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Abstract Subduction is a key component of Earth's long‐term sulfur cycle; however, the mechanisms
that drive sulfur from subducting slabs remain elusive. Isotopes are a sensitive indicator of the speciation
of sulfur in fluids, sulfide dissolution‐precipitation reactions, and inferring fluid sources. To investigate these
processes, we report δ34S values determined by secondary ion mass spectroscopy in sulfides from a global
suite of exhumed high‐pressure rocks. Sulfides are classified into two petrogenetic groups: (1) metamorphic,
which represent closed‐system (re)crystallization from protolith‐inherited sulfur, and (2) metasomatic,
which formed during open system processes, such as an influx of oxidized sulfur. The δ34S values for
metamorphic sulfides tend to reflect their precursor compositions: −4.3‰ to +13.5‰ for metabasic rocks,
and −32.4 ‰ to −11.0 ‰ for metasediments. Metasomatic sulfides exhibit a range of δ34S from −21.7 ‰ to
+13.9 ‰. We suggest that sluggish sulfur self‐diffusion prevents isotopic fractionation during sulfide
breakdown and that slab fluids inherit the isotopic composition of their source. We estimate a composition
of−11‰ to +8‰ for slab fluids, a significantly smaller range than observed for metasomatic sulfides. Large
fractionations during metasomatic sulfide precipitation from sulfate‐bearing fluids, and an evolving fluid
composition during reactive transport may account for the entire ~36 ‰ range of metasomatic sulfide
compositions. Thus, we suggest that sulfates are likely the dominant sulfur species in slab‐derived fluids.

Plain Language Summary Sulfur is one of the key ingredients for life and drives many
biochemical and geochemical reactions in Earth systems. The exchange of sulfur between Earth's exterior
and interior during subduction is an important long‐term component of the global sulfur cycle. In our study,
we use stable isotopes of sulfur as a tracer of sulfur loss and migration from subducting oceanic plates. We
demonstrate the utility of sulfur isotopes as a tracer by identifying potential sources of sulfur in the
subducting plate. We suggest that the isotopic composition is unaffected by the dissolution of sulfur‐bearing
minerals and infer that the large compositional range of sulfides formed from fluids expelled from the
subducting plate reflect the speciation of sulfur in the fluid. This study represents the first global overview of
sulfur isotopes in subducted metamorphic rocks. These data may be compared with sulfur isotope
measurements in volcanic arcs overlying subduction zones to trace sulfur from the subducting plate through
the overriding plate.

1. Introduction

Subduction is the primary mechanism of mass transfer between the surface and deep Earth and plays a cri-
tical role in the cycling of many major, minor, and trace elements on geologic time scales (e.g., Hermann
et al., 2006; Schmidt & Poli, 2003; Spandler & Pirard, 2013). The transfer of elements between the subducting
slab, slab‐mantle interface zone, and into the overlying magmatic arc system is controlled, in part, by the
ability of elements to be liberated as soluble species during slab devolatilization. Increasing pressure and
temperature conditions during subduction drive metamorphic reactions in the slab to produce hydrous
fluids or silicate melts, which transport material into the overlying system that eventually produces the mag-
matic arc (e.g., Hacker, 2008; Manning, 2004; Marschall & Schumacher, 2012). Despite the important role
sulfur may play in the redox of the slab‐arc system and trace metal cycling, a limited number of studies have
focused on sulfur mobilization from the slab during subduction metamorphism (Alt, Shanks, et al., 2012,
Alt, Garrido, et al., 2012; Canil & Fellows, 2017; Crossley et al., 2018; Debret & Sverjensky, 2017; Evans &
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Powell, 2015; Evans et al., 2014, 2017; Jego & Dasgupta, 2013; LaFlamme et al., 2018; Lee et al., 2018;
Tomkins & Evans, 2015).

Sulfur is one of the six most abundant elements in the Earth (~2 wt %) and is subducted at a rate of 2.31–2.83
× 1012 mol/year (Dreibus & Palme, 1996; Evans, 2012). Like carbon, sulfur is one of the few elements to natu-
rally exhibit a wide range of valence states (S2− to S6+). One mole of sulfur has the potential to oxidize or
reduce up to eight moles of iron; therefore, even small additions of subducted sulfur to the mantle may have
wide‐ranging implications for mantle fO2 through geologic time. Additionally, dissolved sulfur acts as a com-
plexing ligand with some metals and is a required coprecipitant to draw other metals out of solution (e.g.,
Pokrovski et al., 2008, 2015; Seo et al., 2009; Zajacz et al., 2011). The release of various sulfur species from
different slab depths has been postulated to explain the distribution of arc‐related ore deposits (Pokrovski
et al., 2015; Tomkins & Evans, 2015). Thus, quantifying the amount of sulfur liberated during subduction,
the migration of sulfur from the slab into the volcanic arc and the oxidation state of sulfur leaving the slab
are critical to all studies of arc‐related ore deposits, and magma and mantle geochemistry.

Sulfur isotope ratios of 34S/32S, expressed as δ34S in per mil relative to the meteorite standard Vienna Canyon
Diablo Troilite, are commonly used as an isotopic tracer in a variety of geologic and biologic systems. Mass‐
dependent sulfur isotope fractionation is influenced by temperature, fO2‐fS2, and pH, and may occur during
chemical exchange between sulfur species or anaerobic respiration by sulfur‐reducing bacteria (see reviews
in Canfield, 2004; Seal, 2006). Combined with mass‐independent sulfur fractionations in the early Earth,
these processes have introduced significant isotopic heterogeneity to surface and mantle reservoirs
(Figure 1). Early studies of mid‐ocean ridge basalts (MORBs) reported δ34S values indistinguishable from
the chondritic average of +0.04 ± 0.31 ‰ (Gao & Thiemens, 1993a, 1993b; Sakai et al., 1984; Thode et al.,
1961). Recent studies of MORB by Labidi et al. (2012, 2013, 2014) identify δ34S values of −1.9 ‰ to +0.6
‰ with a dominance of analyses <0 ‰. Correlation of δ34S values with 87Sr/86Sr and 143Nd/144Nd identify
a depleted mantle reservoir with an average of −1.28 ± 0.66 ‰, highlighting a distinct depletion in 34S/
32S relative to chondrites (Labidi et al., 2013). Further highlighting mantle heterogeneity, whole rock and
sulfide compositions for subcontinental lithospheric xenoliths range from −6 ‰ to +11 ‰ (Chaussidon
et al., 1989; Chaussidon & Lorand, 1990; Giuliani et al., 2016; Ionov et al., 1992; Kyser, 1990; Tsai et al.,
1979; Wilson et al., 1996). Sulfide inclusions in eclogitic diamonds display a wide range of δ34S values from
−11‰ to +14‰, whereas inclusions in peridotitic diamonds have a more restricted range of−5‰ to +6‰
(Cartigny et al., 2009; Chaussidon et al., 1987; Eldridge et al., 1991, 1995; Farquhar et al., 2002; Rudnick
et al., 1993; Thomassot et al., 2009). Recent studies of ocean island basalts highlight excursions in δ34S values
to nearly –18 ‰ (Cabral et al., 2013; Delevault et al., 2016). The recycling of sulfur during subduction has
long been invoked to account for some of these variations (e.g., Chaussidon et al., 1989; Eldridge et al.,
1991; Farquhar et al., 2002; Giuliani et al., 2016; Labidi et al., 2013).

The sulfur isotopic composition of surface reservoirs has deviated greatly from the bulk Earth. Sulfate dis-
solved in seawater is the largest surface reservoir of sulfur, and modern seawater has a δ34S value of +21.0
± 0.2‰ (Figure 1; Rees et al., 1978). Although rare in the absence of large evaporite basins, chemical preci-
pitation of seawater sulfate results in only minor fractionation between dissolved sulfate and the sulfate pre-
cipitate. Conversely, fractionation during bacterial sulfate reduction at the seafloor produces a range in δ34S
values of−50‰ to +20‰ in seafloor sedimentary pyrite (Figure 1), though ~87 % of all analyses are less than
−10‰ (Canfield & Farquhar, 2009). Bacterial sulfate reduction during off‐axis hydrothermal alteration can
produce local δ34S variations of −72‰ to +17 ‰ in the altered oceanic crust (AOC; Alford et al., 2011; Alt,
1995; Alt & Shanks, 2011; Lever et al., 2013; Ono et al., 2012; Rouxel et al., 2008). Here we use AOC to refer to
the altered mafic crust, including the upper volcanics, sheeted dikes, and gabbros. Sulfur isotope mass‐
balance constraints for deeply cored sections of AOC from Ocean Drilling Program/International Ocean
Discovery Program holes 504B and 1256D give overall isotopic compositions of +0.9 ‰ and −6 ‰, respec-
tively (Alt, 1995; Alt & Shanks, 2011). Both abiotic and biotic fractionations also occur during serpentiniza-
tion of the lithospheric mantle; serpentinites formed at high temperatures typically have δ34S values of +5‰
to +10 ‰, whereas δ34S values of −45 ‰ to +27 ‰ have been reported for low‐temperature serpentinites
(Figure 1; see review in Alt et al., 2013). Sulfur isotope analyses of arc volcanic products show variability in
δ34S values of up to 26 ‰ (Figure 1; Alt et al., 1993; de Hoog et al., 2001; Mandeville et al., 1998, 2009;
Marini et al., 1994, 1998; Robinson & Graham, 1992; Rye et al., 1984; Ueda & Sakai, 1984; Woodhead
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et al., 1987). Magmatic processes, such as phase separation and degassing, as well as the influence of evolving
fO2, temperature, pressure, and alteration of volcanic products, are variably responsible for the 26 ‰

variation in δ34S values, and significantly complicate the ability to isotopically fingerprint magmatic sulfur
sources (see review in Marini et al., 2011). Melt inclusions may be less sensitive to degassing processes, but
only a restricted set of data currently exist (Figure 1; Bouvier et al., 2008).

The difficulty of using sulfur isotope measurements on volcanic products as a means to investigate sulfur
recycling during subduction highlights the need for the direct analyses of sulfur‐bearing phases in high‐
pressure exhumed terranes. To date, δ34S measurements from exhumed metamorphic terranes have been
reported from primarily eclogite‐facies rocks from only five localities worldwide (Bebout, 1995; Evans
et al., 2014; Giacometti et al., 2014; Lee et al., 2018). In addition, sulfur isotope compositions for high‐
pressure serpentinites have been reported for only five localities (Alt, Shanks, et al., 2012, Alt, Garrido,
et al., 2012; Crossley et al., 2018; Lee et al., 2018; Shimizu et al., 2013). However, questions remain regarding
the ability for sulfides to retain their protolith‐inherited isotopic composition during high‐pressure meta-
morphism and mechanisms that drive sulfur loss from the slab.

In this study we employ in situ ion microprobe analyses to determine the sulfur isotope composition of sul-
fides from nine exhumed subduction zone terranes worldwide. We report δ34S values of pyrite, pyrrhotite,
and chalcopyrite in samples that span a range of pressure‐temperature (P‐T) conditions, compositions,
and ages. The investigated sulfides include those formed at prograde and peak metamorphic conditions,
as well as those formed due to metasomatism (i.e., jadeitite formation and rehydration during exhumation).
Prograde and peak metamorphic sulfides may shed light on the isotopic composition of subduction zone

Figure 1. Schematic cross section through the crust and uppermost mantle presenting the exchange of sulfur between sur-
face and mantle reservoirs. The isotopic values for sulfur inputs (green) and outputs (orange) are displayed. The inset
illustrates erosion of the slab‐mantle interface andmélange anatomy. Fluids leaving the slab are expected to mix along the
subduction zone interface and flux the overlying mantle wedge to initiate melting. Isotopic compositions for subducted
and exhumed rocks are from this study, Bebout (1995), Crossley et al. (2018), Evans et al. (2014), Giacometti et al. (2014),
and Shimizu et al. (2013). The range of altered oceanic crust values are from Alford et al. (2011), Alt (1995), Alt & Shanks
(2011), Ono et al. (2012), and Rouxel et al. (2008). The values for seawater sulfate and sedimentary pyrite are from Rees
et al. (1978) and Canfield & Farquhar (2009), respectively. The upper limit for modern riverine sulfate is given in the
review of Bottrell & Newton (2006). The value for depleted mantle is from Labidi et al. (2013, 2014). The range for sulfide
inclusions in diamond are from Cartigny et al. (2009), Chaussidon et al. (1987), Eldridge et al. (1991, 1995), Farquhar et al.
(2002), Rudnick et al. (1993), and Thomassot et al. (2009). Subcontinental mantle xenolith values are from Chaussidon
& Lorand (1990), Chaussidon et al. (1989), Giuliani et al. (2016), Ionov et al. (1992), Kyser (1990), Tsai et al. (1979), and
Wilson et al. (1996). Serpentinite seamount values come from Alt & Shanks (2006) and Aoyama et al. (2018). Whole rock
data for arc volcanic products include those from Alt et al. (1993), de Hoog et al. (2001), Mandeville et al. (1998, 2009),
Marini et al. (1994, 1998), Robinson & Graham (1992), Rye et al. (1984), Ueda and Sakai (1984), and Woodhead et al.
(1987). Volcanic arc melt inclusion data are from Bouvier et al. (2008).
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sulfur inputs, whereas sulfides in revolatilized high‐pressure and hybrid rocks provide a means of examining
the isotopic composition of slab‐derived fluids. Utilizing this sample suite, we assess the mechanisms of sul-
fide petrogenesis, the effects of diffusion on sulfur isotope composition, and the sulfur isotope distribution
across different generations of sulfides, lithologies, and geologic time. We apply this global data set to esti-
mates of the isotopic composition and redox state of dissolved sulfur liberated from subducted slabs.

2. Sampling Strategy and Sulfide Petrography
2.1. Sampling Strategy

Unfortunately, no single exhumed terrane on Earth exhibits the full range of subduction zone pressure‐
temperature (P‐T) conditions or lithologic variation. Instead, the exhumed rock record is incomplete, and
the full picture can only be reconstructed by combining evidence from various global localities. In addition,
late‐stage alteration during exhumation, surficial weathering, and sulfur loss during subduction result in the
variable preservation of sulfides. Therefore, we studied exhumed high‐pressure rocks collected from nine
localities that cover a wide set of conditions and have protolith ages ranging from the Proterozoic to the
Paleogene. Sulfide‐bearing samples were sourced from both coherent lithotectonic units (e.g., Czech
Republic and Austria) and mélange zones (e.g., Dominican Republic and Greece) to span a large range of
lithologies and peak metamorphic conditions. Samples are referred to in the text by their country (or state)
of origin. Specific localities are listed in Table 1, and detailed geologic background and petrography can be
found in supporting information Text S1. Petrographic and isotopic analyses of this sample set allow for a
comparison through geologic time and highlight important similarities across a variety of tectonic environ-
ments. We recognize that variations in subduction zone thermal structure, subducted lithologies, and age
complicate direct comparison across our sample suite; however, we show consistent trends across localities
and provide a first‐order examination of potential processes affecting sulfur in subducting slabs.

2.2. Sulfide Petrography

Sulfides are broadly classified as either metamorphic or metasomatic (Table 1 and Figure 2). Metamorphic
sulfides are associated with prograde to peak textures, such as isolated inclusions in garnet, or on the basis of
inclusion assemblages in matrix sulfides (Figures 2a–2c). Metamorphic sulfide inclusions of pyrite, pyrrho-
tite, chalcopyrite, and galena in garnet were observed in samples from the Czech Republic (SVS‐11‐01, TIS‐
11‐2), France (GO83‐12), Dominican Republic (DR1203‐11‐03), Greece (SY403), and California (K12). No
prograde inclusions exhibit coexisting pyrite and pyrrhotite. Peakmetamorphic pyrrhotite was not observed,
whereas peak metamorphic matrix pyrite and chalcopyrite were observed in two samples from the Tauern
Window in Austria (DT119) and Franciscan complex in California (K12). Pyrite grains in the graphitic schist
sample DT119 are elongate parallel to the peak metamorphic foliation. Pyrite is also intergrown with hon-
eycomb garnet (Figure 2b), which has been interpreted to form at peak conditions (Hawkins et al., 2007).
These observations suggest pyrite stability at 1.66–2.05 GPa and 540–584 °C (Dachs & Proyer, 2001).
Inclusions of spessartine within pyrite and growth of stilpnomelane (K (Fe2+,Mg,Fe3+)8(Si,Al)12(O,
OH)27·n(H2O)) around pyrite in quartzite sample K12 place pyrite formation at or near the metamorphic
peak (Figure 2c). However, P‐T conditions of this locality are poorly constrained (see discussion in Text S1).

The majority of sulfides in the sample suite are classified as metasomatic and are texturally associated with
two broad types of metasomatism (Table 1): “blackwall” reaction zones between high‐grade blocks and
mélange‐matrix, and retrograde rehydration during exhumation of large tectonic slices. Following the incor-
poration of crustal fragments into the slab‐mantle interface, large chemical gradients, an abundance of
fluids, and deformation lead to the progressive digestion of high‐grade blocks to produce hybridized mixed
compositions (see discussions in Bebout & Barton, 1989 and Marschall & Schumacher, 2012).

Sulfides in the serpentinite block‐and‐matrix mélange exposed on the island of Syros, Greece, are almost
exclusively restricted to blackwall zones (Figure 3). On the microscale, inclusions of omphacite and rutile
occur in pyrite in a garnet‐omphacite‐chlorite reaction rind (SY462), whereas pyrite is also observed in glau-
cophanite and chlorite schist rinds (SY404). These observations suggest that sulfide deposition occurred fol-
lowing block incorporation into the subduction interface at peak eclogite‐facies conditions and continued
through blueschist‐facies retrogression. Similarly, sulfides from mélange in the Dominican Republic and
Australia are also largely associated with zones of mixed compositions (Table 1), where blackwall minerals
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occur as inclusions in sulfide and sulfides exhibit crosscutting relationships with the peak metamorphic
foliation. Samples DR1203‐10‐02 and DR1203‐11‐03 were collected from riverwashed boulders and do not
preserve intact core‐rind‐matrix relationships; however, their textures are consistent with blackwall
metasomatism. Sulfides in sample 10‐02 are restricted to veins of pumpellyite, chlorite, and white mica
(Figure 2g), and the association of sulfides in sample 11‐03 with chlorite, titanite, albite, and brittle
fractures in garnet (Figures 2h and 2i) suggests a retrograde fluid‐driven origin (Table 1).

Metasomatic sulfides that formed during rehydration in rocks exhumed within tectonic slices are associated
with various stages of granulite‐, amphibolite‐, and greenschist‐facies metamorphism. Sulfides in rocks
exhumed through the granulite‐ and amphibolite‐facies (SVS‐11‐01, TIS‐11‐02, and GO83‐12) contain metaso-
matic sulfides that are associated with retrograde hornblende ± chlorite (e.g., Figure 2d). In two samples from
the Czech Republic, masses of pyrite rimmed by chalcopyrite and pyrrhotite occur in veins of diopside +

Figure 2. Transmitted light, reflected light, and backscattered electron images of key microtextures: (a) Prograde inclusions of Po + Ccp in garnet in sample
SVS‐11‐01, (b) Py + Qz + Cal + Dol intergrown with honeycomb garnet in sample DT119, (c) Inclusions of garnet in pyrite with stilpnomelane and quartz in
sample K12, (d) Hornblende exhibiting dark to light Fe/Mg zonation adjacent to a mass of Py + Ccp + Po (black) in sample SVS‐11‐01, (e) Pyrite overgrown by Ccp
+ Po in a vein of Di + Pl symplectite in sample TIS‐11‐02, (f) Bt + Ep inclusions in pyrite in sample FT105B, (g) Po + Ccp in a vein of Pmp + Chl + Ms in sample
DR1203‐10‐02, (h) pyrite with inclusions of titanite adjacent to plagioclase in sample DR1203‐11‐03, and (i) crack filling Py (red) + Po (white) + Ccp (yellow)
rimmed by Co‐Ni sulfide in sample DR1203‐11‐03. Mineral abbreviations follow Whitney & Evans (2010).
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plagioclase symplectite after omphacite (Figures 3d and 2e; Faryad et al., 2006; O'Brien, 1997). Inclusions of
diopside + plagioclase symplectite and retrograde hornblende are found within the central pyrite grains, sug-
gesting that pyrite formed during or following the granulite‐facies overprint. A compositional gradient of
decreasingFe/Mg inhornblende adjacent to pyrrhotite is consistentwithpyrite breakdown to pyrrhotite, which
requires approximately a twofold increase inFe atomsper formula unit. Therefore, pyrite breakdown to pyrrho-
tite and chalcopyrite likely occurred during rehydration and amphibole formation. Pyrrhotite also contains
inclusions of thiospinel, which are not found within pyrite and likely formed during pyrite breakdown.

Similarly, metasomatic sulfides in sample FT105B from the Frosnitz Valley in Austria contain inclusions of
retrograde phases, such as epidote, and occur in domains of garnet and phengite retrogression to biotite,
hornblende, epidote, and skeletal magnetite (e.g., Figure 2f). Evans et al. (2014) similarly observed sulfides
associated with blueschist‐ and greenschist‐facies retrogression in rocks from the Zermatt‐Saas Zone
(Switzerland) and from New Caledonia. Sulfides associated with granulite‐ to greenschist‐facies retrogres-
sion demonstrate the fluid mobility of sulfur over a wide range of P‐T conditions during the exhumation
of large tectonic slices at convergent margins.

3. Analytical Methods
3.1. Trace Element Maps

Samples were prepared as 1‐in. (2.54 cm) round polished sections or epoxy grain and rockmounts. Prior to iso-
topic analysis, trace element maps of Co, As, and Ni in pyrite were collected using a Cameca SX‐100 electron
probe microanalyzer housed at the University of Maine equipped with four wavelength‐dispersive spectro-
meters. Trace element maps were used to target specific zones of sulfide grains for ion probe analysis to better
constrain spatial and temporal sulfur isotopic variation. Operating conditions for qualitative Co, As, and Ni
maps were 20 kV accelerating voltage, 100 nA beam current, and a dwell time of 30 ms. Exploratory maps
of pyrrhotite and chalcopyrite revealed that Co, As, and Ni were below the detection limit or lacked zoning.

3.2. Secondary Ion Mass Spectrometry

Sulfur isotope analyses were conducted using secondary ion mass spectrometry with a Cameca IMS 1280
housed at the Northeast National Ion Microprobe Facility, Woods Hole Oceanographic Institution.
Polished sections and mounts were coated with 100–125 nm of high‐purity gold. A 1‐nA 133Cs+ beam was
focused to ~10‐μm diameter to collect background (at mass 31.7), 32S, and 34S using a Faraday cup detector
in sequential mode. Sulfides exhibit high conductivity, negating the need for an electron gun. In all cases, a
secondary ion accelerating voltage of 10 kV, energy window of 60 V without offset, and a mass resolving
power of 4,000 were used. The mass resolving power was calculated as the mass/Δmass at 10 % peak height.
All data are reported as δ34S (‰) relative to Vienna Canyon Diablo Troilite standard (Tables 2 and S1–S6).

Figure 3. Field photographs from Syros, Greece, illustrating macroscale relationships between sulfide abundance and
blackwall zones. Panel (a) highlights overprinting of the metagabbroic peak eclogite facies assemblage (omphacite +
garnet + clinozoisite) by three successive blackwall zones: (I) omphacite‐garnet‐chlorite fels, (II) omphacite‐garnet‐
chlorite fels with pyrite, and (III) pyrite‐bearing chlorite‐actinolite‐talc schist. Panel (b) shows a pyrite‐rich zone at the
contact between chlorite schist and chlorite‐actinolite schist in the outer metasomatic rinds of another block.
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For pre‐2016 analyses, a 30 × 30 μm2 raster was used and spots were presputtered for 240 s. Background, 32S,
and 34S were collected for 2, 5.04, and 15.04 s, respectively. A settling time of 3.04 s was applied to each mass.
A background of ~50 × 104 cps was measured on mass 31.7, which corresponds to ~0.05 % and ~1 % of the
count rates for 32S and 34S, respectively. The total analysis time was ~30 min for a total of 50 cycles.

An improved analytical protocol was used for 2016–2017 sessions. For these analyses, trace element maps
were used to select locations for SIMS analyses. Spots were presputtered for 180 s, and analyses were made
using a 20 × 20 μm2 raster. Masses of 32S and 34S were counted for 2.00 and 5.04 s, respectively, with a 2.5 s
settling time on each. The background was negligible (~200 cps) and not measured during analyses. The
total analysis time was ~7 min for a total of 19 cycles.

Short‐ and long‐term variations in the instrumental mass fractionation were monitored using at least five
reference analyses collected before and after each session, with additional reference analyses between every
10 or fewer unknown analyses. For pre‐2016 sessions, long analysis times precludedmore frequent reference
analyses and only one to three analyses were conducted immediately before and after each group of ≤10
unknowns. The following international sulfur isotope reference materials were used to correct for instru-
mental mass fractionation: Balmat pyrite (+15.1 ± 0.2 ‰; Crowe & Vaughan, 1996), MVE pyrite (−13.2
‰), Ruttan pyrite (+1.2 ± 0.1 ‰; Crowe & Vaughan, 1996), Norilsk chalcopyrite (+8.0 ± 0.2 ‰; Crowe &
Vaughan, 1996), Trout Lake chalcopyrite (+0.3 ±0.2 ‰; Crowe & Vaughan, 1996), M8534 pyrrhotite
(+3.6 ‰), and 31560 pyrrhotite (+7.4 ‰). All data are tabulated in Tables S1–S6, with reference material
analyses given in Tables S7–S23. Uncertainties (2SE) include random analytical uncertainties, which propa-
gate to 0.1–1.5 ‰ and 0.1–0.5 ‰ for pre‐2016 and 2016–2017 sessions, respectively. The reproducibility of

Table 2
Summary of 2016–2017 Sulfur Isotope Analyses (δ34S, ‰)

Locality Sample Phase Type Min Max Ave. 2SEa

Světlik‐Sŭs A. SVS‐11‐1 Py (n = 3) Metasomatic −3.3 ‐1.5 ‐2.5 1.1
Po (n = 3) Metasomatic −2.5 ‐2.0 ‐2.4 0.4
Po (n = 7) Metamorphic −4.3 ‐1.7 ‐2.9 0.9

Ccp (n = 3) Metasomatic −2.2 ‐1.2 ‐1.8 0.6
Tisova B. TIS‐11‐2 Py (n = 5) Metasomatic 3.7 7.8 5.2 1.5

Po (n = 3) Metasomatic 3.3 4.2 3.9 0.6
Ccp (n = 2) Metasomatic 3.9 0.8 4.6 1.5

Frosnitz V. C. FT105B Py (n = 17) Metasomatic 8.4 13.9 11.1 0.8
Ccp (n = 3) Metasomatic 6.2 10.8 8.1 2.8

D. DT119A Py (n = 10) Metamorphic −26.8 −22.0 −25.2 1.0
Ccp (n = 1) Metamorphic −31.1

P. Macquarie E. PMQ06‐5 Py (n = 8) Metasomatic −9.0 −7.3 −8.0 0.4
Ccp (n = 3) Metasomatic −9.0 −5.4 −6.7 2.4

Vendée F. G083‐12‐3 Py (n = 5) Metasomatic 4.0 5.2 4.6 0.4
Py (n = 4) Metamorphic 0.7 6.7 2.5 2.8

Ccp (n = 2) Metasomatic 4.1 4.5 4.3 0.5
Ccp (n = 1) Metamorphic 4.3

Jagua Clara M. G. DR1203‐10‐02 Po (n = 4) Metasomatic −20.9 −19.3 −20.7 1.0
Ccp (n = 2) Metasomatic −20.6 −20.7 −20.6 0.1

H. DR1203‐11‐03 Py (n = 3) Metasomatic −1.7 −0.4 −1.2 0.8
Po (n = 4) Metasomatic −5.5 −3.2 −4.0 1.1
Po (n = 1) Metamorphic 2.2

Ccp (n = 1) Metasomatic −3.2
I. DR1203‐15‐02 Py (n = 3) Metasomatic −3.8 −2.2 −2.8 1.1
J. DR1203‐07‐02 Py (n = 11) Metasomatic −2.2 12.5 3.9 3.3

Ccp (n = 2) Metasomatic 3.1 1.3
Laytonville Q. K. K12 Py (n = 13) Metamorphic −30.9 −11.0 −24.3 4.8

Ccp (n = 3) Metamorphic −14.7 −12.4 −13.3 1.4
Syros L. SY404 Py (n = 7) Metasomatic −4.5 −0.9 −2.2 1.0

M. SY328 Py (n = 4) Metasomatic −8.0 −6.7 −7.4 0.5
N. SY523 Py (n = 4) Metasomatic 2.1 4.7 3.4 1.1
O. SY462 Py (n = 8) Metasomatic −1.3 7.3 3.3 1.7

aStandard error of the mean for n analyses.
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reference materials (2σ systematic uncertainties) was calculated for each analytical session and ranges from
0.6–3.5 ‰ and 0.5–1.8 ‰ for pre‐2016 and 2016–2017 sessions, respectively.

4. Results

Trace element maps and sulfur isotope data are summarized below and refer to 2016–2017 data, except
where noted. Sulfur isotope analyses performed during 2016–2017 are summarized in Table 2, and all data
are included in Figure 4. Full results, including pre‐2016 analyses, are tabulated in Tables S1–S6 and are dis-
cussed on a sample‐by‐sample basis in supporting information Text S2. For textural context all 2016–2017
sulfur isotope analyses are plotted on photomicrographs, backscattered electron images, and trace element
maps in Figures S1–S15.

4.1. Mafic Samples

Eight inclusions of metamorphic sulfides in garnet were found to exhibit a range from –4.3 ‰ to +14.1 ‰,
with 77 % of δ34S values (n = 13) between −5‰ and +5‰ (Figure 4). Three pyrite inclusions in garnet with
δ34S values higher than +5 ‰ were identified in a garnet blueschist from Syros (sample SY403). Although
systematic uncertainties are high for these analyses (2σsys = 3.5 ‰), δ34S values at +10.9 ‰ and +14.1 ‰

are statistically different from +5 ‰. Metamorphic sulfide inclusions in garnet from samples with
mid‐Paleozoic (sample SVS‐11‐01, Czech Republic) and Precambrian (sample G083‐12, France) protoliths
display a range from−4.3‰ to +6.7‰ (Figure 5C&F). Additionally, multiple spots on a pyrite grain in sam-
ple G083‐12 reveal +6.7 ‰ to +0.7 ‰ core to rim variation (Figure 5F).

In contrast, metasomatic sulfides in mafic rocks exhibit a much larger ~29‰ range from −20.9 to +13.5‰
(Figure 4). Matrix sulfides in a metagabbroic eclogite from Syros, Greece (SY510), display large intergrain
variability, with a range of +1.3 ‰ to +13.5 ‰. Single sulfide grains exhibit up to ~4 ‰ variation in δ34S
values, which are variably coupled with trace element zoning patterns. For example, pyrite in samples from
two localities in the Czech Republic (SVS‐11‐01, Figures 5a and 5b, and TIS‐11‐02, Figure 6a) display low‐Co
cores and high‐Co rims; however, δ34S values in SVS‐11‐01 display a core to rim increase from −2.7 ‰ to
−1.5 ‰, whereas δ34S values in TIS‐11‐02 display a core to rim decrease from +7.9 ‰ to +4.7 ‰.
Additionally, isotopic variation of 0.7 ‰ to 1.4 ‰ is observed within single zones.

4.2. Sedimentary Samples

Analyses of metamorphic sulfides in two metasedimentary samples from California (K12) and Austria
(DT119A) display ranges from −30.9 ‰ to −11.0 ‰ and −26.8 ‰ to −22.0 ‰, respectively. Pyrite in
DT119A shows patchy zonation in Co and Ni with relatively low intragrain variability (Figures 6a–6c). In con-
trast, each of the three pyrite grains analyzed in sample K12 display unique trace element zoning and isotopic
patterns (Figure S11): (1) patchy zoning of Co and As with a −30.9 ‰ core and −30.6 ‰ rim; (2) oscillatory
zoning of As and Ni, patchy zoning of Co, and variation in δ34S from −31.9 ‰ to −31.0 ‰ across the grain;
and (3) a central core surrounded by a high As, Co, and Ni annulus (Figures 7d–7f) with δ34S values of
−23.9 ‰ to −22.7 ‰ measured in the core and −13.3 ‰ to −11.0 ‰ measured in the mantle and rim.

Metasomatic sulfide grains in a calc‐schist sample from the Austria (FT105B) display elevated δ34S values
ranging from +6.2 ‰ to +13.9 ‰. Isotopic variability of up to 4.2 ‰ roughly corresponds with oscillatory
zoning of Co and patchy zoning of Ni + Co. A transect across the largest grain displays an increase from
+11.5 ± 0.1 ‰ in the core to +13.9 ± 0.2 ‰ in the mantle, followed by a decrease to +9.8 ± 0.2 ‰ at the
rim (Figure 6b).

4.3. Mixed‐Composition Samples

Metasomatic sulfides in rocks of mixed‐composition (blackwall) display a large variation in sulfur
isotopes, ranging from −21.7 ‰ to +12.5 ‰. Analyses of pyrite in jadeitite from the Dominican Republic
(DR1203‐07‐02) display core to rim variations of up to 14.7‰ within single grains (Figure S10). These cores
show elevated δ34S (up to 12.5 ‰ higher) relative to rims and are encompassed by xenoblastic to idioblastic
high‐Co annuli. Pyrite in other samples exhibits cyclic zoning in Co (SY404, D1203‐15‐02) or both Co and As
(PMQ‐065). Significant isotopic variation is displayed across these grains. In sample PMQ‐065, δ34S values
increase from −9.0 ‰ in the high‐Co core to −7.7 ‰ in the low‐Co mantle and a steady decrease to −8.3
‰ in the rim (Figure 6c). Similarly, a core‐to‐rim transect of a pyrite grain in sample SY404 reveals an
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Figure 4. Upper panel: In situ and single‐grain sulfur isotope data (δ34S, ‰) from this study of metamorphic and metasomatic sulfide from high‐pressure meta-
morphic rocks. Letters refer to each sample as described in Table 2. Data in open boxes from Bebout (1995), Crossley et al. (2018), Evans et al. (2014),
Giacometti et al. (2014), and Shimizu et al. (2013). Lower panel: Summary of sulfur isotope compositions of seafloor rocks. Where sufficient data exist, the width of
bars refers to distribution of sulfur isotopes in a given lithology. Data are from Alford et al. (2011), Alt (1995), Alt et al. (2013), Alt & Shanks (2011), Canfield &
Farquhar (2009), Labidi et al. (2013, 2014), Ono et al. (2012), and Rouxel et al. (2008). VCDT = Vienna Canyon Diablo Troilite.
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increase from −4.5 ±0.1‰ in the core to −1.5 to −0.9‰ in the mantle, followed by a decrease to −3.3 ± 0.1
‰ in the rim (Figure 6d).

5. Discussion

Sulfur isotope data are categorized texturally and lithologically (Figure 4) to illustrate key isotopic trends.
These data represent the largest compilation of sulfur isotope analyses to date for the subducted oceanic
lithosphere. Isotopic differences are expected between disparate bulk rock compositions at the seafloor
and these differences may be preserved during prograde metamorphism. Additionally, the isotopic

Figure 5. Reflected light images, backscattered‐electron images, and trace element maps of metamorphic and metasomatic sulfides in metabasic samples SVS‐11‐
01 (a–c), G08‐12 (d–f), and DR1203‐11‐03 (g–i). Locations of sulfur isotope analyses are plotted (dots) with corresponding δ34S values and 2SE. Thiospinel (Ths)
grains are visible in cobalt maps (b and e).
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compositions of sulfides formed during exhumation may reflect the mixing of isotopically distinct slab
sources and fractionation during sulfide precipitation. To assess the breadth of sulfur isotope variability
during subduction, it is necessary to consider the relationships of sulfide textures and trace element
zoning with protolith composition and age.

Figure 6. Sulfur isotope transects of metasomatic sulfides with corresponding backscattered‐electron images and trace element maps for samples TIS‐11‐02 (a),
FT105B (b), PMQ‐065 (c), and SY404 (d). Transects are labeled from A to A′, and error bars are 2SE analytic uncertainty. The yellow line in panel (a) marks the
chalcopyrite‐pyrrhotite grain boundary.
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5.1. Sulfur‐Liberating Reactions and Sulfur Speciation in Slab Fluids

Compared to regional metamorphic settings, relatively few studies have examined the chemical reactions
driving sulfur loss within subduction slabs. Currently, both reduced (H2S, HS−, and S3

−) and oxidized spe-
cies (SO4

2−) species have been proposed to occur under subduction zone conditions (e.g., Benard et al., 2018;
Evans et al., 2014; Philippot & Selverstone, 1991; Pokrovski & Dubrovinsky, 2011). In the presence of pyrite,
the solubilities of reduced species are expected to be low (10−3–10−5 m) compared to sulfate (>0.3 m)
depending on P‐T, pH, ƒO2, and salinity (Evans et al., 2014; Newton & Manning, 2005). Additionally, sulfide
mineral‐fluid fractionation is expected to be 1–2 orders of magnitude higher for dissolved SO4

2− than for H2S
and HS− (Ohmoto & Rye, 1979). Therefore, identification of sulfur‐liberating reactions and the resulting
fluid speciation are critical to both the efficacy of sulfur loss from the slab and the interpretation of sulfur
isotope data from exhumed terranes and active margins.

Sulfides are common accessory minerals in the oceanic crust, and their breakdown during high‐pressure
metamorphism would drive sulfur loss from subducting slabs. Pyrite is the dominant sulfide in the mafic
oceanic crust, where pyrite and minor Fe‐Cu‐Ni sulfides of varying oxidation state replace igneous Fe‐Cu‐
Ni monosulfides during seafloor alteration (e.g., Alford et al., 2011; Alt & Shanks, 1998, 2011; Alt et al.,
1989, 2007, 2010). Pyrite is also the dominant sulfide in seafloor sediments (see review in Schoonen, 2004).

Sulfates also occur in the oceanic crust and sedimentary cover and may play a role in the isotopic composi-
tion and fO2 of slab fluids. Anhydrite may be mobilized as pore water is released at the onset of subduction
over the 100–250 °C temperature range. Tomkins and Evans (2015) argue that the retrograde solubility of
anhydrite at low pressure drives reprecipitation of anhydrite in the upper portion of the slab as fluids
encounter a mantle‐driven inverted thermal gradient; however, no thermomechanical models predict an
inverted gradient in the shallow part of subduction zones at 100–250 °C (e.g., Gerya et al., 2002; Syracuse
et al., 2010). Additionally, the solubility of anhydrite at 100–200 °C ranges from 0.015 to 0.025 mol/kgH2O

Figure 7. Back scattered electron images and trace element maps of metamorphic sulfides in metasedimentary samples DT119A (a–c) and K12 (d–f). Locations of
sulfur isotope analyses are plotted (dots) with corresponding δ34S values and 2SE.
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in the CaSO4‐NaCl‐H2O system (Freyer & Voigt, 2004). Jarrard (2003) estimated 3.29 × 1011 kg/year of pore
fluid loss fromAOC globally, which would result in 4.9–8.2 × 109 mol/year of anhydrite loss due to pore fluid
expulsion. By subtracting our estimated pore fluid anhydrite flux from the ~5.1 × 1011 mol/year of sulfate
subduction estimated by Evans (2012), we estimate that only ≤1.6% of anhydrite is lost to pore fluid expul-
sion. Despite these estimates for anhydrite retention, the authors are unaware of any studies reporting anhy-
drite inclusions associated with early prograde subduction metamorphism; therefore, the role that anhydrite
inherited from the seafloor plays during high‐pressure metamorphism remains unclear.

Reactions of pyrite to pyrrhotite are commonly observed with increasingmetamorphic grade during regional
metamorphism of metasedimentary rocks (e.g., Ferry, 1981; Guidotti, 1970; Nesbitt, 1982; Thompson, 1972;
Tracy & Robinson, 1988) and are postulated by Tomkins and Evans (2015) to occur also during high‐pressure
metamorphism. In the FeO–SiO2–S2±H2O systems, reactions of pyrite to pyrrhotite may take the general-
ized form:

3 FeO in silicatesð Þ þ FeS2 ¼ Fe2O3 in silicates or oxidesð Þ þ 2 FeS (1)

2 FeO in silicatesð Þ þH2Oþ FeS2 ¼ Fe2O3 in silicates or oxidesð Þ þ FeSþH2S (2)

Reactions (1) and (2) exhibit some defining characteristics. First, reduction of one mole of S− to S2− is
balanced by the oxidation of one mole of Fe2+ to Fe3+ in silicates. Conservation of sulfur requires a twofold
increase of iron in the sulfide phase, and iron is scavenged from silicates. As a consequence, Fe‐depleted and
Mg‐, K‐, and Al‐enriched assemblages are commonly observed as a result of pyrite breakdown to pyrrhotite
in metamorphosed ore deposits (e.g., Nesbitt, 1982; Tomkins & Grundy, 2009). Thus, pyrite breakdown to
pyrrhotite reactions operating during subduction metamorphism should produce oxidized Fe‐depleted peak
mineral assemblages in exhumed high‐pressure rocks. Additionally, the low solubility of reduced sulfur spe-
cies in rock‐buffered systems suggests that sulfides may continue to persist in the slab (Evans et al., 2014;
Giacometti et al., 2014; Tomkins & Evans, 2015).

Our textural observations are inconsistent with Reactions (1) and (2). We observe a decrease in ferric‐iron
bearing phases, such as chlorite, amphibole, and epidote, during prograde metamorphism, consistent with
Reaction (3), whereas Reactions (1) and (2) would require an increase in bulk rock Fe3+/ΣFe. More impor-
tantly, sulfides are likely to persist as pyrrhotite in Reactions (1) and (2). This is not observed; matrix sulfides
are not texturally associated with prograde to peak metamorphic mineral assemblages, with the exception of
two samples (K12 and DT119A).

In contrast to the models based on the reactions discussed above, we propose that breakdown of sulfides and
sulfur loss in subducted mafic and sedimentary rocks are likely balanced by the reduction of ferric iron to
ferrous iron:

7Fe2O3 in silicates or oxidesð Þ þ FeS2 þ CaO in silicatesð Þ ¼ 15 FeO in silicatesð Þ þ 2CaSO4 (3)

Reaction (3) will drive a decrease in oxidation budget in the bulk rock during prograde metamorphism: For
every mole of S− oxidized to S6+, sevenmoles of Fe3+ are reduced to Fe2+. Given the oxidized nature of AOC
(e.g., >3 times higher Fe3+/ΣFe than MORB for the upper volcanic section; Bach and Edwards, 2003),
Reaction (3) is unlikely to be limited by a deficiency in the electron receptor (i.e., trivalent iron).
Reactions of this type may occur concurrently with dehydration reactions, thus providing a vehicle for anhy-
drite dissolution and mobilization of oxidized sulfur in slab fluids. Reaction (3) is consistent with other stu-
dies which propose a flux of oxidized sulfur, as SO4

2− or SO2, in slab fluids and melts (e.g., Benard et al.,
2018; Canil & Fellows, 2017; Debret et al., 2015, 2016; Debret & Sverjensky, 2017; Frezzotti et al., 2011;
Pons et al., 2016). Similarly, new thermodynamic models of subducted sediment predict dissolved CaSO4

in slab fluids (Connolly & Galvez, 2018). These studies are consistent with the observation of sulfate miner-
als within multiphase solid inclusions and as daughter crystals in fluid inclusions in subducted oceanic and
continental crust (see Table 1 in Frezzotti & Fernando, 2015).

In two samples with matrix metamorphic sulfides, Reaction (3) is likely inhibited by the bulk composition.
In sample DT119A, pyrite grains are elongate parallel to the peak eclogite‐facies foliation and are texturally
associated with peakmetamorphic garnet growth (Figures 2 and 7; Hawkins et al., 2007). These observations
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suggest pyrite stability at 540–584 °C (Dachs & Proyer, 2001), well within the temperature range observed for
the pyrite to pyrrhotite reaction (Ferry, 1981; Guidotti, 1970; Nesbitt, 1982). Similarly, pyrite was found to be
stable at P‐T conditions of 1.9 GPa and 600 °C in eclogites from New Caledonia (Brown et al., 2014).
Interestingly, the pyrite to pyrrhotite reaction is observed during retrograde metamorphism in two samples
(TIS‐11‐02 and SVS‐11‐01). In these samples early retrograde pyrite is replaced by chalcopyrite, and pyrrho-
tite + thiopsinel (see section 2.2 and Figure 5). Sulfur reduction (S− to S2−) is balanced by the oxidation of Fe,
Ni, and Co to produce chalcopyrite and thiospinel. Large variations in FeS2/FeS within rocks at similar P‐T
conditions highlights the dependence of bulk rock and fluid composition on the pyrite to pyrrhotite reaction
(Ferry, 1981; Tracy & Robinson, 1988); however, our observations suggest that pressure may also play an
important role in stabilizing pyrite to higher temperatures.

Sufficiently low bulk Fe or Fe3+/ΣFe may prevent Reaction (3) from proceeding in some rocks and stabilize
sulfides to higher P‐T. An example of the former case is the low‐bulk‐Fe assemblage of spessartine + quartz
in the quartzite sample K12 (Laytonville Quarry, CA), whereas the graphite rich inclusion trails in sample
DT119 (Frosnitz Valley, AT) suggests relatively reducing conditions during prograde metamorphism. The
presence of metamorphic matrix sulfides in both samples is consistent with the expected inhibition of
Reaction (3) in these bulk compositions.

Metasomatic sulfide textures are consistent with rehydration by oxidized sulfur‐bearing slab fluids during
incorporation of blocks into the mélange slab‐mantle interface and exhumation of the mélange. Our data
suggest a shift to higher fO2 during metasomatism, consistent with the reverse of Reaction (3). For example,
the assemblage Grt + Omp + Czo + Rt is overprinted by the more oxidized assemblage Grt + Omp + Chl +
Ilm + Py during blackwall formation on metagabbroic blocks on Syros (e.g., SY462). Similarly, sulfides in
eclogites retrogressed through the granulite‐ and amphibolite‐facies (SVS‐11‐01, TIS‐11‐02, G083‐12) are
associated with retrograde hornblende and chlorite replacing garnet and omphacite. In sample SVS‐11‐01,
sulfides are texturally coeval with inclusions of magnetite replacing hercynite in hornblende and ilmenite
replacing matrix rutile (see discussion in supporting information Text 1). Similarly, pyrite and chalcopyrite
are associated with epidote and magnetite after garnet in a metasediment from the Frosnitz Valley (FT105B,
Figures 2f and 6b).

All of these textures suggest that the reverse of Reaction (3) occurs during rehydration: The reduction of dis-
solved sulfate to form pyrite is balanced by the oxidation of iron. More importantly, these textures are
observed in rocks of varying bulk composition, age, and setting, suggesting that oxidized sulfur‐bearing slab
fluids may be a widespread occurrence. The textural evidence provided here is compelling, and future stu-
dies coupling the determination of fO2–fS2 from mineral compositions to thermodynamic modeling are
required to fully constrain the speciation of sulfur in slab fluids. As we cannot conclusively confirm oxidized
sulfur‐bearing fluids, further discussions of fractionation below still consider reduced (H2S) as well as
oxidized (SO4

2−) endmembers.

5.2. Isotopic Composition of Subducting Oceanic Lithosphere

Here we attempt to provide a synthesis of the isotopic values of global high‐pressure sulfides based on the
variety of samples analyzed in this study. Sulfur isotopic data are considered on the basis of petrogenesis
(metamorphic vs. metasomatic), host rock bulk composition, and protolith age. The data presented in
Figure 4 display large variations in δ34S values from the grain to terrane scale and highlight the importance
of linking in situ sulfur isotope analyses with sulfide petrogenesis.

Metamorphic sulfides in mafic rocks display a relatively restricted range of isotopic compositions, with 75 %
of δ34S values (n = 12) falling between −5 ‰ and +5 ‰ (Figure 4). These values are consistent with those
reported for AOC (including the sheeted dike and gabbro sections, where available), where 78 % of whole
rock and sulfide analyses fall within −5 ‰ and +5 ‰ (Alford et al., 2011; Alt, 1995; Alt & Shanks, 2011;
Ono et al., 2012; Rouxel et al., 2008). Although δ34S values for AOC generally fall close to 0‰, the distribu-
tion generally covers ~55 ‰ (−29 ‰ to +25 ‰) and is skewed significantly to values below 0 ‰ (γ/SE =
−2.9; Figure 4), though values as low as−72.4‰ have been observed in deeply buried mid‐ocean ridge flank
basalts (Lever et al., 2013). Sulfur isotope compositions >+10 ‰ for pyrite in garnet from Syros (sample
SY403) are surprisingly high, but are consistent with the total range of δ34S values reported for AOC.
Giacometti et al. (2014) reported a ~21 ‰ range (–6.7 ‰ to +13.9 ‰) for metabasite‐hosted sulfides in
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two metamorphosed ocean floor‐related sulfide deposits in the Italian Western Alps. The data of Giacometti
et al. (2014) largely cluster between 0 ‰ and +10 ‰, similar to sulfides in many modern mid‐ocean ridge,
back arc, and arc hydrothermal systems (e.g., Herzig et al., 1998; McDermott et al., 2015; Peters et al.,
2010). These comparisons suggest that the seafloor character of δ34S values of metamorphic sulfides in
metabasic rocks are preserved throughout the metamorphic cycle.

Metamorphic sulfides in metasedimentary rocks commonly have negative δ34S values (Figure 4). For the
past ~250 Myr, the mean δ34S value of sedimentary pyrite was just below −25‰ with a range from approxi-
mately −50 to +20 ‰ (Figure 8; Canfield & Farquhar, 2009). Nearly 94 % of all sulfur isotope analyses over
this period fall below 0‰, and 68 % fall below −20‰ (Canfield & Farquhar, 2009). The sulfur isotope com-
position of metasedimentary sulfides in sample DT119 ranges from−31.1‰ to−21.0‰, consistent with the
proposed Late‐Mesozoic depositional age (between 145 and 66 Ma; Figure 8). In metasedimentary sample
K12, δ34S values of sulfides fall between −32.4 ‰ and −11.0 ‰. Although there are no estimates for the
depositional age of sample K12, the distribution of δ34S values is consistent with values of Early‐ to Mid‐
Mesozoic sedimentary pyrite (Figure 8).

In situ sulfur isotope measurements on metamorphic sulfides have been reported from Early to Mid‐
Mesozoic serpentinites metamorphosed to high‐pressure conditions from Erro‐Tobbio, Italy (−2 to +18
‰; Shimizu et al., 2013) and Alpine Corsica (+1.9 to +10.3 ‰; Crossley et al., 2018). These data are consis-
tent with whole rock δ34S values of +6.9‰ to +14.3‰ and −3.5‰ to +9.7‰ from high‐pressure serpenti-
nite from the Erro‐Tobbio, Italy, and Cerro del Almirez, Spain (Late Paleozoic protolith age), respectively
(Alt, Shanks, et al., 2012, Alt, Garrido, et al., 2012). Sulfur isotope compositions of +5 ‰ to +10 ‰ and
−45 ‰ to +27 ‰ have been reported for high‐ and low‐temperature seafloor serpentinites, respectively
(Alt et al., 2013). Therefore, high‐pressure serpentinites tend to reflect some of the isotopic heterogeneity
of seafloor serpentinites while tending toward positive delta values. These data, and those for mafic and
sedimentary samples, suggest that protolith sulfur isotope compositions are preserved during high‐
pressure metamorphism.

5.3. The effects of Diffusion and Sulfur Speciation on Isotopic Fractionation

The rate of sulfur self‐diffusion in sulfides will influence isotopic equilibrium and the ability for sulfur iso-
topes to faithfully record sulfide growth histories. Experimental data suggest that intracrystalline diffusion
rates for sulfur atoms in sulfides are relatively rapid. For example, closure temperatures of 450 to 575 °Cwere
calculated byWatson et al. (2009) for pyrite grains with radii of 200 μm to 1mm at a cooling rate of 10 °C/Ma.
These data suggest that partial relaxation of isotopic zoning is expected for sulfides in eclogite facies samples,

Figure 8. The range in δ34S values of metasomatic and metasedimentary sulfides are plotted with respect to protolith age
for different localities (see supporting information Text S1). The range (gray field) andmoving average (dark gray curve) of
sedimentary pyrite, as well as a moving average of seawater sulfate, are also plotted for comparison (after Canfield &
Farquhar, 2009).
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particularly in those with granulite and upper‐amphibolite facies overprints (e.g., SVS‐11‐01, TIS‐11‐02,
and G083‐12‐3).

In contrast, studies of metamorphosed pyrite have shown that δ34S values remain undisturbed at meta-
morphic conditions up to the lower granulite facies (Alirezaei & Cameron, 2001; Bailie et al., 2010;
Cook & Hoefs, 1997; Lange et al., 1993; Oliver et al., 1992; Wagner et al., 2004; Wagner & Boyce, 2006).
Evans et al. (2014) and Giacometti et al. (2014) similarly reported minimal isotopic re‐equilibration during
subduction metamorphism on the basis of large intragrain isotopic variations over short length scales.
These findings are consistent with our observations. For example, pyrite grains in eclogites retrogressed
in the granulite and amphibolite facies from the Vendee (G083‐12) show variation of up to ~6 ‰ on the
scale of ~ 50 μm (Figures 5d–5f). Yet, based on the diffusion data of Watson et al. (2009), sulfur atoms
should migrate distances of 50 μm in less than 1 Myr at 600 °C. Additionally, isotopic fractionations for
pyrite‐chalcopyrite pairs in all our samples are inconsistent with equilibrium, as evidenced by either
reverse fractionation (higher 34S pyrite relative to chalcopyrite) or unrealistic apparent sulfur isotope frac-
tionation temperatures (see Table S24). Preservation of intragrain heterogeneities and isotopic disequili-
brium among grains requires slower rates for sulfur self‐diffusion in sulfides than experimentally
determined. Therefore, it is reasonable to treat δ34S values presented in this study as representative of
sulfide growth.

We argue that slow diffusion of sulfur in sulfides prohibits fractionation during sulfur loss from the slab.
Although 34S may be favorable in the fluid, the dissolution rate outpaces the intragrain diffusion rates, such
that the fluid inherits the isotopic composition of the dissolving grain margin. In this way, the δ34S values of
slab fluids likely reflect the unfractionated compositions of their sources. The effect of sluggish diffusion is
likely negligible if reduced species dominate in the fluid, where fractionations are small (ΔPy−H2S ¼1.2–0.5
‰ at 300–600 °C); however, large fractionations between sulfide minerals and dissolved sulfate (ΔPy−SO4

=19.0–8.5‰ at 300–600 °C) may be significantly diminished (Ohmoto & Rye, 1979). Note that the influence
of pH on isotope fractionation is not expected to play an important role under subduction zonemetamorphic
conditions and is not discussed here (Giacometti et al., 2014).

In contrast to sulfur loss, isotopic fractionation is likely to occur during the precipitation of metasomatic sul-
fides from slab‐derived fluids. In addition to temperature and sulfur speciation, the mobility of sulfur atoms
to the site of sulfide nucleation, through either diffusion or advection in the fluid, will impact the way iso-
topic fractionation is recorded during sulfide precipitation. In a closed system (see section 5.4), isotopic var-
iations will develop along a linear equilibrium path if sulfur diffusion rates are sufficiently high in both the
fluid and solid phases. Instead, we propose that sluggish intracrystalline diffusion of sulfur atoms will inhibit
the isotopic exchange between grain interiors and the fluid. Closure of the precipitating sulfide facilitates the
evolution of the isotopic composition of both the fluid and sulfide grain along a Rayleigh fractionation curve:
At 300 °C and 1 % fluid remaining, pyrite precipitating from H2S will be enriched by ~4 ‰ relative to the
starting fluid composition, whereas pyrite precipitating from dissolved SO4 will be enriched by ~68 ‰.
The Rayleigh effect may not be recorded as isotopic zoning in the sulfide if the system is also open with
respect to fluid, such that new external sulfur is constantly supplied. The lack of Rayleigh‐like isotopic
core‐to‐rim variations observed in metasomatic sulfide grains in this study (Figure 6) is consistent with a
high flux of sulfur to nucleation sites. This occurs when the isotopic composition of the fluid is continuously
replenished, resulting in steady‐state fractionation. A similar model has been proposed to account for the
boron isotopic composition of metasomatic tourmaline from mélange rocks from Greece (Marschall,
Ludwig, et al., 2006). We therefore propose that equilibrium fractionation would reasonably approximate
the δ34S values of fluids estimated from metasomatic sulfide compositions.

5.4. Linking Slab Fluids and Metasomatic Sulfide Compositions

The isotopic composition of metasomatic sulfides formed during rehydration of high‐pressure rocks or the
formation of rocks of mixed composition at high pressures (e.g., jadeitite, omphacite‐garnet‐chlorite fels)
may be used to gain information about the nature of sulfur in slab fluids, such as the mixing between various
sulfur sources and the speciation of fluid‐mobile sulfur. Here we consider the impact of sulfur speciation,
fluid migration, phase separation, and diffusion on the fractionation of sulfur isotopes and the δ34S values
of metasomatic sulfides.
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Metamorphic sulfides in high‐pressure rocks show a range in δ34S values extending from −31‰ in metase-
diments to +18 ‰ in high‐pressure serpentinites, overlapping with the 34.8 ‰ range measured in metaso-
matic sulfides (Figure 4). If S isotope fractionation is small, as expected for sulfide mineral precipitation
from H2S or HS‐ (<1‰; Ohmoto & Lasaga, 1982), the range of metasomatic sulfide δ34S values may simply
reflect variation in protolith compositions. Protolith heterogeneities may be preserved in fluids in larger,
more coherent slices of subducted oceanic lithosphere, such as the Frosnitz Valley and Tisová, where fluids
are concentrated along narrow zones of structural weakness (e.g., Bebout & Barton, 2002; Breeding et al.,
2004; John et al., 2004; Spandler et al., 2004, 2007). In contrast, high fluid:rock ratios and deformation in
mélange zones at the slab‐mantle interface drive the homogenization of isotopic and geochemical signatures
(e.g., Bebout & Barton, 2002: Breeding et al., 2004; King et al., 2006, 2007; Marschall & Schumacher, 2012;
Sorensen et al., 1997, Spandler et al., 2007). Therefore, the large variation of δ34S values observed in
mélange samples, such as the 33.4 ‰ range exhibited in samples from the Rio San Juan Complex
(Figure 4), is unlikely to represent an inheritance of end‐member protolith compositions.

Here we use the range of isotopic compositions for metamorphic sulfides (Figure 4) and the sulfur mass bal-
ance of Evans (2012) to estimate a range of δ34S values of−11‰ to +8‰ for slab fluids (see supporting infor-
mation Text S3). Our calculation assumes complete mixing between sedimentary, mafic, and ultramafic
sources and that fractionation during sulfur loss from the slab is inhibited by slow intracrystalline diffusion
of sulfur (see section 5.3). Seafloor anhydrite may be retained to depth and mobilized during metamorphic
devolatilization. Assuming 1 % of anhydrite in AOC (Alt, 1995) and a composition of +21 ‰, the impact of
anhydrite dissolution on the bulk isotopic composition of slab fluids is less than 0.5‰. The estimated range
may be reflected in volcanic arc sulfur isotope data if slab‐derived sulfur is present. Although data unaffected
by fractionation during magma ascent and degassing are sparse, our estimated range is consistent with the
range of −9‰ to +7‰ reported for melt inclusions from the Lesser Antilles Arc (Bouvier et al., 2008). The
predicted range is also broadly consistent with metasomatic sulfide analyses, which largely fall between−10
‰ and +10 ‰ (Figure 4), as might be expected if fluids are dominated by reduced sulfur species. However,
significant excursions from the predicted range and small fluid‐sulfide fractionations are difficult to recon-
cile with the situation in mélange zones, where fluid mixing is likely to be efficient. Instead, mechanisms
such as phase separation or fractionation during reactive transport may be responsible for the observed
isotopic heterogeneity.

In fluid systems with significant coexisting reduced and oxidized dissolved sulfur species, phase separation
may drive sulfur isotope fractionation under subduction zone conditions. In upper‐crustal systems, rapid
changes in pressure may partition H2, CH4, and H2S into a vapor phase, whereas species such as SO4

2−

and HSO4
− are retained in a fluid phase (Drummond & Ohmoto, 1985). The increased ratio of SO4

2− to
H2S in the fluid leads to a depletion of 34S in the remaining H2S, and lower δ34S values of sulfides precipi-
tated from H2S in these fluids (Ohmoto, 1985; Ohmoto & Rye, 1979). A significant miscibility gap occurs
in the NaCl‐H2O‐CO2 system under subduction zone P‐T conditions (Newton & Manning, 2010), and
reduced sulfur species may partition into a H2O‐CO2 vapor, whereas oxidized species remain in the brine.

At slab temperatures, the impacts of phase separation on S isotope fractionation are expected to be small:
Assuming 90 % H2S loss from a fluid with H2S:SO4 of unity at 600 °C, the isotopic composition of H2S in

Table 3
Predicted Isotopic Compositions of Dissolved Sulfate in Equilibrium With Pyrite

Sample
Temperature

(°C)

Pyrite composition (δ34S, ‰) Fluid composition (δ34S, ‰)

low high low high

FT105B 500 8.4 13.9 17.8 24.8
PMQ‐065 350–450 −21.7 −5.3 −9.7 10.9
DR1203‐07‐02 320–450 −2.2 12.3 10.0 30.5
DR1203‐10‐02 200–400 −21.6 −19.3 −7.2 8.8
SY404 350–450 −4.5 10.3 7.7 26.8
SY328 350–451 −8.0 −6.1 4.1 10.1
SY523 350–452 2.9 4.7 15.2 21.1
SY462 350–453 1.3 13.5 10.9 23.7
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the brine is decreased by a maximum of ~2.4 ‰ relative to the starting composition (fractionation factors
from Ohmoto & Lasaga, 1982). At 400 °C, the isotopic composition of H2S decreases by up to ~3.9 ‰. The
impact on the isotopic composition of the immiscible brine and vapor phases decreases dramatically at
lower H2S:SO4. The authors are unaware of any fluid inclusion data which indicate reduced sulfur species
in a vapor phase under subduction zone conditions (see review in Frezzotti & Fernando, 2015), suggesting
that H2S concentrations may be too low for unmixing to induce significant fractionation.

As an alternative, we propose that the large intrasample and intersample heterogeneity measured in meta-
somatic sulfides may be readily explained by sulfate‐dominated fluids. Sulfide precipitation from sulfate‐
dominated fluids is consistent with our textural observations, in which metasomatic sulfides are associated
with Fe3+‐bearing silicates ± oxides (see section 5.1). The isotopic compositions of sulfate‐dominated fluids
are calculated utilizing published P‐T estimates for conditions estimated for metasomatic assemblages and
are reported in Table 3. Isotopic compositions of sulfate‐dominated fluids are calculated to be +11 ‰ to
+24 ‰ higher than their corresponding sulfide analyses. For some samples, (e.g., PMQ‐065 and DR1203‐
10‐02), predicted fluid δ34S values are consistent with the estimated range of −11‰ to +8‰ for slab fluids.

Dissolved sulfate compositions above +15 ‰ are unlikely to be directly produced by any slab source. To
account for values >+15 ‰, we suggest a hypothetical reactive‐transport model in which fluids migrate
along the slab‐mantle interface and precipitate sulfide minerals in exhuming high‐grade blocks and
mélange matrix. Sluggish intracrystalline diffusion of sulfur isotopes is expected to inhibit equilibration
following sulfide precipitation. Continual sulfide precipitation and the lack of equilibration during fluid
migration will drive the S remaining in the fluid to higher δ34S along a Rayleigh distillation curve
(Figure 9). In this way, sulfate‐sulfide fractionation is capable of accounting for the entire range of δ34S
values measured in metasomatic sulfides. Again, a corresponding model has been invoked to explain the
B isotope signature of tourmaline in mélange rocks from Syros (Marschall, Ludwig, et al., 2006). The validity
of our model may be tested with in‐depth spatial analysis of sulfur isotope variations within exhumed
mélange zones.

6. Conclusions

In this paper we present a comprehensive sulfur isotope data set for sulfides in subduction terranes world-
wide. These data demonstrate some broad global similarities for subducted sulfur through geologic time
and highlight significant heterogeneities at the grain, sample, and terrane scales. Sulfides are broadly classi-
fied as metamorphic or metasomatic based on texture and chemistry. In metabasic rocks, metamorphic sul-
fides are generally only preserved as inclusions in prograde phases and δ34S values between−5‰ and +5‰

Figure 9. Schematic diagram illustrating the effect of Rayleigh distillation on dissolved sulfate and pyrite isotopic
compositions during fluid migration at 300 °C. Pyrite precipitating near the fluid source (site A) will have a composition
20 ‰ lower than the fluid. Continued precipitation of pyrite as the fluid migrates produces elevated δ34S values in the
remaining fluid. For example, sulfides precipitating farther along the fluid pathway may have a composition of 0 ‰

(site B). Depending on the length of the path and the amount of pyrite precipitation, a range of up to 120 ‰ may
be produced during fluid migration by this mechanism at 300 °C.
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are consistent with δ34S values reported for AOC. Metamorphic sulfides in metasediments preserve a bacter-
ial sulfate reduction signature (below −10 ‰). The sulfur isotope composition of metamorphic sulfides in
high‐pressure serpentinite samples range from −2 ‰ to +18 ‰ (Alt, Shanks, et al., 2012, Alt, Garrido,
et al., 2012; Crossley et al., 2018; Shimizu et al., 2013) and are consistent with published data for seafloor
serpentinite (Alt et al., 2013). These data suggest that sulfides preserved in high‐pressure metamorphosed
sedimentary, mafic, and ultramafic lithologies retain the sulfur isotopic composition of their protoliths.

Metasomatic sulfides are associated with textures consistent with the infiltration of oxidized sulfur‐bearing
fluids during exhumation, consistent with studies of fluid inclusions in high‐pressure minerals (e.g.,
Frezzotti & Fernando, 2015), spinel‐hosted melt inclusions from volcanic arcs (Benard et al., 2018), and ther-
modynamicmodels of subducted sediment (Connolly &Galvez, 2018). These sulfide grains exhibit a range of
up to ~33‰within individual exhumed terranes, and up to ~14‰within individual grains. Althoughmany
metasomatic analyses range from −10 ‰ to +10 ‰, overlapping with the predicted range of −11 to +8 for
slab fluids, the full range is difficult to account for without significant fractionation. Phase separation is unli-
kely to produce significant isotopic fractionation at the suspected low concentrations of H2S in metasomatic
fluids. Instead, we suggest that sluggish sulfur self‐diffusion in sulfides prevents sulfide–fluid equilibration, a
process expected to result in fluid δ34S evolution along a Rayleigh distillation curve with distance from the
source. As a result, higher δ34S values are expected for metasomatic sulfides formed distally from the slab
source and sulfate‐sulfide fractionation can account for the entire isotopic range of metasomatic sulfides.
This reactive transport hypothesis is consistent with the observed isotopic heterogeneities and mineral tex-
tures suggesting coupled Fe2+ oxidation and S6+ reduction during sulfide precipitation from slab fluids.
Future thermodynamic modeling, petrographic analysis, and chemical studies of sulfur‐liberating redox
reactions during subduction will help to refine the evolution of the sulfur isotope system in slab‐
derived fluids.
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