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ABSTRACT

Whether and how subduction increases the oxidation state of Earth’s mantle are two of
the most important unresolved questions in solid Earth geochemistry. Using data from the
southern Cascade arc (California, USA), we show quantitatively for the first time that increases
in arc magma oxidation state are fundamentally linked to mass transfer of isotopically heavy
sulfate from the subducted plate into the mantle wedge. We investigate multiple hypotheses
related to plate dehydration and melting and the rise and reaction of slab melts with mantle
peridotite in the wedge, focusing on electron balance between redox-sensitive iron and sulfur
during these processes. These results show that unless slab-derived silicic melts contain much
higher dissolved sulfur than is indicated by currently available experimental data, arc magma
generation by mantle wedge melting must involve multiple stages of mantle metasomatism
by slab-derived oxidized and sulfur-bearing hydrous components.

INTRODUCTION

Over long time scales, recycling of redox-
sensitive sulfur (S) in subduction zones is likely
a key control on the oxidation state of Earth’s
mantle (Evans, 2012). The redox state of arc
magmas also strongly affects their chemical evo-
lution and the creation of porphyry ore deposits
(Richards, 2015). In arc magmas, S is present
both as sulfide (S?7), the dominant species in
mid-ocean ridge basalt (MORB), and as the oxi-
dized species sulfate (S°*). Trace element sys-
tematics suggest that arc magmas become oxi-
dized and S® dominated during differentiation
(Lee et al., 2010; Tang et al., 2018). In contrast,
data from mantle xenoliths and from redox state
measured in silicate glasses (Kelley and Cottrell,
2009; Brounce et al., 2014; Birner et al., 2017;
Bénard et al., 2018) suggest oxidized magmas
form when oxidized materials from the down-
going slab rise into the sub-arc mantle wedge.

Independent of this debate, *S values mea-
sured in arc glasses and volcanic gases suggest
that some S is derived from seawater sulfate re-
leased during slab dehydration (Alt et al., 1993;
Bénard et al., 2018). Although mantle melts
contain much less S than Fe, one mole of slab-
derived S®* can potentially oxidize eight moles
of Fe?*. Whether this S®*-driven oxidation occurs

in arcs is difficult to test because it requires inte-
grating the mass transfer of S and electron budget
of S and Fe into models of magma formation.

Olivine-hosted melt inclusions (MIs) provide
a means to study melts minimally affected by
degassing. We measured the composition of MIs
hosted in Mg-rich olivine from tephra of six
mafic cinder cones in the Lassen segment of
the Cascade arc, California (USA). This region
has hundreds of mafic vents that have been vari-
ably influenced by slab-derived material in their
mantle source (Borg et al., 1997). Lassen sits
at the southern end of the Cascadia subduction
zone, which has a hotter thermal structure than
most arcs (Syracuse et al., 2010). Water in Las-
sen magmas is likely derived from dehydration
of hydrated mantle lithosphere in the subducting
Gorda microplate, with the released fluid fluxing
into overlying oceanic crust where it induces
slab melting (Walowski et al., 2015, 2016). We
build on this framework, constraining the mass
balance and source of S in Lassen magmas using
microanalysis of *S, S, and Sr/Nd in the same
MIs for which we constrain electron balance us-
ing S°*/>_S and Fe**/}_Fe values measured via
X-ray absorption near edge structure (XANES)
spectroscopy (see the Supplemental Material'
for details of all analytical methods).

SLAB-DERIVED SULFUR

Arc magmas commonly contain more S
than MORB does, regardless of subducted-plate
thermal structure (Fig. 1). After corrections for
post-entrapment crystallization, average S con-
tents in MIs for Lassen cinder cones range from
990 £ 160 ppm (cinder cone BBL), similar to
primitive MORB values, to 1960 + 470 ppm
(cinder cone BRM). Within each cone, MIs do
not show signs of S degassing (Figs. S4B and
S12 in the Supplemental Material). To compare
conditions of melting that generated magmas at
each cone, we calculated primary magma com-
positions through olivine addition back to equi-
librium with Fo,, (where Fo indicates forsterite
content) olivine. Primary magma S contents,
thus calculated, range from 790 to 1940 ppm
(Fig. S12; see the Supplemental Material).

To assess the influence of slab-derived S on
Lassen primary magma S contents, we com-
pared S/Dy to St/Nd. Sr and Nd, and S and Dy,
respectively, have similar incompatibility during
mantle melting in the presence of immiscible
sulfides and during olivine-only fractional crys-
tallization (Saal et al., 2002; Walowski et al.,
2016). This means increases in Sr and/or S rela-
tive to Nd and/or Dy can indicate addition of
slab material to the mantle source. Increases in
S/Dy can also indicate more oxidized melting
conditions, which increase the maximum S con-
tent of sulfide-saturated melts.

The S/Dy ratio correlates with St/Nd at Lassen
(Fig. 2D). If we make a simplifying assumption
that relationships between S/Dy and St/Nd are
linear, a regression including an averaged value for
MORB data yields R* = 0.69 and p-value = 0.02.
We note that cinder cone BRVB is an outlier to
this correlation and attribute this to preexisting en-
richments in Nd within the sub-arc mantle prior to
modern subduction (see the Supplemental Mate-
rial text and Figs. S14 and S15). Correlations with
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Figure 1. Calculated
primary magma sulfur
concentrations for arc vol-
canoes compared to the
slab thermal parameter (an
indicator of slab tempera-
ture) (Syracuse et al., 2010;
Ruscitto et al., 2012; see
the Supplemental Material
[see footnote 1]). Primary
mid-ocean ridge basalt
(MORB) S reference values
(Ding and Dasgupta, 2017)
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are shown for comparison.
See Table S14 for locations
of Lassen cinder cones.

¢ (slab thermal parameter)

Sr rather than St/Nd are stronger, with no outliers
(Fig. S14), but we have chosen to retain Sr/Nd
for modeling slab additions beneath Lassen for
consistency with previous work (e.g., Walowski
etal.,2016) and to reduce complications related to
mantle melt fraction in our interpretations.

Correlations in Figure 2 and Figure S14 re-
quire variable slab addition of S to the mantle
source and/or a variably oxidized mantle. With
regard to the latter, MORB-source mantle that
becomes oxidized without S addition does not
contain enough S to generate the high-S magmas

at Lassen (Fig. S13). An alternative is that mag-
mas at each cinder cone became variably oxidized
and S enriched during deep crustal differentiation.
Theoretically, melt Fe** enrichment caused by
magma recharge and garnet crystallization could
increase S®t/_S and cause assimilation of sulfide
cumulates in the lower crust (e.g., Lee and Tang,
2020). However, Lassen cinder cones are fed
by small, short-lived crustal magmatic systems,
and the high-Mg MIs used here formed during
early crystallization. Lassen magmas also do not
show the strong heavy rare earth element (HREE)
depletions expected from protracted garnet frac-

We therefore interpret correlations between
S/Dy and Sr/Nd (Fig. 2D) to indicate that a
large portion of S in Lassen magmas is sourced
from the subducting slab. H,O and Cl in Lassen
magmas show similar patterns, indicating that
S, Cl, and H,O are all sourced primarily from
the downgoing plate (Fig. S16; Walowski et al.,
2016), consistent with volatiles in arcs globally

Because S/Dy can vary as a function of oxida-
tion state during mantle melting, S isotope ratios
(6*S) measured in MIs provide an essential addi-
tional constraint on slab-to-mantle mass transfer of
S. 8*S values for Lassen magmas (1.8%o =+ 0.7%o
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Figure 2. Primary magma compositions for the Lassen region (California, USA) based on melt
inclusion data (from indicated cinder cones, large symbols; See Table S14 [see footnote 1] for
locations of cinder cones) compared to model melt compositions (small circles). QFM—quartz-
fayalite-magnetite. Error bars in B and C represent the standard error of the mean. Each array of
colored circles represents one modeled scenario, and each individual circle represents modeled
melt at peak mantle-wedge temperature, calculated for a specific melt/rock ratio, labeled next
to the “Prior Oxidation” array in panel A as an example. “Normal mantle” and “Prior oxidation”
models in C and D have the same values. See the text and Figure S3 for model details. Small
crosses are oxygen fugacity estimates using spinel-olivine oxybarometry for other Lassen
cinder cones (Ballhaus et al., 1991; Clynne and Borg, 1997). Mid-ocean ridge basalt composi-
tions (Table S13) are shown in gray density contours for comparison. In D, the poor fit of three of
the models to the data at low Sr/Nd is caused by the absence of residual sulfide (see Fig. S11).
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t0 5.2%0 + 0.3%o0) correlate with Sr/Nd in a similar
way to S/Dy (R? = 0.68, p-value = 0.04; Fig. 2C).
This requires variable addition of high-6*S sulfur
into a MORB-like mantle source (6*S = 0.6%o;
see the Supplemental Material). To compare §*S
in Lassen magmas to &S in slab lithologies, we
calculate bulk &*S in the downgoing slab at Las-
sen using constraints from geophysical data and
drill cores (Fig. 3; see the Supplemental Material).
Our estimate includes sediments, volcanic and
gabbroic sections of altered oceanic crust (AOC),
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and 2 km of partially hydrated lithospheric man-
tle. Bulk 6*S estimated for the slab beneath Las-
sen is —6.7%o % 2.9%o, with uncertainty based on
S content in each section. Sediment contribution to
the slab-derived component in Lassen magmas is
small (Walowski et al., 2016). If we exclude sedi-
ment, bulk slab §*S is 1.1%0 £ 0.5%o, still lower
than &*S in the most S-rich Lassen cinder cone
(6**S = 5.2%o) and indistinguishable from that in
MORB (6*S = 0.6%o).

Elevated 6*S in Lassen magmas relative to
estimates for the bulk downgoing slab (Figs. 2
and 3) could be most readily explained if seawa-
ter sulfate in downgoing hydrated lithospheric
mantle or AOC was transported into the sub-arc
mantle more effectively than sulfur from primary
sulfides in downgoing AOC. Heterogeneity in
sulfide &S within exhumed high-pressure rocks
suggests sulfides do not equilibrate efficiently at
slab surface temperatures (Walters et al., 2019). If
this were the case, then 6**S-enriched fluids from
hydrated lithospheric mantle (e.g., Altet al., 2012)
that flush overlying oceanic crust and cause par-
tial melting would have a disproportionate effect
on slab melt 6*S. Alternatively, if equilibrium
conditions prevailed, slab sulfur may inherit high
&S from isotopic fractionation during slab melt-

0 20

ing. An S%"-dominated slab melt in equilibrium
with MORB-like sulfides (6*S = 0%0) would
have 6*S = 5.7%0-6.9%0 (Miyoshi et al., 1984)
at 750-850 °C (Walowski et al., 2015), whereas
a S*”-dominated slab melt would undergo little
fractionation. For partial melt of oceanic crust to
be dominated by S®* requires that fluids derived
from underlying hydrated mantle lithosphere be
relatively oxidized (e.g., Debret and Sverjensky,
2017; Maurice et al., 2020, Evans and Frost, 2021).
Therefore, while assumptions about equilibrium
or nonequilibrium &*S behavior in AOC have dif-
ferent implications for the precise source of slab
S, both indicate the release of oxidized, S®*-dom-
inated melt from the slab into the mantle wedge.

Values of 6**S in Lassen MIs are simi-
lar to 64S measured at arcs globally (Fig. 3).
High-temperature gases, low-S submarine glass-
es, and degassed scoria samples all have S
similar to that of the minimally degassed MIs
measured here. This suggests that degassing at
arcs has a relatively small effect on melt 5*S
values. Considering the wide range of sediment
S compositions (Fig. 3), slab temperatures
(Syracuse et al., 2010), and slab-material fluxes
(Ruscitto et al., 2012) estimated for arcs, simi-
larities in 6*S of magmas from different arcs
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Figure 3. §**S values for
arc volcanoes, drill cores,
exhumed rocks, and slab
fluid or melt models (see
Table S11 for the values
and the data sources
[see footnote 1]). Sym-
bols show the average
and upper and lower quar-
tiles for each data set. All
data are for whole-rock S
unless otherwise speci-
fied. Arc extrusive rocks
(“Arc magmas”) include
basalt and basaltic andes-
ite compositions. Average
mid-ocean ridge basalt
(MORB) §**S and the upper
and lower quartile of
Lassen (California, USA)
melt inclusion 3**S are
shown for comparison.

suggest that the addition of slab-derived, oxi-
dized S to the sub-arc mantle at Lassen is com-
mon to other subduction zones.

INFLUENCE OF SLAB-DERIVED
SULFUR ON THE OXIDATION STATE
OF LASSEN MAGMAS

Lassen primary magma oxygen fugacities (f;,)
relative to the quartz-fayalite-magnetite (QFM)
buffer, calculated from Fe**/>_Fe measured in MIs,
range from QFM + 0.8 to QFM + 2.0 (Fig. 2A;
see the Supplemental Material). Like S and
%8S, fo, correlates with Sr/Nd (R? = 0.61, p-val-
ue = 0.04 for AQFM, R? = 0.68, p-value = 0.02
for S¢+/3°S), suggesting that slab-derived S°* has
a causal link to oxidized magmas. Both Fe**/>_Fe
and S°/>_S are elevated relative to MORB. This
requires that as slab-derived, hydrous, silicic
melt causes flux melting of the mantle wedge
(Walowski et al., 2015), a portion of slab-derived
So+ is reduced to oxidize Fe?*, given that there is an
equilibrium relationship between melt Fe**/>_Fe
and S°*/3_S involving redox exchange between S
and Fe (e.g., Nash et al., 2019). Therefore, to assess
whether slab-derived S°* causes arc magmas to
be more oxidized than MORB, the coupled redox
budget of S and Fe must be considered.
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Figure 4. Conceptual model for the generation of sulfur-rich oxidized magmas in the south-
ern Cascade arc. High-8**S seawater sulfate (e.g., Alt et al., 2012) becomes incorporated into
altered oceanic crust (subdivided into upper crust with both volcanic rocks and sheeted dikes,
and lower crust with gabbros) and hydrated mantle lithosphere during hydrothermal activity
near the ridge crest and later faulting of the oceanic crust. When hydrated mantle lithosphere
dehydrates, oxidized fluids rise into the overlying oceanic crust, generating high-5**S, sulfate-
dominated, hydrous slab melts. These slab melts rise up through the inverted thermal gradient
of the mantle wedge, reacting with mantle peridotite to form oxidized, S-rich, high-§**S basaltic
magmas. Inset panels show details of slab hydration and slab melting.

To model the redox budget, we combine
pMELTS melting models (Ghiorso et al., 2002),
redox equilibrium between S and Fe, and elec-
tron balance calculations. This model (see the
Supplemental Material for details) approximates
the reaction and transport of silicic, hydrous slab
melts rising into the inverted thermal gradient of
the mantle wedge (Sisson and Kelemen, 2018).
Coupled redox balance calculations track chang-
es in Fe**/3_Fe and S°*/3_S during reactions of
S¢*-rich slab-derived melts with more reduced
mantle peridotite. Importantly, the coupled redox
balance shows that slab S¢* is much less effec-
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tive at generating oxidized basaltic magmas than
predicted when only the relationship between f;,,
and S®+/3>_S is considered (Klimm et al., 2012).

In our initial model, we assume a slab melt
with 1500 ppm S¢* based on a 950 °C, 3 GPa par-
tial melting experiment of oxidized, fluid-saturat-
ed, S-rich basalt (Jégo and Dasgupta, 2014) and
initial mantle peridotite S>~ content of 150 ppm
based on MORB-source mantle (Ding and Das-
gupta, 2017). In this scenario, slab S¢* drives
clear increases in the f,, and S°*/3_S of mantle
melts but does not predict Lassen f;,, S/Dy, or
Se+/3_S values (green curve in Fig. 2). Given this

result, we also modeled the same scenario but as-
sumed 10,000 ppm S¢* in slab melt. This model
overestimates the S content of Lassen magmas
but reproduces all but the highest Lassen f,, and
S+/3_S values (blue curve in Fig. 2). Given that
this modeling approach seems to require unrea-
sonably high slab melt S°* concentrations, we
explored three more-complex model scenarios.

In the first more-complex scenario, melts re-
main saturated in an immiscible sulfide phase as
they react with peridotite. This model scenario
creates more oxidizing mantle melts but requires
very S-rich slab melt (8000 ppm) to reproduce
the highest f, and S®*/>_S values (purple curve
in Fig. 2). The second more-complex scenario is
that the sub-arc mantle experienced S extraction
during previous melting events. However, if we
assume 1500 ppm S°* in slab melt and O ppm
S?- in mantle peridotite, the model cannot re-
produce higher f;,, and S/Dy values or the cor-
relation between St/Nd and 6*S (orange curve in
Fig. 2). The third more-complex scenario is that
the sub-arc mantle experienced multiple stages
of oxidation, consistent with oxygen isotope data
for Lassen magmas (Underwood and Clynne,
2017) and other arcs (Auer et al., 2009). This
model fails to reproduce the entire range of Las-
sen compositions with a single, uniform period
of prior oxidation (pink curve in Fig. 3), indi-
cating that a more localized and/or multistage
process is required.

Our models show that transfer of slab-de-
rived sulfate to the mantle wedge has a clear
effect on the f,, of arc magmas and requires
slab melts with &S = 5.2%¢—9.5%0 to match
measured 6*S values (Figs. 2, 3, and 4). These
models highlight the importance of resolving
sensitivity of S and Fe redox exchange to pres-
sure, temperature, melt composition (including
dissolved H,0), and potential quenching ef-
fects (e.g., Matjuschkin et al., 2016; O’Neill,
2021). While these uncertainties are unlikely
to alter bulk electron exchange in our models
significantly compared to the overall effect of
S+ addition, they limit how modeling outcomes
considered here can be included in models of S
behavior during mantle melting.

A striking feature of our data set is that Las-
sen magma 0*S and f,, values are similar to
those measured in the Mariana Islands (western
Pacific Ocean) (Fig. S6; Alt et al., 1993; Brounce
etal., 2014) and other arcs globally (Fig. 3; Cot-
trell et al., 2020) even though the Cascade arc
is a near-global end member in terms of young
slab age and temperature, which strongly af-
fect slab dehydration and melting (Walowski
et al., 2015). This shared similarity in 6*S and
fo» points to a common source of S, either sul-
fate derived from hydrated mantle lithosphere
or AOC-hosted sulfides oxidized by fluids ris-
ing up from the hydrated mantle lithosphere,
or both (Fig. 4). Our results show that transfer
of slab-derived S®* into sub-arc mantle above
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subducted plates can explain both elevated 8*S
values and f,,, of basaltic arc magmas globally.
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