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ABSTRACT 

  

Magmas play a key role in the genesis of epithermal and porphyry ore deposits, notably by 

providing the bulk of ore metals to the hydrothermal fluid phase. It has been long shown that 

the formation of major deposits requires a multi-stage process, including the concentration of 

metals in silicate melts at depth and their transfer into the exsolved ore fluid in more 

superficial environments. Both aspects have been intensively studied for most of noble metals 

in subsurface conditions, whereas the effect of pressure on the concentration (i.e., solubility) 

of those metals in magmas ascending from the sublithospheric mantle to the shallow arc crust 

has been quite neglected. Here, we present new experimental data aiming to constrain the 

processes of gold (Au) dissolution in subduction-linked magmas along a range of depth. We 

have conducted hydrous melting experiments on two dacitic/adakitic magmas at 0.9 and 1.4 

GPa and ~1000°C in an end-loaded piston cylinder apparatus, under fO2 conditions close to 

NNO as measured by solid Co-Pd-O sensors. Experimental charges were carried out in pure 

Au containers, the latter serving as the source of gold, in presence of variable amounts of H2O 

and, for half of the charges, with elemental sulfur (S) so as to reach sulfide saturation. Au 

concentrations in melt quenched to glass were determined by LA-ICPMS. When compared to 

previous data obtained at lower pressures and variable redox conditions, our results show that 

in both S-free and sulfide-saturated systems pressure has no direct, detectable effect on melt 

Au solubility. Nevertheless, pressure has a strong, negative effect on sulfur solubility. Since 

gold dissolution is closely related to the behaviour of sulfur in reducing and moderately 

oxidizing conditions, pressure has therefore a significant but indirect effect on Au solubility. 

The present study confirms that Au dissolution is mainly controlled by fO2 in S-free melts and 
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by a complex interplay of fO2 and melt S2- concentration in sulfide-saturated melts, at given 

temperature. In addition, we propose that the transition from sulfide (S2-) to sulfate (S6+) 

species in melt is shifted towards more oxidizing conditions when pressure and the degree of 

melt polymerization increase. If this is true, this may have important consequences during 

mantle melting and magma ascent. In particular, if mantle melting occurred in moderately 

oxidizing conditions, a small degree of partial melting would allow the primary melts to 

become Au-enriched but the relatively high pressure would move the sulfide-sulfate transition 

to more oxidizing conditions, making the primary melts saturated with sulfide phases that 

would sequester gold from the melt. During magma ascent, the decreasing pressure would 

favour the destabilization of sulfides and the release of gold to the silicate melt. However, at 

shallow levels, decreasing pressure, magma evolution, and varying redox conditions would be 

continuously competing to concentrate or fractionate gold. 

 

Keywords: Gold solubility, Pressure, fO2, Sulfur solubility, Sulfide-sulfate transition, Arc 

magmas, Piston-cylinder experiments, Au-Cu-Mo deposits. 
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1. INTRODUCTION 
 

 

 Au-Cu-Mo deposits represent major metal resources known to be spatially and 

temporally associated with intrusive, subduction-linked calc-alkaline magmatism and, 

according to some studies, notably with particular arc magmas whose petrogenesis may 

involve garnet fractionation (i.e., adakitic melts), either by slab partial melting in the upper 

mantle or by deep crustal melting/fractionation (e.g., Jégo et al., 2005 and references therein; 

Zellmer et al., 2012; see also Richards and Kerrich, 2007 for a synthesis). Although the bulk 

of the ore metals seems to originate from the magmas, there is as yet no consensus on 

processes responsible for their concentration. However, the fact that primary ore minerals are 

predominantly sulfides (e.g., Kesler et al., 2002) has led to the suggestion that sulfur may play 

an important role in metal enrichment processes at the magmatic stage (Sillitoe, 1997). 

 Most of previous studies focusing on the behavior of gold in silicate melts aimed to 

determine the partitioning of gold between silicate liquid and sulfide phases (e.g., Bezmen et 

al., 1994; Fleet et al., 1996, 1999; Crocket et al., 1997; Jugo et al., 1999; Simon et al., 2007; 

2008; Bell et al., 2009). Even though these experimental studies quantify the solubility of 

gold in the melt, the reported melt gold concentrations depend on the starting composition of 

the metal-doped sulfides. Nevertheless, Borisov and Palme (1996) report Au solubility values 

from ~300 to 2000 ppb in anhydrous haplobasaltic S-free melt at 1 atm and 1300-1400˚C, and 

suggest that gold dissolution is dependent on the oxidation state by involving Au2O species. 

Jégo et al. (2010) report much lower solubility values (30-240 ppb Au) in S-free dacitic 

compositions at 4 kbar and 1000˚C, but also show an increase of melt Au contents with fO2 in 

a way consistent with the dissolution of gold as both Au
1+

 and Au
3+

 species. In presence of 
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sulfur, Simon et al. (2007) report gold solubility values up to 1100 ppb in Cl-bearing 

haplogranitic melt at ~NNO (800°C, 1-1.5 kbar) and Jugo et al. (2005) give evidence for a 

solubility on the order of ~500 ppb in anhydrous basaltic melt (1300°C, 10 kbar) in reducing 

conditions, while a solubility value of ~800 ppb is reported by Bezmen et al. (1994) in the 

Bushveld Complex melt (1300°C, 4 kbar, ~NNO). Those three solubility values are 

noticeably lower than those obtained by Jégo and Pichavant (2012) in dacitic compositions 

(1000°C, 4 kbar), which range from 1200 to 4250 ppb Au at ~NNO-1 and from 865 to 2400 

ppb at ~NNO+1.5, depending mainly on the melt S content. Jugo et al. (1999) also report high 

gold solubility values, i.e., ~ 4 ± 2 ppm in hydrous haplogranitic melt (850°C, 1 kbar) in 

moderately oxidizing conditions (~NNO±0.5). Recently, Botcharnikov et al. (2010) presented 

the first experimental Au solubility data in S-bearing hydrous intermediate (i.e., andesitic) 

silicate melts around NNO. Similarly to Jégo and Pichavant (2012), the data reported in 

Botcharnikov et al. (2010) suggest a positive correlation between the concentrations of Au 

and S dissolved in the melt under reducing/moderately oxidizing conditions. However, 

Botcharnikov et al. (2010) show significantly lower Au solubility values (from 300 to 2500 

ppb) compared to Jégo and Pichavant (2012), and Zajacz et al. (2012; 2013) also report 

similarly lower Au concentrations (from 220-1550 ppb Au and from ~60-3200 ppb Au, 

respectively) in reducing to moderately oxidizing conditions at 1000°C and 2 kbar. 

Nevertheless, another study by Botcharnikov et al. (2011) reports much higher gold 

concentrations (from 250 to 8000 ppb Au) in basaltic to andesitic melts over an fO2 range 

going from NNO-1 to ~NNO+2, which emphasize the role of fO2 in controlling the 

incorporation of gold in melt. Under more oxidizing conditions (fO2 ≥ NNO+3), Jégo and 

Pichavant (2012) show that gold dissolution is much less effective - with solubility values 

around 600 ppb Au - and seems independent on the melt S content, yet very high. Thus, the 
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respective effects of the oxidation state and the presence of sulfur on gold solubility are partly 

understood so far, contrarily to the influence of pressure and temperature. 

 Although no previous study has focused on its pressure dependence, the solubility of 

gold in silicate melts may vary with depth in a significant way, independently of any 

fractionation process. If this is true, it may lead to important implications for the gold budget 

of arc magmas rising up through the mantle wedge and the arc crust. A few other ore-forming 

metals (Mo, Pt, Te, Se,…) as well as sulfur have been previously studied to estimate the 

pressure effect on their solubility in silicate melts (e.g., Mavrogenes and O’Neill, 1999; Ertel 

et al., 2006; Rose-Weston et al., 2009; Burkemper and Agee, 2010), but all experiments were 

performed at much higher pressures, some of these studies aiming to constrain early Earth 

evolution and core-mantle differentiation. Here, we aim to evaluate the ability of the silicate 

melt to incorporate gold during partial melting of a deep source (upper mantle or lower crust), 

saturated with sulfide phases or not, and see how the initial gold budget of a primary melt will 

evolve during its adiabatic ascent through the arc crust. Such information is indeed decisive to 

understand if the pre-concentration of Au at the magmatic stage is pressure-dependent and, 

therefore, to determine to which extent magmas are able to participate in the formation of ore 

deposits. 

 We approach the problem by providing new experimental Au solubility data in 

representative arc magmas at 0.9 and 1.4 GPa, with and without sulfur, and comparing them 

to previously published data at lower pressure. Understanding the relative effects of critical 

parameters such as pressure, oxygen fugacity, and sulfur fugacity on the solubility of gold in 

intermediate silicate melts is the central question addressed in this study. The experimental 

results allow the transport properties for Au of S-free and S-bearing magmas to be compared 
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at different depths. They also place constraints on mechanisms of Au complexation in 

hydrous magmatic liquids of dacitic composition, typical of arc settings. 

 

2. STARTING MATERIALS AND EXPERIMENTAL STRATEGY 

 

2.1 Starting materials 

 

 Our experiments were performed in parallel on two natural calc-alkaline samples from 

the North Luzon arc (Philippines). They are both dacitic in composition, one being 

representative of a typical adakite (Bal2) whereas the other one stands for an intermediate 

adakite (Pin Dac) according to the definition of Jégo et al. (2005) (a summary of this adakite 

classification is given in Jégo et al., 2010). Recent (< 20 Ma) magmatism in the North Luzon 

arc is linked to the current subduction of the South China Sea plate along the Manila Trench, 

and includes a range of arc rocks (Sajona and Maury, 1998; Prouteau et al., 2000; Yumul et 

al., 2000; Bellon and Yumul, 2001; Jégo et al., 2005). World-class Cu-Au deposits are 

spatially and temporally associated with this recent magmatic activity, as shown by the chain 

of porphyry copper deposits extending from Dizon in the south to Lepanto in the north, and 

the epithermal Au deposits from the Baguio district (Bellon and Yumul, 2000; Imai, 2001; 

2002). In the Baguio district, there is an intimate association between intrusive rocks and 

mineralization (Santo Tomas II Cu-Au porphyry and Antamok and Acupan epithermal Au 

deposits, Imai, 2001; 2002; Polvé et al., 2007). The selected starting rocks are samples of this 

recent magmatic episode in North Luzon. Their respective sampling location and geochemical 

characteristics (major and trace elements) are described in detail by Jégo et al. (2010). It is 

worth stressing that both starting samples have similar SiO2, Al2O3 and alkaline contents 
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(Table 1), whereas Bal2 is slightly richer in MgO and Na2O and poorer in FeOT, features 

characteristic of an adakitic imprint. In addition, although both samples show enriched Large 

Ion Lithophile elements (LILE) and Light Rare Earth Elements (LREE) and depleted High 

Field Strength Elements (HFSE) and Heavy Rare Earth Elements (HREE), the HREE and 

yttrium (Y) contents are significantly lower in Bal2 than in PinDac, consistent with a more 

extensive fractionation of these elements by garnet during adakite genesis (e.g., Defant and 

Drummond, 1990; Sen and Dunn, 1994), as evidenced by the very high Sr/Y ratio of Bal2 

(197.8) compared with the relatively low one of PinDac (42.4). 

 Sulfur contents in starting materials (double-melting glass) are below the detection 

limits of the FE-EPMA apparatus (Table 1), i.e. less than 30 ppm. Besides the fact that we 

avoided starting samples containing anhydrite crystals, such low S contents are likely due to 

volatilization and loss of sulfur during the preparation by double melting of the starting rock 

glass powder at 1400°C in air. The bulk gold contents of our samples are quite low (12 and 38 

ppb; Table 1), close to the detection limits (which are generally ≤ 10 ppb) of the analytical 

equipment (ICP-MS, Toulouse, France); these Au concentrations are in the same range as 

those measured by Borisova et al. (2006) in the rhyolitic matrix glass of the Pinatubo 1991 

white dacite (22 ± 8 ppb). Note that the typical adakite Bal2 is the most Au-enriched. 

 

 
2.2 Experimental Strategy 

 

 The aim of this study is to investigate the effect of pressure on the solubility of Au in 

S-free and S-bearing hydrous intermediate silicate melts at the magmatic stage (i.e., before 

exsolution of the magmatic volatile phase and partitioning of Au towards ore-forming 
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hydrothermal fluids) in subduction zone settings, in order to qualitatively and quantitatively 

evaluate the evolution of melt transport properties for gold in both adakitic and non-adakitic 

magmas from their respective source region (upper mantle wedge or deep arc crust) to levels 

of emplacement (upper crust). To simulate conditions of evolution of intermediate arc melts 

as closely as possible in the experiments, pressures of 0.9 and 1.4 GPa were chosen to account 

for lower arc crust (~30 km depth) and upper mantle wedge (~50 km depth) magmatic 

conditions. An elevated temperature (975-1000°C), close to or above the liquidus of dacitic 

compositions such as the two starting rocks (e.g., Prouteau and Scaillet, 2003), was adopted. 

Hydrous conditions were imposed, the liquidus temperature allowing the concentration of 

H2O in melt to be varied without inducing significant crystallization of silicate phases. The 

experimental fO2 could not be controlled or trivially varied since hydrogen fugacity is 

intrinsic of the piston-cylinder assembly (due to the solid state of the pressure-media) which 

imposes redox conditions around ~NNO; however, fO2 was estimated by the solid sensor 

technique for more accuracy. Also, in order to explore the effect of sulfide saturation on Au 

solubility at high pressure, half of the experiments reported in this study were performed with 

addition of elemental S. 

 
 
3. EXPERIMENTAL AND ANALYTICAL METHODS 

 

3.1. Experimental Charges 

 

 Each of the two natural samples was ground in an agate mortar, then placed in a Pt 

crucible and fused at 1400°C, 1 bar, in air for 4 hours. Two cycles of melting were performed 

to produce chemically homogeneous glasses which were then crushed. For each run, about 20 



  

 

 

 

 

10 

 

 

 

mg of this starting glass powder were loaded in two pure Au capsules (1.8 mm ID, 2.0 mm 

OD, ~8 mm length). For half the sample charges, elemental sulfur was added in order to reach 

sulfide saturation and homogeneously mixed with the glass powder before capsule loading: 

~1 wt% S added in 3 runs (10, 11 and 15), ~15 wt% S added in run 16, and ~7.5 wt% S added 

in run 17. In all sample charges, variable amounts of deionized distilled water (~10-15 wt% of 

the total charge) were added to the glass powder (± S), depending on the desired melt water 

content (cf. Table S1). In S-free runs, the charges are not vapor-saturated (since melt aH2O is 

less than unity; cf. Table 2), but in S-bearing runs all charges are vapor-saturated even if aH2O 

< 1 (owing to the formation of a fluid phase induced by the sole presence of sulfur in the 

system; cf. Jégo and Pichavant, 2012). In every experiment, one additional Au capsule 

containing the fO2 sensors (see below) was placed together with the two sample capsules in 

the sample cell of the apparatus. The three Au capsules were closed with a single gold lid 

topped by a nickel lid, capsule sealing being ensured by pressure welding during experiment 

(Nakamura and Watson, 2001). 

 In this study, the source of Au was the container capsule. Au is relatively inert with 

respect to Fe-bearing charges. It is known experimentally to be quite permeable to H2 at 

elevated temperatures (e.g., Chou, 1986; Gunter et al., 1987; Linnen et al., 1995; 

Truckenbrodt and Johannes, 1999). For our experimental conditions (in particular, 

temperature and Au capsule thickness), and depending on the amount of elemental sulfur 

loaded into the capsule that will either have to be reduced or oxidized, charges equilibrate 

with the fH2 imposed by the piston cylinder assembly in timescales of several dozen minutes 

(Scaillet et al., 1992; Schmidt et al., 1997). This is much less than our experimental durations 

(~100 h), supporting that redox control is effectively achieved in our experiments (Jégo et al., 
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2010). 

 

3.2. fO2 Sensors 

 

 Experimental redox conditions were accurately determined by the CoO + Co-Pd solid 

sensor technique (Taylor et al., 1992). Although this redox sensor was designed and tested for 

pressures and temperatures lower than our experimental conditions, the fact that all calculated 

fO2 values are very close to the NNO buffer (between NNO-0.6 and NNO+0.2; cf. Table 2) - 

whereas the intrinsic redox conditions imposed by the piston cylinder assembly are known to 

be around NNO – shows the accuracy of such redox sensors at high P and T and gives an a 

posteriori validation of their use in our experiments. 

The sensor assemblage consisted of a mixture of Co + Pd metal powders in variable 

proportions, plus metal oxide (CoO). For each experiment, two pellets of the sensor 

assemblage were prepared, with respectively a high and low Co/Pd ratio. These were loaded 

in a ~8 mm length Au capsule containing ~10 mg of deionized water, lined with ZrO2 powder 

(~0.5 mm thick) to prevent significant alloying between the pellets and the capsule walls (in 

most cases, less than 2.5 at.% Au were measured in run product Co-Pd alloys). The sensor Au 

capsule was placed together with the experimental Au capsules inside the sample cell. 

 

3.3. Experimental Equipment and Procedure 

 

 Experiments were performed using an end-loaded “Rockland Research” piston 

cylinder (PC) apparatus at the Department of Earth Science, Tohoku University (Japan). 

Experiments were conducted at 0.9 and 1.4 GPa with run temperatures varying between 975 
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and 1000°C, and stopped by shutting the power off, which allowed the melt to be quenched 

relatively rapidly (T < 100°C after 1 minute). All experiments used ¾-inch pyrex-NaCl 

assemblies with straight graphite heaters and Al2O3 spacers above and below the capsules. 

For each run, three Au capsules (2 samples + 1 sensor) were tightly placed inside three holes 

drilled in a single outer capsule made of machinable ceramics (MgO + Al2O3 + F-micas; 10 

mm OD, ~8 mm length; MacorTM of Ishihara chemical Co. Ltd.), except for runs 1 and 2 

which were performed by using outer capsules made of pure Ni (according to the routine 

protocol at the host laboratory). Care was taken to position the capsules within the hotspot of 

the assembly and within 1 mm of the thermocouple tip. For this assembly, temperature 

gradients across the sample are expected to be less than 20°C based on calibration 

experiments using different run temperatures and several sample cell configurations. 

Temperature was controlled using “W/Re 5-26” thermocouples (W95Re5/W74Re26) and a 

“Eurotherm” temperature controller and is precise to within 3°C. Pressure is converted from 

load, the actual sample pressure being within 95% of the load pressure in our experiments. 

Recovered capsules were mounted in epoxy, cut in half, polished successively to a final 

diamond grit of 1 µm, and coated with a ~0.03 µm carbon film by using a standard thermal 

evaporation technique. 

 

3.4. Analytical Methods 

 

3.4.1. Major and Minor Elements 

 

 Experimental glasses were analyzed for major and minor elements (including SO3) 
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with a JEOL JXA-8500F electron microprobe (IES-Academia Sinica facility, Taipei, Taiwan) 

equipped with 5 spectrometers. All data (except for sulfur) were obtained using 12 kV 

acceleration voltage, 3 nA beam current, a defocused electron beam (~10 µm diameter), and 

peak and baselines counting time of 10 s and 5 s, respectively. Numerous analyses (~50-100) 

were performed on each sample to increase analytical accuracy and check for the chemical 

homogeneity of the glasses. Natural and synthesized reference minerals were used as 

standards: forsterite (Tohoku Univ.) for Si and Mg, corundum (JEOL Ltd.) for Al and Ca, 

rutile (JEOL Ltd.) for Ti, fayalite (Tohoku Univ.) for Fe, tephroite (Tohoku Univ.) for Mn, 

jadeite (JEOL Ltd.) for Na, adularia for K, and F-apatite (Astimex Standards Ltd.) for P. 

 When present in the S-bearing charges, the sulfur-bearing mineral phases at 

equilibrium were always sulfides (i.e., no sulfate), so the proportion of sulfur occurring as S
6+

 

species in glass was assumed to be very minor, not more than a few percent considering the 

fO2 of our experiments (cf. Jugo et al., 2010). In addition, we used the SKα peak shift method 

on the electron microprobe (Klimm et al., 2012) to confirm the oxidation state of sulfur in 

some experimental glasses from Jégo and Pichavant (2012). The results (Fig. S1) suggest that 

sulfur is mostly expressed as S2- in the run products of the present study since their fO2 

estimates all range between those of charges C4E and C1C whose SKα peaks are aligned with 

that of pyrrhotite. Therefore, only the position corresponding to S2- was chosen for all S-

bearing charges, and pyrite was used for calibration. Sulfur in the starting glasses was 

measured by using the same FE-EPMA facility. Sulfur contents were always found to be 

below the detection limit (Table 1), even when using 15 kV acceleration voltage, 50 nA beam 

current, a defocused electron beam (10 µm diameter) and peak counting times as long as 500 

s. Such analytical parameters lower the limit of detection to less than 30 ppm S (calculated as 

three times the standard deviation of replicate measurements). 
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 The composition of silicate mineral phases (mostly clinopyroxene and amphibole) was 

determined as above. The major element composition of oxide (magnetite) and sulfide 

(pyrrhotite) mineral phases was determined using 15 kV acceleration voltage, 10 nA beam 

current, a focused electron beam (~3 µm diameter). Hematite, pyrrhotite, anhydrite and pure 

metals were used as standards. 

 The JEOL JXA-8500F electron microprobe was also used for determining the 

composition of the solid fO2 sensors. The metals analyzed were Co, Pd, O, Ni and Au to 

control the absence of any contamination from the capsule. The data were obtained using a 

counting time of 20 s, an acceleration voltage of 20 kV, a beam current of 20 nA and a 

focused electron beam (1 µm diameter). Pyrrhotite and pure metals were used for calibration. 

 
3.4.2. H2O Concentrations in Experimental Glasses 

 

 Glass H2O contents were estimated by difference to 100 wt% (i.e., total of oxides) 

from the EPMA analyses of major and minor elements in glasses after correction for the loss 

of alkalis (Na, K) under the electron beam. To minimize the effect of migration of the alkalis 

in these hydrated glasses, their measured concentrations were adjusted by applying correction 

factors determined from the analysis of the alkalis in the anhydrous starting glasses, taken as 

secondary reference. Peak counting times and analytical conditions were kept the same for all 

charges (including starting materials), so the correction factors were calculated as a function 

of the estimated glass H2O content for a given melt composition. The numerous EPMA 

analyses performed on each glass lead to a good statistical estimation of the melt H2O 

concentrations and show that water is homogeneously distributed within the silicate charges. 
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3.4.3. Gold concentrations in Experimental Glasses 

 
 

 Gold contents in experimental glasses were determined using the laser ablation ICP-

MS facility at IFREE (JAMSTEC, Japan). This system consisted of an inhouse 193 nm ArF 

excimer laser using COMPex 102 (Coherent) laser source coupled to a Thermo Fischer 

Scientific, VG PQ3 quadrupole ICP-MS. NIST 612 was used as the external standard for Au 

and the isotope 29 of Si (29Si) was used as an internal standard. The ICP-MS was tuned to 

obtain maximum sensitivity and stability using mid mass 115In peak and to obtain low oxide 

yield using ThO/Th to be less than 0.3%. 

 A time-resolved analysis (TRA) was used, constituted of a first part corresponding to 

the gas blank (laser off), followed by a second part corresponding to the sample signals (laser 

on). The ablation was performed by drilling; thus the hole drilled becomes progressively 

deeper with time. The data were obtained using 180 mJ energy at laser source and a fluence of 

5 J/cm
2
 on sample surface. The diameter of the laser beam and the repetition rate were 

optimized to 20 µm and 5 Hz, respectively, resulting in a 20-25 µm depth hole after 40 s 

ablation. A background (gas blank) time of 20 sec was chosen (sweep time of ~163 msec and 

dwell time of 20.48 msec per peak). At least 10 analyses were made for each experimental 

charge to check for homogeneity. NIST 612 standard (Au = 4.58 ppm; Sun et al., 2004; 

Jenner et al., 2010) was used for calibration and the calculation of Au concentrations. The 

washout time of the ablation cell was 20 sec (i.e., slow), and a signal-smoothing device was 

used, so that all the signals were averaged out. Only flat signal regions, or regions with 

inherent and limited variability in the LA-ICPMS signal (likely due to the presence of finely 

dispersed, tiny, nanometer-size (or less) quench gold nuggets, invisible in SEM images) from 

the glass matrix in the TRA were chosen for Au abundance calculations after gas blank 
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subtraction. No large (micron-size) gold nuggets were observed in SEM images nor detected 

from laser ablation signals. Large negative-positive spiky signals from both silicate crystals 

and sulfide inclusions or micro-crystals were neglected. The 181Ta peak was also analyzed in 

order to monitor 197TaO+ interference on 197Au, which was negligible during analyses. 

Gold was found to be homogeneously distributed in all glasses, as shown by the low ratios of 

standard deviation over melt gold concentration (σ/[Au]melt) of the LA-ICPMS analyses of Au 

concentration in glass (average σ/[Au]melt = 0.14; min. = 0.01; max. = 0.28). The highest 

ratios are found in the charges of the first two runs, performed with nickel outer capsule, and 

in the Au-richest charge; they remain well below 30%, though, which is satisfactory given the 

very low gold concentrations in the sulfur-free glasses (around 150 ppb; Table 2). 

 

3.4.4. Analytical Data Processing 

 

 For each charge, water activity (aH2O) was calculated from the H2O content and the 

major element (excluding S) composition of glass, using the model of Burnham (1979). 

Oxygen fugacity (fO2) inside the experimental charges was calculated from both experimental 

fH2 and fH2O (the latter obtained from aH2O), following the water dissociation equilibrium: 

  ��� =	 ���. �
��/�
���           (1) 

with Kw (taken from Robie et al., 1978) being expressed as: 

log�� = 49.694− 7.967. 10��. � + 53.364. 10��. �� − 13.333. 10��. ��     (T in K)     (2) 

Experimental fH2 was determined from the sensor capsule since fO2 inside the sensor capsule 

is known from the composition of the Co-Pd alloy phase (Taylor et al., 1992) and H2O is 
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present in excess inside the sensor capsule (hence fH2O = fH2O°). The fO2 is known to better 

than 0.25 log units (Scaillet et al., 1995; Martel et al., 1999). Throughout this study, the fO2 is 

expressed relative to the NNO (Ni-NiO) oxygen buffer whose value was calculated by using 

the calibration of Pownceby and O'Neill (1994) as a function of P and T. 

 The fugacity of sulfur (fS2) was calculated from the expression of Liu et al. (2007) 

which considers T, fO2, and the mole fraction of FeO in melt, and includes a correction term 

for pressure: 

log���
 ," = 6.7 − #�$%%

"
− 2. log'()* + ∆,-. + ∆/0 . �1 − 1�/2.303.2�                         (3) 

where T is in K, P in bar, ∆Vr = 0.904 J/bar, and ∆FMQ refers to the fO2 expressed relative to 

the FMQ (fayalite-magnetite-quartz) oxygen buffer. According to Liu et al. (2007), their 

equation reliably estimates fS2 to within an uncertainty of 0.7 log units. 

fSO2 and fH2S were calculated from T (in K), fS2, fO2 and fH2O by using the equilibrium 

constants of Ohmoto and Kerrick (1977), according to the relations: 

���� = �3*4 . ���. 5���
#/�6  with log�3*4 = �18929/�� − 3.783     (4) 

�
�� = �843. �
��. 5���
#/�6/5���

#/�6  

with log�843 = �−8117/�� + �0.188. log�� − 0.352        (5) 

 

4. RESULTS 

 

 Results for a total of 27 experimental charges are reported, including 11 S-added 

charges. Experimental conditions and results are summarized in Table 2. 

 

4.1. Experimental Parameters (aH2O, fO2, fS2) 
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 H2O contents in glass range from 5.4 to 14.8 wt% (Table 2), with corresponding aH2O 

values ranging from 0.41 to 'sub-saturation' (aH2O = 0.96). Bal2 melt H2O concentration at 

sub-saturation is greater than 12 wt% at 0.9 GPa (as shown by charge Au16-2) and 15 wt% at 

1.4 GPa (charge Au17-1). It differs little between the two investigated compositions (for 

PinDac, aH2O = 0.90 with 11.3 wt% H2O, at 0.9 GPa; charge Au13-1), in agreement with 

their similar major element compositions. 

 Oxygen fugacity values range from NNO-0.63 to NNO+0.21 (Table 2). A narrow fO2 

range has thus been investigated, centered around the NNO buffer which is thought to 

correspond closely to the intrinsic fO2 imposed by the piston cylinder assembly. In S-bearing 

charges, the calculated sulfur fugacity values vary little in most experiments (0.55 < log fS2 < 

0.96), except for the run 17 (1.4 GPa, 7.5 wt.% S added) which shows very high log fS2 

values (3.55 and 3.84). In a similar way, fSO2 and fH2S range from 0.76 to 2.73, and from 

3.36 to 5.46, respectively (Table 2). It is worth noting, though, that these fH2S estimates 

appear quite high, likely because the equilibrium constant KH2S of Ohmoto and Kerrick (1977) 

and the water dissociation constant KW of Robie et al. (1978) may not be totally valid at the 

experimental pressures of the present study. Those values should therefore be treated 

cautiously. 

 

4.2. Experimental Products and Compositions 

 

 All experimental charges comprise silicate melt quenched to glass and a small 

proportion (< 10 wt% total) of crystalline phases (silicates, sulfides, oxides, Table 2; see Fig. 
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1 for textures typical of most of our run products). It is worth noting that, for some H2O-rich 

charges, the silicate melt could not be completely quenched to a glass at such high pressures 

but represented a kind of gel substance corresponding to a supercritical phase, as observed in 

previous studies (e.g., Bureau and Keppler, 1999). In sulfur-free charges, a vapour phase is 

considered to be present (i.e., the system at equilibrium is fluid-saturated) when bubbles can 

be observed in EDS images of the charges (cf. Table 2). In S-bearing charges, a vapour phase 

is considered to be systematically present even if the melt is strictly-speaking H2O-

undersaturated (aH2O <1) under the experimental conditions: this is due to the relatively low 

solubility of S in silicate melts that systematically induces – besides the formation of a S-rich 

mineral phase at sulfide saturation (i.e., pyrrhotite) - the formation of a S-rich vapour phase 

(containing mainly H2S + SO2 + S2 + H2O) at equilibrium, whatever the aH2O value 

calculated in the corresponding S-free system (see section 3.4.4). Then, the presence of a 

vapour phase may lead to significant partitioning of gold from liquid to vapour (e.g., Ulrich et 

al., 1999; Sun et al., 2004; Simon et al., 2007; Zajacz et al. 2010; 2012). Given the amount of 

H2O initially loaded in the capsules, the calculated melt H2O contents, and the approximate 

mass of the silicate charges, this vapour phase is present in very low amounts (probably less 

than a couple wt% of the total charge). In most charges, the exsolved fluid phase is external to 

the glass bead, i.e. it is not trapped as bubbles. Therefore, gold concentrations obtained by 

ablating the glass are believed to truly reflect those in the melt, and not the combined melt + 

fluid gold contents. In the few bubble-bearing charges, bubbles were large enough (from a 

few µm to a few dozen µm) to allow us to clearly distinguish their own gold signal during 

laser ablation; thus all signals from bubbles were easily expelled before calculation of melt 

gold concentrations. We did not examine here the partitioning of gold between melt and fluid 

because the experimental setup of the present study was not designed to permit the 
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determination of the fluid composition. Nevertheless, gold partitioning between fluid and melt 

has been investigated in a number of previous studies (Frank et al., 2002; Simon et al., 2003; 

2005; 2007; Zajacz et al. 2010; 2012). 

 Major element compositions of experimental glasses are given in Table S2. When 

recalculated to anhydrous melt compositions, they variably differ from their respective 

starting glass composition according to the proportion of condensed phases, even if this one is 

generally low in the run products (i.e., <10 wt%). However, significant depletions in FeO and 

MgO, and to a lesser extent in TiO2 and Na2O, associated with slight enrichments in Al2O3 

and K2O, occur in most glasses when compared to the respective starting compositions (see 

Table 1). Given the generally low affinity of Fe for the Au capsule walls (although the extent 

of the loss of iron from the sample may be significant in some cases; cf. Ratajeski and Sisson, 

1999), these chemical changes are realistically consistent with significant fractionation of 

pyrrhotite (or oxides in S-free charges) plus amphibole/clinopyroxene. 

 Diopside-rich clinopyroxenes (cpx; Table S3) and/or hornblende-rich amphiboles 

(amph; Table S4), from a few microns to more than 200 µm in size (Fig. 1), appear as the 

silicate liquidus phases in almost all experiments (Table 2). Only two charges from this study 

are crystal-free (Au13-1 and -2), likely because these H2O-rich charges are the two most 

oxidized of the S-free dataset; they are also the two most Fe-rich charges, which is consistent 

with the absence of Fe-bearing crystalline phases. All charges from runs 1 and 2 show large 

crystals of highly Ni-enriched olivine (> 30 wt% NiO; Table S4) generally located on the rim 

of the charges, near or in contact with the gold walls, some of the crystals exceeding 200 µm 

in length. It is worth reminding that both runs 1 and 2 were conducted by using pure Ni outer 

capsules; the presence of sub-liquidus olivine phase in dacitic compositions and the 
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occurrence of such high Ni contents in olivine crystals and silicate glass (0.20-0.40 wt% NiO 

vs. 0.02-0.07 wt% NiO in all other charges; Table S2) suggest a strong diffusion of nickel 

through the gold capsule walls, as previously reported by Bell et al. (2009). This is the reason 

why the composition of the outer capsule was changed to an inert material (i.e., machinable 

ceramics) for the rest of the experiments. Oxides are found in three S-free runs (Au01, 02 and 

03); most have a size from <1 to a few µm (Fig. 1). A few satisfactory electron microprobe 

analyses were obtained for oxides from charges Au01-4 and 02-1 (Table S3); they show that 

these oxide phases are Ni-rich chromites in Au01-4 and Ni-rich Fe-oxides in Au02-1. 

Unfortunately, oxide crystals in Au03 charges were too small to be correctly analyzed; 

however, given the P-T-fO2 conditions of the present study, these oxides are most probably 

magnetite. Except for run 17, sulfides are present in every sulfur-added charge (Table 2; Fig. 

1), ranging from <1 to more than 100 µm in size. They all have similar Fe/S atomic ratios, 

close to 1, implying that these sulfides are pyrrhotites (Fe1-xS, with 0 < x < 0.2; Table S5). No 

evidence was found (from the composition of sulfides) for the presence of an immiscible Fe-

S-O sulfide liquid under our experimental conditions. 

 

4.3 Sulfur concentrations in S-bearing glasses 

 

 Sulfur concentrations in experimental glasses (Table 2) range from 924 to 3364 ppm at 

0.9 GPa and from 261 to 3865 ppm at 1.4 GPa, i.e. over more than one order of magnitude. 

When plotted as a function of fO2 (Fig. 2a), they entirely overlap and even largely exceed the 

glass sulfur contents measured in experimental charges with identical starting compositions at 

0.4 GPa (322 to 2422 ppm S; Jégo and Pichavant, 2012), independently of the fO2 range. 

Most of the glass S contents presented here are also significantly higher than the sulfur 
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concentrations experimentally determined in some previous gold solubility studies at lower 

pressures (0.12 GPa, Simon et al., 2007; 0.2 GPa, Botcharnikov et al., 2010) which do not 

exceed 400 ppm S in melt of comparable composition. However, the magnitude and the 

variability of the glass S concentrations of the present study are very comparable to those 

reported at 0.2 GPa in Botcharnikov et al. (2011), although their melt compositions are 

significantly more mafic (basaltic and andesitic) and their high sulfur concentrations were 

obtained at sulfate-dominated fO2 values. They show a wide range of melt S contents (from 

530 to 6020 ppm) that increase with increasing fO2 (from NNO-0.6 to NNO+2.2). Here, the 

investigated fO2 range is much narrower, but the melt S concentrations also show a steep 

increase with increasing fO2, as previously described by Jugo (2009). Furthermore, the 

increase of melt S solubility with fO2 seems to be steeper with increasing pressure. 

Nevertheless, this last observation might represent an artefact since the two Bal2 charges at 

1.4 GPa (run 17) show abnormally high fS2 values (3.55-3.84) due to the combination of 

higher pressure and higher initial S content, while the rest of the S-bearing charges have 

relatively low and homogeneous fS2 values comprised between 0.55 and 0.96, close to those 

of the moderately oxidized charges at 0.4 GPa (Fig. 2b). Besides, it appears that sulfur is 

mostly expressed in its reduced form (i.e., S2-) in our run products, and that sulfur dissolution 

is a function of the degree of melt polymerization and alkalinity (see detailed discussion in 

Supplementary Information). 

 

4.4 Gold solubility 

 

4.4.1. Gold concentrations in sulfur-free glasses 
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 Gold concentrations in sulfur-free experimental glasses (Table 2) range from 82 to 225 

ppb at 0.9 GPa, and the two charges at 1.4 GPa contain respectively 68 and 142 ppb Au in 

melt. In Fig. 3a, melt Au contents are plotted versus oxygen fugacity and compared with data 

from previous studies at 0.4 GPa (Jégo et al., 2010), 0.2 GPa (Botcharnikov et al. 2011), and 

ambient pressure/high temperature (Borisov and Palme, 1996). All new data plot as a cluster 

at fO2~NNO, showing no particular variation with fO2. Melt Au concentrations at 1.4 GPa are 

not distinguishable from those at 0.9 GPa, nor from those at 0.4 GPa with similar starting 

compositions. Although describing a parabolic trend with increasing fO2, as also proposed by 

Jégo et al. (2010) for 0.4 GPa data, the melt Au contents at 0.2 GPa all are higher than the 

data obtained at higher pressures along an identical fO2 range. Borisov and Palme (1996) 

report melt Au solubility values in reducing conditions (NNO-5 < fO2 < NNO) and particular 

P-T conditions (1 atm/1300-1400°C). These data also describe parabolic trends along their 

fO2 range and show higher melt gold concentrations than those measured at pressures > 0.4 

GPa. Therefore, the observations made from Fig. 3a suggest that there is no pressure effect, 

neither positive nor negative, on the solubility of gold in sulfur-free silicate melts at given 

fO2. This hypothesis seems to be also supported by the absence of any dependence of melt Au 

contents on pressure in Fig. 3b. Melt composition appears to have limited influence on gold 

solubility as well, whereas fO2 and temperature are the key parameters (see detailed 

discussion in Supplementary Information). 

 

4.4.2. Gold concentrations in S-bearing glasses 

  

 The effect of sulfur on melt gold solubility is drastic at all pressures as gold 
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concentrations in sulfur-bearing experimental glasses (Table 2) range from 813 to 6583 ppb at 

0.9 GPa, and the four charges at 1.4 GPa range from 363 ppb to almost 48 ppm Au in the 

melt. In Fig. 4a, Au contents are plotted versus the oxygen fugacity and compared with 

previously published data at 0.4 GPa (Jégo and Pichavant, 2012), 0.2 GPa (Botcharnikov et 

al., 2010; 2011) and 0.12 GPa (Simon et al., 2007). The new data span a wide range of melt 

gold concentrations that overlap almost all other data at lower pressures, and describe a very 

steep positive correlation with fO2, similar to the 0.4 GPa data at ~NNO-1 and NNO+1.5. In 

addition, this observed correlation seems at first sight in good agreement with the data of 

Botcharnikov et al. (2011) for S-bearing andesitic and basaltic compositions. The data 

obtained in the present study at fO2 close to NNO lie exactly on the steep trend of increasing 

Au concentration with fO2 just before the sulfide-sulfate transition. This observation suggests 

that a small increase in fO2 may cause a dramatic increase in Au content and could explain the 

differences between datasets obtained at different pressures. Nevertheless, the two most Au-

enriched charges, showing abnormally high gold contents (18 and 48 ppm) that can be 

explained by a combination of high pressure, high fS2 (Fig. 4b), and high melt S contents, 

emphasize the role of sulfur – not only fO2 – and the importance of considering the interplay 

between different parameters in the mechanism of gold dissolution in silicate melts, as 

discussed in detail by Botcharnikov et al. (2011). 

 In Fig. 5a, Au contents are plotted versus the melt sulfur concentrations. At 0.9 GPa, 

Au contents are quite scattered but they globally increase with S and, importantly, they are 

not distinguishable from gold concentrations obtained at 0.2 GPa by Botcharnikov et al. 

(2011). At 1.4 GPa, Au solubility displays nicely defined correlations with sulfur contents by 

describing an exponential increase. Interestingly, two out of these four charges plot along the 
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Au-S trend very well defined by the reduced/moderately oxidized data at 0.4 GPa. These 

results suggest, at all pressures and in reducing to moderately oxidizing conditions, a 

mechanism of gold dissolution based on an effective complexation between Au and S
2-

 in 

melt. In addition, the efficiency of this complexation does not seem to be related in any way 

to the effect of pressure since, at given melt S content, the solubility of gold is similar at 0.12 

and 1.4 GPa. Apart from fO2 and melt S concentrations, other variables appear to have little 

influence on Au dissolution (see detailed discussion in Supplementary Information). 

 

5. DISCUSSION 

 

5.1 Attainment of equilibrium 

 

 Electron microprobe analyses of experimental glasses and mineral phases have 

standard deviations that are in most cases lower than analytical uncertainties (Tables S1-S4), 

indicating that these phases are homogeneous in terms of their major and minor elements 

(including sulfur). All charges also show homogeneous gold concentrations, with an average 

σ/[Au]melt of only 14%. The ability of the melt to homogenize with respect to Au can be tested 

by considering the amount of time required for Au to diffuse through the melt at run 

conditions. Calculation of the diffusion distance of gold can be performed by assuming that 

the diffusivity of Au (taken as Au
1+

) is intermediate between that of the univalent metals Na 

and Cs (Simon et al., 2007). Thus, at 1000°C and for 6 wt% H2O in the melt, a gold 

diffusivity of ~ 10
-10

 m
2
/s is obtained from Watson (1994). This yields a diffusion distance of 

6 mm for experimental durations of 100 h. Therefore, our experimental conditions (durations, 

temperature and melt H2O contents) and capsule geometries (see above) effectively enabled 
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gold to be homogeneously distributed within the melts, even though a significant proportion 

of Au
3+

 might have to be considered in the calculation for oxidizing experiments (cf. Jégo and 

Pichavant, 2012). In addition, the attainment of equilibrium in our charges is strongly 

supported by the results of time-series runs performed by Bezmen et al. (1994) that show that 

gold equilibrates between sulfide and mafic/intermediate silicate melts after 30 hours at 

1250°C and 4 kbar, for a silicate charge of 6 mm in diameter and 6 mm in height, weighing 

300-350 mg (while our silicate charges weigh only ~20-22 mg). For H2O in glasses, the 

difference-to-100 wt% technique was adopted, which increases the error in comparison to 

direct measurements. However, numerous EPMA analyses of major elements were performed 

on each glass sample; standard deviations (±σ) are generally < 1% (Table 2; Table S2), 

indicating homogeneity. Considering that glass powders were used as starting materials, the 

experimental durations in this study (~100 hours) and the diffusivity data for of H2O in 

silicate melts of intermediate composition (Liu et al., 2004), water is certainly distributed 

homogeneously in the experimental glasses. Therefore, we conclude that our experimental 

phases are chemically homogeneous, a condition necessary for equilibrium. 

 Nevertheless, it should be emphasized that all experimental glasses in this study 

attained their final gold concentrations from the ‘low concentration’ side since gold 

concentrations in starting materials are lower than in experimental glasses. Gold solubility 

was in no case approached from the ‘high concentration’ side. In other words, gold 

concentration data from the present study have not been reversed. Yet, various lines of 

evidence, detailed below, suggest that the Au concentrations measured in the glasses can be 

considered as equilibrium solubilities at high P and T: 

 (1) Gold concentrations in the experimental glasses from this study vary by nearly a 
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factor 400, ranging from 126 to 47771 ppb (Table 2). Gold concentrations in glasses correlate 

with the experimental parameters (cf. sections 4.4.1 and 4.4.2; see also Supplementary 

Information), so that the variations in gold concentrations between samples can be ascribed to 

differences either in fO2, melt S content, aH2O or melt composition. This would be 

unexpected if Au concentrations in glasses were influenced by kinetic factors. It is true, 

though, that the critical variables (e.g., fO2, fS2, T or P) are generally involved in the 

derivation of the equilibrium constants. However, it is not established yet if they may 

potentially exert a control on the kinetics of reactions. In the literature there are no data that 

constrain the effect of such parameters on the diffusion rate of gold. Nevertheless, for 

instance, Watson (1994) reports a relatively small fO2 effect on the diffusion rate of sulfur, 

implying that the diffusing species and/or diffusion mechanism is relatively independent of 

fO2; on the other hand, Winther et al. (1998) conclude that the diffusion rate of reduced S 

species (S
2-

, S
3-

) is significantly higher than that of oxidized S species (SO4
2-

) in melt. In fact, 

it can be assumed that those variables might have a significant effect on the diffusion rate of 

gold during the first few minutes or hours of an experiment - i.e., well before the attainment 

of equilibrium - but they are very unlikely to be the cause of the observed correlations after 

almost 100 hours. 

 (2) In this study, a fast quench method was used systematically. No Au-nuggets were 

found in any charge, similarly to Zajacz et al. (2012) but contrary to most of previous gold 

solubility studies in presence of sulfur (e.g., Franck et al., 2002; Simon et al., 2007; 

Botcharnikov et al., 2010; Jégo et al., 2010; Jégo and Pichavant, 2012), in spite of similar 

quench rates and comparable Au solubility data. The absence of Au-nuggets could thus be 

related to the physical state of the system, i.e., a possible supercritical phase at high pressure. 

Therefore, the gold concentration of the melt did not suffer any modification during quench, 
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implying that the Au concentration data reported unambiguously constrain gold 

concentrations in the melts at high pressure and temperature. 

 (3) Duplicate experiments were performed to check for reproducibility. Run 3 is a 

duplicate of run 1, and run 9 is a duplicate of run 2 (Table 2). In both cases, gold solubilities 

in the two duplicate experiments are mutually consistent and the results stress the direct 

dependence of gold solubilities with fO2.  

 In presence of sulfur, at 0.9 GPa, run 11 is a duplicate experiment of run 10. Although 

run 10 was quenched after 40 hours (due to technical problems), Bell et al. (2011) showed 

that Au contents in basalt at 1000 °C and 0.2 GPa reach steady-state in about 24 hours, 

suggesting that Au10 charges actually reached thermodynamic equilibrium. It may be noted 

that melt Au contents in Au10 charges are 3 to 4 times lower than those in Au11 charges, 

though, but they nicely plot along the trends described by charges Au11 and 16. The lower 

gold solubility observed in Au10 charges is simply explained by lower fO2 (0.3-0.4 log unit 

below the fO2 of run 11), lower melt S contents, lower NBO/T, and higher ASI due to slight 

differences in the amount of H2O and sulfur initially added during the preparation of the 

capsules (cf. Table S5). 

 

5.2 Gold dissolution mechanism in S-free silicate melts 

 

 Gold solubility in sulfur-free silicate melts has been previously shown to be essentially 

controlled by the redox state and the temperature (Borisov and Palme, 1996; Brenan et al., 

2005; Jégo et al., 2010). At given temperature - which has a positive effect on Au dissolution 

in melt (e.g., Fig. 3a; Borisov and Palme, 1996) - and at least along a fO2 range relevant to 
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most of magmatic systems (i.e., approximately log fO2 > -12), Au solubility increases with 

increasing fO2, generally with a slope close to 0.25 consistent with gold dissolving as Au
1+

 (or 

Au2O) in the silicate melt (Brenan et al., 2005). Au2O3 (or Au
3+

) is also a gold oxide 

commonly reported in the literature, but is considered to be more stable than Au
1+

 only in 

low-temperature (< 100°C), oxidizing environments (e.g., Borisov and Palme, 1996). 

Nonetheless, Au3+ was also proposed, together with metallic gold (Au0), to be involved in the 

mechanism of Au dissolution in S-free melts at high fO2 (Jégo et al., 2010). Either way, the 

reaction describing the solution of gold in S-free silicate melts can be expressed by the 

following equilibrium: 

9:�;)<=>� +
?

@
���ABC� = 9:�?/��DEFG�

                 (6) 

where AuOx/2 (melt) stands for the gold oxide species dissolved in the silicate melt, and x 

represents the valence state of gold in solution. 

The present study shows that melt gold solubility in absence of sulfur is not directly 

dependent on the hydration state of the melt (aH2O), neither on its iron content (XFeO) and 

major composition, nor on pressure. The temperature effect may be assessed in Fig. 3a where, 

at given fO2, melt gold concentrations decrease from 1400 to 1300 °C, then 1050 °C and 

finally 1000 °C. Apart from this, the new data obtained at 0.9 and 1.4 GPa plot along the 

trend defined by the data at 0.4 GPa (of similar melt compositions and experimental 

temperature), in a way that the entire data set seems to describe a slight positive slope along 

the fO2 range. Thus, the new data allow to confirm that gold solubility is positively correlated 

to fO2, so that gold dissolution in S-free melts involves oxidized gold species as previously 

reported. But the key information brought up by this study is the absence of any pressure 

effect between 0.2 and 1.4 GPa in sulfur-free systems. 
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5.3 Speciation and dissolution of sulfur 

 

 The behavior of sulfur in silicate melts is known to be highly complex, especially 

because of the change of speciation from reduced sulfur (sulfide, S
2-

) to oxidized sulfur 

(sulfate, SO4
2-

) which occurs over a relatively narrow fO2 range, typically of ~2-3 fO2 log 

units (e.g., Jugo et al., 2005; Baker and Moretti, 2011; Yang, 2012). A large number of 

studies -- among others, Jugo (2009) and Botcharnikov et al. (2011), showed that sulfur 

solubility increases rapidly with fO2 when fO2 is at the sulfide/sulfate transition, i.e. around 

~NNO-1 to ~NNO+3 (depending on the pressure, temperature, melt water content and melt 

composition) (e.g., Baker and Moretti, 2011). The experimental data of Botcharnikov et al. 

(2011) also show that this increase in S solubility, from ~100% S
2-

 in melt to ~100% SO4
2-

 in 

melt, is smaller in amplitude and suggest that the sulfide/sulfate transition is shifted towards 

higher fO2 in andesitic melts compared to basaltic melts. Moreover, when the melt S 

concentration data of Jégo and Pichavant (2012) at 0.4 GPa are plotted against fO2 together 

with those of Botcharnikov et al. (2011) (Fig. 6a), the moderately and very oxidized charges 

of Jégo and Pichavant (2012) describe a similar increasing trend, but even smaller and more 

shifted towards higher fO2 than the andesitic charges of Botcharnikov et al. (2011). In detail, 

sulfur contents in basaltic melts at 0.2 GPa increase from ~700 ppm at ~NNO-1 up to 6000 

ppm at NNO+1.25, while sulfur contents in andesitic melts at 0.2 GPa increase from ~500 

ppm at ~NNO-0.5 up to 3000 ppm at NNO+1.5, and sulfur contents in dacitic melts at 0.4 

GPa increase from ~400 ppm at NNO+1.25 up to >2000 ppm at ∆NNO>3. Thus, considering 

the important fO2 gap between the sulfide/sulfate transition of andesitic melts at 0.2 GPa 

(occurring at ~NNO+0.8; Fig. 6a) and that of dacitic melts at 0.4 GPa (occurring at 
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~NNO+1.6), in comparison to the significant but less important fO2 gap between those of 

basaltic and andesitic melts at 0.2 GPa (~0.4 log fO2 unit difference; Fig. 6a), it can be 

proposed that the sulfide/sulfate transition is not only shifted towards higher fO2 when the 

degree of melt polymerization increases, but it also is when pressure increases. It is worth 

noting that these suggestions correspond exactly to what is predicted by the model of Moretti 

and Baker (2008) (cf. Fig. 13 of Baker and Moretti, 2011) about the position of the 

sulfide/sulfate transition relative to fO2, i.e., the sulfide/sulfate transition appears to be shifted 

towards higher fO2 when pressure and the degree of melt polymerization increase. The 

authors explain these modeling predictions by compositional and pressure effects on the 

activities of the sulfide and sulfate species dissolved in the melt. In addition, this hypothesis is 

also consistent with the fact that the SCSS (Sulfur Concentration at Sulfide Saturation) and 

the SCAS (Sulfur Concentration at Anhydrite Saturation) decrease with increasing degree of 

melt polymerization (Holzheid and Grove, 2002; Yang, 2012; Zajacz et al., 2013; Zajacz, 

2015). Therefore, the respective dataset of Botcharnikov et al. (2011) and Jégo and Pichavant 

(2012) seem to be mutually consistent to each other. One could argue that the moderately 

oxidized charges of Jégo and Pichavant (2012), spanning a fO2 range between NNO+1.25 to 

NNO+2, are too oxidized to be considered as sulfide-dominated melts and should rather be 

seen as sulfate-dominated ones. However, (1) those charges are clearly pyrrhotite-saturated 

and no trace of anhydrite was found (Jégo and Pichavant, 2012), (2) when the melt sulfur 

content of those charges is estimated by using either the SCSS model of Fortin et al. (2015) or 

the SCAS models of Li and Ripley (2009) or Baker and Moretti (2011) (both SCAS models 

give similar results), all data points are well reproduced (within 20% uncertainty) by the 

SCSS model, whereas they are overestimated by a factor of 2 to 3 by both SCAS models (Fig. 

5b), and (3) as mentioned above, the oxidation state of sulfur in melt of charge C1C was 



  

 

 

 

 

32 

 

 

 

determined by using the SKα peak shift method on the electron microprobe, and the results 

confirmed that sulfur is mostly expressed as S
2-

 in this glass (cf. Fig. S1).  

 Regarding the new, high pressure charges of the present study and the reduced charges 

of Jégo and Pichavant (2012), a different interpretation must be made because they span a fO2 

range significantly too reduced and too far away from the sulfide/sulfate transition (given 

their dacitic composition and respective pressure) to be following a dissolution process 

similar to that described above. In other words, sulfur is dissolved in melt most likely as S
2-

 in 

all those reduced charges, as confirmed by the oxidation state of sulfur (i.e., S
2-

) measured in 

charges C4E and C1C of Jégo and Pichavant (2012), which charges surround the new high 

pressure charges in terms of fO2 (cf. Fig. S1). Besides, the melt S concentrations show a 

moderate increase with fO2 in those reduced charges (for given melt composition and 

pressure), some of them are relatively FeOT-poor but they fractionated a significant 

proportion of pyrrhotite, and all of them are H2S-rich. It is known that in hydrous felsic melts, 

H2S is the dominant sulfur vapor species when fO2 < FMQ+1 (Carroll and Webster, 1994), 

and that S dissolution may be attributed to the following reactions: 


���H=I� + ,J��;)><� +����;)><� = ,J��;)><� + 2 ∙ �
�
�;)><�     (7) 


���H=I� + ,J��;)><� = ,J��;)><� + 
���H=I�       (8) 

 However, these reactions suggest that sulfide solubility in silicate melt is proportional 

to FeO activity, and is negatively correlated with H2O fugacity, which is roughly observed for 

FeO activity in Fig. S5a, but not for H2O fugacity since melt S contents and aH2O are 

positively correlated in Fig. S3. Instead, it may be proposed that the reaction of S dissolution 

in the new, high pressure charges and the reduced charges of Jégo and Pichavant (2012) is 
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similar to the mechanism described by Bradbury (1983) about the dissolution of pyrrhotite 

(Po) in water-saturated albitic melts: 

,J�� L� +����;)><� +
���H=I� = ,J��;)><� + �
�
�;)><� + �
��;)><�     (9) 

 Indeed, this reaction predicts that the solubility of sulfur will be enhanced by 

increasing fO2 and aH2O, which is consistent with our observations.  

 

5.4 Gold dissolution mechanism in S-bearing silicate melts 

 

 The behavior of gold in sulfur-bearing silicate melts has previously been shown to be 

mainly controlled by fO2, temperature, and melt S concentration (or fS2) (e.g., Botcharnikov 

et al., 2010; Jégo and Pichavant, 2012). In particular, the experimental results of 

Botcharnikov et al. (2011) show that gold solubility is highest within a narrow window of 

redox conditions corresponding to the sulfide/sulfate transition. These authors report that gold 

concentration increases continuously by almost one order of magnitude with increasing fO2 

from ~FMQ-0.5 (corresponding to ~NNO-1.2 at 0.2 GPa and 1050°C) up to a maximum at 

~FMQ+1 (~NNO+0.3), then drops rapidly at more oxidizing conditions to reach the 

concentration level of S-free samples at ~FMQ+2 (~NNO+1.3). Interestingly, they observe 

that the highest Au solubility occurs in melts containing sulfur dissolved as both sulfide and 

sulfate, and that the maximum Au concentration is reached in melts with the highest 

concentration of dissolved S
2-

 species, but not in melts with the highest total S content. This 

suggests that, at fO2 ≤ NNO+0.5, gold is incorporated in silicate melts mainly by 

complexation with S2-, and confirms the role of fS2 in governing Au dissolution in moderately 

oxidizing conditions. At more oxidizing conditions, all sulfur is dissolved as SO4
2-, which 

does not favor Au dissolution. Nevertheless, some important clarification may be made when 
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looking at Fig. 6b in which the data of Botcharnikov et al. (2011) are plotted versus fO2 

together with those of Jégo and Pichavant (2012) and the new data of the present study. It can 

be noticed that the melt gold concentration data of Botcharnikov et al. (2011) at 0.2 GPa show 

some differences depending whether the melt composition is basaltic or andesitic. Indeed, the 

maximum Au concentration observed in andesitic melts is lower (by ~2000 ppb Au) and 

shifted towards more oxidizing conditions (by ~0.5 log fO2 unit) than the maximum Au 

concentration observed in basaltic melts. In addition, the maximum Au concentration 

observed in dacitic melts at 0.4 GPa and moderately oxidizing conditions is even lower (by 

~4000 ppb Au) and shifted towards even more oxidizing conditions (by ~1 log fO2 unit) 

compared to the maximum Au concentration observed in andesitic melts at lower pressure. 

These observations are consistent with those made in the previous section about sulfur 

dissolution, which suggest that (1) the sulfide/sulfate transition is shifted towards more 

oxidizing conditions with increasing pressure and degree of melt polymerization, (2) the 

maximum melt Au concentration in relatively oxidizing conditions is directly linked to the 

melt S
2-

 concentration, which itself is partly controlled by fO2, pressure and melt composition, 

and (3) pressure has an indirect, negative effect on Au solubility. Therefore, in moderately 

oxidizing conditions and at given temperature, the dissolution of gold in Fe-bearing silicate 

melts at sulfide saturation is a highly complex interplay of fO2, fS2, pressure and melt 

composition (including S concentration), and further systematic experimental work is needed 

to better constrain the solubility mechanism of gold. As previously noted by Botcharnikov et 

al. (2011) and confirmed here by the moderately oxidized data of Jégo and Pichavant (2012), 

the relative increase in the concentration of dissolved S
2-

 is only ~1/3 of the relative increase 

in Au concentration, indicating that Au-components in silicate melts may include O in 
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addition to S (i.e., Au-S-O-bearing components). Nevertheless, the absolute concentration of 

S
2-

 is about 3 orders of magnitude higher than the absolute concentration of Au (since S
2-

 

reacts mainly with Fe in the melt), which suggests that Au may potentially be incorporated in 

melt by formation of Au-Fe-S-O-bearing components, as already hypothesized in the 

thermodynamic model of Jégo and Pichavant (2012). Thus, the apparent agreement of results 

between these two studies stresses the need for future spectroscopic analyses to test the 

presence of such components in sulfide-saturated, Fe-bearing silicate melts. 

 In reducing conditions (i.e., where S2-/Stotal ~ 1), the mechanism of gold dissolution in 

sulfide-saturated, Fe-bearing silicate melts seems simpler because all dissolved sulfur is 

expressed as sulfide. As explained above in section 5.3, sulfur dissolution in reduced melts at 

given temperature appears to be governed by a complex interplay between fO2, aH2O, XFeO, 

pressure and melt composition/structure. The reduced Au solubility data of Jégo and 

Pichavant (2012) at 0.4 GPa and those of the present study at 0.9 and 1.4 GPa follow the same 

trends than those defined by the sulfur solubility data (Fig. 6). Therefore, it can be suggested 

that Au is incorporated in melts by complexation with S
2-

. However, here again, it can be 

observed that the relative increase in Au concentration is significantly higher than the relative 

increase in S (or S2-) concentration, and that the absolute concentrations of S are about 3 

orders of magnitude higher than those of Au. This may indicate the involvement of Au-Fe-S-

O-bearing components in the dissolution process of gold, yet to be confirmed by 

spectroscopic studies though. In summary, it may be argued that the main parameters 

controlling gold solubility in reduced sulfide-saturated, Fe-bearing silicate melts at given 

temperature are the melt sulfur concentration and fO2, whereas the other parameters (XFeO, 

aH2O, melt composition, and pressure) only have indirect effects on Au solubility via their 

respective control on sulfur dissolution. 
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6. IMPLICATIONS FOR AU-ENRICHMENT IN RISING MAGMAS 

 

The results of the present study indicate that pressure has no direct, detectable effect 

on gold solubility in sulfur-free and sulfur-bearing silicate melts. Nevertheless, our results 

confirm that pressure has a strong, negative effect on sulfur solubility, and suggest that 

pressure - together with the degree of melt polymerization - has a significant effect on the fO2 

range at which the sulfide/sulfate transition occurs (cf. Fig. 6a). Since Au solubility is closely 

related to the abundance of sulfide (S2-) species in melt in reducing and moderately oxidizing 

conditions, the influence of pressure on Au dissolution is indirect but effective and important 

in sulfide-saturated silicate melts. 

Now, let us assume for the rest of the discussion that the hypothesis formulated above, 

according to which the sulfide-sulfate transition is shifted towards higher fO2 with increasing 

pressure and degree of melt polymerization, is proven. In their model of sulfide-saturated 

mantle melting, Botcharnikov et al. (2011) calculated that the highest Au enrichment is 

observed in melts at low degrees of melting (≤ 5%) and that the Au concentration in the melt 

may be higher than that in the source by a factor 10-30 at fO2 between FMQ (corresponding 

to ~NNO at P >1.4 GPa and 1050°C) to FMQ+1 (~NNO+1), i.e. near or at the sulfide-sulfate 

transition in the mantle wedge. Such an enrichment necessitates that sulfides in the mantle 

residue are almost completely consumed. However, except for correcting the solubility of 

sulfur in basaltic melt, this model does not consider any potential effect of pressure on the 

position of the sulfide-sulfate transition in melt with respect to fO2. Now, if we suppose that 

the sulfide-sulfate transition in mantle melts is shifted towards significantly more oxidizing 
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conditions than FMQ+1 at pressures relevant to mantle wedge melting (>> 1 GPa) (cf. Fig. 6), 

then, at the moderately oxidizing fO2 conditions thought to be prevailing in the mantle wedge 

(FMQ+0.5 to FMQ+1.4; Jugo et al., 2010), the primary mantle melts are expected to be in 

equilibrium with very stable sulfide phases (possibly in the liquid form at the P-T conditions 

of the upper mantle, but still stable; e.g., Li and Audétat, 2012). Therefore, even after 5% 

mantle melting, the major part of the bulk amount of gold initially present in the upper mantle 

will likely remain locked in the sulfide phases in equilibrium with a Au-poor primary mantle 

melt (all the more if the sulfide phases are liquid, compared to monosulfide solid solutions; Li 

and Audétat, 2012). Then, either these sulfides remain at depth in the source region (owing to 

their high density) and leave a Au-poor buoyant melt, or they are entrained with the melt to 

shallower levels. In the latter case, either we assume that the fO2 of the magmatic system 

remains roughly constant during ascent of the magma through the arc crust (before stalling 

and fractionation) or that it may become more reducing owing to early decompression-

induced degassing. In any way, the decreasing pressure would lead to shift the sulfide-sulfate 

transition back to more reducing conditions. If this shift is sufficient to cross the fO2 of the 

melt, the sulfides are supposed to destabilize and sulfates may form instead, liberating all gold 

in the silicate melt. This is one interesting consequence of the potential influence of pressure, 

which may favor gold enrichment in arc magmas. But even if the shift of the sulfide-sulfate 

transition does not cross the fO2 of the melt, the decreasing pressure would increase the 

solubility of sulfur in melt and dissolve part of the sulfides, leading to the release of a certain 

amount of gold into the silicate melt. 

Once magma fractionation occurs within the crust, the fO2 of the magmatic system is 

expected to vary to some extent. However, whether fO2 will evolve towards more oxidizing or 

more reducing conditions is function of several, possibly conflicting parameters. For example, 
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early fractionation of olivine will tend to slightly oxidize the melt whereas fractionation of 

Fe
3+

-rich oxides will lead to reduce the residual melt. Also, at shallow levels, it is generally 

thought that silicate melts will be oxidized during degassing/exsolution of the aqueous ore 

fluid (by ‘‘self-oxidation’’; Candela, 1986) while Burgisser and Scaillet (2007) mostly predict 

a reduction of the magma redox state during decompression of a rhyolite melt coexisting with 

a H-O-S gas (although rhyolitic magmas are generally not considered as the parent magmas of 

porphyry and/or epithermal ore deposits). In addition, decreasing pressure and magma 

evolution are supposed to be constantly competing since decreasing pressure would tend to 

destabilize sulfides and increase sulfur (and gold) solubility, and thus favor gold release to the 

melt, whereas magma evolution towards more felsic compositions would stabilize sulfides 

and increase the degree of melt polymerization, thus decreasing sulfur (and gold) solubility 

and favoring gold sequestration. Therefore, the sole effect of pressure on Au solubility during 

magma ascent is expected to be limited by the influence of other parameters, notably by the 

variation of fO2 and melt composition during magma evolution, and the effect of temperature. 

This stresses the need for further systematic experimental and analytical work to better 

constrain the role of each variable on the gold budget of an ascending magma. 

 In the case where mantle melting occurs in reducing conditions (i.e., S6+/Stotal ~ 0), 

only a small amount of sulfides may be consumed in the source, so the primary melts will be 

Au-poor. The effect of decreasing pressure during magma ascent would favor the attainment 

of the sulfide-sulfate transition, but no further Au-enrichment will be expected in a closed 

magmatic system. This might explain why major gold deposits are commonly associated with 

subduction-related magmas rather than other magmatic systems which are supposedly less 

oxidized (e.g., Gaillard et al., 2015). 
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 In the case where mantle melting occurs in very oxidizing conditions (i.e., S
6+

/Stotal ~ 

1), the Au-enrichment of the melt will be limited by the dissolution of gold through the 

formation of Au-oxide species, corresponding to the solubility of gold in S-free melts (which 

can be relatively high, around ~600 ppb Au). The effect of decreasing pressure during magma 

ascent would extend the field of sulfide instability and contribute to maintain the melt Au 

concentration to a level sufficient enough to form Au-enriched porphyries. 

 Finally, if we consider subducting slab melting instead of mantle wedge melting (since 

our starting materials are adakitic rocks; cf. Kimura et al., 2014), it can be expected that (1) 

the primary melt composition will be intermediate to felsic (typically dacitic to rhyolitic; e.g., 

Rapp and Watson, 1995), (2) the pressure conditions of slab melting will be higher than those 

of mantle melting, and the temperature conditions will be lower, and (3) the partial melting of 

the hydrothermally altered oceanic crust will likely occur at sulfide saturation (Jégo and 

Dasgupta, 2014). Therefore, if we try to combine these assumptions with the information 

available in Fig. 6, the primary slab melts are supposed to be sulfide-saturated and relatively 

sulfur-poor (e.g., < 1000 ppm S). In this case, the initial gold budget of the primary slab melts 

will also be rather low (< 3000 ppb Au) and most of it will be sequestered into the sulfide 

phase in equilibrium with the melt. Then, during ascent of the slab melts through the mantle 

wedge and the arc crust, and subsequent fractional crystallization, the story is expected to be 

relatively similar to that of mantle melts. Hence, slab partial melts do not seem to be the most 

efficient carriers of gold among subduction-related magmas. 

 

7. CONCLUSIONS 

 

 We have experimentally determined the solubility of gold in sulfur-free and sulfide-
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saturated hydrous dacitic melts at 1000°C, 0.9 and 1.4 GPa, and fO2 ~ NNO. In sulfur-free 

melts, Au concentrations range from 82 to 225 ppb at 0.9 GPa, and the two charges at 1.4 

GPa contain respectively 68 and 142 ppb Au in melt. In sulfide-saturated melts, Au 

concentrations range from 813 to 6583 ppb at 0.9 GPa, and the four charges at 1.4 GPa 

contain between 363 ppb to almost 48 ppm Au in melt. 

By comparing our results to previous experimental studies at lower pressures and variable 

redox conditions, it appears that: 

- in S-free silicate melts, Au solubility is a function of fO2 and temperature only, and the 

reaction describing the dissolution of gold can be expressed by the following equilibrium: 

Au (metal) + x/4 O2 (gas) = AuOx/2 (melt). Importantly, pressure and melt composition have no 

detectable effect on Au dissolution. 

- in sulfide-saturated silicate melts, the behaviour of gold is mainly a function of fO2, melt 

sulfur concentration and temperature. Interestingly, pressure has no direct effect on Au 

solubility, but it has a strong, negative effect on S solubility. Since Au dissolution is closely 

related to S
2-

 behaviour in reducing (S
6+

/Stotal ~ 0) and moderately oxidizing (S
6+

/Stotal < 0.5) 

conditions, pressure has a significant but indirect effect on Au solubility via S solubility. This 

is also true for the other parameters influencing sulfur dissolution (XFeO, aH2O, melt 

composition). 

In addition, we propose that the transition from sulfide (S2-) to sulfate (S6+) species in melt is 

shifted towards more oxidizing conditions when pressure and the degree of melt 

polymerization increase, although this needs to be proven in future studies. If this is true, this 

may have important consequences during mantle melting (sequestration of gold from the 

sulfide-saturated primary melt) and magma ascent (destabilization of sulfides and release of 
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gold to the silicate melt). However, at shallow levels, decreasing pressure, magma evolution, 

and varying redox conditions would be continuously competing to concentrate or fractionate 

gold. 
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FIGURE CAPTIONS 

 

Figure 1: SEM-EDS shots of representative experimental sulfur-free (a,b,c) and sulfur-bearing 

(e,d,f) charges. a) Crystal-free, bubble-bearing silicate melt quenched to glass (Au13-1); b) 

Typical phase assemblage of most of S-free charges, i.e. < 10 wt% silicate mineral phase + 

glass. Here, the mineral phase is amphibole (Au14-2); c) Detail of Au03-2 charge showing 
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small clusters of tiny magnetite crystals surrounded by quench crystals of cpx (the scale bar 

represents 50 µm); d) Typical phase assemblage of most of S-bearing charges, showing cpx 

and/or amphibole + pyrrhotite crystals and minor vapour phase in quenched silicate liquid. 

The large hole in the middle of the picture was drilled by the laser beam during ICPMS 

analyses. Here, in Au10-2, both silicate species are present, as seen in the next shot (e), detail 

of the Au10-2 charge, which illustrates a close and particular textural association between cpx 

and amphibole: very small (< 10 µm) and slightly darker crystals of amphibole grow on both 

extremities of larger cpx crystals; f) Detail of Au11-1 charge showing a progressive inclusion 

of sulfides by a growing cpx crystal. 

 

Figure 2: Concentration of sulfur (in ppm) in experimental melts quenched to glass at 

~1000°C, 0.9 and 1.4 GPa, (a) as a function of log(fO2) expressed relative to the Ni-NiO 

buffer (i.e., ∆NNO=0, calculated at the respective P and T of each study); (b) as a function of 

log(fS2) calculated from the model of Liu et al. (2007) (L07). See text for calculation details. 

Error bars, ±1σ, are based on replicate microprobe analyses. Data at 0.4 GPa from Jégo and 

Pichavant (2012) (JP12), at 0.2 GPa from Botcharnikov et al. (2010) (B10) and Botcharnikov 

et al. (2011) (B11), and at 0.12 GPa from Simon et al. (2007) (S07) are shown for 

comparison. 

 

Figure 3: Concentration of gold (in ppb) in sulfur-free experimental melts quenched to glass 

as a function of log(fO2) expressed relative to the Ni-NiO buffer (i.e., ∆NNO=0, calculated at 

the respective P and T of each study). Error bars, ±1σ, based on replicate ICP-MS analyses, 

are within the size of the symbols. Data at 0.4 GPa from Jégo et al. (2010) (J10), at 0.2 GPa 
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from Botcharnikov et al. (2011) (B11), and at 1 atm from Borisov and Palme (1996) (BP96) 

are shown for comparison. All lines are exponential fits of the data points. (b) Concentration 

of gold (in ppb) in sulfur-free experimental melts quenched to glass at ~1000°C as a function 

of pressure expressed in kbar, including the data of Jégo et al. (2010). The symbols 

distinguish the data according to their starting composition and fO2 range. 

 

Figure 4: Concentration of gold (in ppb) in sulfur-bearing experimental melts quenched to 

glass, (a) as a function of log(fO2) expressed relative to the Ni-NiO buffer (i.e., ∆NNO=0, 

calculated at the respective P and T of each study); (b) as a function of log(fS2) calculated 

from the model of Liu et al. (2007) (L07). See text for calculation details. Error bars, ±1σ, are 

based on replicate ICP-MS analyses. Data at 0.4 GPa from Jégo and Pichavant (2012) (JP12), 

at 0.2 GPa from Botcharnikov et al. (2010) (B10) and Botcharnikov et al. (2011) (B11), and 

at 0.12 GPa from Simon et al. (2007) (S07) are shown for comparison. 

 

Figure 5: (a) Concentration of gold (in ppb) in sulfur-bearing experimental melts quenched to 

glass at ~1000°C, 0.9 and 1.4 GPa, as a function of the concentration of sulfur (in ppm) in 

melt. Error bars, ±1σ, are based on replicate ICP-MS and microprobe analyses, respectively. 

Same symbols as in Fig. 4a. (b) Comparison between calculated SCSS or SCAS values and 

measured melt sulfur concentrations in the moderately oxidized charges of Jégo and 

Pichavant (2012) (JP12) at 0.4 GPa. Error bars, ±1σ, are based on replicate microprobe 

analyses. See text for details. 

 

Figure 6: Interpretative diagrams of (a) sulfur solubility (in ppm) and (b) gold solubility (in 

ppb) as a function of fO2 expressed relative to the Ni-NiO buffer (i.e., ∆NNO=0, calculated at 
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the respective P and T of each study). Data at 0.4 GPa from Jégo and Pichavant (2012) 

(JP12), and at 0.2 GPa from Botcharnikov et al. (2011) (B11) are plotted for comparison with 

data of the present study. The thin black dashed lines show the evolution of sulfur and gold 

concentrations in melt with increasing fO2 in moderately and very oxidizing conditions, and 

the red dashed lines mark the shift of the sulfide-sulfate transition towards more oxidizing 

conditions when pressure and degree of melt polymerization increase. The thick black dashed 

lines show the steep increase of sulfur and gold concentrations in reducing conditions owing 

to the influence of other parameters (XFeO, aH2O, melt composition). Note that the two Bal2 

charges at 1.4 GPa plot out of the diagram in panel (b), at very high gold concentrations. See 

text for explanations. 
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Table 1     

Composition of starting materials   

Sample Bal 2 Pin Dac 

n 17 16 

      

SiO2 (wt%) 65.09  (0.39) 64.45  (0.55) 

TiO2   0.35  (0.06) 0.50  (0.06) 

Al2O3  15.60  (0.19) 15.72  (0.21) 

Cr2O3  0.06  (0.06) 0.04  (0.06) 

FeO    2.93  (0.16) 3.96  (0.20) 

MnO    0.06  (0.06) 0.11  (0.10) 

MgO    2.72  (0.11) 2.32  (0.08) 

CaO    4.45  (0.10) 4.99  (0.10) 

Na2O   4.78  (0.09) 4.29  (0.10) 

K2O    1.83  (0.05) 1.54  (0.06) 

Total   97.86  (0.44) 97.94  (0.58) 

      

Sr/Y 197.8 42.4 

      

Au (ppb) 38 12 

S (ppm) bdl bdl 

 

Major elements and sulfur in anhydrous double-melting quenched glasses (starting materials; 

see text) were measured by EPMA in Taipei, Taiwan (IES, Academia Sinica). Oxides and 

totals are in wt%, with uncertainties presented as once the standard error of the mean (±1σ) 

for the n replicate measurements. Bulk Au concentrations (in ppb) in natural samples were 

determined by ICP-MS in Toulouse, France, using the methods described by Aries et al. 

(2000). Sr/Y ratios of bulk natural samples (from Jégo et al., 2010) give information about the 

adakitic imprint of the starting materials. bdl: below detection limit (here, < 30 ppm); see text 

for details. 



  

 

Table 2 

              Summary of experimental data                       

Charges 
H2O 

glass 
S glass log XS Au glass 

log 

XAu 
aH2O 

log 

fH2O 
log fO2 ∆NNO log fS2 ∆FFS 

log 

fSO2 

log 

fH2S 
Phases 

Run No. 1 : Composition Bal2, P = 0.9 GPa, T = 1000°C, fH2 = 83.9 bar, XCo = 0.244, t = 96 h 

   

               

Au01-3 5.4 (0.8) - - 149 (40) -7.283 

0.41 

(0.07) 3.78 

-10.79 

(0.16) -0.63 - - - - gl; amph; cpx; ol; ox 

Au01-4 7.2 (0.8) - - 180 (38) -7.190 

0.56 

(0.06) 3.91 

-10.51 

(0.10) -0.35 - - - - gl; cpx; amph; ol; ox 

               Run No. 2 : Composition Pin Dac, P = 0.9 GPa, T = 950°C, fH2 = 87.1 bar, XCo = 0.263, t = 46 h       

               

Au02-1 9.3 (0.9) - - 158 (45) -7.240 

0.72 

(0.07) 4.01 

-11.23 

(0.09) -0.29 - - - - gl; ol; ox; vap (bubbles) 

Au02-2 9.0 (0.9) - - 140 (21) -7.294 

0.70 

(0.07) 4.00 

-11.25 

(0.09) -0.31 - - - - gl; ol; ox; vap (bubbles) 

Au02-3 8.6 (0.7) - - 126 (21) -7.341 

0.66 

(0.05) 3.98 

-11.29 

(0.07) -0.35 - - - - gl; ol; ox; vap (bubbles) 

               Run No. 3 : Composition Bal2, P = 0.9 GPa, T = 1000°C, fH2 = 83.9 bar, XCo = 0.244, t = 96 h       

               

Au03-1 

10.5 

(1.1) - - 186 (29) -7.168 

0.86 

(0.08) 4.10 

-10.14 

(0.09) 0.02 - - - - 

gl; ox; cpx (quench); vap 

(bubbles) 

Au03-2 

10.1 

(0.9) - - 152 (18) -7.258 

0.83 

(0.08) 4.08 

-10.17 

(0.09) -0.01 - - - - gl; ox; cpx (quench) 

               Run No. 9 : Composition Pin Dac, P = 0.9 GPa, T = 1000°C, fH2 = 76.9 bar, XCo = 0.235, t = 80 h       

 
              

Au09-3 8.8 (0.7) - - 130 (22) -7.327 

0.68 

(0.05) 4.00 

-10.27 

(0.07) -0.10 - - - - gl; amph 

Au09-4 

10.7 

(0.9) - - 139 (23) -7.291 

0.85 

(0.07) 4.09 

-10.08 

(0.08) 0.09 - - - - gl; amph 



  

               Run No. 13 : Composition Pin Dac, P = 0.9 GPa, T = 975°C, fH2 = 65.9 bar, XCo = 0.227, t = 96 h       

               

Au13-1 

11.3 

(1.0) - - 225 (15) -7.080 

0.90 

(0.08) 4.12 

-10.34 

(0.08) 0.21 - - - - gl; vap (bubbles) 

Au13-2 9.8 (0.8) - - 82 (12) -7.526 

0.79 

(0.06) 4.06 

-10.45 

(0.07) 0.09 - - - - gl 

               Run No. 14 : Composition Pin Dac, P = 1.4 GPa, T = 975°C, fH2 = 187.6 bar, XCo = 0.227, t = 70 h       

               

Au14-1 9.3 (0.7) - - 142 (19) -7.288 

0.55 

(0.04) 4.35 

-10.77 

(0.07) -0.32 - - - - gl 

Au14-2 

11.7 

(0.5) - - 68 (7) -7.597 

0.71 

(0.03) 4.47 

-10.54 

(0.04) -0.09 - - - - gl; opx 

               Run No. 10 : Composition Pin Dac, P = 0.9 GPa, T = 1000°C, fH2 = 111.5 bar, XCo = 0.276, t = 40 h       

               

Au10-1 8.5 (0.7) 970 (118) -5.152 1508 (118) -6.267 

0.64 

(0.06) 3.97 

-10.64 

(0.08) -0.48 0.77 6.79 0.83 3.53 gl; cpx; amph; pyrrh; vap 

Au10-2 9.4 (0.8) 924 (89) -5.183 813 (186) -6.529 

0.72 

(0.06) 4.03 

-10.54 

(0.08) -0.38 0.92 6.94 1.00 3.62 gl; cpx; amph; pyrrh; vap 

               Run No. 11 : Composition Pin Dac, P = 0.9 GPa, T = 975°C, fH2 = 76.5 bar, XCo = 0.242, t = 96 h       

               

Au11-1 9.9 (0.9) 

1444 

(107) -5.042 2825 (220) -5.988 

0.78 

(0.07) 4.06 

-10.58 

(0.08) -0.04 0.86 7.11 1.23 3.51 gl; cpx; pyrrh; vap 

Au11-2 9.4 (1.0) 

1276 

(154) -5.073 6446 (813) -5.632 

0.75 

(0.08) 4.03 

-10.63 

(0.09) -0.08 0.96 7.21 1.23 3.55 gl; pyrrh; vap (bubbles) 

               Run No. 15 : Composition Pin Dac, P = 1.4 GPa, T = 975°C, fH2 = 213.6 bar, XCo = 0.240, t = 96 h       

               

Au15-1 

11.3 

(0.9) 585 (93) -5.439 2174 (79) -6.095 

0.69 

(0.05) 4.45 

-10.69 

(0.07) -0.24 0.83 6.62 1.10 3.94 gl; amph; pyrrh; vap 

Au15-2 8.2 (0.7) 261 (98) -5.808 363 (3) -6.886 0.48 4.30 -10.99 -0.54 0.75 6.53 0.76 3.90 gl; amph; pyrrh; vap 



  

(0.04) (0.07) 

               Run No. 16 : Composition Bal2, P = 0.9 GPa, T = 975°C, fH2 = 78.0 bar, XCo = 0.244, t = 106 h       

               

Au16-1 

10.3 

(0.9) 

3364 

(328) -4.761 5004 (444) -5.738 

0.82 

(0.07) 4.08 

-10.56 

(0.07) -0.01 0.55 6.80 1.09 3.36 gl; pyrrh; vap (bubbles) 

Au16-2 

12.4 

(0.8) 

1276 

(417) -5.154 6583 (568) -5.607 

0.96 

(0.06) 4.15 

-10.42 

(0.06) 0.12 0.72 6.97 1.32 3.45 gl; amph; pyrrh; vap 

               Run No. 17 : Composition Bal2, P = 1.4 GPa, T = 975°C, fH2 = 222.0 bar, XCo = 0.244, t = 96 h       

               

Au17-1 

14.8 

(0.6) 

3865 

(556) -4.735 

47771 

(2250) -4.732 

0.86 

(0.03) 4.55 

-10.52 

(0.03) -0.07 3.55 9.33 2.63 5.31 gl; micas; vap 

Au17-2 

13.8 

(1.0) 

2700 

(272) -4.887 

17896 

(3801) -5.161 

0.81 

(0.06) 4.53 

-10.57 

(0.06) -0.12 3.84 9.62 2.73 5.46 gl; micas; vap 

                              

 

 

H2O glass: water content in silicate glass in wt.% (± 1σ); S glass: sulfur content in silicate glass in ppm (± 1σ); log XS: logarithm of sulfur mole fraction in 

silicate glass; Au glass: gold content in silicate glass in ppb (± 1σ); log XAu: logarithm of the gold mole fraction in silicate glass; aH2O and fH2O: water 

activity of the charge (± 1σ) and corresponding water fugacity, respectively; log fO2: oxygen fugacity of the charge (± 1σ). ΔNNO: difference between log fO2 

of the charge and log fO2 of the Ni-NiO equilibrium at the same pressure and temperature. log fS2 in sulfur-bearing charges was calculated from the expression 

of Liu et al. (2007). ΔFFS: difference between log fS2 of the charge and log fS2 of the iron-pyrrhotite equilibrium at the same pressure and temperature. log 

fSO2 and log fH2S were obtained by using the equilibrium constants of Ohmoto and Kerrick (1977). fH2 values were calculated from the fO2 inside the sensor 

capsule (Taylor et al., 1992), taking fH2O = f°H2O. XCo values are the average proportions of Co in the solid sensor alloys. t is the experimental duration in 

hours. gl: glass; pyrrh: pyrrhotite; cpx: clinopyroxene; amph: amphibole; ox: oxide; opx: orthopyroxene; ol: olivine; vap: vapour phase. See text for details. 




