Earth and Planetary Science Letters 599 (2022) 117836

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl|

Check for
updates

Sulfur recycling in subduction zones and the oxygen fugacity of mafic
arc magmas

Michelle J. Muth*"*, Paul J. Wallace?

2 Department of Earth Sciences, University of Oregon, OR 97403, USA
b Department of Mineral Sciences, National Museum of Natural History, Smithsonian Institution, Washington DC 20560, USA

ARTICLE INFO ABSTRACT

Article history:

Received 13 December 2021

Received in revised form 21 September
2022

Accepted 21 September 2022

Available online 18 October 2022
Editor: R. Hickey-Vargas

Sulfur is important to a range of subduction zone processes, but the factors controlling the sulfur content
of primitive arc magmas are poorly understood. In particular, uncertainties about the oxidation state of
primary melts in the sub-arc mantle hinder efforts to understand the behavior of sulfur in arc magmas.
Here, we use olivine-hosted melt inclusion data from 32 arc segments globally to characterize sulfur
contents of magmas from a variety of subduction zones and identify the key processes that control
the sulfur content of arc magmas. Average primary magma sulfur contents estimated from these data
range from 466 + 220 ppm (Mariana Forearc) to 4,264 + 819 ppm (Ecuador). Primitive and more evolved

Keywords: magmas in both hot- and cold-slab subduction zones commonly have higher sulfur contents than mid-
subduction zones ocean ridge basalt (MORB) magmas. In most cases, these elevated sulfur contents require a subduction-
volatiles modified mantle source with more sulfur than MORB-source mantle. Correlations between magma S and

sulfur Cl concentrations and S/Dy and Th/Yb ratios in the global data set confirm that sulfur is partially sourced

arcl?agrlna§ from the subducting slab. By comparing melt inclusion sulfur contents to sulfur solubility limits imposed
E::esaltlsnc usions by sulfide saturation, we find that 88% of arc magmas in our compilation require conditions more

oxidizing than the quartz-fayalite-magnetite buffer (QFM). The relationship between S/Dy and calculated
magmatic oxygen fugacity ( foz) suggests that slab-derived sulfate is responsible for the higher oxidation
state of arc magmas compared to MORB. Model calculations of redox equilibrium between S and Fe
species in basaltic melts when sulfate is added to the mantle wedge demonstrate the feasibility of this
causal link, which can explain the common range of arc magma fo; values observed for subduction
zones globally. Correlations between magma sulfur contents, foy, and the proportion of added slab-
derived material inferred from trace elements can drive associations between high Sr/Y magmas and
fertile porphyry ore deposits, as well as the MORB-like Cu contents of arc magmas.

© 2022 Elsevier B.V. All rights reserved.

in sulfide phases) before any subduction-related enrichment (Lo-
rand and Luguet, 2016). The variety of sources, multiple possible
valence states (S*~, S~, S*+, $5%), and partitioning between dif-
ferent phases (silicate melt, sulfide, aqueous fluid), all lead to a
complexity of pathways that sulfur can take between subduction
and eruption. This complexity affects the behavior of many ore-
forming metals (Richards, 2015; Park et al., 2021), the long-term
redox budget of Earth’s mantle (Evans, 2012), and the degassing of
SO, that is commonly used to monitor volcanic activity (de Moor
et al, 2013).

The sulfur contents of primary arc magmas are sensitive to
three key factors. One is the sulfur content of the mantle source
prior to any input from slab-derived materials. The mantle source
beneath arcs is variable in isotopic and trace element composition,

1. Introduction

Globally, many arc magmas have sulfur contents that are el-
evated relative to mid-ocean ridge basalts (MORB; Wallace and
Edmonds, 2011), which suggests that subduction processes play an
important role in controlling the sulfur content of arc magmas.
However, the processes linking subduction and elevated magma
sulfur contents are unclear. Sulfur enters subduction zones via the
subducting plate and is present in seafloor sediments, unaltered
and hydrothermally altered oceanic crust (Alt and Burdett, 1992;
Alt, 1995), and serpentinized lithospheric mantle (Alt et al., 2013).
Sulfur is also present in sub-arc mantle wedge peridotite (mostly
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ranging from depleted, MORB-like mantle sources to those more
similar to the source of ocean island basalts (Pearce and Peate,
1995; Turner and Langmuir, 2022). The processes that formed
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Fig. 1. Map showing the locations of arc segments studied here. Each symbol represents the location of a given arc segment. Arc segments ordered and colored according to
slab thermal parameter (®, Syracuse et al., 2010), are listed to the left of each symbol label. (For interpretation of the colors in the figure(s), the reader is referred to the
web version of this article.) NSVZ, TSZV, CSVZ, and SSVZ represent Northern, Transitional, Central and Southern Southern Volcanic Zone, respectively.

these ambient mantle heterogeneities likely also created variations
in the sulfur content of the sub-arc mantle.

The second factor is the mass addition of slab-derived mate-
rial into the mantle source of arc magmas. Experimental evidence
suggests that slab-derived melts and fluids can transfer signifi-
cant amounts of sulfur into the mantle wedge (Jégo and Dasgupta,
2014). Sulfur isotope variations in high pressure serpentinites and
metabasalts also suggest sulfur mobility during progressive dehy-
dration of subducting slabs (Walters et al., 2019; and references
therein) although estimates for the degree of mobility vary (Li
et al., 2020).

The third factor is oxidation state during mantle melting. Glob-
ally, arc magmas and their mantle sources are oxidized relative
to mid-ocean ridge basalts (Cottrell et al., 2021), and measured
Fe3t/SFe values in silicate glasses (Kelley and Cottrell, 2009;
Brounce et al,, 2021) suggest that the mantle source for arc mag-
mas is oxidized by the input of slab-derived materials to the man-
tle wedge. Increases in the oxidation state of the mantle wedge
affect sulfur solubility in silicate melts during mantle melting, driv-
ing enrichments in the sulfur contents of primary magmas (Jugo
et al., 2010; Mironov and Portnyagin, 2018; Chowdhury and Das-
gupta, 2019; Muth and Wallace, 2021; Xu and Li, 2021).

Importantly, these last two factors are almost certainly linked,
with addition of slab-derived material causing an increase in the
oxidation state of subduction modified mantle. Combined geo-
chemical and geodynamic models predict the transport of oxidized
sulfur into the mantle wedge in slab-derived silicate melts (Canil
and Fellows, 2017) or fluids (Tomkins and Evans, 2015; Walters
et al., 2020), though these predictions require that the subduct-
ing slab is oxidized, which has been debated (e.g. Evans and Frost,
2021; and references therein). The presence of oxidized sulfur in
the slab component can increase the oxygen fugacity of the modi-
fied mantle wedge and the melts that form within it (Evans, 2012;
Muth and Wallace, 2021).

The challenge is to unravel how strongly each of these three
factors - mantle heterogeneity, slab-derived sulfur, mantle oxida-
tion state - influence the sulfur content of arc magmas. A major
obstacle to doing this is that sulfur, like other volatile elements, is
lost to the gas phase during the shallow storage and eruption of
arc magmas. There are several ways to work around this challenge.
One method is to use the partitioning behavior of chalcophile el-
ements such as Cu to track the behavior of sulfur indirectly (Lee
et al,, 2012; Barber et al., 2021; Zhang et al., 2021; Zhao et al,,
2022). This approach has the advantage of relying less on finding
undegassed arc samples. However, while this method is extremely

sensitive to the stability of sulfides, it cannot directly constrain
the amount of sulfur dissolved in silicate melts. Direct measure-
ments of sulfur isotope ratios in submarine glasses, volcanic gas,
and whole rock samples provide valuable information about the
sources of sulfur in subduction zones, but sulfur contents in most
of these samples have been affected by partial or complete de-
gassing (e.g. de Moor et al., 2021; and references therein).

Melt inclusions allow direct determination of sulfur concentra-
tions in arc magmas, making them an excellent complement to
other approaches. Melt inclusions are tiny parcels of silicate melt
trapped in phenocrysts. When trapped at sufficiently high pres-
sure, the melts are unaffected or only minimally affected by sulfur
loss to degassing. Measuring the sulfur contents and major ele-
ment compositions of melt inclusions in relatively Mg-rich olivine
allows one to estimate the sulfur content of primitive arc magmas
(Wallace and Edmonds, 2011; Muth and Wallace, 2021; Zelenski
et al,, 2022). In this study, we combine measured sulfur contents of
melt inclusions with major and trace elements to constrain the sul-
fur content of the mantle source for subduction zone magmas, the
characteristics of slab-derived sulfur in arc magmas, and the oxy-
gen fugacity during mantle melting needed to generate the sulfur
content observed at each arc. To investigate the global-scale con-
trols on arc magmatic sulfur, we compiled published melt inclu-
sion datasets from 140 volcanoes in 32 subduction zone segments

(Fig. 1).
2. Methods

To compile compositions of the most primitive, least-degassed
arc melts, we used olivine-hosted melt inclusions (MI), because
olivine is the liquidus phase (+Cr-spinel) in most arc magmas.
To take advantage of all available data and assess a full range
of subduction-related processes, we included both arc front and
non-arc front volcanoes. To compare volcanoes between different
subduction zones, we group volcanoes into arc segments with dis-
tinct slab thermal parameters (&) as reported in Syracuse et al.
(2010). Slab thermal parameter is the product of plate age, plate
convergence velocity, and the sine of the slab dip angle (Syracuse
et al,, 2010; and references therein). Although slab thermal param-
eter is a simplistic measure of slab thermal regime, we use it here
to make broad comparisons across subduction zones and note that
comparisons using more complex formulations are similar to those
being made here (Fig. S1).

Because melt inclusion data are not as widely available as
whole rock data, and certain arcs have been better studied than



M.J. Muth and PJ. Wallace

Earth and Planetary Science Letters 599 (2022) 117836

6 . . . 7000

» Tonga v NSVZ

=  Northern Kurile ¢ Alaska

© Southern Marianas A& Aegean

v Mariana Forearc > TSVZ

¢ Mariana Trough o Nicaragua

4 Southern Kurile Arc © CSVZ

> Calabria v Southern Lesser Antilles

¢ Southern Kermadec ¢ Costa Rica

o Kamchatka A Guatemala, El Salvador

o Java » Michoacan Guanajuato Volcanic Field
v lzu s Ssvz

¢ Bonin © Ecuador

4 Central Aleutians v Trans Mexican Volcanic Belt
> East Aleutians ¢ Central Cascades

o Northern Marianas 4 Southern Cascades

O Vanuatu

60 65 70 75

SI0, (wt. %)

80 85 90 95
Host Olivine Fo (%)

Fig. 2. PEC-corrected compositions of compiled melt inclusions. Each symbol represents one melt inclusion. Each symbol type represents one subduction zone segment. Gray
symbols in the panel on the right show MORB glass data (Jenner and O'Neil, 2012), with calculated equilibrium olivine compositions using olivine-melt models as described
in the supplemental text. Although many arc melt inclusion sulfur contents are similar to MORB glasses, arc melt inclusions often have lower FeO' (Fig. $3) and crystallize
at lower temperatures due to the effect of H,0 on the olivine liquidus (Médard and Grove, 2008). These factors decrease the sulfur content at sulfide saturation (SCSST) at a

given olivine forsterite composition and magmatic fo; value.

others, the distribution of data across different arcs is uneven. In-
termediate to colder slab arcs such as those in the SW Pacific have
less available melt inclusion data than intermediate to warmer slab
arcs such as the Cascades and Central America. To mitigate the ef-
fects of this sampling bias in our interpretations, we present data
as both individual volcano/melt inclusion data and as averages for
each arc.

We used MI compositions that had been screened for and cor-
rected (when necessary) for effects of post-entrapment crystal-
lization (PEC) and Fe-Mg re-equilibration by the original authors.
There are several sources of uncertainty that affect the data and
interpretations presented here, including analytical errors and the
potential influence of sulfur degassing and sulfide precipitation.
The steps we took to mitigate those uncertainties are described
in the Supplementary Information. The effect of each of these un-
certainties would be to skew the data toward lower sulfur values,
and thus our data set provides a robust lower limit to primitive
melt sulfur contents for arc magmas.

To consider the behavior of sulfur during mantle melting and to
make direct comparisons between melt inclusions trapped during
different stages of crystallization, we calculate a primary magma
composition for each volcano in each arc segment. For each MI
from the upper quartile of S/K,0 values at each volcano, we use re-
verse crystallization models to calculate melts in equilibrium with
Fogp olivine, which is assumed to be the mantle olivine composi-
tion (Fig. S2). See Supplementary Information for model details. If
the H,O contents of MI were not reported, we used the average
H,0 content of other melt inclusions from the same volcano, or if
this information is not available, from the same arc segment. We
make the additional assumption that olivine has dominated the
crystallization behavior at each volcano. This is consistent with the
lack of any clear Al,03 depletions in the data set from each vol-
cano, although some more evolved (lower Mg0O) MI show scattered
Al;O3 trends that may indicate some plagioclase fractionation. To
calculate the S, Cl, and trace element concentrations for primary
magmas from each volcano, we assume that these elements are
perfectly incompatible during crystallization, and we dilute each
according to the percent K;O dilution from the calculations above
(Fig. S2). Because magmas may undergo some degree of sulfide
precipitation and/or sulfur degassing prior to inclusion entrapment,
we again emphasize that the primary magma sulfur contents cal-
culated here are minimum estimates.

3. Results

The final filtered data set contains data from 919 melt inclu-
sions. The data set spans 32 arc segments and 140 volcanoes. Most
inclusions are low to medium-K calc-alkaline basalt or basaltic
andesite (Fig. 2). Average PEC-corrected MI sulfur contents for
each arc segment range from 594 4+ 241 ppm (Mariana Forearc)
to 5,022 £+ 795 ppm (Ecuador; Fig. 2). Average calculated primary
magma sulfur contents for each arc range from 466 + 220 ppm to
4,264 + 819 ppm (Fig. 3). Sulfur contents are elevated relative to
those measured in mid-ocean ridge basalts, across a range of both
host olivine forsterite content (Fig. 2) and subduction zone slab
thermal parameter (Fig. 3). Importantly, the full global range of
sulfur concentrations occurs in olivine hosts with Fogg_g, composi-
tion, demonstrating the highly variable sulfur contents of primitive
arc melts.

4. Discussion
4.1. Controls on the sulfur contents of arc magmas

There are three key controls on the sulfur content of primary
arc magmas. The first is the composition of the mantle wedge
source before any addition of slab-derived components. For ex-
ample, removal of sulfur from the mantle source during previous
melting episodes would leave the mantle depleted in sulfur com-
pared to more fertile mantle sources. The second factor is the
addition of slab-derived sulfur to the mantle wedge by aqueous
fluid, hydrous silicate melt, and/or a supercritical phase. The third
factor is the oxygen fugacity during mantle melting, which strongly
influences mantle sulfide saturation. If the mantle is saturated in
sulfide during melting, this will limit the sulfur content of the melt
at the total dissolved sulfur content at sulfide saturation (SCSST).
Because SCSST is strongly controlled by foy at the intermediate
foz values typical for arc magmas (Jugo et al.,, 2010), the sulfur
contents of arc magmas are likely to be sensitive to oxidation state
during mantle wedge melting.

A first step towards investigating the importance of each con-
trol listed above is to determine whether primary arc magmas
require elevated sulfur contents in their mantle sources. This is a
complex question because the “source” is likely a hybrid of man-
tle wedge peridotite and slab components, and the latter could
be introduced either at some earlier time (metasomatism) or in
conjunction with and as the causative force for mantle wedge
melting. As a first step, we use simple batch melting models to
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Fig. 3. (Top) Primary magma S concentrations for volcanoes plotted as a func-
tion of slab thermal parameter (®). Error bars represent uncertainty in primary
magma compositions, calculated using the standard deviation of the mean for each
volcano data set. Gray bar represents primary MORB S concentrations (Ding and
Dasgupta, 2017). (Bottom) Mean minimum relative oxygen fugacity of arc volcano
magmas calculated using PEC-corrected melt inclusion sulfur contents at 500 MPa
as described in the text. Error bars represent propagated uncertainty. 12% of volca-
noes have oxygen fugacity values indistinguishable from MORB and are plotted at
QFM = 0 for simplicity. Oxygen fugacity of MORB shown for comparison in gray bar
(Zhang et al.,, 2018). Small symbols represent compositions calculated for volcanoes
that had only a single melt inclusion in the upper quartile of their S/K;0 values.
Symbols as in Fig. 1.

calculate the minimum mantle sulfur content required to gener-
ate primary arc melt sulfur concentrations. As a further simplifying
assumption, we assume that the mantle is sulfide-phase free and
that sulfur partitioning behavior is instead dominated by silicate
minerals. We make this assumption because sulfur behaves more
compatibly during sulfide-saturated mantle melting (e.g., Yao et al.,
2018). The method used here therefore provides a minimum esti-
mate for source sulfur content. We use partition coefficients from
Callegaro et al. (2020) with mineral modal proportions appropri-
ate for spinel lherzolite (O1:53, Opx:30, Cpx:12, Sp:5). We assume
a melt fraction of 15%, consistent with melt fraction estimates
for arcs based on trace element concentrations (Pearce and Peate,
1995). These calculations show that arc magmas require minimum
mantle source sulfur contents ranging from 31 to 1011 ppm sul-
fur (Fig. S4). Varying melt fraction to 10 and 20% shifts this range
to 21-676 ppm S and 40-1345 ppm S, respectively. In comparison,
estimates for MORB-source mantle are 100-200 ppm S (Ding and
Dasgupta, 2017; Sun et al., 2020; and references therein). These re-
sults indicate that any model used to explain the sulfur contents of
arc magmas globally must involve source (mantle plus added slab
components) sulfur contents that are higher in many cases than
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those in the MORB source. In the following sections, we discuss
the effects of mantle wedge composition, addition of slab compo-
nents, and mantle oxidation state in controlling the sulfur content
of primary arc magmas.

4.1.1. Mantle source

One important control on arc magma sulfur contents is the
initial sulfur budget of the mantle prior to addition of slab com-
ponents. We recognize, however, that for relatively long-lived arc
systems, there may be a long history involving multiple episodes
of both slab addition and melt extraction, making it difficult to
distinguish a ‘pre-subduction’ mantle wedge source. It has been es-
timated that the sulfur contents of E-DMM and D-DMM (enriched
and depleted mantle, respectively, compared to average depleted
MORB mantle) vary from 165 to 100 ppm (Shimizu et al., 2016).
Ocean island basalt (OIB) sulfur and copper systematics suggest
the sulfur content of OIB mantle sources are variable and com-
monly lower than this range (Ding and Dasgupta, 2018). Many
magmas in continental arcs show evidence of an enriched com-
ponent in the mantle wedge, perhaps due to the incorporation
of components of subcontinental lithospheric mantle within the
asthenospheric mantle source (Turner and Langmuir, 2022; and
references therein). In contrast, the mantle sources for island arcs
are commonly more depleted than those of continental arcs, and
in some cases are even more depleted than DMM (e.g. Pearce and
Peate, 1995). As discussed in previous global arc studies (Turner
and Langmuir, 2022; and references therein) arcs where the sub-
ducted plate has a higher thermal parameter (colder slabs) gener-
ally have thinner, oceanic overlying crust, whereas arcs with lower
thermal parameter (hotter slab) generally have thicker, continental
overlying crust (Fig. S5). This association means that distinguish-
ing between variations in arc geochemistry caused by differences
in slab thermal state, crustal thickness, and mantle composition is
an important part of interpreting global arc data sets.

Because sulfur is dominantly hosted in sulfide phases in man-
tle peridotite and not in silicate minerals (Lorand and Luguet,
2016; Yao et al., 2018; Callegaro et al., 2020), mantle sulfur con-
centration can become decoupled from rare earth element (REE)
enrichment/depletion trends. In extreme cases, chalcophile ele-
ment depletions have been linked to melt percolation events with
high melt/rock ratios that destabilize mantle sulfides (Lorand and
Luguet, 2016). However, mantle peridotites generally show posi-
tive correlations between peridotite fertility indices (such as Al;03)
and S and Cu concentrations, suggesting that the sulfur content
of peridotites is dominantly controlled by previous melting events
(Lorand and Luguet, 2016), which are in turn influenced by param-
eters such as mantle wedge temperature and oxidation state (Yao
et al,, 2018).

To investigate whether variations in arc magma sulfur content
are related to heterogeneity in the sub-arc mantle source prior to
subduction influence, we compare Nb/Y to S/Dy (Fig. 4). Ratios
such as Nb/Y that compare two elements with different degrees
of incompatibility are useful indicators of the extent of depletion
of the mantle by previous melt extraction or involvement of an
enriched component as described above (e.g., Pearce and Peate,
1995). High S/Dy values indicate increases in the sulfur content
of magmas due to higher concentrations of sulfur in the mantle
source and/or more oxidized melting conditions (e.g., Muth and
Wallace, 2021).

While the lack of clear Al,O03 depletion trends in individual
melt inclusion data sets suggest the influence of plagioclase crys-
tallization is small, some more evolved compositions show CaO
depletions consistent with clinopyroxene and/or amphibole crys-
tallization, both of which could influence S/Dy values. For example,
assuming fractional crystallization and using partition coefficients
from Green (1994), and Callegaro et al. (2020), 50% crystalliza-
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DMM mantle source used for the second curve described above. References for each
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tion of a clinopyroxene-bearing assemblage (half olivine and half
clinopyroxene), or amphibole-bearing assemblage (half olivine and
half amphibole), would change an original S/Dy value of 273 to
331 and 359, respectively. In contrast, 50% crystallization of olivine
only would only change S/Dy to 271. While it is difficult to rule
out these effects definitively, the changes in S/Dy described above
are small relative to the total range of S/Dy values in our data
set (92-2601). Furthermore, comparisons of S/Dy trends between
arcs broadly mirror those in sulfur concentration and show no sys-
tematic changes with host-olivine forsterite content (Fig. S6). We
therefore conclude that the effects of crystallization on S/Dy are
secondary and attribute variations in S/Dy within our data set pri-
marily to variability in the compositions of primary arc magmas.
S/Dy ratios in arc magmas are almost all higher than MORB,
whereas Nb/Y contents of arc magmas span the range of val-
ues observed in MORB (Fig. 4). Consistent with previous work as
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discussed above, intra-oceanic arcs, which tend to overlie colder
subducting slabs, commonly have more depleted mantle sources,
whereas continental arcs, which tend to overlie hotter subduct-
ing slabs, commonly have more enriched mantle sources. We do
note the exception, however, that one cold-slab arc (Calabria) has
the most enriched mantle composition of the entire global array.
This exception may be related to the complex geodynamic regime
in the region (De Astis et al., 2003). Comparing the different arcs,
Cl/Dy, H,O/Dy, and Ba/Dy are more elevated relative to the MORB
array in colder-slab arcs with more depleted mantle sources. This
link is likely due to the overall association between colder slabs
and the more depleted mantle common in intra-oceanic arcs, such
that the effect of added slab components on magmatic Cl, H,O,
and Ba contents is more pronounced (Fig. S5; Ruscitto et al., 2012).
Within arc variations in these elements can therefore largely be ex-
plained by variations in melt fraction and slab-component addition
superimposed on small variability in source composition. In con-
trast, for S/Dy, there is more overlap at the low end of arc values
with the MORB field, consistent with the interpretation that sulfur
is more equally sourced from mantle wedge and slab components
compared to Cl, H,0, and Ba, which are dominated more by slab
inputs. Comparing different arcs, there are no systematic variations
between S/Dy and NbJ/Y, indicating that sulfur enrichment in arc
magmas is not dominantly controlled by prior enrichment or de-
pletion of the mantle source.

4.1.2. Slab-derived materials

Here we investigate the role of mass transfer of sulfur from the
subducting slab into the overlying mantle wedge in controlling the
sulfur content of arc magmas. There is strong evidence for slab-
derived mass transfer of sulfur in the 34S-rich sulfur commonly
measured in arc glasses and volcanic gases (Bénard et al., 2018;
Muth and Wallace, 2021; de Moor et al., 2021; and references
therein), which suggest the input of 34S-rich seawater-derived sul-
fur in the sulfur budget of arc magmas. Experiments and thermo-
dynamic models also indicate that slab-derived melts and fluids
can carry a significant amount of sulfur (Jégo and Dasgupta, 2014;
Tomkins and Evans, 2015; Walters et al., 2020).

One way to assess the mass transfer of sulfur is by compar-
ing sulfur to chlorine. Chlorine is elevated in arc magmas relative
to MORB and is derived from the subducting slab (Ruscitto et al.,
2012). This comparison is valuable because chlorine is very solu-
ble in basaltic melts and degasses strongly only at relatively low
(< 100 MPa) pressure, in contrast to sulfur, which may be lost
to degassing or to sulfide formation, especially in more evolved
magmas (Wallace and Edmonds, 2011; and references therein).
Chlorine also has straightforward melting behavior in the mantle,
and enrichments in chlorine have been demonstrably linked to slab
inputs beneath arcs and back-arcs (Ruscitto et al., 2012; and ref-
erences therein). Primary magma sulfur and chlorine estimates for
arc magmas correlate both within and across arcs, although there
is considerable scatter (R? = 0.27, p-value = 3.9 x 10~10; Fig. 5).
Many of the volcanoes with the lowest S/Cl values have atypi-
cal melt compositions: high-Mg andesites (Mt. Shasta), nepheline
normative (Pufialica), or high-K to shoshonitic (Apaxtepec, Procida
Island, Ustica, Aoba Island). In these cases, prior subduction-related
metasomatism in the mantle or unusually large proportions of
slab-derived materials may create mantle sources with higher con-
centrations of chlorine.

To investigate the relationship between slab-derived materials
and magma sulfur contents more directly, we compare the ratio
S/Dy to ATh/Yb as an indicator of slab-derived material (Fig. 6).
Because ATh/Yb tracks increases in Th concentration relative to
the MORB array, ATh/Yb has the advantage of being relatively
independent of mantle source composition compared to more tra-
ditional slab-material proxies, which is especially important when
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considering global data sets (Turner and Langmuir, 2022). We
note however that arcs with enriched mantle sources still plot
to slightly lower ATh/Yb values, suggesting the signature of slab-
derived Th is dampened slightly by higher ambient mantle Th con-
centrations. In comparison to the arc-front whole-rock data com-
pilation of Turner and Langmuir (2022), our compilation shows a
broader range in ATh/Yb values because we include subduction-
related volcanoes outside of the main arc axis (e.g. back-arc lo-
cales). Although there is considerable scatter, the relationships
between S/Dy and CI/Nb vs. ATh/Yb are quite similar. The rela-
tionship of H,O/Ce vs. ATh/Yb also clearly shows the effect of
slab-derived volatiles, though with some offsets to lower H,0/Ce
values that likely reflect melt inclusions that were affected by post-

entrapment diffusive H loss (e.g. BRM in the Southern Cascades;
Walowski et al., 2016). In contrast, a comparison of S/Dy and B/Nb
(another slab tracer that is influenced by slab thermal structure
and dip angle; see Zhang et al., 2021) shows no clear correlation
between the two parameters (Fig. S7), but we note that melt in-
clusion B data are limited.

The patterns discussed above demonstrate that the sulfur con-
tent of subduction zone magmas is strongly influenced by slab-
derived materials. We explore here whether variations in the
amount of slab-derived sulfur are in turn related to the thermal
structure of the subducting slab. This exploration is partially mo-
tivated by previous comparisons between global arc data and geo-
dynamic models (Ruscitto et al., 2012) which suggested that arcs
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with intermediate slab temperatures are most efficient at recycling
H;0. At 6-14 kbar, anhydrite-saturated fluids contain higher sul-
fur contents at higher temperature (Newton and Manning, 2005).
The same relationship has been observed in experiments on slab-
derived melts (Jégo and Dasgupta, 2014). However, in our data
compilation, the highest primary magma sulfur contents occur
in intermediate slab-temperature arcs, not those with the hottest
slabs (Fig. 3). Importantly, though, the majority of magma sul-
fur concentrations for arcs with intermediate temperature slabs
overlap with concentrations for arcs with hotter and cooler slabs,
suggesting there is no clear relationship between magma sulfur
content and the thermal state of the subducting plate. If addi-
tional data were to show that higher sulfur contents in arcs with
intermediate-temperature slabs was a robust feature, it could in-
dicate that these subduction zones fall in a thermal ‘sweet spot’,
where aqueous fluids, which can dissolve more sulfur than slab
melts (Jégo and Dasgupta, 2014), are released simultaneously with
slab melts into the mantle wedge (e.g., Ruscitto et al., 2012).

Sulfur speciation in slab-derived fluids and melts may also play
a role in driving variations in arc magma sulfur contents. Slab
dehydration models that incorporate sulfur predict a release of ox-
idized sulfur during the blueschist to eclogite transition (Tomkins
and Evans, 2015; Walters et al., 2020). Calculations based on an-
hydrite solubility models (Tomkins and Evans, 2015) and more
complex fluid speciation models (Walters et al., 2020) both pre-
dict that sulfur released beneath arcs in hot subduction zones is
more reduced than sulfur released in cold subduction zones. These
differences in sulfur oxidation state likely change the solubility of
sulfur in slab melts and fluids and also affect how much dissolved
sulfur mantle melts can hold, as discussed in more detail in the
section below.

4.1.3. Oxygen fugacity
In addition to the mass transfer of sulfur into the mantle

wedge, S/Dy is sensitive to oxidation state during mantle wedge
melting, because SCSST is extremely sensitive to fop (Jugo et al.,
2010). We can quantify this relationship by calculating a minimum
fo2 for magmas using the measured sulfur contents in melt inclu-
sions. Under reducing conditions, the SCSST is controlled mainly
by temperature, pressure, melt FeOT and H,0 content, and sulfide
composition (Smythe et al., 2017; Liu et al., 2021). However, un-
der more oxidizing conditions, where S®* and $?~ are both stable,
foz exerts a dominant control (Jugo et al., 2010). The fo, dur-
ing mantle wedge melting depends on the mineral assemblage
and mineral compositions (especially Fe3* /Fe?* ratio) of mantle
rock before slab-component addition, as well as the composition
of the slab components added. To model the effect of variable
foz on SCSST, we combine an existing model of the sulfide con-
centration at sulfide saturation (SCSS®>~) for reducing conditions
(Smythe et al., 2017) with the H,O effect described in Liu et al.
(2021) and an fop dependence based on 200 MPa experimental
data (Fig. 7; Jugo et al., 2010). Although the SCSST vs. fo, relation-
ship from Jugo et al. (2010) that we have adopted is based on a
limited data set, we note that it is consistent with a recent ther-
modynamic model (O'Neill and Mavrogenes, 2022). Because SCSST
and foy relationships at pressures relevant to mantle melting are
less certain (Matjuschkin et al., 2016), we calculate SCSST for con-
ditions of crustal storage instead.

This combined model is used to calculate the minimum pos-
sible fo, value for each melt inclusion composition by assuming
the melt was sulfide saturated during entrapment. At very oxidiz-
ing conditions, magmas can also become saturated in anhydrite
(CaS04). However, very few melt inclusions in the current compi-
lation plot close to anhydrite saturation (Fig. S8). For those that
may be anhydrite saturated, this method still provides a minimum
possible foy, as magmas that are anhydrite saturated may be even
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sion composition. Measured sulfur contents of experimental glasses of variable melt
composition, pressure and temperature are shown for comparison (Jugo et al., 2005;
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Thick black outlined symbols are experiments saturated in a sulfide phase. Dise-
quilibrium experiments (not shown) and thermodynamic analysis suggest sulfide is
stable up to ~ QFM + 2 (Jugo, 2009).

more oxidized than melt sulfur content would indicate based on
SCSST calculations. In support of our assumption of sulfide sat-
uration at time of trapping, even at higher fpy, we note that a
small subset (~ 2%) of high-Mg melt inclusions from Tolbachik
Volcano in Kamchatka contain extremely high sulfur concentra-
tions (4,000-14,000 ppm; Zelenski et al., 2022) and also commonly
contain quenched sulfide liquids. This demonstrates that arc mag-
mas may be extremely S rich, even when saturated in a sulfide
phase, consistent with experimental results (e.g. Jugo, 2009). We
note that these Tolbachik inclusions from Zelenski et al. (2022) are
not included in our compilation due to lack of information about
the olivine hosts.

We calculate the entrapment temperature of melt inclusions by
applying the olivine-melt thermometer of Sugawara (2000) com-
bined with the H,O-dependent term of Médard and Grove (2008)
to PEC-corrected melt inclusion compositions and assume 500 MPa
pressure. Although 500 MPa is higher than the pressure of the ex-
periments used to calibrate SCSST as a function of fo, (200 MPa,
Jugo et al., 2010), comparisons to higher pressure experiments
(Matjuschkin et al., 2016) indicate that any error introduced by us-
ing relationships calibrated for lower pressures would likely cause
underestimates in calculated fo. Therefore, this uncertainty, like
the uncertainty in melt sulfur contents (see Supplementary In-
formation), does not undermine our interpretation of these fo>
estimates as minimum values. For H,O content we use either mea-
sured H,O values or average values from the same volcano if melt
inclusion H,0 was not measured. We assume Xpes = 0.85 in the
sulfide phase, consistent with the measured compositions of mag-
matic sulfides in arc rocks (Georgatou et al., 2018). The 68% confi-
dence interval of the modelled fp, based on these model assump-
tions was calculated using a Monte Carlo approach for n = 10,000
iterations. Input parameters were randomly generated assuming a
normal distribution and a specified one standard deviation (o),
where o1 = 100°, op = 100 MPa, oH,0 = 0.5 wWt.%, oxres = 0.1,
os = 15%, and o = 5% for all other major element concentrations
used to calculate SCSS?~ values for each melt inclusion. This ap-
proach assumes the different sources of uncertainty are indepen-
dent. The error distribution for each melt inclusion composition
generated from this calculation was then propagated through the
calculation of minimum fpy. During the minimum foy calcula-
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tion, if a given MI sulfur concentration was less than calculated
SCSS, foz was assumed to be QFM. The resulting error distribu-
tion for the minimum foy of each inclusion was also propagated
through the mean estimate for each volcano using the Monte Carlo
approach for n = 10,000 iterations.

The results of these calculations show that 88% of arc volca-
noes require conditions more oxidizing than QFM (Figs. 3, S9).
Minimum fo, estimates calculated with this approach are broadly
consistent with foy calculated using measured Fe3+/ YFe in melt
inclusions (Fig. S10). Degassing, assimilation, and the crystalliza-
tion of Fe?T-rich phases can all theoretically change the fo, of
magmas after mantle melting and before inclusion entrapment.
However, arc magma differentiation models indicate that early
fractional crystallization drives only modest increases in magma
foz and there is little experimental or natural data to suggest
that degassing at depth drives large increases in magma foy at
arcs (Kelley and Cottrell, 2012; Xu and Li, 2021). Although gar-
net crystallization or more complex magma recharge scenarios can
theoretically drive increases in Fe3* (Park et al., 2021; and refer-
ences therein), such Fe3* increase requires protracted extents of
crystallization. However, many of the high-Mg inclusions in the
global data compilation have high S contents, inconsistent with a
relationship of higher fo, with extent of differentiation (Fig. 2).
Furthermore, high melt S contents (Fig. 2) and elevated fo; (Cot-
trell et al., 2021) are observed in arcs with thin crust, where garnet
is unlikely to be stable at depths of crystallization. Assimilation of
oxidized crustal material (anhydrite-rich veins or hydrothermally
altered rocks) could, in principle, simultaneously cause increases in
both sulfur and magma oxidation state (e.g. Chowdhury and Das-
gupta, 2019; Zelenski et al., 2022), but it is unlikely this process
would occur in the majority of high-Mg melt compositions repre-
sented by melt inclusions in the global dataset.

4.2. Slab-derived sulfur and arc magma fo;

The results shown in Fig. 3 suggest a similar range of fo, values
for arcs globally, irrespective of slab temperature. The fo, values
are broadly consistent with values deduced from other methods
(Cottrell et al., 2021, and references therein; Fig. S10), but the lack
of correlation with slab temperature contrasts with the results of
Zhang et al. (2021) based on Cu contents and V[Yb as fo, prox-
ies. Although our approach and that of Zhang et al. (2021) both
have large uncertainties, melt inclusion sulfur contents differ from
trace element proxies in that they constrain minimum magmatic
fo2 independently of mantle source composition. Our work also
highlights the variability of S contents in primitive arc magmas,
and such variability can influence Cu differentiation trends and
therefore affect the use of Cu as a proxy for inferring fop dur-
ing mantle melting. The contrasts between our results and those
of Zhang et al. (2021) can potentially be reconciled by consider-
ing relationships between slab temperature, crustal thickness, and
mantle source composition, as detailed in section 4.1.1.

Because mass balance and sulfur isotopic constraints require
slab-derived addition of sulfur into the mantle wedge, our results
suggest that the addition of sulfur is directly linked to increases
in oxygen fugacity during melting. The S/Dy ratio, which increases
with the addition of slab S into the melting region and is relatively
independent of variations in melt fraction during sulfide-saturated
mantle melting, demonstrates the link between added S and in-
creased foy (Fig. 8). This link has been previously proposed be-
cause slab-derived S®* (in hydrous silicate melts or slab-derived
aqueous fluids) or S** (in fluids) are effective oxidizing agents in
the mantle wedge (Kelley and Cottrell, 2009; Evans, 2012; Klimm
et al.,, 2012).

A number of slab dehydration and melting models predict the
release of oxidized sulfur at sub-arc depths. Thermodynamic mod-

Earth and Planetary Science Letters 599 (2022) 117836

2 . : ,
15} .
v % ¥ we
[}
oAl
= ¢ >¢ 4
S osF ow > ]
< > A Y o0
< E{><49,
0 vV |
-0.5F :
-1 . . .
0 500 1000 1500 2000
S/Dy

Fig. 8. Mean calculated minimum fo based on sulfur contents of melt inclusions,
plotted as a function of primary magma S/Dy for volcanos from each arc segment.
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values are calculated from melt inclusion S and major element composition, as de-
scribed in the text, causing an inherent correlation between the parameters shown
here. However, increase in S/Dy relative to MORB values requires addition of slab-
derived S, and thus the pattern shown here must reflect increases in fpp that are
correlated with S addition.

els of sulfide-sulfate buffer reactions during the subduction of sed-
iment lithologies suggest that subducted sediments, particularly
those in cold arcs, can contain substantial anhydrite at sub-arc
depths (Canil and Fellows, 2017). Similarly, thermodynamic mod-
els of fluids released from subducting altered oceanic crust indicate
that substantial sulfur is released as S** or S®* at sub-arc depths,
although the proportion of oxidized sulfur species depends on the
degree of oceanic crust alteration before subduction and the ther-
mal structure of the subduction zone (Walters et al., 2020). For-
ward models of fluids released from hydrated mantle lithosphere
in subducting slabs predict a range of sulfur speciation depend-
ing primarily on assumptions about the initial composition and
oxidation state of the downgoing serpentinite. This highlights the
need for a more detailed understanding of serpentinite composi-
tion and P-T conditions within subducting slabs (Evans and Frost,
2021). Petrologic observations and reactive transport models also
indicate that slab sediments may act as an ‘oxidative filter’ and ox-
idize more reduced fluids that pass through the sediments from
deeper in the slab (Ague et al., 2022).

From a ‘top down’ perspective, oxidizing, S®* rich slab-derived
fluids are consistent with evidence that elevated magma fo; is di-
rectly linked to slab-derived material in the Mariana Arc (Kelley
and Cottrell, 2009, 2012; Brounce et al., 2021), and that slab-
derived S in the Cascade Arc is linked to elevated magma fo
(Muth and Wallace, 2021). Many arc magmas are also enriched
in 34S relative to MORB, consistent with either the direct transfer
of seawater-derived sulfate from the slab into the sub-arc man-
tle source or isotopic fractionation between sulfide-bearing slab
lithologies and S®*-rich fluids or melts (Bénard et al., 2018; Muth
and Wallace, 2021; and references therein). 34S-enriched arc mag-
mas could also result from reactive transport and partial reduction
of sulfur as fluids migrate within slab lithologies (Walters et al.,
2019). The somewhat restricted range of observed arc magma §34S
values (Muth and Wallace, 2021) suggests that if open-system frac-
tionation does occur, its extent is relatively limited in affecting slab
components that reach the sub-arc mantle wedge.

Slab-derived S+ can be an effective oxidizing agent in the
mantle wedge, but its effect is muted to some extent by interaction
with the high concentrations of Fe2™ in mantle wedge peridotite.
The implications of this interaction between slab S®* and mantle
Fe?"™ depend partially on whether the mantle goes through one
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Fig. 9. (A) Mean minimum fo; calculated for magmas at each volcano shown as a function of primary magma sulfur content. The black line shows the effect of S®* titration
into N-MORB composition at 1150°C as described in the text for oxygen fugacity (A) and sulfur valence state (B). The gray field bounds the calculation at 1050°C and
1250°C. Dotted curves show calculation using the model of Nash et al. (2019; short dashes) and O’'Neill (2021; long dashes) at 1150°C. (Panels B and D) Calculated oxygen
fugacity of mantle melts and S“/ZS at peak mantle wedge temperature with variable proportions of slab melt containing 1,500 (green circles) or 10,000 (brown squares)

ppm S (Muth and Wallace, 2021).

or more periods of subduction-related metasomatism prior to sub-
arc melting, or whether metasomatism (by fluids or silicate melts)
and mantle melting happen simultaneously. In the first scenario,
there is no clear upper limit to the capacity of S®* to oxidize
Fe?* through some combination of porous flow, channelized flow,
and/or diapiric ascent of slab material (Spandler and Pirard, 2013).
In contrast, a single stage ‘direct flux melting’ scenario requires a
link between the mass transfer of sulfur and associated increases
in fop during mantle melting.

If we assume that during direct flux melting all S®% added to
the mantle source remains in mantle melts, we can test how equi-
librium between sulfur and iron redox state affects the relationship
between slab-derived S®* and arc magma fo,. A highly simplified
way to illustrate the coupled redox relationship between sulfur and
iron is to ‘titrate’ S5t into a basaltic melt with the composition
of N-MORB (Gale et al., 2013), assuming an initial S~ content of
800 ppm. In this calculation, we use a modified version of the S-
Fe redox equilibrium model of Nash et al. (2019) described in the
supplement of Muth and Wallace (2021). The results of this sim-
ple calculation show that after the first ~ 1,500 ppm S®* addition
to a MORB-like mantle melt, during which the melt becomes in-
creasingly oxidized and S®*-dominated, the S-Fe equilibrium shifts
less drastically in response to further S®* addition. This occurs be-
cause as the foy of the melt increases, a given amount of S6+ will
have a smaller effect on the overall redox budget of the S-Fe redox
couple. This smaller shift means that S®* addition becomes less
efficient at increasing melt Fe3*/SFe and fo, (Fig. 9).

A more realistic simulation of flux melting of the mantle can
be achieved by combining these types of redox equilibrium calcu-
lations with pMELTS-based mantle melting models. Details of this
modelling approach are described in Muth and Wallace (2021). The
results of such model calculations show the same decrease in the
ability of S% to oxidize Fe as fo; is increased (Fig. 9; Muth and

Wallace, 2021). Therefore, this waning effect of S®* addition dur-
ing direct flux melting could explain why fo, values across arcs
cover a broadly similar range, despite a wide range of slab thermal
conditions and primary magma S contents (Fig. 3).

Atypical arc magma compositions provide valuable test cases
for the influence of S-Fe redox systematics on arc magma fo3.
For example, submarine boninite glasses in the Mariana arc have
extremely low (< 200 ppm) sulfur contents but fo; comparable
to other arc magmas (Brounce et al.,, 2021). Low sulfur could be
caused by degassing during eruption at the sea floor. Alternatively,
these low sulfur contents may result from large degrees of melt-
ing of an extremely depleted ambient mantle source. If the latter
source-based model is accurate, elevated fp, in boninites could be
caused by S®* addition to the mantle wedge even though melt sul-
fur concentration becomes diluted during mantle melting. Elevated
foz may also partially reflect the increased efficiency of S oxi-
dation in mantle sources where all sulfides have been previously
extracted (Muth and Wallace, 2021).

4.3. Implications for the Cu contents of mafic arc magmas

Cu and other chalcophile elements partition strongly into mag-
matic sulfides and are therefore sensitive to the amount of sulfide
present during mantle melting and crystallization (Lee et al., 2012;
Richards, 2015; Yao et al., 2018). Arc magmas show a wide range
of Cu behavior during crystallization, and the cause of this variabil-
ity is debated (e.g., Rezeau and Jagoutz, 2020; Barber et al., 2021;
Park et al,, 2021; and references therein). The behavior of sulfur
and copper during melting in the sub-arc mantle is also the sub-
ject of debate. During mantle melting, melts generated in more
oxidizing conditions carry more sulfur and therefore the amount
of residual sulfide in the mantle source decreases at constant ex-
tent of melting as fo> is increased. This causes more Cu to dissolve
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Fig. 10. Primary magma Cu contents from arcs globally (teal density contour), individual arc segments (teal triangles), and MORB (gray circles; Jenner and O’Neil, 2012). All
data are filtered to only include primitive (MgO > 10 wt. %) compositions. Black curves represent near aggregate melting models modified from Lee et al. (2012) at 1.1 GPa
and 1320°C assuming 25 ppm Cu and 3.33 ppm Y in the mantle source. Thick curves represent models run assuming 170 ppm S in the mantle source after Sun et al. (2020)
and assuming sulfur is present only as S>~. Thin curves represent models run assuming either high concentration of sulfur (470 ppm) in the mantle source (lower curve on

each panel) or more oxidizing conditions (QFM + 1).

in mantle melts under more oxidizing conditions. However, despite
strong evidence for oxidizing conditions during arc magma gener-
ation, the Cu contents of primitive arc magmas globally are overall
similar to MORB Cu contents (Lee et al., 2012; Zhao et al., 2022).
Global compilations of primitive arc magmas suggest some vari-
ations between volcanic arcs within a generally MORB-like range
(Zhang et al.,, 2021; Zhao et al,, 2022), potentially related to melt
fraction and crustal thickness (Zhao et al,, 2022), but the paucity
of primitive basalt data in many arcs complicates detailed com-
parisons. Overall, the similarity in Cu contents between primitive
arc magmas and MORB suggests that the mantle sources for both
magma types contain similar amounts of sulfide during melting
(Lee et al., 2012).

This contradiction can be reconciled by considering the role of
slab-derived sulfur during arc magma generation. Whereas oxidiz-
ing conditions can decrease the amount of residual mantle sul-
fide present during melting, a mantle source with higher sulfur
contents will retain a higher modal proportion of mantle sulfide
during melting at a given foy (Fig. 10). This is because in the re-
ducing to moderately oxidizing conditions (i.e. below sulfate satu-
ration) any sulfur present in mantle peridotite is present as sulfide
(Chowdhury and Dasgupta, 2019). For arcs, where slab-derived sul-
fate can cause simultaneous increases in both the oxidation state
and sulfur content of the mantle source, these competing effects
likely play an important role in moderating melt Cu contents. Vari-
ations within the broadly MORB-like Cu contents of primitive arc
magmas may be due to variability in how magma fp, increases
relative to increases in mantle source sulfur content, which would
shift the degree to which each of these factors influenced mantle
melt Cu content. Mantle melt fraction may also play a role (Zhao
et al., 2022). Interestingly, the low Cu contents of magmas such as

10

boninites that form from extremely depleted mantle sources also
suggest that the mantle source Cu content plays a role. Overall,
these calculations demonstrate that oxidized, slab-derived sulfur
can explain the MORB-like Cu contents of arc magmas, consistent
with other recent interpretations (Zhao et al., 2022). Considering
slab-derived sulfur also raises the possibility that slab components
transfer Cu from the slab into the wedge (e.g., Walters et al., 2021),
but that in most settings this transfer is masked by the increased
amount of S.

Although the addition of slab-derived materials does not
strongly increase the Cu contents of arc magmas, slab-derived
materials can still play an important role in the generation of
porphyry Cu deposits. Magmas associated with fertile porphyry
Cu deposits have high Sr/Y signatures (Park et al., 2021). In our
compilation, we observe that Sr/Y and S/Dy ratios correlate in arc
basalts (Fig. 6). We also show that higher sulfur contents corre-
late with greater magma oxidation state. These observations fit in
well with current conceptual models of crustal processes. High-
sulfur, oxidized magmas are more likely to precipitate anhydrite
during crustal storage, providing an easily remobilized source of
sulfur in crustal magma reservoirs (Chambefort et al., 2008). Mag-
mas strongly influenced by slab components are also likely to have
high H,O contents, which can also promote the development of
porphyry deposits (Rezeau and Jagoutz, 2020).

5. Conclusions

We have compiled olivine-hosted melt inclusion compositional
data from 140 volcanoes in 32 subduction zone segments and have
used this data to estimate primary magma sulfur contents at each
volcano. We find that sulfur concentrations in primary magmas
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from each arc range from 466+220 ppm to 4,264+ 819 ppm. Melt
S/Dy does not correlate with indicators of mantle depletion such
as Nb/Y, showing that the enrichment or depletion of the mantle
source before the addition of subduction-derived components is
not a strong control on magma S concentration. Instead, S/Dy cor-
relates with proxies for slab-derived components such as ATh/Yb.
We conclude from these observations that addition of slab-derived
sulfur plays an important role in determining the sulfur contents
of arc magmas. To quantify the role of oxygen fugacity in control-
ling arc magma sulfur concentrations, we calculate the minimum
fo2 needed to match the sulfur contents of primary magmas from
each volcano. We find that 88% of primary arc magmas require
fo2 greater than QFM, and the data require minimum relative fo;
values up to QFM + 1.5. Correlations between S/Dy and relative
fo2 suggest slab-derived S and fo, are related. The upper limit for
relative foy values in arc magmas is likely caused by S-Fe redox
interactions during flux melting of the mantle wedge.

Identifying the influence of slab-derived sulfur and associated
increases in arc magma foy globally allows us to tether the con-
sideration of sulfur to a broader understanding of subduction zone
processes. The mass transfer of sulfur from the slab can maintain
sulfide saturation in the sub-arc mantle wedge even in relatively
oxidizing conditions and can thus reconcile the MORB-like Cu con-
tents of arc magmas with evidence reported here and elsewhere
for oxidizing conditions during sub-arc mantle melting. High Sr/Y
ratios are correlated with high-S, oxidizing magmas, and this re-
lationship can partially explain the association between high Sr/Y
magmas and the formation of porphyry Cu deposits.
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