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ABSTRACT 20 

Glasses produced from decompression experiments conducted by Fiege et al. (2014a) were used to 21 

investigate the fractionation of sulfur isotopes between fluid and andesitic melt upon magma 22 

degassing. Starting materials were synthetic glasses with a composition close to a Krakatau dacitic 23 

andesite. The glasses contained 4.55 to 7.95 wt% H2O, ~140 to 2700 ppm sulfur (S), and 0 to 1000 24 

ppm chlorine (Cl). The experiments were carried out in internally heated pressure vessels (IHPV) at 25 

1030°C and oxygen fugacities (fO2) ranging from QFM+0.8 log units up to QFM+4.2 log units (QFM: 26 

quartz-fayalite-magnetite buffer). The decompression experiments were conducted by releasing 27 

pressure (P) continuously from ~400 MPa to final P of 150, 100, 70 and 30 MPa. The decompression 28 

rate (r) ranged from 0.01 to 0.17 MPa/s. The samples were annealed for 0 to 72 h (annealing time, tA) 29 

at the final P and quenched rapidly from 1030°C to room temperature (T).  30 

The decompression led to the formation of a S-bearing aqueous fluid phase due to the relatively large 31 

fluid-melt partitioning coefficients of S. Secondary ion mass spectrometry (SIMS) was used to 32 

determine the isotopic composition of the glasses before and after decompression. Mass balance 33 

calculations were applied to estimate the gas-melt S isotope fractionation factor αg-m. 34 

No detectable effect of r and tA on αg-m was observed. However, SIMS data revealed a remarkable 35 

increase of αg-m from ~0.9985 ± 0.0007 at >QFM+3 to ~1.0042 ± 0.0042 at ~QFM+1. Noteworthy, the 36 

isotopic fractionation at reducing conditions was about an order of magnitude larger than predicted by 37 
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previous works. Based on our experimental results and on previous findings for S speciation in fluid 38 

and silicate melt a new model predicting the effect of fO2 on αg-m (or ∆34S g-m) in andesitic systems at 39 

1030°C is proposed. Our experimental results as well as our modeling are of high importance for the 40 

interpretation of S isotope signatures in natural samples (e.g., melt inclusions or volcanic gases). 41 

 42 
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1. INTRODUCTION  45 

Sulfur is a major volatile in volcanic systems and large amounts of S are released from magmas to 46 

fluid phases upon decompression. Thus, a good knowledge of the behavior of S and S isotopes during 47 

degassing as well as during magma-fluid interactions is required to improve our understanding of 48 

volcanic processes and, e.g., help monitoring and forecasting of volcanic eruptions. Sulfur is a 49 

polyvalent element and can be dissolved as S2- and S6+ in silicate melts (e.g., Jugo et al., 2010; Metrich 50 

and Mandeville, 2010; Wilke et al., 2011), while the most relevant species in a fluid phase at 51 

magmatic conditions are SO2 and H2S (e.g., Katsura and Nagashima, 1974; Gerlach and Nordlie, 52 

1975; Moretti et al., 2003).  53 

Sulfur has four naturally occurring stable isotopes: 32S (natural abundance: 95.04%), 34S (4.20%), 33S 54 

(0.75%), 36S (0.01%); de Laeter et al. (2003). While considerable progress has been made in the past 55 

decades on the characterization of the partitioning of S between fluid and silicate melt at geologically 56 

relevant conditions (high P and T) and under fluid-melt equilibrium conditions (e.g., Keppler, 1999, 57 

2010; Webster and Botcharnikov, 2011; Zajacz et al., 2012) as well as on the kinetics of S degassing 58 

(Fiege et al., 2014a), experimental data on fluid-melt S isotope fractionation are scarce (see review of 59 

Taylor, 1986). 60 

S isotope fractionation between a silicate melt and a coexisting fluid phase depends on T and on the 61 

speciation of S in both phases (e.g., Sakai et al., 1982; Taylor, 1986). Ohmoto and Rye (1979) 62 

revealed the order SO4
2- > SO3 > SO2 > S0 > H2S > S2- for the retention of 34S in a S-bearing 63 

compound; i.e., the release of S from an oxidized melt where S is predominantly dissolved as SO4
2- to 64 

a fluid phase is expected to result in isotopic enrichment of 34S in the melt. Hence, the magnitude of S 65 



 
 

3 
 

isotope fractionation is strongly controlled by the redox conditions in the system (e.g., Sakai et al., 66 

1982; Taylor, 1986; Mandeville, 2010). At oxidizing conditions the degassing of S upon 67 

decompression is dominated by SO4
2- species in the melt and SO2 in the fluid, while under reducing 68 

conditions the prevailing species are S2- in the melt and H2S in the fluid (e.g., Nagashima and Katsura, 69 

1973; Carroll and Rutherford, 1988; Burgisser and Scaillet, 2007; Jugo et al., 2010). Thus, S isotope 70 

composition in the melt will progressively become heavier with S-degassing at oxidizing conditions 71 

and become lighter at reducing conditions if fluid and melt phase are in equilibrium. In theory, S 72 

isotope fractionation is approximately proportional to the relative mass difference of the considered S 73 

isotope pairs (e. g. ~2 amu difference between 34S and 32S) and proportional to 1/T 2 (T in K, Faure, 74 

1986; Mandeville, 2010). 75 

S isotope analyses of natural samples were used in several studies published over the last decades to 76 

improve our understanding of high T magmatic processes (e.g., Marini et al., 1998; De Hoog et al., 77 

2001; Labidi et al., 2012; de Moor et al., 2013). However, no experimental data has been produced in 78 

the last ~30 years. Fundamental experimental and theoretical studies by Richet et al. (1977), Sasaki et 79 

al. (1979), Ohmoto and Rye (1979), Ohmoto and Lasaga (1982), Sakai et al. (1982), Allard (1983), 80 

Ueda and Sakai (1984), Miyoshi et al. (1984) and Taylor (1986) provide the few relevant data so far 81 

for equilibrium S isotope fractionation between fluid and melt. More recent studies such as De Hoog 82 

et al. (2001), Mandeville et al. (2009) and de Moor et al. (2013) rely on the limited datasets from the 83 

1970s and 1980s for equilibrium S isotope fractionation and their applicability to magmatic systems. 84 

Here, the work of de Moor (2013) helped significantly to improve our understanding of kinetic S 85 

isotope fractionation during volcanic degassing and their possible contribution to the S isotope 86 

signature that can be measured, e.g., in volcanic gases at the surface. Notably, the only existing 87 

experimental study conducted at magmatic T (800 to 1000°C), investigating the fractionation pairs 88 

SO4
2- - S2- and SO4

2- - H2S, was performed using molten salt (e.g., Na2SO4 and Na2S; Miyoshi et al., 89 

1984). The T dependence for the fluid-melt fractionation of S isotope has been summarized and 90 

discussed in the review of Taylor (1986) and the equations provided in that study were used by De 91 

Hoog et al. (2001) to develop a model for S isotope fractionation between fluid and melt. However, 92 

this model as well as the input parameters (e.g., the S isotope fractionation factors) have not been 93 
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tested experimentally at geologically relevant conditions (i.e., for silicate melts at high P and T). The 94 

absence of experimental calibration is related to the difficulties to determine quantitatively the S 95 

isotopic composition in silicate glasses. However, recent advances in the micro-analytical 96 

quantification of S isotopes in silicate glasses using SIMS allow us to analyze the S isotope 97 

composition in silicate glasses with S content of a few hundreds of ppm and with a precision of ~0.5 98 

‰ (Mandeville et al., 2008; 2010). Thus, it is now technically possible to determine isotope 99 

fractionation factors on experimental samples produced under magmatic conditions. 100 

The present study is focused on the experimental investigation of S isotopes fractionation between 101 

(aqueous) fluid and andesitic melt. Considering that fluid phases in magmatic systems are commonly 102 

generated upon magma ascent (degassing), decompression experiments were conducted by Fiege et al. 103 

(2014a) to simulate natural degassing events. Here, we analyzed S isotopes in the glasses of selected 104 

samples from the experiments described by Fiege et al. (2014a) using SIMS to investigate the S fluid-105 

melt fractionation. Based on our results and on existing models for S speciation in fluid and silicate 106 

melt a model is proposed to predict the isotopic distribution of S between andesitic melts and 107 

coexisting fluids. 108 

 109 

2. EXPERIMENTAL PROCEDURE 110 

Selected S-bearing glasses obtained from decompression experiments conducted by Fiege et al. 111 

(2014a) were used in this study. The isothermal decompression experiments were carried out at 112 

constant T (1030 ± 10°C) and variable fO2 (QFM+0.8 to QFM+4.2; hereafter differences of log(fO2) to 113 

the QFM buffer (Schwab and Küstner, 1981) are given to specify fO2) in IHPV. The applied 114 

experimental approach is described in detail in Fiege et al. (2014a). Here, only the important 115 

information on the experimental procedure concerning the S isotope fractionation, studied in this 116 

work, are summarized. 117 

The experimental strategy involves three steps: In the first step synthetic anhydrous glasses with a 118 

dacitic andesite composition close to the Krakatau dacitic andesite (Table 1) were prepared by melting 119 

a mixture of oxide and carbonate powders at 1600°C and 1 atm. In the second step ten volatile-bearing 120 

(H2O, S, Cl) glasses were synthesized at high P (~500 MPa) and at 1030°C under fluid-undersaturated 121 
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conditions in an IHPV. These starting glasses were bubble-free and contained different amounts of 122 

H2O (4.55 to 7.95 wt%) and S (260 to 2700 ppm, see Table 2). Three glasses also contained Cl (0.05 123 

and 0.1 wt% Cl; Table 2). The isotopic composition of the starting glasses covers a wide range from 124 

δ34S ≈ -32 ‰ to about +23 ‰. The different δ34S were adjusted by adding different S sources, either 125 

with known (IAEA standards: synthetic barite; see Section 3.2 for details) or with unknown S isotope 126 

composition (natural anhydrite, natural pyrrhotite or synthetic gypsum). The starting glasses GYClA, 127 

GYMClA and RED contained some S-bearing globules after the first high P annealing. Hence, a 128 

portion of these materials was re-melted to dissolve the globules and improve homogeneity (see Fiege 129 

et al. (2014a) for details concerning the re-melting procedure). In the third step, the volatile-bearing 130 

glasses were heated at 1030 ± 10°C and isothermal decompression experiments were conducted in 131 

IHPV by releasing P continuously from 400, 450 or 500 MPa to lower P (150 to 30 MPa) with 132 

different r ranging from ~0.02 to ~0.2 MPa/s. After decompression, the samples were either rapidly 133 

quenched to preserve eventually non-equilibrium conditions or annealed for various times (tA = 1 to 72 134 

h) at the final P-T conditions before quenching. The annealing at 1030°C after decompression was 135 

performed to approach near-equilibrium conditions between melt and fluid.  136 

The nominal fO2 prevailing in each experiment was either i) determined using the Shaw-membrane 137 

technique (e.g., Berndt et al., 2002; and references therein) or ii) estimated based on the known 138 

intrinsic redox conditions in the IHPV (Berndt et al., 2002; Wilke et al., 2002; Schuessler et al., 2008). 139 

 140 

Table 1 and 2 141 

 142 

3. ANALYTICAL APPROACH 143 

3.1 Determination of major element and volatile concentrations in glasses.  144 

The starting materials and the glasses of the decompression experiments were already characterized by 145 

Fiege et al. (2014a) using electron microprobe analyses (EMP; major elements, S, and Cl contents) 146 

and near infra-red (NIR) spectroscopy (H2O contents). Details on the EMP and NIR measurements can 147 

be found in the Appendices A and B, respectively.  148 

 149 
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3.2 SIMS, data processing and determination of the fluid-melt isotopic fractionation of S. 150 

The S isotope composition (δ34S; see below for details on the delta notation) of the andesitic glasses 151 

was determined by in situ SIMS using the Cameca IMS 1280 (mono-collector) of the Northeast 152 

National Ion Microprobe Facility (NENIMF) at Woods Hole Oceanographic Institution (WHOI). The 153 

measurements were conducted using a 10 µm Cs+ primary beam, 10 kV accelerating voltage and 1-2 154 

nA beam current. The secondary ions are collected at 10 kV accelerating voltage, 150 µm field of 155 

view and a mass resolution power (MRP) of 4000 to 5500, using an electron multiplier (EM). The 156 

energy slit is centered and opened to 40-60 V. Most samples were analyzed 2 to 8 times (see Table 2), 157 

depending on the quality of the measurements (e.g., the internal standard deviation), and each 158 

measurement consists of 50 cycles for 32S and 34S, respectively. The method of high precision in situ 159 

SIMS analysis of S isotopes in glasses down to a few hundreds of ppm of bulk S has been established 160 

recently at WHOI (Mandeville et al., 2008). Mandeville et al. (2008) demonstrated that by operating 161 

the Cameca IMS 1280 at mass resolving power of 5500 (M/∆M), it is possible to avoid interferences 162 

from 31P1H with 32S. The authors have shown that in situ δ34S measurements (15 × 15 micron area) 163 

with a precision of ±0.4 to 0.6 ‰ can be conducted in silicate glasses containing about 500 to 1600 164 

ppm S.  165 

The analytical approach relies on the measurement of S-bearing glass standards with known S isotope 166 

composition to account for the instrumental fractionation. In-house glass standards at WHOI with 167 

major element compositions ranging from basaltic to high-silica glasses were used for this calibration 168 

(Appendix C; Mandeville et al., 2008). The S isotope composition of these glass standards (δ34Strue) 169 

covers a range from about -30 ‰ up to about +20 ‰ and was typically determined by conventional 170 

bulk methods (KIBA reagent extraction method; bulk S yield was always > 95% and typically ~98 %; 171 

for details see Appendix C and Sasaki et al., 1979; Ueda and Sakai, 1984; Mandeville et al., 2009) or 172 

calculated on the basis of the S isotope composition of the source of S for the glass syntheses (see 173 

below, this Section). Although the KIBA method has been criticized recently (Labidi et al., 2012), the 174 

high S yield (> 95%) and the nearly 1:1 correlation between the KIBA and the SIMS results (see Fig. 175 

C.1) confirm the high accuracy of our standard analyses. Furthermore, the linear relation between 176 

δ34Strue and δ34Smeasured shows that matrix effects related to bulk composition (major element and S 177 
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isotope) or the oxidation state of S are negligible. Replicate analyses of a MORB glass standard (892-178 

1) reveal an external reproducibility of SIMS analysis with a 2-standard error (n = 13) of ±0.52‰, 179 

which is consistent with observations of Mandeville et al. (2008). Details about the SIMS calibration 180 

for in situ S isotope analyses of silicate glasses are provided in Appendix C. 181 

In addition, to monitor short and long term variations of the instrumental fractionation of the ion probe 182 

and to allow a correction of the raw isotopic data (see Appendix D for details), at least two 183 

measurements on a selected standard glass (usually MORB glass 892-1; δ34S = 0.7 ± 0.3 ‰) were 184 

conducted after each 2-3 sample measurements. The accuracy of the analytical approach was also 185 

tested by using the IAEA standard materials SO-6 (BaSO4; δ34S = -31.1 ± 0.2 ‰; Halas and Szaran, 186 

2001) and/or NBS-127 (BaSO4; δ34S = +20.3 ± 0.4 ‰; Hut, 1987; Halas and Szaran, 2001) as S source 187 

for the starting glasses SD1 (SO-6) and SD2 (~26.6 % NBS 127 and ~73.4 % SO-6; corresponding to 188 

a δ34S of about -17.4 ‰). In SIMS measurements we found a δ34S of -32.2 ± 0.4 ‰ for SD1 and a δ34S 189 

of -16.6 ± 2.0 ‰ for SD2 (2 sigma errors). Thus, the S isotope composition of silicate glasses such as 190 

the experimental andesitic glasses of this study can be measured with an accuracy of ≤1 ‰ using in 191 

situ SIMS analyses. Details on the processing procedure of the raw SIMS data are given in Appendix 192 

D. 193 

The corrected S isotope values of the decompressed glasses and the respective starting glass were used 194 

– together with the measured volatile contents in the melt – to determine the isotopic composition of 195 

the fluid phase and the isotopic fractionation factors via mass balance calculations for various fO2 196 

(ranging from ~QFM+1 to ~QFM+4). The S isotope composition is reported in a conventional delta 197 

(δ) notation given in ‰ (Table 2). The Vienna Canyon Diablo Troilite (V-CDT) was used as S isotope 198 

reference standard (Coplen and Krouse, 1998; Ding et al., 2001). 199 

 200 

δ34S = ( [ (34S/32Ssample) / (34S / 32SV-CDT) ] – 1 ) ⋅ 1000      (1) 201 

 202 

The gas-melt isotopic fractionation factor αg-m was estimated using the following approximation: 203 

 204 



 
 

8 
 

∆34Sg-m = δ34Sgas – δ34Smelt ≈ 103 ln αg-m        (2) 205 

 206 

The measured and processed δ34S of the starting glasses (δ34Sm-i) and of the partially degassed glasses 207 

of the decompression experiments (δ34Sm-f) were used to estimate δ34S of the released fluid phase 208 

(δ34Sgas) via mass balance calculations (equations 3 and 4): 209 

 210 

δ34Sm-i  =  f · δ34Sm-f +  (1 – f ) · δ34Sgas        (3) 211 

δ34Sgas = [δ34Sinitial – f · δ34Smelt] / (1 – f )        (4) 212 

 213 

where f represents the weight fraction of S remaining in melt after decompression, calculated from the 214 

S concentrations of the initial melt (i.e., of the starting glass) and of the partially degassed, 215 

decompressed melt. The S contents of the glasses were measured using electron microprobe and the 216 

analytical results as well as details on the analytical procedure are given in Fiege et al. (2014a).  217 

 218 

3.2.1 SIMS analyses: Treatment of outliers 219 

A few SIMS analyses were rejected due to strongly varying count statistics for 32S and/or 34S when 220 

measured on different locations on the same sample (and/or unexpected high or low counts when 221 

compared to experiments with similar S content in the glass). Hence, only one analysis was considered 222 

for the starting glass GYClA. These variations in count rates may reflect periodic instability of the 223 

primary beam during the analyses. However, considering that some samples were highly vesiculated, 224 

such a variation of count statistics can also be due to a contribution of S-bearing phases (i.e., quench 225 

phases from the fluid) at the bubble-melt interface to the detected S isotope signal. Notably, the 226 

strongly vesiculated sample SD2-1 could only be analyzed once owing to difficulties in identifying 227 

bubble-free spots that were large enough for SIMS analyses. The 2 sigma of the 50 analytical cycles is 228 

given as the error for these two samples (GYClA and SD2-1; see Table 2) and results related to these 229 

analyses were interpreted with caution. 230 

Moreover, the uncertainty on the δ34S of the starting glass AH is large compared to all other starting 231 

glasses (δ34S of AH has 1 sigma error of ~2 ‰, Table 2), indicating heterogeneous S isotope 232 
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distribution. Thus, the low αg-m values derived from the corresponding experiments (AH-3 and AH-4) 233 

have to be interpreted with caution. This is noted in the figure captions of all figures in which the 234 

results of the experimental series AH are plotted (Fig. 1 and 2). However, series AH will not be 235 

considered for the overall discussion of our data (Section 5 and following sections). 236 

 237 

3.3 Determination of S speciation in melt and fluid using XANES spectroscopy 238 

Fiege et al. (2014a) characterized the S speciation in most starting glasses and glasses of the 239 

decompression experiments via X-ray absorption near edge structure (XANES) spectroscopy at the S 240 

K-edge (2472 eV). Here, we performed additional XANES measurements with a smaller beam size 241 

(~60×60 µm instead of ~250×150 µm) to detect small scale variation in S speciation throughout an 242 

experimental sample, which may be attributed to contributions from the quenched phases in the 243 

bubbles to the spectra. Details on the XANES measurements can also be found in Appendix E.  244 

 245 

4. RESULTS 246 

The run products obtained after decompression consist of glass and bubbles with quenched fluids 247 

(decompression experiments) and no crystals could be detected. The experimental conditions and the 248 

volatile concentrations of starting glasses and of glasses after decompression are given in Table 2. The 249 

major element concentrations determined by EMP revealed that the glasses are chemically 250 

homogeneous and similar to the anhydrous dacitic andesite, if volatiles are subtracted and oxides are 251 

normalized to 100 wt% (see also Fiege et al., 2014).  252 

 253 

4.1 Determination of S6+/ΣS and fO2 in glasses using XANES spectra  254 

The S6+/ΣS ratios in glasses determined by Fiege et al. (2014a) via XANES using the model of Jugo et 255 

al. (2010) are listed in Table 2. These values were used by Fiege et al. (2014a) to estimate the fO2 256 

inside the capsules [fO2(XANES)] via equation 3 (see Section 5.2). The derived fO2(XANES) values 257 

often differ significantly from the nominal fO2 in the vessel. Possible reasons for these deviations are 258 

discussed in detail by Fiege et al. (2014a). As suggested by Fiege et al. (2014a) the nominal fO2 is 259 

used to discuss and interpret the data obtained. However, fO2(XANES) of some (reduced) samples is 260 
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applied (in addition to the nominal fO2) to create a model predicting the effect of fO2 on αg-m, in order 261 

to account for possible small differences between the nominal fO2 in the vessel and within the capsule, 262 

which may have a significant effect on the S speciation in fluid- and melt-phase, respectively (see 263 

Section 5.2). 264 

 265 

4.2 Sulfur speciation in the quenched fluid (XANES) 266 

The results of the XANES measurements performed with a ~60×60 µm beam size are shown in the 267 

Appendix F. Areas containing high volume fraction of bubbles and areas nearly devoid of bubbles 268 

were selected and compared. Small differences between the spectra of bubble-bearing and bubble-free 269 

(or -poor) areas can be observed. Notably, the S fluid-melt partitioning data provided by Fiege et al. 270 

(2014a) for the same experiments shows that the S concentration in the fluid phase varies between 271 

~1.7 and ~5.4 wt% at ~QFM+4 and between ~3.7 and ~4.7 wt% at ~QFM+1, while the S content 272 

measured in the quenched glasses is always < 0.12 wt% . XANES spectra collected on bubble-poor 273 

areas of oxidized samples (~QFM+4) indicate that the S in these glasses is almost exclusively present 274 

as sulfate S6+ (sharp peak at ~2482.2 eV), while spectra collected on areas with a high volume fraction 275 

of bubbles within the same sample reveal an additional, small but distinct peak at ~2478.2 eV, 276 

indicating the presence of sulfite S4+ (see, e.g., Backnaes et al., 2008; Wilke et al., 2008). On the other 277 

hand, under more reducing conditions (~QFM+1), a higher abundance of the broad peak at ~2477 eV 278 

observed for areas with a high volume fraction of bubbles when compared to spectra of bubble-poor 279 

areas, indicate a higher fraction of sulfide S2- within the highly vesiculated part of the reduced samples 280 

(e.g., Jugo et al., 2010). Such variations can possibly be assigned to S species from the quench 281 

products of the fluid inclusions (see Appendix F for details). Hence, the XANES data indicate that SO2 282 

(S4+) may be the prevailing S species in the fluid phase at QFM+4, while significant amounts of H2S 283 

(S2-) are probably present in the fluid at QFM+1 (see Fig. F.1 and description of spectra in Appendix 284 

F). Thus, the fluid-melt isotope fractionation of S at oxidizing conditions (> QFM+3) may be 285 

dominated by the isotopic fractionation pair SO2 (gas) – SO4
2-

(melt), while H2S(gas) – S2-
(melt) is probably the 286 

most relevant fractionation pair at reducing conditions (≤ QFM+1; see also Marini et al. (1998), 287 
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Burgisser et al. (2008) and Jugo et al. (2010) for S speciation data). However, XANES spectra do not 288 

allow a quantitative estimation of the H2S/SO2 ratio in the fluid. 289 

 290 

4.3 Sulfur isotope fractionation 291 

A negative correlation between δ34Smelt and the fraction of S remaining in the melt phase (f) under 292 

oxidizing conditions (> QFM+2.7) was found (see Fig. 1). The relative change in δ34Smelt with 293 

increasing release of S seems to be independent on the initial isotopic composition which varied 294 

between -32‰ and +18‰ (Fig. 1). Hence, the instrumental S isotope fractionation as well as the gas-295 

melt S isotope fractionation in natural systems is assumed to be largely independent of the (initial) S 296 

isotope composition of the glass, at least in the studied range of δ34Smelt. This is consistent with 297 

observations of Mandeville et al. (2008) for δ34Smelt values ranging from -15‰ to +20‰. Thus, in the 298 

following, the initial δ34Smelt will not be considered for the discussion and interpretation of detected 299 

fluid-melt isotope fractionation trends. 300 

Fig. 2 shows a significant influence of fO2 on the fluid-melt isotope fractionation. Although error bars 301 

are large for some experimental products, the dataset (see Table 2) confirms that the fluid-melt isotope 302 

fractionation of S is detectable with the applied experimental and analytical approach. In general, 303 

δ34Smelt increases upon (S-) degassing at oxidizing conditions (~QFM+3), while it decreases at 304 

relatively reducing conditions (~QFM+1). This general observation is consistent with previous works 305 

and is directly related to the influence of fO2 on the S speciation in the melt and the fluid phase (see, 306 

e.g., Taylor, 1986; de Moor et al., 2013). No significant fractionation is observed for the series of 307 

experiments performed at intermediate redox conditions (~QFM+1.8). The data in Fig. 1 and 2 show 308 

that the fluid has a lower δ34S than the melt from which it exsolved at oxidizing conditions and higher 309 

δ34S than the melt at reducing conditions, in agreement with the theoretical considerations (see review 310 

of Taylor, 1986). It is emphasized that data with different r and tA shown in Fig. 2 are consistent; i.e., 311 

there is no detectable effect of these parameters on αg-m (see next Section 4.3.1). 312 

 313 

Figure 1 and 2 314 
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4.3.1 Influence of tA and r on αg-m 315 

In Fig. 3, αg-m values of selected experimental series (GYClA, GYMClA and RED) are plotted against 316 

tA. The experimental series were chosen because they cover a wide range of tA (0 h to ~20 h or ~72 h). 317 

The data reveal that tA has no significant influence on αg-m; i.e., αg-m values of the same experimental 318 

series are typically identical within error. This is consistent with the results obtained for 319 

decompression experiments (using starting glass GYC) performed at different r and tA = 0 h; i.e., αg-m 320 

= 0.9989 ± 0.0015 at r ~0.16 MPa/s (experiment GYC-2) and αg-m = 0.9985 ± 0.0013 at r ~0.05 MPa/s 321 

(GYC-3). Thus, all αg-m values given in Table 2 can be interpreted as reflecting equilibrium fluid-melt 322 

fractionation. This also indicates that small changes in fO2, which can be induced by decompression 323 

(Burgisser and Scaillet, 2007) and, thus, may be expected in some experiments, do not necessarily 324 

affect αg-m values to a significant extent, at least if fO2 is not close to the sulfide-sulfate transition. 325 

Hence, even though S diffusion in the melt is probably the most important parameter controlling the 326 

rate of S degassing to a fluid phase upon decompression (e.g., Nemec, 1980a; 1980b; Sparks et al., 327 

1994; Behrens and Stelling, 2011; Müller-Simon, 2011), the fluid-melt S isotope fractionation 328 

observed in our experiment can be described by a single αg-m value as long as fO2, and, thus, the S 329 

speciation in melt and fluid remains rather constant. However, kinetic S isotope fractionation effects 330 

may play a significant role in degassing magmas which show larger bubble-bubble distances than 331 

observed in our experimental run products (typically < 50 µm after decompression at ~0.1 MPa/s; see 332 

also Fiege et al., 2014b) and a fast fluid separation after volatile exsolution (see de Moor et al., 2013). 333 

On the other hand, the discrepancies between GYClA (average αg-m = 1.0025 ± 0.0011) and GYMClA 334 

(average αg-m = 0.9986 ± 0.0011; see Fig. 3) are interpreted to reflect slight differences in fO2 because 335 

these experiment were conducted at fO2 close to the sulfide-sulfate transition in silicate melts (see, 336 

e.g., of Baker and Moretti, 2011; Moretti and Ottonello, 2005) and small variation in fO2 may change 337 

αg-m significantly at these redox conditions (around ~QFM+1.8). Notably, the δ34S of GYClA is based 338 

on a single analysis (see Section 3.2.1), which could also explain the discrepancies because a change 339 

of the δ34S of GYClA by -2 to -3 ‰ would eliminate most differences. 340 

 341 
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Figure 3 342 

 343 

4.3.2 Influence of fO2 on αg-m 344 

Fig. 2 and Fig. 3 indicate that the fluid-melt S isotope fractionation strongly depends on fO2. The 345 

whole dataset of αg-m values given in Table 2 is reported as a function of ∆QFM in Fig. 4 except for 346 

the results of experimental series AH, which have to be interpreted with caution (see Section 3.2.1).  347 

Fig. 4 reveals that αg-m is > 1 at log(fO2/bar) < QFM+1.5 and < 1 at log(fO2/bar) > QFM+2.5. The 348 

redox range between QFM+1.5 and QFM+2.5, in which αg-m changes from less than 1 to more than 1, 349 

correlates well with the sulfide-sulfate transition in silicate melts (e.g., Jugo et al., 2010; Klimm et al., 350 

2012).  351 

Three starting compositions also contained Cl and the results show that the presence of Cl in bulk 352 

concentrations up to 1000 ppm has no measurable effect on the S isotope fractionation at ~ QFM+1.5. 353 

The scattering of the data is mainly due to the analytical precision of the SIMS technique. Based on 354 

the experimental data in Table 2, an average αg-m of 0.9985 ± 0.0007 is derived for oxidizing 355 

conditions at log(fO2/bar) ≥ QFM+2.8 and an αg-m of ~1.0042 ± 0.0024 is calculated for relatively 356 

reducing redox conditions at log(fO2/bar) ≈ QFM+1. It is emphasized that the fractionation factors for 357 

a given fO2 are identical within error if only experiments with tA > 5 h or r ≤ 0.05 MPa/s are 358 

considered for the calculation of the mean values (~0.9988 ± 0.0013 at >QFM+4 and ~1.0032 ± 359 

0.0027 at ~QFM+1), indicating that equilibrium isotopic distribution was attained in the experiments. 360 

 361 

Figure 4 362 

 363 

5. DISCUSSION 364 

The results presented in this study provide first experimental constraints on the fractionation of S 365 

isotopes between H2O-S-(Cl)-fluids and silicate melts during magma degassing at geologically 366 

relevant conditions. As mentioned above, the influence of r and tA at final P on S isotope fractionation 367 

is negligible within the investigated redox range. Hence, the observed influence of fO2 on αg-m 368 

probably reflect equilibrium isotope fractionation effects occurring upon closed system degassing, 369 
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even if experiments were directly quenched after decompression (tA = 0 h). This is not surprising as 370 

kinetically controlled isotopic fractionation processes are rare in high T processes occurring in 371 

magmatic systems (O'Neil, 1986). Thus, our results indicate that S isotopic equilibrium between fluid 372 

and andesitic melt is reached during a degassing event, which is controlled by a r ranging from ~0.01 373 

to 0.16 MPa/s. Notably, based on the same set of experiments, kinetically controlled degassing 374 

mechanisms were revealed by Fiege et al. (2014a) for the release of S from oxidized andesitic melt 375 

upon fast decompression. The authors noted that equilibrium distribution of S between fluid and melt 376 

was only reached after a tA of ≥ 5 h at oxidizing conditions. Our SIMS measurements indicate that 377 

even during the transient release of large amounts of S upon decompression, observed by Fiege et al. 378 

(2014a), equilibrium fractionation of S between fluid and melt can be assumed. 379 

  380 

5.1 Comparison with the De Hoog et al. (2001) model  381 

In the following discussion, the new results are compared to the model of De Hoog et al. (2001), 382 

which is based on the modeling approach of Sakai et al. (1982) as well as experiments and theoretical 383 

considerations from the 1970s and early 1980s (summarized by Taylor, 1986). The ∆34Sg-m values for 384 

each experiment, calculated following equation 2, were used to determine average ∆34Sg-m values for 385 

each experimental series at a given fO2 (e.g., GYB, GYC, etc.; see Table 2). Fig. 5 shows the (average) 386 

∆34Sg-m values in comparison to a trend predicted by the model of De Hoog et al. (2001) for 1030°C. 387 

The De Hoog-model underestimates the isotopic fractionation at reducing conditions by about one 388 

order of magnitude (i.e., by a factor of 3.6 to 15.6), while it reproduces the data at oxidizing conditions 389 

within the uncertainty. The significant discrepancies at reducing conditions may either be related to the 390 

modeling approach in the De Hoog-model or, more likely, to uncertainties of the input parameters; i.e., 391 

αg-m values as well as the S speciation in the fluid and melt phase at given fO2. The De Hoog-model 392 

relies on the T dependences of αg-m provided by Miyoshi et al. (1984) and Taylor (1986) as well as on 393 

equations of Marini et al. (1998) and Wallace and Carmichael (1992) linking fO2 to the speciation of S 394 

in the fluid and in the melt, respectively. The differences observed at ~QFM+1 indicate that one or 395 

both of the T dependences determined by Miyoshi et al. (1984) for α(SO4
2-

melt –H2S gas) and α(SO4
2-

melt 396 

–S2-
melt), respectively, in the T range of 600 to 1000°C and used by De Hoog et al. (2001) for the 397 
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estimation of α(H2Sgas – S2-
melt) may be not applicable for silicate melts at high T conditions (i.e., > 398 

1000°C). We suggest, that the experimental data of Miyoshi et al. (1984) have to be applied with 399 

caution to silicate systems considering that the S isotope fractionation factor α(SO4
2-

melt – H2S gas) was 400 

determined between SO4
2- in NaCl or LiCl-KCl melts and H2S in an aqueous fluid and that α(SO4

2-
melt 401 

– S2-
melt) was determined based on experiments in which anhydrous Na2SO3 was decomposed in NaCl 402 

or LiCl-KCl melts. Here, possible differences between α(SO4
2-

melt – S2-
melt) in salt melts and α(SO4

2-
melt 403 

– S2-
melt) in silicate melts at given T probably reflect a significant effect of the matrix composition on 404 

bonding energies because equilibrium (S) isotope fractionation is directly related to the effect of the 405 

atomic mass on bond energy (e.g., O'Neil, 1986). Considering that the predominant S species in 406 

oxidized salt and silicate melts are probably quite similar (e.g., CaSO4 or Na2SO4 in silicate melts vs. 407 

K2SO4 or Na2SO4 in salt melts: see, e.g., Behrens and Stelling, 2011; Ayris et al. 2013), while the 408 

predominant S species in reduced Fe-bearing silicate melts is FeS (e.g., Zajacz et al., 2013) and either 409 

Na2S, K2S or LiS is the dominant S species in reduced molten salt system, we suggest that differences 410 

in bonding energies when comparing the different sulfide species are most likely responsible for 411 

possible variation in α(SO4
2-

melt – S2-
melt) with changing composition from silicate to salt melt. Hence, 412 

as a first approximation, the T dependence determined by the authors for α(SO4
2-

melt –H2S gas) may be 413 

more realistic, considering that the fluid composition is similar to that expected in natural systems (see 414 

also Section 5.2).  415 

Sakai et al. (1982) and De Hoog et al. (2001) have shown that the S isotope fractionation between 416 

fluid and melt can be described by three fractionation pair: i) α(SO2 gas – H2Sgas), ii) α(SO4
2-

melt – S2-417 

melt), and iii) α(H2Sgas – S2-
melt). However, considering the four most important S species in silicate melt 418 

and coexisting aqueous fluid (SO4
2-

melt, S2-
melt, SO2 fluid, H2Sfluid; see, e.g., Marini et al., 1998; Burgisser 419 

et al., 2008) a model for the evaluation of αg-m and, thus, of ∆34Sg-m at P-T-fO2 relevant for magmatic 420 

systems, may have to include the four predominant S isotope fractionation pairs: i) SO2 (gas) – SO4
2-421 

(melt), ii) H2S gas – SO4
2-

melt, iii) SO2 gas – S2-
melt and iv) H2Sgas – S2-

melt. In the following section we will 422 

use the new fractionation data presented in this study to estimate fractionation factors for these pairs. 423 

Furthermore, we present an adjusted model based on four fractionation factors and compare the 424 
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resulting trend with the approach used by Sakai et al. (1982), De Hoog et al. (2001) and others. Here, 425 

we will use the same input parameters (i.e., S speciation and αg-m at given fO2) to allow comparison. 426 

 427 

Figure 5 428 

 429 

5.2 Modeling of the fluid-melt S isotope fractionation 430 

Using our experimental data we developed a new model for the evaluation of αg-m at given fO2 and T ≈ 431 

1030°C. A good knowledge of the S speciation in the melt and the coexisting fluid at given P-T-fO2 is 432 

required for the calculations. For our model we estimated the S speciation in the fluid and the melt as 433 

follows: 434 

Sulfur speciation in melt: The fO2 of each experiment can be utilized to estimate the molar fraction of 435 

S dissolved as sulfate in the melt, x(SO4
2-)melt, using equation 5 provided by Jugo et al. (2010).  436 

 437 

x(SO4
2-)melt = S6+ / ΣS = 1 / (1 + 10(2.1 – 2 ⋅ ∆QFM))       (5) 438 

 439 

where ΣS is the sum of S dissolved as sulfide (S2-) and sulfate (S6+) in the melt and x(SO4
2-)melt = 1 – 440 

x(S2-)melt. Notably, equation 5 was calibrated based on XANES measurements at the S K-edge on 441 

basaltic glasses and the sulfate-sulfide transition predicted by the equation differs slightly when 442 

compared to that in andesitic systems (see below, this Section and Fiege et al., 2014a). 443 

Sulfur speciation in fluid: The molar H2S/SO2 fraction in the gas phase was estimated using the 444 

program DCompress provided by Alain Burgisser (CNRS, Chambéry, France), which is based on the 445 

work of Burgisser et al. (2008) to model the degassing of rhyolitic melts and on data from Lesne et al. 446 

(2011a; 2011b) and Lesne (2008) to model the degassing of basaltic melts. The program allows the 447 

estimation of the molar H2S/SO2 fraction in a S-O-H fluid coexisting with basaltic (at 1000 to 1400°C) 448 

or rhyolitic melts (at 710 to 910°C) for a given fO2. Notably, DCompress does not yet cover 449 

intermediate melt compositions such as the andesite used in our experiments or T > 910°C for rhyolitic 450 

systems. However, the program is based on some of the most recent and relevant (high P-T) 451 

experimental data and by calculating trends for both, rhyolitic and basaltic systems, we can account for 452 
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the possible effect of bulk composition on S speciation in the fluid phase. Hence, the decompression 453 

(from 300 to 70 MPa) of a rhyolitic (at 900°C) and a basaltic melt (at 1030°C) containing initially 6 454 

wt% H2O, 1000 ppm S and 0.1 wt% gas was simulated for fO2 ranging from QFM-1 to QFM+5. The 455 

modeled molar H2S/SO2 fractions in the fluid phases were used to calculate the fraction of SO2 456 

[x(SO2)fluid = (mol SO2) / (mol SO2 + mol H2S)] and H2S [x(H2S)fluid = 1 – x(SO2)fluid] in the fluid phase 457 

as a function of fO2 for a rhyolitic and basaltic composition. The lower T applied for the DCompress 458 

calculations for rhyolitic composition when compared to T of our experiments results in a shift of the 459 

sulfide-sulfate transition towards higher fO2; i.e., the rhyolite trend overestimates the H2S/SO2 fraction 460 

in the fluid phase at intermediate fO2. However, considering that both, increasing T (900 to 1030°C) 461 

and changes in melt composition from rhyolite to basalt shift the sulfide-sulfate transition towards 462 

lower fO2, calculating trends for rhyolite at 900°C and for basalt at 1030°C should provide maximum-463 

minimum S speciation data for the studied andesitic system at 1030°C. 464 

The main assumptions for the new model are: a) The fluid-melt isotope fractionation can be described 465 

by α(SO2 gas – SO4
2-

melt) at very oxidizing conditions and b) by α(H2S gas – S2-
melt) at very reducing 466 

conditions. The average αg-m of ~0.9985 derived from experiments conducted under oxidizing 467 

conditions (log(fO2/bar) > QFM+2.8) is assumed to represent the fractionation pair SO2 gas – SO4
2-

melt, 468 

considering that x(SO4
2-)melt and x(SO2)fluid are nearly 1 at log(fO2/bar) > QFM+2.8. Furthermore, an 469 

average αg-m of ~1.0042 was determined for log(fO2/bar) ≈ QFM+1.1 (experiments RED-1 to RED-4; 470 

AHC-3; andesitic composition), corresponding to x(SO4
2-)melt and x(SO2)fluid of ~0.5 if a basaltic melt 471 

composition is assumed to model the S speciation  [i.e., speciation estimated using DCompress and 472 

Jugo et al. (2010); see above, this Section]. The αg-m fractionation factor of ~1.0042, and the 473 

determined value for α(SO2 gas – SO4
2-

melt), are used to estimate a value of α(H2S gas – S2-
melt) for 474 

basaltic systems. The same approach can be used to estimate a value of α(H2S gas – S2-
melt) at QFM+1.1 475 

for rhyolitic systems if x(SO2)fluid is modeled using DCompress for rhyolite melts. The estimated 476 

α(H2S gas – S2-
melt) values are 1.0099 and 1.0050 for basaltic and rhyolitic systems, respectively (Table 477 

3). The calculations were repeated using the S6+/ΣS ratio estimated from the XANES spectra to 478 

account for the observed discrepancies between the prevailing fO2 in the vessel and fO2(XANES). In 479 

this case, the estimated α(H2S gas – S2-
melt) values are 1.0073 and 1.0046 for basaltic and rhyolitic 480 
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systems, respectively (Table 3). The fractionation factor α(H2S gas – SO4
2-

melt) was estimated using the 481 

results of Miyoshi et al. (1984) who used Na2SO4 melt and (aqueous) H2S fluid in their experiments. 482 

Subsequently, α(SO2 gas – S2-
melt) can be calculated using equation 6.  483 

 484 

α(SO2 gas – S2-
melt) = α(SO2 gas – SO4

2-
melt) + α(H2S gas – S2-

melt) – α(H2S gas – SO4
2-

melt)  (6) 485 

 486 

The application of the data of Miyoshi et al. (1984) to extract α(H2S gas – SO4
2-

melt) for silicate systems 487 

may be problematic (see Section 5.1), but can be tested using the T dependence of α(SO2 gas – H2Sgas) 488 

given by Taylor (1986) based on theoretical calculations of Richet et al. (1977). If the average values 489 

derived for α(H2Sgas – S2-
melt) and α(SO2 gas – S2-

melt) (Table 3) are used to calculate the fractionation 490 

between H2S and SO2 in a fluid phase, a value of α(SO2 gas – H2Sgas) of 1.0023 is obtained, which is 491 

similar to the value calculated using the data in Taylor (1986).  492 

The fluid-melt fractionation factors used for the modeling of the isotopic fractionation are summarized 493 

in Table 3. The highest and lowest values determined for α(H2Sgas – S2-
melt) and α(SO2 gas – S2-

melt) 494 

(Table 3) are suggested to represent the maximum and minimum fractionation factors which can be 495 

expected for andesitic systems at 1030°C, because the uncertainty of the estimated S speciation at 496 

given fO2 dominates over all other uncertainties; e.g., the analytical error of SIMS, IR and EMP. They 497 

were applied to calculate fractionation factors at given fO2 [αg-m(fO2)] using the S speciation in the 498 

fluid- (estimated using DCompress) and melt-phase (estimated using XANES data and the model of 499 

Jugo et al., 2010); see Appendix G for details. 500 

Fig. 6 shows the modeled isotopic fractionation trends. All four trends correlate well with the 501 

experimental data at oxidizing conditions but differ by about 0.5 log units in fO2 at intermediate to 502 

reducing conditions. The trends calculated for a basaltic melt composition (blue lines) seem to show a 503 

better correlation with the measured ∆34S values when compared to rhyolite trends (red lines). 504 

However, the T for the calculations in rhyolitic system using DCompress is limited to 900°C, and the 505 

observed differences between the measured ∆34S values and the modeled trends may be related to 506 
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both, compositional and T differences (i.e., differences between those applied for the DCompress 507 

modeling and those of the conducted experiments).  508 

The differences between the modeled trends and the experimental data can also be explained by a 509 

(slight) shift of the sulfide-sulfate transition towards more oxidizing conditions in the studied andesitic 510 

system when compared to the basaltic samples used by Jugo et al. (2010) to determine equation 5, 511 

which was applied to estimate x(SO4
2-)melt. In fact, Baker and Moretti (2011) noted that the dependence 512 

of S6+/ΣS on fO2 (i.e., the sulfide-sulfate transition) is significantly affected (e.g.) by T, P, and melt 513 

composition. Fig. 4a in Fiege et al. (2014a) indicates that the sulfide-sulfate transition in the studied 514 

evolved andesite glasses may be shifted by about +0.5 log units relative to the one for basaltic glasses 515 

determined by Jugo et al. (2010). According to the data shown in Fig. 6 the sulfide-sulfate transition in 516 

andesite glasses is suggested to be at an fO2 of about QFM+1.8. This is consistent with a comparison 517 

of trends for the S speciation in the fluid and melt phase based on different model approaches (see Fig. 518 

H.1, Appendix H). For instance, DCompress predicts that the S speciation in aqueous fluids coexisting 519 

with rhyolitic melt shifts by +0.5 log units when compared to basaltic systems. Notably, the sulfide-520 

sulfate transition predicted by the general model of Wallace and Carmichael (1992), based on 521 

experimental results of Carroll and Rutherford (1988), is around ~QFM+1.5 and, thus, somewhat 522 

closer to what we suggest for andesitic systems than found by Jugo et al. (2010) for hydrous basaltic 523 

compositions. However, the shape of the Wallace and Carmichael (1992) trend differs significantly 524 

from more recent and, presumably, more precise predictions (e.g., Jugo et al., 2005, 2010; 525 

Botcharnikov et al., 2011). A clear determination of the sulfide-sulfate transition in andesite glasses is 526 

needed to improve our model.  527 

In general, the fluid-melt S isotope fractionation at oxidizing conditions is very well constrained by 528 

our data. An extrapolation of the S isotope data presented in Mandeville et al. (2009) for natural 529 

samples of the climactic eruption of Mt. Mazama (relevant degassing T estimated for the samples 530 

range from 840 to 975°C) indicates an αg-m of about 0.9982 at 1030°C and fairly oxidizing conditions 531 

(~QFM+1.7 to QFM+1.9 log units), which is within error of our experimental data for oxidized 532 

systems. In contrast, the lack of experimental data at log(fO2/bar) << QFM+1 leads to a large error on 533 

the estimation of α(H2Sgas – S2-
melt). However, considering that equilibrium (S) isotope fractionation 534 
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effects refer to the effect of atomic mass on bond energy (e.g., O'Neil, 1986) and assuming that 535 

differences in bonding energies of S isotopes in melts are negligible when comparing different silicate 536 

melt compositions, the average α(H2Sgas – S2-
melt) of 1.0067 ± 0.0046 determined on the basis of our 537 

data may be applicable to a wide range of reduced magmatic systems at 1030°C. 538 

Our model can be further evaluated by using input parameters (i.e., fractionation factors, S speciation 539 

data) identical to those applied in our model for the modeling approach of Sakai et al. (1982) and 540 

compare both trends. In Fig.7 a re-calculated trend based on the Sakai et al. (1982) model is plotted for 541 

comparison. The resulting trend is identical to our trend, showing that the fluid-melt S isotope 542 

fractionation can be modeled with both approaches. However, in our opinion, the modeling approach 543 

proposed in this study should be easier to follow because its terms clearly delineate which 544 

fractionation pairs are required for the estimation of αg-m at given fO2. Furthermore, an additional trend 545 

plotted in Fig. 7 and based on our model but shifted by 0.5 log units towards more oxidizing 546 

conditions, confirms that the proposed model should reproduce our experimental results closely if S 547 

speciation models specially designed for intermediate, andesitic systems were available.  548 

 549 

Figure 6 and 7; Table 3 550 

 551 

5.3 Equilibrium fractionation: Modeling S isotope composition of volcanic gases 552 

The isotopic composition of volcanic gases released from a melt can be estimated using the equations 553 

given by Holloway and Blank (1994) for closed and open system degassing, respectively: 554 

 555 

δ34Sm-f ≈ δ34Sm-i – (1 – f ) ⋅ 103 ⋅ ln αg-m   closed system degassing  (7) 556 

 557 

δ34Sm-f ≈ (δ34Sm-i + 103) ⋅ (f α(g-m) – 1) – 103  open system degassing   (8) 558 

 559 

where f is the fraction of S remaining in the melt as well as δ34Sm-i and δ34Sm-f are the initial and the 560 

final isotopic composition in the melt phase, respectively. Subsequently, the isotopic composition of 561 

the released fluid phase (δ34Sgas) can be determined using equation 3. The equilibrium fractionation 562 
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factor αg-m for a given fO2 can be estimated applying the new model described in Section 5.2 and using 563 

the average αg-m values of the four fractionation pairs listed in Table 3. The derived αg-m values (listed 564 

in the figure captions of Fig. 8) can be used to model the isotopic composition of a released fluid 565 

(δ34Sgas) upon open and closed system degassing (Fig. 8); here, a δ34Sm-i of 0 ‰ was assumed for the 566 

calculations. Significant differences of ≥ 1 ‰ between the modeled trends for closed system and open 567 

system degassing are only observed if 35 to 90% of the S in the melt is released and only in reduced 568 

systems. Thus, distinguishing between closed and open system degassing based on the S isotope 569 

signature of a volcanic gases only may be quite difficult. Nevertheless, Fig. 8a and 8b indicate that 570 

even under intermediate redox conditions (~QFM+1.5) considerable fluid-melt S isotope fractionation 571 

should be expected.  572 

Most importantly, the data reveal that the first fluid released by degassing may be up to ~1.7 ‰ lighter 573 

(oxidized magmas) or up to ~6.7 ‰ heavier (reduced magmas) than the δ34S of the source magma. 574 

Considering that fast decompression combined with open system degassing often occurs during 575 

explosive, hazardous volcanic events, a distinct change in δ34Sgas detected in the volcanic gas of 576 

reduced systems should be expected prior to, or during the initial phase of the eruption. Moreover, 577 

model calculations for open system degassing using equation 8 show that δ34S of the melt (δ34Sm-f) can 578 

decrease by >40 ‰ under reducing conditions and increase by >10 ‰ under oxidizing conditions. 579 

Hence, the strong variations in δ34S observed by Shimizu and Mandeville (2011) for some olivine 580 

hosted melt inclusion in subduction zone magmas are probably, in part, related to degassing and not 581 

only due to slab-derived fluids, which is in agreement with observations of de Moor et al. (2013) 582 

 583 

Figure 8a and 8b 584 

 585 

5.4 Implications for studies of natural systems 586 

The new experimental data presented in this study are of great value for a better interpretation of 587 

natural S isotope compositions detected in pumices, scoria and volcanic gases. Ohba et al. (2008), for 588 

instance, applied the chemical trap method (using KOH solution) to monitor the volcanic gas signature 589 

at Miyakejima (Japan). The authors estimated a ∆34Sgas of about -0.3 to -1.0 for two degassing periods 590 
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(2001 to summer 2002; summer 2002 to 2005). Ohba et al. (2008) noted that the fO2 required to 591 

produce the observed fractionation may be about QFM+1.3 to QFM+1.9 and, thus, ~0.5 log units 592 

higher than estimated petrologically by Yasuda et al. (2001). Ohba et al. (2008) proposed fluid-melt 593 

disequilibrium in terms of fO2 to explain the observed discrepancies. However, the results of Ohba et 594 

al. (2008) rely on calculation procedures of Marini et al. (1998) for the estimation of αg-m for a given 595 

fO2, fH2O and T. The Marini et al. (1998) model is comparable to that of De Hoog et al. (2001) and 596 

also relies on the equation provided by Miyoshi et al. (1984) for the T dependence of α(SO4
2-

melt – S2-597 

melt), which is probably not applicable to magmatic systems (see Section 5.1). Considering the new 598 

experimental results presented in this study, the isotopic fractionation determined by Ohba et al. 599 

(2008) may be explained by comparable redox conditions as determined by Yasuda et al. (2001). This 600 

example shows that our findings need to be considered for the interpretation of magmatic S isotope 601 

signature. However, the T dependence still needs to be verified to allow the application to a wide range 602 

of magmatic systems. 603 

Furthermore, it has been shown by de Moor et al. (2013) that kinetic S isotope fractionation can play a 604 

crucial role in natural magmatic systems and can affect the S isotope signature detected in volcanic 605 

gases and ejecta to a significant extent. Notably, the large equilibrium S isotope fractionation that we 606 

observed for our reduced experiments when compared to previously published values has to be 607 

considered for the calculation of the relative effect of kinetic vs. equilibrium S isotope fractionation in 608 

natural systems. 609 

 610 

6. CONCLUSION 611 

A new experimental approach was applied to investigate S isotope fractionation between fluid and 612 

silicate melt. The obtained results provide, for the first time, constraints on fluid-melt S isotope 613 

fractionation at geologically relevant P-T-fO2 conditions with close to natural fluid-melt compositions. 614 

Our data indicate that the instrumental S isotope fractionation of the SIMS as well as the gas-melt S 615 

isotope fractionation in natural systems is largely independent of the (initial) S isotope composition of 616 

the glass, at least in the studied range of δ34S = -32‰ to +18‰. 617 
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The new data show that previous models (e.g., De Hoog et al., 2001) based on experiments using 618 

simple melt compositions (e.g., molten salt Na2SO4 and Na2S analogies) and theoretical studies from 619 

the 1970s and 1980s (summarized by Taylor, 1986) may significantly underestimate the isotopic 620 

fractionation at intermediate to reducing conditions. Our results show that under reducing conditions a 621 

S isotope fractionation between aqueous fluid and andesitic melt of ≥ 4 ‰ can be expected at 1030°C. 622 

The reason for the observed discrepancies is most likely the very limited data available in the literature 623 

on S isotope fractionation, which are probably not fully applicable to magmatic systems. Here, our 624 

experimental results show that under intermediate to reducing conditions the S isotope fractionation 625 

between aqueous fluid and andesitic melt is about one order of magnitude larger than expected 626 

previously. 627 

In general, measuring S isotope compositions of volcanic material can be of great importance to 628 

investigate degassing processes (e.g., distinguish between open and closed system degassing), 629 

understand atmospheric transport processes of volcanic gas-ash-clouds and/or assess the source(s) of 630 

volatiles in magmatic systems. The presented data will help to understand and interpret related S 631 

isotope signatures and especially isotopic data of reduced systems may need to be re-interpreted. The 632 

observed independence of αg-m, on the bulk Cl content indicates that the estimated fractionation factors 633 

and trends may be applicable to complex multi-component fluid-melt systems. However, future 634 

studies should focus on the influence of melt composition and, most importantly, on the T dependence.  635 
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 791 

FIGURE CAPTIONS 792 

Fig. 1: S isotopic composition (δ34Smelt) of selected experimental series conducted under oxidizing 793 

conditions (log(fO2/bar) > QFM+2.7) plotted against fraction of S remaining in the melt phase (f). The 794 

initial δ34Smelt (0% S degassed; f = 1.0) was 20.03 ± 2.11 (AH), 0.93 ± 0.86 (GYC) or -32.22 ± 0.16 795 

(SD1), respectively. 796 

(a) AH data have to be interpreted with caution due to the large isotopic variation detected in the AH 797 

starting glass (see Section 3.2.1). 798 

 799 

Fig. 2: Isotopic fractionation of S at various fO2. The normalized δ34Smelt is plotted against fraction of 800 

S remaining in the melt phase (f). The figure shows all Cl free experiments except AHC, because of 801 

the varying fO2 within this experimental series. 802 

(a) AH data have to be interpreted with caution due to the large isotopic variation detected in the AH 803 

starting glass (see Section 3.2.1). 804 

 805 

Fig. 3: Influence of tA on αg-m at constant r of 0.1 MPa/s.  806 

 807 

Fig. 4: S isotope fractionation factor αg-m plotted against fO2. For clarity, the typical errors for αg-m and 808 

fO2 are illustrated by the black cross in the upper right corner. The final P of the decompression 809 

experiments was typically 70 MPa (see Table 2). 810 

(a) SD1 experiments: quenched at final P of 30, 70 or 100 (see Table 2). 811 

 812 

Fig. 5: ∆34Sg-m of all experimental series plotted against fO2. The displayed trend line was calculated 813 

for 1030°C following the approach of de Hoog et al. (2001) and is plotted for comparison. The dotted 814 

trend represents an extrapolation of the de Hoog et al. (2001) model. 815 
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Note: Only average ∆34Sg-m values for each experimental series at a given fO2 are displayed.  816 

Error bars: 1 σ based on the ∆34Sg-m values determined for each experiment. 817 

 818 

Fig. 6: Modeled dependence of ∆34Sg-m on fO2 for rhyolitic and basaltic melts at 1030°C. ∆34Sg-m 819 

values of all experimental series are plotted for comparison. 820 

Note: The S speciation in the melt was modeled using equation 5 (Jugo et al., 2010). The S speciation 821 

in the fluid was modeled using the program DCompress for a rhyolitic system at 900°C and for a 822 

basaltic system at 1030°C, respectively; see text for details. 823 

Only average ∆34Sg-m values for each experimental series at a given fO2 are displayed. 824 

Error bars: 1 σ based on the ∆34Sg-m values determined for each experiment. 825 

 826 

Fig. 7: Comparison of the new model with the approach of Sakai et al. (1982).  827 

Note: The model approach of Sakai et al. (1982) was used by De Hoog et al. (2001). 828 

(a) Trend calculated based on the model proposed in this study is shifted by +0.5 log units fO2 to 829 

account for the compositional dependence of the sulfide-sulfate transition in silicate melts and 830 

coexisting fluids (see Section 5.2 and Appendix G) 831 

(b) Trend predicted following the model of Sakai et al. (1982) and using identical input parameters 832 

(i.e., for S speciation and S isotope fractionation factors) as applied for the “new model” (see Section 833 

5.2). 834 

Error bars: 1 σ based on the ∆34Sg-m values determined for each experiment. 835 

 836 

Fig. 8a/b: δ34Sgas plotted against the relative fraction of S degassed from the melt at log(fO2/bar) 837 

ranging from QFM-0.5 to QFM+3.2. a) Closed system degassing. b) Open system degassing.  838 

The αg-m values for given fO2 were estimated using our model for the dependence of αg-m on fO2. 839 

(αg-m = 1.0067 for QFM-0.5; 1.0045 for QFM+0.8; 0.9988 for QFM+1.5; 0.9983 for QFM+1.8 and 840 

0.9985 for QFM+3.2) 841 

 842 

 843 
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Table 1: Composition of the anhydrous dacitic andesite glass and the volatile-bearing starting glasses 
determined by electron microprobe and IR spectroscopy (H2O). 

[wt%] SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O H2O SO3 Cl Total 

Anhydrous 64.79 1.28 15.62 4.94 0.23 1.40 4.92 3.92 1.80 - - - 98.91 

andesite 0.59 0.07 0.22 0.33 0.04 0.06 0.20 0.25 0.07 - - - 0.78 

AH (a) 
61.23 0.85 14.69 4.52 0.21 1.34 4.80 3.69 1.69 6.61 0.32 - 99.90 

0.63 0.04 0.08 0.28 0.09 0.08 0.15 0.28 0.10 0.03 0.01 - 0.81 

GYC 
60.75 0.80 14.49 4.45 0.26 1.35 4.77 3.65 1.70 6.50 0.34 - 99.06 

0.42 0.05 0.19 0.32 0.06 0.08 0.16 0.17 0.08 0.37 0.02 - 0.47 

AHC 
59.24 0.78 14.09 4.53 0.28 1.26 5.02 3.55 1.66 7.95 0.68 - 99.03 

0.40 0.06 0.20 0.26 0.10 0.10 0.25 0.15 0.05 0.48 0.02 - 0.75 

SD1 
60.91 0.81 14.57 4.65 0.22 1.34 4.41 3.49 1.66 5.79 0.31 - 98.39 

0.84 0.02 0.14 0.11 0.06 0.07 0.04 0.25 0.04 0.48 0.02 - 1.06 

GYB 
61.11 0.82 14.67 4.43 0.27 1.23 4.91 3.56 1.68 6.33 0.36 - 99.36 

0.48 0.04 0.22 0.39 0.08 0.18 0.20 0.27 0.17 0.79 0.02 - 0.77 

SD2 
61.94 0.82 15.30 4.48 0.20 1.34 4.71 3.62 1.70 4.55 0.29 - 99.19 

0.36 0.02 0.15 0.14 0.03 0.08 0.09 0.16 0.03 0.09 <0.01 - 0.44 

GYClA 
60.63 0.82 14.98 4.12 0.19 1.32 4.48 3.73 1.67 6.56 0.25 0.10 98.84 

0.29 0.03 0.27 0.17 0.03 0.06 0.06 0.28 0.03 0.24 0.05 <0.01 1.33 

GYMClA 
(a) 

60.65 0.83 14.92 4.33 0.17 1.41 5.19 3.43 1.65 6.29 0.67 0.05 99.59 

0.34 0.02 0.18 0.07 0.02 0.03 0.06 0.26 0.03 0.24 <0.01 <0.01 0.49 

RED 
60.76 0.95 14.91 4.50 0.24 1.41 5.00 3.71 1.72 6.71 1623 - 100.32 

0.55 0.06 0.26 0.31 0.02 0.10 0.28 0.19 0.10 0.18 242 - 0.35 

QFMClA 
(a) 

60.83 0.79 14.92 4.63 0.15 1.33 4.47 4.05 1.57 6.58 0.07 0.10 99.50 

0.43 0.03 0.15 0.12 0.07 0.03 0.05 0.23 0.02 0.13 <0.01 <0.01 0.42 

Notes: Error in italic:1 σ standard deviations based on microprobe analysis; number of EMP analyses: 15 to 20; (a) 
compositions provided by Fiege et al. (2014). 
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Table 2. Experimental results. All synthesizes and experiments were conducted in IHPVs at 1030 ± 10 °C. 

Sample ID pS 
[MPa] 

tI 
[min] 

r 
[MPa/s] 

pE 
[MPa] 

tA 
[min] 

∆QFM S6+/ΣS H2O 
[wt%] Cl [wt%] S [ppm] %S 

degass. 
δ34Smelt    

[‰] 
δ34Sfluid 

[‰] αg-m n 
(SIMS) 

Comments 

AH (a) 500 xx xx 500 o. n. 3.7 (b) nd 6.61 ± 0.03 xx 1266 ± 140 xx 20.03 ± 2.11 xx xx 5 xx 
AH-3 (a) 500 60 0.16 71 1083 4.2 (b) >0.80 3.56 ± 0.05 xx 720 ± 236 43 ± 5 22.38 ± 0.85 16.93 0.9946 6 xx 
AH-4 (a) 500 60 0.17 71 d. r. q. 4.2 (b) nd 3.97 ± 0.29 xx 130 ± 50 90 ± 14 23.03 ± 2.27 19.69 0.9967 5 NQ 

GYC 500 xx xx 500 o. n. 3.7 (b) 1.03 6.50 ± 0.37 xx 1376 ± 60 xx 0.94 ± 0.93 xx xx 5 xx 
GYC-1 505 40 0.09 65 60 4.2 (b) >0.74 2.49 ± 0.07 xx 380 ± 85 72 ± 4 2.42 ± 1.66 0.37 0.9980 3 xx 
GYC-2 505 5 0.16 71 d. r. q. 4.2 (b) nd 3.64 ± 0.07 xx 375 ± 100 73 ± 5 1.75 ± 0.75 0.63 0.9989 5 xx 
GYC-3 402 5 0.05 70 d. r. q. 4.2 (b) nd 3.34 ± 0.07 xx 636 ± 116 54 ± 2 1.76 ± 0.67 0.22 0.9985 3 xx 

AH-C 450 xx xx 450 o. n. 3.9 (b) 0.98 7.95 ± 0.48 xx 2703 ± 65 xx 23.21 ± 0.27 xx xx 5 xx 
AHC-1 450 40 0.08 71 120 4.2 (b) >0.89 3.58 ± 0.05 xx 916 ± 50 66 ± 1 24.27 ± 0.64 22.67 0.9984 3 xx 
AHC-3 414 40 0.08 73 900 1.2 (c) >0.52 3.60 ± 0.06 xx 315 ± 80 88 ± 6 22.84 ± 0.56 23.26 1.0004 3 xx 
AHC-4 403 5 0.02 71 d. r. q. 4.2 (b) nd 3.60 ± 0.08 xx 1190 ± 27 56 ± 1 23.72 ± 2.09 22.82 0.9991 5 xx 

SD1 502 xx xx 502 o. n. 3.6 (b) >0.85 5.79 ± 0.48 xx 1223 ± 71 xx -32.22 ± 0.16 xx xx 3 xx 
SD1-300 405 5 0.10 34 d. r. q. 2.8 nd 2.02 ± 0.15 xx 146 ± 64 88 ± 17 -30.93 ± 0.42 -32.39 0.9985 2 xx 
SD1-700 410 5 0.10 70 d. r. q. 3.2 (>0.66) 3.90 ± 0.15 xx 170 ± 35 86 ± 4 -30.84 ± 0.19 -32.44 0.9984 2 xx 

SD1-1000 389 5 0.10 100 d. r. q. 3.4 (>0.67) 4.97 ± 0.35 xx 274 ± 62 78 ± 4 -31.00 ± 2.01 -32.57 0.9984 3 xx 

GYB 500 xx xx 500 o. n. 3.6 (b) 0.98 6.33 ± 0.79 xx 1451 ± 70 xx 3.38 ± 0.25 xx xx 3 xx 
GYB-1 420 60 0.07 74 1087 1.2 0.71 3.08 ± 0.09 xx 405 ± 95 72 ± 4 2.91 ± 0.68 3.57 1.0007 3 xx 
GYB-3 420 60 0.07 74 1087 1.7 (0.47) 3.78 ± 0.06 xx 260 ± 70 82 ± 6 3.70 ± 0.56 3.32 0.9996 2 xx 

SD2 500 xx xx 500 o. n. 3.3 (b) nd 4.55 ± 0.09 xx 1167 ± 20 xx -16.58 ± 1.03 xx xx 3 xx 
SD2-1 410 5 0.10 70 d. r. q. 2.1 0.96 3.82 ± 0.28 xx 329 ± 86 72 ± 5 -20.0 ± 2.4 (d) -15.25 1.0048 1 xx 
SD2-3 404 5 0.02 70 d. r. q. 1.0 nd 3.74 ± 0.09 xx 202 ± 38 83 ± 3 -19.66 ± 1.10 -15.94 1.0037 4 xx 
SD2-5b 405 5 0.10 71 60 1.8 (0.22) 3.46 ± 0.39 xx 190 ± 35 84 ± 3 -18.52 ± 2.21 -16.21 1.0023 2 xx 
SD2-6 405 5 0.10 70 300 1.6 (0.57) 3.52 ± 0.13 xx 175 ± 20 85 ± 1 -19.29 ± 0.15 -16.11 1.0032 2 xx 

GYClA 508 xx xx 502 o. n. 0.7 0.09 6.56 ± 0.24 0.103 ± 0.002 1018 ± 188 xx 7.9 ± 0.7(e) xx xx 1(+2)(e) re-melted (f) 
GYClA-1 412 5 0.10 70 d. r. q. 1.7 (0.37) 3.73 ± 0.06 0.089 ± 0.009 184 ± 60 82 ± 12 6.05 ± 0.69 8.32 1.0023 2 xx 
GYClA-2 404 5 0.10 70 66 1.9 (0.47) 3.56 ± 0.28 0.081 ± 0.007 148 ± 60 85 ± 17 7.08 ± 1.20 8.05 1.0010 3 NQ 
GYClA-3 407 5 0.10 70 300 1.8 (0.29) 3.61 ± 0.07 0.073 ± 0.010 112 ± 52 89 ± 22 5.24 ± 0.48 8.24 1.0030 3 xx 
GYClA-4 415 5 0.10 70 4323.5 1.8 (0.35) 1.98 ± 0.03 0.073 ± 0.009 92 ± 48 91 ± 28 4.63 ± 0.28 8.24 1.0036 2 xx 
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Table 2. Experimental results. Continuation 

Sample ID pS 
[MPa] 

tI 
[min] 

r 
[MPa/s] 

pE 
[MPa] 

tA 
[min] 

∆QFM S6+/ΣS H2O 
[wt%] Cl [wt%] S [ppm] %S 

degass. δ34Smelt δ34Sfluid αg-m n 
(SIMS) 

Comments 

GYMClA 495 xx xx 478 o. n. 0.8 0.23 6.29 ± 0.24 0.051 ± 0.001 1043 ± 143 xx 5.09 ± 1.57 xx xx 6 re-melted (f) 
GYMClA-1 412 5 0.10 70 d. r. q. 1.7 0.33 3.64 ± 0.07 0.047 ± 0.008 356 ± 112 66 ± 8 6.77 ± 1.02 4.22 0.9975 5 xx 
GYMClA-3 407 5 0.10 70 300 1.8 (0.65) 3.62 ± 0.06 0.044 ± 0.006 128 ± 36 88 ± 9 5.53 ± 1.24 5.03 0.9995 3 xx 
GYMClA-4 415 5 0.10 70 4323.5 1.8 (0.25) 3.61 ± 0.06 0.046 ± 0.006 108 ± 48 90 ± 19 5.41 ± 0.89 5.05 0.9996 5 xx 
GYMClA-5 401 5 0.10 71 63 1.9 (0.25) 3.59 ± 0.06 0.045 ± 0.008 176 ± 44 83 ± 7 6.85 ± 1.26 4.73 0.9979 5 xx 

RED 495 xx xx 495 o. n. 0.1 0.03 6.71 ± 0.18 xx 1623 ± 242 xx 7.79 ± 0.20 xx xx 5 re-melted (f) 
RED-1 402 5 0.10 70 60 1.0 (0.33) 3.77 ± 0.09 xx 172 ± 56 89 ± 11 3.25 ± 1.49 8.33 1.0051 3 xx 
RED-2 413 5 0.10 71 d. r. q. 1.2 (0.30) 3.45 ± 0.10 xx 284 ± 116 82 ± 16 2.65 ± 1.56 8.88 1.0063 3 xx 
RED-3 412 5 0.10 70 300 1.1 (0.25) 3.56 ± 0.06 xx 200 ± 56 88 ± 9 2.69 ± 0.36 8.51 1.0058 3 xx 
RED-4 405 5 0.10 70 1204.5 1.1 0.46 3.39 ± 0.41 xx 330 ± 25 80 ± 2 5.11 ± 0.80 8.48 1.0034 4 NQ 

QFMClA 508 xx xx 509 6 days 0.4 (0.04) 6.58 ± 0.13 0.104 ± 0.002 260 ± 19 xx 4.60 ± 1.42 xx xx 5 xx 
QFMClA-3 424 5 0.02 70 d. r. q. 0.8 (0.28) 3.48 ± 0.10 0.095 ± 0.002 52 ± 16 80 ± 8 2.04 ± 0.73 5.25 1.0032 3 xx 
QFMClA-4 412 5 0.01 70 d. r. q. 0.9 (0.23) 3.57 ± 0.06 0.097 ± 0.003 69 ± 15 74 ± 4 3.37 ± 0.33 5.04 1.0017 2 xx 

Notes: EMP (e.g., S, Cl contents), IR (H2O contents) and XANES (S6+/ΣS ratio) data have been published previously by Fiege et al. (2014a). 
Sample ID: starting glasses are written in italic – (a) these data have to be interpreted with caution, see Section 3.2.1 for details;  pS: start pressure; tI: initial annealing time before 
decompression; r: decompression rate – relative error of the decompression rate ≤7% ;  pE: final pressure after decompression / before rapid quench; tA: annealing time at final p-T 
conditions; ∆QFM: Nominal oxygen fugacity determined using the Shaw-membrane technique or (b) intrinsic redox conditions determined by, e.g., Berndt et al. (2002) – (c) experiments 
without Shaw-membrane, fO2 calculated using the initially loaded H2 pressure; S6+/ΣS: error probably > 0.1, values in parenthesis refer to samples with very low sulfur content in the melt 
(< 300 ppm) leading to (very) noisy XANES spectra – italic font indicates that the S6+/ ΣS ratios should be equal to 1, see Fiege et al. (2014a) for details; %S degass.: relative fraction of sulfur 
degassed from the melt upon decompression – determined by mass balance calculations. δ34Smelt: SIMS data [‰, V-CDT], 1 σ calculated based on the SIMS analyses performed on each sample 
is given as error – (d) only one spot measured because the sample is highly vesiculated, 2 σ of the 50 analytical cycles is given as error, see Section 3.2.1 – (e) two of the three SIMS 
measurements show varying count rates during the measurement and were not considered; 2 σ of the 50 analytical cycles is given as error, see Section 3.2.1; δ34Sfluid: estimated by mass balance 
calculations [‰, V-CDT]; αg-m: average error ±0.0015, based on the analytical precision of the SIMS measurements; n: number of SIMS measurements; Comments: (f): starting glass contained 
quench related S-globules and was re-melted for ~1 h at ~1030°C and 500 MPa to improve homogeneity, see Fiege et al. (2014a) for details. 
xx: not relevant or 0; o. n.: over night (≥ 16 h); d. r. q.: direct rapid quench; nd: not determined / no measurement conducted; NQ: normal quench, cooling rate ~150°C/min. 

 845 



 
 

32 
 

Table 3: Estimated fluid-melt S isotope fractionation factors for 1030°C. 

Method α(SO2 gas – SO4
2-

melt) α(H2Sgas – S2-
melt) α(SO2 gas – S2-

melt) α(H2S gas – SO4
2-

melt) 

oxidized experiments 0.9985 - - - 

basalt / fO2 - 1.0099 1.0123 - 

basalt / XANES - 1.0073 1.0096 - 

rhyolite / fO2 - 1.0050 1.0073 - 

rhyolite / XANES - 1.0046 1.0070 - 

Miyoshi et al. (1984) - - - 0.9962 

average (a) 0.9985± 0.0007 1.0067 ± 0.0023 1.0090 ± 0.0025 0.9962 ± 0.0002 

Notes: oxidized experiments: average αg-m derived from experiments conducted at log(fO2/bar) > QFM+2.8 
basalt / fO2: used basaltic melt composition for the DCompress calculations and the nominal fO2 (Table 2) 
basalt / XANES: used basaltic melt composition for the DCompress calculations and the XANES data (Table 2) 
rhyolite / fO2: used rhyolitic melt composition for the DCompress calculations and the nominal fO2 (Table 2) 
rhyolite / XANES: used rhyolitic melt composition for the DCompress calculations and the XANES data (Table 2) 
Miyoshi et al. (1984): 103 ln α(SO4

2-
melt – H2S gas) = (6.5 ± 0.3) ⋅ (106 / T 2)  

(a) 1 sigma errors or error calculated based on the uncertainty given by Miyoshi et al. (1984; α(SO4
2-

melt – H2S gas)). 
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APPENDIX 846 

A. Electron microprobe analyses 847 

The major element compositions of all glass samples were determined using a Cameca SX-100 848 

electron microprobe (EMP; acceleration voltage: 15 keV – beam size: 20 µm). The applied beam 849 

current was 5 nA (Na) and 10 nA (Si, Ti, Al, Fe, Mn, Mg, Ca, K) and the counting times ranged from 850 

4 s (Na) up to 10 s or 30 s for all major constituents (Si, Ti, Al, Fe, Mn, Mg, Ca, K). Beam current and 851 

the counting times were increased for the analyses of S (35 or 100 nA; 240 s) and Cl (35 nA; 120 s) to 852 

decrease the detection limit and to improve the counting statistics, respectively (detection limits: ~32 853 

ppm S; ~50 ppm Cl). NIST (U. S. National Institute of Standards and Technology) standards 610 and 854 

620 where measured before and after most analyses to constrain the precision of the measurements.  855 

 856 

B. IR spectroscopy 857 

Near infra-red spectroscopy was conducted to determine the water contents in the glass samples. The 858 

spectra were collected using a microscope Bruker IRscope II connected to a FTIR spectrometer Bruker 859 

IFS 88 equipped with Mercury-Cadmium-Tellurium narrow range detector, a tungsten lamp and a KBr 860 

beamsplitter. The spectral resolution was set to 4 cm-1 and two to five measurements were collected on 861 

each sample.  862 

The measurement of the water content dissolved in glass samples as OH- groups and molecular H2O is 863 

based on the Beer-Lambert law. Doubly polished glass chips with a thickness of ~120 to ~300 µm, 864 

depending on the transmittance of the samples, were prepared for the analysis. The thickness was 865 

determined using a conventional micrometer (precision: 3 µm). The absorbances of the IR active 866 

bands of molecular water (5200 cm-1) and hydroxyl groups (4500 cm-1) were used for the estimations. 867 

The tangential baseline correction described by Ohlhorst et al. (2001) was applied to determine the 868 

heights of the H2O and OH- bands. The densities of the glasses were calculated following the method 869 

of Mandeville et al. (2002) using the known glass composition and the Gladstone-Dale rule (e.g., 870 

Silver et al., 1990). The absorption coefficients determined by Fiege et al. (2014) for the andesitic melt 871 

composition were applied to quantify the water contents in the glasses [ε(5200cm-1) = 1.27 ± 0.07 872 

L/mol⋅cm for molecular water; ε(4500cm-1) = 0.84 ± 0.07 L/mol⋅cm for hydroxyl groups]. A detailed 873 
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description of the NIR measurements and the determination of the absorption coefficients can be 874 

found in Fiege et al. (2014). 875 

 876 

C. SIMS calibration 877 

The SIMS measurements were calibrated using a set of natural (JDF46°N, 892-1 MORB glasses) and 878 

synthesized silicate glass standards which cover a wide range of melt composition from low (~45 879 

wt%) to high SiO2 (~72 wt%) content (Table C.1). The bulk S isotope compositions of the standard 880 

glasses were determined following the KIBA extraction method as described by Sasaki et al. (1979) 881 

and Mandeville et al. (1998). For glass JDF 46°N, all Etna glasses (sample ID’s beginning with ET, 882 

Table C.1) and 892-1 MORB glass, the Ag2S precipitated and recovered by KIBA extractions was 883 

converted to SO2 gas for measurement of sulfur isotopic ratio by Prof. Minoru Kasakabe (now retired) 884 

at Okayama University in Japan according to methods in Sakai et al., (1982). For all other glasses, 885 

Ag2S precipitated after extraction was converted to SF6 and S isotope analyses were carried out on 886 

conventional mass spectrometers (Finnigan MAT 252 or 253). The KIBA extractions and S isotope 887 

analyses were conducted by Charles Mandeville and Bruce Taylor at Geological Survey of Canada 888 

(GSC) and in the lab of Shuhei Ono at the Massachusetts Institute of Technology (MIT) by Charles 889 

Mandeville and Nicole Keller. KIBA extractions with a bulk S yield of ≤ 95% were rejected. The 890 

average bulk S yield was ~98%. The NIST620 glass and the 892-1MORB glass were analyzed twice 891 

and the S isotope compositions were reproduced within ±0.3 to 0.4 ‰. The Results of the bulk S 892 

isotope analyses are broken down in Table C.2 893 

The major element composition of the glass standards was determined by using EMP analyses 894 

following an identical setup as described above (Appendix A). The glasses were analyzed using a 895 

Cameca SX100 at the Leibniz Universität Hannover (SD1 and SD2) or at the American Museum of 896 

Natural History (all other standards). Notably, the EMP analyses confirmed that all glass standards are 897 

chemically homogeneous. The EMP data are listed in Table C.1.  898 

Fig. C.1 shows results of the SIMS calibration. Sulfur isotopic compositions obtained by the KIBA 899 

extraction (δ34Strue) are compared with measured isotopic compositions (δ34Smeasured). In addition to the 900 

KIBA-documented standards, results on two glass starting materials are shown (SD1 and SD2). Their 901 
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isotopic compositions (δ34Strue) were calculated on the basis of the source of sulfur (IAEA standards 902 

SO-6 and NBS 127) used (Section 3.2, main text). The regression line shown in the figure is: 903 

 904 

δ34Strue = 1.026 (+0.070, -0.057) ∙ δ34Smeasured + 1.840 (+0.598, -0.503), 905 

with r2 = 0.992 and MSWD = 1.033. 906 

 907 

It is important to note that the slope of the line is unity (within error) over a large range of sulfur 908 

isotopic composition (-31 to +18‰), demonstrating that instrumental mass fractionation encountered 909 

here is independent of isotopic composition (purely mass-dependent), and the positive Y-intercept 910 

reflects an average instrumental mass fractionation (αmeasured-true = 0.9982 ± 0.0012; see Table C.2). The 911 

results also show that the major element compositions of glasses do not influence instrumental mass 912 

fractionation, as the two high-silica glasses (~72 wt% SiO2; NIST620, NIST621) are on the same 913 

regression line as the silicate glasses with ~44 to ~59 wt% SiO2. Variations in S speciation in the 914 

glasses are not expected to produce a detectable instrumental fractionation, because the energy 915 

involved in the sputtered ion formation process (~10-12 keV) is completely overwhelming the bond 916 

energies in silicate glasses (typically ~4 eV; e.g., Tichý and Tichá, 1995; Rao, 2002; Dimitrov and 917 

Komatsu, 2013). Considering that some glasses are oxidized (e.g., SD1 and SD2: > QFM+3) and some 918 

are reduced (e.g., all ET glasses were synthesized in piston cylinder apparatus at 1200°C and 300 MPa 919 

using Fe capsules; i.e., buffered at iron-wustite IW << QFM; see Frost, 1991) this is confirmed by the 920 

linear trend in Fig. C.1 (see also Table C.2 for available S speciation data). Replicate analyses of one 921 

of the MORB glass standards (892-1) reveal an external reproducibility of SIMS analysis with a 2-922 

standard error (n = 13) of ±0.52‰ (see Fig. C.2 and Table C.3). 923 
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Fig. C.1. SIMS calibration. All 9 silicate glass standard as well as SD1 and SD2 
are plotted. 
(a) δ34Strue values for SD1 and SD2 are based on the S isotope composition of the 
IAEA standards used as S source for the glass syntheses (see text). 
 924 

 925 

 
Fig. C.2. High external precision of the SIMS analyses. Replicate analyses 
of MORB glass 892-1 are displayed (n = 13). 
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 926 

Table C.1. Composition of the S isotope glass standards. 

sample ID SiO2 TiO2 Al2O3 
FeO 
(tot) MnO MgO CaO Na2O K2O P2O5 

S 
[ppm] Total 

basaltic glasses 
ET83VIIIA 46.37 1.65 18.86 10.64 0.19 5.43 10.19 3.53 1.80 0.44 919 99.33 
1 sigma 0.63 0.07 0.16 0.18 0.04 0.09 0.10 0.04 0.02 0.04 49  
ET83XXA 46.42 1.67 19.39 10.09 0.16 5.44 10.06 3.56 1.78 0.41 822 99.19 
1 sigma 0.37 0.07 0.13 0.20 0.03 0.07 0.11 0.04 0.03 0.06 50  
ET83XVIIIA 48.66 1.55 17.74 9.34 0.18 5.42 10.17 3.59 1.93 n.d. 1025 98.84 
1 sigma 0.12 0.18 0.49 0.61 0.09 0.21 0.13 0.06 0.37 n.d. 50  
ET10B 43.65 1.70 18.78 15.59 0.01 5.49 9.48 3.34 1.87 0.02 839 100.14 
1 sigma 0.53 0.07 0.20 0.69 0.02 0.11 0.17 0.06 0.04 0.02 35  
892-1 51.09 1.78 13.90 12.98 0.23 6.76 10.76 2.50 0.09 0.15 1606 100.64 
1 sigma 0.17 0.06 0.19 0.13 0.03 0.09 0.10 0.05 0.01 0.02 38  
JDF 46°N 50.01 1.97 13.70 12.25 0.21 6.90 10.81 2.64 0.17 0.19 1121 99.13 
1 sigma 0.46 0.04 0.07 0.10 0.02 0.09 0.10 0.05 0.01 0.02 65  

andesitic glass 
Run#144 58.76 0.91 16.68 5.37 0.14 2.55 6.20 3.65 1.37 0.36 1830 96.45 
1 sigma 1.25 0.07 0.95 0.46 0.03 0.26 0.54 0.75 0.09 0.04 209  

NIST  glasses (a) 
NIST620 (b) 72.08 0.018 1.80 0.039 n.d. 3.69 7.11 14.39 0.41 n.d. 1121 99.82 
uncertainty 0.08 0.002 0.03 0.004  0.05 0.05 0.06 0.03  80  
NIST621 (c) 71.13 0.014 2.76 0.036 n.d. 0.27 10.71 12.74 2.01 n.d. 521 99.80 
uncertainty 0.03 0.003 0.04 0.003  0.03 0.05 0.05 0.03  80  

The listed glass compositions were determined via EMP analyses (except for the NIST standards). The 
concentrations are given in wt% (except for S). The compositions of the glasses SD1 and SD2 are given in 
Table 1 (main text). 
n.d.: Not determined; (a) NIST composition as given by the National Institute of Standards and Technology 
(NIST); (b) GeoReM 1453; G.A. Uriano, http://www.nist.gov/srm/index3column.cfm, NBS[1982] Certificate, 
NIST SRM 620, soda-lime container glass; contains: 0.056 ± 0.003 wt% As2O3; (c) GeoReM 1953; G.A. 
Uriano, http://www.nist.gov/srm/index3column.cfm, NBS[1982] Certificate, NIST SRM 621, soda-lime flat 
glass; contains: 0.03 ± 0.001 wt% As2O3; 0.12 ± 0.05 wt% BaO; 0.007 ± 0.001 wt% ZrO2. 

 927 

 928 

 929 

 930 

 931 

 932 

 933 

 934 

 935 

 936 
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Table C.2. S isotope composition of the glass standards.  

sample ID δ34Strue 
[‰] 

δ34Smeasured 
[‰] 

2 sigma mean 
[‰] αmeasured-true S6+/ΣS n 

basaltic glasses 
ET83VIIIA 9.65 8.56 1.6 0.9989 ~0 (b) 5 

ET83XVIIIA 2.49 1.5 1.3 0.9990 ~0 (b) 5 
ET83XXA 16.4 12.55 0.8 0.9961 ~0 (b) 6 

ET10B -5.3 -8.37 1.5 0.9973 ~0 (c) 3 
892-1 0.7 -1.38 0.52 0.9979 0.06 (d) 13 

JDF 46°N 1.3 0.096 0.72 0.9988 - 13 

andesitic glass 
Run#144 18.5 18.46 1.3 0.9999 ~0 (c) 1 (f) 

SD1 -31.1 (a) -32.2 0.4 - >0.85 (d) 3 
SD2 -17.4 (a) -16.6 2.0 - ~1 (e) 3 

NIST SRM glasses 
NIST620 7.68 5.8 1.1 0.9981 ~1 (d) 3 
NIST621 8.18 7.21 1.5 0.9990 - 1 (f) 

The δ34Struevalues are based on bulk analyses using KIBA extraction and subsequent mass spectrometry (except 
for SD1 and SD2). The δ34Smeasured values were determined by using in situ SIMS analyses. 
n: number of analyses; average αtrue-measured = 0.9983 ± 0.0012; (a) No KIBA extraction and bulk S isotope 
analyses were performed. The values for δ34Strue are based on the known S isotope composition of the IAEA 
standards used as S source for the glasses SD1 and SD2 (see Section 3.2 for details); (b) Equilibrated at log(fO2) < 
QFM using Fe capsules in piston cylinders; (c) Equilibrated at log(fO2) < QFM using graphite capsules in piston 
cylinders; (d) Determined using S XANES; (e) Equilibrated at QFM+3.3 in an IHPV (see Table 2, main text);  (f) 
2 sigma mean from in-run statistics. 

 938 

Table C.3. Replicate analyses of 892-1 MORB 
glass demonstrate high external precision of the 
SIMS analyses. 

34S/32S measured 
(SIMS) 2 sigma mean 

0.044115 0.0013 
0.044159 0.00095 
0.044089 0.0014 
0.044129 0.0015 
0.04404 0.00094 

0.044111 0.0011 
0.044137 0.0011 
0.04408 0.0012 
0.04417 0.001 

0.044126 0.0012 
0.044061 0.0011 
0.044053 0.0012 
0.044071 0.0017 

Average 34S/32S = 0.044103; external precision: 
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±0.52 ‰ (2sigma mean, n = 13) 
D. Processing procedure of raw SIMS data 939 

In a first step, the raw SIMS data were time interpolated to account for a drift of the instrumental 940 

fractionation during a 50-cycles measurement (as 32S and 34S were alternately detected) and 34S/ 32S 941 

ratios were filtered for a 2 sigma deviation. In a second step, the raw δ34S values were corrected by the 942 

long term analytical drift of the instrumental fractionation, using a time based linear interpolation of 943 

all δ34S values of the standard glasses analyzed within one analytical sequence (analytical sequences 944 

are subdivided by, e.g., sample exchanges, ion-beam shut down, software reset). The instrumental 945 

fractionation can be described by the fractionation factor α(t-m), calculated using the true (t) δ34St of 0.7  946 

± 0.5 ‰ of the monitored basaltic glass standard (MORB 892-1) and the measured (m) δ34Sm values of 947 

the standard. The instrumental drift within ~6 days of continuous measurement (≙ only short term 948 

interruptions between analytical sequences; usually < 2 h) is illustrated in Fig. C.1, showing that α(t-m) 949 

ranges from ~0.9825 to ~1.0044. The figure shows that the instrumental drift can be described by a 950 

polynomial function. However, within one analytical sequence the applied linear interpolation should 951 

be adequate. In a final step, to account for short term variations, the pre-corrected δ34S values of the 952 

standards measured right before and after a set of 2-3 sample measurements were used for a time 953 

based correction of the δ34S values using linear interpolation. Note, this short term variation between 954 

two standard measurement (within ~2.5 h) is typically < 0.5‰.  955 

 
Fig. D.1: Drift of the instrumental fractionation. The different 
analytical sequences are illustrated by different symbols and 
color. Mean error for each analysis: ±0.0005 (2 sigma); i.e., 
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smaller than symbol size. 
E. S speciation: X-ray absorption near edge structure spectroscopy (XANES) 956 

XANES at the S K-edge (2472 eV) was performed on most samples to investigate the S speciation in 957 

the andesitic glasses and, if possible, in the quenched fluids, using the SUL-X beamline (uses wiggler 958 

as radiation source) at the synchrotron radiation source ANKA (Karlsruhe Institute of Technology, 959 

Germany). Noteworthy, the data on S speciation in the glasses have previously been published in 960 

Fiege et al. (2014). ANKA operates at a beam energy of 2.5 GeV and a beam intensity of 200 mA. The 961 

storage ring has a circumference of 110.4 m. The spectra were collected in fluorescence mode from 962 

2.45 to 2.55 keV. Quick-XAFS scans (XAFS: X-ray absorption fine structure; bragg axis is 963 

continuously running) were conducted to avoid irradiation damages (see also Fiege et al., 2014). 5 to 964 

20 spectra were collected on each position, depending on the quality of the single spectrum. The 965 

spectra were compared systematically and only spectra showing no evidence for changes in S 966 

speciation (e.g., formation of S4+, changes in S6+/ΣS ratio), caused by irradiation with the X-ray beam 967 

during synchrotron analysis (Wilke et al., 2008), were considered and merged. The energy of the 968 

monochromator was calibrated to the white line of sulfate in scotch tape (2481.4 eV).  969 

Two different beam sizes were applied i) to evaluate the bulk S speciation in the andesitic glasses 970 

(~250×150 µm) and ii) to detect small scale variation in S speciation throughout sample (~60×60 µm). 971 

These variations can possibly be assigned to S species in the quenched fluid inclusions near the 972 

surface (see Appendix Section E). 973 

The energies of the spectra were corrected to the white line of the spectrum of gypsum (2482.84 eV) to 974 

be directly comparable to recent studies (e.g., Jugo et al., 2010; Stelling et al., 2011). The XANES 975 

spectra collected with the beam size 250×150 µm were used to estimate the fO2(XANES) of the 976 

experiments following the approach of Jugo et al. (2010). However, in contrast to Jugo et al. (2010), 977 

we applied the fit parameters for andesitic glass compositions determined by Max Wilke (pers. 978 

comm.) and used by Botcharnikov et al. (2011), to account for compositional influences. 979 
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F. Measuring the S speciation in the quenched fluid 980 

The determination of S species within bubbles using XANES is difficult because the emitted 981 

fluorescence decreases exponentially with depth below sample surface. However, the spectra may 982 

provide a rough estimation of the prevailing S-speciation in the fluid. 983 

The comparison of spectra collected on sample volumes containing no or almost no bubbles with those 984 

containing large bubble fractions close to the surface (depth ≤ 10 µm) provides qualitative information 985 

on the S-bearing species in the fluid. It is emphasized that the contribution of the S species in the 986 

bubbles to the spectra is very small and that the spectra are dominated by contributions of the 987 

surrounding S in the glass. However, as shown in Fig. D.1, few spectra reveal significant differences 988 

which may be attributed to S-species in the fluid phase. Fig. D.1 displays selected spectra of AHC-2 989 

(~QFM+4, r: ~0.1 MPa/s, tA: ~20 h; for details see Table 2 in Fiege et al.; 2014) and RED-3 990 

(~QFM+1, ~0.1 MPA/s, ~5 h) collected on areas with very low volume fraction of bubbles (g) and on 991 

bubble-rich areas (g+b). Spectra of reference materials are plotted for comparison. 992 

In general, differences in energy position and peak shape of bands related to S4+ and S2- species in 993 

glasses (or fluids) when compared to the peak positions and shape observed in the reference materials 994 

(sodium sulfite Na2SO3 for S4+ and pyrrhotite Fe1-XS for S2-) are related to the different stereochemical 995 

environment and, thus, depend on the chemical composition of the respective S compound (e.g., Fleet, 996 

2005; Klimm et al., 2012).  997 

The spectrum of AHC-2 collected on a bubble-poor area (g) indicates that nearly all S in the glass is 998 

present as sulfate (S6+/ΣS ~1) at oxidizing conditions (~QFM+4). On the other hand, spectra collected 999 

on areas with a high volume fraction of bubbles [(AHC-2 (b+g)] reveal an additional, small but 1000 

distinct peak at ~2478.2 eV. This peak most likely refers to sulfite S4+ (see reference material; 1001 

Backnaes et al., 2008; Wilke et al., 2008). Noteworthy, Backnaes et al. (2008) as well as Wilke et al. 1002 

(2008) noted that S2- and S6+ are the only significant S species observed in quenched silicate glasses. 1003 

Furthermore, it is unlikely that the observed sulfite peak is caused by irradiation as the applied 1004 

analytical approach allows us to distinguish between original and artificial features (see above; 1005 

Appendix Section D). Hence, the peak at ~2478.2 eV can most probably be attributed to SO2 in the 1006 
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closed bubbles. Although the contribution of the S4+ peak is small in the spectra, it indicates that SO2 1007 

may be the dominant S species in the fluid phase at QFM+4. 1008 

Under reducing conditions (~QFM+1; RED-3 spectra) the S6+/ΣS ratio was found to be remarkably 1009 

lower in areas with high volume fraction of bubbles closed to the surface (g+b) when compared to 1010 

bubble poor/free areas (g). The high abundance of the broad peak at ~2477 eV observed in the 1011 

vesiculated area is probably related to S2- species in the fluid phase. Hence, it is suggested that 1012 

significant amounts of H2S are present in the fluid phase at QFM+1. 1013 

  

Fig. F.1 a/b: S Kα XANES spectra of selected experimental glasses and 
reference materials. a) The vertical lines mark the positions of the observed 
sulfur species. The spectra were collected with a beam size of about 60×60 µm, 
either on bubble free parts of the experimental samples (g; glass only) or on 
areas with a large volume fraction of bubbles close to the surface (g+b; glass and 
bubbles). The sharp peaks at 2482.2 eV, present in most displayed spectra, 
correspond to sulfate (S6+, long dashes). The sharp but remarkably less 
prominent peak at 2478.2 eV (AHC-2 g+b) and 2479.2 eV (reference material: 
Na2SO3), respectively, indicates the presence of sulfite (S4+, short dashes). The 
broad peak with a maximum at ~2477 eV can be attributed to sulfide (RED-3 g; 
RED-3 g+b; Fe1-XS). The sharp peak observed at 2469.6 eV (RED-3 g+b) and at 
2471.5 eV (reference material: Fe1-XS) also refers to sulfide. The spectrum of 
sodium sulfite (Na2SO3, dark grey) indicates the presence of sulfate in the 
reference material, most likely related to irradiation caused by the X-ray beam 
(Wilke et al., 2008).  b) Magnification of plot (a). The bands which may indicate 
the presence of SO2 (at QFM+4) or H2S (~QFM+1) in the fluid phase are marked 
by black arrow (SO2) or dashed line (H2S). 
Note: Experiments AHC-2 was not analyzed by SIMS. Details about AHC-2 can 
be found in Table 2 of Fiege et al. (2014). 

 1014 
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G. Modeling of equilibrium S isotope fractionation 1015 

The estimated fractionation pairs α(SO2 gas – SO4
2-

melt) , α(SO2 gas – S2-
melt), α(H2S gas – S2-

melt) and 1016 

α(H2S gas – SO4
2-

melt) are listed in Table 3 (see main text). These values were applied to calculate an 1017 

average fractionation factors describing the S isotope fluid-melt fractionation for a given fO2 at 1018 

1030°C [αg-m(fO2)] using the following equation: 1019 

 1020 

αg-m (fO2) =  A ⋅ α(SO2 gas – SO4
2-

melt) + B ⋅ α(H2Sgas – S2-
melt)  1021 

  + C ⋅ α(SO2 gas – S2-
melt) + D ⋅ α(H2S gas – SO4

2-
melt)   (eqn. A1)1022 

   1023 

 A = x(SO2) if x(SO2) ≤ x(SO4
2-)  otherwise A = x(SO4

2-)   (eqn. A1-1) 1024 

 B = x(H2S) if x(H2S) ≤ x(S2-)   otherwise B = x(S2-)   (eqn. A1-2) 1025 

 C = 0 if x(SO2) ≤ x(SO4
2-)    otherwise C = x(SO2) – x(SO4

2-) (eqn. A1-3) 1026 

 D = 0 if x(H2S) ≤ x(S2-)    otherwise D = x(H2S) – x(S2-)  (eqn. A1-4) 1027 

  1028 

where x(SO4
2-) is the molar fraction of sulfate in the melt, x(S2-) the molar fraction of sulfide in the 1029 

melt, x(SO2) the molar fraction of SO2 in the fluid and x(H2S) the molar fraction of H2S in the fluid. 1030 

Note: Our model approach yields identical trends as the approach of Sakai et al. (1982) if the same 1031 

input parameters (i.e., S speciation, fractionation factors) are applied (see Section 5.2, main text). 1032 

 1033 

H. Modeling the S speciation (melt and fluid) 1034 

The S speciation in the melt phase and the (coexisting) fluid phase can be estimated using different 1035 

model approaches. In Fig. H.1 we compare S speciation trends calculated based on models used by, 1036 

e.g., De Hoog et al. (2001) to more recent approaches (Burgisser et al., 2008; Jugo et al., 2010) applied 1037 

in this study (see Section 5.2). The comparison indicates that i) the shape of the trend predicted by the 1038 

approach of Wallace and Carmichael (1992) differs significantly from that of more recently proposed 1039 

models and ii) the compositional dependence of the sulfide-sulfate transition is quite significant, which 1040 

is in good agreement with, e.g., Baker and Moretti (2011). The DCompress model predicts a shift of 1041 

the sulfide-sulfate transition by >0.5 log units towards more oxidizing conditions if a basaltic system 1042 
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at 1030°C is compared to a rhyolitic system at 900°C. Considering this observation as well as the S 1043 

speciation data provided by Fiege et al. (2014) for experimental run products also studied in this work, 1044 

we suggest that the sulfide-sulfate transition within the andesitic melt of this study is probably at ~0.5 1045 

log units higher fO2 than suggested by Jugo et al. (2010) for basaltic systems (see Fig. 7 and Section 1046 

5.2; main text). 1047 
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 1048 

 
Fig. H.1 a/b: Modelling the S speciation in the aqueous fluids and silicate melts. 
a) Melt phase; trends calculated using the models of Jugo et al. (2010) and 
Wallace and Carmichael (1992), respectively; x(SO4

2-)melt = SO4
2- / (SO4

2- + S2-) 
[molar ratio]. b) Fluid phase; trends calculated using the DCompress progam 
(Burgisser et al., 2008; see text) and the model of Marini et al. (1998), 
respectively; x(SO2)fluid = SO2 / (SO2 + H2S) [molar ratio]. 
(a) The trend was predicted by DCompress for a basaltic melt containing initially 
6 wt% H2O, 1000 ppm S and 0.1 wt% gas at 300 MPa; final p = 70 MPa; T = 
1030°C. 
(b) The trend was predicted by DCompress for a rhyolitic melt containing 
initially 6 wt% H2O, 1000 ppm S and 0.1 wt% gas at 300 MPa; final p = 70 
MPa; T = 1030°C. 

 1049 
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