy-P-XNaCl diagram 1418 

from Mernagh et al. (2020). (c) Schematic sketches of simulated processes: (1) titration models 1419 

investigating metal solubility with varying fluid chemistry (S, Cl and redox) at 600 °C and 810 1420 
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bar, (2) isothermal decompression and (3) isochoric cooling models investigating metal solubility 1421 

of a fluid with variable composition and (4) single-pass flow-through ore formation models. The 1422 

fluid is buffered by minerals and saturated with respect to ore forming minerals such as 1423 

chalcopyrite (ccp), bornite (bor), acanthite (ac), electrum (el) and molybdenite (mo) in models 1 - 1424 

3. Buffer-minerals: anh = anhydrite, ru = rutile, mag = magnetite, hem = hematite, py = pyrite, po 1425 

= pyrrhotite, ilm = ilmenite. 1426 

 1427 

Figure 2. a) Hydration clusters around a gaseous AgCl molecule as a function of increasing water 1428 

fugacity (AgCl clusters from Godinho et al., 2005). b) Compilation of calculated hydration 1429 

enthalpy values of various gaseous metal species, NaCl and pure water clusters, see Table 1 for 1430 

numerical values. Gaseous metallic species show a different correlation of ∆𝐻௬ିଵ,௬
ଶଽ଼  with increasing 1431 

hydration number compared to NaCl.  1432 

 1433 

Figure 3. An experimentally determined solubility isotherm (400 ºC), in which measured gold 1434 

fugacity normalized to HCl fugacity is shown as a function of water fugacity buffered by the 1435 

assemblage of molybdenum dioxide-molybdite (blue diamonds). The experimental data were 1436 

fitted to a power function f(x) (red line) for the purpose of extracting integer hydration numbers 1437 

(y) equivalent to the tangents (dashed red lines) and logarithmic equilibrium constants (Ky).  1438 

 1439 

Figure 4. Compilation of P-T conditions and metal contents in natural low- and intermediate-1440 

density fluids from porphyry deposits and in volcanic gas condensates (Table 3). (a) Molybdenum 1441 

concentrations as a function of temperature and (b) as a function of pressure. (c) Copper 1442 

concentrations showing a clear correlation with temperature and (d) pressure for Cu below ~4000 1443 
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ppm. The systematics for Cu could be disturbed due to post-entrapment modification in fluid 1444 

inclusions. Copper values from single-phase vapor-like and intermediate-density fluid inclusions 1445 

were accepted if a moderate PT correction reasonable for the respective ore deposit could move 1446 

the data to intersect the general PT trends.  (e) Gold solubility maximum ~500 ºC expressed in the 1447 

Bingham fluid inclusion data and (f) possible solubility maximum for Au with pressure. (g) Silver 1448 

concentrations show a positive correlation with temperature mainly expressed by the Mole Granite 1449 

fluid inclusion data. (h) A temperature-pressure diagram showing the saturation pressure water 1450 

vapor curve (SPWV – thick black line) with isochores for density lines of pure water (thin black 1451 

lines) overlaying the vapor-liquid-halite (V+L+H – thick grey line) surface and isochores of the 1452 

NaCl-H2O system (thin grey lines) projected onto the PT-surface. 1453 

 1454 

Figure 5. Redox potential (RH) of various commonly used mineral- and gas-buffers in comparison 1455 

to RH simulation traces as a function of isochoric cooling of a fluid with a density of 300 kg/m3. 1456 

(a) Redox conditions considered in this study cover a wide range of commonly used mineral-1457 

buffers such as the nickel-nickel oxide, the quartz-magnetite-fayalite and the magnetite-hematite 1458 

buffer. The mineral assemblage of magnetite-anhydrite-rutile typically found as gangue minerals 1459 

high temperature porphyry allows to define a narrow range of RH to define the redox potential of 1460 

porphyry ore-forming fluids. (b) The RH traces of isochoric cooling models of different starting 1461 

compositions show that a typical porphyry fluid largely evolves along the H2S-SO2 gas buffer, 1462 

whereas a S-rich fluid may follow the hematite-magnetite and/or pyrite-magnetite buffers. 1463 

 1464 

Figure 6. Chlorine-titration models at 600 °C and 810 bar and ore mineral saturation showing (a, 1465 

d) the buffering mineralogy, (b, e) the fluid composition and (c, f) the metal ratios. (a) The redox 1466 
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condition is buffered by the mineral assemblage, magnetite-anhydrite-rutile at low S 1467 

concentrations (0.2 wt.%) and (d) magnetite-anhydrite-rutile-pyrite at sulfide-saturated conditions 1468 

(5.5 wt.%). (b, e) The chlorine content correlates positively with Cu, Ag and Au solubility. (c, f) 1469 

The Ag/Au ratios are relatively constant, whereas the Cu/Au and Cu/Mo ratio increase slightly, 1470 

and the Mo/Ag ratio decreases with increasing Cl content. 1471 

 1472 

Figure 7. Sulfur-titration models at 600 °C and 810 bar and ore mineral saturation showing (a, d) 1473 

the buffering mineralogy, (b, e) the fluid composition and (c, f) the metal ratios. The intermediate-1474 

density (300 kg/m3) fluid is mainly buffered by the mineral assemblage magnetite-anhydrite-rutile 1475 

at lower S contents and becomes saturated with pyrite at ~4.8 wt.% S. The Au and Mo solubility 1476 

is greatly affected by increasing S content and change by several orders of magnitude. 1477 

 1478 

Figure 8. Redox-titration (RH = log fH2/log fH2O) models at 600 °C and 810 bar and ore mineral 1479 

saturation showing (a, d) the buffering mineralogy, (b-e) the fluid composition and metal ratios. 1480 

The attention of readers is drawn to the fact that the solubility of the Au chloride and particularly 1481 

the Au sulfide species reaches a maximum at moderately oxidizing conditions corresponding to 1482 

those buffered by minerals commonly observed in porphyry systems (i.e., magnetite-anhydrite-1483 

rutile).  1484 

 1485 

Figure 9. Results of numerical simulations of metal solubility during isothermal decompression at 1486 

600, 400 and 300 °C at varying S content (0.1 and 5.5 wt.%) showing (a-f) metal solubility and 1487 

(g-j) metal ratios of vapor-like fluids. The attention of readers is drawn to two features in these 1488 

diagrams. Firstly, there is a strong decrease in the solubility of all the metals with isothermal 1489 
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decompression and secondly the path of metal solubility for the different fluid compositions 1490 

changes markedly with temperature. 1491 

 1492 

Figure 10. Results of numerical simulations of metal solubility during isochoric cooling at a 1493 

density of 100 kg/m3 and 300 kg/m3 (isochoric until phase separation, and with further evolution 1494 

along the saturation pressure water vapor curve, above dashed line). The models were generated 1495 

for S concentrations of 0.1 wt.% and 5.5 wt.%. (a-d) Metal solubility as a function of temperature, 1496 

with Au solubility maxima at ~330 ºC in the low-density fluids and at ~450 and ~510 ºC in the 1497 

intermediate-density fluid. The solubility of Cu, Mo and Ag decreases with decreasing 1498 

temperature. (e-h) Metal ratios as a function of temperature. The trends for the 0.1 wt.% S and the 1499 

5.5 wt.% S models differ considerably.  1500 

 1501 

Figure 11. Single-pass flow-through reactor scheme showing the amounts of ore minerals 1502 

precipitated during isochoric cooling at a fluid density of 300 kg/m3 and various starting fluid 1503 

composition. Metal ratios in starting fluids (a-f) are based on titration models and the degree of 1504 

undersaturation is similar for all models (Table 4). (a-c) Typical fluid composition for a porphyry 1505 

ore fluid showing moderate to low Cl contents (500 ppm) as function of increasing S contents (0.5, 1506 

1 and 3 wt.% S). With increasing S content, the AuS species become more important, promoting 1507 

Au transport. (d) The fluid is buffered by the reduced assemblage of magnetite-anhydrite-ilmenite-1508 

pyrrhotite at 3 wt.% S. (e-f) Typical fluid composition for a porphyry ore fluid showing high Cl 1509 

contents (3000 ppm) and increasing S contents (0.1 and 0.5 wt.%). Gold mobility is controlled by 1510 

the AuCl species and increasing the S content only has a moderate effect on Au transport. (g-h) 1511 

The excess Cl content was increased to very high HCl/∑Cl ratios comparable to those in volcanic 1512 
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gases, however the metal concentration was equal to the one used in (f). The models show the 1513 

sensitivity of metal mobility at a high degree of excess Cl, which moved ore deposition to lower 1514 

temperatures. Insets show the Au content in electrum (XAu = mole fraction of Au) and the point at 1515 

which the cumulative precipitation of electrum reaches 98 %. Buffer minerals are: magnetite 1516 

(Mag), hematite (Hem), Anhydrite (Anh), Rutile (Ru), Ilmenite (Ilm), Calcite (Cal), Pyrite (Py) 1517 

and Pyrrhotite (Po). Ore minerals are multiplied by a factor to better visualize the ore shells of 1518 

molybdenite (Mo), acanthite (Acn), bornite (Bor), chalcopyrite (Ccp) and Electrum (El). 1519 

 1520 

Figure 12. The Cu/Au and Mo/Ag ratios of (a) porphyry ore deposits (Singer et al., 2005) compared 1521 

to (b, c) the simulated metal ratio evolutionary paths from the equilibrium models discussed in 5.1 1522 

and 5.2. The simulated metal ratios are determined by metal solubility and represent the capacity 1523 

of a hydrothermal vapor-like fluid to transport and precipitate metals in a porphyry setting. (b) 1524 

Metal ratio evolutionary paths from Cl- and redox-titration models, isothermal decompression and 1525 

isothermal cooling solubility models do not reproduce the general trends of natural porphyry ore 1526 

deposits. (c) Metal ratio evolutionary metal paths from equilibrium models for variable S content 1527 

(0 – 10 wt.%), 500 ppm Cl and 0.3 wt.% Cl. At low S content (0 – 1 wt.%), the data follow a 1528 

vertical trend characterized by decreasing Cu/Au ratios with increasing S content, whereas at 1529 

elevated S content (1 – 10 wt.%) there is a horizontal trend in which the Mo/Ag ratio decreases 1530 

with increasing S content. This indicates that the composition of the ore fluid imposes an important 1531 

control on the ore metal ratios and metal enrichment in porphyry systems. 1532 
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(Fig. 1b). For example, Lerchbaumer and Audétat (2012) 
showed that the vapor to brine mass ratio at Alumbrera was 
4 to 9, which translates to a volume proportion of 96 to 98% 
vapor. A similar conclusion was reached by Mernagh et al. 
(2020) based on enthalpy constraints (i.e., 90–98% vapor). 
The vapor to liquid phase proportions vary as a function of 
salinity, temperature (T), and pressure (P) and consequently 
may change considerably over the lifetime of an active hy-
drothermal plume (Landtwing et al., 2010). In shallow sys-
tems, the fluid exsolving from the melt may be vapor-like 
and coexist with halite, salt melts, or brine (Muntean and 
Einaudi, 2000, 2001; Heinrich et al., 2004; Williams-Jones 

and Heinrich, 2005; Koděra et al., 2014). The path of fluid 
evolution varies depending on the depth at which the fluid 
exsolves from the melt, the composition and volume of the 
fluid(s) (e.g., salinity, CO2 content), and the permeability of 
the host rocks (Heinrich et al., 2004; Redmond et al., 2004; 
Heinrich, 2005; Williams-Jones and Heinrich, 2005; Klemm 
et al., 2007; Driesner and Heinrich, 2007; Rusk et al., 2008; 
Redmond and Einaudi, 2010). 

Elevated concentrations of ore metals (10–4,300 ppm Cu, 
0.05–10 ppm Au, 2–190 ppm Ag, and 1–290 ppm Mo) have 
been detected in vapor-like and intermediate-density fluid in-
clusions (Heinrich et al., 1999; Ulrich et al., 1999, 2002; Au-

Fig. 1. (a) Schematic sketch of a porphyry ore deposit modified after Sillitoe (2010), showing the overlapping alteration and 
ore zones. (b) Illustration of the fluid evolution along path A for an intermediate-density vapor-dominated pathway and along 
path B for a liquid-dominated pathway. Phase proportions were calculated using the lever rule and the enthalpy-P-XNaCl 
diagram from Mernagh et al. (2020). (c) Schematic sketches of simulated processes: (1) titration models of metal solubility 
with varying fluid chemistry (S, Cl, and redox) at 600°C and 810 bar, (2) isothermal decompression and (3) isochoric cooling 
models for the metal solubility of a fluid with variable composition, and (4) single-pass flow-through ore-formation models. 
The fluid is buffered by minerals and saturated with respect to ore-forming minerals such as chalcopyrite (ccp), bornite (bor), 
acanthite (acn), electrum (el), and molybdenite (mo) in models 1 through 3. Buffer minerals: anh = anhydrite, hem = hema-
tite, ilm = ilmenite, mag = magnetite, py = pyrite, po = pyrrhotite, qtz = quartz, ru = rutile.
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the formation of a strong network of hydrogen bonds (Franks, 
1973). This network is responsible for the physicochemical 
properties of liquid water, the formation of water clusters 
and hydration shells around ions and other dipole molecules, 
and the dissociation of aqueous species (Dagade and Barge, 
2016). These are essential characteristics of liquid water and 
control its capacity to dissolve solutes—notably those form-
ing ionic (charged) species. In the most widely used model 
for the thermodynamic prediction of element transport by 
aqueous liquid, the HKF model (Helgeson et al., 1981), the 
capacity of water for ion association/dissociation at any given 
temperature, pressure, and density is described by the Born 
equation (Born, 1920; Bucher and Porter, 1986; Majer et al., 
2008). The Born equation is used to estimate the electrostatic 
component of the Gibbs free energy of solvation of an ion of a 
given charge and radius. It is an electrostatic model that treats 
water as a continuous dielectric medium having a physical 
state that is an incompressible continuum. This equation, and 
by extension the HKF model, accurately predicts metal solu-
bility in electrolyte solutions with liquid-like density at low to 
moderate temperature but fails to predict metal transport in 
nonelectrolyte solutions with vapor-like density. 

In the gas state, the dielectric constant decreases expo-
nentially with decreasing water vapor density and increasing 
temperature (Fernández et al., 1997). Consequently, in vapor-
like fluids the dielectric constant is low and ion association is 
strong, thereby stabilizing neutral compounds at the expense 
of ionic species. Like liquid water, water vapor is composed of 
polar molecules and can therefore dissolve solids (Weingärt-
ner and Franck, 2005). Thus, the solubility of oxides (e.g., 
SiO2, MoO3, and WO3) in water vapor is orders of magnitude 
higher than their volatility in dry gas, i.e., the vapor pressure 
over the corresponding solid (Hannay et al., 1880; Morey and 
Hesselgesser, 1951; Morey, 1957; Wendlandt and Glemser, 
1964). The importance of hydrated gaseous species was first 
recognized by Pitzer and Pabalan (1986) for the NaCl-H2O 
system. The solubility of NaCl in water vapor and liquid was 
subsequently modeled for a wide range of temperature and 
pressure and shown to increase continuously from vapor to 
liquid in supercritical fluids (Bischoff et al., 1986; Pitzer et al., 
1987; Tanger and Pitzer, 1989; Sterner et al., 1992; Anderko 
and Pitzer, 1993). A solubility continuum in supercritical fluids 
also has been demonstrated for copper. This was done using 
synchrotron X-ray absorption spectroscopic (XAS) techniques 
in S-free and S-bearing solutions (Liu et al., 2008; Etschmann 
et al., 2010; Louvel et al., 2017). The same continuum for Mo 
had been demonstrated using the solubility method (Wend-
landt and Glemser, 1964; Hurtig and Williams-Jones, 2014a). 
The increase in metal solubility with water density is related 
to the formation of metal-water and water-water molecule 
clusters (Fig. 2) and has been simulated using ab initio molec-
ular dynamics and density functional theory (Godinho et al., 
2005; Mei et al., 2014, 2018). Thus, metal solubility in vapor-
like fluids may be viewed as a series of hydration steps with 
increasing hydration number for which the free energy can 
be calculated from experimental data or predicted by theory. 
For hydration numbers below 2, metal solubility (Au, Ag, Mo, 
and Cu) is dominated by solute-solvent interaction and conse-
quently is heavily influenced by the electronic structure of the 
corresponding volatile metallic species (Fig. 2b). The latter, in 

turn, is reflected by differences in the enthalpy and entropy of 
hydration for these species. For hydration numbers above 2, 
the contribution of solute-solvent interaction decreases sharp-
ly with increasing hydration number and solvent-solvent in-
teraction dominates (Fig. 2b). Thus, above a hydration num-
ber between 3 and 6, which depends on the metal of interest 
(Au, Ag, Cu, and Mo), the energy of hydration (per water mol-
ecule added) approaches a constant similar to that calculated 
using theoretical models for water molecule cluster formation 
(Mejías and Lago, 2000; Velizhanin et al., 2020). Below, we 
use the observations described above to simulate metal trans-
port in the continuum between vapor-like fluids and those of 
intermediate density.

Methods

The thermodynamic framework

The sources of the thermodynamic data for the minerals and 
gases used in the numerical simulations are summarized in 
Tables A1 to A3 (App. 2) and were managed with the GEM-
Selektor code package (Karpov et al., 2001, 2002; Kulik et al., 
2013). Data for the minerals were compiled from Johnson et 
al. (1992), Robie and Hemingway (1995), Chase (1998), Ev-
ans et al. (2010), and Holland and Powell (1998, 2011), and 
temperature-dependent phase transitions for the sulfides at 
the conditions of interest were implemented (entropy, enthal-
py, volume, and cp-function). Data for the heat capacity and 

Fig. 2. (a) Hydration clusters around a gaseous AgCl molecule as a function 
of increasing water fugacity (AgCl clusters from Godinho et al., 2005). (b) 
Compilation of calculated hydration enthalpy values of various gaseous metal 
species, NaCl, and pure water clusters; see Table 1 for numerical values. 
Gaseous metallic species show a different correlation of enthalpy values with 
increasing hydration number compared to NaCl. 
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enthalpy of the phase transition for acanthite were taken from 
Grønvold and Westrum (1986) and for bornite, chalcopyrite, 
and chalcocite from Robie et al. (1994). Thermodynamic data 
for the major gases—H2O(g), H2(g), CO2(g), CH4(g), CO(g), Cl2(g), 
O2(g), HCl(g), H2S(g), and SO2(g)—were compiled from Fren-
kel (1994), Robie and Hemingway (1995), and Chase (1998), 
and parameters for the Peng-Robinson-Stryjek-Vera (PRSV) 
equation of state were taken from Proust and Vera (1989) and 
Stryjek and Vera (1986).

The gaseous metallic species considered in this study were 
limited to Au, Ag, Mo, and Cu, the only metals for which the re-
quired experimental data are available. The experimental data 
for the metallic gaseous species were fitted using the linear rela-
tionship of log Ks to the inverse of temperature, and the species 
were added as reaction-dependent components in GEM-Sele-
ktor. The fitted parameters for the hydrated gold chloride spe-
cies, AuCl(H2O)y, were taken from Hurtig and Williams-Jones 
(2014b) and for hydrated molybdenum trioxide, MoO3(H2O)y, 
from Hurtig and Williams-Jones (2014a). Experimental data for 
the hydrated silver chloride species, AgCl(H2O)y, (Migdisov et 
al., 1999; Migdisov and Williams-Jones, 2013) and for solvated 
gold sulfide species, AuS(H2S)x–1(H2O)y, (Zezin et al., 2007, 
2011) were fitted in Hurtig and Williams-Jones (2015). Experi-
mental data for solvated copper chloride species, CuCl(H2O)y  
and CuCl(HCl)(H2O)y, (Archibald et al., 2002; Migdisov et al., 
2014) were fitted in this study (Table A2). The experimental 
data for AgCl, CuCl, and AuS species were refitted for consis-
tent implementation into GEMS. Details of the fitting these 
experimental data and the validity range of all gaseous hydrated 
metallic species used in this study can be found in Appendix 2. 

The activity models and equations of state are summa-
rized in the TSolMod library class (Wagner et al., 2012). The 
reference state is 25°C and 1 bar. The standard state for all 
solids was that of a pure phase and for the gases was that of 
an ideal gas at 1 bar. A subregular solid-solution model for 
Au-Ag alloys (White et al., 1957) was introduced as a set of 
user-defined temperature-dependent equations (see App. 2 
for details). In the gas-mineral equilibrium simulations, all 
gases were treated as ideal and ideal mixtures (see “Limita-
tions of the numerical simulations” section). This is currently 

a limitation of the GEM-Selektor code package, which cannot 
treat nonideal gas mixtures with reaction-dependent compo-
nents, our only method for implementing the experimentally 
derived gaseous metallic species. The experimental data for 
the metallic gaseous species were fitted to water fugacity and 
thus were modeled at water fugacity instead of total pressure 
(see App. 2 for pressure tables using IAPW-95). This adap-
tation was necessary to preserve the observed exponential 
increase in solubility of the metallic gaseous species (Fig. 3) 
with water vapor density and to ensure that the correct P-T 
behavior of these species was modeled. The simulated metal 
solubility was tested against the experimental data and was 
reproducible within the experimental uncertainty (see App. 
2, Table A3).

Numerical simulations

The geochemical simulations of the behavior of Ag-Au-Cu-
Mo–bearing vapors were carried out using GEM-Selektor 
v.3.7 (http://gems.web.psi.ch/GEMS3/), which employs a 
Gibbs energy minimization approach (Karpov et al., 2001, 
2002; Kulik et al., 2013). We present four numerical simula-
tions (Fig. 1c), namely (1) titration at constant (high) temper-
ature and pressure with variable fluid chemistry, (2) isother-
mal decompression, (3) isochoric cooling, and (4) single-pass 
flow-through reaction. The titration models at constant tem-
perature and pressure evaluate the effects of S, Cl, and the 
redox condition on the solubility of the ore-forming minerals. 
The isothermal decompression models show the solubility as 
a function of fluid density, providing a connection between 
the conditions of volcanic gases (~1 bar) and those of por-
phyry systems (100–1,800 bar). The isochoric cooling models 
evaluate the mobility of ore metals along a constant-density 
fluid evolution path. The simulated P-T paths only consider 
the vapor path after phase separation, i.e., the aqueous liquid 
was not activated in these simulations. Thus, by not consider-
ing the liquid, the conditions minimized metal solubility and 
maximized mineral precipitation from vapor-like fluids. The 
single-pass flow-through reaction simulations represent the 
progressive reaction of a batch of vapor-like fluid with buf-

Table 1. Hydration Enthalpy and Entropy for Different Gaseous Metal  
Species Estimated from Experimental Data Compared to Calculated  

Density Functional Theory Energies of Water Clusters

Species
Hydration
numbers

Hy–1,y298

(kJmol–1)
Sy–1,y298

(Jmol–1K–1)
AuCl1 >2 –34.6 ± 0.8 –90.4 ± 1.3
AgCl2 >2 –14.8 ± 1.6 –60.8 ± 1.8
CuCl2 >2 –19.1 ± 5.2 –66.9 ± 9.2
CuCl3 >2 –23.6 ± 1.6 –80.8
NaCl4 1–15 –53.13 to –32.42 –91.5
NaCl3 1–15 –55.78 to –34.05 –90.2
MoO35 >2 –24.3 ± 1.8 –76.6 ± 3.6
H2O6 2–12 –26.4 to –35.5 –69.2 to –12.4
H2O3 2 to ∞ –16.6 to –35.3 –79.0 to –11.6

1Hurtig and Williams-Jones (2014b) 
2Calculated, this study 
3Velizhanin et al. (2020)
4Pitzer and Pabalan (1986) 
5Hurtig and Williams-Jones (2014a) 
6Mejías and Lago (2000) 

Fig. 3. An experimentally determined solubility isotherm (400°C) in which 
measured gold fugacity normalized to HCl fugacity is shown as a function of 
water fugacity buffered by the assemblage of molybdenum dioxide-molyb-
dite (blue diamonds). The experimental data were fitted to a power function 
f(x) (red line) for the purpose of extracting integer hydration numbers (y) 
equivalent to the tangents (dashed red lines) and logarithmic equilibrium 
constants (Ky). 
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Fig. 4. Compilation of P-T conditions and metal contents in natural low- and intermediate-density fluids from porphyry deposits 
and in volcanic gas condensates (Table 3). (a) Molybdenum concentrations as a function of temperature and (b) as a function of 
pressure. (c) Copper concentrations showing a clear correlation with temperature and (d) pressure for Cu below ~4,000 ppm.  
The systematics for Cu could be disturbed due to postentrapment modification in fluid inclusions. Copper values from single-
phase vapor-like and intermediate-density fluid inclusions were accepted if a moderate P-T correction reasonable for the 
respective ore deposit could move the data to intersect the general P-T trends. (e) Gold solubility maximum ~500°C expressed 
in the Bingham fluid inclusion data and (f) possible solubility maximum for Au with pressure. (g) Silver concentrations show a 
positive correlation with temperature mainly expressed by the Mole granite fluid inclusion data. (h) A temperature-pressure 
diagram showing the saturation pressure water vapor curve (SPWV; thick black line) with isochores for density lines of pure 
water (thin black lines) overlying the vapor-liquid-halite (V + L + H; thick gray line) surface and isochores of the NaCl-H2O 
system (thin gray lines) projected onto the P-T surface.
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(Table A1 in App. 2). We currently cannot simulate the mo-
bility of Ca, Fe, and Ti in vapor-like fluids, because of a lack 
of thermodynamic data for species involving these elements. 
Thus, the model assumes that Ca, Fe, and Ti are only pres-
ent in the minerals that buffer the vapor-like fluid and are 
present at all conditions, whereas ore-forming metals (Au, Ag, 
Mo, and Cu) are mobile. In porphyry ore deposits, Ca occurs 
as anhydrite, plagioclase, and apatite, Ti as rutile/anatase, ti-
tanite, or as a trace component in biotite and quartz, and Fe 
occurs as magnetite, hematite, biotite, and various Fe and Fe-
Cu sulfides. These minerals are abundant in porphyry depos-
its as documented by numerous petrographic studies (Lowell 
and Guilbert, 1970; Sillitoe, 1973, 2010; Gustafson and Hunt, 
1975; Hedenquist et al., 1998; Rusk and Reed, 2002; Red-
mond et al., 2004; Landtwing et al., 2005, 2010; Rusk et al., 
2008; Redmond and Einaudi, 2010; Richards, 2014; Zaheri-
Abdehvand et al., 2020). 

The following list of simplified mineral-gas and gas-gas 
reactions buffer the boundary conditions for the simulated 
vapor-like fluids: 

Anhydrite-calcite: 
CaCO3(s) + H2O(g) + SO2(g) = CaSO4(s)+ CO2(g) + H2(g)    (1)

Rutile-magnetite-ilmenite: 
       3TiO2(s) + Fe3O4(s) + H2(g) =3FeTiO3(s) + H2O(g)      (2)

Magnetite-pyrite: 
          Fe3O4(s) + 6H2S(g) = 3FeS2(s) + 4H2O(g) + 2H2(g)        (3)

Hematite-magnetite: 
 3Fe2O3(s) + H2(g) = 2Fe3O4(s) + H2O(g)                 (4)

Pyrite-pyrrhotite:        FeS2(s) + H2(g) = FeS(s) + H2S(g)          (5)

S gas buffer:                 SO2(g) + 3H2(g) = H2S(g) + 2H2O(g).        (6)

The range of redox conditions covered by these mineral and 
gas buffers represent RH values between the nickel-nickel ox-
ide, the quartz-magnetite-fayalite and the hematite-magnetite 
buffers (Fig. 5a). Based on petrographic analysis of the deep 
barren stockwork zone of porphyry deposits, we can associ-
ate the assemblage magnetite-anhydrite-rutile with porphyry 
ore formation (Macdonald and Arnold, 1994; Audétat et al., 
2004; Reed et al., 2013). This mineral assemblage is stable at 
RH values ranging between –3.6 and –4.1 at S contents below 
pyrite saturation (<4.8 wt % S), thus providing a relatively well 
constrained field of RH values for a typical porphyry ore fluid 

Fig. 5. Redox potential (RH) of various commonly used mineral and gas buffers in comparison to RH simulation traces as a 
function of isochoric cooling of a fluid with a density of 300 kg/m3. (a) Redox conditions considered in this study cover a wide 
range of commonly used mineral buffers such as the nickel-nickel oxide, the quartz-magnetite-fayalite, and the magnetite-
hematite buffer. The mineral assemblage of magnetite-anhydrite-rutile typically found as gangue minerals in high-tempera-
ture porphyry systems defines a narrow range of RH to define the redox potential of porphyry ore-forming fluids. (b) The RH 
traces of isochoric cooling models of different starting compositions show that a typical porphyry fluid largely evolves along 
the H2S-SO2 gas buffer, whereas an S-rich fluid may follow the hematite-magnetite and/or pyrite-magnetite buffers. Abbre-
viations: anh = anhydrite, ilm = ilmenite, mag = magnetite, po = pyrrhotite, ru = rutile. 
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ditions between ~0.5 and ~1.7 wt % S were buffered mainly 
by hematite, whereas between ~1.7 and 4.8 wt % S magnetite 
was the dominant buffer. At higher S content (>4.8 wt %), py-
rite stabilized at the expense of magnetite. The replacement of 
magnetite by pyrite as the main redox buffering mineral rep-
resents an upper limit for the S content of a porphyry ore fluid 
buffered by the assemblage magnetite-anhydrite-rutile (Fig. 
7a, d). The lower limit for the S content of porphyry fluids is 
controlled by reaction (1), which converts calcite to anhydrite. 
Anhydrite became stable when the S content of the gas reached 
~0.01 wt % S at 2.0 wt % C. This range of S contents (0.01–4.8 
wt %) is within that observed in volcanic gases (0.004–25 wt % 
S) and overlaps with the range of S contents measured in fluid 
inclusions (0.17–1.3 wt % S) from porphyry ore deposits (Ta-
ble 3). Copper and Ag concentrations decreased slightly with 
increasing S content (Fig. 7b, e). Molybdenum concentrations 
decrease sharply with increasing S content, whereas Au con-
centrations increase with S content due to the importance of 
AuS (short for AuS(H2S)x–1(H2O)y) species. Consequently, the 
Cu/Au ratio decreased with increasing S content and the Cu/
Mo ratio increased (Fig. 7c, f).

The effect of the redox condition, RH = log(fH2/fH2O), was 
evaluated for three different fluid compositions (Table 2; Fig. 
8). The low-S model (0.1 wt %; Fig. 8a) was simulated for two 
Cl contents (500 ppm and 0.3 wt %; Fig. 8b, c) and the sul-
fide-saturated model (5.5 wt %; Fig. 8d) was simulated for low 
Cl concentration (500 ppm; Fig. 8e). In the low-S model, the 
buffering mineral assemblage evolved with increasing O2(g) 
content of the fluid from calcite-ilmenite-magnetite, through 
magnetite-anhydrite-rutile to hematite-anhydrite-rutile (Fig. 
8a). In the sulfide-saturated model, the evolution of the buff-
ering mineral assemblages was from calcite-rutile-pyrrhotite 
through anhydrite-rutile-pyrite(-magnetite) to hematite-
anhydrite-rutile (Fig. 8a). Molybdenum concentration de-
creased by three to seven orders of magnitude under reduc-
ing conditions, whereas Cu and Ag contents remained roughly 
constant (Fig. 8b, c, e). The Au solubility reached a maximum 
at conditions buffered by magnetite-anhydrite-rutile in the 
low-S model and anhydrite-rutile-pyrite(-magnetite) at sul-
fide-saturated conditions (Fig. 8b, c). At a constant Cl content 
of 500 ppm, the Cu/Au ratio was about two orders of magni-
tude lower in the sulfide-saturated model than in the low-S 

Fig. 6. Chlorine titration models at 600°C and 810 bar and ore mineral saturation showing (a, d) the buffering mineralogy, (b, 
e) the fluid composition, and (c, f) the metal ratios. (a) The redox condition is buffered by the mineral assemblage magnetite-
anhydrite-rutile at low S concentrations (0.2 wt %) and (d) magnetite-anhydrite-rutile-pyrite at sulfide-saturated conditions 
(5.5 wt %). (b, e) The chlorine content correlates positively with Cu, Ag, and Au solubility. (c, f) The Ag/Au ratios are relatively 
constant, whereas the Cu/Au and Cu/Mo ratios increase slightly, and the Mo/Ag ratio decreases with increasing Cl content.
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model (Fig. 8f). However, the Cu/Au ratio increased by only 
~0.2 orders of magnitude in the low-S models in response to 
an increase in the Cl concentration from 500 ppm to 0.3 wt % 
(Fig. 8f). The Cu/Mo ratio decreased by four to six orders of 
magnitude for the oxidized mineral assemblage relative to the 
reduced mineral assemblage (Fig. 8g). There was also a large 
increase in the Cu/Mo ratio (1–4 orders of magnitude) from 
the low-S to the sulfide-saturated model; the corresponding 
increase from the low- to the high-Cl model was only one to 
two orders of magnitude.

Isothermal decompression

The isothermal decompression models were developed to 
better understand the effects of pressure fluctuation and de-
compression on metal solubility in magmatic-hydrothermal 
systems. In porphyry ore deposits, pressure fluctuations are 
well documented by fluid inclusion data (Heinrich et al., 
1999; Ulrich et al., 1999, 2002; Audétat et al., 2000a; Klemm 
et al., 2007; Zajacz et al., 2008; Seo et al., 2011, 2012; Lerch-
baumer and Audétat, 2013; Mercer and Reed, 2013; Seo and 
Heinrich, 2013), multigenerational quartz textures (Rusk and 
Reed, 2002; Landtwing et al., 2005; Monecke et al., 2018), 
and studies of vein density and geometry (Gruen et al., 2010). 

The vapor-like fluid was saturated with ore minerals during 
decompression at 600°C from 810 to 10 bar, at 400°C from 

296 to 10 bar, and at 300°C from the water vapor saturation 
pressure to 10 bar. The low-S model was buffered by the 
mineral assemblage, magnetite-anhydrite-rutile, and the sul-
fide-saturated model by magnetite-anhydrite-rutile-pyrite. 
Metal solubility decreased gradually with decreasing pres-
sure at all temperatures for both low-S and sulfide-saturated 
models (Fig. 9a-f). The Cu/Au and Cu/Mo ratios decreased 
over the range 600° to 400°C in the low-S model, but the 
Cu/Au ratio at 300°C increased with decreasing pressure ex-
ceeding that at 400°C for pressures below 35 bar; the Cu/
Mo ratio at 300°C exceeded that at 600°C for pressures be-
low ~50 bar (Fig. 9g, i). At sulfide-saturated conditions, the 
Cu/Au ratio decreased with decreasing temperature by four 
to five orders of magnitude (Fig. 9h-j). In contrast, the Cu/
Mo ratio increased by three to four orders of magnitude in 
the isothermal decompression models performed at lower  
temperature. 

The orders of magnitude decrease in metal solubility pre-
dicted by the decompression models described above are 
analogous to those observed in going from the porphyry to 
the volcanic gas environment (Fig. 4). The metal contents 
measured in porphyry-hosted fluid inclusions increase with 
both temperature and pressure, whereas in the low-pressure 
volcanic gas environment they vary only slightly as a function 
of temperature (Fig. 4). 

Fig. 7. Sulfur titration models at 600°C and 810 bar and ore mineral saturation showing (a, d) the buffering mineralogy, (b, e) 
the fluid composition, and (c, f) the metal ratios. The intermediate-density (300 kg/m3) fluid is mainly buffered by the mineral 
assemblage magnetite-anhydrite-rutile at lower S content and becomes saturated with pyrite at ~4.8 wt % S. The Au and Mo 
solubility is greatly affected by increasing S content and changes by several orders of magnitude.
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Isochoric cooling

Isochoric cooling models combine cooling and decompres-
sion and were performed at constant density, and the fluid was 
saturated with ore minerals. Vapor-like intermediate-density 
fluids (300 kg/m3) and lower-density (100 kg/m3) vapors were 
cooled from 600° to 180°C at constant density above the criti-
cal point of water and along the liquid-vapor curve below the 
critical point of water (Fig. 4h; App. 2). The models only fol-
low the vapor path below the critical point of water and vapor-
liquid partitioning is not considered. The isochoric cooling 
models were performed for concentrations of 0.1 and 5.5 wt 
% S at 500 ppm Cl and 2.0 wt % C. The low-S models were 
buffered by magnetite-anhydrite-rutile at high temperature 
and below 530°C by hematite-anhydrite-rutile, whereas the 
sulfide-saturated models were buffered by anhydrite-rutile-
pyrite between 600° and 180°C. The RH traces follow a simi-
lar path for both S contents as shown by the representative 
RH trace for isochoric cooling models in Figure 5b (App. 1). 

Copper, Mo, and Ag solubility decreased with decreasing 
temperature, whereas Au solubility reached a maximum of 

95 ppb to 2.6 ppm between 330° and 510°C depending on 
the density and S content of the vapor (Fig. 10a-d). The Au 
solubility maximum is more pronounced in the low-S models 
at 500 ppm Cl, for which the dominant species is hydrated 
AuCl. At sulfide-saturated conditions, the AuS species is 
dominant for a Cl concentration of 500 ppm. At higher Cl 
content (>0.4 wt %; see Fig. 6e), the hydrated AuCl species 
would be dominant even at sulfide-saturated conditions. As 
expected from the Au solubility profiles, the Cu/Au ratios 
reached a minimum at ~300°C (Fig. 10e, f). At sulfide-sat-
urated conditions, the Cu/Au ratio decreased continuously 
during isochoric cooling (Fig. 10g, h), and the Cu/Mo ratio 
exceeded the Cu/Au ratio. The effect of fluid density (i.e., the 
P-T pathway) on metal ratios in the sulfide-saturated model 
is much less pronounced than in the low-S models buffered 
by magnetite-anhydrite-rutile. 

Mineral precipitation models
The deposition of ore minerals (electrum, acanthite, molyb-
denite, chalcopyrite, and bornite) during isochoric cooling of 
a vapor-like intermediate-density (300 kg/m3) fluid was evalu-

Fig. 8. Redox titration (RH = log fH2
/log fH2O) models at 600°C and 810 bar and ore mineral saturation showing (a, d) the 

buffering mineralogy and (b-e) the fluid composition and metal ratios. The attention of readers is drawn to the fact that the 
solubility of the Au chloride and particularly the Au sulfide species reaches a maximum at moderately oxidizing conditions 
corresponding to those buffered by minerals commonly observed in porphyry systems (i.e., magnetite-anhydrite-rutile). 

M
in

er
al

s 
(m

ol
)

Calcite

AnhydriteHematite

Magnetite

IlmeniteRutile

a)

reducedoxidized

Cu

Mo

AutotalAuS

AuCl

Ag

RH (log fH2/fH2O)

e)

CalciteAnhydrite

Pyrrhotite

Hematite

Magnetite

Rutile
Pyrite

d)

reducedoxidized

f)
Cu

/A
u

Cu
/M

o g)

0.1 wt.% S, 500 ppm Cl

5.5 wt.% S, 500 ppm Cl

0.1wt.% S, 0.3 wt.% Cl

104

106

102

104

106

102

1

0.001

0.01

0.1

1

.0001
.001

.01
.1
1

10
100

1000
10000

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0
.0001

.001
.01

.1
1

10
100

1000
10000

Fl
ui

d
co

m
po

si
tio

n
(p

pm
) Mo

-4.5 -4.0 -3.5 -3.0 -2.5 -2.0 -1.5

0.1 wt.% S, 500 ppm Cl

5.5 wt.% S, 500 ppm Cl

0.1wt.% S, 0.3 wt.% Cl

M
in

er
al

s 
(m

ol
)

Fl
ui

d
co

m
po

si
tio

n
(p

pm
)

Sul�de-saturated porphyryTypical porphyry

Autotal

Autotal

5.5 wt.% S, 500 ppm Cl

5.5 wt.% S

RH (log fH2/fH2O)

Fl
ui

d
co

m
po

si
tio

n
(p

pm
)

Cu

Mo

AuS

AuCl

Ag

Cu

Mo

AuS
AuCl

Ag

b)

c) 0.1 wt.% S, 0.3 wt.% Cl

0.1 wt.% S, 500 ppm Cl

0.1 wt.% S

Redox-titration at 600°C and 810 bar

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econgeo.4835/5306673/4835_hurtig_et_al.pdf
by McGill Univ Lib user
on 09 June 2021

Figure 8

© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

Hurtig, N. C., Migdisov, A. A., and  Williams-Jones, A. E., 2021,  
••Are Vapor-Like Fluids Viable Ore Fluids for Cu-Au-Mo Porphyry Ore Formation? 

 Economic Geology, v. 116, p. 1599-1624.



14 HURTIG ET AL.

Fig. 9. Results of numerical simulations of metal solubility during isothermal decompression at 600°, 400°, and 300°C at 
varying S content (0.1 and 5.5 wt %) showing (a-f) metal solubility and (g-j) metal ratios of vapor-like fluids. The attention of 
readers is drawn to two features in these diagrams. Firstly, there is a strong decrease in the solubility of all the metals with 
isothermal decompression, and secondly, the path of metal solubility for the different fluid compositions changes markedly 
with temperature.
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ated for a range of redox conditions, HCl/∑Cl ratios, and S 
and Cl contents. The P-T path is that of the isochoric cooling 
model at 300 kg/m3. Initially, the fluids were undersaturated 
with respect to ore-forming minerals and then became satu-
rated upon cooling and decompression, triggering ore deposi-
tion (Table 4). The metal ratios are based on the S, Cl, and 
redox titration models. The degree of initial ore mineral un-
dersaturation was similar in all precipitation models, except 
for models presented in Figure 11g and h, in which the excess 
Cl was increased at constant metal content (that of Fig. 11f). 
The starting fluid compositions are summarized in Table 4 
and are within the range of metal contents reported for fluid 
inclusions (Table 3). Fluid and mineral compositions for all 
mineral precipitation models are given in Appendix 1. 

We tested a range of starting fluid compositions that fall 
within the compositional range of a typical porphyry ore fluid 
(Fig. 11a-c, e, f). The first set of models was performed for 
500 ppm Cl and variable S content; the redox conditions were 
buffered by magnetite-anhydrite-rutile (Fig. 11a-c). These 
models are specifically designed to evaluate the competition 
for Cl and S ligands in Au complexation and the effect of S 
on electrum fineness and Cu/Au and Cu/Mo ratios. The RH 
traces for these models vary depending on the S content in 
the fluid and starting redox buffering assemblage (Fig. 5b). 
The S-rich model follows a more reduced RH pathway com-
pared to the low-S model, constraining metal precipitation to 
higher P-T conditions. At low S content (0.5 wt %; starting 
fluid 0.09 ppm Au), Mo precipitated first at ~ 570°C followed 

Fig. 10. Results of numerical simulations of metal solubility during isochoric cooling at a density of 100 and 300 kg/m3 (iso-
choric until phase separation and with further evolution along the saturation pressure water vapor curve, above dashed line). 
The models were generated for S concentrations of 0.1 and 5.5 wt %. (a-d) Metal solubility as a function of temperature, with 
Au solubility maxima at ~330°C in the low-density fluid and at ~450° and ~510°C in the intermediate-density fluid. The solu-
bility of Cu, Mo, and Ag decreases with decreasing temperature. (e-h) Metal ratios as a function of temperature. The trends 
for the 0.1 wt % S and the 5.5 wt % S models differ considerably. SPWV = saturation pressure water vapor curve. 
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by bornite and acanthite at 560° to 480°C, chalcopyrite at 
510° to 430°C, and electrum at ~390°C (XAu = 0.73–0.69; Fig. 
11a). At higher S content (1 wt %; starting fluid 0.14 ppm 
Au), the amount of precipitated molybdenite was about five 
times lower than in the low-S model, and the chalcopyrite 
and electrum zones moved to higher temperature (550°–450° 
and ~400°C; Fig. 11b). Slightly more electrum with a simi-
lar Au content (XAu = 0.73–0.69) precipitated in this model 
compared to the low-S model. At even higher S content (3 

wt % S; 0.74 and 0.47 ppm Au in the starting fluids, respec-
tively), the high-temperature fluid was either buffered by the 
assemblage anhydrite-magnetite-rutile (RH = –3.6 to –4.1, 
common in porphyry deposits) or a reduced assemblage of 
anhydrite-magnetite-ilmenite-pyrrhotite (RH = –2.6 to –3.6, 
representative reduced porphyry deposits). In these models, 
the amount of Au precipitated exceeded that of Mo, and the 
Cu/Au ratios were remarkably low (79 and 248, respectively). 
In the high-S model buffered by anhydrite-magnetite-rutile 

Fig. 11. A single-pass flow-through reactor scheme showing the amounts of ore minerals precipitated during isochoric cool-
ing at a fluid density of 300 kg/m3 and various starting fluid compositions. Metal ratios in the starting fluids (a-f) are based 
on titration models, and the degree of undersaturation is similar for all models (Table 4). (a-c) Typical fluid compositions 
for a porphyry ore fluid with a relatively low Cl content (500 ppm) as a function of increasing S content (0.5, 1, and 3 wt % 
S). With increasing S content, the AuS species becomes more important, promoting Au transport. (d) The fluid is buffered 
by the reduced assemblage of magnetite-anhydrite-ilmenite-pyrrhotite at 3 wt % S. (e, f) A typical fluid composition for a 
porphyry ore fluid with a relatively high Cl content (3,000 ppm) and increasing S contents (0.1 and 0.5 wt %). Gold mobility 
is controlled by the AuCl species, and increasing the S content only has a moderate effect on Au transport. (g, h) The excess 
Cl content was increased to very high HCl/∑Cl ratios comparable to those in volcanic gases; however, the metal concentration 
was equal to that used in (f). The models show the sensitivity of metal mobility at a high degree of excess Cl, which promotes 
ore deposition at lower temperature. Insets show the Au content in electrum (XAu = mole fraction of Au) and the point at 
which the cumulative precipitation of electrum reaches 98%. The buffer minerals are magnetite (Mag), hematite (Hem), 
anhydrite (Anh), rutile (Ru), ilmenite (Ilm), calcite (Cal), pyrite (Py), and pyrrhotite (Po). The proportions of the ore minerals 
are multiplied by a factor to better visualize the ore shells of molybdenite (Mo), acanthite (Acn), bornite (Bor), chalcopyrite 
(Ccp), and electrum (El). SPWV = saturation pressure water vapor curve. 
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median content of 0.3 ppm, which makes Cu the most abun-
dant metal compared to Au, Ag, and Mo in very low density 
vapors (Table 3). Copper solubility at the lowest pressure (~8 
bar) from decompression models ranges from 0.07 to 2.5 ppm 
at 600°C, from 0.08 to 1.9 ppb at 400°C, and from 0.22 to 21 
ppb at 300°C. 

Silver is transported as AgCl(H2O)y in vapor-like fluids and 
is predicted to dissolve in concentrations up to 22 ppm for a Cl 
concentration of 1 wt %. This Ag solubility is an order of mag-
nitude lower than that reported in Hurtig and Williams-Jones 
(2015) for the same Cl concentrations and reflects the strong 
competition for the chloride ion by Cu species, which were 
not considered in the earlier study. By comparison, vapor-like 
and intermediate-density fluid inclusions have been reported 
to contain up to 190 ppm Ag with a median of 23 ppm (Table 
3; Fig. 4g). The lower Ag contents predicted by our current 
model could reflect the presence of a high-temperature gas-
eous AgS species, as suggested by the experiments of Yin and 
Zajacz (2018), which showed that the Ag concentration in 
vapor-like hydrothermal fluids increases with increasing H2S 
concentration. In the absence of thermodynamic data for gas-
eous solvated AgS species, however, we were unable to evalu-
ate the potential contribution of AgS species to the transport 
of Ag in vapor-like fluids. Decompression models at 600°C 
predict 0.7 to 3.5 ppb Ag at the lowest pressure (~8 bar); at 
lower temperature and ~8 bar, Ag concentrations are gener-
ally below 1 ppb. For comparison, the Ag contents of volcanic 
gases are 3 to 14 ppb; however, only 12 of the 136 measure-
ments in our compilation showed detectable Ag contents, 
indicating that Ag contents are likely lower than the limit of 
detection. 

Molybdenum, which dissolves as MoO3(H2O)y, had its 
highest solubility of 230 ppm Mo in oxidizing low-S (0.1 wt 
%) fluids buffered by magnetite-anhydrite-rutile. Molybde-
num solubility correlates positively with increasing fO2

 (i.e., 
degreasing RH) and correlates negatively with S because of 
the formation of molybdenite (MoS2), the main Mo ore-form-
ing mineral. Vapor-like and intermediate-density fluid inclu-
sions in porphyry ore deposits have comparable Mo contents 
of 1.2 to 290 ppm with a median of 50 ppm (Fig. 4a, b). Some 
systems, notably Rito del Medio (Zajacz et al., 2008; Audé-
tat, 2019) and Cave Peak (Audétat, 2010), report consistently 
higher Mo concentrations than those predicted (80–230 ppm) 
for simulations at 0.1 wt % S buffered by magnetite-anhy-

drite-rutile. This could be because NaCl-bearing fluid inclu-
sions in these deposits are of higher density (~350–500 kg/m3) 
than the density considered in our models (300 kg/m3). These 
higher-density fluids also have a higher salinity, which could 
promote the formation of molybdenum oxychloride species 
(Rempel et al., 2008; Ulrich and Mavrogenes, 2008; Borg et 
al., 2012) or H(2–x)NaxMoO4 species (Cao, 1989; Kudrin, 1989; 
Shang et al., 2020) that were not considered in our simula-
tions. Several studies have evaluated the solubility of MoS2 in 
hydrothermal liquid-like fluids; however, with the exception 
of Zhang et al. (2012), these studies attributed Mo transport 
to molybdate or molybdenum oxychloride (Wood et al., 1987; 
Kudrin, 1989) or HNaMoO4 species (Shang et al., 2020). Im-

Fig. 12. The Cu/Au and Mo/Ag ratios of (a) porphyry ore deposits (Singer 
et al., 2005) compared to (b, c) the simulated metal ratio evolutionary paths 
from the equilibrium models discussed in the sections “Effect of fluid com-
position on ore metal solubility and metal ratios” and “Isothermal decom-
pression.” The simulated metal ratios are determined by metal solubility and 
represent the capacity of a hydrothermal vapor-like fluid to transport and pre-
cipitate metals in a porphyry setting. (b) Metal ratio evolutionary paths from 
Cl and redox titration models, isothermal decompression, and isothermal 
cooling solubility models do not reproduce the general trends of porphyry 
ore deposits. (c) Metal ratio evolutionary metal paths from equilibrium mod-
els for variable S content (0–10 wt %), 500 ppm Cl, and 0.3 wt % Cl. At low S 
content (0–1 wt %), the data follow a vertical trend characterized by decreas-
ing Cu/Au ratios with increasing S content, whereas at elevated S content 
(1–10 wt %) there is a horizontal trend in which the Mo/Ag ratio decreases 
with increasing S content. This indicates that the composition of the ore fluid 
imposes an important control on the ore metal ratios and metal enrichment 
in porphyry systems. Mo/Ag
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fer minerals while simultaneously cooling and decompressing. 
This model was used to investigate metal zoning. The model-
ing conditions are summarized in Table 2. 

The titration models at 600°C and 810 bar (density of  
300 kg/m3) involved ore mineral saturation and were conduct-
ed at varying redox conditions for variable S and Cl contents 
(Fig. 1c). In order to select realistic concentration ranges for 
major components in the simulations, we turned to the com-
positional data available for volcanic gases and vapor-like and 
intermediate-density fluid inclusions from porphyry deposits 
(Table 3; see App. 1 for individual data sets and references). 
The S (SO2 and H2S), Cl (HCl), and C (CO2) contents of vol-
canic gases range widely, from 0.002 to 26, 0.002 to 16, and 
0.02 to 55 wt %, respectively (Gemmell, 1987; Symonds et 
al., 1987, 1990, 1992, 1994, 1996; Giggenbach and Matsuo, 
1991; Hedenquist et al., 1994; Taran et al., 1995, 2000, 2001; 
Giggenbach, 1996; Scher et al., 2013; Zelenski et al., 2014; 
Taran and Zelenski, 2015, and references therein; Nadeau et 
al., 2016). The ranges in the concentrations of these compo-
nents reported for vapor-like and intermediate-density fluid 
inclusions from porphyry deposits are similar, namely 0.1 to 
1.3 wt % S, 1.0 to 8.9 wt % Cl, and 1.1 to 13 wt % C (Ulrich 
et al., 1999, 2002; Audétat et al., 2000a, b; Tarkian et al., 2003; 
Redmond et al., 2004; Rusk et al., 2004, 2008; Klemm et al., 
2007, 2008; Zajacz et al., 2008; Seo et al., 2009, 2012; Audétat, 
2010, 2019; Landtwing et al., 2010; Lerchbaumer and Audé-
tat, 2013; Seo and Heinrich, 2013; Zaheri-Abdehvand et al., 
2020). The contents of S and Cl considered in the simulations 
range from 0.0002 to 10 wt % and 0.01 to 1 wt %, respec-
tively; the C content was held constant at 2 wt %, which is the 
median value for high-T vapor-like and intermediate-density 
porphyry fluids (see Table 3; see App. 1). 

Measuring the sulfur content of fluid inclusions is challeng-
ing, and consequently only a small data set is available. From 
our simulations (see the section “Effect of fluid composition 
on ore metal solubility and metal ratios”) it is apparent that 
the amount of S in the fluid exercises an important control on 
metal ratios. Therefore, we decided to expand the range of 
S contents to be consistent with that for volcanic gases. The 
Cl range chosen for our simulations is narrower than that re-

ported by Audétat (2019) for single-phase ore fluids (5–15 wt 
% NaCl). Our compilation of fluid inclusion data returned a 
range of 1 to 9 wt % NaCl, averaging 4.4 wt % NaCl (i.e., 
2.9 wt % Cl), because we excluded single-phase fluids with 
a liquid-like density. In the simulations, we further reduced 
this amount of Cl by not considering Cl that would have com-
plexed with Na, K, and Fe and thus would not have been 
available for complexation with Au, Ag, and Cu. 

The redox condition was described as the redox potential, 
RH = log (fH2

/fH2O), which represents the most meaningful 
probe into the redox states of volcanic gases (Giggenbach, 
1987, 1996). In Appendix 1, we also report the sulfidation po-
tential (Einaudi et al., 2003) as RS = log (fH2

/fH2S). The use 
of the Gibbs energy minimization method in GEM-Selektor 
allowed for evaluation of the redox potential for each local 
equilibrium step by varying the amount of H2(g) and O2(g) in 
the vapor-like fluid. All simulations were performed in the 
vapor-solid system by employing vapor-mineral equilibria in 
which the mineral assemblage changed from the reducing 
assemblage, calcite-ilmenite-magnetite(± pyrrhotite) to the 
oxidizing assemblage, hematite-anhydrite-rutile(± pyrite). 
Owing to the lack of direct measurements of redox sensitive 
species in fluid inclusions, the redox potential of porphyry-ore 
forming fluids can only be estimated (see “Mineral-Gas Reac-
tions in Numerical Simulations” section).

We present two types of cooling and decompression sim-
ulations (Fig. 1c)—namely isothermal decompression and 
isochoric cooling (red and orange pathways in Fig. 4h)—at 
ore mineral saturation. Isothermal decompression was simu-
lated for three temperatures (600°, 400°, and 300°C), con-
stant Cl concentration (500 ppm), and two S contents (0.1 and  
5.5 wt %). Isochoric cooling (600°–180°C) was modeled 
for a constant Cl content (500 ppm), S contents of 0.2 and  
5.5 wt %, and a density of 300 and 100 kg/m3. The isochoric 
cooling pathways modeled in this study represent projections 
of a plausible P-T fluid pathway recorded in fluid inclusion 
data projected from the NaCl-H2O system to that of pure wa-
ter (red and orange paths in Fig. 4h; App. 2). Below the critical 
point of water, the vapor density corresponds to that of water 
vapor at the water vapor saturation pressure. The pressure in 

Table 2. Numerical Modeling Setup and P-T-x Simulation Conditions

Model
T

(°C)
Ptotal

(bar)
fH2O

(bar)
Density
(kg/m3) RH

Cl
(ppm)

S
(wt %)

C
(wt %)

Ore
minerals

Equilibrium models at constant P-T
Cl titration 600 810 564 300 –3.8 to –3.9 0–10,000 0.2, 5.5 2.0 Saturated
S titration 600 810 564 300 –2.7 to –4.3 500, 3,000 0–10 2.0 Saturated
Redox titration 600 810 564 300 –1.5 to –4.5 500 0.2, 5.5 2.0 Saturated
Cooling and/or decompression models
Isothermal  
decompression

600
400
300

10–810
10–288
10–86

8–564
8–174
8–68

5–300
5–300
5–46

–3.2 to –3.9
–4.5 to –5.1
–5.6 to –5.9

500
500
500

0.2, 5.5
0.02, 4.8
0.002, 3.8

2.0
2.0
2.0

Saturated

Isochoric cooling 180–600 FfH2O(T)300

FfH2O(T)100

300 
100

–3.8 to –8.2
–3.8 to –8.4

500
500

0.2, 5.5
0.2, 5.5

2.0 Saturated

Single-pass flow-through reactor scheme
Metal precipitation 180–600 FfH2O(T)300 300 –3.1 to –8.1 500–100,000 3.0, 1.0, 0.1 2.0 Under-

saturated at 
600°C

For detailed fluid compositions see Appendix 1; FfH2O(T) = water fugacity as a function of temperature (T) at constant density above the water vapor satura-
tion pressure and then on the saturation pressure water vapor curve; ore minerals: electrum, acanthite, bornite, chalcopyrite, molybdenite (see App. 2 for 
details)

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/doi/10.5382/econgeo.4835/5306673/4835_hurtig_et_al.pdf
by McGill Univ Lib user
on 09 June 2021

 VAPOR-LIKE FLUIDS IN PORPHYRY ORE FORMATION 5

enthalpy of the phase transition for acanthite were taken from 
Grønvold and Westrum (1986) and for bornite, chalcopyrite, 
and chalcocite from Robie et al. (1994). Thermodynamic data 
for the major gases—H2O(g), H2(g), CO2(g), CH4(g), CO(g), Cl2(g), 
O2(g), HCl(g), H2S(g), and SO2(g)—were compiled from Fren-
kel (1994), Robie and Hemingway (1995), and Chase (1998), 
and parameters for the Peng-Robinson-Stryjek-Vera (PRSV) 
equation of state were taken from Proust and Vera (1989) and 
Stryjek and Vera (1986).

The gaseous metallic species considered in this study were 
limited to Au, Ag, Mo, and Cu, the only metals for which the re-
quired experimental data are available. The experimental data 
for the metallic gaseous species were fitted using the linear rela-
tionship of log Ks to the inverse of temperature, and the species 
were added as reaction-dependent components in GEM-Sele-
ktor. The fitted parameters for the hydrated gold chloride spe-
cies, AuCl(H2O)y, were taken from Hurtig and Williams-Jones 
(2014b) and for hydrated molybdenum trioxide, MoO3(H2O)y, 
from Hurtig and Williams-Jones (2014a). Experimental data for 
the hydrated silver chloride species, AgCl(H2O)y, (Migdisov et 
al., 1999; Migdisov and Williams-Jones, 2013) and for solvated 
gold sulfide species, AuS(H2S)x–1(H2O)y, (Zezin et al., 2007, 
2011) were fitted in Hurtig and Williams-Jones (2015). Experi-
mental data for solvated copper chloride species, CuCl(H2O)y  
and CuCl(HCl)(H2O)y, (Archibald et al., 2002; Migdisov et al., 
2014) were fitted in this study (Table A2). The experimental 
data for AgCl, CuCl, and AuS species were refitted for consis-
tent implementation into GEMS. Details of the fitting these 
experimental data and the validity range of all gaseous hydrated 
metallic species used in this study can be found in Appendix 2. 

The activity models and equations of state are summa-
rized in the TSolMod library class (Wagner et al., 2012). The 
reference state is 25°C and 1 bar. The standard state for all 
solids was that of a pure phase and for the gases was that of 
an ideal gas at 1 bar. A subregular solid-solution model for 
Au-Ag alloys (White et al., 1957) was introduced as a set of 
user-defined temperature-dependent equations (see App. 2 
for details). In the gas-mineral equilibrium simulations, all 
gases were treated as ideal and ideal mixtures (see “Limita-
tions of the numerical simulations” section). This is currently 

a limitation of the GEM-Selektor code package, which cannot 
treat nonideal gas mixtures with reaction-dependent compo-
nents, our only method for implementing the experimentally 
derived gaseous metallic species. The experimental data for 
the metallic gaseous species were fitted to water fugacity and 
thus were modeled at water fugacity instead of total pressure 
(see App. 2 for pressure tables using IAPW-95). This adap-
tation was necessary to preserve the observed exponential 
increase in solubility of the metallic gaseous species (Fig. 3) 
with water vapor density and to ensure that the correct P-T 
behavior of these species was modeled. The simulated metal 
solubility was tested against the experimental data and was 
reproducible within the experimental uncertainty (see App. 
2, Table A3).

Numerical simulations

The geochemical simulations of the behavior of Ag-Au-Cu-
Mo–bearing vapors were carried out using GEM-Selektor 
v.3.7 (http://gems.web.psi.ch/GEMS3/), which employs a 
Gibbs energy minimization approach (Karpov et al., 2001, 
2002; Kulik et al., 2013). We present four numerical simula-
tions (Fig. 1c), namely (1) titration at constant (high) temper-
ature and pressure with variable fluid chemistry, (2) isother-
mal decompression, (3) isochoric cooling, and (4) single-pass 
flow-through reaction. The titration models at constant tem-
perature and pressure evaluate the effects of S, Cl, and the 
redox condition on the solubility of the ore-forming minerals. 
The isothermal decompression models show the solubility as 
a function of fluid density, providing a connection between 
the conditions of volcanic gases (~1 bar) and those of por-
phyry systems (100–1,800 bar). The isochoric cooling models 
evaluate the mobility of ore metals along a constant-density 
fluid evolution path. The simulated P-T paths only consider 
the vapor path after phase separation, i.e., the aqueous liquid 
was not activated in these simulations. Thus, by not consider-
ing the liquid, the conditions minimized metal solubility and 
maximized mineral precipitation from vapor-like fluids. The 
single-pass flow-through reaction simulations represent the 
progressive reaction of a batch of vapor-like fluid with buf-

Table 1. Hydration Enthalpy and Entropy for Different Gaseous Metal  
Species Estimated from Experimental Data Compared to Calculated  

Density Functional Theory Energies of Water Clusters

Species
Hydration
numbers

Hy–1,y298

(kJmol–1)
Sy–1,y298

(Jmol–1K–1)
AuCl1 >2 –34.6 ± 0.8 –90.4 ± 1.3
AgCl2 >2 –14.8 ± 1.6 –60.8 ± 1.8
CuCl2 >2 –19.1 ± 5.2 –66.9 ± 9.2
CuCl3 >2 –23.6 ± 1.6 –80.8
NaCl4 1–15 –53.13 to –32.42 –91.5
NaCl3 1–15 –55.78 to –34.05 –90.2
MoO35 >2 –24.3 ± 1.8 –76.6 ± 3.6
H2O6 2–12 –26.4 to –35.5 –69.2 to –12.4
H2O3 2 to ∞ –16.6 to –35.3 –79.0 to –11.6

1Hurtig and Williams-Jones (2014b) 
2Calculated, this study 
3Velizhanin et al. (2020)
4Pitzer and Pabalan (1986) 
5Hurtig and Williams-Jones (2014a) 
6Mejías and Lago (2000) 

Fig. 3. An experimentally determined solubility isotherm (400°C) in which 
measured gold fugacity normalized to HCl fugacity is shown as a function of 
water fugacity buffered by the assemblage of molybdenum dioxide-molyb-
dite (blue diamonds). The experimental data were fitted to a power function 
f(x) (red line) for the purpose of extracting integer hydration numbers (y) 
equivalent to the tangents (dashed red lines) and logarithmic equilibrium 
constants (Ky). 
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these simulations was expressed as a temperature-dependent 
user-defined polynomial function (see App. 2). 

Ore mineral precipitation during cooling and decompres-
sion was modeled using a single-pass flow-through reaction 
simulation (Fig. 1c). The metal ratios of the simulated fluids 
were taken from the compositional models at 600°C, 810 bar, 
and a density of 300 kg/m3. These fluids were slightly un-
dersaturated with respect to the ore minerals, molybdenite, 
electrum, chalcopyrite, bornite, chalcocite, and acanthite (see 
Table 4 for starting fluid compositions). Because we used the 
metal ratios determined in the titration models and employed 
a similar degree of undersaturation, the ore precipitation mod-
els clearly illustrate the effects of the initial S, Cl, and RH fluid 
composition on the P-T evolution paths. The fluids become 
saturated during cooling and decompression and precipitate 
ore minerals during each step while equilibrating with a con-
stant buffer mineral assemblage needed to constrain the redox 
potential of the evolving fluid (see “Mineral-Gas Reactions in 
Numerical Simulations” section). The simulated fluid varied 
compositionally from 0.05 to 10 wt % Cl, 0.1 to 3 wt % S, and 
–3.2 to 4.0 RH at 2 wt % C. In simulations at 1 and 10 wt % Cl, 
the HCl/∑Cl ratio provides a measure of the excess Cl and il-
lustrates the control on metal zonation with various degrees of 
ore mineral undersaturation in the starting fluid. User-defined 

GEM-Selektor scripts and additional information on the mod-
eling setup can be found in Appendices 1 and 2.

Mineral-Gas Reactions in Numerical Simulations
Mineral-gas buffering is a widely used concept involving the 
interaction of a gas with minerals and has been employed fre-
quently to describe active geothermal and volcanic gas sys-
tems (Giggenbach, 1981; Stefánsson and Arnórsson, 2002; 
Henley and Seward, 2018). The concept is based on the 
exchange of elements between minerals and gases as these 
phases adjust their compositions during the attainment of a 
steady state (“equilibrium”). In a multicomponent system, 
the redox potential and S content of the gas are controlled 
by several competing mineral-gas reactions and thus can only 
be described in terms of boundary conditions (i.e., minimum 
and maximum values) and not a single value (e.g., those of 
the hematite-magnetite or nickel-nickel oxide buffers; Fig. 5). 

The application of mineral-gas buffers in our numerical 
simulations was essential in providing a basis for relating the 
simulated fluids to natural ore-forming systems, because they 
allowed us to realistically evaluate the redox condition and S 
contents for different parts of the porphyry ore-forming envi-
ronment. The vapor-like fluid (H-O-S-Cl-C-Au-Ag-Mo-Cu) is 
equilibrated with solid phases that also include Ca, Fe, and Ti 

Table 4. Summary of Starting Fluid Compositions for the Mineral Precipitation Models 

Model
S

(wt %)
Cl

(wt %) HCl/∑Cl RH RS

Cu
(ppm)

Mo
(ppm)

Au
(ppm)

Ag
(ppm) Cu/Au Cu/Mo

11a 0.53 0.05 0.19 –4.0 –3.2 406 65.7 0.09 3.27 4,295 6.2
11b 1.03 0.05 0.23 –4.0 –2.8 380 12.7 0.14 2.62 2,763 30
11c 3.17 0.05 0.86 –3.9 –2.1 65.5 0.21 0.74 3.98 89 318
11d 2.92 0.05 0.69 –3.2 –1.8 144 0.02 0.47 2.18 309 8,169
11e 0.13 0.29 0.08 –3.8 –3.4 2,620 81.3 0.16 8.72 16,624 32
11f 0.50 0.29 0.76 –3.9 –3.0 655 6.27 0.18 7.09 3,694 104
11g 0.50 1.07 0.93 –3.9 –3.0 655 6.37 0.18 7.09 3,694 103
11h 0.50 10.65 0.99 –3.8 –2.8 655 0.09 0.18 7.09 3,694 7,426

Table 3. Composition of Natural Volcanic Gases and Low- and Intermediate-Density Fluid Inclusions of Porphyry Deposits

Data
T

(°C)
P

(bar)
NaCl

(wt %)
S

(wt %)
Cl

(wt %)
C

(wt %)
Mo

(ppm)
Cu

(ppm)
Au

(ppm)
Ag

(ppm)

Volcanic gases and condensates (references 1–16)
Minimum 82 ~1 0.002 0.002 0.02 0.0006 0.003 7.0 × 10–6 0.0030
Maximum 1,131 ~1 25.6 16.3 55.0 2.80 59.4 0.0050 0.0140
Median 642 1.46 0.49 1.59 0.18 0.30 0.0010 0.0060
Average 646 3.23 1.48 4.01 0.42 3.38 0.0011 0.0084
Standard deviation 150 5.07 2.95 8.51 0.58 10.4 0.0014 0.0048
Number of data points 150 136 146 103 62 64 23 18
Vapor and intermediate density fluid inclusions (references 16–31)
Minimum 323 2,500 1.0 0.10 0.61 1.07 1.00 10.0 0.05 2.00
Maximum 720 88 8.9 1.25 9.30 13.3 290 43001 10.2 190
Median 431 494 4.4 0.50 2.73 2.00 50.5 850 0.87 23.0
Average 473 649 4.4 0.57 2.85 3.28 71.9 1,116 1.84 42.5
Standard deviation 110 551 2.0 1.47 1.47 2.68 69.3 977 2.50 53.7
Number of data points 68 42 69 24 69 (72) 40 46 16 17

1 = Symonds et al. (1987), 2 = Gemmell (1987), 3 = Symonds et al. (1990), 4 = Symonds et al. (1992), 5 = Giggenbach and Matsuo (1991), 6 = Hedenquist et 
al. (1994), 7 = Symonds et al. (1994), 8 = Taran et al. (1995), 9 = Symonds et al. (1996), 10 = Giggenbach (1996), 11 = Taran et al. (2000, 2001), 12 = Scher 
et al. (2013), 13 = Zelenski et al. (2014), 14 = Taran and Zelenski (2015, and references therein), 15 = Nadeau et al. (2016), 16 = Ulrich et al. (1999), 17 = 
Audétat et al. (2000a, b), 18 = Ulrich et al. (2002), 19 = Tarkian et al. (2003), 20 = Rusk et al. (2004), 21 = Redmond et al. (2004), 22 = Klemm et al. (2007, 
2008), 23 = Seo et al. (2009), 24 = Zajacz et al. (2008), 25 = Rusk et al. (2008), 26 = Audétat, 2010), 27 = Landtwing et al. (2010), 28 = Seo et al. (2012), 29 
= Lerchbaumer and Audétat (2013), 30 = Seo and Heinrich (2013), 31 = Audétat (2019); see Appendix 1 for full tables

1Cu data were reduced by removing data points that do not follow systematic P-T trends (Fig. 4c, d; App. 1)
2Compiled from seven deposits with documented CO2-bearing inclusions
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these simulations was expressed as a temperature-dependent 
user-defined polynomial function (see App. 2). 

Ore mineral precipitation during cooling and decompres-
sion was modeled using a single-pass flow-through reaction 
simulation (Fig. 1c). The metal ratios of the simulated fluids 
were taken from the compositional models at 600°C, 810 bar, 
and a density of 300 kg/m3. These fluids were slightly un-
dersaturated with respect to the ore minerals, molybdenite, 
electrum, chalcopyrite, bornite, chalcocite, and acanthite (see 
Table 4 for starting fluid compositions). Because we used the 
metal ratios determined in the titration models and employed 
a similar degree of undersaturation, the ore precipitation mod-
els clearly illustrate the effects of the initial S, Cl, and RH fluid 
composition on the P-T evolution paths. The fluids become 
saturated during cooling and decompression and precipitate 
ore minerals during each step while equilibrating with a con-
stant buffer mineral assemblage needed to constrain the redox 
potential of the evolving fluid (see “Mineral-Gas Reactions in 
Numerical Simulations” section). The simulated fluid varied 
compositionally from 0.05 to 10 wt % Cl, 0.1 to 3 wt % S, and 
–3.2 to 4.0 RH at 2 wt % C. In simulations at 1 and 10 wt % Cl, 
the HCl/∑Cl ratio provides a measure of the excess Cl and il-
lustrates the control on metal zonation with various degrees of 
ore mineral undersaturation in the starting fluid. User-defined 

GEM-Selektor scripts and additional information on the mod-
eling setup can be found in Appendices 1 and 2.

Mineral-Gas Reactions in Numerical Simulations
Mineral-gas buffering is a widely used concept involving the 
interaction of a gas with minerals and has been employed fre-
quently to describe active geothermal and volcanic gas sys-
tems (Giggenbach, 1981; Stefánsson and Arnórsson, 2002; 
Henley and Seward, 2018). The concept is based on the 
exchange of elements between minerals and gases as these 
phases adjust their compositions during the attainment of a 
steady state (“equilibrium”). In a multicomponent system, 
the redox potential and S content of the gas are controlled 
by several competing mineral-gas reactions and thus can only 
be described in terms of boundary conditions (i.e., minimum 
and maximum values) and not a single value (e.g., those of 
the hematite-magnetite or nickel-nickel oxide buffers; Fig. 5). 

The application of mineral-gas buffers in our numerical 
simulations was essential in providing a basis for relating the 
simulated fluids to natural ore-forming systems, because they 
allowed us to realistically evaluate the redox condition and S 
contents for different parts of the porphyry ore-forming envi-
ronment. The vapor-like fluid (H-O-S-Cl-C-Au-Ag-Mo-Cu) is 
equilibrated with solid phases that also include Ca, Fe, and Ti 

Table 4. Summary of Starting Fluid Compositions for the Mineral Precipitation Models 
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(wt %)
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Cu
(ppm)

Mo
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Au
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(ppm) Cu/Au Cu/Mo

11a 0.53 0.05 0.19 –4.0 –3.2 406 65.7 0.09 3.27 4,295 6.2
11b 1.03 0.05 0.23 –4.0 –2.8 380 12.7 0.14 2.62 2,763 30
11c 3.17 0.05 0.86 –3.9 –2.1 65.5 0.21 0.74 3.98 89 318
11d 2.92 0.05 0.69 –3.2 –1.8 144 0.02 0.47 2.18 309 8,169
11e 0.13 0.29 0.08 –3.8 –3.4 2,620 81.3 0.16 8.72 16,624 32
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1Cu data were reduced by removing data points that do not follow systematic P-T trends (Fig. 4c, d; App. 1)
2Compiled from seven deposits with documented CO2-bearing inclusions
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in equilibrium with magnetite, anhydrite, and rutile. The RH 
porphyry field is constrained by equation (4) (hematite-mag-
netite) toward more oxidizing conditions and by equation (2) 
(rutile-magnetite-ilmenite) toward more reducing conditions. 
The reducing boundary condition is expanded in pyrite satu-
rated simulations to RH values of –3.0 bounded by equation 
(5). The RH conditions identified here overlap with predicted 
fO2

-T ranges in Richards (2014), which indicate that porphyry 
Cu-Au ore formation is favored by the H2S-SO2 gas buffer 
over more reducing mineral buffers. 

The dominant Fe-bearing mineral assemblage affects the 
stability field of Fe2+-bearing minerals and constrains RH val-
ues relevant for porphyry ore-forming fluids. The only other 
Fe-bearing mineral phase occurring in high-temperature por-
phyry alteration zones is biotite, which contains Fe2+ and/or 
Fe3+ and, for simplification, was not simulated in this study. 
Simulations designed to investigate the redox potential in 
silicate-bearing systems (App. 1) predict mineral assemblag-
es typical of the high-temperature stage of porphyry deposit 
evolution (biotite, K-feldspar, plagioclase, quartz, andalusite, 
magnetite, rutile, anhydrite). The RH values of these simula-
tions are –3.3 and –4.2, which are within the range represent-
ed by the simplified assemblages that exclude silicate phases. 

The S content of the fluid is reflected in the mineral buffer-
ing assemblage through saturation of different S-bearing min-
erals. At low S content (~0.09 wt %), anhydrite becomes stable 
over calcite in a fluid with 2 wt % C (~7 wt % CO2), and in the 
Si-bearing calculations anhydrite is stable at parts per trillion 
levels of S in vapor-like fluids (App. 1). At a high S content 
(>4.8 wt %), pyrite and pyrrhotite are stabilized over magne-
tite. This reaction is also observed in simulations involving sili-
cates, for which the S content is >4.6 wt % (see App. 1). These 
reactions constrain the S content of vapor-like fluids with RH 
values ranging between –3.0 and –4.1. As explained above, 
a typical high-temperature porphyry mineral assemblage in-
cludes magnetite, anhydrite, and rutile, whereas pyrite and 
pyrrhotite are generally not present. Nonetheless, inclusions 
of intermediate and monosulfide solid solutions (iss and mss) 
have been observed in magmatic minerals from several por-
phyry ore deposits and active volcanic analogues (Halter et al., 
2002, 2005; Nadeau et al., 2010, 2016; Wilkinson, 2013; Rich-
ards, 2014; Rottier et al., 2019). The presence of these high-
temperature sulfide phases is attributed to sulfide saturation in 
silicate melts. In the context of the simulations presented here, 
the occurrence of pyrite and pyrrhotite in the buffering min-
eral assemblage may be viewed as representative of magmatic 
sulfide saturation during the exsolution of aqueous fluids.

Numerical Simulation Results

Effect of fluid composition on ore metal solubility and  
metal ratios

The titration models were designed to determine the controls 
of Cl, S, and redox conditions on metal solubility and metal 
ratios in vapor-like porphyry ore fluids. The titration mod-
els were performed at 600°C and 810 bar (i.e., a density of  
300 kg/m3) to represent the conditions of a high-temperature 
vapor-like fluid after it had exsolved from a magma (Fig. 1). 
The fluid was saturated with ore minerals and buffered by 
various Ca, Ti, and Fe minerals. The results of these simula-
tions are summarized in Table 5, Figures 6 through 8, and 
Appendix 1. 

The effect of Cl was modeled by progressively increasing 
the Cl content in the gas from 0.01 to 1.0 wt % at a constant S 
concentration of 0.2 and 5.5 wt %, respectively (Fig. 6). The 
simulated Cl contents (0.01–1.0 wt %) overlap with the range 
of Cl concentrations measured in volcanic gases (0.002–16.3 
wt % Cl) and in NaCl-bearing vapor-like and intermediate-
density inclusions from porphyry ore deposits (0.6–9.3 wt % 
Cl; Table 3). Although at the lower end of the Cl concentra-
tion range for fluid inclusions, the simulated contents are con-
sidered to be realistic, as only a small proportion of the Cl in 
the porphyry fluids is available for complexation with Cu, Au, 
and Ag. Thus, the Cl content used in this model can be con-
sidered equivalent to the excess Cl in the form of HCl (i.e., 
the Cl not complexed with Na, K, and Fe) in porphyry ore 
fluids. For example, for a total chlorinity of 5 wt % NaCl equiv 
at 0.01 HCl/∑Cl, the HCl content is 0.05 wt %, and for 0.1 
HCl/∑Cl, the HCl content is 0.5 wt %. Numerical simulations 
conducted at higher Cl contents result in orders of magnitude 
higher simulated metal solubility, greatly exceeding reliably 
measured metal contents in vapor-like and intermediate-
density fluid inclusions (Table 3). The buffering mineral as-
semblage was magnetite-anhydrite-rutile for the low-S model 
(Fig. 6a) and pyrite-anhydrite-rutile for the sulfide-saturated 
model (Fig. 6d). Gaseous metal chloride species of Cu, Ag, 
and Au increase in concentration with increasing Cl content, 
whereas concentrations of Mo and the AuS species remain 
constant (Fig. 6b, e). The Cu/Mo and Cu/Au ratios increase 
with increasing Cl content (Fig. 6c, f). 

To investigate the effect of S on metal solubility, the S con-
tent of the fluid was increased progressively from 0 to 10 wt % 
at constant Cl concentrations of 500 ppm and 0.3 wt % (Fig. 
7). The gas phase was initially buffered by the assemblage 
magnetite-anhydrite-rutile at low S contents. The redox con-

Table 5. Summary of Metal Concentrations and Ratios from the Equilibrium Models at 600°C and 810 bar with Varying Fluid Chemistry

Model
S

(wt %)
Cl

(wt %)
Cu

(ppm)
Au

(ppm)
Mo

(ppm)
Ag

(ppm) Cu/Au Cu/Mo
Cl titration1 0.1 0.01–1.0 0.01–8,817 0.002–0.5 130 0.0002–22 7–17,143 6.0–560,444
Cl titration2 5.5 0.01–1.0 27–7,533 1.8–4.7 0.2 0.9–18 15–1,598 135–40,761
S titration1,2 0–10 0.05 219–794 0.0001–7.6 0.03–322 0.1–4.2 29–601,871 1.5–8,324
S titration1,2 0–10 0.3 1,937 –4,727 0.008–8.2 0.03–344 0.7–11.7 238–611,715 7.9–66,782
Redox titration1 0.1 0.05 483–507 0.07–0.12 85–221 4.2–4.3 4,046–6,960 2.3–5.7
Redox titration1 0.1 0.3 2,731–2,785 0.2–0.4 80–230 11.6–12.1 7,604–14,910 12–34
Redox titration2 5.5 0.05 163–324 0.8–3.7 0.006–1.7 2.3–3.4 55–391 190–25,785

1Buffered by the typical porphyry mineral assemblage: magnetite-anhydrite-rutile
2Buffered by the sulfide saturated mineral assemblage: pyrite-anhydrite-rutile(-magnetite)
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