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Abstract

Magmatic sulfur plays an important role in affecting mantle oxidation state, volcanic eruption, formation of ore deposits,
and global climate change. To better understand the sulfur cycle in subduction zones and to constrain the sulfur concentration
at anhydrite saturation (SCAS) in subducting slab-derived silicate melts, forty-three experiments were conducted at 0.5–5 GPa
and 900–1200 �C using a piston cylinder and a multi-anvil apparatus. The experimentally produced silicate melts are rhyo-
dacitic to rhyolitic in composition, and the measured SCAS values range from 170 to 3500 ppm. The SCAS values increase
with increasing temperature and the water and CaO content of the silicate melts, but the effect of pressure varying from 0.5 to
5 GPa is negligible. Using our new and all available literature SCAS data (n = 252), we tested the accuracy of all previous
SCAS models that were calibrated for predicting SCAS in silicate melts at various conditions. We find that the Z–T model
(Zajacz and Tsay, 2019) works as the greatest SCAS model in capturing all SCAS data with a mean and median absolute
error of 5% and 4%, respectively. The success of the Z–T model in capturing all SCAS data demonstrates its robustness in
predicting SCAS in silicate melts relevant for magmatism in subduction zones. Applying the Z–T model to slab melting
reveals that slab-derived silicate melts of global subduction zones can dissolve 130–1200 ppm S6+, but they cannot contribute
enough sulfur to explain the estimated sulfur abundance (200–500 ppm) in the metasomatized sub-arc mantle, which thus
requires the addition of sulfur by slab-derived aqueous fluids. The addition of slab S6+ can cause oxidation of the sub-arc
mantle in an fO2 range of FMQ+0.5 to FMQ+2, consistent with the fO2 values observed for the metasomatized sub-arc man-
tle peridotites. However, during partial melting of the metasomatized sub-arc mantle, S2� would play as a reducer and the fO2

of primitive arc basalts cannot be higher than FMQ+0.5 to FMQ+1, which is consistent with the sub-arc mantle fO2 inferred
from the V–Sc, Fe–Zn, V–Ga, and Cu–Re systematics of primitive arc basalts. The fO2 above FMQ+1 of arc basalts may thus
be obtained during magmatic differentiation in the lithosphere. We finally modeled the fate of S6+ during the differentiation of
parental arc basalts with fO2 varying from FMQ+0.5 to FMQ+1.5 in a thickened continental arc setting. We find that sig-
nificant fractions of S6+ in the parental arc basalts are converted into S2� and lost in sulfides during arc magmatic differen-
tiation, and the estimated 400 ppm sulfur in Earth’s continental crust implies that Earth’s continental crust cannot have
formed from arc basalts with fO2 significantly higher than FMQ+0.5 to FMQ+1.
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Fig. 1. Comparation of solidus of hydrous/anhydrous MORB and
sediments with the geothermal of some typical subduction zones
and the present experimental P–T conditions. Slab P–T paths were
redrawn from the D80 model in Syracuse et al. (2010). Solidus P–T
were taken from Nichols et al. (1994) for N94, Schmidt and Poli
(1998) for SP98, Pertermann and Hirschmann (2003) for PH03,
Schmidt et al. (2004) for S04, Spandler et al. (2007) for S07,
Hermann and Spandler (2008) for HS08, Spandler et al. (2010) for
S10, and Mann and Schmidt (2015) for MS15.
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1. INTRODUCTION

As one of the major volatiles in magmas, sulfur (S) plays
an important role in magmatic differentiation and degas-
sing, the formation of magmatic-hydrothermal ore depos-
its, volcanic eruptions, and the short-term global climate
change (Botcharnikov et al., 2011; Simon and Ripley,
2011; Oppenheimer et al., 2011; Webster and
Botcharnikov, 2011; Audétat and Simon, 2012; Zajacz
et al., 2012; Li et al., 2019). In subduction zones, surface
S is transported into the mantle through slab subduction
(Métrich et al.,1999; de Hoog et al., 2001a), whereas sub-
arc mantle S is extracted and released into the atmosphere
through mantle melting and magmatic degassing (Wallace,
2005; Webster and Botcharnikov, 2011). The mantle
sources of arc magmas are considered to contain 200–
500 ppm S (Métrich et al.,1999; de Hoog et al., 2001a),
which are higher than the S abundance (~150 ppm) in the
depleted mantle (Saal et al., 2002), indicating that the sub-
ducting slab must have contributed S to the sub-arc mantle.
However, available influx and outflux estimations yielded
that more than 80% of the S in the subducting slab may
have entered Earth’s deep mantle, not sourced by arc vol-
canos (Hilton et al., 2002; Wallace, 2005; Evans, 2012; Li
et al., 2020).

The altered oceanic crust (AOC) and marine sediments
contain ~1000–2000 ppm S and are the main S carrier in
the subducting slab (Alt and Shanks, 2011; Li and
Schoonmaker, 2014). Previous studies investigated the
mechanism and efficiency of S transfer from the subducting
slab to the sub-arc mantle by focusing on the capacity of
slab-derived fluids in dissolving sulfide or sulfate species
(Evans, 2012; Jégo and Dasgupta, 2013, 2014; Tomkins
and Evans, 2015; Li et al., 2020). However, partial melting
of the subducting slab could occur extensively (Defant and
Drummond, 1990; Johnson and Plank, 1999; Dasgupta,
2013; Thomson et al., 2016). In hot subduction zones such
as Mexico and Peru, the slab surface geothermal crosses the
wet solidus of sediment and mid-ocean ridge basalt
(MORB) (Fig. 1; Syracuse et al., 2010), which indicates that
partial melting could occur for both lithologies during sub-
duction. In subduction zones slab sediments could be
detached from the subducting slab forming a buoyant dia-
pir (Behn et al., 2011). Partial melting would occur for this
sediment diapir once it enters the hot mantle wedge. Flux of
hydrous fluids coming from subjacent lithologies, such as
serpentinite, could also trigger partial melting of the sedi-
ments and AOC, because the sub-arc slab surface tempera-
tures are above the wet solidus as constrained by the
geochemical and geodynamic models (Syracuse et al.,
2010; Cooper et al., 2012). In these cases, the capacity of
the slab-derived silicate melts in transporting S would dic-
tate the efficiency of S transfer from the slab to the sub-
arc mantle and the slab contribution to arc magmatic S out-
flux. Actually, the estimated S flux (~2.9–12.5 � 1012 g/yr)
from the subducting slab to the sub-arc mantle using slab-
derived fluids is significantly lower than the arc S outflux
(~1.4–2.1 � 1013 g/yr) (Wallace, 2005; Wallace and
Edmonds, 2011; Evans, 2012; Li et al., 2020), which may
indicate that slab-derived silicate melts play a globally
non-negligible role in transferring slab S to the sub-arc
mantle. Furthermore, anhydrite crystals and sulfides were
identified in oxidized arc magmatic rocks (Parat et al.,
2011; Grondahl and Zajacz, 2017; Chang and Audétat,
2018; Hutchinson and Dilles, 2019; Chen et al., 2020),
which indicates that a considerable amount of S6+ and
S2� is lost in magmatic anhydrite and sulfides and eventu-
ally cannot be available for partitioning into fluids or vol-
canic gasses (Masotta and Keppler, 2015; Zajacz and
Tsay, 2019). More importantly, the formation of Earth’s
continental crust is ultimately related to the magmatism
at arcs with thickened crust (Lee et al., 2007; Rudnick
and Gao, 2014; Tang et al., 2019; Chen et al., 2020). There-
fore, the fate of S during arc magmatic differentiation is clo-
sely linked to the S abundance in Earth’s continental crust.
In this study, in order to understand the efficiency of the
S6+ transfer from the slab to the sub-arc mantle by slab-
derived silicate melts, and the fate of S6+ during arc mag-
matic differentiation, we measure the S concentration at
anhydrite saturation (SCAS) in the silicate melts relevant
to subduction zones.

The capacity of slab-derived silicate melts in transferring
slab S to the sub-arc mantle depends on a number of fac-
tors, including temperature, pressure, silicate melt composi-
tion, and slab oxygen fugacity (fO2) (Baker and Moretti,
2011; Jégo and Dasgupta, 2013, 2014). A few studies have
focused on determining the S concentration at sulfide satu-
ration (SCSS) in slab-derived silicate melts (Jégo and
Dasgupta, 2013, 2014; Prouteau and Scaillet, 2013). The
results show that the SCSS in slab-derived silicate melts is
rather low (~50–150 ppm) at fO2 below the FMQ buffer
(FMQ = fayalite-magnetite-quartz), indicating a very low
capacity of slab-derived silicate melts in transferring slab
S to the sub-arc mantle at reduced conditions. In addition
to sulfide, anhydrite is another main S-bearing mineral in



Table 1
Major element compositions of the starting silicates (in wt.%).

Andesite Rhyolite Hydrous rhyolite

SiO2 61.6 76.5 71.6
TiO2 6.0 0.1 0.1
Al2O3 12.8 13.3 12.6
FeOt 4.9 0.6 0.7
MnO 0.0 0.1 0.1
MgO 1.1 0.1 0.1
CaO 4.2 0.5 0.4
Na2O 2.2 4.3 4.2
K2O 5.8 4.7 5.0
P2O5 0.9 0.0 0.0
H2O 0.0 0.0 5.2

Total 99.5 100.2 100.0
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the slab (Alt, 1995; Alt et al., 2010; Alt and Shanks, 2011).
The flux of slab-derived and S6+-bearing fluids/melts into
the sub-arc mantle, as predicted by thermodynamic models,
petrographic observations, and isotopic analysis of
subduction-related rocks (Mungall, 2002; Debret et al.,
2016; 2020; Pons et al., 2016; Bénard et al., 2018; Walters
et al., 2020), has been used to explain the high S concentra-
tions and high d34S values observed for arc magmas and arc
volcanic gasses (Alt et al., 1993; Métrich et al.,1999; de
Hoog et al., 2001b; Kagoshima et al., 2015; Pons et al.,
2016; Bénard et al., 2018). Several studies have experimen-
tally determined the SCAS in rhyolitic to basaltic melts and
calibrated SCAS models to predict SCAS in silicate melts at
various conditions (Clemente et al., 2004; Jugo et al., 2005;
Li and Ripley, 2009; Baker and Moretti, 2011; Jégo and
Dasgupta, 2014; Huang and Keppler, 2015; Masotta and
Keppler, 2015; Chowdhury and Dasgupta, 2019; Zajacz
and Tsay, 2019). However, most of the previous studies
aimed to understand the fate of S6+ during magmatic differ-
entiation at shallow crustal conditions. Only Jégo and
Dasgupta (2014) measured the SCAS in slab-derived sili-
cate melts by performing four experiments at 2–3 GPa
and 950–1050 �C. The results show that the SCAS values
are ~700–3000 ppm in rhyodacitic to rhyolitic melts, which
are much higher than the SCAS values (~150–1000 ppm)
determined for rhyolitic melts at 0.1–0.2 GPa and 900–
1000 �C (e.g., Clemente et al., 2004; Masotta and
Keppler, 2015; Zajacz and Tsay, 2019). Pressure thus
appears to play a positive role in enhancing SCAS, as sug-
gested by the SCAS models of Li and Ripley (2009) and
Baker and Moretti (2011). However, the SCAS models of
Masotta and Keppler (2015), Chowdhury and Dasgupta
(2019), and Zajacz and Tsay (2019) suggest a negligible role
of pressure in affecting SCAS. Thus far, the SCAS in slab-
derived silicate melts has not been systematically investi-
gated at conditions appropriate for slab melting.

In the past two decades, the S6+ cycle in subduction
zones has been linked to the oxidation state of the sub-
arc mantle and arc magmas (Mungall, 2002; Kelley and
Cottrell, 2009; Evans et al., 2012; Bénard et al., 2018).
The positive correlation between Fe3+/RFe and water con-
tent in undegassed, olivine-hosted basaltic melt inclusions
was used to argue for a high fO2 in the metasomatized
sub-arc mantle, which was proposed to be caused by fluxing
of slab-derived and S6+-bearing fluids/melts (Kelley and
Cottrell, 2009, 2012; Evans, 2012; Brounce et al., 2014,
2015). The measured high fO2 values (FMQ+0.5 to FMQ
+1.5) for the metasomatized sub-arc mantle peridotites
(Parkinson and Arculus, 1999; Mallmann and O’Neill,
2007; Birner et al., 2017; Bénard et al., 2018) are also
ascribed to the addition of slab-derived and S6+-bearing flu-
ids/melts in the sub-arc mantle (McInnes et al., 2001;
Bénard et al., 2018). However, the V–Sc, Fe–Zn, V–Ga,
and Cu–Re systematics of primitive arc basalts and
MORBs imply that the metasomatized sub-arc mantle can-
not be 0.5–1 log units more oxidized than the oceanic man-
tle (Lee et al., 2005, 2010, 2012; Mallmann and O’Neill,
2009; Li, 2018; Feng and Li, 2019). The apparent paradox
in the sub-arc mantle fO2, as constrained using different
approaches, remains unresolved.
In this study we perform laboratory experiments at 0.5–
5 GPa and 900–1200 �C to determine the SCAS in slab-
derived silicate melts. We investigate the effects of tempera-
ture, pressure, silicate melt composition, and silicate melt
water content on SCAS. The obtained new SCAS data
are used to test the accuracy of previous SCAS models.
Then the fate of S6+ during slab melting and arc magmatic
differentiation, and the role played by slab S6+ in affecting
the oxidation state in subduction zones are discussed.

2. METHODS

2.1. Starting materials

Three different silicates were used in this study; the first
one is a natural rhyolite, the second one is a synthetic
hydrous rhyolite with ~5 wt.% water, and the third one is
a synthetic andesite. Both the natural rhyolite and synthetic
andesite are nominally water-free, and the major element
compositions of all three silicates are listed in Table 1.
The rhyolite was chosen to be representative of silicate
melts produced by partial melting of the subducting slab
sediments and/or AOC (Schmidt et al., 2004; Hermann
and Spandler, 2008; Skora and Blundy, 2010; Tsuno and
Dasgupta, 2012; Mann and Schmidt, 2015; Jégo and
Dasgupta, 2013; 2014). The andesite was similar in compo-
sition to the silicate melt produced by partial melting of
AOC at 1350 �C and 5 GPa (Spandler et al., 2008). Under
the present experimental P-T conditions (Fig. 1), partial
melting of the andesite would produce rhyodacitic melts
as produced in previous experiments simulating partial
melting of the subducting AOC (Jégo and Dasgupta,
2013, 2014). The synthetic hydrous rhyolite and andesite
were prepared from high-purity oxides, carbonates, and
aluminum hydroxide. SiO2, TiO2, Al2O3, and MgO powder
were each heated over night at 1000 �C, CaCO3 at 200 �C,
and Na2CO3 and K2CO3 at 110 �C to minimize adsorbed
water contents. The chemical powder of SiO2, TiO2,
Al2O3, MgO, Na2CO3 and K2CO3 were mixed and grinded
in acetone in a mortar for about one hour, and then dried at
room temperature. Then the dried mixture was heated in a
muffle at 1000 �C overnight for decarbonation. The mixture
was subsequently mixed with FeO, MnO, and P2O5 for the
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preparation of andesite, or with FeO, MnO, and Al(OH)3
for the preparation of hydrous rhyolite. The final mixture
was then grinded in acetone in a mortar for another one
hour and dried at room temperature. All starting silicate
powder was stored in a vacuumed oven at 100 �C.

The starting silicate and high-purity anhydrite (CaSO4)
weremixed in a proportion of ~1.5:1, which were then loaded
into Au capsules. The high proportion of anhydrite ensured
the saturation of anhydrite in the experiments but would not
affect the measured SCAS. To investigate the effect of water
on SCAS, ~3–10 wt.% H2O were added into the Au capsules
using a micro-syringe for the Set-1 and Set-2 experiments
(Table 2), in which the nominally dry rhyolite and andesite
were used as the starting silicate, respectively. In the Set-3
experiments where the hydrous rhyolite was used (Table 2),
no additional water was added to try to obtain a constant
water content in the silicate melt. In the Set-4 experiments
(Table 2), the dry rhyolite was used as the starting silicate,
without adding water in the Au capsules.

2.2. High-pressure experiments

The experiments at 0.5–4 GPa were performed in an end-
loaded solid media piston cylinder apparatus (Max Voggen-
reiter LPC250), using 1/2-inch Talc–Pyrex assemblies and
graphite heaters. Pressure of the experiments was estimated
from the hydraulic pressure that was calibrated against the
quartz–coesite and kyanite–sillimanite transitions with a
20% friction correction applied. The pressure uncertainty
was estimated to be better than 0.1 GPa. Temperature of
the experiments wasmonitored by S-type (Pt–Pt90Rh10) ther-
mocouples with an estimated temperature uncertainty of
±10 �C.

The experiments at 5 GPa were carried in an SP-1000
Kawaii-type multi-anvil apparatus. Tungsten carbide (WC)
anvils with 11-mm truncated edge lengths, together with a
Cr2O3-doped MgO octahedron (18 mm edge length) as the
pressure medium, were used to generate high pressures.
LaCrO3 tubes with outer and inner diameters of 6 and
3 mm were used as heaters. The sample Au capsule was
located into a MgO tube with outer and inner diameters of
3 and 2 mm and covered with a 0.05 mm thick tungsten slice
to prevent the destruction of capsule by the thermocouple.
Experimental pressure was estimated from the hydraulic
pressure using calibrations based on the phase transitions
of Bi, ZnS, and Mg2SiO4 polymorphs. Temperature of the
experiments was monitored by C-type (W95Re05–W74Re26)
thermocouples with an estimated temperature uncertainty
of ±10 �C.

Durations of the experiments ranged from 38 to 48 hours,
whichwe found are sufficient for attaining equilibrium as evi-
denced by the homogeneous distribution of major elements
and S in the silicatemelts (see below) and as evidenced by pre-
vious experiments at similar temperatures (Zajacz and Tsay,
2019). The experiments were quenched by turning off electri-
cal power to the heaters. The recovered samples capsules
were cut into two halves using a diamond wire saw; one half
polished for optical observations, electron microprobe anal-
yses, and Raman measurements, and the other half of some
samples double-sides polished for FTIR measurements.
2.3. Analysis

2.3.1. Electron microprobe

Major element compositions and the sulfur concentra-
tions of the quenched silicate melts were analyzed using a
JEOL JXA-8230 electron microprobe. Accelerating voltage
of 15 kV, beam current of 10 nA and beam size of 10 lm
were used as the analytical conditions for major elements.
The peak counting time was 10 s for Na and K, 20 s for
Si, Fe, Ca and Al, 40 s for Mg and Ti, and 60 s for Mn.
These analytical conditions are similar to those used in pre-
vious studies for measuring SCAS in hydrous rhyolitic
melts (Jégo and Dasgupta, 2013, 2014; Masotta and
Keppler, 2015; Zajacz and Tsay, 2019). Test on a few sam-
ples from the Set-3 experiments (Table 2) using a beam cur-
rent of 5 nA yielded consistent Na2O and K2O contents
within analytical uncertainties. Diopside was used as stan-
dard for Si and Ca, whereas rutile, obsidian glass, mag-
netite, rhodonite, olivine, albite and orthoclase were used
as standards for Ti, Al, Fe, Mn, Mg, Na, and K, respec-
tively. For measuring sulfur, accelerating voltage of
15 kV, beam current of 70 nA, and beam size of 10 lm were
used, and the peak counting time was 60 s. Both pyrite and
barite standards were used to calibrate the instruments. A
synthetic basaltic glass K71 and an obsidian glass were
repeatedly measured as external standards to check the
accuracy of the analysis, although both glasses are nomi-
nally anhydrous.

Major element composition of clinopyroxene, ompha-
cite, coesite, and anhydrite was analyzed using a JEOL
JXA-8230 electron microprobe. Accelerating voltage of
15 kV, beam current of 20 nA, and beam size of 1 lm were
used as the analytical conditions for major elements. The
peak counting time was 10 s for Na and K, 20 s for Si,
Mg, Fe, Ca and Al, and 40 s for Mn and Ti. Diopside
was used as standard for Si, Mg, and Ca, whereas rutile,
almandine garnet, magnetite, rhodonite, albite, orthoclase,
and barite were used as standards for Ti, Al, Fe, Mn, Na,
K, and S, respectively.

2.3.2. FTIR and Raman spectroscopy

Some of the quenched silicate melts were chosen for
water concentration analysis using a JASCO FT/IR-6100
FTIR. The quenched silicate melts (glasses) show typical
absorption peaks of 5230 cm�1, 4520 cm�1 and
3600 cm�1. The former two bands were used to calculate
the total water contents following the Lambert–Beer law:

CH2Ot ¼ 18:015� A5230=ðq� d � e5230Þ þ 18:015

� A4520=ðq� d � e4520Þ ð1Þ
where CH2Ot , A, q, d and e refer to the water concentration
in wt.%, height of the peak in cm�1, density of the melt in g
L�1, thickness of the sample in mm, and absorption coeffi-
cient in mol�1 cm�1, respectively. The e values correspond-
ing to the water 5230 and 4520 cm�1 peaks were taken from
Ohlhorst et al. (2001). Density of the melt was calculated
using the following linear equation:

q ¼ �12:88CH2Ot þ 2521:6 ð2Þ



Table 2
Summary of the experimental conditions and products.

Run No. Pressure
(GPa)

Temperature (�
C)

Run
duration
hours

Starting materials Run products Silicate melt
SCAS (ppm)

aH2O in silicate
melt (wt.%)

bH2O in silicate
melt (wt.%)

Set-1 Experiments on rhyolite and water

RSCAS-1 1 1000 40 Rhyolite + anhydrite + H2O Gl + Anhy 192 ± 66 6.03 ± 0.43
RSCAS-2 1 1000 40 Rhyolite + anhydrite + H2O Gl + Anhy 521 ± 59 9.85 ± 0.59
RSCAS-3 1 1000 40 Rhyolite + anhydrite + H2O Gl + Anhy 248 ± 45 3.63 ± 0.56
RSCAS-4 1 1000 40 Rhyolite + anhydrite + H2O Gl + Qtz + Anhy 885 ± 24 7.78 ± 0.40
RSCAS-6 2 1000 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 1749 ± 80 8.67 ± 0.98
RSCAS-7 2 1000 40 Rhyolite + anhydrite + H2O Gl + Anhy 1835 ± 170 10.94 ± 1.09
RSCAS-8 2 1000 40 Rhyolite + anhydrite + H2O Gl + Anhy 3478 ± 302 11.61 ± 0.50
RSCAS-9 3 1000 39 Rhyolite + anhydrite + H2O Gl + Anhy 2749 ± 321 11.28 ± 1.17
RSCAS-10 3 1000 39 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 3012 ± 350 12.61 ± 0.89
RSCAS-13 4 1000 48 Rhyolite + anhydrite + H2O Gl + Coe + Cpx + Po + Anhy 2744 ± 171 11.84 ± 0.59 11.34 ± 0.75
RSCAS-14 4 1000 48 Rhyolite + anhydrite + H2O Gl + Coe + Cpx + Po + Anhy 3247 ± 238 10.04 ± 0.50 10.87 ± 0.54
RSCAS-15 2 900 41 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 336 ± 37 7.98 ± 0.46
RSCAS-16 2 900 41 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 322 ± 34 7.84 ± 0.56
RSCAS-17 2 900 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 325 ± 14 7.10 ± 0.40 6.56 ± 0.93
RSCAS-18 2 900 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 341 ± 23 7.05 ± 0.40 7.05 ± 0.22
RSCAS-19 2 1100 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 374 ± 48 4.24 ± 0.00 4.19 ± 0.12
RSCAS-20 2 1100 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 472 ± 34 4.19 ± 0.23
RSCAS-21 2 1100 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 3291 ± 663 10.61 ± 0.71
RSCAS-22 2 1100 40 Rhyolite + anhydrite + H2O Gl + Anhy 3337 ± 488 10.02 ± 0.52 10.33 ± 0.18
RSCAS-23 3 1100 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 922 ± 28 4.63 ± 0.15
RSCAS-24 3 1100 40 Rhyolite + anhydrite + H2O Gl + Qtz + Cpx + Anhy 1007 ± 36 7.01 ± 0.29
RSCAS-25 3 1100 40 Rhyolite + anhydrite + H2O Gl + Anhy 1406 ± 76 9.38 ± 0.42
RSCAS-26 3 1100 40 Rhyolite + anhydrite + H2O Gl + Anhy 2956 ± 157 8.70 ± 0.42

Set-2 Experiments on andesite and water

ASCAS-1 3 1000 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 750 ± 41 11.04 ± 0.57
ASCAS-2 3 1000 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 614 ± 50 10.11 ± 0.42
ASCAS-3 3 1100 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 924 ± 17 12.03 ± 0.42
ASCAS-4 3 1100 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 528 ± 67 9.68 ± 0.70
ASCAS-5 4 1000 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 1065 ± 67 9.67 ± 1.87
ASCAS-6 4 1000 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 954 ± 170 11.70 ± 3.08
ASCAS-7 4 1100 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 1448 ± 269 3.86 ± 0.50
ASCAS-8 4 1100 40 Andesite + anhydrite + H2O Gl + Cpx + Rt + Anhy 1335 ± 168 4.17 ± 0.12
ASCAS-9 5 1100 40 Andesite + anhydrite + H2O Gl + Coe + Cpx + Rt + Anhy 2265 ± 280 7.40 ± 1.05
ASCAS-10 5 1200 38 Andesite + anhydrite + H2O Gl + Coe + Cpx + Rt + Anhy 2512 ± 192 7.56 ± 0.49

Set-3 Experiments on hydrous rhyolite at 1030 �C
RSCAS-32 0.5 1030 40 Hydrous rhyolite + anhydrite Gl + Anhy 260 ± 35 3.30 ± 0.18
RSCAS-28 0.7 1030 40 Hydrous rhyolite + anhydrite Gl + Anhy 193 ± 14 5.18 ± 0.33
RSCAS-30 1 1030 40 Hydrous rhyolite + anhydrite Gl + Anhy 241 ± 8 5.81 ± 0.38
RSCAS-36 1.2 1030 40 Hydrous rhyolite + anhydrite Gl + Anhy 470 ± 47 5.22 ± 0.25
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which was constructed by fitting the dacitic melt data from
Ohlhorst et al. (2001). The H2O concentration in the silicate
melt was calculated using Eqs. (1) and (2) and an iterative
approach.

Laser Raman spectra were collected using the Horiba
Xplora laser Raman microscope to identify mineral phases.
An Ar+ ion laser with an excitation wavelength of 532 nm
was operated at 44 mW. The scanning range of the spectra
was set to be 100–4000 cm�1 and the accumulation time for
each scan was 10 s. A spectral resolution of 0.65 cm�1 and
beam diameter of 1 lm were used. The Raman peak at
520.7 cm�1 of a monocrystalline silicon sample was used
to calibrate the instrument.

3. RESULTS

3.1. Sample petrography

Four sets of experiments, including totally forty-three
experiments, were done at 0.5–5 GPa and 900–1200 �C.
The experimental conditions and run products are summa-
rized in Table 2. Some representative textures are shown in
Fig. 2. Anhydrite crystals and silicate melt were present in
all experiments. For the Set-1 experiments starting with
rhyolite and water (Set-1 experiments on hydrous rhyolite
in Table 2), quartz crystals (<~4% in volume) formed in
some experiments at 2–3 GPa, while coesite crystals formed
in the experiments at 4 GPa. Jadeite crystals formed in
some experiments at 2–4 GPa. In addition, a few small pyr-
rhotite crystals (<15 mm) were found in runs RSCAS-13
and RSCAS-14 at 4 GPa, but they were not found in the
other experiments. For the Set-2 experiments starting with
andesite and water (Set-2 experiments on hydrous andesite
in Table 2), crystals of clinopyroxene and rutile were
observed in the experiments at 3–4 GPa, and crystals of
clinopyroxene, rutile, and coesite were observed in the
experiments at 5 GPa. For the Set-3 experiments starting
with hydrous rhyolite (Set-3 experiments on hydrous rhyo-
lite at 1030 �C in Table 2), no silicate crystals were found.
For the Set-4 experiments starting with dry rhyolite at
1030 �C (Set-4 experiments on dry rhyolite at 1030 �C in
Table 2), quartz crystals were observed in three experiments
at 1–1.5 GPa. Note that the Set-3 and Set-4 experiments
were performed at a fixed temperature of 1030 �C. We
below focus on the major element compositions and S con-
centrations of the silicate melts.

3.2. Major element composition of the silicate melts

Major element compositions of the silicate melts are
given in Table 3, and major element compositions of the
clinopyroxene, coesite, and anhydrite crystals measured
for some experiments are given in Table S1. In the Set-1
experiments starting with rhyolite and water at 1–4 GPa
(Table 2), the silicate melts on the dry basis had major ele-
ment compositions similar to those of the starting rhyolite.
Fig. 3 shows the variation of SiO2, Al2O3, CaO, Na2O, and
K2O as a function of pressure at various temperatures. In
general, the SiO2 and Na2O contents (73–78 wt.% and
1.8–4.2 wt.%, respectively) decrease with increasing pres-



Fig. 2. BSE-microphotographs of typical run products. (a) RSCAS-2 (1 GPa, 1000 �C) showing coexisting anhydrite crystals and silicate
melt. (b) RSCAS-14 (4 GPa, 1000 �C) showing coexisting coesite and pyrrhotite crystals embedded in the silicate melt. (c) ASCAS-1 (3 GPa,
1000 �C) showing coexisting clinopyroxene and rutile crystals embedded in the silicate melt. Phase abbreviations: Cpx = clinopyroxene;
Coe = coesite; Rt = rutile; Anhy = anhydrite; Po = pyrrhotite. Raman spectral for some of the produced crystals were attached.
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sure because of the crystallization of quartz + jadeite or
coesite + jadeite at pressures higher than 2 GPa (Fig. 3a
and d). The CaO content (0.5–2.1 wt.%) generally increases
with increasing pressure (Fig. 3c). The K2O content (4.2–6.0
wt.%) in the silicate melt only slightly increases with
increasing pressure (Fig. 3e). At a given pressure, the vari-
ation of the major element composition can be ascribed to
the degree of crystallization controlled by the experimental
temperature and sample water content.

In the Set-2 experiments starting with andesite and water
at 3–5 GPa (Table 2), the produced silicate melts were rhy-
odacitic. Compared to the starting andesite, the silicate
melts had higher contents of SiO2 (67–75 wt.%) and K2O
(7.5–11.8 wt.%) but lower contents of CaO (0.9–2.1 wt.



Table 3
Compositions of the quenched silicate melts (in wt.%).

Run No. SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O SO3 H2O

Set-1 Experiments on rhyolite and water

RSCAS-1 77.94 0.07 11.99 0.65 0.08 0.07 0.45 3.92 4.83 0.05 6.03
1r 0.42 0.03 0.13 0.08 0.02 0.03 0.06 0.15 0.08 0.02 0.43
RSCAS-2 78.78 0.08 11.80 0.60 0.04 0.07 0.47 3.43 4.72 0.13 9.85
1r 0.55 0.03 0.13 0.05 0.02 0.01 0.08 0.14 0.05 0.01 0.59
RSCAS-3 77.65 0.09 11.80 0.51 0.06 0.12 0.65 3.85 5.26 0.06 3.63
1r 0.50 0.01 0.34 0.07 0.06 0.03 0.16 0.06 0.08 0.01 0.56
RSCAS-4 76.46 0.08 12.11 0.23 0.04 0.59 1.29 4.15 5.06 0.22 7.78
1r 0.38 0.02 0.24 0.02 0.03 0.05 0.09 0.18 0.07 0.01 0.40
RSCAS-6 75.30 0.08 12.95 0.04 0.05 0.04 2.07 4.22 5.24 0.44 8.67
1r 1.63 0.03 0.68 0.03 0.03 0.02 0.26 0.24 0.23 0.02 0.98
RSCAS-7 78.01 0.08 11.95 0.52 0.08 0.05 1.06 3.43 4.83 0.46 10.94
1r 0.81 0.02 0.25 0.06 0.03 0.01 0.07 0.25 0.11 0.04 1.09
RSCAS-8 77.60 0.05 12.03 0.57 0.06 0.05 1.36 3.40 4.87 0.87 11.61
1r 0.55 0.02 0.38 0.10 0.03 0.01 0.15 0.21 0.11 0.08 0.50
RSCAS-9 77.79 0.06 12.04 0.57 0.06 0.06 1.22 3.41 4.79 0.69 11.28
1r 1.01 0.03 0.25 0.05 0.02 0.01 0.09 0.16 0.15 0.08 1.17
RSCAS-10 74.38 0.07 15.87 0.40 0.05 0.06 1.43 3.08 4.65 0.75 12.61
1r 1.41 0.03 1.58 0.08 0.04 0.01 0.11 0.10 0.09 0.09 0.89
RSCAS-13 76.55 0.09 13.98 0.07 0.06 0.07 1.55 2.58 5.04 0.69 11.34
1r 0.56 0.01 0.18 0.03 0.01 0.01 0.06 0.13 0.08 0.04 0.75
RSCAS-14 75.19 0.10 14.21 0.03 0.04 0.07 1.72 2.63 5.99 0.81 10.04
1r 0.46 0.01 0.17 0.02 0.01 0.01 0.10 0.13 0.12 0.06 0.50
RSCAS-15 75.01 0.10 15.15 0.61 0.08 0.10 0.53 2.98 5.44 0.08 7.98
1r 0.50 0.01 0.13 0.10 0.01 0.01 0.02 0.11 0.14 0.01 0.46
RSCAS-16 74.92 0.10 15.16 0.55 0.07 0.08 0.58 3.07 5.46 0.08 7.84
1r 0.60 0.01 0.20 0.04 0.01 0.01 0.04 0.04 0.12 0.01 0.56
RSCAS-17 75.27 0.10 14.77 0.44 0.07 0.08 0.61 3.10 5.54 0.08 7.10
1r 0.44 0.01 0.06 0.02 0.01 0.02 0.04 0.10 0.08 0.00 0.40
RSCAS-18 75.25 0.10 14.90 0.49 0.06 0.08 0.55 3.08 5.48 0.09 7.05
1r 0.41 0.01 0.15 0.02 0.01 0.01 0.02 0.08 0.06 0.01 0.40
RSCAS-19 75.84 0.09 14.04 0.63 0.05 0.07 0.73 3.45 5.10 0.09 4.24
1r 0.61 0.01 0.21 0.02 0.01 0.01 0.04 0.21 0.09 0.01 0.00
RSCAS-20 75.76 0.10 13.97 0.60 0.06 0.08 0.65 3.64 5.15 0.12 4.19
1r 0.27 0.01 0.07 0.03 0.00 0.01 0.03 0.10 0.06 0.01 0.23
RSCAS-21 75.51 0.08 15.86 0.50 0.07 0.05 1.56 2.15 4.22 0.82 10.61
1r 0.46 0.01 0.54 0.04 0.02 0.01 0.15 0.22 0.08 0.17 0.71
RSCAS-22 77.43 0.08 13.57 0.58 0.05 0.05 1.41 2.32 4.50 0.83 10.02
1r 0.52 0.01 0.19 0.03 0.01 0.01 0.07 0.21 0.13 0.12 0.52
RSCAS-23 73.52 0.09 15.22 0.65 0.06 0.08 0.81 3.86 5.70 0.23 4.63
1r 0.33 0.01 0.08 0.03 0.00 0.01 0.03 0.09 0.05 0.01 0.15
RSCAS-24 76.58 0.09 14.01 0.60 0.06 0.07 0.72 2.84 5.03 0.25 7.01
1r 0.25 0.01 0.06 0.03 0.01 0.01 0.04 0.04 0.09 0.01 0.29
RSCAS-25 78.93 0.08 13.02 0.55 0.06 0.07 0.78 1.85 4.66 0.35 9.38
1r 0.36 0.02 0.13 0.02 0.01 0.01 0.02 0.07 0.06 0.02 0.42
RSCAS-26 78.20 0.08 13.19 0.58 0.06 0.07 0.97 2.24 4.62 0.74 8.70
1r 0.29 0.01 0.12 0.03 0.00 0.01 0.05 0.08 0.12 0.04 0.42

Set-2 Experiments on andesite and water

ASCAS-1 74.69 0.56 14.98 1.21 0.00 0.09 0.94 2.09 8.82 0.19 11.04
1r 0.48 0.06 0.16 0.04 0.01 0.01 0.05 0.12 0.08 0.01 0.57
ASCAS-2 73.78 0.56 15.05 1.05 0.00 0.11 1.29 2.03 8.70 0.15 10.11
1r 0.57 0.06 0.13 0.06 0.01 0.05 0.37 0.10 0.14 0.01 0.42
ASCAS-3 73.74 0.69 15.55 1.54 0.00 0.21 1.68 2.01 7.64 0.23 12.03
1r 0.52 0.20 0.21 0.08 0.00 0.01 0.10 0.21 0.13 0.00 0.42
ASCAS-4 73.76 0.65 15.01 1.10 0.00 0.09 1.12 2.28 7.98 0.13 9.68
1r 0.69 0.23 0.17 0.05 0.01 0.02 0.07 0.11 0.15 0.02 0.70
ASCAS-5 70.13 0.56 15.18 0.87 0.01 0.04 0.88 1.17 11.16 0.27 9.67
1r 1.86 0.03 0.23 0.05 0.01 0.01 0.03 0.05 0.32 0.02 1.87
ASCAS-6 70.05 0.54 15.63 0.78 0.01 0.04 1.23 1.31 10.94 0.24 11.70
1r 2.20 0.08 1.15 0.09 0.01 0.02 0.13 0.11 0.50 0.04 3.08
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ASCAS-7 68.05 1.26 14.04 3.42 0.00 0.23 2.06 2.59 7.56 0.36 3.86
1r 0.66 0.03 0.58 0.11 0.00 0.04 0.27 0.11 0.14 0.07 0.50
ASCAS-8 66.89 1.26 14.14 3.50 0.00 0.25 2.15 2.42 7.52 0.34 4.17
1r 0.33 0.06 0.05 0.08 0.01 0.02 0.07 0.11 0.05 0.04 0.12
ASCAS-9 69.50 0.20 15.04 0.44 0.05 0.00 1.69 1.27 11.82 0.57 7.40
1r 1.91 0.01 0.61 0.05 0.02 0.00 0.18 0.14 0.52 0.07 1.05
ASCAS-10 69.00 0.19 15.41 0.46 0.08 0.01 1.61 1.89 11.36 0.63 7.56
1r 0.76 0.01 0.41 0.03 0.01 0.01 0.13 0.13 0.21 0.05 0.49

Set-3 Experiments on hydrous rhyolite at 1030 �C
RSCAS-28 76.53 0.09 13.10 0.73 0.09 0.22 0.62 3.94 4.67 0.05 5.18
1r 0.78 0.02 0.37 0.09 0.03 0.04 0.05 0.18 0.08 0.00 0.33
RSCAS-30 76.75 0.10 13.01 0.64 0.09 0.13 0.76 3.94 4.58 0.06 5.81
1r 0.35 0.04 0.20 0.06 0.02 0.03 0.04 0.10 0.12 0.00 0.38
RSCAS-32 76.73 0.12 12.76 0.62 0.06 0.26 1.06 3.89 4.51 0.07 3.30
1r 0.51 0.04 0.43 0.08 0.02 0.10 0.13 0.11 0.11 0.01 0.18
RSCAS-34 76.08 0.14 13.24 0.65 0.07 0.11 1.16 3.90 4.65 0.07 5.83
1r 0.38 0.04 0.17 0.09 0.02 0.02 0.06 0.08 0.14 0.01 0.45
RSCAS-36 75.05 0.11 12.96 0.68 0.10 0.14 1.87 4.47 4.62 0.12 5.22
1r 0.34 0.04 0.16 0.07 0.02 0.02 0.10 0.10 0.14 0.01 0.25

Set-4 Experiments on dry rhyolite at 1030 �C
RSCAS-27 76.86 0.08 11.93 0.66 0.10 0.09 0.83 4.12 4.81 0.06 99.60
1r 0.74 0.02 0.34 0.02 0.02 0.01 0.06 0.06 0.13 0.01 0.30
RSCAS-29 73.96 0.15 12.76 1.07 0.22 0.09 1.04 4.67 5.58 0.14 99.79
1r 0.16 0.01 0.50 0.04 0.03 0.04 0.09 0.19 0.19 0.01 0.49
RSCAS-31 74.87 0.06 13.28 0.42 0.13 0.17 1.36 4.63 4.37 0.15 99.42
1r 0.47 0.09 0.41 0.02 0.01 0.09 0.03 0.08 0.10 0.01 0.51
RSCAS-33 72.48 0.04 15.69 0.17 0.04 0.01 0.53 5.76 5.57 0.04 100.33
1r 0.53 0.01 0.14 0.02 0.01 0.01 0.03 0.07 0.05 0.00 0.36
RSCAS-35 74.32 0.12 12.81 1.16 0.18 0.13 0.81 4.52 5.50 0.08 99.76
1r 0.54 0.04 0.39 0.08 0.05 0.03 0.01 0.12 0.11 0.01 0.67

Major element contents are normalized to 100% on a dry basis except for the dry experiments of Set-4.
For each sample, typically 10–15 spots were analyzed, and 1r is the standard deviation based on replicate analyses.
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%), MgO (0.01–0.25 wt.%), FeOt (0.4–3.5 wt.%), Na2O
(1.3–2.6 wt.%), and TiO2 (0.2–1.3 wt.%). The large varia-
tion of these silicate melts in major element compositions
was mainly caused by the different degrees of crystallization
of clinopyroxene, rutile, and coesite. In the Set-3 and Set-4
experiments performed at a fixed temperature of 1030 �C
(Table 2), the major element compositions of the silicate
melts are nearly identical to those of the starting rhyolite,
except for that the CaO content of the silicate melts
increases by a factor of ~1–3.

The silicate melt water contents (4.2–11.3 wt.%) of six
samples, as measured by FTIR, are consistent with those
(4.2–11.8 wt.%) calculated based on the deficit of EPMA
analytical totals from 100 wt.% (Fig. 4; Table 2). The water
contents of these six samples well cover those of most of our
samples (Table 2). Therefore, the silicate melt water con-
tents for most of our hydrous samples were estimated using
the EPMA-deficit approach, which range from 3.3 to 12.6
wt.% (Fig. 3f and Table 2). For the nominally dry experi-
ments (the Set-4 experiments in Table 2), the EPMA totals
are between 99.5 wt.% and 100.3 wt.%, and we assumed
negligible amounts of water in the silicate melts.

3.3. The S concentration at anhydrite saturation in silicate

melts

The SCAS in the silicate melts ranges from 170 to
3500 ppm. The SCSS in rhyolitic to rhyodacitic melts at
2–3 GPa and fO2 below FMQ is ~50–150 ppm (Jégo and
Dasgupta, 2013, 2014). Therefore, the contribution of S2�

to the measured SCAS in the two experiments saturated
with pyrrhotite (RSCAS-13 and RSCAS-14) should be
insignificant considering that the measured SCAS values
of these two experiments are between 2700 and
3200 ppm. Fig. 5a shows that at 2–3 GPa, SCAS increases
with increasing temperature for the experiments with 74–78
wt.% SiO2 and 7.1–12.6 wt.% H2O, in good agreement with
previous results at low pressures (Masotta and Keppler,
2015; Zajacz and Tsay, 2019). A positive effect of water
on SCAS was also observed in our study (Fig. 5b). For
example, the silicate melts from runs RSCAS-19 and
RSCAS-20 at 2 GPa and with 4.2 wt.% H2O have SCAS
values of 374–472 ppm; whereas, the silicate melts from
runs RSCAS-21 and RSCAS-22 with 10.0–10.6 wt.% H2O
have SCAS values of ~3300 ppm at the same P–T condi-
tions. SCAS also increases with increasing the CaO content
of the silicate melt (Fig. 5c). This observation is consistent
with previous results obtained at various pressures and tem-
peratures for basaltic to rhyolitic melts (Chowdhury and
Dasgupta, 2019). Fig. 5d shows that SCAS may also
increase with increasing pressure. However, pressure is also
correlated with the CaO and H2O content of the silicate
melts (Fig. 3c and f). Therefore, the observed correlation
between pressure and SCAS could be ascribed to the corre-
lation between pressure and the CaO and H2O content of
the silicate melt. The Set-3 and Set-4 experiments, which



Fig. 3. Variation of major element composition of the produced silicate melts with experimental pressure. The plotted concentrations of all
major elements were taken from Table 3, which were recalculated and normalized to 100% from EPMA results on a dry basis. The Set-1
experiments (Set-1 Exp.) started with rhyolite and water at 1–4 GPa and 900–1100 �C, the Set-2 experiments (Set-2 Exp.) started with andesite
and water at 3–5 GPa and 1000–1200 �C, the Set-3 experiments (Set-3 Exp.) started with hydrous rhyolite with ~5 wt.% water at 0.5–1.5 GPa
and 1030 �C, and the Set-4 experiments (Set-4 Exp.) started with dry rhyolite at 0.5–1.5 GPa and 1030 �C. See Table 2 for the detailed
experimental conditions for all individual experiments.
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have nearly constant melt composition and water content,
were performed at 1030 �C and 0.5–1.5 GPa to indepen-
dently evaluate the effect of pressure on SCAS. Fig. 5e
and f show that SCAS is positively correlated with the
CaO content of the silicate melt, rather than pressure.
Accordingly, these experiments directly demonstrate that
pressure does not considerably affect SCAS, which is in
contrast to the studies of Li and Ripley (2009) and Baker
and Moretti (2011) but consistent with the studies of
Masotta and Keppler (2015), Chowdhury and Dasgupta
(2019), and Zajacz and Tsay (2019).

3.4. Sample oxygen fugacity

In this study, runs RSCAS-13 and RSCAS-14 at 4
GPa are saturated with both pyrrhotite and anhydrite,
and the other experiments are saturated with only anhy-
drite. Thus, the sample fO2 should be higher than, or
equivalent to, the fO2 that stabilizes coexisting sulfide
and sulfate phases in the silicate melts. Previous experi-
ments show that at 2–3 GPa and 1050 �C, the fO2 that
stabilizes coexisting sulfide and anhydrite phases in rhy-
olitic to dacitic melts is ~FMQ+2 (Jégo and Dasgupta,
2014; Li et al., 2019). Accordingly, the fO2 prevailing in
our present experiments should be �FMQ+2. The pres-
ence of pyrrhotite in runs RSCAS-13 and RSCAS-14 at
4 GPa appears to be consistent with the studies of Jégo
et al. (2016) and Matjuschkin et al. (2016), who proposed
that the stability filed of sulfide may shift to high fO2

with increasing pressure. However, pyrrhotite crystals
were not found in our experiments at 5 GPa (the Set-2
experiments in Table 2).



Fig. 4. Comparison of the water contents measured by FTIR and
calculated by the deficit of EPMA totals from 100 wt.%. This figure
shows that the FTIR and EPMA-deficit approaches yielded
consistent water content in the silicate melt. Note that the water
content in this plot ranged from 4.2 to 11.3 wt.%, covering the
range of water content of most of our samples (Table 2).
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4. DISCUSSION

4.1. Comparison with previous SCAS data

Previous experiments for measuring SCAS in silicate
melts were done by Carroll and Rutherford (1987), Luhr
(1990), Clemente et al. (2004), Costa et al. (2004), Jugo
et al. (2005), Scaillet and MacDonald (2006), Beermann
et al. (2011), Jégo and Pichavant (2012), Prouteau and
Scaillet (2013), Jégo and Dasgupta (2014), Huang and
Keppler (2015), Masotta and Keppler (2015), Chowdhury
and Dasgupta (2019), and Zajacz and Tsay (2019). How-
ever, most of these experiments were conducted at pressures
below 0.5 GPa for andesitic to rhyolitic melts. Jugo et al.
(2005) and Chowdhury and Dasgupta (2019) reported
SCAS data for basaltic to rhyolitic melts with experiments
conducted at 0.5–3 GPa and 1050–1325 �C. These previous
studies found that SCAS varies from a few tens of ppm to a
few ten thousand of ppm, which is a multiple function of
temperature, silicate melt composition, and silicate melt
water content. The SCAS values in basaltic melts at 1–3
GPa and 1200–1350 �C are 7900–18000 ppm (Jugo et al.,
2005; Chowdhury and Dasgupta, 2019), whereas the SCAS
values are 32–4600 ppm in andesitic to rhyolitic melts at
700–1200 �C and pressures < 0.5 GPa (Carroll and
Rutherford, 1987; Luhr, 1990; Clemente et al., 2004;
Costa et al., 2004; Scaillet and MacDonald, 2006; Huang
and Keppler, 2015; Masotta and Keppler, 2015; Zajacz
and Tsay, 2019). The experiments in this study were con-
ducted at conditions of 0.5–5 GPa and 900–1200 �C, which
are more relevant for partial melting of the subducting slab,
so an intuitive comparison between the present and previ-
ous SCAS data cannot be made. However, our observa-
tions that SCAS increases with increasing temperature
and the CaO and water content of the silicate melt
(Fig. 5a–c) are in good agreement with previous results
obtained at low pressures. The SCAS values (700–
1500 ppm) obtained by Jégo and Dasgupta (2014) for rhy-
olitic melts with 4.4–4.7 wt.% water and at 2–3 GPa and
950 �C are well within the range of the SCAS values
(320–3500 ppm) obtained at 2–3 GPa and 900–1000 �C in
this study. To quantitatively understand the factors that
potentially affect SCAS, we below test the accuracy of all
previous SCAS models using our new SCAS data.

4.2. Test the accuracy of previous SCAS models

The dissolution of anhydrite in the silicate melt can be
described as:

CaSO4 anhydriteð Þ ¼ CaO silicate meltð Þ
þ SO3 ðsilicate meltÞ ð3Þ

The equilibrium constant or solubility product constant
KSP of Eq. (3) can be written as:

KSP ¼ aSO3
� aCaO

aCaSO4

ð4Þ

where aSO3
and aSO3

denote activity of SO3 and CaO in the
silicate melt, respectively, and aCaSO4

denotes activity of
anhydrite. Since anhydrite is saturated in all experiments,
aCaSO4

equals one. Using chemical thermodynamics, Eq.
(4) can be further written as:

lnKSP ¼ lnðxSO3
� xCaOÞ þ lnðcCaO � cCaOÞ ¼ �DG0=RT

¼ �ðDH 0
r � TDS0

r þ
Z

DVdPÞ=RT ð5Þ

where x and c denote mole fraction and activity coefficient,
respectively, R is gas constant, T is temperature in K, and
DG0 is Gibbs free energy. If we define K�

sp ¼ xSO3
� xCaO,

Eq. (5) can be written as:

lnðK�
spÞ ¼ �DH 0

r � TDS0
r þ

R
DVdP

RT
� lnðcSO3

� cCaOÞ ð6Þ

where DH 0
r is enthalpy change, DS0

r is entropy change, and
DV is volume change for the reaction of Eq. (3). Eq. (6) can
be further written as:

lnðK�
spÞ ¼

�DH 0
r

RT
þ�DV � P

T
þ DS0

r

R
� lnðcSO3

� cCaOÞ ð7Þ

and

ln SCASð Þ ¼ �DH 0
r

RT
þ�DV � P

T
þ DS0

r

R
� ln cSO3

� cCaO
� �

� lnðxCaOÞ þ C ð8Þ
where C is a constant. Eq. (8) implies that ln SCASð Þ should
be a multiple function of 1/T, pressure, the CaO content of
the silicate melt (xCaO), and cSO3

and cCaO. The cSO3
and cCaO

should be a function of the silicate melt composition and
temperature. The effect of pressure could be negligible if
DV is significantly small. Eq. (8) forms the thermodynami-
cal basis for the calibration of SCAS models to quantita-
tively understand the effects of temperature, pressure,
silicate melt composition, and silicate melt water content
on SCAS and to accurately predict SCAS in the silicate
melts at various conditions.



Fig. 5. Effects of pressure, temperature, silicate melt water content, and silicate melt CaO content on SCAS. The Set-1 to Set-4 experiments
are the same as those shown in Fig. 3 (see also Table 2). In (a), the SCAS values from the Set-1 experiments with 7.1–12.6 wt.% water at 2–3
GPa, and the SCAS values from the Set-2 experiments, were selected to show the effect of temperature. In (b) and (c), all experimental data
were plotted to show the general positive effect of the CaO and water content in the silicate melt on SCAS. In (d), the SCAS values from the
Set-1 experiments with 73–79 wt.% SiO2 and 3.6–12.6 wt.% H2O, and the SCAS values from the Set-2 experiments with 68–72 wt.% SiO2 and
3.9–12.0 wt.% H2O, were selected to try to understand the effect of pressure. In (e) and (f), the SCAS values from the Set-3 and Set-4
experiments were plotted to show the correlation of SCAS and the CaO content of the silicate melt but negligible effect of pressure on SCAS.
Note that the observed general positive correlation between SCAS and pressure in (d) is caused by the general position correlation between
pressure, the silicate melt composition, and the silicate melt water content (Fig. 3), rather than pressure itself. The literature SCAS values from
the silicate melts that contained >60 wt.% SiO2, ~1.7–13.7 wt.% H2O, and >0.4 wt.% CaO at 0.2–3 GPa and 800–1150 �C were selected for
comparison. A summary of previous experimental P–T conditions, silicate melt major element compositions, silicate melt water content, and
SCAS values was given in Table S2.
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Several SCAS models have been calibrated by Li and
Ripley (2009), Baker and Moretti (2011), Masotta and
Keppler (2015), Chowdhury and Dasgupta (2019), and
Zajacz and Tsay (2019), using the experimental SCAS data
they measured and/or collected from the literature. The
most recent two SCAS models put forward by
Chowdhury and Dasgupta (2019) and Zajacz and Tsay
(2019) revealed that although each previous SCAS model
can well capture the SCAS data that were used to calibrate
the model, they have a limited capacity in predicting new
SCAS data that were not included in the model calibration.
For example, Chowdhury and Dasgupta (2019) show that
both the Li and Ripley (2009) model and the Baker and
Moretti (2011) model moderately to highly overestimate
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the SCAS values obtained from their experiments, while the
Masotta and Keppler (2015) model was developed only for
intermediate to felsic magmas and therefore cannot work
for the silicate melts with SiO2 < 55 wt.%. In addition, both
the Li and Ripley (2009) and Baker and Moretti (2011)
models suggest a positive effect of pressure on SCAS, but
the models of Masotta and Keppler (2015), Chowdhury
and Dasgupta (2019), and Zajacz and Tsay (2019) suggest
a negligible effect of pressure. Using our new large dataset
of SCAS values and all available literature data, we here
test the accuracy of all previous SCAS models (Fig. 6).
Fig. 6a shows that the Li and Ripley (2009) model overes-
timates our SCAS values and the SCAS values of Jégo and
Dasgupta (2014), Huang and Keppler (2015), Masotta and
Keppler (2015), Chowdhury and Dasgupta (2019), and
Zajacz and Tsay (2019). Fig. 6b shows that the Baker and
Fig. 6. Test the accuracy of all previous SCAS models using the new SC
experimentally measured lnSCAS values were plotted against the predict
only the Zajacz and Tsay (2019) model well captures all experimentally me
taken from CR87 (Carroll and Rutherford, 1987), L90 (Luhr, 1990), Cl04
2005), B11 (Beermann et al., 2011), JP12 (Jégo and Pichavant, 2012), PS
HK15 (Huang and Keppler, 2015), MK15 (Masotta and Keppler, 2015)
Tsay, 2019).
Moretti (2011) model highly overestimates our SCAS val-
ues and the SCAS values of Prouteau and Scaillet (2013),
Jégo and Dasgupta (2014), and Chowdhury and
Dasgupta (2019). Fig. 6c shows that the Masotta and
Keppler (2015) model also highly overestimates our SCAS
values, although the SiO2 contents of our silicate melts
(67–79 wt.%) are very close to those of the silicate melts
of Masotta and Keppler (2015). In addition, the Masotta
and Keppler (2015) model underestimates the SCAS values
of Beermann et al. (2011), Chowdhury and Dasgupta
(2019), and Zajacz and Tsay (2019). The Chowdhury and
Dasgupta (2019) model capture most of the literature SCAS
values but underestimates our SCAS values and the SCAS
values of Huang and Keppler (2015) (Fig. 6d). Only the
Zajacz and Tsay (2019) model well capture our new SCAS
values and all available literature SCAS values with a mean
AS data in this study and all available literature SCAS data. The
ed lnSCAS values using the SCAS models. This figure shows that
asured SCAS values with a great accuracy. The literature data were
(Clemente et al., 2004), Co04 (Costa et al., 2004), J05 (Jugo et al.,

13 (Prouteau and Scaillet, 2013), JD14 (Jégo and Dasgupta, 2014),
, CD19 (Chowdhury and Dasgupta, 2019), and ZT19 (Zajacz and



Z. Xu, Y. Li /Geochimica et Cosmochimica Acta 306 (2021) 98–123 111
and median absolute error of 5% and 4%, respectively
(Fig. 6e), although the SCAS values of this study, Jégo
and Pichavant (2012), Prouteau and Scaillet (2013), and
Jégo and Dasgupta (2014) are not included in their model
calibration. The success of the Zajacz and Tsay (2019)
model in capturing our new SCAS data and the other SCAS
data not included in the model calibration demonstrates its
robustness in predicting SCAS in the silicate melts relevant
for slab melting in subduction zones. The success of the
Zajacz and Tsay (2019) model in capturing our new SCAS
data also demonstrates an insignificant effect of pressure on
SCAS, as discussed above, because the Zajacz and Tsay
(2019) model does not include a pressure effect term of
�DV �P

T . We thus strongly recommend the use of the Zajacz

and Tsay (2019) model in predicting SCAS in the silicate
melts at conditions relevant for subduction zones, as we will
do in the following sections.

4.3. The SCAS in slab-derived silicate melts and the fate of

S6+ during slab melting

To understand the cycle of S6+ during slab melting in
subduction zones, we used the SCAS model of Zajacz and
Tsay (2019) to predict the SCAS in slab-derived silicate
melts. We took the slab surface P–T paths and sub-arc con-
ditions from the D80 model of Syracuse et al. (2010). We
bracketed the P–T segments of the subducting slab surface
over which slab melting could occur, as done previously by
Duncan and Dasgupta (2015). For slab sediment-derived
silicate melts, we used the parameterization of Schmidt
(2015) and Mann and Schmidt (2015) based on experimen-
tal results to estimate the major element compositions of
the slab sediment-derived silicate melts as a function of
pressure, temperature, and degree of partial melting. The
water contents in the slab sediment-derived melts were var-
ied from 3 to 10 wt.%, which well correspond to the water
contents in the sediment-derived silicate melts produced
experimentally at 3–5 GPa using a bulk water content of
0.7–1.5 wt.%. To predict the SCAS in slab sediment-
derived silicate melts in a diapir, we assumed a melting tem-
perature of 1100 �C according to Behn et al. (2011). The
H2O content in the sediment diapir was set to be 1–1.5
wt.%, which yielded ~2–4 wt.% water in the sediment-
derived silicate melts at 3–5 GPa (Mann and Schmidt,
2015). To predict SCAS in partial melts of AOC, we used
the major element compositions of partial melts that were
produced experimentally from hydrous MORB-like com-
positions at P–T conditions most relevant for the subduct-
ing slab (Rapp and Watson 1995; Schmidt et al., 2004;
Kessel et al., 2005; Jégo and Dasgupta, 2013, 2014).

The predicted SCAS values for slab sediment- and
AOC-derived rhyolitic melts are presented in Fig. 7.
Fig. 7a shows the predicted SCAS values for sediment-
derived silicate melts at P–T conditions along the subduct-
ing slabs of Peru and Mexico. The predicted SCAS values
range from 140 to 560 ppm, increasing with increasing slab
P–T and the water content of the slab-derived silicate melts.
The SCAS values of the Mexico slab-derived silicate melts
are higher than those of the Peru slab-derived silicate melts
by a factor of ~1.1–2.1 at a given pressure, due to the higher
slab geothermal of Mexico. The SCAS values for the sedi-
ment diapir-derived silicate melts range from 810 to
1200 ppm due to the high melting temperature. Fig. 7b
shows the predicted SCAS values for slab AOC-derived sil-
icate melts, which range from ~520 to 6600 ppm and are
strongly controlled by temperature. However, the SCAS
values for slab AOC-derived silicate melts at P–T condi-
tions along the subducting slab surface geothermal
(P = 3–4 GPa; T = 850–1000 �C) are only ~540–
1200 ppm but still higher than the SCAS values predicted
for the slab sediment-derived silicate melts. This can be
ascribed to the higher CaO content of the slab AOC-
derived silicate melts than in the slab sediment-derived sili-
cate melts at P–T conditions close to the subducting slab
surface geothermal (Schmidt et al., 2004; Jégo and
Dasgupta, 2013). Fig. 7c shows the predicted SCAS values
for slab sediment-derived silicate melts of thirty subduction
zones at the slab surface P–T conditions at the sub-arc
depth where the solidus of hydrous sediment is crossed.
The predicted SCAS values range from 80 to 390 ppm.
The SCAS values predicted by fixing 3 wt.% and 10 wt.%
water in the slab sediment-derived silicate melts are also
plotted for comparison. The predicted SCAS values
increase with increasing the melting temperature and pres-
sure (Psubarc) and the water content of the slab sediment-
derived melts.

Using the predicted SCAS values for slab-derived sili-
cate melts, we can evaluate the fate of anhydrite during slab
melting. The slab AOC and sediments may contain 1000–
2000 ppm S (Alt and Shanks, 2011; Li and Schoonmaker,
2014). The fraction of S6+ in the subducting slab at 3–5
GPa remains unknown, but the fraction of S2� must be sig-
nificantly larger than that of S6+, because the fO2 of the
subducting slab may decrease with increasing pressure as
extensively discussed by Foley (2011) and Jégo and
Dasgupta (2014). We tentatively assume 50–300 ppm S pre-
sent as anhydrite in the subducting slab. In Fig. 7d, we com-
pare our predicted SCAS values for the slab-derived silicate
melts with the calculated S6+ contents of the slab-derived
silicate melts assuming a perfect incompatibility of S6+ dur-
ing slab melting. It can be seen from Fig. 7d that during
slab melting of Peru subduction zone, anhydrite is saturated
in the subducting slab if the slab contains no less than
50 ppm S6+. If the S6+ content in the slab is no less than
200 ppm, slab partial melting would occur at anhydrite sat-
uration for nearly all subduction zones. For partial melting
at anhydrite saturation, the S6+ contents of the slab-derived
silicate melts would equal the predicted SCAS. In the case
of sediment-diapir melting, even if the sediments contain
300 ppm S6+, anhydrite would still be exhausted due to
the high degrees of partial melting and high SCAS in the sil-
icate melts.

The results presented above indicate that slab-derived
silicate melts globally cannot dissolve more than
1200 ppm S6+, and the slab sediments-derived silicate melts
even cannot dissolve more than 400 ppm S6+. Assuming a
S6+ content of 200 ppm in the AOC/sediment, the propor-
tion of S6+ remaining in the slab after partial melting can be
calculated using the predicted SCAS values and the calcu-
lated degrees of partial melting. For slab AOC-derived sil-



Fig. 7. Predicted SCAS or S6+ content in slab AOC- and sediment-derived silicate melts of global subduction zones. (a) The predicted SCAS
for sediment-derived silicate melts along the geothermal of Mexico and Peru subduction zones and at P–T conditions of partial melting of the
sediment diapir. The P-T conditions and the major element compositions of sediment-derived silicate melts are given in Table S3. (b) The
predicted SCAS for AOC-derived silicate melts at various P–T conditions. The P-T conditions and the major element compositions of AOC-
derived silicate melts are given in Table S4. (c) The predicted SCAS for sediment-derived silicate melts produced at the sub-arc depth in thirty
subduction zones. A water content of 3–10 wt.% was assumed in the slab-derived silicate melts. (d) The S6+ content in slab-derived silicate
melts as a function of degree of partial melting. The curves represent the S6+ content in slab-derived silicate melts assuming 50–300 ppm S6+ in
the slab and perfectly incompatible behavior of S6+ during slab melting. The predicted SCAS values for silicate melts produced by partial
melting of AOC or sediments with 1.5 wt.% H2O at P–T conditions along the slab geothermal of Mexico and Peru subduction zones and at the
sub-arc P–T conditions of global subduction zones were plotted. The results show that if the slab contains <200 ppm S6+, anhydrite would be
saturated during partial melting of most of the subduction zones because of the low SCAS in the slab-derived silicate melts. Slab P–T of
Mexico and Peru subduction zones and slab P–T at the sub-arc depth for the other subduction zones in (c) were taken from the D80 model in
Syracuse et al. (2010) and listed in Table S5. See text for more details.
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icate melts with degree of partial melting and SCAS equiv-
alent to 15% and 700 ppm, respectively (Fig. 7d), ~50% of
the slab AOC S6+ would remain as anhydrite after extrac-
tion of the silicate melts. However, for slab sediment-
derived silicate melts with degree of partial melting and
SCAS equivalent to 10% and 300 ppm, respectively
(Fig. 7d), ~85% of the slab sediment S6+ would remain as
anhydrite after extraction of the silicate melts. We thus pro-
pose that slab-derived silicate melts have a considerable role
in transferring slab S6+ to the sub-arc mantle; however, for
most of the subduction zones, more than 70% of the anhy-
drite in slab sediments could survive hydrous partial melt-
ing at the sub-arc conditions, due to the low SCAS in the
slab sediment-derived silicate melts (<400 ppm) (Fig. 7c,
d). As suggested by Jégo and Dasgupta (2014), deep sub-
duction of the anhydrite-bearing slab could in part account
for the large deep subduction efficiency of the S in subduc-
tion zones (Li et al., 2020). The mantle plume-related ocea-
nic island basalts may have sourced such anhydrite-bearing
slab stored in the deep mantle, as evidenced by their high
concentrations of S6+ (Moussallam et al., 2019).

With knowing the SCAS in slab-derived silicate melts,
we can evaluate the effect of adding slab-derived silicate
melts on the S abundance in the sub-arc mantle. We calcu-
lated the mass of S6+ brought by the slab-derived silicate
melts to the sub-arc mantle using 200–1000 ppm S6+ in
the slab-derived melts. Assuming the depleted sub-arc man-
tle has a S2� abundance of 150 ppm (Saal et al., 2002),
Fig. 8a shows the sub-arc mantle S abundance as a function
of the proportion of slab-derived silicate melts added into
the sub-arc mantle. It can be seen from Fig. 8a that to
obtain the estimated S abundance of 200–500 ppm in the
metasomatized sub-arc mantle (Métrich et al., 1999; de
Hoog et al., 2001a), the required proportions of slab-



Fig. 8. (a) The S abundance of the metasomatized sub-arc mantle
as a function of the proportion of slab-derived silicate melts added.
The slab-derived silicate melts were assumed to contain 200–
1000 ppm S6+. Proportion of slab-derived silicate melts in the
mantle source of arc magmas was estimated to be less than 5%
based on the trace element and isotopic compositions of arc
magmas (Singer et al., 2007; Mullen and McCallum, 2014), as
indicated by the dashed line. The estimated S abundance in the
metasomatized sub-arc mantle (200–500 ppm; Métrich et al.,1999;
de Hoog et al., 2001a) was plotted for comparison. (b) The fO2 of
the metasomatized sub-arc mantle as a function of the mass of S6+

added. The range of measured fO2 values for the metasomatized
sub-arc mantle peridotites (FMQ+0.5 to FMQ+1.5; Parkinson and
Arculus, 1999; Mallmann and O’Neill, 2007) was plotted for
comparison. In (a), it demonstrates that the addition of slab-
derived silicate melts cannot explain the estimated S abundance in
the metasomatized sub-arc mantle. In (b), it demonstrates that the
addition of slab S6+ can cause oxidization of the sub-arc mantle to
fO2 values consistent with the measured fO2 values for the
metasomatized sub-arc mantle peridotites.
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derived silicate melts are ~6–100%, which are significantly
higher than those (�5%) constrained using trace elements
and isotopes of arc magmas (Singer et al., 2007; Mullen
and McCallum, 2014). Therefore, slab-derived silicate melts
cannot contribute sufficient S6+ to fully explain the esti-
mated S abundance in the metasomatized sub-arc mantle.
Slab-derived fluids, which have a much larger capacity in
dissolving both sulfide and sulfate species (Jégo and
Dasgupta, 2013, 2014; Li et al., 2020), are accordingly
required to transfer additional S from the slab to the sub-
arc mantle to fully explain the estimated S abundance
(200–500 ppm) in the metasomatized sub-arc mantle.

4.4. Implications for oxidation state of the metasomatized

sub-arc mantle

Arc basalts are more oxidized than MORBs, as evi-
denced by their higher Fe3+/RFe ratios (Kelley and
Cottrell 2009, 2012; Brounce et al., 2014, 2015; Berry
et al., 2018). However, as introduced previously, whether
the oxidized nature of arc basalts is inherited from the
sub-arc mantle or is derived from magmatic differentiation
occurring in the lithosphere remains debated (Kelley and
Cottrell, 2009, 2012; Evans et al. 2012; Grocke et al.
2016; Brounce et al., 2014, 2015; Lee et al., 2005, 2010,
2012; Li, 2018; Bénard et al., 2018; Tang et al., 2018;
Feng and Li, 2019). Slab-derived and S6+-bearing fluids/
melts have been extensively proposed to oxidize and meta-
somatize the sub-arc mantle, and then partial melting of
which produces the oxidized arc basalts (Mungall, 2002;
Kelley and Cottrell, 2009; Evans, 2012; Kelley and
Cottrell 2012; Brounce et al., 2014, 2015; Debret et al.,
2016, 2020; Pons et al., 2016; Bénard et al., 2018; Walters
et al., 2020). The measured high fO2 values (FMQ+0.5 to
FMQ+1.5) for the metasomatized sub-arc mantle peri-
dotites (Parkinson and Arculus, 1999; Mallmann and
O’Neill, 2007; Birner et al., 2017; Bénard et al., 2018) sup-
port this argument (McInnes et al., 2001; Bénard et al.,
2018). The positive correlations between the degree of
hydrous metasomatism of the sub-arc mantle, arc basalt
water and S content, and arc basalt Fe3+/RFe ratios and
fO2 values are also consistent with this argument (Kelley
and Cottrell, 2009; Rowe et al., 2009; Zimmer et al.,
2010; Brounce et al., 2014, 2015). In contrast, the V–Sc,
Fe–Zn, V–Ga, and Cu–Re systematics of primitive MORBs
and arc basalts imply that the metasomatized sub-arc man-
tle and the oceanic mantle may have similar oxidation state
(Lee et al., 2005, 2010; Mallmann and O’Neill, 2009; Li,
2018), or the fO2 of the metasomatized sub-arc mantle can-
not be 0.5–1 log units higher than that of the oceanic man-
tle (Lee et al., 2012; Feng and Li, 2019). Wang et al. (2019)
recently proposed that the temperature-dependent parti-
tioning of V and Sc coupled with the relatively lower tem-
peratures of arc basalts compared to MORBs indicates
the sub-arc mantle one log unit more oxidized than the
oceanic mantle. However, to parameterize the mineral/melt
partition coefficients of V, Wang et al. (2019) implicitly
assumed that V3+, V4+, and V5+ have an identical partition-
ing behavior as temperature and pressure vary, the validity
of which is not demonstrated. Li (2018) actually showed
that the partition coefficient ratios of V and Sc between
clinopyroxene and silicate met are a constant value for
the experiments performed in graphite capsules at 1050–
1470 �C, indicating that varying temperature cannot cause
V–Sc fractionations. As suggested by Li (2018), using the
V–Sc systematics of primitive basalts to constrain mantle
fO2 remains valid until it independently demonstrates that
varying temperature/pressure can cause V–Sc fractiona-
tions in basalts at fO2 above the FMQ buffer.
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Here we show that S6+ is a strong oxidizer during sub-
arc mantle metasomatism but S2� is a reducer during sub-
arc mantle melting, and it is possible to use the S geochem-
istry to resolve the apparent paradox in the sub-arc mantle
fO2 as measured for the metasomatized sub-arc mantle peri-
dotites and as inferred from the V–Sc, Fe–Zn, V–Ga, and
Cu–Re systematics of primitive arc basalts. We consider
the effect of adding slab-derived and S6+-bearing melts/flu-
ids on the Fe3+/RFe of the sub-arc mantle according to a
redox reaction as below:

S6þ (slab-derived melt/fluid) + 8Fe2þ (silicate mineral)

¼ S2�ðsulfideÞ þ 8Fe3þðsilicatemineralÞ
ð9Þ

Eq. (9) indicates that metasomatism of the sub-arc man-
tle by S6+-bearing melts/fluids would cause oxidation of the
sub-arc mantle and production of sulfides. The redox reac-
tion of Eq. (9) in the sub-arc mantle has been proposed in a
few studies (Mungall, 2002; Evans, 2012; Bénard et al.,
2018) and confirmed by both experimental and petro-
graphic observations on metasomatized sub-arc mantle
peridotites (McInnes et al., 2001; Birner et al., 2017;
Bataleva et al., 2018). For example, the reaction of olivine
with S6+-bearing melts/fluids in the sub-arc mantle would
produce Fe3+-rich mineral assemblages of spinel, orthopy-
roxene, and/or clinopyroxene, with S6+ in the melts/fluids
reduced as sulfides (McInnes et al., 2001; Bénard et al.,
2018). Using Eq. (9) and pMELTS (Ghiorso et al., 2002),
as has been done previously (Parkinson and Arculus,
1999; Evans, 2012), the sub-arc mantle fO2 was calculated
as a function of the mass of S6+ added to the sub-arc mantle
at 2 GPa and 1000 �C (Fig. 8b). Fig. 8b shows that the addi-
tion of 65–250 ppm S6+ would enhance the sub-arc mantle
fO2 to a range of FMQ+0.5 to FMQ+2. These results con-
firm previous arguments that the addition of slab S6+ would
cause oxidation of the sub-arc mantle (Kelley and Cottrell,
2009, 2012; Evans, 2012; Brounce et al., 2014, 2015; Birner
et al., 2017). These results are also consistent with the mea-
sured fO2 values (FMQ+0.5 to FMQ+1.5) for the metaso-
matized sub-arc mantle peridotites (Parkinson and Arculus,
1999; McInnes et al., 2001; Mallmann and O’Neill, 2007;
Bénard et al., 2018). Therefore, the relatively higher fO2

of the metasomatized sub-arc peridotites, compared to the
oceanic mantle, can be explained by the addition of slab
S6+ to the sub-arc mantle. However, does this mean that
the primitive arc basalts produced by partial melting of
the metasomatized sub-arc mantle have fO2 values signifi-
cantly higher than those of MORBs?

We below propose that Fe3+ is reduced by S2� of sul-
fides during partial melting of the metasomatized sub-arc
mantle, and the fO2 values of primitive arc basalts are no
higher than FMQ+0.5 to FMQ+1. We assume that partial
melting of the metasomatized sub-arc mantle initiates at
FMQ+1.5, which corresponds to ~180 ppm S6+ added in
the sub-arc mantle during metasomatism. At fO2 of FMQ
+1.5, the S species in the basaltic melt is predominantly
S6+ (Nash et al., 2019). However, because S is present as
sulfides in the metasomatized sub-arc mantle as discussed
above, a reaction involving the redox couples of S2�–S6+
and Fe2+–Fe3+ (similar to Eq. (9)) must occur and shift
right during partial melting and sulfide dissolution in the
produced basaltic melts:

S2� (sulfide/basaltic melt) + 8Fe3þ ðbasalticmelt=silicatemineralÞ
¼ S6þðbasalticmeltÞ þ 8Fe2þðbasalticmelt=silicatemineralÞ ð10Þ

As a consequent, the fO2 of the produced arc basalts, as
well as the fO2 of the sub-arc mantle, expressed as Fe3+/
RFe, must decrease as partial melting of the metasomatized
sub-arc proceeds, because more Fe3+ is reduced into Fe2+

by S2� of sulfides with the degree of partial melting. How-
ever, the fO2 would not decrease infinitively, because the
S6+/RS in basalts is a function of both fO2 and temperature
(Nash et al., 2019). In addition, when the produced arc
basalts are in equilibrium with the sub-arc mantle residuals
at given P–T conditions, the arc basalt fO2 corresponding
to the Fe3+–Fe2+ equilibria must equal the fO2 correspond-
ing to the S6+–S2� equilibria. The correlation between sili-
cate melt Fe3+/Fe2+, fO2, temperature, pressure, and
silicate melt composition was given by Kress and
Carmichael (1991):

ln
Fe2O3

FeO

� �
¼ 0:196 � lnf O2

þ 1:1492� 104

T
� 6:675

� 2:243 � xAl2O3 � 1:828 � xFeOt þ 3:201

� xCaO þ 5:854 � xNa2O þ 6:215 � xK2O

� 3:36 � 1� 1673

T
� ln

T
1673

� �� �

� 701 � P
T
� 0:154 � T � 1673ð Þ � P

T

þ 38:5 � P
2

T
ð11Þ

The correlation between basaltic melt S6+/S2�, Fe3+/
Fe2+, and temperature was given by Nash et al. (2019):

log
S6þ

S2�

� �
¼ 8 � log Fe3þ

Fe2þ

� �
þ 8:7436� 106

T 2
� 27703

T
þ 20:273

ð12Þ
In Eqs. (11) and (12), T is temperature in K, P is pres-

sure in GPa, and xi refers to the mole fraction of an i oxide
in the silicate melt. Using Eqs. (11) and (12), we have calcu-
lated the fO2 of primitive arc basalts as a function of degree
of partial melting of the metasomatized sub-arc mantle with
an initial fO2 of FMQ+1.5 (Fig. 9). For doing this, we
assumed that partial melting of the sub-arc mantle occurs
at 1.5–2 GPa, the major element compositions of the sub-
arc mantle are similar to those of the depleted mantle
(Workman and Hart, 2005), and the metasomatized sub-
arc mantle contains 0.2–0.8 wt.% water according to the
observed water content in arc basalts (Plank et al., 2013).
We used pMELTS to calculate the major element composi-
tions of primitive arc basalts and the melting temperature
(1100–1450 �C) as a function of the degree of partial melt-
ing (F = 0–20%). The Fe2O3 content of the primitive arc
basalts was constrained by the partitioning of Fe2O3

between mantle minerals and basaltic melt, and the used
bulk partition coefficients are 0.25 according to recent
experimental measurements (Sorbadere et al., 2018). The



Fig. 9. The fO2 of primitive arc basalts as a function of the degree
of partial melting of the metasomatized sub-arc mantle at 1.5–2
GPa. Depleted mantle with different water contents was used as the
mantle source of primitive arc basalts, and the major element
compositions of the primitive arc basalts were calculated using
pMELTS (Ghiorso et al., 2002). Marked melting degrees of the
metasomatized sub-arc mantle for producing primitive arc magmas
are 10–20% (Johnson et al., 2009; Portnyagin et al., 2007; Sadofsky
et al., 2008; Kelley et al., 2010; Ruscitto et al., 2010; Plank et al.,
2013). The metasomatized sub-arc mantle fO2 before partial
melting is FMQ+1.5. The fO2 of MORBs (FMQ-0.34 to FMQ
+0.28; Cottrell and Kelley, 2011; Zhang et al., 2018; Berry et al.,
2018; Gaborieau et al., 2020) was plotted for comparison. See text
for details of the calculations.
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S2� content of the sulfide-saturated basaltic melt was calcu-
lated using the SCSS model of Smythe et al. (2017). At a
given degree of partial melting, when the reaction of Eq.
(10) in basaltic melt and the partitioning of Fe2O3 between
basaltic melt and mantle minerals reach equilibrium, the
fO2 of the primitive arc basalts was calculated using Eq.
(11). Note that if Eq. (10) were not considered, the fO2 of
the produced arc basalts would not be considerably differ-
ent from that of the metasomatized sub-arc mantle at a
given pressure (Parkinson and Arculus, 1999). Also note
that at a given degree of partial melting, the S6+/S2� in
the primitive arc basalts, and the Fe3+/Fe2+ in the primitive
arc basalts and residual mantle minerals, were calculated
iteratively using Eqs. (11) and (12) and the partitioning of
Fe2O3 between basaltic melt and mantle minerals. Fig. 9
shows the calculated results, and a set of calculated results
obtained at 2 GPa and 0.8 wt.% water in the metasomatized
sub-arc mantle was presented in Table S6, which serves as a
reference to reproduce our model. Fig. 9 illustrates that the
fO2 of primitive arc basalts decreases with the degree of
partial melting, and a high water content in the primitive
arc basalts corresponds to a high fO2 value at a given
degree of partial melting. The primitive arc basalts pro-
duced by small degrees of partial melting (F < 6%) have
fO2 values above FMQ+1. However, when F equals 10–
20%, at which conditions the primitive arc basalts are gen-
erated in most of the subduction zones (Johnson et al.,
2009; Portnyagin et al., 2007; Sadofsky et al., 2008;
Kelley et al., 2010; Ruscitto et al., 2010; Plank et al.,
2013), the fO2 values of the primitive arc basalts are no
higher than FMQ+0.5 to FMQ+1 and approach the fO2

values of MORBs. These fO2 values are well consistent with
those inferred for the metasomatized sub-arc mantle using
the V–Sc, Fe–Zn, V–Ga, and Cu–Re systematics of primi-
tive arc basalts. In addition, the S concentrations in the
primitive arc basalts range from 1500 to 2800 ppm when
the degree of partial melting equals 10–20%, with ~30–
40% S present as S6+. These S concentrations are well com-
parable to the observed S concentrations in arc basaltic
melt inclusions hosted in olivine crystals (Wallace, 2005;
Zimmer et al., 2010; Wallace and Edmonds, 2011; Kelley
and Cottrell, 2012; Vigouroux et al., 2012; Brounce et al.,
2014).

The following conclusions can be drawn from the above
results. (1) The addition of slab-derived S6+ can oxidize the
sub-arc mantle to fO2 values of FMQ+0.5 to FMQ+1.5, as
observed for the metasomatized sub-arc mantle peridotites.
(2) During partial melting of the metasomatized sub-arc
mantle, S2� reduces Fe3+, and the fO2 values of primitive
arc basalts are below FMQ+0.5 to FMQ+1. (3) The V–
Sc, Fe–Zn, V–Ga, and Cu–Re systematics of primitive arc
basalts thus record the fO2 during partial melting of the
metasomatized sub-arc mantle, rather than the fO2 of the
metasomatized sub-arc mantle. Arc basalts may thus
become oxidized (with fO2 > FMQ+1) during magmatic
differentiation, for example, by losing hydrogen and/or gar-
net crystallization in the lithospheric mantle (Tang et al.,
2018; Tollan and Hermann, 2019; Tassara et al., 2020).
(4) Although the fO2 values of primitive arc basalts are
no higher than FMQ+0.5 to FMQ+1, primitive arc basalts
can still contain more than 1500 ppm S, similar to those
observed for arc basalts (Wallace, 2005; Zimmer et al.,
2010; Wallace and Edmonds, 2011; Kelley and Cottrell,
2012; Vigouroux et al., 2012; Brounce et al., 2014).

4.5. Fate of S6+ during arc magmatic differentiation and

implications for the formation of Earth’s continental crust

Although the fO2 values of primitive arc basalts are no
higher than FMQ+0.5 to FMQ+1 (Fig. 9), the S6+/RS
ratios of primitive arc basalts are ~0.3–0.4. Oxidization of
the evolving arc basalts to fO2 values of up to FMQ+1.5
in the lithospheric mantle (Tang et al., 2018; Tollan and
Hermann, 2019; Tassara et al., 2020) would convert more
S2� into S6+, with S6+/RS above 0.8 in oxidized arc basalts
(Nash et al., 2019). Therefore, the fate of S6+ during arc
magmatic differentiation plays an important part in the S
cycle in subduction zones. The formation of Earth’s conti-
nental crust was ultimately associated with magmas at arcs
with thickened crust (Lee et al., 2007; Rudnick and Gao,
2014; Tang et al., 2019; Chen et al., 2020; Li et al., 2021).
However, Earth’s continental crust contains ~400 ppm S
(Rudnick and Gao, 2014), only approximately one fourth
of the S concentration in oxidized arc basalts (Wallace,
2005; Wallace and Edmonds, 2011). The depletion of S in
Earth’s continental crust may imply that a significant
amount of S was lost in sulfides during arc magmatic differ-
entiation, which was then delaminated into the convecting
mantle (Lee et al., 2012). However, the fate of S6+ during
arc magmatic differentiation and its implications for the S
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abundance in Earth’s continental crust were not considered
in previous studies.

The fate of S6+ during arc magmatic differentiation is
controlled by a few factors, including SCAS in the silicate
melt, the fluid/melt partitioning of S6+ when a fluid phase
occurs, and the fO2 of arc magmas (Li and Ripley, 2009;
Masotta and Keppler, 2015; Masotta et al., 2016;
Chowdhury and Dasgupta, 2019; Zajacz and Tsay, 2019).
We here aim to model the fate of S6+ during arc magmatic
differentiation and discuss its implications for the formation
of Earth’s continental crust. We took the average primitive
basalt in the continental arc (Kelemen et al., 2014) as the
parental arc basalt to differentiate. We assumed that the
parental arc basalt contains 4 wt.% H2O (Plank et al.,
2013) and 3000 ppm CO2 (Wallace, 2005; Shinohara,
2013). We considered arc magmatic differentiation occurs
first in a magma chamber at the root of the thickened crust
and then at the middle depth of the thickened crust (Annen
et al., 2006), and the corresponding differentiation pressures
were fixed at 1 GPa and 0.4 GPa, respectively. The fO2 of
the parental arc basalt was varied from FMQ+0.5 to
FMQ+1.5 to investigate the effect of fO2. The S concentra-
tion in the parental arc basalt was assumed to be 2000–
3000 ppm, corresponding to the observed high end-
members of the S concentrations in arc basaltic melt inclu-
sions hosted in olivine crystals (Wallace, 2005; Zimmer
et al., 2010; Wallace and Edmonds, 2011; Kelley and
Cottrell, 2012; Vigouroux et al., 2012). The S6+/RS ratio
in the parental arc basalt at fO2 between FMQ+0.5 and
FMQ+1.5 was calculated using Eq. (12) and a liquidus tem-
perature of 1250 �C for the parental arc basalt. The major
element composition and the CO2 and H2O content of the
residual silicate melt, and the modal abundances of miner-
als produced during each step of near-fractional crystalliza-
tion were calculated using Rhyolite-MELTS (Ghiorso and
Gualda, 2015). The Fe3+/Fe2+ ratio in the parental arc
basalt was calculated according to the assumed fO2 using
Eq. (11), and the Fe3+/Fe2+ ratio in the differentiating
magma was calculated using mineral/silicate melt partition
coefficients of Fe3+ and Fe2+ reported in Mallmann and
O’Neill (2009). When the differentiating arc magma is satu-
rated with a fluid phase, degassing occurs following an open
system degassing scenario, and both S6+ and S2� partition
between the fluid phase and the silicate melt. In our model,
a fluid phase occurs only in andesitic and more felsic mag-
mas at 0.4 GPa (see below). We used the fluid/melt parti-

tion coefficients of S6+ (Dfluid=melt
S6þ ) taken from Zajacz and

Tsay (2019) who parameterized Dfluid=melt
S6þ as a function of

silicate melt NBO/T at 0.2 GPa. The effects of temperature
and the 0.2 GPa pressure difference between this study and

Zajacz and Tsay (2019) on Dfluid=melt
S6þ are thought to be neg-

ligible in our model (Masotta et al., 2016). The fluid/melt

partition coefficients of S2� (Dfluid=melt
S2� ) are a strong function

of temperature and silicate melt composition; decreasing

temperature decreases Dfluid=melt
S2� , but more felsic melts have

higher Dfluid=melt
S2� (Scaillet and MacDonald, 2006; Keppler,

2010; Jégo and Dasgupta, 2013). Therefore, the effects of

temperature and silicate melt composition on Dfluid=melt
S2� are
cancelled out for a differentiating magma. In our model,

we used Dfluid=melt
S2� values of 100–300 to cover the potential

variation of Dfluid=melt
S2� during arc magmatic differentiation

at 0.4 GPa.
The effect of S degassing on the fO2 of the differentiating

arc magma was considered because the redox couples of
S2�–S6+ and Fe2+–Fe3+ are involved in the degassing pro-
cess (Métrich et al., 2009; Wallace and Edmonds, 2011;
Kelley and Cottrell, 2012; Moussallam et al., 2016). The
dominant S species in volcanic gasses is SO2 (Wallace,
2005; Métrich et al., 2009; Oppenheimer et al., 2011); how-
ever, H2S could be an important S species at pressures of
several kbar even at fO2 above FMQ (Gaillard and
Scaillet, 2009; Binder and Keppler, 2011). The degassing
of both SO2 and H2S from an oxidized magma, in which
S dissolves as sulfate S6+, would cause oxidation of the
residual magma but to a different extent:

S6þ (melt) + 2Fe2þ (melt) + 2O2– (melt)

¼ 2Fe3þðmeltÞ þ SO2ðfluidÞ ð13Þ
S6þ (melt) + 8Fe2þ (melt) + 2Hþ (melt)

¼ 8Fe3þðmeltÞ þ H 2SðfluidÞ
ð14Þ

In contrast, the degassing of H2S for a reduced magma,
in which S dissolves as sulfide S2�, would not change the
oxidation of the residual magma, but the degassing of
SO2 would cause reduction of the residual magma:

S2� (melt) + 6Fe3þ (melt) + 2O2– (melt)

¼ 6Fe2þðmeltÞ þ SO2ðfluidÞ
ð15Þ

A strong reduction of the oxidation state of basaltic
magmas by S degassing was observed by Kelley and
Cottrell (2012) and Moussallam et al. (2016), but S degas-
sing does not necessarily cause the change of oxidation state
of a magma (Brounce et al., 2014). Therefore, to under-
stand the effect of S degassing on the Fe3+/Fe2+ ratio in
the differentiating arc magma at 0.4 GPa, we calculated
the SO2/H2S ratios in the fluid phase using the gas–melt
equilibrium models of Gaillard and Scaillet (2009),
Gaillard et al. (2011), and Burgisser et al. (2015). In addi-
tion, the SCSS and SCAS in the silicate melt of the differen-
tiating arc magma were calculated using the Smythe et al.
(2017) model and the Zajacz and Tsay (2019) model,
respectively. When the S2� and/or S6+ concentration in
the differentiating arc magma exceeds the corresponding
SCSS and/or SCAS, sulfide and/or anhydrite saturate and
segregate from the differentiating magma.

In each step of arc magmatic differentiation, we consid-
ered the interactions among sulfide, anhydrite, fluid, silicate
mineral, and silicate melt in terms of the partitioning of
Fe2+, Fe3+, S2�, and S6+ and the redox equilibrium
between Fe2+–Fe3+ and S2�–S6+ couples, using an iterative
approach. The modeled results are shown in Fig. 10 as a
function of the MgO content in the differentiating arc
magma, with a set of results provided in Table S7 serving
as a reference for reproducing our model. Fig. 10 shows
that in the deep magma chamber, nearly all S is stored in
the silicate melt at fO2 between FMQ+1 and FMQ+1.5.
However, at fO2 between FMQ+0.5 and FMQ+1, sulfide



Fig. 10. The proportion of S (X i
S) in silicate melt, anhydrate, sulfide, and fluid during arc magmatic differentiation from a hydrous parental

basalt in a continental arc setting. The parental magma was assumed to contain 4 wt.% H2O, 3000 ppm CO2 and 3000 or 2000 ppm S, and
Dfluid=melt

S2� values were 300, 150 and 100. The fO2 of the parental arc basalt was varied from FMQ+0.5 to FMQ+1.5, and the total S6+ and S2�

contents in the parental arc basalt at a given fO2 were calculated using Eq. (12). We assumed that arc magmatic differentiation takes place first
in a deep magma chamber at 1 GPa and then in a shallow magma chamber at 0.4 GPa, as marked by the arrow for pressure drop. See text for
more details of the calculations.
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saturates and sequesters more than 20% of the total S in the
parental arc basalt. A fluid phase does not occur in the deep
magma chamber because of the high solubility of CO2 and
water in the silicate melt at high pressures (Mattey, 1991;
Pan et al., 1991; Lesne et al., 2011; Botcharnikov et al.,
2015; Eguchi and Dasgupta, 2017; Mitchell et al., 2017).
During arc magmatic differentiation in the shallow magma
chamber, a fluid phase occurs and up to 50% of the total S
in the parental arc basalt partitions into the fluid phase at
fO2 between FMQ+0.5 and FMQ+1.5. Anhydrite occurs
in the differentiating magma only at fO2 of FMQ+1.5,
but it does not sequester more than 5% of the total S in
the parental arc basalt. At fO2 between FMQ+0.5 and
FMQ+1, up to 75% of the total S in the parental arc basalt
is lost in sulfide. When the MgO content of the differentiat-
ing magma equals that of the bulk continental crust (~4.7
wt.%; Rudnick and Gao, 2014), about 20–60% of the total
S in the parental arc basalt is stored in the silicate melt at
fO2 between FMQ+0.5 and FMQ+1, and ~60–90% of the
total S in the parental arc basalt is stored in the silicate melt
at fO2 between FMQ+1 and FMQ+1.5. Fig. 11a and c
show the variation of fO2 as a function of the MgO content
in the differentiating magma. The fO2 of the differentiating
magma is nearly constant or slightly increases with decreas-
ing the MgO content in the deep magma chamber. How-
ever, in the shallow magma chamber, S degassing causes
a substantial decrease in the fO2 of the differentiating
magma when the parental arc basalt is at fO2 between
FMQ+0.5 and FMQ+1. This is not the case for the fO2

of the differentiating magma when the parental arc basalt
is at fO2 between FMQ+1 and FMQ+1.5, because signifi-
cant fractions of S are present as S6+ in the silicate melt
and degassing of which cannot lead to reduction of the dif-
ferentiating magma. Fig. 11a and c also show comparisons



Fig. 11. (a, c) The fO2 of arc magma differentiated from a hydrous parental basalt in the continental arc setting. The fO2 of the parental arc
basalt was varied from FMQ+0.5 to FMQ+1. The fO2 values of some arc melt inclusion hosted in olivine crystals from Kelley and Cottrell
(2009, 2012); Rowe et al. (2009); Zimmer et al. (2010); Lloyd et al. (2013); and Brounce et al. (2014) were plotted for comparisons. (b, d) The
proportion of the total S6+ in the parental arc basalt reduced to S2� during arc magmatic differentiation. The parental arc basalt was assumed
to contain 4 wt.% H2O, 3000 ppm CO2 and 3000 or 2000 ppm S. See Fig. 10 and the main text for more details of the calculations.
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between the modeled fO2 values of the differentiating arc
magma and the measured fO2 values of natural arc magmas
from Aleutians, Guatemala, and Mariana (Kelley and
Cottrell, 2009, 2012; Zimmer et al., 2010; Lloyd et al.,
2013; Brounce et al., 2014), which arcs have crustal thick-
ness less than 20 km (Chiaradia, 2014). The fO2 values of
natural arc magmas from Cascades, with a crustal thickness
larger than 30 km (Chiaradia, 2014), are below FMQ+1
(Rowe et al., 2009). Overall, the modeled fO2 values cover
those of the natural arc magmas; however, it should be
noted that most of the studied arc magmas in thin arcs
experienced degassing at pressures lower than the pressure
modeled here (0.4 GPa). Fig. 11b and d show that during
differentiation of the arc magma, a significant fraction of
S6+ in the parental arc basalt is converted into S2�. This
is mainly because the decrease of magmatic temperature
during differentiation causes the S6+/RS ratio in the silicate
melt shifted to low values (Nash et al., 2019). Sulfide precip-
itation and S2�-degassing further promote the conversion
of S6+ into S2� in the silicate melt. Mass-balance calcula-
tions show that 55–95% of the S6+ in the parental arc basalt
is converted into S2� during magmatic differentiation when
the parental arc basalt is at fO2 between FMQ+0.5 and
FMQ+1.5 (Fig. 11b, d).
The above results can be used to understand the forma-
tion conditions of Earth’s continental crust. The depletion
of S in the continental crust, compared to the S concentra-
tions in arc basalts, could apparently imply that a signifi-
cant amount of arc magmatic S6+ was lost in anhydrite
during arc magmatic differentiation, which was then delam-
inated into the convecting mantle during the formation of
Earth’s continental crust. However, the saturation of anhy-
drite usually occurs at the late stages of arc magmatic differ-
entiation (Fig. 10a), which means that anhydrite occurs
mainly in oxidized andesitic to rhyolitic magmas as
observed in arc magmatic rocks (Parat et al., 2011). In addi-
tion, the rocks delaminated into the depleted mantle are
usually mafic pyroxenite/gabbro accumulates (e.g., Lee
et al., 2012; Chen et al., 2020). Therefore, the low S abun-
dance in Earth’s continental crust cannot be explained by
the delamination of anhydrite-bearing mafic accumulates
from Earth’s continental crust root into the convecting
mantle. Furthermore, if the parental arc basalt is at fO2

between FMQ+1 and FMQ+1.5, the differentiating arc
magma at ~4.7 wt.% MgO contains more than 1000 ppm
S, which is twice that in Earth’s continental crust. There-
fore, Earth’s continental crust may not have formed from
parental arc basalts with fO2 above FMQ+1. Fig. 10c
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and f show if the parental arc basalt is at fO2 of FMQ+0.5,
a significant amount of sulfide forms during arc magmatic
differentiation, and the arc magma at ~4.7 wt.% MgO con-
tains ~400–600 ppm S, which are well comparable to the S
abundance in Earth’s continental crust. Thus, we safely
conclude that if Earth’s continental crust formed from arc
basalts, the fO2 of the arc basalts should not have been sig-
nificantly higher than FMQ+0.5 to FMQ+1, and delami-
nation of sulfide-bearing mafic accumulates into the
convecting mantle (Lee et al., 2012) appears to be the only
approach to obtain the estimated S abundance (~400 ppm)
in Earth’s continental crust (Rudnick and Gao, 2014).
These conclusions are consistent with recent studies focus-
ing on modeling the evolution of Cu and other chalcophile
elements in global arc magmas, which also concluded that
Earth’s continental crust formed in continental arcs at
fO2 between FMQ and FMQ+1 (Lee et al., 2012; Chen
et al., 2020; Li et al., 2021). It may be worth noting that
the high fO2 of the evolved thin arc magmas from Aleu-
tians, Guatemala, and Mariana, as shown in Fig. 11a and
c, does not mean Earth’s continental crust formed from
very oxidized arc magmas, which, rather, means that
Earth’s crust formed at arcs with thickened crust
(>30 km), as constrained by the Nb, Ta, and chalcophile
element abundance in global arc magmas and Earth’s con-
tinental crust (Tang et al., 2019; Chen et al., 2020; Li et al.,
2021).

5. CONCLUSIONS

Forty-three experiments were performed at 0.5–5 GPa
and 900–1200 �C to measure SCAS in slab-derived rhyo-
dacitic to rhyolitic melts, which varies from 170 to
3500 ppm as a multiple function of temperature, pressure,
silicate melt composition, and silicate melt water content.
We found SCAS increases with increasing temperature
and the CaO and water content of the silicate melt, but
the effect of pressure on SCAS is negligible. We used our
new SCAS data and all available literature data (n = 252)
to test the accuracy of all previous SCAS models calibrated
for predicting SCAS in silicate melts at various conditions.
The results show that the Zajacz and Tsay (2019) model
works as the best SCAS model in capturing all SCAS data
with a mean and median absolute error of 5% and 4%,
respectively. We therefore strongly recommend the use of
the Zajacz and Tsay (2019) SCAS model when predicting
SCAS in silicate melts relevant for magmatism in subduc-
tion zones. The fate of S6+ during slab melting of global
subduction zones was investigated, and we found that the
slab-derived silicate melts can dissolve 130–1200 ppm S6+,
but it cannot contribute enough S to explain the estimated
S abundance in the metasomatized sub-arc mantle. Thus,
slab-derived fluids are required to bring additional S to
fully explain the estimated S abundance in the metasoma-
tized sub-arc mantle. The addition of slab S6+ can cause
oxidation of the sub-arc mantle in an fO2 range of FMQ
+0.5 to FMQ+2, consistent with the fO2 values measured
for the metasomatized sub-arc mantle peridotites. How-
ever, during partial melting of the metasomatized sub-arc
mantle, S2� of sulfides is a reducer and the fO2 of primitive
arc basalts cannot be higher than FMQ+0.5 to FMQ+1,
which is consistent with the sub-arc mantle fO2 inferred
from the Fe–Zn, V–Sc, V–Ga, and Cu–Re systematics of
primitive arc basalts. The high fO2 (>FMQ+1) of arc
basalts is likely established during magmatic differentiation
in the lithospheric mantle. Finally, the fate of S6+ during
arc magmatic differentiation in a thickened continental
arc setting was modeled to understand the formation condi-
tions of Earth’s continental crust. We found that significant
fractions of S6+ in the parental arc basalts are converted
into S2� and lost in sulfides during arc magmatic differenti-
ation. We then concluded that Earth’s continental crust
cannot have formed from arc basalts with fO2 significantly
higher than FMQ+0.5 to FMQ+1 to explain its estimated S
abundance (400 ppm).
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Savov I. and Williams H. M. (2020) Redox transfer at
subduction zones: insights from Fe isotopes in the Mariana
forearc. Geochem. Perspect. Lett. 12, 46–51.

Defant M. J. and Drummond M. S. (1990) Derivation of some
modern arc magmas by melting of young subducted litho-
sphere. Nature 347, 662–665.

de Hoog J. C. M., Mason P. R. D. and van Bergen M. J. (2001a)
Sulfur and chalcophile elements in subduction zones: con-
straints from a laser ablation ICP-MS study of melt inclusions
from Galunggung Volcano, Indonesia. Geochim. Cosmochim.

Acta 65, 3147–3164.
de Hoog J. C. M., Taylor B. E. and van Bergen M. J. (2001b)

Sulfur isotope systematics of basaltic lavas from Indonesia:
implications for the sulfur cycle in subduction zones. Earth

Planet. Sci. Lett. 189, 237–252.
Duncan M. S. and Dasgupta R. (2015) Pressure and temperature

dependence of CO2 solubility in hydrous rhyolitic melt:
implications for carbon transfer to mantle source of volcanic
arcs via partial melt of subducting crustal lithologies. Contrib.
Mineral. Petrol. 169, 54.

Eguchi J. and Dasgupta R. (2017) CO2 content of andesitic melts at
graphite-saturated upper mantle conditions with implications
for redox state of oceanic basalt source regions and remobi-
lization of reduced carbon from subducted eclogite. Contrib.
Mineral. Petrol. 172, 12.

Evans K. A. (2012) The redox budget of subduction zones. Earth-
Sci. Rev. 113, 11–32.

Evans K. A., Elburg M. A. and Kamenetsky V. S. (2012) Oxidation
state of subarc mantle. Geology 40, 783–786.

Feng L. u. and Li Y. (2019) Comparative partitioning of Re and
Mo between sulfide phases and silicate melt and implications
for the behavior of Re during magmatic processes. Earth

Planet. Sci. Lett. 517, 14–25.
Foley S. F. (2011) A Reappraisal of Redox Melting in the Earth’s

Mantle as a Function of Tectonic Setting and Time. J. Petrol.
52, 1363–1391.

Gaborieau M., Laubier M., Bolfan-Casanova N., McCammon C.
A., Vantelon D., Chumakov A. I., Schiavi F., Neuville D. R.
and Venugopal S. (2020) Determination of Fe3+/RFe of olivine-
hosted melt inclusions using Mössbauer and XANES spec-
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