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Key Points: 11 

• Sulfur_X is a new, open source magma degassing model that accurately predicts the 12 
volatile and redox evolution of ascending arc magmas.  13 

• Sulfur_X shows that sulfur can start degassing in the lower crust or near-surface, 14 
depending on the initial S6+/ΣS and H2O in the melt. 15 

• The vapor compositions predicted by Sulfur_X can be used to interpret the CO2/ST ratios 16 
in high-T volcanic gases, an eruption precursor. 17 
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Abstract 19 

The degassing of CO2 and S from arc volcanoes is fundamentally important to global climate, 20 
eruption forecasting, ore deposits, and the cycling of volatiles through subduction zones. 21 
However, all existing thermodynamic/empirical models have difficulties reproducing CO2-H2O-22 
S trends observed in melt inclusions and provide widely conflicting results regarding the 23 
relationships between pressure and CO2/SO2 in the vapor. In this study, we develop an open-24 
source degassing model, Sulfur_X, to track the evolution of S, CO2, H2O, and redox states in 25 
melt and vapor in ascending mafic-intermediate magma. Sulfur_X describes sulfur degassing by 26 
combining separate sulfur partition coefficients for three equilibria: RxnI. FeS (m) + H2O 27 
(v)→H2S (v) + FeO (m), RxnIa. FeS (m) + 1.5O2 (v) →SO2 (v) +FeO (m), and RxnII. 28 
CaSO4(m)→SO2 (v) + O2 (v) + CaO (m), based on the sulfur speciation in the melt (m) and co-29 
existing vapor (v). Sulfur_X is also the first to track the evolution of fO2 and sulfur and iron 30 
redox states accurately in the system using electron balance and equilibrium calculations. Our 31 
results show that a typical H2O-rich (4.5 wt.%) arc magma with high initial S6+/ΣS ratio (>0.5) 32 
will degas much more (~2/3) of its initial sulfur at high pressures (> 200 MPa) than H2O-poor 33 
ocean island basalts with low initial S6+/ΣS ratio (<0.1), which will degas very little sulfur until 34 
shallow pressures (<50 MPa). This new pressure-S relationship in the melt predicted by 35 
Sulfur_X provides new insights into interpreting the CO2/ST ratio measured in high-T volcanic 36 
gases in the run-up to eruption. 37 

Plain Language Summary 38 

Understanding the process by which CO2 and S are emitted from volcanoes, called degassing, is 39 
important in interpreting the CO2/ST gas precursors to volcanic eruptions and quantifying the 40 
total amount of climatically important gases released to the atmosphere. However, existing 41 
models show significant discrepancies in predicting the behavior of sulfur during degassing. In 42 
this study, we employ a new approach to describe sulfur behavior during magma degassing and 43 
develop a new model, Sulfur_X, that successfully reproduces the distinct S, CO2, and H2O 44 
records from different volcanoes. Sulfur_X shows that sulfur can either degas early at high 45 
pressure or late at low pressure during magma ascent to the surface, depending on the initial 46 
sulfur speciation and H2O contents in the magma. In addition, sulfur is one of the most 47 
commonly measured volcanic gas components for volcano monitoring. Therefore, the predicted 48 
compositional evolution of co-existing vapor by Sulfur_X during magma decompression bears 49 
directly on the interpretation of CO2/ST ratio measured in high-T volcanic gases and the 50 
development of eruption forecasts models. 51 

 52 
1.  INTRODUCTION 53 

Degassing of arc magmas is the dominant modern mechanism through which volatiles (H2O, 54 

C, S, and halogens) stored inside the Earth enter the surface environment, with significant effects 55 

on climate and redox evolution. Geochemical quantification of gas emissions is also becoming 56 

increasingly critical to understanding how volcanoes prepare to erupt. Given that sulfur can be 57 

present in both oxidized and reduced form in melt and vapor, degassing of sulfur during magma 58 



 

 

ascent has been invoked as the primary mechanism that drives redox changes in basaltic magmas 59 

(Moussallam et al., 2016; Brounce et al., 2017; Longpré et al., 2017). Currently, three 60 

approaches, including volcanic gas observations, microanalysis of volatiles in mineral-hosted 61 

melt inclusions, and thermodynamic modeling, are commonly used to investigate volcanic 62 

degassing. In particular, models of volcanic degassing can link the geochemical records of 63 

volcanic gases and melt inclusions (e.g., Werner et al., 2020). Thus, the three approaches studied 64 

in concert provide the most powerful approach to understanding volcanic degassing.  65 

Modeling equilibrium degassing of CO2 and S is commonly employed to understand the 66 

CO2/SO2 ratio in volcanic gases, CO2 and S contents in mineral-hosted melt inclusions, and 67 

degassing depths (Scaillet and Pichavant, 2003; Burton et al., 2007). For example, a sudden 68 

increase in the CO2/SO2 ratio in high temperature volcanic gases has been observed prior to 69 

eruptions in several arc volcanoes worldwide (Werner et al., 2019) and the anomaly has been 70 

modeled as a surge of deeply sourced CO2-rich gas, based on the contrasting pressure effects on 71 

the solubility of CO2 and S from existing models (Burton et al., 2007; Aiuppa et al., 2016; J.M. 72 

de Moor et al., 2016). This interpretation is supported by results of modeling volatile evolution in 73 

melt inclusions that complement volcanic gas (Scaillet and Pichavant, 2003). Melt inclusions 74 

captured inside crystals at varying depths have the potential to record the magma degassing path 75 

as a function of pressure and initial composition. However, post-entrapment processes can 76 

modify melt inclusion compositions (Anderson and Brown, 1993; Danyushevsky et al., 2000; 77 

Gaetani et al., 2012; Métrich and Wallace, 2008; Moore et al., 2015). Notably, recent 78 

developments in thermodynamic modeling (Steele-Macinnis et al., 2011; Wallace et al., 2015; 79 

Rasmussen et al., 2017; Steele-MacInnis et al., 2017; Moore et al., 2018), Raman spectroscopy 80 

(Esposito et al., 2012; Hartley et al., 2014; Moore et al., 2015; Aster et al., 2016) and 81 



 

 

experimental rehomogenization (Mironov et al., 2015; Moore et al., 2018; Rasmussen et al., 82 

2020) have reconstituted the CO2 concentration in melt and demonstrated that vapor bubbles 83 

present inside melt inclusions can host up to 90% of the CO2 in the bulk inclusion. Figure 1 84 

shows the CO2 and S concentration from experimentally rehomogenized melt inclusions from 85 

Volcán de Fuego in Guatemala (Rasmussen et al., 2020). Compared to naturally quenched Fuego 86 

melt inclusions (Lloyd et al., 2013), the maximum CO2 content in the rehomogenized inclusions 87 

increases by 400% (Fig. 1). Although S concentration in the melt inclusions was not changed by 88 

rehomogenization, S decreases with decreasing CO2 along the reconstituted degassing trend, 89 

which differs dramatically in shape and magnitude from the untreated melt inclusions.  90 

 91 

Figure 1. Comparisons of CO2 and S concentration in experimentally rehomogenized (red 92 
circles, Rasmussen et al., 2020) and untreated (grey circles, Lloyd et al., 2013) melt inclusions 93 
from Fuego (Guatemala) volcanoes with modeled degassing trends from D-Compress (Burgisser 94 
et al., 2015), SolEx (Witham et al., 2012), MP04 (Moretti and Papale, 2004), and an empirical 95 

model (R2020) with a constant bulk partition coefficient (𝐷𝐷𝑆𝑆
𝑛𝑛𝑛𝑛𝑛𝑛−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 4 ) for sulfur 96 

(Rasmussen et al., 2020). All forward models show significant mismatch with the 97 
rehomogenized melt inclusion data. The empirical fit, D-Compress and MP04 all start with 4.5 98 
wt.% H2O, 3300 ppm CO2, and ~2600 ppm S. SolEx is forced to start at 400 MPa, the highest 99 
pressure can be applied in the model, with 4.3 wt.% H2O, ~1100 ppm CO2 and 2100 ppm S.  100 

 101 



 

 

The S-CO2 co-degassing trend revealed by the rehomogenized melt inclusions from Fuego 102 

(as well as Seguam volcano) by Rasmussen et al. (2020) challenges the conventional 103 

understanding that S only degasses at low pressure, after CO2 is almost entirely degassed from 104 

the ascending magma (Webster and Botcharnikov, 2011; Lesne et al., 2011; Witham et al., 2012) 105 

and calls into question the interpretation that the increase of CO2/S in volcanic gas results from 106 

an influx of deep, CO2-rich magma. None of the existing forward degassing models can 107 

reproduce the CO2-S co-variation shown in Figure 1. Moreover, different degassing models 108 

predict contrasting CO2-S degassing paths (Figure 1) with similar initial conditions. All these 109 

forward models are based on parameters relating the S concentration or fugacity in the gas and 110 

the S concentration in the silicate melt, such as sulfide/sulfate solubilities (Burgisser et al., 2015), 111 

sulfide/sulfate capacities (Scaillet and Pichavant, 2003; Moretti and Papale, 2004), and sulfur 112 

partition coefficients (Witham et al., 2012). However, none of these parameters were well 113 

calibrated by xperiments at pressures higher than 300 MPa (O’Neill and Mavrogenes, 2002; 114 

Moune et al., 2008; Lesne et al., 2011; Zajacz et al., 2012; Zajacz et al., 2013; Fiege et al., 115 

2014b; Zajacz, 2014; Beermann et al., 2015; Fiege et al., 2015; Masotta et al., 2016; Nash et al., 116 

2019; Gennaro et al., 2020), which might have led to inaccurate extrapolation at high pressures. 117 

Furthermore, some of the existing experiments could suffer from the formation of sulfide solids 118 

(Masotta et al., 2016; Gennaro et al., 2020), inaccurate estimate of fO2 (Lesne et al., 2011; Fiege 119 

et al., 2014b; Fiege et al., 2015), S loss to the capsule (Lesne et al., 2011), which might have 120 

caused significant discrepancies among existing degassing models even at pressures of 300 MPa 121 

or lower.  122 

Inspired by both the homogenized melt inclusion data and high-pressure experimental data, 123 

we develop a new degassing model as a Python program (available in GitHub: 124 



 

 

https://github.com/sdecho/Sulfur_X.git), Sulfur_X, to predict the evolution of S, CO2, and H2O 125 

in basalt and basaltic andesite melts and co-existing vapor by combining existing COH degassing 126 

models (e.g., Iacono-Marziano et al., 2012; Newman and Lowenstern, 2002) with experimentally 127 

constrained gas-melt sulfur partition coefficients. This model also tracks redox evolution during 128 

closed-system S degassing by coupling S-Fe redox equilibrium in the melt with electron balance 129 

calculations as S species partition between melt and vapor.  130 

2. BACKGROUND 131 

2.1 Sulfur speciation in the melt and vapor 132 

Sulfur is a multi-valent element. It exists primarily as 𝑆𝑆2−and/or 𝑆𝑆6+ in basaltic melt (Jugo et 133 

al., 2010; Nash et al., 2019) and as SO2 and/or H2S in high-temperature vapor (Holloway, 1987, 134 

Figure 2a). The narrow fO2 interval that marks the transition from 𝑆𝑆2−to 𝑆𝑆6+ in basaltic melt (Fig. 135 

2) overlaps with the oxygen fugacity range in arc magmas (Jugo et al., 2010). The dominant 136 

reaction of sulfur species in silicate melt can be written as follows. 137 

𝑆𝑆2− + 8𝐹𝐹𝐹𝐹3+ → 𝑆𝑆6+ + 8𝐹𝐹𝐹𝐹2+                                                     (1) 138 

S speciation can be calculated as a function of  Fe3+/ΣFe in the melt and as a function of the 139 

equivalent fO2 (Kress and Carmichael, 1991). Nash et al. (2019) derived the temperature 140 

dependence of this reaction by estimating its thermodynamic properties using solid analogs (e.g., 141 

FeS, FeSO4, FeO, Fe2O3) and showed that it can successfully reproduce experimental results at 142 

different temperatures (Jugo et al., 2010; Botcharnikov et al., 2011a; Nash et al., 2019). 143 

However, it remains debatable whether solid analogs can be used to accurately model the 144 

temperature dependence of melt species, and whether the temperature dependence of this 145 

reaction in silicate melts is as large as estimated by Nash et al. (2019) (O’Neill, 2021; see also 146 

Wood et al., 2021). O’Neill’s (2021) reassessment of Nash et al.’s thermodynamic modeling 147 



 

 

suggests a much small temperature dependence, and other experimental studies (Wilke et al., 148 

2011; Matjuschkin et al., 2016, Beaudry and Grove, 2019) demonstrate that major-element 149 

composition, water content, and pressure could also all play a role in sulfur speciation in the 150 

melt. Muth and Wallace (2021) adopted O’Neill’s smaller temperature dependence and proposed 151 

another Fe3+/ΣFe and S6+/ΣS relation based on the  Fe- and S- X-ray Absorption Near Edge 152 

Structure (XANES) spectroscopy data for olivine-hosted melt inclusions from the southern 153 

Cascade arc (Muth and Wallace, 2021).  154 

Equilibrium between sulfur species in the vapor can be described as follows:  155 

𝐻𝐻2𝑆𝑆 +  3
2
𝑂𝑂2 → 𝑆𝑆𝑂𝑂2 + 𝐻𝐻2𝑂𝑂                                                                                        (2) 156 

Using the thermodynamic properties of the four involved gas components from NIST-JANAF 157 

Thermochemical Tables (DOI: 10.18434/T42S31 adopting a standard state of unit fugacity of the 158 

hypothetical ideal gas at a pressure of 1 atm and the temperature of interest for each component, 159 

the equilibrium constant of this reaction can be written as a function of temperature. 160 

𝑙𝑙𝑙𝑙𝑙𝑙10(𝐾𝐾𝑆𝑆𝑆𝑆2−𝐻𝐻2𝑆𝑆(𝑇𝑇)) =  𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝑓𝑓𝑆𝑆𝑆𝑆2×𝑓𝑓𝐻𝐻2𝑆𝑆

𝑓𝑓𝐻𝐻2𝑆𝑆×𝑓𝑓𝑆𝑆2
3
2�
� = 4.1245 − 27110

𝑇𝑇(𝐾𝐾)                  (3) 161 

Therefore, the fSO2/fH2S ratio in the vapor can be calculated as a function of fO2, fH2O, and 162 

temperature. With knowledge of the fugacity coefficients of SO2 and H2S at a given pressure and 163 

temperature (Pingfang Shi and Saxena, 1992), fSO2/fH2S can be converted to the ratio of the 164 

mole fractions of SO2 and H2S.In our calculations, we have ignored minor S species such as S2 165 

and COS. 166 



 

 

 167 

Figure 2. (a) Sulfur speciation in the melt (light and dark orange) and in the vapor (green) as a 168 
function of fO2 calculated by (Nash et al., 2019), (Muth and Wallace, 2021) and the gas 169 
equilibrium equation 3. The fO2 range where S2- transitions to S6+ in the melt is predicted to shift 170 
one log10 unit lower by the Nash model when temperature increases from 1050 °C to 1300 °C 171 
(indicated by arrow in orange). In contrast, O’Neill’s (2021) reassessment of Nash’s 172 
thermodynamic model suggested only a very small temperature effect. Muth and Wallace (2021) 173 
adopted O’Neill’s smaller temperature dependence and used Fe- and S-XANES data for hydrous 174 
arc melt inclusions to constrain the relationship shown by the dark orange curve (1300 °C at the 175 
left edge of the curve, to 1050 °C at the right edge). SO2/ST in the vapor phase also shifts by < 176 
one log10 unit when temperature increases from 1050 °C to 1300 °C (indicated by arrow in 177 
green). All the calculations are carried out at 200 MPa, with a basaltic melt composition and 60% 178 

H2O in the vapor. (b) Experimentally determined partition coefficients (𝑘𝑘𝑘𝑘𝑆𝑆
𝑣𝑣/𝑚𝑚 ) of sulfur 179 

between fluid and basaltic-andesitic melt at pressure > 1atm (Moune et al., 2008; Lesne et al., 180 
2011; Zajacz et al., 2012; Zajacz et al., 2013; Zajacz, 2014; Fiege et al., 2015; Masotta et al., 181 
2016) as a function of fO2 (relative to the fayalite-magnetite-quartz buffer, ∆FMQ). The 182 
experiments are grouped into three categories based on the sulfur speciation in the melt: S2- only 183 
(black circles), S6+ only (open diamonds), and a mixture of S2- and S6+ (grey triangles). S 184 
speciation of each experiments is either that reported in the original experimental study, or 185 
calculated using the reported fO2 (Kress and Carmichael, 1991; Nash et al., 2019). 186 
 187 
2.2 Existing degassing models 188 

Previous studies have established computational, thermodynamic models to predict the H2O-189 

CO2-S evolution in magma and co-existing vapor as a function of T, P, melt composition, and 190 



 

 

fO2 (Table 1) and use the modeled results to interpret volcanic gas (Burton et al., 2007) and melt 191 

inclusion records (Scaillet and Pichavant, 2003). Figure 3 shows modeled degassing paths for 192 

H2O, CO2, and S in melt (Fig. 3a, b) and CO2/SO2 in co-existing vapor (Fig. 3c) calculated using 193 

SolEx (Witham et al., 2012), D-Compress (Burgisser et al., 2015) and the degassing model from 194 

Moretti and Papale (2004, refered as MP04) at conditions appropriate to Fuego. SolEx and MP04 195 

show similar results for H2O and CO2 but are markedly different for S. D-Compress predicts 196 

different behavior for CO2 and S compared to the other two forward models. More importantly, 197 

no existing forward models can reproduce the S-CO2 evolution in melt revealed by the 198 

rehomogenized olivine-hosted melt inclusions from the Fuego 1974 eruption (Fig.1; Rasmussen 199 

et al., 2020). D-Compress predicts more rapid S degassing than CO2 degassing in the melt 200 

(Fig.1b) with ~3300 ppm initial CO2 and 2700 ppm initial S, and very low CO2/SO2 (<1) in the 201 

co-existing vapor along the entire degassing path (Fig. 3c). The predicted rapid S loss from the 202 

melt results from the unreasonably high total S contents (> 50 mol%) in the vapor at pressures 203 

higher than 300 MPa. D-Compress predicts high SO2, H2S and S2 fugacity (discussed further in a 204 

later section), a result of the assumption that the system maintains vapor saturation with a given 205 

H2O, CO2 and total pressure without any input constraints for S (Burgisser et al., 2015). 206 

Moreover, the default S fugacity model employed by D-Compress is calibrated with 207 

sulfide/sulfate-saturated experiments at pressures ≤ 300 MPa (Moune et al., 2008; Beermann et 208 

al., 2011; Botcharnikov et al., 2011b). On the contrary, arc magma systems are not always 209 

saturated with sulfide minerals and are only rarely saturated with sulfate minerals or immiscible 210 

melts, and the actual degassing pressure could be greater than 300 MPa. Moretti and Papale 211 

(2004) and Scaillet and Pichavant (2003) employed the concept of sulfate and sulfide capacities 212 

to model sulfur behavior, and their models predict high CO2/SO2 (>15) in co-existing vapor until 213 



 

 

very shallow depths (Fig. 3c). However, neither sulfate nor sulfide capacities are calibrated at 214 

pressures higher than 1 atm (O’Neill, 2021).  215 

 216 

Figure 3. (a) H2O (green), (b) CO2 (blue) and S (red) evolution in the melt during decompression 217 
degassing using D-Compress (Burgisser et al., 2015), SolEx (Witham et al., 2012), MP04 218 
(Moretti and Papale, 2004) and an empirical model that fits Fuego, R2020 (Rasmussen et al., 219 
2020). (c) Calculated partition coefficients of S between fluid and basaltic melt from four 220 
models. (d) Molar CO2/SO2 ratios in the coexisting vapor for the same three models in (a) and 221 
(b). R2020, D-Compress and MP04 start with 4.5 wt.% H2O, 3300 ppm CO2, and ~2600 ppm S. 222 
SolEx is forced to start at 400 MPa, the highest pressure that can be applied in the model, with 223 
4.3 wt.% H2O, ~1100 ppm CO2 and 2100 ppm S.  224 

 225 

Because silicate melts are never saturated in a pure sulfur vapor or fluid phase (a solid or 226 

immiscible melt phase saturates before this state can occur), the sulfur distribution between the 227 

fluid and melt can also be described by a partition coefficient (kd(S)v/m). Therefore, a common 228 

method of modeling COHS degassing is to couple an existing COH degassing model ( e.g., 229 

VolatileCalc) with a sulfur partitioning model (Sisson and Layne, 1993; Burton et al., 2007; 230 



 

 

Johnson et al., 2010; Witham et al., 2012; Gennaro et al., 2020; Rasmussen et al., 2020). The 231 

employed kd(S)v/m are usually based on experimental studies (Burton et al., 2007; Witham et al., 232 

2012; Gennaro et al., 2020) or empirically determined from melt inclusion data (Sisson and 233 

Layne, 1993; Johnson et al., 2010; Rasmussen et al., 2020). For example, the solid curves in 234 

Figure 1 and Figure 3 are results of an empirical fit of the rehomogenized melt inclusions by 235 

Rasmussen et al. (2020) that combines the COH degassing results from VolatileCalc and a fixed 236 

bulk partition coefficient for sulfur (𝐷𝐷𝑆𝑆
𝑛𝑛𝑛𝑛𝑛𝑛−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑘𝑘𝑘𝑘𝑆𝑆

𝑣𝑣/𝑚𝑚 × 𝑋𝑋𝑣𝑣
𝑋𝑋𝑣𝑣+𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

+ 𝑘𝑘𝑘𝑘𝑠𝑠
𝑚𝑚𝑚𝑚𝑛𝑛/𝑚𝑚 ×237 

 𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚
𝑋𝑋𝑣𝑣+𝑋𝑋𝑚𝑚𝑚𝑚𝑚𝑚

= 4) between non-melt phases (vapor + minerals) and silicate melt. Unlike most of the 238 

degassing models of this kind and other forward thermodynamic models that only consider melt 239 

and vapor in the system, Rasmussen et al. (2020) includes crystallization and predicts that 240 

kd(S)v/m increases from 20 to 60 as melt fraction decreases from 100% to 40% along the coupled 241 

decompression, degassing, and differentiation path. Existing experiments show that kd(S)v/m is a 242 

function of temperature, pressure, melt composition, and oxygen fugacity (Webster and 243 

Botcharnikov, 2011). Except for SolEx, kd(S)v/m in empirical models is tailored to fit the melt 244 

inclusion data from a specific volcano, meaning it cannot easily be applied to other systems. 245 

However, the forward model SolEx (Witham et al., 2012) fails to produce the CO2-S degassing 246 

trend in Figure 1, which is likely due to several issues with the experiments used to parameterize 247 

the model’s sulfur partition coefficients (Lesne et al., 2011) that are discussed below. 248 

 249 

 250 

 251 

 252 

 253 



 

 

Table 1 Previous Degassing mode 254 
Model S behavior fO2 P (MPa) References 

D_Compress 
𝑤𝑤𝑆𝑆2− = 𝑎𝑎𝐻𝐻2𝑆𝑆 × 𝑓𝑓𝐻𝐻2𝑆𝑆

𝑏𝑏𝐻𝐻2𝑆𝑆 
𝑤𝑤𝑆𝑆6+ = 𝑎𝑎𝑆𝑆𝑆𝑆2 × 𝑓𝑓𝑆𝑆𝑆𝑆2

𝑏𝑏𝑆𝑆𝑆𝑆2  
change 25-200 Burgisser et al. 

(2015) 

M&P 
𝐶𝐶𝑆𝑆2− = 𝑤𝑤𝑆𝑆2− × (𝑓𝑓𝑂𝑂2 𝑓𝑓𝑆𝑆2� )1 2�  

𝐶𝐶𝑆𝑆𝑆𝑆42− = 𝑤𝑤𝑆𝑆6+ × 𝑓𝑓𝑂𝑂2
−3 2� × 𝑓𝑓𝑆𝑆2

−1 2�  
fixed 0.0001 Moretti and 

Papale (2004) 

SolEx 𝑘𝑘𝑘𝑘𝑆𝑆
𝑓𝑓𝑚𝑚

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�
= 𝑤𝑤𝑆𝑆

𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚𝑓𝑓

𝑤𝑤𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�    Oxidized only 25-400 Witham et al. 

(2012) 
Emprical 
models 𝑘𝑘𝑘𝑘𝑆𝑆

𝑓𝑓𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�

= 𝑤𝑤𝑆𝑆
𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚𝑓𝑓

𝑤𝑤𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�    

Tailored for 
one volcano -  

 255 
 256 

The evolution of fO2 during magma degassing also represents a challenge to most existing 257 

models. Empirical models employ bulk sulfur partition coefficients and do not consider sulfur 258 

speciation or redox change, meaning they can only be applied to systems with similar fO2. For 259 

example, sulfur partition coefficients implemented in SolEx were empirically parameterized 260 

from experiments with fO2 between NNO+1.6 and NNO+2.1 (Witham et al., 2012). The Moretti 261 

and Papale (2004) model considers both SO2 and H2S in the gas at a given fO2 using the gas 262 

equilibrium reaction described in equation 2 and then uses the calculated fSO2 and fH2S and 263 

sulfate and sulfide capacity to calculate the quantity of S6+ and S2- in the melt. However, the lack 264 

of experiments constraining the sulfate and sulfide capacity at pressures higher than 1 atm can 265 

compromise the S6+ and S2- calculation. Also, the model can only be run at a fixed fO2 along the 266 

degassing path. D-Compress considers the evolution of redox states of the system based on 267 

multiple equilibria involving C, O, H, and S-bearing species in the vapor and the ferrous and 268 

ferric iron in the magma (Burgisser et al., 2015). This model has been used to describe redox 269 

evolution in different magmatic systems (Burgisser and Scaillet, 2007; Moussallam et al., 2016; 270 

Longpré et al., 2017) and atmosphere evolution at planetary surfaces (Gaillard et al., 2011; 271 

Gaillard and Scaillet, 2014; Liggins et al., 2020). However, because it does not consider S-Fe 272 



 

 

redox equilibrium in the silicate melt, D-Compress may not accurately predict fO2 evolution. A 273 

recent degassing model from Hughes et al (in review) tracks the fO2 evolution during degassing 274 

with a similar strategy as D-Compress and calculates S6+ and S2- in the melt using fSO2 and fH2S, 275 

and sulfate and sulfide capacities. However, it is also limited by a lack of experimental 276 

constraints on sulfate and sulfide capacities at pressures higher than 1 atm. None of the models 277 

above directly consider the S-Fe redox equilibrium in the melt, or S redox equilibrium between 278 

melt and vapor. Instead, the fO2 evolution in the system is entirely controlled by the equilibrium 279 

reactions among multiple gas species. Fe3+/ΣFe in the melt only responds to the calculated fO2,  280 

and S6+/ΣS in the melt is determined by fSO2 and fH2S, either through solubility laws that are a 281 

function of the corresponding species fugacities (Burgisser et al., 2015) or sulfate and sulfide 282 

capacities (Hughes et al., in review).  283 

2.3 Previous S partitioning experiments 284 

kd(S)v/m has been investigated in previous experimental studies of basaltic-andesitic systems 285 

under controlled fO2 from FMQ-1 to FMQ+4, T of 900-1400 °𝐶𝐶, and P of 0.1-500 MPa (O’Neill 286 

and Mavrogenes, 2002; Moune et al., 2008; Lesne et al., 2011; Zajacz et al., 2012; Zajacz et al., 287 

2013; Fiege et al., 2014a; Zajacz, 2014; Fiege et al., 2015; Masotta et al., 2016; Nash et al., 288 

2019; Gennaro et al., 2020). However, due to the multiple redox states of sulfur in the melt and 289 

vapor, the paucity of experiments at pressures higher than 300 MPa, and the technical difficulties 290 

in conducting S-bearing hydrothermal experiments (Webster and Botcharnikov, 2011), there is 291 

no existing thermodynamic or empirical model to predict kd(S)v/m in the basaltic-andesitic system 292 

across reduced and oxidized condition. This is the goal of this paper.  293 

Existing experiments conducted at pressures >1 atm show complex variations in kd(S)v/m with 294 

increasing fO2 (Fig. 2b). In experiments with S2- only in the melt, kd(S)v/m increases with 295 



 

 

increasing fO2 from FMQ to FMQ +1, while in experiments with S6+ only, kd(S)v/m decreases 296 

with increasing fO2 from FMQ+1.5 to FMQ+4. Previous experiments have shown that S bonds 297 

with different cations in the silicate melt depending on its speciation (S2- or S6+);-), hence, 298 

kd(S)v/m is affected by various compositional factors at different fO2 (Zajacz, 2014; Fiege et al., 299 

2015; Masotta et al., 2016). Under oxidized conditions, where S exists only as SO4
2- and bonds 300 

with Ca2+, K+, and Na+, kd(S)v/m is affected by NBO/T (non-bridging oxygen) and the abundance 301 

of cations (Ca2+, K+, and Na+) over what is required to charge balance Al–Si complexes in the 302 

silicate melt structure (Zajacz, 2014; Masotta et al., 2016). At reduced conditions, when S2- is 303 

dominant in the melt and bonds with Fe2+, kd(S)v/m decreases as Fe2+O increases (Fiege et al., 304 

2015). Thus, there is no universal model for kd(S)v/m that can capture the behavior of the different 305 

melt and vapor species of S in all the experiments across the range of fO2 and melt compositions. 306 

Pressure is another important factor. Recent studies have used multiple approach to 307 

reconstruct the CO2 concentration in melt inclusions that have lost CO2 to shrinkage bubbles 308 

(Steele-Macinnis et al., 2011; Esposito et al., 2012; Hartley et al., 2014; Mironov et al., 2015; 309 

Moore et al., 2015; Wallace et al., 2015; Aster et al., 2016; Rasmussen et al., 2017; Steele-310 

MacInnis et al., 2017; Moore et al., 2018; Rasmussen et al., 2020). The reconstructions not only 311 

dramatically increase estimates for the CO2 concentration in the melt inclusions, but also 312 

enhance the estimates of the depths where arc magma likely starts degassing due to the higher 313 

pressures required for higher CO2 melt concentrations. In particular, the co-variation of S and 314 

CO2 in rehomogenized melt inclusion records from the Fuego 1974 eruption shows that S likely 315 

degassed together with CO2 at high pressure in the magma that fed this eruption. The empirical 316 

fit of the Fuego rehomogenized melt inclusions from Rasmussen et al. (2020) shows that almost 317 

half of the sulfur could have already degassed at pressures > 300 MPa. Most experiments 318 



 

 

constraining kd(S)v/m , however, have been conducted at pressure of 200 MPa or lower (O’Neill 319 

and Eggins, 2002; Moune et al., 2008; Zajacz et al., 2012; Fiege et al., 2014a; Masotta et al., 320 

2016; Nash et al., 2019). Zajacz (2014) conducted experiments at 500 MPa to constrain the effect 321 

of melt composition on kd(S)v/m. However, the experiments were performed using synthetic melt 322 

compositions with extremely high Na2O (> 10 wt.%), CaO (>20 wt.%), or K2O (> 5wt.%), which 323 

makes them inappropriate to directly apply to terrestrial basaltic melts. Lesne et al. (2011) 324 

conducted a series of extremely challenging partitioning experiments involving melt and COHS 325 

vapor from 50 to 400 MPa. However, large uncertainties in mass balance calculations caused by 326 

minimal S loss to the fluid in some experiments, significant S loss to the AuPd capsules in others, 327 

as well as underestimates of fO2, and hydrogen loss through the capsule wall could have 328 

compromised the derived kd(S)v/m. Experiments on Stromboli compositions at pressures higher 329 

than 150 MPa from Lesne et al. (2011) showed almost no sulfur loss to the vapor phase within 330 

the S analytical errors of EPMA. On the contrary, experiments on a Masaya volcano melt 331 

composition displayed a S increase as pressure decreased from 400 MPa to 150 MPa (Figure 3d 332 

in Lesne et al., 2011), then a decrease as pressure continues decreasing. However, the increase in 333 

the S concentration of the melt from 400MPa to 150 MPa is accompanied by a decrease in run 334 

duration, which is consistent with increasing sulfur loss to the AuPd as run duration increases. 335 

Last but not least, as pointed out by Burgisser et al. (2015), the fO2 in the experiments from 336 

Lesne et al. (2011) might be much lower than what was reported due to Fe reduction induced by 337 

hydrogen loss through the capsule wall. The more reduced system could also have been 338 

responsible for S loss to the AuPd capsule as S2-. All three scenarios hinder the mass balance 339 

calculations of sulfur contents in the vapor. As a result, kd(S)v/m derived from mass balance 340 

calculation by Lesne et al (2011) have considerable uncertainty, mainly for experiments at 341 



 

 

pressures higher than 150 MPa. Since the sulfur degassing model in SolEx is exclusively derived 342 

from experiments from Lesne et al (2011), it is not surprising that SolEx does not reproduce the 343 

CO2-S degassing trend demonstrated by rehomogenized melt inclusions. 344 

Formation of sulfide or sulfate minerals can also reduce the experimentally constrained 345 

kd(S)v/m. Even trace amounts of sulfide or sulfate precipitation could account for a non-negligible 346 

amount of sulfur. Such sulfur loss is difficult to quantify and in mass balance calculations gives 347 

the appearance that there is more S lost to vapor than actually occurred. In this case, the derived 348 

kd(S)v/m can only be considered a maximum value (Gennaro et al., 2020) and therefore is not ideal 349 

to use for model calibration.  350 

3. A NEW DEGASSING MODEL: Sulfur_X  351 

The approach adopted in this study combines existing COH degassing models (Newman and 352 

Lowenstern, 2002; Iacono-Marziano et al., 2012) with sulfur partition coefficients to predict the 353 

evolution of S, CO2, and H2O in basaltic melt and co-existing vapor. To tackle the challenges of 354 

different sulfur species, we consider three sulfur degassing reactions and develop predictive 355 

models of kd(S)v/m for each reaction guided by relevant published experimental data. The 356 

consideration of kd(S)v/m for each reaction also allows us to estimate thermodynamic properties of 357 

components in the reactions using solid analogs, both as a guide to empirical fitting of the 358 

experimental data and to interpolate and extrapolate the pressure and temperature effects beyond 359 

the P-T range of existing experiments. 360 

 361 

3.1 Three kd(S)v/m 362 

Sulfur can exist in the melt as 𝑆𝑆2−and 𝑆𝑆6+ (Jugo et al., 2010), and as SO2 and H2S in the co-363 

existing vapor. Figure 2a shows S speciation in the melt and in the vapor as a function of fO2 364 



 

 

with temperature between 1050°C and 1300°C (Nash et al., 2019; Muth and Wallace, 2021). 365 

When the magma is reduced (< FMQ), S2- is the dominant melt species and H2S is the dominant 366 

vapor species. In this case, the sulfur degassing reaction can be described as:  367 

𝐹𝐹𝐹𝐹𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐻𝐻2𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 =  𝐻𝐻2𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝐹𝐹𝐹𝐹𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚                                  (RxnI, 4) 368 

Fe2+ is included in this reaction because previous studies have demonstrated that S2- preferably 369 

bonds with Fe2+ in the silicate melt (Haughton et al., 1974; Righter et al., 2009; Ding et al., 370 

2014). When the magma is very oxidized (> FMQ+2.5), S6+ and SO2 are the dominant sulfur 371 

species in the melt and vapor, respectively. In this case, the sulfur degassing reaction can be 372 

written as: 373 

𝐶𝐶𝑎𝑎𝑆𝑆𝑂𝑂4,  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =  𝑆𝑆𝑂𝑂2,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝐶𝐶𝑎𝑎𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +0.5𝑂𝑂2, 𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣                           (RxnII, 5) 374 

Ca2+ is representative of one of the important cations bonding with 𝑆𝑆𝑂𝑂42− in the silicate melt 375 

(Zajacz, 2014), and we note that similar expressions could be written involving other important 376 

cations such as K+ and Na+. 377 

However, within the range of fO2 relevant to arc magmas, between FMQ and FMQ+2 (Figure 378 

3a), both 𝑆𝑆2−and 𝑆𝑆6+ exist in the melt and both SO2 and H2S in the vapor, and the transitions 379 

from 𝑆𝑆2−to 𝑆𝑆6+ in the melt and from H2S to SO2 in the vapor may not be synchronized at the 380 

same fO2 (Fig. 2). In this case, two S species are present in the melt and two S components are 381 

present in the vapor, and therefore S degassing involves four relevant equilibria. In addition to 382 

RxnI and RxnII above, S2- may also degas to SO2 (RxnIa) and S6+ may degas to H2S (RxnIIa): 383 

𝐹𝐹𝐹𝐹𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 1.5𝑂𝑂2, 𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 =  𝑆𝑆𝑂𝑂2,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝐹𝐹𝐹𝐹𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚                      (RxnIa, 6) 384 

𝐶𝐶𝑎𝑎𝑆𝑆𝑂𝑂4,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +  𝐻𝐻2𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =   2𝑂𝑂2, 𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 +  𝐻𝐻2𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝐶𝐶𝑎𝑎𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚                  (RxnIIa, 7) 385 

Therefore, we tackle this complexity by considering kd(S)v/m for each reaction individually, and 386 

calibrate using subsets of experimental data for conditions where one of the melt species and one 387 



 

 

of the vapor species dominate. We then combine all partition coefficients into a single, effective 388 

bulk kd(S)v/m value weighted by the speciation of sulfur in the melt and the vapor. We show that 389 

this empirical method successfully reproduces melt inclusion CO2-S variations.  390 

As shown in the following discussion, no existing experiments involve the combination of S 391 

species in RxnIIa (supplementary Table 1), and thus, it might not be as important as the other 392 

three reactions within the fO2-T-fH2O range of interest. The lack of experiments would also make 393 

it difficult to calibrate 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅𝑣𝑣
𝑓𝑓𝑚𝑚/𝑚𝑚 . Therefore, in our degassing model we only consider RxnI, 394 

RxnIa, and RxnII. To explore the factors that affect each reaction, we first write the equilibrium 395 

constants for each reaction.  396 

𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅(𝑃𝑃,𝑇𝑇) = 𝑓𝑓𝐻𝐻2𝑆𝑆 𝑣𝑣𝐹𝐹𝐹𝐹𝑆𝑆
𝑣𝑣𝐹𝐹𝐹𝐹𝑆𝑆𝑓𝑓𝐻𝐻2𝑆𝑆 
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where f represents fugacity and can be expressed as the product of pressure, fugacity coefficient, 402 

and the mole fraction (e.g., 𝑓𝑓𝑆𝑆𝑆𝑆2 = 𝑃𝑃  𝜑𝜑𝑆𝑆𝑆𝑆2,𝑣𝑣   𝑋𝑋𝑆𝑆𝑆𝑆2,𝑣𝑣); a is the activity of the components in the 403 

silicate melt and can be expressed as the product of the activity coefficient and the mole fraction 404 

(e.g., 𝑎𝑎𝐹𝐹𝑚𝑚𝑆𝑆 = 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚   𝑋𝑋𝐹𝐹𝑚𝑚𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚  ); and K0, ∆𝑉𝑉𝑃𝑃0,𝑇𝑇0, and ∆𝐻𝐻𝑃𝑃0,𝑇𝑇0 are the equilibrium constant, 405 

molar volume change of the incompressible components in the reaction and enthalpy change of 406 

the reaction at reference pressure (P0) and temperature (T0)(e.g., see Stolper and Holloway, 407 

1988)). The values for 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  as molar ratios can be expressed (e.g., 408 



 

 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 =  

𝑋𝑋𝐻𝐻2𝑆𝑆𝑣𝑣
𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚

2−�  ) by rearranging the equilibrium constant expressions above and 409 

assuming that 𝑋𝑋𝐹𝐹𝑚𝑚𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚  = 𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚
2−  in RxnI and Ia, and 𝑋𝑋𝐶𝐶𝑣𝑣𝑆𝑆𝑆𝑆4,𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚 = 𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚

6+  in RxnII. 410 
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 417 

ln (𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣𝐶𝐶𝑝𝑝𝑜𝑜𝑜𝑜
𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚 ) = ln�

𝑋𝑋𝑆𝑆𝑆𝑆2,𝑣𝑣𝐶𝐶𝑝𝑝𝑜𝑜𝑜𝑜

𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚
6+

� = ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅0 + −∆𝑉𝑉 (𝑃𝑃− 𝑃𝑃0)
𝑅𝑅𝑇𝑇

+
−∆𝐻𝐻𝑇𝑇0 

𝑅𝑅
�1
𝑇𝑇
− 1

𝑇𝑇0
� − 0.5𝑙𝑙𝑙𝑙𝑓𝑓𝑂𝑂2 − lnP −418 

ln𝜑𝜑𝑆𝑆𝑆𝑆2 +ln𝑎𝑎𝐶𝐶𝑣𝑣𝑆𝑆 + 𝑙𝑙𝑙𝑙𝛾𝛾𝐶𝐶𝑣𝑣𝑆𝑆𝑆𝑆4                                                                                                     (13) 419 

In equations (11-13), 𝑓𝑓𝐻𝐻2𝑆𝑆, 𝑓𝑓𝑆𝑆2 and XFeO are known from the experiments, 𝜑𝜑𝐻𝐻2𝑆𝑆 and 𝜑𝜑𝑆𝑆𝑆𝑆2 are 420 

calculated from the equation of states (Shi and Saxena, 1992), and 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆 is calculated by the 421 

empirical model of O’Neill and Eggins (2002). ∆𝑉𝑉 and ∆𝐻𝐻𝑇𝑇0 for each reaction can either be 422 

regressed from the experiments accordingly (e.g., Stolper and Holloway, 1988) or estimated 423 

using the thermodynamic properties of their solid analogs (JANAF), although we note that 424 

O’Neill (2021) cautioned against the latter approach. There are no previous constraints on the 425 

activity coefficients, 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆, 𝛾𝛾𝐶𝐶𝑣𝑣𝑆𝑆𝑆𝑆4, and 𝛾𝛾𝐶𝐶𝑣𝑣𝑆𝑆 in relevant melts. We derive empirical expressions 426 

for these three terms using the experimental data available for each reaction. Such empirical 427 

expressions include several compositional terms that also include the effects of other melt 428 



 

 

species that potentially could bind with S2- and S6+. The separation of sulfur degassing into these 429 

three reactions clearly shows that fO2 does not have a monotonic effect on kd(S)v/m, and it 430 

confirms the experimental observation that different compositional factors on kd(S)v/m are 431 

important depending on the degassing reaction that is dominant. We note that although we have 432 

chosen to empirically calibrate the three kd(S)v/m values separately, the final implementation in 433 

Sulfur_X uses a single, effective bulk kd(S)v/m value weighted by the speciation of sulfur in the 434 

melt and vapor, and the final model achieves equilibrium in melt and vapor by coupling of melt 435 

Fe-S redox equilibrium and vapor SO2-H2S equilibrium. 436 

To derive kd(S)v/m for each reaction, we examine existing kd(S)v/m experiments on basalts and 437 

basaltic andesites and ascribe them as relevant to RxnI, RxnIa, or RxnII, depending on the sulfur 438 

speciation in the melt and the vapor (Table 2). Experiments reported as sulfide or sulfate 439 

saturated (O’Neill and Mavrogenes, 2002; Beermann et al., 2011; Botcharnikov et al., 2011a; 440 

Gennaro et al., 2020) are not considered so as to minimize the errors involved in the reported 441 

kd(S)v/m. This is a limitation of our degassing model, and future work will include a solid or 442 

immiscible sulfide or sulfate phase. Experiments without reliable determination of fO2 or sulfur 443 

speciation (Lesne et al., 2011) are not considered because they cannot be used to constrain the 444 

effect of fO2 on individual kd(S)v/m. Applying the two criteria above, we use the experiments from 445 

Fiege et al., (2015), Moune et al. (2008), Nash et al. (2019), O’Neill and Mavrogenes (2002),  446 

Zajacz (2014), and Zajacz et al. (2013, 2012) to constrain the kd(S)v/m for each reaction. Some 447 

experimental studies report S speciation in the melt as determined by XANES (Fiege et al., 448 

2014c; Nash et al., 2019), EPMA using the SKα peak shift method, or Raman spectroscopy 449 

(Zajacz, 2014) whereas other experimental studies report only experimental fO2. Therefore, S 450 

speciation in each experiment is either taken from the direct S6+/ ΣS measurements or calculated 451 



 

 

by Nash et al. (2019) when no S6+/ΣS measurements are available. The SO2/H2S ratio in the 452 

vapor for each experiment is calculated from the gas equilibrium equation (3).  453 

Table 2 Experiments for kd(S)fl/m calibration 454 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  (FeSmelt – H2Svapor) 

References Na P 
(MPa) T °C fO2

b Composition SO2/ST in the 
vaporc 

S6+/ST in 
the meltd 

Experiment 
methods 

Fiege et al. 
(2015) 2 70 1050 

-0.07 
-0.03 

 

basalt H2S (+H2O) 0,0.11 
IHPV, 

controlled 
fO2 

Moune et al. 
(2008) 8 200, 

300 1050 (-0.1) 
~0.3 basalt H2S (+H2O) 0 

IHPV, 
controlled 

fO2 

Zajac et al. 
(2012, 2013) 12 185, 

200 
1000, 
1030 0, 0.2 Andesite H2S (+H2O) 0 

IHPV, 
controlled 

fO2 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  (CaSO4,melt – SO2,vapor)  

Fiege et al 
2015 11 70 1150, 

1200 4.1 basalt SO2(+H2O) 1 IHPV, fO2 
controlled 

Zajac (2014) 23 500 1240 2.1 

sythesized 
composition 

with 
abnormal 

Na2O/CaO/
MgO 

>0.98 SO2 
(H2S+H2O) 0.98-1 IHPV, fO2 

controlled 

Zajac et al. 
(2012) 2 200 1000 2.54 andesite SO2>96% 1 IHPV, fO2 

controlled 

Nash et al. 
(2019) 7 0.1 1300 1.08-1.5 basalt-dacite SO2 (CO, CO2, 

S2, COS) 0.95-1 
CO_CO2_S

O2 gas 
mixing 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  (FeSmelt – SO2,vapor) 

Fiege et al. 
(2015) 8 70 1050, 

1200 
0.08 

~1.17 basalt 0.12-0.86 SO2 
(+H2O) 0-0.11 IHPV, fO2 

controlled 
O'Neill and 
Mavrogenes 

(2002) 
9 0.1 1400 (-4)~-1 basalt-dacite 0.94 SO2(CO, 

CO2, COS, S2) 
0 

CO_CO2_S
O2 gas 
mixing 

Nash et al. 
(2019) 16 0.1 1300 (-1.76)-

0 basalt-dacite SO2 (CO, CO2, 
COS, S2) 

0 
CO_CO2_S

O2 gas 
mixing 

 455 
a N is the number of experiments used for regression. 456 
b fO2 is reported by each experimental study and all are recalculated to be relative to FMQ buffer here. 457 
cSO2/ST in the vapor is calculated by equation (3) in the main text using the experimental temperature, pressure and 458 
fO2 459 
dS6+/ST in the melt is reported in Fiege et al. (2015) and Nash et al. (2019). The rest is calculated using Nash et al. 460 
(2019) and experimental temperature.   461 
 462 

 463 



 

 

With the calculated or measured S speciation in the melt and the calculated sulfur speciation 464 

in the vapor, we were able to categorize experiments as relevant to RxnI, RxnIa, and RxnII. For 465 

RxnI and RxnII, experiments with only S2- or S6+ in the melt, and with only H2S or dominantly 466 

SO2 (>90%) in the vapor are used, respectively. For RxnIa, ideally, experiments would be 467 

reported with S2- only in the melt and SO2 only in the vapor. However, few experiments meet 468 

such criteria (O’Neill and Mavrogenes, 2002; Nash et al., 2019), particularly at pressures higher 469 

than 1 atm. Therefore, we also included experiments with less than 10% S6+ in the melt and less 470 

than 40% H2S in the vapor into the RxnIa category. Given the errors that might have been 471 

introduced in recalculating the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  by using the calculated S6+/ΣS in the melt and SO2/H2S 472 

in the vapor, we used the kd(S)v/m reported in those experiment as the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 . Given that non-473 

negligible H2S is included in some of these experiments, the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  can be considered as a 474 

maximum and naturally, larger errors are involved in this set of experiments. Reference 475 

temperature and pressure of each reaction were chosen to be the P-T conditions at which most of 476 

the relevant experiments were done, for simplicity. The P-T-fO2 conditions of experimental 477 

studies used to calibrate the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑓𝑓𝑚𝑚/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  are listed in Table 2. Details of 478 

each experiment from these studies are given in supplementary Table 1.  479 

Experiments within each reaction group span pressure and temperature ranges too small to 480 

determine statistically meaningful volume (∆𝑉𝑉) and enthalpy (∆𝐻𝐻𝑇𝑇0 ) changes by regression. 481 

Therefore, we used thermodynamic properties of each component or their solid analogs for 482 

estimating the enthalpy changes. ∆𝐻𝐻𝑇𝑇0 for RxnI and RxnIa are calculated at the relevant value of 483 

𝑇𝑇0 using the enthalpies of their solid analogues and the vapor components from JANAF 484 

(supplementary Fig. 1a). Fiege et al. (2015) constrained the temperature dependence of kd(S)v/m at 485 

oxidized condition (FMQ+4) with three sets of basaltic compositions from 1150 to 1250 °C. 486 



 

 

Therefore, for RxnII, we adopted a value for ∆𝐻𝐻𝑇𝑇0 regressed from these T-series experiments 487 

(supplementary Figure 1b), and the result is of the same order of magnitude as the value 488 

calculated using the thermodynamic properties of the solid analogues and vapor components 489 

from JANAF (44828 KJ vs. 32379 KJ).   490 

In equations 11 and 12, ∆𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅 𝑣𝑣𝑛𝑛𝑓𝑓 𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣 = 𝑉𝑉𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚
𝐹𝐹𝑚𝑚𝑆𝑆, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝑉𝑉𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑆𝑆,   𝑠𝑠𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(Kress and 491 

Carmichael, 1991; Kress et al., 2008). We assume that the value for ∆V is independent of T and 492 

P. The molar volume change of RxnII, ∆𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅 = 𝑉𝑉𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚
𝑆𝑆𝑆𝑆42−, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  𝑉𝑉𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚

𝑆𝑆2−, 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, is more difficult to 493 

assess. We made an estimate based on a comparison with dissolution of CO2 as 𝐶𝐶𝑂𝑂32− in basaltic 494 

melts. Stolper and Holloway (1988) described CO2 solubility using the following reaction: 495 

𝐶𝐶𝑂𝑂2,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2− = 𝐶𝐶𝑂𝑂3,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2−  496 

Using regression of experimental solubility data, they found ∆𝑉𝑉𝑣𝑣
0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �𝑉𝑉𝐶𝐶𝑆𝑆32−

0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� −497 

�𝑉𝑉𝑆𝑆2−
0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� =  33.0 ±  0.5 cm3/mole, where 𝑉𝑉𝑆𝑆2−

0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑎𝑎𝑙𝑙𝑘𝑘 𝑉𝑉𝐶𝐶𝑆𝑆32−
0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚are the partial molar volumes of 498 

these species in the melt. We assume that the pressure dependence for RxnII can be 499 

approximated using an alternate form of RxnII: 500 

𝑆𝑆𝑂𝑂4,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2− = 𝑆𝑆𝑂𝑂2,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2− + 0.5𝑂𝑂2,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 501 

for which ∆𝑉𝑉𝑣𝑣
0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = �𝑉𝑉𝑆𝑆2−

0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� − �𝑉𝑉𝑆𝑆𝑆𝑆42−
0,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�. If the volume change for the carbonate dissolution 502 

reaction results mainly from the difference of 2O2-, then we can estimate the volume change for 503 

RxnII, which has a 3O2- difference, as ∆𝑉𝑉𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅 = 1.5 * 33 = 49.5 cm3/mole. Reference 504 

temperature and pressure, and all the thermodynamic properties at the reference P-T used for 505 

each reaction are listed in Table 3. 506 

The last terms to be determined are the equilibrium constants for each reaction and the 507 

activity coefficients of FeS, CaSO4, and CaO in the melt. Since S2- bonds with Fe2+, and 508 



 

 

potentially with H+ to form HS-, we considered XFeO and 𝑋𝑋2𝐻𝐻2𝑆𝑆 as two compositional terms 509 

affecting 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆, where X is the mole fraction calculated on a single cation base. RxnI experiments 510 

with 3-6 wt.% water and 5-14 wt.% FeO in the melt were used to regress for ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅0  and for  511 

coefficients making 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆 a function of XFeO and 𝑋𝑋2𝐻𝐻2𝑆𝑆  after moving all the other terms to the 512 

left side of equation (4). The regression is done by the Inverse Iterative Least Squares Method 513 

(details in the supplementary materials). Since both RxnI and RxnIa share 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆, we applied the 514 

𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆 derived from RxnI experiments to RxnIa. ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣0 is averaged from the residues of 30 515 

RxnIa experiments after moving all the known parameters to the left side of the equation (5).  516 

Zajacz (2014) investigated different compositional terms that can affect the partition 517 

coefficient of sulfur under oxidized conditions relevant for RxnII. Among the terms, excess 518 

Ca(2𝑋𝑋𝐶𝐶𝑣𝑣 − 𝑋𝑋𝐴𝐴𝑚𝑚), excess Na(𝑋𝑋𝑁𝑁𝑣𝑣 − 𝑋𝑋𝐴𝐴𝑚𝑚), and the non-bridging oxygen (NBO/T) show good 519 

correlations with the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  for experiments in the RxnII group after accounting for the effects 520 

of fO2, pressure and temperature. Therefore, 2Ca-Al, Na-Al, and NBO/T were used to represent 521 

the combined compositional effects on  𝛾𝛾𝐶𝐶𝑣𝑣𝑆𝑆𝑆𝑆4and 𝛾𝛾𝐶𝐶𝑣𝑣𝑆𝑆 , and the coefficients of each 522 

compositional term were regressed using the 45 experiments in RxnII group by the Inverse 523 

Iterative Least Squares Method (Supplementary Material). The final equations for 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 524 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , the parameters and regressed coefficients for each of the compositional 525 

terms, and the equilibrium constants are all listed in Table 3. The individual effects of pressure, 526 

temperature, oxygen fugacity, and different compositional components on 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚 and 527 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑓𝑓𝑚𝑚/𝑚𝑚  are plotted in supplementary Figure 2; on 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑓𝑓𝑚𝑚/𝑚𝑚 in supplementary Figure 3. 528 

 529 

 530 



 

 

Table 3 kd(S)v/m from this study 531 
RxnI: ln �𝑋𝑋𝐻𝐻2𝑆𝑆𝑣𝑣𝐶𝐶𝑝𝑝𝑜𝑜𝑜𝑜

𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚
� = ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅0 + −∆𝑉𝑉 (𝑃𝑃− 𝑃𝑃0)

𝑅𝑅×𝑇𝑇
+ −∆𝐻𝐻𝑇𝑇0 

𝑅𝑅
�1
𝑇𝑇
− 1

𝑇𝑇0
� + 𝑙𝑙𝑙𝑙𝑓𝑓𝐻𝐻2𝑂𝑂 − lnXFeO − ln𝛾𝛾𝐹𝐹𝐹𝐹𝑂𝑂 − lnP −

ln𝜑𝜑𝐻𝐻2𝑆𝑆 + 𝐴𝐴𝑋𝑋𝐹𝐹𝐹𝐹𝑂𝑂 + 𝐵𝐵(𝑋𝑋2𝑂𝑂)2 
𝑃𝑃0 (𝑀𝑀𝑃𝑃𝑎𝑎) 𝑇𝑇0 (℃) ∆𝑉𝑉 (𝑐𝑐𝑐𝑐

3
𝑐𝑐𝑙𝑙𝑙𝑙� ) ∆𝐻𝐻𝑇𝑇0  ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅0  𝐴𝐴 𝐵𝐵  

100 1100 -9.42 
 

44827.65 
 

0.616843 
(0.492902) 

-8.715144 
(4.250800) 

20.844254 
(4.395644) 

 

RxnIa: ln �𝑋𝑋𝑆𝑆𝑆𝑆2,𝑣𝑣𝐶𝐶𝑝𝑝𝑜𝑜𝑜𝑜
𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚

� = ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣0 + −∆𝑉𝑉 (𝑃𝑃− 𝑃𝑃0)
𝑅𝑅×𝑇𝑇

+ −∆𝐻𝐻𝑇𝑇0 

𝑅𝑅
�1
𝑇𝑇
− 1

𝑇𝑇0
� + 3

2
× 𝑙𝑙𝑙𝑙𝑓𝑓𝑂𝑂2 − lnXFeO − ln𝛾𝛾𝐹𝐹𝐹𝐹𝑂𝑂 − lnP −

ln𝜑𝜑𝑆𝑆𝑂𝑂2 + 𝐴𝐴𝑋𝑋𝐹𝐹𝐹𝐹𝑂𝑂 + 𝐵𝐵(𝑋𝑋2𝑂𝑂)2 
𝑃𝑃0 (𝑀𝑀𝑃𝑃𝑎𝑎) 𝑇𝑇0 (℃) ∆𝑉𝑉 (𝑐𝑐𝑐𝑐

3
𝑐𝑐𝑙𝑙𝑙𝑙� ) ∆𝐻𝐻𝑇𝑇0  ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣0  𝐴𝐴 𝐵𝐵  

100 1400 -9.42 
 

-476704 
 

29.79217 
(0.703081) 

-8.715144 
(4.250800) 

20.844254 
(4.395644) 

 

RxnII: ln �𝑋𝑋𝑆𝑆𝑆𝑆2,𝑣𝑣𝐶𝐶𝑝𝑝𝑜𝑜𝑜𝑜
𝑋𝑋𝑆𝑆𝑚𝑚𝐹𝐹𝑚𝑚𝑚𝑚

� = ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅0 + −∆𝑉𝑉 (𝑃𝑃− 𝑃𝑃0)
𝑅𝑅×𝑇𝑇

+ −∆𝐻𝐻𝑇𝑇0 

𝑅𝑅
�1
𝑇𝑇
− 1

𝑇𝑇0
� − 0.5 × 𝑙𝑙𝑙𝑙𝑓𝑓𝑂𝑂2 − lnP − ln𝜑𝜑𝑆𝑆𝑂𝑂2 + 𝐴𝐴(2𝐶𝐶𝑎𝑎 −

𝐴𝐴𝑙𝑙) + 𝐵𝐵 𝑁𝑁𝑁𝑁𝑆𝑆
𝑇𝑇

+ 𝐶𝐶(𝑁𝑁𝑎𝑎 − 𝐴𝐴𝑙𝑙) 

𝑃𝑃0 (𝑀𝑀𝑃𝑃𝑎𝑎) 𝑇𝑇0 (℃) ∆𝑉𝑉 (𝑐𝑐𝑐𝑐
3
𝑐𝑐𝑙𝑙𝑙𝑙� ) ∆𝐻𝐻𝑇𝑇0  ln𝐾𝐾𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅0  𝐴𝐴 𝐵𝐵 𝐶𝐶 

200 1000 49.5 32379 
 

-0.255609 
(0.092976) 

-9.888169 
(0.477521) 

-0.970780 
(0.175012) 

-24.763957 
(0.658748) 

 532 

Figure 4 shows the comparisons between the predicted and the measured partition 533 

coefficients for RxnI (Fig. 4a), RxnIa (Fig.4b, 4c), and RxnII (Fig. 4d, 4e). Most experiments in 534 

RxnI and RxnII can be reproduced by the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚  models within 20%, while 535 

greater discrepancies are displayed in 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 , likely because of the more significant 536 

uncertainties in the experimental determination of 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  as discussed above. In addition, 537 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚  that are determined from the experiments in Fiege et al. (2015) are 538 

systematically over- and under-estimated, respectively, by our expressions. This could be 539 

explained by a slight overestimate of fO2 of these experiments. For example, the predicted 540 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  are within 30% of the observed 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  if fO2 is 0.25 log unit lower (Fig. 4c). This 541 

slight shift of fO2 is within the error (± 0.5 log unit) reported in Feige et al. (2015). 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  has 542 

the same calibration error derived from regression with 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  because they share the same 543 

compositional factors (XFeO and 𝑋𝑋2𝐻𝐻2𝑆𝑆) used to calculate 𝛾𝛾𝐹𝐹𝑚𝑚𝑆𝑆. The calculated errors for 544 



 

 

ln (𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣
𝑚𝑚 ) and ln (𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣
𝑚𝑚 )regressions are estimated to be ±0.444004, and  ln(𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 ) to 545 

be ±0.293387, which translate to 40% uncertainties of predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚 and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  , and 546 

22% of predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚 , respectively. More details on the error estimation is provided in the 547 

supplementary material. 548 

 549 

Figure 4. Comparisons between the measured kd(S)fl/mand the predicted kd(S)fl/mfor RxnI (a), 550 
RxnIa (b, c) and RxnII (d, e). The error bars of the measured partition coefficients are assigned 551 
20% for RxnI and RxnII, 30% for RxnIa. The error bars of the predicted partition coefficients are 552 
from the inverse regression, considering errors introduced from the experimental partition 553 
coefficients, the estimates of fO2, and the major element concentration measured by electron 554 
probe.  555 

 556 

 557 



 

 

3.3 The Sulfur_X Model: Combining partition coefficients with COH degassing and 558 

tracking of redox changes  559 

The Sulfur_X model developed here is written as python scripts (Supplementary materials, 560 

also available on Github: https://github.com/sdecho/Sulfur_X.git). It takes the new kdSv/m 561 

expressions (above) and combines them with (1) an existing COH degassing model (2) mass 562 

balance of components, (3) electron balance during Fe and S redox changes, and (4) equilibrium 563 

between oxidized and reduced Fe and S in the melt and S in the vapor to describe magma and 564 

gas evolution during ascent. To predict the COHS evolution in the melt and co-existing vapor 565 

during magma ascent, we took the approach of coupling an existing COH degassing model with 566 

sulfur partition coefficients (kd(S)v/m). However, instead of using the kd(S)v/m tailored to a single 567 

volcanic system (Sisson and Layne, 1993; Burton et al., 2007; Johnson et al., 2010; Witham et 568 

al., 2012; Gennaro et al., 2020; Rasmussen et al., 2020), we employed the newly developed 569 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  to include the effects of changing P, T, H2O, melt composition, 570 

fO2, and sulfur speciation during magma ascent. This model assumes that all the gaseous species 571 

are in equilibrium with their counterparts dissolved in the melt. Only isothermal, closed-system 572 

degassing is considered at the current stage.  573 

Figure 5 is a flowchart illustrating the structure of this model. The inputs to the model are the 574 

initial melt major element composition, concentrations of H2O0, CO2, 0, S0, initial fO2 relative 575 

FMQ buffer, and the initial temperature (Figure 5a). The outputs of the model are 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 576 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚 . 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , Fe3+/ΣFe, S6+/ΣS, volatile composition 577 

of the melt (in wt.%) and the coexisting vapor (on both mol% and fugacity), as well as mass 578 

fractions of melt, vapor and crystals (if crystallization is enabled) of each degassing step. The 579 

model can be run with or without crystallization. If crystallization is enabled, then the major 580 



 

 

elements variations need to be specified as a function of the degree of crystallization, unless the 581 

default Fuego 1974 eruption is chosen. In the case of Fuego, the degree of crystallization (as 582 

indexed to K2O concentration) changes as H2O degasses, following the empirical relation 583 

constrained by Lloyd et al. (2013). The initial degassing pressure is calculated using H2O0 and 584 

CO2, 0 and an existing COH degassing model (the user can choose COH models from either 585 

Iacono-Marziano et al., 2012 or Newman and Lowenstern, 2002, Figure 5b). The pressure drops 586 

incrementally from the initial pressure to 1 atm, during which S degassing is calculated from 587 

sulfur partition coefficients between fluid and melt, and CO2-H2O degassing is calculated with 588 

the chosen COH degassing model as above and using mass balance at each degassing step. Since 589 

there are no experimental constraints for sulfur partition coefficients between 25 MPa and 1 atm, 590 

larger uncertainties are naturally involved in the predicted partition coefficients within this low-591 

pressure range, which can cause large fluctuations in the predicted S contents as well as fO2 592 

evolution. Therefore, if needed to stabilize the model run at the low pressure range (25 MPa-1 593 

atm), instead of using the calculated 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , Sulfur_X provides the option of increasing the 594 

𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 by a fixed number at each degassing step once the pressure drops below a certain 595 

threshold pressure (< 25 MPa). Both the fixed increase of the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  and the threshold 596 

pressure can be changed by the user (more in the supplementary material). 597 



 

 

 598 

Figure 5. Flow chart of the degassing model. Operations of each box are detailed in the main 599 
text. All the required inputs of Sulfur-X are listed in panel a when all the outputs are listed in 600 
panel (c) and (d).  601 
 602 

Without considering the redox state changes due to sulfur degassing, fO2 relative to FMQ 603 

buffer would remain unchanged through the entire degassing path. Instead, absolute fO2 and 604 

Fe3+/ΣFe are dependent on decompression and is recalculated as a function of pressure, 605 

temperature, and melt composition (Kress and Carmichael, 1991) at every degassing step. At 606 

each degassing step, SO2/ΣS in the vapor is calculated with the fO2 at each current step, the fH2O 607 



 

 

from previous degassing step and the gas equilibrium equation (2). 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 608 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  are computed using the fH2O, melt compositions, and sulfur speciation in the melt 609 

from the previous degassing step and fO2 and SO2/ΣS in the vapor at the current step (Figure 5c). 610 

The pressure interval between each step can be specified by changing the number of steps, 611 

however, the interval needs to be small enough that changes in fH2O, melt composition, and 612 

sulfur speciation in the melt are very small between steps. 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  613 

describe S2- in the melt degassing to H2S in the vapor, S2- to SO2, and S6+ to SO2, respectively. 614 

Figure 3a shows that these three degassing equilibria are likely to all be important within the 615 

transitional fO2 range (e.g., FMQ to FMQ+2, Fig. 3), and it is not straightforward to constrain the 616 

contribution of each reaction to total sulfur degassing in an empirical model. Therefore, we 617 

implemented 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  in the degassing model by calculating an 618 

empirical 𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  weighted by the S speciation in the melt and in the vapor, as follows: 619 

𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 = (𝑆𝑆

2−

𝑆𝑆𝑚𝑚
)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(

𝐻𝐻2𝑆𝑆
𝑆𝑆𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣

× 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 + 𝑆𝑆𝑆𝑆2

𝑆𝑆𝑚𝑚 𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣
× 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚 ) + (𝑆𝑆
6+

𝑆𝑆𝑚𝑚
)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚    (14) 620 

With 𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  and the S concentration in the melt from the previous degassing step, total S 621 

content, fSO2, and fH2S in the vapor can be calculated. Although this approach using 622 

𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  is highly empirical, we show below that it successfully reproduces natural data for 623 

melt inclusions and submarine glasses. CO2 and H2O concentrations in the melt are a function of 624 

the fCO2 and fH2O or partial pressure of CO2 and H2O in the co-existing vapor (Iacono-Marziano 625 

et al., 2012, equation (15, 16); Newman and Lowenstern, 2002), and the mass of CO2 (Equation 626 

17) and H2O (Equation 18) in the system are conserved during equilibrium degassing. In 627 

addition, partial pressures of four volatiles (CO2, H2O, SO2, H2S) must sum to the total pressure 628 

at the current step (Equation 19). This means that the total pressure calculated by Sulfur_X at 629 



 

 

any step is larger than the total pressure calculated by the COH degassing models for the 630 

equivalent dissolved H2O and CO2 concentrations. If crystallization due to H2O loss is 631 

considered, an empirical linear relation can be used to link the mass fraction of residual melt and 632 

the H2O concentration in the melt (Lloyd et al., 2013, Equation 20). Lastly, the mass fractions of 633 

melt, vapor ± crystals must sum to 1 (Equation 21) for closed-system degassing. Solving 634 

Equations 15-21 together gives the concentrations of H2O and CO2 in the melt and vapor, mass 635 

fractions of melt (mm) and vapor (mv), and crystals (mc) if crystallization is enabled (Figure 5d).  636 

ln (𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑚𝑚) = ∑𝑘𝑘𝑚𝑚𝑥𝑥𝑚𝑚 + 𝑎𝑎𝑙𝑙𝑙𝑙�𝑋𝑋𝐶𝐶𝑂𝑂2𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 ∗ 𝑃𝑃� + 𝑏𝑏 + 𝑁𝑁𝐵𝐵𝑂𝑂 + 𝐴𝐴

𝑇𝑇
+ 𝐵𝐵 + 𝐶𝐶 ∗ 𝑃𝑃/𝑇𝑇                         (15) 637 

𝑙𝑙𝑙𝑙�𝐻𝐻2𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑤𝑤𝑚𝑚.%� = ∑𝑘𝑘𝑚𝑚𝑥𝑥𝑚𝑚 + 𝑎𝑎𝑙𝑙𝑙𝑙�𝑋𝑋𝐻𝐻2𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 ∗ 𝑃𝑃� + 𝑏𝑏 + 𝑁𝑁𝐵𝐵𝑂𝑂 + 𝐴𝐴
𝑇𝑇

+ 𝐵𝐵 + 𝐶𝐶 ∗ 𝑃𝑃/𝑇𝑇                         (16) 638 

𝐶𝐶𝑂𝑂2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑚𝑚 ∗ 𝑐𝑐𝑐𝑐 + 𝐶𝐶𝑂𝑂2𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣

𝑣𝑣𝑣𝑣𝑚𝑚 ∗ 𝑐𝑐𝑓𝑓 = 𝐶𝐶𝑂𝑂2𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑚𝑚
𝑣𝑣𝑣𝑣𝑚𝑚                                                     (17) 639 

𝐻𝐻2𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑤𝑤𝑚𝑚.% ∗ 𝑐𝑐𝑐𝑐 + 𝐻𝐻2𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣𝑤𝑤𝑚𝑚.% ∗ 𝑐𝑐𝑓𝑓 = 𝐻𝐻2𝑂𝑂𝑚𝑚𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑚𝑚𝑤𝑤𝑚𝑚.%                                                   (18) 640 

𝑋𝑋𝑆𝑆𝑂𝑂2𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝑋𝑋𝐻𝐻2𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝑋𝑋𝐻𝐻2𝑂𝑂𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 + 𝑋𝑋𝐶𝐶𝑂𝑂2𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣 = 1                                        (19) 641 

𝑐𝑐𝑐𝑐 = 𝐹𝐹(𝐻𝐻2𝑂𝑂𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑤𝑤𝑚𝑚.%)                                                                         (20) 642 

𝑐𝑐𝑐𝑐 + 𝑐𝑐𝑚𝑚 + 𝑐𝑐𝑐𝑐 = 1                                                                        (21) 643 

With the knowledge of the vapor and crystal fraction and the 𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , we calculate the bulk 644 

partition coefficient of sulfur between the non-melt phase and melt (𝐷𝐷𝑆𝑆𝑏𝑏𝑓𝑓𝑚𝑚𝑏𝑏
(𝑣𝑣+𝑐𝑐𝑣𝑣𝑐𝑐𝑠𝑠𝑚𝑚𝑣𝑣𝑚𝑚)/𝑚𝑚). Lastly, sulfur 645 

concentration in the melt can be calculated using the initial S concentration, bulk S partition 646 

coefficient, and mass fraction of the melt (Figure 5d). Without considering redox state changes 647 

due to degassing (if redox evolution is disabled), the degassing calculation is finished after 648 

updating the CO2, H2O, and S concentration in the melt and the fluid, and mass fractions of melt, 649 

fluid, and crystals (Figure 5e). Then, the model decompresses to the next pressure step (Figure 650 

5e-Figure 5c). 651 

However, as S degasses from S2- in the melt to H2S and/or SO2 in the vapor, and from S6+ in 652 

the melt to SO2 in the vapor, electrons must exchange among different sulfur species and Fe3+ 653 



 

 

and Fe2+ in the melt. Other gas species, like CO2, H2O, CO, CSO, and H2 degassing could also 654 

have caused electron exchange. However, only trace amounts of H2, CO, and CSO exist in the 655 

vapor of arc volcanic systems, and the impacts of these species on the redox state of the system 656 

are minor. Therefore, Sulfur_X only considers the redox exchange between S and Fe in the melt 657 

and H2S and SO2 in the vapor. The model tracks the redox evolution due to sulfur degassing by 658 

iteratively searching for a value of fO2 that satisfies the S and Fe speciation in the melt and S 659 

speciation in the vapor after solving for COHS degassing described above. 660 

The target fO2 must satisfy four conditions (Figure 5f). First, the equilibrium between 661 

SO2/ΣS and fO2 in the vapor (Equation 2) as a function of temperature (Equation 3) and pressure 662 

(through the use of fugacity coefficients) should be satisfied. Second, the equilibrium between 663 

fO2 and Fe3+/ΣFe in the melt (equation 18) from Kress and Carmichael (1991) should also be 664 

reached. 665 

ln (𝑋𝑋𝐹𝐹𝑚𝑚2𝑆𝑆3
𝑋𝑋𝐹𝐹𝑚𝑚𝑆𝑆 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

) = 𝑎𝑎𝑙𝑙𝑙𝑙𝑓𝑓𝑂𝑂2 + 𝑏𝑏
𝑇𝑇

+ 𝐶𝐶 + ∑𝑘𝑘𝑚𝑚𝑥𝑥𝑚𝑚 + 𝐹𝐹 �1 − 𝑇𝑇0
𝑇𝑇
− ln � 𝑇𝑇

𝑇𝑇0
�� + 𝑓𝑓𝑃𝑃

𝑇𝑇
+ 𝑙𝑙 �𝑇𝑇−𝑇𝑇0

𝑇𝑇
�𝑃𝑃 + ℎ 𝑃𝑃2

𝑇𝑇
                              (18) 666 

Third, the calculated Fe3+/ΣFe should be in equilibrium with S6+/ΣS in the melt (Equation 1), 667 

constrained using a relationship such as those proposed by Jugo (2010), Nash et al. (2019), 668 

O’Neill (2021) or Muth and Wallace (2021) at the given temperature. However, as discussed in 669 

section 2.1, it is still unclear whether the relatively large temperature effect proposed by Nash et 670 

al. (2019) is accurate, or whether other factors, such as melt composition, water content and 671 

pressure affect sulfur speciation in the silicate melt. In the case studies for Fuego and Hawaii 672 

discussed below, we followed the approach of Muth and Wallace (2021) in adopting the smaller 673 

temperature dependence of O’Neill (2021) and adjusted the equation to fit the S and Fe 674 

speciation measured by other studies for the specific systems of interest (Supplementary Fig. 4). 675 

For the users to apply the degassing model to other volcanic systems, the S-Fe redox relation is 676 



 

 

one of the free parameters that can be adjusted depending on the volcanic systems of interest 677 

(more details in the supplementary materials). 678 

The last constraint comes from the conservation of the redox budget between Fe and S in the 679 

system. Redox budget is defined by Evans (2006) as the number of moles of negative charge that 680 

must be added to a sample to reach a reference state:  681 

𝑅𝑅𝐵𝐵 =  �𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚 682 

where RB is the redox budget, ni is the number of moles of an element with a certain valence 683 

state, and νi is the number of electrons required to take one mole of this element to the reference 684 

redox state. For example, RB of a system with 2 moles of Fe2+ and 1 mole of Fe3+ and with Fe3+ 685 

as the reference redox state is RB = 2 mole * (-1 electron) = -2 mole. Only Fe and S contribute to 686 

the redox budget in our degassing model, and Fe3+ and S6+ are the reference states. While 687 

electrons are exchanged among S6+, S2-, Fe3+, Fe2+, SO2, and H2S in the melt, vapor, and 688 

potentially crystals, redox budget of the system of melt, vapor with/without crystals is conserved 689 

along the degassing path. Currently, the Sulfur_X model assumes that crystallization does not 690 

change the Fe3+/ΣFe ratio in the melt. But this can be easily modified if information on the 691 

crystals is available. Considering the conservation of the RB together with equations (2), (3), and 692 

(18), the degassing model solves for S6+/ΣS, melt, Fe3+/ΣFe melt, SO2/ΣSvapor, and fO2. With the 693 

updated fO2 (Figure 5h), at the same pressure, the model repeatedly solves for sulfur partition 694 

coefficients, COHS degassing, and fO2 until the fO2 stops changing within a certain error (Figure 695 

5c, 5d, 5f, 5h). Then, the model updates all the parameters and decompresses to the next pressure 696 

step (Figure 5g-Figure 5c). When solving for fO2, it is possible that there are outlier results 697 

during degassing, especially at low pressure when 𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  can be large. These outliers can be 698 

minimized by choosing the appropriate model parameters (details in the supplementary material).  699 



 

 

4. APPLICATION OF SULFUR_X TO MAGMA DEGASSING 700 

We tested Sulfur_X against the empirical degassing trends described by melts from Fuego 701 

and from Kilauea and Mauna Kea volcanoes, Hawaii. For Fuego, we used experimentally 702 

rehomogenized melt inclusions from the 1974 eruption (Rasmussen et al., 2020). The CO2 703 

concentrations and the degassing depths of this dataset have been reconstructed by 704 

rehomogenization experiments, and they display a co-degassing trend of S and CO2 (Figure 1). 705 

These data make a good test case for the new sulfur partition coefficients, particularly their 706 

extrapolation to high pressure. We also tested the model against melt inclusions from Kilauea 707 

volcano (Moussallam et al., 2016) and submarine glasses from Mauna Kea volcano (Brounce et 708 

al., 2017). The Fe3+/ΣFe in the Kilauea melt inclusions and the S6+/ΣS and Fe3+/ΣFe in the 709 

Mauna Kea glasses were measured by XANES and are used to test the model predictions of the 710 

redox evolution due to sulfur degassing. 711 

4.1 Magma degassing at Fuego and comparison to other models 712 

For the Fuego 1974 magma degassing model, the initial volatile concentrations are taken 713 

from the highest measured in the melt inclusion population (Rasmussen et al., 2020), 4.5 wt.% 714 

H2O, 2650 ppm S, and 3300 ppm CO2 (reconstructed). Lloyd et al., (2013) used V partitioning 715 

between the Fuego MIs and their corresponding host olivines to estimate the fO2 between 716 

FMQ+1.2 for the more mafic phenocrysts (Fo77–78) and FMQ+0.76 for Fo73–74 phenocrysts. 717 

Thus, the initial Fe3+/ΣFe in the melt was chosen as 0.23, corresponding to FMQ+1.2 at the 718 

initial P-T conditions. The model is run isothermally at the temperature of 1030℃ (Lloyd et al., 719 

2013). With the initial Fe3+/ΣFe calculated by the initial fO2 value (FMQ+1.2) and temperature, 720 

the initial S6+/ΣS in the melt is ~0.7, calculated by the modified S speciation model from Muth 721 

and Wallace (2021). We modified the last constant in the Muth and Wallace model (which uses 722 



 

 

the O’Neill, 2021, temperature dependence) to match the S6+/ΣS vs. Fe3+/ΣFe curve defined by 723 

the experimental data from Jugo et al. (2010) for a basaltic composition and temperature 724 

(1050℃) similar to Fuego magma (Supplementary Fig.4). Previous studies show that the Fuego 725 

melt compositions changed during degassing, from SiO2 of 48 to 58 wt.%. as S decreased from 726 

2650 to 500 ppm (Lloyd et al., 2013; Rasmussen et al., 2020). Therefore, the model includes 727 

crystallization, controlled by the empirical relation between H2O and K2O concentration (Lloyd 728 

et al., 2013) and assuming K2O is perfectly incompatible. The evolution of other major elements 729 

along the degassing and crystallization trend is empirically parameterized as a function of the 730 

degree of crystallization (Lloyd et al., 2013; Rasmussen et al., 2020). We employed the COH 731 

degassing model from (Iacono-Marziano et al., 2012) that includes melt composition as 732 

parameters. For low-pressure degassing, the model run is stable if 𝑘𝑘𝑘𝑘𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  increases by 20 at 733 

each degassing step when pressure decreases below 15 MPa (the last 8 steps). If a user is not 734 

interested in the lowest pressure stage of degassing, we recommend specifying a final pressure of 735 

25 MPa or higher (more details in the supplementary material). 736 

Figure 6 compares the rehomogenized (Rasmussen et al., 2020) and untreated (Lloyd et al., 737 

2013) Fuego MIs to the degassing results for S-CO2  (Fig. 6a) and S-H2O (Fig. 6b) from 738 

Sulfur_X. Model 1 (solid blue curve in Fig. 6a) represents the results from the initial conditions 739 

described above. The error envelope derives from a Monte Carlo scheme, where the degassing 740 

model was run 100 times, with each run employing random numbers generated within 1𝜎𝜎 of the 741 

predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 . The light blue shading represents the standard 742 

deviation of 100 modeled runs. Model 1 predicted a co-degassing trend of S and CO2 close to the 743 

MI data. However, compared to the Fugeo rehomogenized MIs, it predicts higher sulfur at given 744 

CO2 concentrations. One potential explanation for the mismatch is that the initial CO2 745 



 

 

concentration from the undegassed parental magma is higher than the highest CO2 concentration 746 

from the rehomogenized experiments. Given that only two rehomogenized melt inclusions with 747 

CO2 higher than 2000 ppm define the early degassing path, the initial CO2 from the undegassed 748 

parental magmas may be higher than 3300 ppm. For example, Model 2 (yellow solid curve in 749 

Fig. 6) starts with 5000 ppm CO2, and the predicted CO2-S trend in the melt better fits the 750 

rehomogenized MIs.  751 

 752 

Figure 6. (a) Comparison of CO2-S concentration between the rehomogenized Fuego MIs 753 
(Rasmussen et al., 2020) and the Sulfur_X modeled degassing with 3300 ppm CO2 (model 1), 754 
5000 ppm CO2 (model 2), and 3300 ppm CO2 + 0.25 wt.% sulfide crystallization (model 3). (b) 755 
Comparison of H2O-S concentration between the rehomogenized (Rasmussen et al., 2020) and 756 
untreated melt inclusions (Lloyd et al., 2013) and the Sulfur-X model results with 3300 ppm 757 
initial CO2 (model 1). Modeling details are described in the main text. 758 
Figure 6. (a) Comparison of CO2-S concentration between the rehomogenized Fuego MIs 759 
(Rasmussen et al., 2020) and the Sulfur_X modeled degassing with 3300 ppm CO2 (model 1), 760 
5000 ppm CO2 (model 2), and 3300 ppm CO2 + 0.25 wt.% sulfide crystallization (model 3). (b) 761 
Comparison of H2O-S concentration between the rehomogenized (Rasmussen et al., 2020) and 762 
untreated melt inclusions (Lloyd et al., 2013) and the Sulfur-X model results with 3300 ppm 763 
initial CO2 (model 1). Modeling details are described in the main text. 764 

 765 

Another potential factor causing the mismatch between the results from Model 1 and the 766 

rehomogenized MIs is sulfide saturation. Sulfide inclusions inside the melt inclusions, magnetite, 767 

and olivine have been observed in products of the 1974 eruption (Rose et al., 1978; Lloyd et al., 768 



 

 

2013). Model 3 (solid grey curve in Fig. 6a) demonstrates that without changing the initial CO2 769 

concentration, 2 wt.% sulfides in the crystallizing assemblage throughout the differentiation can 770 

sequester enough sulfur from the melt to match the S concentration in the rehomogenized MIs, 771 

especially at the high CO2 stage. However, 2 wt.% sulfide in the crystals has non-negligible 772 

effects on the concentration of chalcophile elements, like Cu (Supplementary Fig. 5) and Ag, and 773 

the model does not match the K2O-Cu whole rock data of the 1974 eruption (Lloyd et al., 2013). 774 

Therefore, Model 3, where the Fuego magma was sulfide saturated from an early stage, can be 775 

excluded. Fig. 6b shows the modeled S-H2O degassing trend from Model 1, very similar to the 776 

results from Model 2 with higher initial CO2 concentrations. The modeled result demonstrates 777 

that significant S degases (> 1000 ppm) before H2O degasses (< 0.5 wt.%), which is consistent 778 

with the untreated melt inclusion data from Fuego 1974 eruption (Lloyd et al., 2013). The 779 

rehomogenized melt inclusions show a steeper H2O decrease as S decreases, however, H2O 780 

concentration in the rehomogenized melt inclusions could be compromised during 781 

rehomogenization experiments (Rasmussen et al., 2020) 782 

4.1.1 Change in each kd and sulfur speciation as a function of pressure. 783 

Although the Sulfur_X degassing model describes a CO2-S path that approximates that 784 

defined by the homogenized melt inclusions from Fuego (Fig. 6), this result is the sum of 785 

complex variations in the kdSv/m values and sulfur species as a function of pressure. Here we 786 

explore the variation of each of the individual kdSv/m values, and how each contributes to the 787 

behavior of bulk sulfur in the melt. Both 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  increase significantly as 788 

pressure decreases whereas 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  increases slightly with decreasing pressure to 200 MPa then 789 

slightly decreases as pressure continues dropping. The significant negative effects of pressure on 790 

all partition coefficients come from the -lnP term in equations (11-13). However, such a negative 791 



 

 

P effect is counteracted by decreasing fH2O (Figure 7e), which results in decreasing 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  at 792 

pressure lower than 200 MPa. At pressure below 200 MPa, the increase of 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 significantly 793 

slows down when 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  continues increasing by orders of magnitudes. The decoupling of 794 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚  as pressure decreases is likely due to the decreasing fO2 (Figure 7d) that 795 

increases 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  (equation 6) and decreases 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  (equation 5).  796 

Next, we consider how each partition coefficient contributes to 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , based on the 797 

sulfur speciation in the melt and vapor. The S speciation in the melt is closely linked to the Fe 798 

speciation. Fe3+/ΣFe varies little between 600-400 MPa, increases to 0.29 as pressure decreases 799 

to 75 MPa, and then decreases rapidly as pressure continues dropping. The Fe3+/ΣFe change with 800 

pressure translates to S6+/ΣS (Figure 7c) and ΔFMQ (Figure7d) showing similar increasing then 801 

decreasing trends. In contrast, SO2/ST in the vapor first decreases slightly from ~0.55 to ~0.4 due 802 

to the decreasing absolute fO2 as pressure decreases to ~400 MPa while maintaining almost 803 

constant Fe3+/ΣFe ratios. Then SO2/ST increases up to 0.9 as pressure decreases to the surface, 804 

likely due to the decreasing 𝑓𝑓𝐻𝐻2𝑆𝑆 (Figure 7e) and the changing fO2. 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  is calculated 805 

using 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 ,𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚 ,𝑎𝑎𝑙𝑙𝑘𝑘 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  , with each reaction weighted by S speciation in the melt 806 

and in the vapor (equation 14). Because the S6+/ΣS of the melt is always > 0.7, the combined kd 807 

is always dominated by RxnII. At pressures lower than 100 MPa, the predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  808 

increases rapidly to ~2000 at 1 atm, almost overlapping with 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 . The extremely high 809 

𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  at low pressures is mainly due to rapid increase of 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , resulting from 810 

decreasing pressure and fO2. 811 

 812 



 

 

 813 

Figure 7. More model results for Fuego with 5000 ppm initial CO2, and comparison to previous 814 
models, empirical fit (Rasmussen et al., 2020), SolEx (Witham et al., 2012), and D-Compress 815 
(Burgisser et al., 2015). All parameters are plotted against degassing pressure. (a) Modeled sulfur 816 
partition coefficients with all kd’s in molar units, except for the combined sulfur partition 817 
coefficient (in wt% as well, yellow solid curve). (b) Comparisons of apparent sulfur partition 818 



 

 

coefficients in wt.% from this study (solid yellow curve), empirical fit (solid black curve), 819 
SolEx(dotted curve), and D-Compress (long dashed curve). Apparent sulfur partition coefficients 820 
from the previous models are recalculated with Svapor, wt.%/Smelt, wt.% from their model results. (c) 821 
Comparison of calculated S6+/ST in the melt (red cuves) and SO2/(SO2+H2S) in the vapor (dark 822 
blue curves) from this study (solid curves) and D-Compress (long dashed curves). SO2/ST (where 823 
ST = SO2+H2S+S2 in moles) from D-Compress is also plotted (light blue long dashed curve). 824 
Fe3+/FeT in the melt from this study is also shown (solid grey curve). (d) Comparisons between 825 
the fO2 relative to FMQ buffer predicted by this study (yellow solid curve) and D-Compress 826 
(long dashed curve). (e)Comparison of SO2 (solid), H2S (dashed) and H2O (dotted) fugacity 827 
predicted by this study (yellow) and D-Compress (black). S2 fugacity predicted by D-Compress 828 
is also plotted (black dash-dot curve). (f) Moles of S6+(red solid curve), S2-(red dashed curve), 829 
SO2 (blue solid curve), and H2S (blue dashed curve) change during degassing modeled by this 830 
study, calculated with 100g total weight of the system. 831 
 832 

Although the above analysis explains the dominant factors that contribute to 833 

𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , it is challenging to tease apart the drivers and responses of S and Fe speciation and 834 

fO2, which are inextricably linked via electron exchange. Sulfur_X captures not only the effect of 835 

evolving fO2 on S degassing but also the electron exchange between Fe and S as a consequence 836 

of degassing, depending on the contribution of the three degassing reactions. For example, S2- 837 

degassing to H2S (RxnI) does not cause any electron exchange. During RxnII, one mole of S6+ 838 

degasses to S4+O2 by receiving 2 moles of electrons, likely donated by the Fe2+. Therefore, S6+ 839 

degassing to SO2 (RxnII) increases Fe3+/ΣFe. In contrast, during RxnIa, Fe3+/ΣFe decreases when 840 

Fe3+ receives 6 moles of electrons from S2- when 1 mole of S2- degasses to 1 mole of S4+O2. In 841 

Fuego's case, each reaction's contribution can be best visualized if we consider the molar change 842 

of S6+, S2-, SO2, and H2S in a system of 100 g total weight (Figure 7f). At pressures higher than 843 

200 MPa, the increase in moles of H2S and SO2 in the vapor phase is almost mirrored by the 844 

decrease of S2- and S6+in the melt, suggesting that RxnI and RxnII are the dominant degassing 845 

reactions at this stage. As a result of RxnII, Fe3+/ΣFe increases. This oxidizing effect becomes 846 

pronounced as the fraction of vapor phase increases, also as the fraction of S6+ in the melt 847 

increases, responding to the increase of Fe3+/ΣFe. Therefore, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  becomes increasingly 848 



 

 

dominant in the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 . Meanwhile, also responding to the increased Fe3+/ΣFe, SO2/ST in 849 

the vapor increases rapidly, which eventually requires S2- degassing to SO2 (RxnIa). The 850 

occurrence of RxnIa is suggested in Figure 7f when the consumption of S2- outweighs the 851 

increase of H2S between 300 and 200 MPa. In contrast to RxnII, RxnIa has a strong reducing 852 

impact from donating 6 moles of electrons to Fe3+ as every mole of S2- degasses. Therefore, 853 

RxnIa slows down the increase of Fe3+/ΣFe between 300 and 100 MPa until S2- is almost fully 854 

consumed. Around 200 MPa, another interesting change is the decrease in the amount of H2S 855 

when both S2- and S6+ continue decreasing (Fig. 7f). The decrease of H2S accompanies the 856 

significant increase in SO2 in the vapor that outweighs the decrease of S6+ in the melt. Since it is 857 

a closed system, H2S in the vapor can only be converted to SO2 to satisfy the gas equilibrium 858 

(equation 2). The redox change from H2S to SO2 in the vapor can efficiently reduce Fe3+/ΣFe in 859 

the melt. Therefore, the modeled Fe3+/ΣFe change is the net effect of donating electrons as S6+ in 860 

the melt degasses to SO2 (RxnII), receiving electrons as S2- degasses to SO2 (RxnIa) and through 861 

H2S conversion to SO2 in the vapor. The reduction efficiency of the H2S-SO2 gas equilibrium and 862 

the trace amount of S2- degassing to SO2 outweigh the oxidizing efficiency of RxnII, and result 863 

in the rapid reduction of Fe3+/ΣFe during the last stage of degassing (< 100 MPa).  864 

4.1.2 Comparison to other degassing models 865 

Figure 7b compares the computed 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  from Sulfur_X to that for three other 866 

degassing models: SolEx, D-Compress, and the empirical fit of Rasmussen et al. (2020). Since 867 

these models employ different approaches to model sulfur degassing, we recalculated the 868 

apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚(𝐶𝐶𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣/𝐶𝐶𝑆𝑆,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) using the modeled sulfur concentration in the vapor and in 869 

the melt to compare different models. The predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  from Sulfur_X varies from 20 870 

to 80 at pressures higher than 100 MPa, agreeing well with the partition coefficients (40-60) 871 



 

 

derived by the empirical model (Rasmussen et al., 2020). It is not surprising that the empirical fit 872 

does not capture the rapid increase of apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 during the last stage of degassing, since 873 

the empirical fit assumed a constant partition coefficient between melt and non-melt phases 874 

throughout the degassing process, and also because most melt inclusions were entrapped at 875 

pressures higher than 100 MPa. Although both the apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 from SolEx and D-876 

Compress increase significantly at low pressure like Sulfur_X, they differ strongly at high 877 

pressure. For SolEx, the maximum initial pressure that can be used is 400 MPa, the highest 878 

experimental pressure of the calibration experiments (Lesne et al., 2011). Therefore, the model 879 

run starts with ~1100 ppm CO2 and 2100 ppm S at 400 MPa. Between pressure of 400 and 100 880 

MPa, the apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 from SolEx starts around 20 but rapidly decreases to <10, 881 

significantly lower than the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  at the same pressure. This low apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 882 

explains why SolEx predicts almost no sulfur degassing for Fuego until pressures lower than 100 883 

MPa, when CO2 is almost entirely degassed (Figure 1).  884 

In contrast, the apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 from D-Compress appears to be at least one order of 885 

magnitude higher than the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  from Sulfur_X and is responsible for the concave-up 886 

shape of the model CO2-S degassing trend in Figure 1. It is important to note that D-Compress 887 

does not allow initial S concentration as a model input. Instead, fSO2, fH2S and fS2 are calculated 888 

in the vapor based on the input of initial fO2 (input as FMQ+1.2), initial H2O (4.5 wt.%), and 889 

initial CO2 (3300 ppm) in the system by gas equilibrium, fugacity laws and mass balance. The 890 

initial pressure is 650 MPa, and temperature 1030°C. Such starting inputs give S concentration 891 

of ~2700 ppm in the melt, very close to the initial conditions run by Sulfur_X. However, D-892 

Compress calculates 46 mol% S2 together with 18 mol% SO2 and 11 mol% H2S in the initial 893 

vapor. Figure 7e shows that for most of the degassing path (P> 50 MPa), fSO2 and fH2S predicted 894 



 

 

by D-Compress are almost an order of magnitude higher than those predicted by Sulfur_X. The 895 

predicted high fSO2, fH2S, and fS2 make S the most abundant volatile species in the vapor until 896 

the pressure drops to < 300 MPa. Since the mass of S is conserved in the system, high sulfur 897 

contents in the vapor cause the rapid decrease of S in the melt and, thus, the high 898 

apparent 𝑘𝑘𝑘𝑘𝑆𝑆𝑣𝑣/𝑚𝑚 shown in Figure 7b. The high total S in the vapor also results in low fH2O 899 

(Figure 7e) at high pressure, due to dilution of H2O in the vapor phase. D-Compress solves for 900 

fSO2, fH2S, fS2 in the vapor together with the fugacities of the other six gas species at each 901 

pressure step (Burgisser et al., 2015), and it is unclear what factor(s) caused the unreasonably 902 

high fSO2, fH2S, and fS2.  903 

We can also compare the fO2 and S speciation evolution between Sulfur_X and D-904 

Compress. The predicted SO2/ST, v from D-Compress increases dramatically as pressure 905 

decreases (Figure 7c), primarily due to the fast decrease of fS2 in the vapor (Figure 7e). The 906 

predicted S6+/ΣS in the melt from D-Compress follows the changing SO2/(SO2+H2S) until 100 907 

MPa. This is not surprising because D-Compress does not directly calculate the S speciation in 908 

the melt. Instead, it computes the concentration of S2- and S6+ in the melt separately using fH2S 909 

and fSO2 and their solubility laws (Burgisser et al., 2015). Therefore, D-Compress only considers 910 

fO2 change due to reactions between different volatile species in the vapor and reaction between 911 

fO2, Fe3+, and Fe2+ in the melt. It ignores the S redox change when S degasses from melt to the 912 

vapor and its potential effects on Fe3+/ΣFe. However, our model shows that fO2 in the system 913 

might be dominated by different processes at different degassing stages. The gas equilibrium for 914 

S species in the vapor (H2S converting to SO2 for Fuego case) plays an important role at low 915 

pressure, where most S has already been degassed. RxnIa, S2- degassing to SO2, and RxnII, S6+ 916 



 

 

degassing to SO2, on the other hand, significantly affect Fe3+/ΣFe in the melt, thus the fO2, 917 

during high pressure degassing.  918 

4.2 Magma degassing in Hawaiian volcanoes and comparison to arc magma degassing 919 

We apply Sulfur_X to the degassing of H2O-poor and more reduced magmas from Hawaii 920 

with lower initial ΔFMQ and lower initial S6+/ΣS ratio (~0.1). This experiment provides a  921 

contrast to our earlier example of an H2O-rich, high initial S6+/ΣS ratio (~0.7) arc magma from 922 

Fuego. For the Hawaiian degassing model, the initial H2O and S concentrations are taken from 923 

the highest concentrations measured in Kilauea melt inclusions (Moussallam et al., 2016) and 924 

Mauna Kea glasses (Brounce et al., 2017): 0.6 and 0.3 wt.% H2O and 1500 and 1600 ppm S, 925 

respectively. CO2 concentrations were not corrected for vapor bubbles in these studies. The 926 

initial CO2 of the undegassed magma is assumed to be 4000 ppm, among the highest CO2 927 

concentration measured in Kilauea Iki melt inclusions after restoration using Raman 928 

spectroscopy and 1 atm reheating experiments (Moore et al., 2015; Tuohy et al., 2016). The 929 

initial fO2 are FMQ+0.6 for Kilauea Iki and FMQ+0.8 for Mauna Kea lava, to match the 930 

measured Fe3+/ΣFe ratios in the least degassed melt inclusion (0.19) or submarine glass (0.2). 931 

The model temperature is fixed at 1150℃. The measured S6+/ΣS associated with the least 932 

degassed sample from Mauna Kea (Brounce et al., 2017) is assumed for the initial S6+/ΣS in the 933 

melt (~0.1). Again, we modified the last constant of the Muth and Wallace model to match the 934 

measured S6+/ΣS and Fe3+/ΣFe in the pillow rim glasses (Supplementary Fig. 4) from Mauna Kea 935 

(Brounce et al., 2017). Crystallization is disabled in this run, as the lower H2O of Hawaiian 936 

magmas results in no decompression-driven crystallization until the very end of the degassing 937 

path. We employed the VolatileCalc degassing model (Newman and Lowenstern, 2002) for these 938 

low-H2O magmas. To stabilize the model run in the low pressure range, after 8 MPa, instead of 939 



 

 

using the computed 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , we assumed that 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚  increases by 50 at each 940 

degassing step until 1 atm (the last 4 steps). 941 

 942 

Figure 8. Comparison of model results for Kilauea magma, in comparison to Fuego model 943 
results. (a) Modeled S concentration change as a function of pressure for Kilauea (pink dashed), 944 
and Fuego (model 1 with 3300 ppm initial CO2, dark blue solid curve; model 2 with 5000 ppm 945 
initial CO2, yellow solid curve). S contents and pressure calculated by restored CO2-H2O 946 
concentration of rehomogenized Fuego melt inclusions (red symbols) are also plotted for 947 
comparison. (b) Sulfur partition coefficients for Kilauea of RxnI (blue dashed), RxnIa (orange 948 
dash-dot) and RxnII (purple dotted) and the combined partition coefficient in wt.% for Kilauea 949 
(thick pink dashed curve) are in comparison with sulfur partition coefficients predicted for Fuego 950 
(blue, orange, and purple thin solid curves for RxnI, RxnIa, and RxnII, and thick yellow solid 951 
curve for combined partition coefficient in wt.%) with 5000 ppm initial CO2.   952 

 953 

The model results are plotted in Figure 8 and Figure 9. One of the critical observations from 954 

the model results for Hawaiian magma is the S evolution in the melt as a function of pressure 955 

(exemplified by Kilauea in Figure 8a). In contrast to the prediction of Fuego magma that S 956 

degasses from 500 to 100 MPa, our degassing model predicts that S in the melt stays almost 957 

constant until pressure drops to below 100 MPa. 75% of the total S degassing occurs in the last 958 

40 MPa during magma ascent. This predicted shallow degassing of S is consistent with the semi-959 

empirical model results from Gerlach (1986) and Lerner et al. (2021) that both S and H2O 960 



 

 

degassing do not begin until the melts reach 100-200 m (2-5 MPa) beneath the surface. However, 961 

Sulfur_X predicts S degassing earlier than H2O, which matches the S-H2O trends (Fig. 9a) 962 

defined by the Kilauea melt inclusions (Moussallam et al., 2016) and Mauna Kea glasses 963 

(Brounce et al., 2017). The low-pressure (<40 MPa) sulfur degassing is a direct result of the 964 

𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , a weighted average of the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅

𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚 .  Figure 8b shows that the 965 

calculated 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  are between <0.1 to <10, and <10 to 100, respectively, until the 966 

pressure drops to below 100 MPa. They are 2 and 1 order of magnitude lower, respectively, than 967 

the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  for Fuego magma. Since both H2O mole fraction in the melt and H2O 968 

fugacity can enhance 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚 , the ~ ten times lower H2O concentration and five 969 

times lower H2O fugacity of Kilauea magma likely causes the much lower predicted 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 970 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  compared to Fuego magma at a given pressure. In contrast, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , which is not 971 

directly affected by H2O in the system, is very similar for Kilauea and Fuego magmas (Figure 972 

8b). However, the Hawaii magma has a low initial S6+/ΣS of around 0.1 (Figure 9c, Brounce et 973 

al., 2017), and > 0.9 SO2/ST in the vapor because of high absolute fO2, temperature, and low 974 

fH2O (Figure 9b). As a result, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  dominates the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚  (Figure 8b). Since 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  975 

maintains low values (between 1 and 10) until the last 50 MPa, 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚  and S degassing are 976 

low for Hawaiian magmas until shallow pressure. The dominance of RxnIa also explains the 977 

predicted continuous reduction of Fe3+/ΣFe in the melt inclusions (Figure 9d): Fe3+ receives 978 

electrons from S2- when S2- degasses to S4+O2. The reduction of Fe drives a decrease of fO2, 979 

which increases the H2S fraction in the vapor (Figure 9b) and requires more of RxnI’s 980 

contribution. RxnIa remains the dominant reaction that affects the redox states of S and Fe in the 981 

system. The effect from RxnII appears to be very small given the small amount of S6+ in the melt 982 



 

 

and its low efficiency in transferring electrons compared to RxnIa. Therefore, S6+/ΣS and 983 

Fe3+/ΣFe in Hawaii magmas continuously decrease, in contrast to the more complex behavior 984 

displayed by Fuego magma. As a result of decreasing fO2 in Kilauea magma, SO2/ST in the vapor 985 

decreases from > 0.95 to ~ 0.5 (Figure 9b) and increases back to ~0.8 as water fugacity continues 986 

falling at low pressure. The predicted SO2/ST in the vapor at 1atm (~0.8), however, is slightly 987 

lower than that from the gas measurements at the surface (Figure 9b), which is between 0.9 and 988 

1(Gerlach, 1986). 989 

 990 

Figure 9. Comparisons of the measured (symbols) and modeled (dashed lines) S and Fe 991 
speciation changes during degassing for Kilauea (melt inclusion data from Moussallam et al., 992 
2016) and Mauna Kea (pillow rim glasses data from Brounce et al., 2017). Grey bar in panel b 993 
shows the observed range of SO2/ST, 0.9-1, in the volcanic gases from Kilauea volcano (Gerlach, 994 
1986)Modeling details are described in the main text. 995 

 996 

It is important to note that although the initial fO2 relative to FMQ buffer of Hawaiian 997 

magma is lower than that of Fuego, the equivalent absolute log fO2 value calculated by the initial 998 

buffer, melt composition, pressure, and temperature, is around -7.5 (Kress and Carmichael, 999 

1991), higher than that calculated for Fuego magma (~-8.7). Since both 1000 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚  depend on absolute fO2 as an input, their values are not appreciably lower 1001 



 

 

as might be expected for more reduced magma than Fuego. Therefore, we emphasize here that 1002 

the key impact of initial fO2 on S degassing in Hawaiian magmas is through  the low initial 1003 

S6+/ΣS in the melt and the consequent reduction during degassing. Since it is still unclear from 1004 

experimental data what the equilibrium relationship between Fe3+/ ΣFe and S6+/ ΣS in the melt 1005 

should be, we encourage users to define this relation with caution (more in supplementary 1006 

material), as it can affect the model results significantly. Figure 9 also shows the comparison 1007 

between the results of Sulfur-X and the H2O, S, S6+/ΣS, and Fe3+/ΣFe measured in melt 1008 

inclusions from Kilauea and submarine glasses from Mauna Kea (Brounce et al., 2017; 1009 

Moussallam et al., 2017). Figure 9a shows that the modeled melt H2O-S evolution for Kilauea 1010 

and Mauna Kea passes through the melt inclusion and submarine glass data, respectively. Both 1011 

data sets show significant S degassing (>50%) when little H2O degasses (<0.1 wt.% H2O), 1012 

which is inconsistent with the predictions from Gerlach (1986) and Lerner et al., (2021), that S 1013 

only begins to degas when H2O degasses significantly. Figure 9c and 9d show that the modeled 1014 

S6+/ΣS and Fe3+/ΣFe decrease as S degasses, similar to that measured in the Mauna Kea glasses. 1015 

The modeled Fe3+/ΣFe evolution for Kilauea also shows reduction as S degasses, similar to the 1016 

melt inclusion measurements (Figure 9d). Thus, Sulfur_X appears to capture the degassing 1017 

behavior recorded in Hawaiian melt inclusions.  1018 

5. IMPLICATIONS 1019 

5.1 General Application to Volcanic Systems 1020 

Our model results show that in Fuego magma, a typical H2O-rich (4.5 wt.%) arc magma, 1021 

with high initial S6+/ΣS (~0.7), ~70% of the sulfur in the melt is lost by degassing at pressures 1022 

above 200 MPa (solid curves in Figure 8a). On the contrary, in Kilauea and Mauna Kea magmas, 1023 

H2O-poor (< 1wt.%) oceanic island basalts, with low initial S6+/ΣS (~0.1), almost no sulfur 1024 



 

 

degasses until shallow pressures (<50 MPa, dashed curve in Figure 8a). The contrasting modeled 1025 

sulfur degassing paths challenge the conventional view that sulfur only starts degassing at 1026 

pressures lower than 150 MPa (e.g., Moore and Fabbi, 1971; Moore and Schilling, 1973; 1027 

Webster et al., 2011). These models are still widely applied to interpret melt inclusion data and 1028 

high-T volcanic gas data Instead, forward modeling by Sulfur_X shows that S degassing varies 1029 

depending on the evolution of 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 , 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 , and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  as functions of temperature, 1030 

pressure, fO2, H2O contents, and melt compositions, which affect each partition coefficient 1031 

differently. For example, increasing fO2 enhances 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 , decreases the 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚  and does not 1032 

affect 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚. Low H2O in the system significantly suppresses RxnI and RxnIa, but it does not 1033 

affect RxnII. Moreover, the combined partition coefficient also depends on S speciation in the 1034 

melt and in the vapor (Equation 10). S degassing from reduced magmas with mostly S2- in the 1035 

melt would be dominated by 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑓𝑓𝑚𝑚/𝑚𝑚 or 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅

𝑣𝑣/𝑚𝑚 , depending on the SO2/ST in the vapor, 1036 

whereas S degassing from oxidized magmas with mostly S6+ would be dictated by 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 . At 1037 

intermediate fO2, both 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  peak in the experimental data (Figure 3b), and 1038 

both S2- and S6+ exist in the melt (Figure 3a). This behavior is captured in Sulfur_X as well, as 1039 

shown in Fig. 10. The combined effect of all three kds as a function of fO2 leads to a peak in the 1040 

combined kd at intermediate fO2. High fO2 causes 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  to increase, but also causes the S2- in 1041 

the melt to decrease, thereby minimizing the contribution of 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  to the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚 . With 1042 

decreasing fO2, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  increases but S6+ also decreases, thereby decreasing the contribution of 1043 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  to the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚  (illustrated with the decrease in size of the purple dots in Fig 10). 1044 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  shows no variation with fO2 because O2 is not involved in this reaction. And yet, as fO2 1045 

increases, the amount of S2- in the melt decreases, thereby decreasing the contribution of 1046 



 

 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚 to the 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚 . While at low fO2, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  clearly dominates, and at high fO2, 1047 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 clearly dominates, all three reactions combine to create a maximum in 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓

𝑣𝑣/𝑚𝑚  at 1048 

intermediate fO2 (FMQ+1 in Fig. 10). This maximum leads to enhanced partitioning of S into the 1049 

vapor, and thus more efficient degassing of S as observed for Fuego. This maximum in S 1050 

partitioning to the vapor corresponds with the “minimum” in sulfur solubility in the melt 1051 

described by Hughes et al. (submitted) in the simple S-O-silicate system (see also discussion of 1052 

sulfur solubility “minimum” in O’Neill 2021).  1053 

It is important to also consider the effects of H2O fugacity. At high H2O fugacity, 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  is 1054 

increased. Therefore, arc magmas like Fuego with intermediate fO2 and high H2O in the system 1055 

can receive contributions from all three reactions to 𝑘𝑘𝑘𝑘𝑆𝑆𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣/𝑚𝑚 , and thus generally degas sulfur 1056 

efficiently even at high pressures. In contrast, for relatively reduced and H2O-poor ocean island 1057 

basalts, the lack of S6+ minimizes the contribution from 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚 . At the same time, low fO2 1058 

decreases 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚 , and the low fH2O decreases 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅

𝑣𝑣/𝑚𝑚 . Thus, partitioning of S to vapor is 1059 

minimal, and only occurs significantly as P drops below 50 MPa, due to the –lnP effect on all 1060 

kds.  1061 

S degassing could be even more complex than described above for Fuego and Hawaii. For 1062 

example, reduced magma does not necessarily have high 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣
𝑣𝑣/𝑚𝑚  and low 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅

𝑣𝑣/𝑚𝑚 if the 1063 

calculated absolute fO2 is not low, as shown in Kilauea melt inclusions and Mauna Kea 1064 

submarine glasses. The absolute fO2 is not only related to Fe3+/ΣFe in the melt but also pressure, 1065 

temperature, and melt composition (Kress and Carmichael, 1991). Dry magma may have low 1066 

𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑣𝑣/𝑚𝑚  and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑣𝑣/𝑚𝑚  due to low water in the system, but 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑅𝑅
𝑣𝑣/𝑚𝑚  is not directly affected by 1067 

H2O and can still be significant, as shown in the case of Kilauea (Figure 9b). Therefore, if a dry 1068 



 

 

system had more S6+ in the melt than magmas from Hawaii, a significant amount of S could still 1069 

be degassed earlier than the Hawaiian cases. The general effects of initial H2O and S6+/ ΣS in the 1070 

melt on sulfur degassing as a function of pressure are illustrated in Figure 10c. With high initial 1071 

S6+/ ΣS (~0.7) in the melt, significant sulfur degassing happens at pressures higher than 200 1072 

MPa, regardless of the H2O contents, although higher H2O contents result in slightly earlier 1073 

degassing. On the contrary, with low initial S6+/ ΣS (~0.1), S begins to degas deep only in wet 1074 

magma (4.5 wt.% H2O), similar to that in the magmas with high initial S6+/ ΣS. In this case, a 1075 

decrease in H2O concentration dramatically decreases S degassing depth. In addition, Sulfur_X 1076 

shows that Fe and S redox can change in complex ways during decompression depending on the 1077 

initial S6+/ΣS in the melt and other parameters. =Such feedbacks between S-Fe speciation in the 1078 

melt, S speciation in the vapor and S degassing is captured for the first time by Sulfur_X.  1079 

 1080 

Figure 10. (a) Sulfur partition coefficients for RxnI (blue circles), RxnIa (orange circles), RxnII 1081 
(purple circles), and combined sulfur partition coefficient (black curve) and (b) S speciation in 1082 
the melt (red curve) and vapor (blue curve) as a function of oxygen fugacity (relative to FMQ 1083 
buffer). (c) Modeled sulfur concentration for Fuego composition and 1030°C change as a 1084 
function of pressure with low (0.1, green curves) and high (0.7, yellow curves) initial S6+/ST in 1085 



 

 

the melt. Under each condition, S degassing is modeled with different initial water contents (4.5, 1086 

3, 2, 1 wt.% H2O). Other initial conditions are the same. In panel (a), the 𝑘𝑘𝑘𝑘𝑆𝑆,𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is 1087 

calculated using equation (7) in the text. The relative contribution of each reaction to 1088 

𝑘𝑘𝑘𝑘𝑆𝑆,𝑐𝑐𝑛𝑛𝑚𝑚𝑏𝑏𝑚𝑚𝑛𝑛𝑚𝑚𝑓𝑓
𝑣𝑣𝑣𝑣𝑣𝑣𝑛𝑛𝑣𝑣/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is indicated by the sizes of the symbols (as in equation 10). The kds are calculated 1089 

at pressure of 300 MPa, temperature of 1030 °C, and melt composition of mafic Fuego melt 1090 
inclusion.  1091 
 1092 

 5.2 Application to Volcanic Gas Compositions. 1093 

Sulfur_X also predicts the compositional evolution of co-existing vapor during magma 1094 

decompression, which can be particularly useful in interpreting the CO2/ST molar ratio measured 1095 

in high-T volcanic gases. First of all, CO2/ST ratios measured in high-T volcanic gases are often 1096 

used to infer degassing depths in arc volcanic systems (Burton et al., 2007; Aiuppa et al., 2016; J. 1097 

Maarten de Moor et al., 2016; Aiuppa et al., 2017)). For example, significant increase from 0.69-1098 

2.2 to a peak of 9 in CO2/ST ratio in volcanic gases from Villarrica and Turrialba volcanoes in the 1099 

weeks before eruptions was interpreted as a surge of CO2-enriched gas coming from ~30 MPa 1100 

and 200-250 MPa for Villarrica and Turrialba, respectively ( de Moor et al., 2016; Aiuppa et al., 1101 

2017) using the MP04 model (Moretti and Papale, 2004). In Figure 11, the predicted CO2/ST 1102 

ratios in the co-existing vapor for Fuego are plotted against pressure. The predicted CO2/ST ratios 1103 

between 0.5 and 10 agree well with the gas compositions collected at the surface from several 1104 

Central American volcanoes (CAVA), and other arc volcanoes worldwide. For comparison, the 1105 

CO2/ST ratios in the co-existing vapor for Fuego modeled by MP04 (Moretti and Papale, 2004), 1106 

the most commonly used degassing model used by the volcanic gas community, are also plotted 1107 

as a function of pressure in Figure 11. In contrast to orders of magnitudes increase in the 1108 

predicted CO2/ST ratios from 0 to >200 MPa by MP04, Sulfur_X predicts that CO2/ST ratios for 1109 

Fuego gases are < 5 at pressures lower than 300 MPa and only increase up to 10 at pressures 1110 

above 500 MPa. Therefore, if the peak CO2/ST (~10) observed in high-T volcanic gases from arc 1111 



 

 

volcanoes before eruptions truly represents a surge of a deep magma and gas, results from 1112 

Sulfur_X for Fuego suggest that magma injection might happen much deeper than previously 1113 

inferred (>500 MPa vs. ~10 MPa by MP04).  1114 

 1115 

Figure 11. Modeled CO2/ST ratio in the co-existing vapor change as a function of pressure for 1116 
Fuego and Kilauea. Modeled CO2/ST ratio in the co-existing vapor for Fuego by Moretti and 1117 
Papale (2004) model (MP04), measured CO2/ST from some central American volcanoes (Aiuppa 1118 
et al., 2014; Moussallam et al., 2017; Aiuppa et al., 2018), other arc volcanoes worldwide 1119 
(Fischer, 2008), around Halemaumau lava lake in 1918-1919 (Kilauea_LL, Gerlach, 1980; 1120 
Gerlach, 1986) and from Kilauea summit emissions from 1995 to 1999(Kilauea_SE, Gerlach et 1121 
al., 2002)are also plotted for comparison. 1122 
 1123 

In addition to being a depth signature, Aiuppa et al. (2014, 2017) proposed that the time-1124 

averaged CO2/ST ratio in volcanic gas can be a source feature, with some volcanoes having 1125 

intrinsically higher ratios than others. Indeed, if the magma is completely degassed at 1 atm, 1126 

Sulfur_X predicts that the CO2/ST molar ratio in the gas in equilibrium with the magma at 1 atm 1127 

will be the same as the initial CO2/ST in the parental magma by closed-system degassing. For 1128 



 

 

example, Figure 11 shows that the modeled CO2/ST ratio of gas emitted at 1 atm for Fuego is 1129 

around 0.89 by model 1, and 1.35 by model 2. For Kilauea, in comparison, the value is 1.8. 1130 

These numbers are very close to the initial molar ratio of the CO2/S in the melt. However, Figure 1131 

11 also shows that CO2/ST ratios from passive degassing of most arc volcanoes are between 1 1132 

and 5, higher than the modeled CO2/ST ratio of gas emitted at 1 atm for Fuego. One possibility is 1133 

that most arc volcanoes have higher CO2/S than Fuego. The other possibility is that although 1134 

collected at the surface, instead of equilibrating at 1 atm, the measured gas reflects an 1135 

accumulation of gas derived from different depths, accounting for the variations of the measured 1136 

CO2/S in the volcanic gases. Last but not least, the predicted CO2/ST molar ratios for Kilauea 1137 

volcano by Sulfur_X are about one order of magnitude higher than that for Fuego magma and 1138 

remain greater than 50 along most of the decompression path, which results from little sulfur 1139 

degassing at pressure higher than 50 MPa (see Fig. 8a). As pressure drops below 50 MPa, the 1140 

predicted CO2/ST ratios for Kilauea volcano drops rapidly from 50 to ~1.8 at the surface. Gas 1141 

compositions collected around Halemaumau lava lake in 1918-1919 (Gerlach, 1980; Gerlach, 1142 

1986) with CO2/ST molar ratios of 1.3-4.1 and directly measured from Kilauea summit emissions 1143 

by 3 sets of summit correlation spectrometer (COSPEC) traverses from 1995 to 1999(Gerlach et 1144 

al., 2002) with CO2/ST molar ratios between 50-200 are both plotted in Figure 11. Comparing the 1145 

gas compositions to the modeled results suggests that gases collected around the Halemaumau 1146 

lava lake released from pressures below 10 MPa from a parental magma enriched in CO2  (type I 1147 

magma in Gerlach, 1986) while the very high CO2/ST ratios from the 1995-1999 summit 1148 

emissions suggests that the gases could have separated from the magma at pressures higher than 1149 

100 MPa.  1150 

 1151 



 

 

 1152 

6. CONCLUSIONS 1153 

1.  Our analysis of existing sulfur partitioning experiments for basalt and basaltic andesite melts 1154 

shows that sulfur degassing can be ascribed to three different reactions, S2- in the melt 1155 

degassing to H2S in the vapor (RxnI), S2- in the melt to SO2 in the vapor (RxnIa), and S6+ in 1156 

the melt to SO2 in the vapor (RxnII). Guided by a broad set of experiments, Sulfur_X models 1157 

S degassing from ascending magmas by calculating separate partition coefficients for each 1158 

sulfur degassing reaction. This approach also allows Sulfur_X to account for pressure and 1159 

temperature effects using thermodynamic rules instead of empirically extrapolating the results 1160 

from low pressure experiments to high pressure (>200 MPa) where experiments are scarce.  1161 

Sulfur_X then combines the three partition coefficients based on the sulfur species in the 1162 

vapor and in the melt, which becomes the key parameter in Sulfur_X determining sulfur 1163 

degassing, the combined sulfur partition coefficient. Sulfur_X also models the redox evolution 1164 

of sulfur and iron in the system using redox budget conservation. 1165 

2. Applying Sulfur_X to Fuego, Kilauea and Mauna Kea shows that a typical wet (4.5 wt.% 1166 

H2O), oxidized arc magma with high initial Fe3+/ΣFe and S6+/ΣS ratios can lose 2/3 of the 1167 

sulfur in the melt by degassing at pressures above 200 MPa (eg. Fuego) whereas dry (< 1 1168 

wt.%) and more reduced oceanic island basalts with low initial S6+/ΣS ratios degas little sulfur 1169 

until shallow pressures (<50 MPa, eg. Hawaii). Such pressure-sulfur degassing relationships 1170 

presented by Sulfur_X bear directly on the interpretation of CO2/S gas precursors to volcanic 1171 

eruptions, of obvious relevancy to developing eruption forecasts. 1172 

3.  For the first time, Sulfur _X explains the complex effects of fO2 on sulfur degassing that is 1173 

observed in experimental data. Sulfur_X predicts that the effect of all three kds and S6+/ΣS as 1174 



 

 

a function of fO2 leads to a peak in the combined kd at intermediate fO2, and so a maximum in 1175 

sulfur degassing in arc magmas with high initial S6+/ΣS (>0.5) in the melt. Furthermore, 1176 

comparison between the model results of the two case studies show the importance of H2O 1177 

concentration in the melt that increases both 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚 and 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅𝑣𝑣

𝑓𝑓𝑚𝑚/𝑚𝑚 , and H2O fugacity that 1178 

increases 𝑘𝑘𝑘𝑘𝑆𝑆𝑅𝑅𝑅𝑅𝑛𝑛𝑅𝑅
𝑓𝑓𝑚𝑚/𝑚𝑚. Both reactions are important in sulfur degassing in magmas dominated by 1179 

S2- in the melt.  1180 

4. Sulfur_X shows that the three sulfur degassing reactions (RxnI, RxnIa and RxnII), thus the 1181 

process of sulfur degassing, are related to pressure, temperature, melt composition, H2O 1182 

fugacity, and oxygen fugacity of the system. Therefore, it calls to the importance of more melt 1183 

inclusion studies with H2O, S, reconstructed CO2 concentration,  more measurements on 1184 

Fe3+/ΣFe and S6+/ΣS ratios in the melt along degassing paths, and new experiments at 1185 

pressures higher than 300 MPa with controlled P-T-fO2 conditions . 1186 
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