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A B S T R A C T

In silicate melts the transition from S2- to S6+ occurs over a narrow range of oxygen fugacities (fO2) such that 
small changes in melt fO2 may significantly impact sulfur transport, sulfur mineral/melt partitioning, and sulfur 
vapor/melt partitioning. The dependence of this transition on pressure remains poorly constrained. Here we 
present analyses of hydrous sulfur-bearing basaltic-andesite glasses equilibrated at fO2 values that span the S2- to 
S6+ transition at 1380 ◦C at 1.5 and 3 GPa. We have quantified sulfur valence state using S-XANES and estimated 
fO2 from glass Fe3+/ ΣFe ratios determined using Fe-XANES and PtxFe1-x capsule alloy compositions. We find that 
the effect of pressure on sulfur valence state is modest at constant absolute fO2. From 1.5 GPa to 3 GPa, the 
absolute log fO2 of the transition from S2- to S6+ (defined as log fO2

tr ans) increases by 0.30±0.19 log units. This 
corresponds to an empirical pressure dependence for absolute log fO2

tr ans of 0.20±0.13/GPa, a pressure depen
dence for log fO2

tr ans of -0.47±0.13/GPa relative to the QFM buffer, and a pressure dependence for log fO2
tr ans of 

-0.14±0.13/GPa relative to the FFM buffer, respectively. These results are consistent with previously published 
thermodynamic calculations. We apply our results to simplified mantle melting and melt extraction models and 
find that melt S6+/ΣS remains relatively constant from 2 to 0.1 GPa. This implies that, unlike the case of Fe3+/ 
ΣFe, pressure is not a strong control on melt S6+/ΣS, and that S6+/ΣS measured in primitive, undegassed volcanic 
glasses broadly reflects the S6+/ΣS of melts in their source regions. The corollary is that, while S-free liquids 
decompress approximately parallel to the QFM buffer, liquids with significant S6+contents will not. In mafic 
melts, we predict that sulfate is present under the relatively reducing conditions found at mid-ocean ridges. For 
particularly sulfate-rich magmas, a failure to consider S-Fe redox exchange during ascent could lead to a slight 
overestimate of fO2 on the order of 0.2 log units relative to QFM.

1. Introduction

The chemical behavior of sulfur in Earth’s mantle underpins many 
key geochemical and geodynamic models. Sulfur in fluids, melts, and 
vapor transports redox budget between Earth’s reservoirs and can 
strongly influence the relationships between tectonic setting and magma 
chemistry (Luhr et al., 1984; Métrich et al. 1999a; Mungall et al. 2002; 
Evans 2012; Muth and Wallace 2021; Muth and Wallace 2022). Addi
tionally, the timing and location of sulfide saturation in melts impacts 
the formation of metal ore deposits (Naldrett and Duke 1980; Richards 
2015).

In basaltic melts, sulfur is present in two different valence states, S6+

(sulfate) and S2- (sulfide). Sulfur valence state strongly affects conditions 
in which melts saturate in sulfides (Jugo et al. 2010), solubility of sulfur 
in magmatic vapor (Luhr et al. 1990; Ding et al. 2023; Hughes et al. 
2023), and redox exchange between sulfur and other redox-sensitive 

elements such as iron (Carmichael and Ghiorso 1986). The proportion 
of S6+ and S2- (commonly expressed as S6+/ΣS, where ΣS = S6+ + S2-) 
varies as a function of melt oxygen fugacity (fO2).

Melt S6+/ΣS increases rapidly over a narrow interval of increasing 
log fO2 (Carroll and Rutherford 1988; Wallace and Carmichael 1994) but 
this broad understanding has continued to undergo refinement due to 
the importance of sulfur redox to Earth processes. Experiments at crustal 
(200 MPa) pressures (Jugo et al. 2010; Botcharnikov et al. 2011) and 
measurements of natural volcanic glasses (Brounce et al., 2017; Muth 
and Wallace 2021; Saper et al., 2024b) show that basaltic and andesitic 
melts transition from S2--dominated to S6+-dominated at approximately 
ΔQFM = 1 (where QFM is the quartz-fayalite-magnetite buffer). For 
convenience, we define this S valence transition point where S6+/ΣS =
0.5 as fO2

tr ans. One-atmosphere experiments have allowed authors to 
more accurately model how fO2

tr ans shifts with melt composition and 
temperature (O’Neill and Mavrogenes 2022; Boulliung and Wood 2023) 
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as well as kinetics (Saper et al., 2024a). Relationships between melt 
S6+/ΣS and Fe3+/ΣFe remain constant over a wide range of quench 
rates, meaning that we can more confidently interpret measured S6+/ΣS 
in a wide variety of natural and experimental glasses (Muth and Cottrell, 
2023). However, the effect of pressure on fO2

tr ans is poorly constrained 
experimentally.

Current uncertainty in fO2
trans inhibits our ability to understand chal

cophile elements in magmatic systems. This is because the total sulfur 
content at sulfide saturation (SCSST) is strongly dependent on melt S6+/ 
ΣS (Jugo et al., 2010). Most experiments about sulfide stability at mantle 
pressures were conducted in reducing, S2--dominated conditions (e.g., 
Mavrogenes and O’Neill 1999; Holzheid and Grove 2002) and therefore 
cannot be applied to S6+ -bearing melts without information about fO2

tr ans 

(e.g., Jugo et al., 2010).
Models constraining fO2

tr ans come to different conclusions about the 
effect of pressure. Models fit to sulfur concentrations in a hydrous tra
chyandesitic glass across a range of fO2 suggests that the pressure 
dependence of fO2

tr ans is approximately +0.6 log units/GPa relative to 
QFM. (Matjuschkin et al. 2016; QFM pressure dependence calculated 
using Frost 1991). The thermodynamic model of Moretti and Baker 
(2008) suggests that in tholeiitic melts with 0.5 wt. % H2O, the pressure 
dependence of log fO2

trans is approximately +0.1 log units/GPa relative to 
QFM. In contrast, the thermodynamic calculations of Boulliung and 
Wood (2023) suggest the pressure dependence of log fO2

trans is approxi
mately − 0.3 log units/GPa relative to QFM. Direct measurements of 
S6+/ΣS in experimental products are only available at relatively low (up 
to 200 MPa) pressure (Jugo et al. 2010; Botcharnikov et al. 2011; Nash 
et al. 2019; Saper et al., 2024a), which makes it difficult to reconcile 
these disparate results.

Here, we present a series of hydrous, S-bearing, basaltic-andesite 
glasses equilibrated in a piston cylinder at 1.5 and 3.0 GPa and 1380 
◦C. We estimate that the log fO2 of these experiments ranges from 
approximately ΔQFM = − 2.1 to ΔQFM = 2.3 based on glass Fe3+/ ΣFe 
ratios determined using Fe- X-ray Absorption Near Edge Structure 
(XANES) spectroscopy and PtxFe1-x capsule alloy compositions. We 
constrain the S valence transition fO2 by measuring S6+/ΣS using S K- 
edge XANES spectroscopy.

2. Methods

2.1. Experiments

We designed our experiments to equilibrate hydrous (1.3 to 6.8 wt. % 
H2O), vapor undersaturated, S-bearing (41–4303 ppm) basaltic andesite 
melt over a range of fO2 that would span the S2- to S6+ transition. We 
created Pt-Fe alloy capsules for each experiment with a specific 
composition designed to minimize Fe-loss and maintain a target fO2 (e. 
g., Davis and Cottrell, 2021). See Supplementary Text for detailed dis
cussion of capsule pre-saturation technique and calculations. After 
pre-saturation, we dissolved the capsules out of the mixture of magnetite 
and sodium metasilicate using baths of hydrochloric acid. We coned the 
end of each capsule, filled it with starting powder, and then sealed the 
capsule with a tri-crimp weld using a PUK welder. In a subset of capsules 
that were very brittle due to high concentrations of Fe, we coned the 
pure Pt capsules on one side before equilibrating them in the furnace, 
then sealed them as described above after pre-saturation.

The starting composition of our experiments is basaltic andesite 
(~52 wt. % SiO2; Table 1) modeled after that of Botcharnikov et al. 
(2011). This composition was chosen to avoid quench crystallization 

and provide a means of direct comparison to sulfur-bearing experiments 
at other P-T conditions. Botcharnikov et al. (2011) showed that this 
basaltic andesite composition has the same fO2

tr ans as a basalt under the 
same P-T conditions (Jugo et al. 2010). We conducted experiments using 
starting materials with a range of Fe3+/ΣFe and S6+/ΣS ratios designed 
to be in equilibrium with a range of capsule alloy compositions. See 
Supplementary Text for detailed discussion of starting mix calculations 
and preparations.

Experiments were conducted in half-inch piston-cylinder appara
tuses at the National Museum of Natural History, Smithsonian Institu
tion. Assemblies comprised MgO spacers, a straight-walled graphite 
furnace, BaCO3 pressure sleeves, and an outer layer of Pb foil. Tem
perature was controlled using a type-D thermocouple. Experiments were 
pressurized using a modification of the cold-piston-in technique and 
pressure calibration described in Andrys et al. (2024). All experiments 
were conducted for 4–6.5 h at 1380 ◦C, except for one 1-hour experi
ment conducted as part of a time series. One set of experiments was 
conducted at 1.5 GPa, and one set was conducted at 3 GPa. After each 
experimental run, we mounted each experimental assembly in epoxy 
and then vertically sectioned it. One side was singly polished and used 
for EPMA (Electron Probe Micro-Analysis) and XANES (X-ray Absorp
tion Near Edge Structure). The other side was prepared as a doubly 
polished wafer for FTIR (Fourier Transform Infrared Spectroscopy).

2.2. Analytical methods

We measured each experiment’s H2O and CO2 content using FTIR. 
Each wafer was analyzed on a Thermo Scientific Nicolet 6700 FT-IR 
spectrometer interfaced with a Continuum IR microscope at the Na
tional Museum of Natural History, Smithsonian Institution. We 
measured the major element compositions and sulfur concentration of 
each glass using EPMA on the JXA-8530FPlus HyperProbe Electron 
Probe Microanalyzer at the National Museum of Natural History, 
Smithsonian Institution. We measured Fe3+/ΣFe ratios using Fe-XANES 
at station 13-ID-E at the Advanced Photon Source (APS), Argonne Na
tional Laboratory, USA and at station 4-BM XFM at the National Syn
chrotron Light Source (NSLS) II, Brookhaven National Laboratory. We 
measured S6+/ΣS values using S-XANES at APS. See Supplementary Text 
for detailed description of analytical conditions and beam damage 
mitigation approaches for each technique.

3. Results

3.1. Experimental products

All experiments contained crystal-free glass except for experiments 
PC361 and PC360 at 3 GPa, which contain small amounts of clinopyr
oxene and garnet crystals at the bottom (cold end) of the capsule. No 
sulfides were observed in the glass pools of any experiments. In exper
iments with a high starting concentration of sulfur, we observe one or 
more ~10–100 µm diameter PtS blebs hosted within the PtxFe1-x capsule 
(e.g., Fig. 1). In some experiments, capsules show clear textural signs of 
brittle fracture but display no evidence of rupture or leakage at exper
imental conditions. Fractures in the capsule tend to form along alloy 
grain boundaries and parallel to the decompression cracks found ubiq
uitously in piston cylinder charges. This texture is consistent with the 
well-documented effect of sulfur-induced embrittlement in metal alloys 
(Christien, 2020), where sulfur-bearing exsolution phases cause dy
namic embrittlement. This embrittlement occurs even in alloys with 

Table 1 
Experiment starting composition in weight percent.

SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O H2O Sa

52.3 2.4 16.0 6.6 0.2 3.7 7.7 3.2 2.8 4.1 0.1–1.2

a S concentrations varied from 1,000 to 12,000 ppm S (see Supplementary Text for details).
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very small (i.e. 5–30 ppm) concentrations of sulfur. We do not find any 
evidence that capsules breached prior to quench nor that the melt 
interior was contaminated during these experiments, and we do not 
exclude these experiments in the present study.

3.2. Glass and capsule compositions

We report the major element compositions of all experiments in 
Supplementary Table 5. A subset of experiments with longer (~3 mm) 
experimental charges (PC346, PC353, PC357, PC358, PC362) are 
vertically compositionally zoned in a manner consistent with Soret 
diffusion caused by a temperature gradient across the capsule (Walker 
and DeLong 1982). We define this subset as those having correlations 
between glass depth from the capsule top and glass SiO2 content with R2 

> 0.5 (Supplementary Figure 10). Compositions in these experiments 
vary by ~1–2 wt. % in SiO2 and patterns in major element composition 
with depth indicate that the bottom of these experiments was slightly 
below the assembly hot spot. All experiments contain between 4.6 and 
6.8 wt. % H2O, except for experiments PC351 and PC349, which contain 
1.8 and 1.3 wt. % H2O. Experiments also contain significant carbon 
dissolved as CO3

2-, ranging from 0.1 to 1.3 wt. % CO2. We believe that 
decarbonation of the starting materials was complete; we note that CO2 
is commonly reported (whenever measured) as a glass contaminant in 
piston cylinder experiments (e.g., Brooker et al. 1998; Gaetani and 
Grove 1998; Liu et al. 2006). We have no reason to suspect that car
bonate contamination affected our results. Melt S6+/ΣS in our experi
ments varies from 0.02 to 0.99. Melt Fe3+/ΣFe varies from 0.05 to 0.23. 
See Supplementary Table 5 for analyses of glass Fe3+/ΣFe and S6+/ΣS 
values of each experiment.

Measured glass concentrations of total iron (FeO*) range from 3.58 
to 6.93 wt. % across all experiments. Change in glass total iron from the 
initial starting powder iron content ranged from − 15 % to − 20 % at 1.5 
GPa and from − 31 % to − 48 % at 3 GPa. Sulfur contents range from 41 
to 4303 ppm. Experiments with the highest sulfur contents (HG60 and 
PC340) are sulfate-dominated, which likely mitigated sulfur loss as PtS 
blebs within the PtxFe1-x alloy capsules. Change in glass total sulfur from 
initial starting sulfur content ranged from − 99 % to − 56 % at 1.5 GPa, 

and from − 97 % to − 91 % at 3 GPa. Average sulfur content, excluding 
HG60 and PC340, is 196±90 ppm. Average standard deviation of 5–7 
analyses on each glass is 22 ppm.

Sulfur in the PtxFe1-x alloy capsules is below the detection limit using 
EPMA, although the detection limit in our analyses is relatively high 
(~800 ppm) due to the interference of the Pt Mβ peak with the S Kα 
peak. Given the large mass of the capsule material relative to the glass 
interior and the stability of PtS sulfides, it is unsurprising that the loss of 
sulfur from the melt does not lead to high sulfur contents in the capsule 
PtxFe1-x alloy.

3.3. Approach to equilibrium and conservation of fe and S

We conducted experiments with the same starting composition and 
the same batch of pre-equilibrated capsules for 1 and 4 h (PC343 and 
PC344, respectively), to approximate a time series (Supp. Fig. 5). S- and 
Fe-loss in both experiments are the same within error (86 % and 90 % 
Fe-loss 12 % and 13 % S-loss). S-loss is consistent with the PtS blebs 
observed in a subset of experiments as described above. Because PtS 
blebs are only occasionally observed and vary in size, we cannot 
confidently estimate how much S is hosted in the PtS blebs. fO2 calcu
lated using melt-alloy equilibria and melt Fe3+/ΣFe are also the same 
within uncertainty between both experiments. These results indicate 
that after an hour, the melt and melt-alloy interface approach equilib
rium at these temperatures. We conservatively chose to run 4- to 6.5- 
hour experiments.

Because the alloy capsule interiors are more Pt-rich, disproportion
ation of FeO into Fe3+(melt) and Fe0 (alloy) is expected to continue 
throughout the duration of experiments as the capsule concentration 
gradient relaxes, but local equilibrium between the melt and melt- 
capsule interior is maintained (Davis and Cottrell, 2021). S6+/ΣS, and 
Fe3+/ΣFe, and FeO* of the quenched glasses are homogenous in all 
experiments (Supp. Figs. 1–4) indicating that the timescale of major 
element diffusion in the melt was faster than, or able to keep pace with, 
Fe melt/alloy exchange. Additionally, both experiments record broadly 
consistent offsets between fO2 calculated via Fe-XANES and the fO2 
calculated from capsule alloy composition (Fig. 2; see section 

Fig. 1. Backscatter electron image of experiment PC349. The top inset was taken with high contrast to show PtFe alloy grains. The bottom inset shows the contact 
between glass and PtxFe1-x alloy, where no reaction products are shown. Green bars show areas where EPMA transects of Pt, Fe, and Mg concentration were taken. 
Transect values are in Supplemental Table 6, and plots showing transect results are shown in Supplementary Figure 1.
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Determination of experiment fO2 for more detail). These observations 
indicate that, although the melt and capsule continuously exchanged 
material on the timescale of our experiments, the melt maintained 
equilibrium with the PtxFe1-x alloy capsule edge in contact with the melt.

3.4. Determination of experiment fO2

We determined the fO2 of each experiment using two different ap
proaches. We used glass Fe3+/ΣFe values to calculate fO2 according to 
the model of Borisov et al. (2018), using the pressure term of Kress and 
Carmichael (1991), at the temperature and pressure of each experiment. 
Experiment log fO2 values calculated in this manner ranges from ΔQFM 
= − 2.1 ± 0.53 to ΔQFM= 1.2 ± 0.53, where uncertainty is the standard 
error of regression of Borisov et al. (2018) for MORB (Mid-ocean ridge 
basalt)-like basalts (Cottrell et al., 2021). The choice of algorithm to 
relate Fe3+/ΣFe values to log fO2 does not impact our conclusions (Supp. 
Fig. 8).

Although in a subset of experiments there is small but observable 
compositional zoning within the glass the effect of these compositional 
variations on the model of Borisov et al. (2018) is negligible. We do not 
see any gradients in Fe3+/ΣFe or S6+/ΣS across each glass (Supp. Figs. 3 
and 4), consistent with models that predict that these small composi
tional differences would not create measurable differences in Fe3+/ΣFe 
or S6+/ΣS at a given fO2 (Borisov et al., 2018; Boulliung and Wood 
2023). Relatedly, at a constant melt Fe3+/ΣFe the range of calculated fO2 
in zoned glasses is negligible. For experiment PC360 (the most strongly 
zoned experiment; Supp. Fig. 10), log fO2 calculated using glass 
composition at the top and bottom of the capsule differs by 0.03 log units 
– an order of magnitude less uncertainty than is contributed by uncer
tainty in the empirical relationship between composition and log fO2.

We also calculated fO2 based on the PtxFe1-x alloy composition. This 
method is based on the equilibrium reaction between the alloy and melt 
below 

Fealloy + 1/2O2 = FeOmelt (1) 

Oxygen fugacity can be calculated using this reaction by considering 
the equilibrium constant 

K =
amelt

FeO

aalloy
Fe × fO2

1
2

(2) 

We calculated the activity coefficient of Fe in the PtxFe1-x alloy (γalloy
Fe ) 

using Hirschmann and Zhang (2023) instead of the γalloy
Fe from Kessel 

et al. (2001). Consistency required that we re-regress data from Médard 
et al. (2008) with the Pt-Fe solution model of Hirschmann and Zhang 
(2023) to obtain updated coefficients to their equation (4) for our fO2 
calculation (a = − 6.144, b = 28,252, Fred Davis, pers. comm.). Equation 
4 of Médard et al. (2008) integrates the activity coefficient γmelt

FeO into the 
formulation of equilibrium coefficient so that the input from our data is 
Xmelt

FeO (calculated on a hydrous basis) and γalloy
Fe calculated using Hirsch

mann and Zhang (2023). Experiment log fO2 values calculated with the 
updated regression range from ΔQFM = − 1.1 ± 0.3 to Δ QFM = 2.3 ±
0.3 where uncertainty is combined analytical and model uncertainties. 
We propagate standard error of the updated regression for equation 4 of 
Medard et al. (2008) (Davis, pers comm) to calculate model uncertainty.

The effect of compositional heterogeneity on melt-alloy fO2 calcula
tions is small but non-negligible. For example, the average standard 
deviation of capsule-glass interface Xalloy

Fe across all experiments is 1σ =
0.004, and this creates an uncertainty in log fO2 of 1 σ = 0.1 log units. To 
ensure that our EPMA analyses of the capsule for melt-alloy fO2 calcu
lations represent the alloy in equilibrium with melt during the experi
ment, we analyzed transects of Fe, Pt, and Mg concentration across the 
melt-alloy interface on each capsule’s top, bottom, and sides. We 
selected the analysis closest to the interface with MgO below detection 
and totals over 99 % as most representative of this equilibrated 
composition (Supp. Fig. 1, 2). We conducted 3–5 transects in different 
regions of the capsule-glass interface to obtain a mean value for each 
experiment. In two experiments with capsules >2 mm in length (PC360 
and PC361), values of Xalloy

Fe on the bottom of the capsule were ~0.03 
lower than on the top part of the capsule. In these cases, we only use 
analyses from the top of the capsule, adjacent to the thermocouple, to 
ensure that the temperature term in our calculation of fO2 is accurate.

There is a systematic offset between values derived from the two 
methods (Fig. 2), with the alloy recording experiment log fO2 about 0.4 
log units, on average, higher than that calculated from the Fe3+/ΣFe 
ratio of the glass. In each method, there is uncertainty about the po
tential effect of sulfur on the calculation of fO2, in the melt and the alloy, 
which we detail below. The experimental results of Saper et al. (2024a), 
indicate that the presence of sulfur in melt possibly leads to a lower melt 
Fe3+/ΣFe at any given fO2. The experiments do not indicate the mech
anism (e.g., increase in amelt

FeO or decrease in amelt
Fe2O3

), and it is not clear why 
both S2- and S6+ should equally stabilize Fe2+ over Fe3+ in silicate melts. 
Nevertheless, the Saper et al. (2024a) result suggests that a formulation 
like Kress and Carmichael (1991) or Borisov et al. (2018), based on 
sulfur-free melts, may underpredict calculated fO2.

In the case of experiment fO2 calculated using the PtxFe1-x alloy 
composition, interactions with sulfur and the alloy and melt may affect 
aalloy

Fe and/or amelt
FeO . The concentration of sulfur in the PtxFe1-x alloy is 

below detection, consistent with the Pt-Fe-S ternary (Raghavan 2004). 
We therefore focus on the effect of sulfur in the melt. If melt amelt

FeO de
creases with the addition of sulfur, as the experiments of Saper et al. 
(2024a) suggest could be the case, we would expect this calculation to 
overpredict fO2. Therefore, while we do not have the complete 
activity-composition data to know which method for estimating exper
iment fO2 is more accurate, we anticipate the observed directional offset 
between the two methods employed and confidently bracket the fO2 of 
each experiment.

3.5. Relationship between S6+/ΣS and absolute fO2 at 1.5 and 3 GPa

In experiments at both 1.5 GPa and 3 GPa, S6+/ΣS increases with 
increasing experiment fO2 following an exponential relationship, 
consistent with predictions from thermodynamic calculations, natural 
observations, and experimental data at lower pressure (Fig. 3; Carroll 
and Rutherford 1988; Wallace and Carmichael 1994; Brounce et al., 

Fig. 2. Oxygen fugacity for each experiment relative to QFM buffer (ΔQFM) 
was estimated in two ways: (1) from the glass composition and glass Fe3+/ΣFe 
measured via Fe-XANES (‘Melt Fe3+/ΣFe’) and (2) from the glass composition 
and the PtxFe1-x alloy composition (‘Alloy-Melt’). Error bars represent 2 sigma 
combined measurement and calibration uncertainty. 1:1 line shown in black for 
comparison. Equivalent figures using other algorithms for the relationship be
tween Fe3+/ΣFe and fO2 are shown in Supplementary Figure 8.
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Fig. 3. Sulfur valence state (S6+/ΣS) and oxygen fugacity (fO2) of experiments at 1380 ◦C and 1.5 GPa (red) and 3 GPa (blue). We define the inflection point on the 
speciation curve, fO2

trans, as the fO2 where S6+/ΣS = 0.5. Oxygen fugacity for each experiment is estimated in two ways: (1) from the glass composition and glass Fe3+/ 
ΣFe measured via Fe-XANES (squares) and (2) from the glass composition and the PtFe alloy composition (diamonds). Solid vertical error bars represent 2 sigma 
combined measurement uncertainty, and dashed error bars are calibration uncertainty as described in the text. Dashed model curves are the model of Boulliung and 
Wood (2023), calculated using the average major element composition of all experiments at 1 atm, 1380 ◦C. The dotted lines are models of O’Neill and Mavrogenes 
(2022) under the same conditions. The inset on the right shows a detailed view of S6+- poor experiments for clarity.

Fig. 4. The experimental data, as in Fig. 3, recast in terms of log(S6+/S2-). Lines are regressions through data at each pressure and with each experiment fO2 
calculation method. The dotted lines are an unweighted linear regression. Dashed lines are a weighted linear regression using the uncertainty of log(S6+/S2-) values. 
Solid lines are a weighted linear regression forced to a calculated slope from thermodynamic considerations (slope ≡ 2; Jugo et al. 2010). The shaded region for this 
regression is the 95 % confidence interval. We use the weighted regression with the ideal slope as the basis for our models and discussion. Equations shows the 
weighted, forced slope regression equation of each fit.
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2017; Muth and Wallace 2021; Jugo et al. 2010; Botcharnikov et al. 
2011, O’Neill and Mavrogenes 2022, Boulliung and Wood 2023). To 
quantify this relationship, we performed three different regressions of 
log(S6+/S2-) as a function of log fO2. The first is an unweighted linear 
regression. The second is a weighted linear regression. We use a 
weighted regression because the reproducibility of log(S6+/S2-) values 
from S-XANES analyses decreases with increasing values of log(S6+/S2-) 
and hence lower concentrations of S2-. To account for this, in our second 
regression, we weight each data point by the inverse of the measurement 
uncertainty in log(S6+/S2-). The third regression is weighted in the same 
way and slope is fixed equal to 2, which is the slope predicted by ther
modynamic calculations and reproduced experimentally in prior studies 
(Jugo et al. 2010).

In the 1.5 GPa series, all three regression approaches yield similar 
results. The 1.5 GPa series is better constrained because it contains a 
broader range of S6+/ΣS values (0.03 to 0.99). In the 3 GPa series, where 
all experiments are sulfate-poor, and the fit is less well-constrained, the 
results of these three regressions diverge. Although the 3 GPa series has 
fewer experiments, none of the experiments have an outsized influence 
on regressions (Supp. Fig. 6). Because the 1.5 GPa series is in good 
agreement with the theoretical slope and consistent with previous 
studies, we favor the regression with slope ≡ 2. This regression fits 
experimental data at both pressures within uncertainty except for ex
periments with high and low values of melt S6+/ΣS. For example, the 
lowest and highest log(S6+/S2-) experiments plotted in Fig. 4 have melt 
S6+/ΣS values of 0.03 and 0.99, respectively. It may be that we under
predict measurement uncertainty in these glasses.

The relationship between S6+/ΣS and absolute fO2 does not differ 
strongly between the 1.5 and 3 GPa series. In data calculated using melt 
Fe3+/ΣFe equilibria, log fO2

trans is shifted to higher fO2 by 0.22±0.34 log 
units as pressure increases from 1.5 to 3 GPa,. In data calculated using 
melt-alloy equilibria, log fO2

trans shifts up from 1.5 to 3 GPa by 0.38±0.18 
log units. Uncertainty for these values is calculated using the 95 % 
regression confidence interval of the x-axis intercept, which is constant 
due to the fixed slope of the regression. The mean of these two results to 
yields a pressure dependence for absolute log fO2

trans of 0.20±0.13/GPa, 

where the uncertainty is the propagated uncertainty on the values from 
each method as listed above.

4. Discussion

4.1. Comparison to previous models and choice of reference buffer

Fig. 5 compares our data to model calculations of Boulliung and 
Wood (2023), hereafter BW23. BW23 calculations are based on an 
experimentally calibrated thermodynamic model of sulfur speciation as 
a function of fO2 at one atmosphere. In addition to this calibrated model, 
BW23 additionally calculates a pressure effect based on the molar vol
umes of solid FeS, FeO, CaSO4, and CaO crystalline compounds. Crys
talline compounds are used because partial molar volume data is not 
available for FeS and CaSO4 as components in silicate melt. The BW23 
calculations suggest that the effect of pressure on sulfur speciation as a 
function of absolute fO2 is small, and favors S6+ at high pressure, which 
is consistent with our results (Fig. 2). At 1380 ◦C (the temperature of our 
experiments), this model predicts that from 1.5 to 3 GPa, absolute log 
(fO2

tr ans) is shifted upward by 0.54 log units, which is broadly consistent 
with our results.

Absolute fO2 of melts does not stay constant in natural systems, 
because fO2 depends on pressure and temperature even if the bulk 
chemical composition of a given system remains constant. During closed 
system adiabatic decompression, the absolute fO2 of a basaltic melt 
changes and these changes roughly parallel the QFM buffer (Kress and 
Carmichael, 1991). However, at low melt fractions, melts decompress in 
equilibrium with their ultramafic host rock until some pressure of melt 
segregation to dunite conduits (Kelemen et al., 1995). Thus, while 
basaltic melts roughly parallel the QFM buffer during decompression 
(Kress and Carmichael, 1991), the same is not true of a decompressing 
melt-peridotite system. The absolute log fO2 of the 
Ferrosilite-Fayalite-Magnetite (FFM) buffer (eqn. 4 of Davis et al., 2017) 
is more likely to parallel decompressing spinel peridotite (±melt) 
because the minerals in this buffer assemblage are similar to a spinel 
peridotite mineral assemblage (Stolper, 2020; Birner et al., 2024). The 

Fig. 5. Experimental data, where fO2 is re-plotted relative to the QFM buffer (panels A and B; Frost 1991) and the FFM buffer (panels C and D; Davis et al., 2017). 
Solid lines (from Fig. 3) are regressions of the experimental data, and shaded regions indicate each regression’s 95 % confidence interval. Thin and thick dashed lines 
show the 1 atm and high-pressure (1.5 and 3.0 GPa) thermodynamic models, respectively, of Boulliung and Wood (2023).
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log fO2 of peridotites does change over the pressure range of mantle 
melting, although fO2 relative to FFM should remain very stable over the 
spinel peridotite melting interval (Stolper, 2020; Birner et al., 2024). 
There is also good observational and experimental data to support 
models in which relative fO2 remains constant as melting proceeds 
(Davis and Cottrell 2018; Sorbadere et al. 2018; Birner et al. 2021; 
Moussallam et al., 2023).

When melts segregate from mantle peridotite, they can be approxi
mated as systems closed to oxygen. In S-free melts, where Fe is the only 
major element with multiple valence states, melt Fe3+/ΣFe stays con
stant and the change in absolute fO2 can be calculated using formulations 
of Fe3+/ΣFe as a function of fO2 based on experimental data (e.g., Kress 
and Carmichael 1991; O’Neill et al., 2006; Zhang et al., 2017). This is 
the fO2 change that is approximately parallel to that of the QFM buffer. 
However, in S-bearing systems, S and Fe may undergo redox exchange, 
which would change the melt Fe3+/ΣFe and S6+/ΣS.

As a simple first step toward applying our results to natural systems, 
we recast both BW23 and our experimental data relative to QFM and 
FFM. We use both buffers because each buffer has a different pressure 
dependence. In data calculated using melt-alloy equilibria, from 1.5 to 3 
GPa log fO2

tr ans shifts by − 0.62±0.18 relative to QFM . In data calculated 
using melt Fe3+/ΣFe equilibria, from 1.5 to 3 GPa log fO2

tr ans shifts by 
− 0.78±0.34 relative to QFM. Taking the mean of these two values yields 
a pressure dependence for log fO2

trans of − 0.47±0.08/GPa relative to the 
QFM buffer. BW23 predicts that at the temperature of our experiments 
(1380 ◦C) log fO2

trans is shifted by − 0.30/GPa relative to QFM. The overall 
agreement between our experimental results and the model of BW23 
supports the BW23 model. While the temperature effect of BW23 is 
constrained with experimental data, the pressure effect of BW23 is a 
very simplified estimate based on the molar volumes of solid end- 
member compounds. Our experimental results suggest that even this 
simplified approach can reproduce both the direction and magnitude of 
the effect of pressure on melt S6+/ΣS.

When we cast our data using melt-alloy equilibria relative to FFM, 
the effect of pressure from 1.5 to 3 GPa is very small and is not statis
tically significant. From 1.5 to 3 GPa log fO2

tr ans shifts by − 0.09±0.12 log 
units relative to FFM. When we use melt Fe3+/ΣFe equilibria, from 1.5 to 
3 GPa, log fO2

trans shifts by − 0.20±0.23 log units relative to FFM. Taking 
the average of these two values yields a pressure dependence for log fO2

trans 

of − 0.14±0.13/GPa relative to FFM. BW23 predicts that at the tem
perature of our experiments (1380 ◦C) log fO2

trans is shifted by 0.02/GPa 
relative to FFM. The lack of pressure effect relative to the FFM buffer is 
likely a coincidence, as there is no clear reason why the molar volumes 
of the melt components relevant to S redox reactions (e.g., FeS, CaSO4, 
etc.) would correspond to the molar volumes of the components of the 
FFM buffer (Fayalite, Ferrosilite, and Magnetite). That being said, the 
implications of this similarity for natural systems are significant, as 
detailed in the following sections.

Our results contrast with the experiments of Matjuschkin et al. 
(2016), which indicated that absolute fO2

tr ans increases with increasing 
pressure. Some of the differences between the pressure effect inferred 
from the experiments of Matjuschkin et al. (2016) and our own results 
are due to the choice of the buffer system. The results of Matjuschkin 
et al. (2016) are expressed relative to the Nickel-Nickel-Oxide (NNO) 
buffer which has a different pressure dependence compared to QFM or 
FFM. Matjuschkin et al. (2016) report that the melt anhydrite stability 
field increases from roughly ΔNNO = 2 to ΔNNO = 3 from 0.5 to 1 GPa. 
At the temperature range of their experiments (850–950 ◦C) and over 
the same pressure interval, this is equivalent to a shift from ΔQFM = 2.8 
to ΔQFM =3.2. Even with this consideration, however, our results still 
predict a shift in a direction opposite to that of Matjuschkin et al. (2016). 
The experiments of Matjuschkin et al. (2016) differ from our own in that 
they use buffer systems to estimate experiment fO2 instead of measuring 
experiment fO2 using melt Fe3+/ΣFe or melt-alloy equilibria, and they 
also infer melt S6+/ΣS from melt sulfur concentrations instead of 
measuring melt S6+/ΣS via XANES as we have in this study. The 

experiments of Matjuschkin et al. (2016) were conducted using a tra
chyandesite composition, did not include any experiments above 1.5 
GPa, and contained an H2O-rich vapor phase. Due to these differences in 
experimental design and analytical methodology, it is not easy to 
identify why the results of Matjuschkin et al. (2016) diverge from our 
own.

4.2. Application to mantle melts in natural settings

To apply our results to mantle melting we consider two end-member 
scenarios of melt fO2 evolution. In one scenario, melt is in equilibrium 
with mantle peridotite. Melt S and Fe valence state will therefore be 
controlled by the fO2 imposed by the mantle peridotite mineral assem
blage. In the second scenario, the melt is isolated, and S and Fe valence 
state are controlled by equilibrium electron exchange reactions.

In natural systems, the melts that erupt have experienced some 
complex middle ground between these two end-member scenarios. 
Beneath mid-ocean ridges, melts initially form in equilibrium with the 
mantle but are aggregated and transported through dunite channels that 
are more chemically inert than peridotite prior to eruption (Kelemen 
et al. 1995). Transport mechanics beneath volcanic arcs are less 
well-constrained. However, melt thermobarometry suggests that most 
arc melts remain in equilibrium with mantle peridotite until ~1–1.5 GPa 
(Till 2017).

To assess how melt S6+/ΣS varies with pressure in natural systems, 
we create a simplified two-stage model using both end-member sce
narios. We assume that from 2 to 1 GPa, melts remain in equilibrium 
with the surrounding mantle peridotite, and from 1 GPa to the surface 
the melt is a closed system. This is intended to approximate the transi
tion from melts in equilibrium with mantle peridotite to chemically 
isolated melts ascending to the surface.

We create three sets of calculations using this model. The first ap
proximates melting underneath mid-ocean ridges. We begin the calcu
lation by assuming a representative MORB melt composition (primary 
MORB AII; Cottrell and Kelley 2011) with 1000 ppm S (similar to con
centrations measured in primitive MORB; Jenner et al., 2012), Fe3+/ΣFe 
= 0.14 and S6+/ΣS = 0.05 (similar to values measured in MORB; Zhang 
et al., 2018, Muth and Cottrell 2023, Lerner et al., 2021). These as
sumptions constrain the major element composition and redox budget of 
the melt.

To calculate the closed system part of our two-stage model, we apply 
the model of Kress and Carmichael (1991) to calculate S-Fe redox ex
change along a melt adiabat, starting at 1 GPa and 1358 ◦C and ending at 
0.1 GPa and 1343 ◦C. We chose the initial temperature to be consistent 
with a mantle potential temperature of 1350 ◦C in the deeper (1–2 GPa) 
section of the model. Because the equation of Kress and Carmichael 
(1991), like other formulations of fO2 as a function of melt Fe3+/ΣFe, is 
not stoichiometric, we used a non-stoichiometric S-Fe reaction equation 
to calculate this exchange. We use fO2 relative to FFM (i.e., ΔFFM; Davis 
et al., 2017), at 1 GPa during the first stage of the calculation as the fO2 
for first step of the second stage of the calculation. We then use this 
ΔFFM value as an initial condition to calculate equilibrium Fe3+/ΣFe 
and S6+/ΣS along a prescribed P-T path taken from the adiabatic 
decompression melting model of Birner et al. (2024) at a mantle po
tential temperature of 1350 ◦C. The MATLAB script used for these cal
culations is in the Supplementary Material and a more detailed model 
description is found in the Supplementary Text.

The second two calculations approximate melting beneath volcanic 
arcs. We conduct calculations along the same P-T paths as described 
above but make two changes to our initial assumptions. In the first 
model (red lines in Fig. 7), we change the melt sulfur concentration from 
1000 ppm to 2500 ppm S (representative arc basalt concentration; Muth 
and Wallace 2022). In the second model (blue lines in Fig. 7) we keep the 
assumption of 2500 ppm S and also change the assumed Fe and S valence 
state to match typical values measured at volcanic arcs (Cottrell et al., 
2021; Muth and Wallace, 2021).
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In all models, melt S6+/ΣS stays relatively constant throughout 
mantle melting and ascent, even in S6+- rich basalts. This constant melt 
S6+/ΣS occurs because as melt S-Fe redox equilibria shifts with pressure 
(this occurs in both stages of the model; Supp. Fig. 12), and as the melt 
gains or loses electrons as it equilibrates with mantle peridotite (this 
occurs in the 2→1 GPa stage of the model, where the melt is decom
pressing in equilibrium with peridotite), chemical changes are accom
modated primarily by the oxidation or reduction of Fe, allowing melt 
S6+/ΣS to stay relatively constant. While this may seem surprising given 
the higher concentration of Fe relative to S in basaltic melts, it is 
important to keep in mind that oxidation or reduction of S in silicate 
melt requires eight electrons, while oxidation or reduction of Fe only 
requires one. A melt decompressing along a line of constant melt S6+/ΣS 
evolves in fO2 roughly parallel to the FFM buffer (~0.38 log units/GPa), 
whereas the pressure dependence of the QFM buffer is a factor of two 
larger.

4.3. Implications for natural data sets

Our experimental results reinforce long-standing interpretations of 
sulfur behavior during mantle melting beneath mid-ocean ridges. The 
current paradigm is that under mid ocean ridges, most melting takes 
place under sulfide-saturated conditions (Mathez, 1976). However, 
because sulfide content at sulfide saturation (S2-CSS) increases with 
decreasing pressure, models predict that melts will arrive in the crust 
slightly sulfide undersaturated (Mavrogenes and O’Neill 1999; Holzheid 
and Grove 2002). As the melts begin to cool, S2-CSS decreases, and the 
melts quickly become sulfide saturated. This paradigm is supported by 
S2-CSS models (Mavrogenes and O’Neill 1999; Holzheid and Grove 
2002; O’Neill 2021), and observations of sulfur and chalcophile element 
behavior (Mathez 1976; Peach et al., 1990; Czamanske and Moore 
1977). We now know that MORB glasses have low but measurable 
S6+/ΣS (Lerner et al., 2021; Muth and Cottrell 2023). If melt S6+/ΣS 
were to strongly increase with pressure, we would predict high melt 
sulfur concentrations (SCSST i.e., S2-CSS plus the additional contribution 
of melt S6+) and rapid exhaustion of sulfide during mantle melting. This 
would mean the stability of sulfides during mantle melting would vary 
more strongly with depth than S2-CSS models alone account for. Instead, 
our results show that the low S6+/ΣS measured in MORB glasses reflects 
low melt S6+/ΣS in the MORB-source mantle, and petrologic in
terpretations based on S2-CSS models are still applicable, albeit with a 
small but relatively constant contribution of S6+ to SCSST.

Our results allow us to model sulfur behavior at volcanic arcs with 
greater confidence than was possible previously. Arc basalts have high 
S6+/ΣS compared to MORB (Rowe et al., 2009; Muth and Wallace 2021; 
Muth and Wallace 2022). Because SCSST increases exponentially with 
S6+/ΣS, in arc basalts changes in SCSST are much larger for a given 
change in S6+/ΣS compared to MORB. Therefore, uncertainty about the 
relationship between fO2 and basaltic melt S6+/ΣS at mantle pressures 
has made it extremely difficult to model sulfur and chalcophile element 
behavior during mantle melting. Our results demonstrate that S6+/ΣS in 
arc basalts does not vary strongly during mantle melting and ascent 
(Fig. 7). If melt S6+/ΣS remains stable, SCSST will respond to pressure 
and temperature in a way that is roughly parallel to the response of 
S2-CSS. Therefore, it is probable that, like MORB, many arc basalts are 
sulfide-saturated during mantle melting, then arrive at the crust slightly 
sulfide-undersaturated. This prediction is consistent with observed 
similarities between the copper content of MORB and arc basalts (Lee 
et al., 2012; Muth and Wallace 2022), and early crystallization of sulfide 
phases often observed in arc magmas (e.g., Georgatou et al., 2018; Cox 
et al., 2019).

Some back-arc and tholeiitic arc basalts depart from the overall trend 
of early sulfide-saturation and are sulfide-undersaturated (Lee et al., 
2012; Jenner et al., 2015). Previous authors have explored whether the 
depth of crystallization can explain differences in the timing of sulfide 
saturation between magmas in continental arcs and magmas in oceanic 

arcs (e.g., Rezeau and Jagoutz 2020). In this conceptual model, melts at 
continental arcs crystallizing at higher pressure have lower melt S6+/ΣS 
and therefore lower SCSST relative to melts at oceanic arcs crystallizing 
at lower pressure. Our results are not consistent with this model because 
we do not find evidence that melt S6+/ΣS changes with pressure in arc 
basalts, although we cannot exclude the possibility that our results are 
not applicable to more evolved melts like the trachyandesites studied by 
Matjuschkin et al. (2016).

As in previous modeling efforts (Muth and Wallace 2021), the results 
of these calculations demonstrate the importance of S-Fe electron ex
change in S6+-rich melts. Calculations that do not incorporate S-Fe 
electron exchange would predict constant melt Fe3+/ΣFe during closed 
system melt ascent in arc magmas. In contrast, due to shifting equilib
rium S-Fe exchange with pressure and temperature, our calculations 
predict a slight increase in melt Fe3+/ΣFe systematically with ascent 
(decreasing pressure; Figs. 6, 7). This increase means that melt Fe3+/ΣFe 
measured in erupted basalts is slightly higher than the basalts last in 
equilibrium with the mantle. This effect is likely negligible in mid-ocean 
ridge settings, where basalts have very low S6+/ΣS and relatively low S 
concentrations. In volcanic arcs, this effect is modest but may be 
non-negligible. For example, the ‘high S, high S6+/ΣS’ model in Fig. 7
(red curve) predicts that a melt with Fe3+/ΣFe = 0.2 and S6+/ΣS = 0.7 at 
the surface would have a log fO2 of ΔQFM = 0.7 at 1 GPa. In contrast, a 
model that did not account for S-Fe redox exchange and instead assumed 
melt Fe3+/ΣFe stays constant would predict the melt would have a log 
fO2 of ΔQFM = 0.9 at 1 GPa. The magnitude of uncertainty associated 
with S-Fe redox exchange will vary depending on melt composition, so 
we encourage authors to use our code supplied in the Supplementary 
Material for their compositions of interest.

For S6+-rich terrestrial arc basalts with modest FeOT concentrations, 
S dominates the electron exchange. In our models of S6+-rich arc basalts 
(Fig. 7), melt S6+/ΣS stays constant and melt fO2 is parallel to the FFM 
buffer during mantle melting and melt ascent. We therefore suggest that 
for some S6+-rich melts, FFM can be a more appropriate reference buffer 
for the fO2 of closed-system ascending basalts than QFM.

Our results show that S6+measured in erupted basalts is represen
tative of S6+ present during mantle melting conditions. This means that 
mantle melting calculations may also need to take the presence of S6+

into account even under relatively reducing conditions such as at mid- 
ocean ridge spreading centers. That said, we caution that our calcula
tions are simplified and intended to provide first-order constraints for 
the implications of our experiments. Modeling efforts with a more so
phisticated treatment of fO2 during mantle melting and melt extraction 
could elucidate to what extent the presence of S6+ influences inferred 
mantle fO2.

5. Conclusions

We conducted a series of experiments at 1.5 and 3 GPa with variable 
fO2. For each experiment, we measured experiment melt fO2 using both 
basalt Fe-XANES and alloy-melt equilibria and measured melt S6+/ΣS 
using S-XANES. We compared results from each series to quantify the 
effect of pressure on the relationship between melt fO2 and S6+/ΣS. 
When we calculate our results using absolute fO2, we calculate an 
empirical pressure dependence for absolute log fO2

tr ans of 0.20±0.13/ 
GPa. We calculate an empirical pressure dependence for log fO2

tr ans of 
− 0.47±0.13/GPa relative to QFM, and − 0.14±0.13/GPa relative to 
FFM.

To calculate how melt S6+/ΣS changes during mantle melting and 
melt ascent, we construct a S-Fe redox exchange model based on pre
vious thermodynamic calculations and find that melt S6+/ΣS does not 
strongly change during mantle melting and closed system melt ascent. 
This indicates that melt S6+/ΣS measured in primitive, undegassed melts 
at the surface is broadly representative of melt S6+/ΣS in their high- 
pressure source regions. Even mantle melts in relatively reduced set
tings like those beneath mid-ocean ridges may contain a non-negligible 
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amount of S6+, although more detailed analyses and modelling would be 
needed to confirm this.

Our experimental results and models reinforce the currently held 
conceptual models for sulfur behavior during melting beneath mid- 
ocean ridges. They also dramatically improve the accuracy of modeled 
sulfur behavior during mantle melting beneath volcanic arcs. We sug
gest that many arc magmas follow patterns of sulfide saturation similar 
to that of MORB and that differences in storage pressure alone cannot 
explain differences in sulfide saturation behavior between continental 
and oceanic arcs. Finally, we emphasize the importance of considering 
S-Fe electron exchange reactions within models of mantle melting and 
early crystallization in S6+- rich magmas and demonstrate that failing to 

account for these reactions can lead to a small but non-negligible 
overestimate of mantle source fO2 for volcanic arc basalts.
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Fig. 6. Simplified calculation of melt S and Fe valence state underneath mid-ocean ridges. From 2 to 1 GPa, we approximate a melt in fO2 equilibrium with a mantle 
peridotite by maintaining a constant ΔFFM. From 1 to 0.1 GPa, we approximate chemically isolated ascending melts by calculating S-Fe exchange in an adiabatically 
ascending melt closed to fO2. Melt composition is a calculated primary MORB with 1000 ppm S, Fe3+/ΣFe = 0.14, and S6+/ΣS = 0.05. The histograms show 
calculated fO2 (n = 103), measured S6+/ΣS (n = 5), and measured Fe3+/ΣFe (n = 103) values in natural MORB glasses with both S and Fe valence state determinations 
(Cottrell et al., 2021; Lerner et al., 2021; Muth and Cottrell, 2023).

Fig. 7. Simplified calculation of melt S and Fe valence state underneath volcanic arcs. The calculation approach is the same as that used in Fig. 6. The red model melt 
composition is a calculated primary basalt with 2500 ppm S, Fe3+/ΣFe = 0.14 and S6+/ΣS = 0.05. Blue model melt composition is a calculated primary basalt with 
2500 ppm S, Fe3+/ΣFe = 0.20, and S6+/ΣS = 0.70. The histograms show calculated fO2, measured S6+/ΣS and measured Fe3+/ΣFe values in natural subduction zone 
glasses with both S and Fe valence state determinations. Blue data are melt inclusions from the Cascades Arc (n = 31; Muth et al., 2021) and volcanic glasses from the 
Troodos Ophiolite (n = 37; Saper et al. 2024b).
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