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G E O L O G Y

Mobilization of isotopically heavy sulfur during 
serpentinite subduction
Esther M. Schwarzenbach1,2*†, Besim Dragovic3, Emmanuel A. Codillo4,5‡, Linus Streicher1§,  
Maria Rosa Scicchitano6, Uwe Wiechert1, Frieder Klein7, Horst R. Marschall8, Marco Scambelluri9

Primitive arc magmas are more oxidized and enriched in sulfur-34 (34S) compared to mid-ocean ridge basalts. 
These findings have been linked to the addition of slab-derived volatiles, particularly sulfate, to arc magmas. How-
ever, the oxidation state of sulfur in slab fluids and the mechanisms of sulfur transfer in the slab remain inconclu-
sive. Juxtaposed serpentinite and eclogitic metagabbro from the Voltri Massif (Italy) provide evidence for sulfur 
mobilization and associated redox processes during infiltration of fluids. Using bulk rock and in situ δ34S measurements, 
combined with thermodynamic calculations, we document the transfer of bisulfide-dominated, 34S-enriched flu-
ids in equilibrium with serpentinite into adjacent metagabbro. We argue that the process documented in this 
study is pervasive along the subduction interface and infer that subsequent melting of these reacted slab-mantle 
interface rocks could produce melts that display the characteristic oxygen fugacity and sulfur isotope signatures 
of arc magmas worldwide.

INTRODUCTION
The delivery and transport of sulfur into Earth’s interior in subduction 
zones fundamentally affects Earth’s long-term chemical and redox 
evolution, the formation of arc magmas, and associated economi-
cally important ore deposits [e.g., (1–10)]. Subducting oceanic plates 
contain sulfur in altered oceanic crust (11, 12), serpentinized litho-
spheric mantle (13), and sediments (14). This transport process from 
the subducting oceanic slab to the subarc mantle, feeding arc mag-
mas, has been suggested to explain the elevated sulfur contents of 
many primitive arc magmas relative to mid-ocean ridge basalt 
(MORB) (15, 16). In particular, the release and transport of 34S-
enriched sulfate, which is initially derived from seawater, during 
slab dehydration or melting, or both, have been linked to the 34S-
enriched S compositions and the higher oxidation states of primitive 
arc magmas worldwide relative to MORB (6, 15, 17–22). Delivery of 
oxidized slab components is thought to be essential for controlling 
oxygen fugacity (fo2) in subduction zones, and sulfate-bearing flu-
ids, in particular, have been proposed as an ideal candidate for an 
oxidizing agent, with the capability to oxidize 8 mol of Fe(II) (in 
mantle minerals) to Fe(III) by reducing only 1 mol of SO4

2− to S2− 
[e.g., (1, 6)].

The mobilization and release of sulfur as sulfate during subduc-
tion are evident at sulfate-rich serpentinite mud volcanoes in the 
Mariana and Izu-Bonin forearcs (23). Its presence in subduction 
zones has also been inferred from stable isotope measurements of 
zinc and sulfur in exhumed serpentinite-dominated mélange rocks 
(7, 24, 25). Furthermore, positive δ34S values and high U/Th (as well 
as Pb/Ce and Sr/Nd) ratios measured in subarc-derived mantle xe-
noliths and melt inclusions in Cascadia and Kamchatka arcs (16, 26) 
were taken to suggest the involvement of subducted serpentinite as 
the main carrier of large amounts of 34S-enriched oxidized S to subarc 
mantle depths (2, 26–28). However, the redox state of redox-sensitive 
elements in fluids released by serpentinite dehydration is still con-
troversial, and whether these fluids act as reducing (29, 30) or oxi-
dizing agents (26, 27) upon reaction with surrounding rocks remains 
to be unraveled.

Hence, despite evidence for the transport of 34S-enriched S from 
the subducting slab into the source of arc magmas, there is no con-
sensus on the exact origin and redox state of 34S-enriched S and 
on the nature of its transfer into the subarc mantle and into the 
source region of arc magmas. This partly stems from the lack of 
a mechanistic understanding of the behavior of sulfur and its impact 
on S isotope fractionation at the slab-mantle interface in subduction 
zones. For instance, Li et al. (3) highlight a discrepancy between 
the average δ34S signature of slab dehydration fluids released at 
subarc depths [δ34S = −2.5 ± 3 per mil (‰)] and the positive δ34S 
values of arc magmas. In contrast, Li et al. (31) and Walters et al. 
(7) provide evidence for substantial S isotope variability of slab 
fluids as a result of the presubduction geodynamic and hydrother-
mal history, with an estimate on slab fluids covering a large range 
from −11 to +8‰ in δ34S (7). Alternatively, it has been suggested 
that the fairly uniform positive δ34S values in arc lavas may be 
the result of assimilation of seawater-altered crust in the upper plate 
(32). Moreover, metasomatism and associated fluid migration with-
in the slab may cause changes in the fo2 of the fluid as shown for 
exhumed metamorphosed samples from Greece, where it is sug-
gested that slab dehydration fluids can increase their fo2 by passage 
through metasediments during their ascent to the mantle wedge 
(33, 34). These processes can have a large impact on δ34S signatures 
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due to substantial isotope fractionation between relatively more 
oxidized (e.g., SO4

2− and S6+) and more reduced (e.g., H2S, HS−, 
and S2−) sulfur species and could further modify the δ34S signatures 
of slab fluids.

To better understand the role and importance of slab-derived 
sulfur in subduction zones, it is critical to determine the mecha-
nisms of sulfur transformation and transport during metasomatic 
reactions that are shown to be pervasive within the slab and along 
the slab-mantle interface. Here, we investigate sulfur speciation dur-
ing fluid-mediated mass transfer between serpentinite and sulfide-
bearing eclogitic metagabbros from the high-pressure Voltri Massif 
(Ligurian Alps, Italy). We build upon the previous petrological find-
ings by Codillo et al. (35) who reported fluid-mediated mass trans-
fer of Mg between serpentinite and metagabbro that initiated during 
burial and continued through peak and slightly postpeak P-​T condi-
tions. We present mineralogical, geochemical, isotopic, and thermo-
dynamic data that are consistent with the mobilization and transfer 
of 34S-enriched sulfur as HS−-dominated fluids from serpentinite 
into the metagabbro during subduction.

GEOLOGICAL SETTING
The Voltri Massif is part of the Ligurian Alps in Italy, at the eastern 
end of the Western Alps, bordering the transition to the northern 
portion of the Apennine Mountains. Exposed lithologies repre-
sent ophiolitic sections that were formed as part of the oceanic 
lithosphere in the Late Jurassic Liguro-Piedmont Ocean with the 
protoliths of the Voltri Massif being mantle peridotites, Fe-Ti–rich gab-
broic intrusions, MORB, and oceanic sediments (36–39). Subduction-
related metamorphism in the central portion of the Voltri Massif 
reached eclogite-facies conditions with maximum P-​T conditions of 
500° to 525°C and 2.3 to 2.5 GPa at ~38 to 40 Ma (39, 40). On the 
basis of relatively uniform P-​T-​t histories of the Fe-Ti gabbros, it is 

concluded that exhumation took place as >5-km-large coherent 
sections of oceanic lithosphere, at least for the central part of the 
Voltri Massif (35, 40), the exhumation of individual blocks within a 
serpentinite mélange being confined to localized areas in the massif 
(41). The investigated rock samples are from the Voltri Massif and 
were collected near the village of Vara (Fig. 1A). They are primarily 
eclogitic metagabbros that experienced variable degrees of metaso-
matism and retrograde overprinting during exhumation (35, 42). 
We collected samples from different locations in the western Voltri 
Massif, where metagabbros occur as meter-scale blocks, as well as 
along a ~3.5-m transect across a serpentinite-metagabbro contact, 
where eclogitic metagabbros were increasingly metasomatized through 
fluid-mediated mass transfer by a serpentinite-equilibrated Mg-rich 
fluid resulting in complete conversion to chlorite-bearing actinolite 
schists along the immediate contact (Fig. 1B) (35). Serpentinite was 
collected within 2 m from the contact, and variably metasomatized 
eclogitic metagabbros were collected within 1.5 m from the contact, 
with two additional metagabbros sampled from the same eclogite 
body at ~10 and ~20 m from the contact.

RESULTS
Mineralogical description
The studied samples along the 3.5-m transect include antigorite 
serpentinite and variably metasomatized eclogitic Fe-Ti metagab-
bro, which have previously been grouped into five different zones 
according to their mineralogical composition and distance to the 
serpentinite-metagabbro contact (Fig. 1B) (35): Zone I samples are 
antigorite serpentinite from within 2 m of the contact, zone II (~0 to 
0.02 m from the contact) is composed of chlorite-bearing actinolite 
schists (<5% chlorite) and was not studied here, zone III consists 
of actinolite-chlorite schists (~0.02 to 0.2 m), zone IVa consists of 
epidote- and Na-Ca-amphibole–rich metagabbros (~0.2 to 0.35 m), 
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zone IVb are composed of Na-Ca-amphibole–rich metagabbros 
(~0.35 to 1.5 m), and zone V are the eclogitic Fe-Ti metagabbros 
(sampled at ~10 and ~20 m from the contact) that were not affected 
by Mg metasomatism. The eclogitic Fe-Ti metagabbros from through-
out the Beigua unit generally experienced variable degrees of defor-
mation and, thus, have previously been grouped into massive or 
“coronitic” Fe-Ti metagabbro and foliated or “mylonitic” Fe-Ti 
metagabbro (39). The coronitic metagabbros still preserve igneous 
textures with garnet coronae around omphacitic pyroxene, whereas 
the mylonitic metagabbros do not preserve igneous textures. In-
stead, they consist of euhedral garnet surrounded by a foliated 
matrix (40). For a detailed description of the chemical and mineral-
ogical compositions of each of the zones and lithologies, we refer to 
Messiga and Scambelluri (39), Starr et al. (40), and Codillo et al. (35).

Our focus is on the sulfide minerals that, with increasing dis-
tance from the serpentinite-metagabbro contact, occur in different 
generations. In the investigated serpentinite, no sulfide or sulfate 
minerals were detected either by microscopic observations or by 
chemical extractions. In the actinolite-chlorite schist (zone III), sul-
fides are rare and occur as grains of <50 μm in diameter. These sul-
fide grains are mostly pyrite, which are always highly corroded and 
rimmed by a chemically zoned, hydrous Fe-Si phase (Fig. 2A), and 
euhedral pyrrhotite and chalcopyrite grains occur rimmed by chlo-
rite, included within diopside porphyroblasts. With further distance 
from the contact, pyrite is the dominant sulfide in all samples. In zone 
IVa, it occurs either as highly corroded pyrite that is intergrown 

with chalcopyrite or trace amounts of covellite (CuS), bornite 
(Cu5FeS4), and idaite (Cu5FeS6) (Fig. 2B and fig. S1) or as euhedral 
pyrite (Fig. 2C) associated with albite, calcic amphibole, or a fibrous 
Mg-Fe silicate that has a chemical composition between greenalite 
and talc (but could not be determined further). In many cases, euhe-
dral pyrite grains show distinct zonation with respect to Co, with a 
Co-rich core (up to 1.6 wt % of Co) and a Co-poor rim (<0.2 wt % 
of Co) (Fig. 3, A and B). In these pyrite grains, silicate mineral inclu-
sions are rare. In some pyrite overgrowth rims, Co zonation is 
patchy or oscillatory (fig. S2), with the rims typically having Co con-
tents of <1 wt %. In these pyrite grains, mineral silicate inclusions 
consist of omphacite, ilmenite, albite, epidote, and Na-Ca amphi-
boles (Fig. 2D). In zone IVb, pyrite occurrences are the same as in 
zone IVa, but pyrite grains have a Co-poorer core and a Co-enriched 
rim (Fig. 3, C to F). The Co-poor core contains inclusions of ompha-
cite, amphiboles (barroisite and katophorite), and epidote, and, in 
one grain, we observed garnet + plagioclase rimmed by epidote (see 
Fig. 3E). Most of these mineral phases are also found as inclusions in 
the Co-enriched rim.

In zone V, the eclogitic metagabbro, pyrite is subhedral to anhe-
dral. Subhedral pyrite shows distinct growth zones of variable Co 
and Ni contents (see Fig. 3H and fig. S3), with the innermost zone 
(i) having Co contents up to 4.5  wt % but very low Ni contents 
(<0.02 wt %), followed by a zone (ii) of very low Co (<0.16 wt %) 
and elevated Ni (0.07–0.73 wt %), and an outer zone (iii) with inter-
mediate Co (0.64 to 1.10 wt %) and low Ni contents (<0.02 wt %). In 
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most grains, the innermost zone contains no inclusions, whereas the 
outer two zones contain some to abundant inclusions of omphacite, 
garnet, epidote, amphiboles (winchite, barroisite, and katophorite), 
rutile, and rare quartz and albite. Among others, the eclogite-facies 
mineral assemblage omphacite + garnet + quartz is present in the 
outermost zone. In addition, note that none of the studied samples 
contain sulfide grains included within garnet.

Sulfur contents and isotope compositions
Bulk rock sulfur contents determined by wet chemical sulfur extrac-
tion are highly variable in the studied samples, particularly along the 
serpentinite-metagabbro transect (Fig. 4 and data S1). Serpentinite 
(zone I) and actinolite-chlorite schist (zone III) have sulfide and sul-
fate contents below detection limit except for one actinolite-chlorite 
schist that yields sulfate contents of 6 μg/g. This agrees with micro-
scopic observations that only trace amounts of sulfide phases could 
be detected within 0.3 m from the contact. Farther away from the 
contact, i.e., in all zones further into the metagabbro sequence, sul-
fur is highly dominated by sulfide (sulfide/Σsulfur > 94%) with sulfate 
contents of <64 μg/g. In zone IV, total sulfide (and total S) contents 
are highest at 0.3 to 0.4 m from the contact (~1780 to 5000 μg/g) 
and generally lower between 0.5 and 1.5 m from the contact (~630 
to 2470 μg/g) (Fig.  4C), while bulk rock δ34Ssulfide values in this 
zone vary between +3.4 and +12.5‰ (Fig. 4B). The two samples 
of zone V at ~10 and ~20 m from the contact have a bulk rock S 
and sulfide content of ~4180 to 5640 μg/g and δ34Ssulfide values of 
+1.5‰. This is within the range of metagabbro sampled through-
out the Voltri Massif with bulk rock sulfide and total S contents 
of ~710 to 4060 μg/g and δ34Ssulfide values of −0.5 to +6.7‰. No-
tably, mylonitic metagabbro has, on average, higher total sulfur 
contents (2695 ± 1634 μg/g) and more positive δ34Ssulfide values 
(δ34Ssulfide = +4.7 ± 3.2‰) than massive metagabbro (1537 ± 908 μg/g; 
δ34Ssulfide = +1.8 ± 1.3‰) (Fig. 4A), while sulfate was only detected 
in the mylonitic metagabbro with δ34Ssulfate values of −1.7 to +4.4‰.

In situ δ34S measurements determined by secondary ion mass 
spectrometry (SIMS) of pyrite in four metagabbro samples from 
zones IVa, IVb, and V yielded δ34Ssulfide values of −1.4 to +7.5‰ 
(data S2). In two samples, distinct correlations between δ34Ssulfide 
values and Co contents are observed (r2  =  0.56 to 0.77; Fig.  5), 
whereas the bulk of data generally shows an increase in δ34Ssulfide 
values from core to rim of individual pyrite grains correlating with 
different Co zones as observed in the mappings (fig. S1). In zone 
IVa, Co-richer cores have δ34S values of +4.3 to +5.0‰, and Co-
poorer rims have δ34S values of +5.6 to +6.1‰ (Figs. 3B and 5A); 
where Co variations are patchy, in  situ δ34S values have a narrow 
range of +4.6 to +5.6‰. In zone IVb, pyrites have Co-poor cores 
with δ34S values of −0.4 to +2.7‰, and Co-richer overgrowth rims 
with δ34S values up to +6.8‰ (Fig. 3F), whereby highest δ34S values 
up to +7.5‰ are measured in euhedral to subhedral pyrite grains 
that are surrounded by a fibrous Mg-Fe silicate (Figs. 3, C and D, 
and 5B). In zone V, a narrow δ34S range of −1.4 to +0.7‰ is ob-
served. However, associated with Co and Ni variations, three 
generations of pyrite are evident in zone V samples: (i) a high-Co 
generation (up to 4 wt %) that has δ34S values of −1.2 to −0.9‰, (ii) 
a low-Co and elevated Ni generation with δ34S values of −1.3 to 
−0.4‰, and (iii) an intermediate Co generation that has higher δ34S 
values of +0.6 to +0.7‰ (Figs. 3H and 5C).

DISCUSSION
Primary sulfide composition and the oceanic 
hydrothermal signature
All subducted slab components that have interacted with the hydro-
sphere before subduction (sediments, altered oceanic crust, and ser-
pentinized lithospheric mantle) are important hosts of variable 
amounts of oxidized (e.g., SO4

2− and S6+) and reduced (e.g., S2− and 
S−) sulfur of highly variable isotopic composition [e.g., (3, 7, 31)]. 

100 m

0.7

0.7

0.6

50 m

20 m

100 m

100 m

4.4

5.0
5.6

6.1

4.3

7.5

7.5

6.5

0.0

6.20.4
4.7

6.8

Py Ab

Ep

Brs

Ab

Rt

Spn

Omp

Ab

Spn

Czo

Amp
Py

Py

Omp

Py
Grt

Rt + Amp

Rt

Rt

Py

Aeg-Aug

Grt

Fe-Mg silicate

Fe-Mg silicate

 Fe-Mg
silicate  

Omp

CoBSE BA

CoBSE DC

CoBSE FE

CoBSE HG

Czo
Pl

Grt

--0.50.5

--1.21.2

--1.01.0

--1.01.0 --1.31.3

Fig. 3. In situ sulfur isotope analyses of selected pyrite grains. Secondary ion 
mass spectrometry (SIMS) spots are shown as red squares in the backscattered 
electron (BSE) images (left column) and in the Co element distribution maps (right 
column). (A and B) Pyrite in zone IVa, (C to F) pyrite in zone IVb, and (G and H) pyrite 
in zone V. Note that, in (E) and (F), metamorphic minerals including Omp, Grt, and 
Pl occur in inner zones that are rimmed by pyrite with high δ34S values (4.7 to 
6.8‰). δ34S values are expressed as per mil versus Vienna Canyon Diablo Troilite 
(V-CDT) in the Co maps. In the element maps, red colors represent high concentra-
tions, while cold (to black) colors represent low concentrations.

D
ow

nloaded from
 https://w

w
w

.science.org at W
issenschaftspark A

lbert E
instein on A

ugust 23, 2024



Schwarzenbach et al., Sci. Adv. 10, eadn0641 (2024)     7 August 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 15

Ocean floor serpentinites typically contain several thousands of 
sulfide (in micrograms per gram) with δ34Ssulfide values of −45 to 
+27‰ (13), fresh gabbro contains sulfide between 100 and 1800 μg/g 
(43), and hydrothermally altered gabbro contains sulfide up to 8500 μg/g 
(δ34Ssulfide = −1.5 to +16‰) (44) [see Li et al. (3), Walters et al. 
(7), and Alt (11) for compilations of δ34S signatures for average oce-
anic lithosphere]. During subduction, additional processes such 
as sediment compaction and metamorphic dehydration reactions 
can mobilize and redistribute sulfur via processes such as sulfide 
dissolution and reprecipitation. Moreover, sulfide-to-sulfate or 

sulfate-to-sulfide transformations can take place among different 
subducted rocks and metasomatic minerals newly formed by fluid-
rock interactions (2, 8, 25).

The sulfides observed in the Voltri Massif record distinct genera-
tions of sulfide precipitation and S mobilization during their evolu-
tion. The Voltri ophiolite suite formed within the slow to ultraslow 
spreading Liguro-Piemont ocean basin (38, 45, 46). In this basin, 
discrete gabbro bodies intrude mantle peridotites, whereas basaltic 
lava extrusions only discontinuously covered the oceanic basement 
(47). More commonly, tectonic-dominated extension during open-
ing of an ocean basin led to widespread mantle exposure on the 
ocean floor, inducing serpentinization, and localized exposure of 
gabbroic bodies to the seafloor (48, 49). Ocean floor alteration sig-
natures are only partly retained in the studied serpentinite samples 
and are primarily documented by their distinct trace element pat-
terns (35). However, the measured bulk rock S geochemistry, par-
ticularly the very low sulfide contents, is distinctly different from 
typical ocean floor serpentinites (13, 50) or serpentinites collected 
elsewhere in the Voltri Massif (51, 52) (see sampling location in 
Fig. 1), which contain up to 0.25 wt % of reduced S with δ34Ssulfide 
values up to +14.3‰ attributed to ocean floor processes. Similarly, 
the 87Sr/86Sr ratios of the studied serpentinite do not record Jurassic 
seawater but rather fluid input from either a crustal- or a sediment-
derived fluid that overprinted previous interaction with Jurassic sea-
water upon seafloor exposure (35, 53).

The metagabbro similarly retains only a faint chemical record of 
ocean floor alteration and preserves 87Sr/86Sr ratios that are close to 
those of unaltered MORB (35). Although the bulk rock δ34Ssulfide 
values overlap with those found, for instance, in altered gabbro from 
Atlantis Bank along the Southwest Indian Ridge (δ34Ssulfide = −1.5 
to +16.3‰) (44), the S variability of mylonitic metagabbro can at 
least partially be related to later-stage fluid-rock interaction as dis-
cussed below. Only the massive (coronitic) metagabbro, with aver-
age δ34Ssulfide,WR values of +1.7 ±  1.3‰, provides evidence for 
magmatic sulfur (δ34SMORB ≈ −0.91 ± 0.50‰) (54) or sulfide for-
mation during minor ocean floor alteration—e.g., during high-​T 
hydrothermal alteration, as documented by a slight shift to higher 
δ34Ssulfide,WR values commonly up to ~+5‰ [e.g., (55)]. The mag-
matic origin for some of the sulfide grains is also revealed by Co-
poor pyrite cores of zone IVb samples, which have δ34Spyrite values 
ranging from −0.5 to +1‰, and by Co-rich, (silicate) inclusion-free 
pyrite cores in zone V metagabbro characterized by δ34Spyrite values 
ranging from −1.2 to −0.8‰ (Figs.  3 and 5), which overlap with 
sulfide compositions in ocean floor gabbros (56). An ocean floor 
origin of pyrite from these zones is further supported by a lack of 
high-pressure mineral inclusions, which is in contrast to other 
growth generations (Fig. 3). These magmatic-derived sulfide cores 
were likely retained as encapsulated relicts within later-stage sulfide 
growth generations.

Subduction zone S isotopic imprint
Previous studies have shown that sulfide minerals are reactive to 
fluid-rock interaction processes and document relatively short-lived 
processes taking place during prograde, peak, and retrograde condi-
tions (3, 7, 25, 57–60). In the studied samples, these processes are 
preserved by distinct variations of in situ δ34Spyrite values, Co con-
tents, and assemblages of silicate mineral inclusions in pyrite, which 
indicate S mobility during subduction metamorphism. In particu-
lar, the presence of peak metamorphic minerals (e.g., omphacite, 
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garnet, and rutile in pyrite cores; Fig. 3E) in the studied samples and 
mineral assemblages related to reaction-zone formation (Ca-Na 
amphiboles, epidote, sphene, and ilmenite; Fig. 2) documents that S 
was mobile during metasomatic processes at conditions prevailing 
at the slab-mantle interface. Further evidence for S transfer from the 
serpentinite into the metagabbro during Mg metasomatism is 

provided by the presence of euhedral to subhedral pyrite that shows 
distinct core-to-rim variation in the in situ δ34Spyrite values. These 
pyrite grains occur in all samples at distances of 0.3 to 1.5 m from 
the contact but are absent at larger distance, strongly suggesting 
that they were associated with the formation of the actinolite and 
actinolite-chlorite schists along the contact. The observed positive 
correlation between δ34S values and Co contents in two samples 
(Fig. 5, B and C) and the general increase in the in situ δ34S values 
from core to rim to up to +7.5‰ in samples near the contact that 
coincides with very sharp Co zonations further points to the influx 
of 34S-enriched sulfur, followed by pyrite (re)crystallization. These 
observations further coincide with the bulk rock δ34Ssulfide values 
being generally higher (+3.4 to +12.5‰) in samples <1.5 m from 
the contact, compared to +1.1 to +1.9‰ for samples 10 to 20 m 
from the contact (Fig. 6A) that were less affected by the infiltrating 
fluid. The lack of a pronounced correlation between bulk rock S con-
tents and δ34S values along the serpentinite-metagabbro transect 
(Fig. 4B) may reflect heterogeneities in S contents and/or δ34S values 
in the protolith (44), sample heterogeneity on the centimeter (i.e., 
sampling) scale, or that fluid influx took place along rather distinct 
zones. The variation in the Co concentrations can be related to changes 
in the fluid chemistry, such as the salinity (59) and by silicate- and 
oxide-forming reactions, effectively by changes between fluid- and 
rock-buffered regimes (61). Hence, the observed Co variations like-
ly preserve distinct pyrite forming events on the sample scale during 
the formation of the metasomatic zone rather than allow inter sam-
ple comparison.

Codillo et al. (35) proposed a model in which the lithologies 
along the studied contact were modified by fluids that initially equil-
ibrated with serpentinite and subsequently caused mass transfer by 
fluid-mediated diffusion between serpentinite and metagabbro near 
peak metamorphic conditions (35). This mass transfer was driven 
by chemical potential gradients, notably those of Mg, Ca, and Si. In 
addition, the sulfide mineral stabilities reflect the sulfur fugacity 
(fs2) and fo2 and are also controlled by temperature and pressure 
and by the silicate mineral assemblages, particularly the stability of 
Fe-bearing mineral phases [e.g., (2, 57, 62)].

Thermodynamic reaction path models were constructed (Fig. 7) 
to further assess the changes in sulfide mineralogy and fluid compo-
sition during the fluid-mediated reaction between serpentinite and 
sulfide-bearing eclogitic metagabbro. In these models, the reactant 
sulfide-bearing eclogitic metagabbro also contains C (100 μg/g) as a 
conservative estimate for the carbon content of the rock. This is con-
sistent with petrographic observations of graphite now included 
within primary silicate minerals (e.g., garnet; Fig. 8). Models were 
calculated at 500°C and 1.5 GPa over a range of fo2 where magnetite 
is thermodynamically stable (bounded by the wüstite-magnetite 
and hematite-magnetite buffers) and a range of fluid-to-rock (f/r) 
mass ratios, using EQ3/6 (63) and the Deep Earth Water (DEW) 
Model database (64, 65) (Fig. 7). Details on the model setup and as-
sumptions are described in Materials and Methods. Metasomatism 
of pyrite-bearing metagabbro by a fluid previously in equilibrium 
with serpentinite (antigorite + diopside + magnetite) predicts a se-
quence of alteration assemblages composed of chlorite + clinopy-
roxene + garnet + lawsonite + quartz → chlorite + clinopyroxene + 
epidote ± paragonite → garnet + chlorite + clinopyroxene → clino-
pyroxene + chlorite + magnetite → clinopyroxene + magnetite + 
chlorite with increasing f/r ratios. This alteration sequence broadly 
reproduces the sequence of metasomatic silicate assemblages observed 
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Fig. 5. S isotope variation shown by mineral chemistry. Co contents versus 
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in this study [see also (35)] and suggests that the observed zones 
represent interaction with fluid at increasing f/r ratios from metagabbro 
toward the serpentinite contact. While changes in the starting fo2 
do not affect the calculated silicate mineralogy, the calculated se-
quence of sulfide assemblages differs over the modeled fo2 condi-
tions (Fig. 7). Metasomatism of sulfide-bearing metagabbro by 
serpentinite-buffered fluid at relatively low fo2 conditions (fo2 = −24.7) 
is predicted to form pyrite + anhydrite → pyrite → pyrrhotite with 
increasing f/r ratios as the metagabbro is reacting with the fluid. 
In contrast, pyrrhotite is not predicted in the models that assume 
higher fo2 (Fig. 7F). The low-​fo2 model predicts HS− as the domi-
nant sulfur species, whereas the high-​fo2 model predicts HS− and 

SO4
2− as the dominant sulfur species in the coexisting fluid at high 

f/r ratios. Both models predict increasing concentration of SO4
2− 

until it dominates at lower f/r ratios (<1) (Fig. 7, G and H). With 
regard to carbon species, CH4(aq) dominates at high f/r ratios, 
whereas CO2(aq) dominates at low f/r ratios, although in the model 
calculated at higher fo2, CH4(aq) concentrations are overall very low 
(Fig. 7H). In both models, anhydrite was predicted at low f/r ratios. 
However, the absence of anhydrite in reacted metagabbro could 
suggest that either it dissolved during sample preparation due to its 
soluble nature or the models overpredict anhydrite saturation be-
cause of the current lack of complexes (ligands) in the database that 
would suppress anhydrite saturation (66).

In general, the models predict a decrease in the concentration of 
dissolved Mg and increases in the concentrations of dissolved Ca, 
Fe, and Si with decreasing f/r ratios (Fig. 7, C and D). The highest 
concentration of dissolved Al is predicted at intermediate f/r ratios. 
Although the models successfully reproduced the observed succes-
sion of silicate and sulfide mineralogy, the lack of thermodynamic 
data for solid solutions at elevated pressure, notably Fe(II) and 
Fe(III) serpentine (i.e., greenalite and cronstedtite) and the andra-
dite component of garnet, introduce a nonnegligible uncertainty 
on the modeled fo2 variations. Because the Fe(III)/FeT of the mod-
eled serpentinite is dictated by magnetite being the only Fe(III)-
bearing phase, the predicted fo2 of the fluid in equilibrium with the 
magnetite-bearing serpentinite likely differs from the actual fo2 in 
equilibrium with high-pressure serpentinite at Voltri (35). However, 
the ability of the models to successfully reproduce the alteration 
mineralogy and the sequence of mineral parageneses in the studied 
serpentinite-metagabbro transect strongly suggest that the assump-
tions built in the models are justified and that the models broadly 
capture the mass transfer process between the juxtaposed rocks and 
the continuous reaction of the metagabbro with a serpentinite-
equilibrated fluid at increasing f/r ratios. We anticipate that im-
provements in thermodynamic databases will improve our ability to 
model fluid-rock interactions at high P-​T conditions, especially re-
garding modeled redox-sensitive species.

To further evaluate the predictions of our reaction-path models, 
we calculated the fo2 at which the partial pressures of SO2 and H2S 
are equal [i.e., 2 H2S(aq) + 3 O2(g) = 2 SO2(aq) + 2 H2O], as well as 
for CO2 and CH4 [i.e., CH4(aq) + 2 O2(g) = CO2(aq) + 2 H2O], and 
compared them to the upper limit of fo2 wherein magnetite can be 
stable, as bounded by the hematite-magnetite buffer. Our thermo-
dynamic calculations show that the fo2 of magnetite-hematite buffer 
is lower than the SO2-H2S buffer at 500°C and 1.0 to 2.0 GPa (fig. S4). 
This suggests that reduced sulfur species (H2S) would predominate 
in fluids coexisting with magnetite-bearing serpentinite at the peak 
P-​T conditions recorded by the Voltri Massif (~500° to 525°C and 
2.3 to 2.5 GPa) (35, 40). This result is consistent with previous pet-
rologic studies that inferred relatively reducing (HS− and H2S-
bearing) fluids derived from subducted serpentinites (29, 57, 67). 
Since magnetite is usually more abundant than pyrite in serpenti-
nite, our calculations also imply that more oxidized sulfur species 
may predominate in fluids derived from the full dehydration of 
magnetite-bearing serpentinite at the antigorite-out reaction, which 
occurs at higher temperatures (>660°C) (68). This is indicated by 
the topology of the equilibrium boundaries wherein the fo2 buffered 
by SO2-H2S equilibrium is lower than the hematite-magnetite buffer 
at temperatures at or above the serpentinite-out reaction at a con-
stant pressure [fig. S4; see (67)].

A

B

Low Co (<0.5 wt %)
Elevated Co
High Co

Fig. 6. Isotopic and chemical along transect variation. (A) Schematic evolution 
of δ34S values in pyrite grains along the serpentinite-metagabbro contact [zones 
after Codillo et al. (35)], with the studied samples shown by distance to the contact 
along the x axis (not to scale). Pyrite formation stages are indicated in yellow and 
orange (growth zones labeled i to iii are shown according to their Co content) with 
corresponding in situ δ34S values. Dashed line labeled “po” indicates presence of 
pyrrhotite. Also shown are bulk rock δ34Ssulfide values (gray squares). (B) Compari-
son of bulk rock sulfide, CaO, FeO, and ∑REE (rare earth element) contents and 
Fe(III)/Fetotal ratios with distance from the contact reflecting redox processes asso-
ciated with metasomatism. CaO, ∑REE, and Fe data are from Codillo et al. (35).
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Variations in sulfide mineralogy and sulfur speciation 
during metasomatism
The observed sulfide mineralogy across the studied transect and the 
very low bulk rock S contents (<0.01 wt % of S) in zone III samples 
(Fig. 6B) can be related to different redox reactions and the destabi-
lization and dissolution of pyrite and pyrrhotite upon reaction with 
fluids at increasing f/r ratios. Note that the dissolution of pyrite 
(i.e., desulfurization) and the local stabilization of pyrrhotite with 
increasing f/r ratio were only observed in reaction-path models 

performed under relatively low starting fo2 condition, indicating the 
sensitivity of the reaction to the prescribed fo2 conditions.

In general, the redox processes occurring during metasomatism 
are dominated by coupled changes in the valence states of Fe (i.e., 
being the most abundant multivalent element in the metagabbro), S, 
and C among mineral and fluid (1). In this regard, the model predic-
tions can provide additional constraints on the stability of sulfide 
minerals and related changes in the speciation of dissolved S com-
pounds across distinct metasomatic zones. Because of the close 
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match between the predicted and observed sulfide mineral assem-
blages, we focus on the results from the model with initially reduc-
ing conditions (log fo2 of −24.7). In this model, with decreasing f/r 
ratios from 10 to 1, the coexisting fluid shows a decrease in the con-
centrations of HS− and an increase in the concentrations of dis-
solved oxidized sulfur species (e.g., SO4

2− and HSO4
−). The increase 

in oxidized sulfur species is best explained by reaction with Fe(III) 
in the Fe-Ti metagabbro such as

This process would then allow for an increase in the concentra-
tions of dissolved sulfate as the metagabbro is increasingly reacting 
with the fluid at intermediate f/r ratios (i.e., f/r ≈ 1 to 6; representa-
tive of the transition between zones III and IV). At higher f/r ratios 
of ~10, pyrrhotite is predicted to form, whereas pyrite disappears. 
The reduction of pyrite to pyrrhotite requires a reducing agent and 
can be explained by the introduction of CH4, which is dominantly 
stable at high f/r ratios associated with highly reducing conditions, 
following the reaction:

The local presence of graphite as inclusions in garnet (Fig. 8) sup-
ports the involvement of C during fluid-rock interaction. Moreover, 
this coincides with the observation of pyrrhotite in zone III, near the 
contact with the serpentinite where the infiltrating fluid is domi-
nated by reducing species. Overall, it is likely that Fe, S, and C are 
involved in the redox reactions taking place during metasomatism 
and that they can also be coupled through other reaction such as

and

While the actual amount of carbon originally present in the rock 
or fluid is unknown, the conservative value initially assumed in the 
models allow us to explore the role of carbon species in the redox 
reactions with sulfur and iron. Furthermore, the redox conditions 
are likely variable between distinct metasomatic zones, which can 
cause local dissolution of redox sensitive minerals, such as sulfides, 
in some parts and precipitation in other parts of this transect. This is 
reflected by the large variations in bulk Fe(III)/FeT contents and sul-
fide modal contents observed over short length scales across the dif-
ferent reaction zones. For instance, toward the interior of the 
metagabbro (away from the contact), the variations in bulk rock 
Fe(III)/FeT ratios and CaO [as well as ΣREE (rare earth element)] 
contents in zone IVa coincide with changes in sulfide contents and 
δ34Ssulfide,WR values. In particular, the elevated sulfide contents are 
associated with metasomatic rocks with high bulk rock Fe(III)/FeT 
ratios, CaO and ΣREE contents, and an abundance of epidote min-
erals (Fig. 6B). Codillo et al. (35) performed mass-balance calculations 
and argued that the formation of epidote-rich zone IVa required the 
addition of Ca from the adjacent zone III. In Fig. 7, the thermody-
namic models suggest that at an f/r ratio of ~1, the predicted fluid 
composition displays increasing concentrations in dissolved Ca and 
SO4

2−, wherein the latter dominates the dissolved sulfur budget 
(ΣSdissolved). The predicted availability of SO4

2− and Ca in the fluids 
likely promoted the stabilization of epidote and pyrite in zone IVa. 
The reduction of dissolved SO4

2− during pyrite precipitation is most 
likely coupled to the oxidation of Fe(II) in metagabbro, as evidenced 

by the locally elevated bulk rock Fe(III)/FeT in zone IVa, and can be 
described by the reaction:

This agrees with previous studies recording the reduction of SO2 
(S4+) or SO4

2− (S6+) as aqueous species associated with the oxida-
tion of surrounding lithologies [e.g., (7, 57, 67)]. Quantifying the 
exact sequence of reactions remains challenging because of the un-
certainty in the amount of C and S that was initially present in the 
rock before metasomatism. Nonetheless, we speculate that if the ini-
tial metagabbro had the same or much higher carbon content than 
assumed in our simplified thermodynamic models, then carbon 
would certainly be important in the redox reactions with sulfur, in 
addition to Fe.

On the basis of the in situ δ34Spyrite measurements it can be con-
cluded that the S isotope composition of the infiltrating, subduction-
related fluid did not change substantially as it was introduced into 
the metagabbro, since the measured maximum in situ δ34S values of 
sulfide rims are around +6‰ at ~0.3 m and +7.5‰ at ~0.8 m from 
the contact. Within the subducting slab and particularly in the case 
of the Voltri Massif, the two most dominant sources of 34S-enriched 
S include (i) seawater-derived sulfate primarily stored within sedi-
ments or serpentinites (as S6+ or SO4

2−) and (ii) 34S-enriched sulfide 
minerals from serpentinized peridotites that were formed during 
serpentinization and hydrothermal alteration (13, 69). In particular, 
oceanic peridotites that undergo serpentinization at low f/r ratios 
and temperatures above ~300°C can have δ34S values of up to +23.1‰ 
but typically in the range of +2 to +14‰ (69). These positive δ34S 
values are similar to values measured in serpentinites from the 
Beigua unit, with sampling localities very close to those measured in 
this study (see Fig. 1A), that are mostly +6.9 to +14.3‰ (51). Thus, 
we can assume that the studied serpentinites had similarly positive 
δ34S values before their interaction with a subduction-related fluid. 
This coincides with many exhumed high-pressure serpentinites that 
show predominantly positive δ34S values (3, 16, 70). Furthermore, 
our thermodynamic models predict that sulfide is undersaturated in 
metagabbro that reacted at very high f/r ratios with fluids previously 

HS− + 4 Fe2O3 (in silicates) = HSO4
−
+ 8 FeO (in silicates) (1)

2 FeS2 + CH4 = FeS +H2S + C (2)

CH4 + 4 FeS2 + 6 H2O = 8 H2S + 4 FeO + CO2 (3)

CH4 + 2 FeS2 + 2 H2O = 4 H2S + 2 FeO + C (4)

SO4
2−
+15 Fe2+O (in silicates)+2 Ca2+ =FeS2 (pyrite)

+7 Fe3+2O3 (in epidote)+2 CaO (in epidote)
(5)

0.5 mm

Graphite

Grt

Fig. 8. Microphotograph of graphite included in garnet. Graphite forms dark 
gray to black concentric inclusions in garnet in a metagabbro taken 20 cm from the 
serpentinite-metagabbro contact.
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equilibrated with serpentinite (Fig. 7, G and H), with limited isotope 
fractionation expected during sulfide dissolution [e.g., (71)]. This 
means that the resultant dissolved HS− would carry a 34S-enriched S 
signature very similar to the precursor sulfide minerals in serpenti-
nite. As the HS−-bearing, 34S-enriched fluid starts to react with the 
metagabbro following Eq. 1, SO4

2− concentrations initially increase. 
Subsequently, at decreasing f/r ratios and as SO4

2− continuously in-
filtrates and reacts with the surrounding metagabbro, pyrite precipi-
tates following, e.g., Eq. 5. Reduction and reprecipitation (SO4

2− ➔ 
H2S ➔ pyrite) as manifested in zone IVa would not have caused any 
substantial isotope fractionation under closed system fluid evolu-
tion (Fig. 9A and see Materials and Methods for details). Rayleigh 
fractionation processes would have led to highly positive δ34S values 
(Fig. 9B) and, thus, are also unlikely to have been an important 
process for the investigated metasomatic zone. However, bulk 
mixing between the infiltrating fluid and the distal metagabbro 
(δ34Sgabbro ≈ +1.7‰) could produce a S isotope variation as ob-
served in the investigated samples. The observed trend in δ34S com-
position along the transect is best explained by the incremental 
addition of 34S-enriched S to the metagabbro, whereby continuous 
pyrite precipitates at decreasing f/r ratios, stripping sulfur out of the 
infiltrating fluid (shown by decreasing HS− concentrations at low f/r 
ratios; Fig. 7G). This translates to a decreasing influx of 34S-enriched 
S with increasing distance from the contact and that higher δ34S val-
ues are observed at slightly higher f/r, i.e., where the S from the in-
filtrating fluid is dominating. Such a scenario can be well reproduced 
using initial δ34Ssulfide values of approximately +5 to +15‰, agree-
ing with estimates of serpentinized peridotites from the Voltri Massif 
(Fig. 9C and fig. S5).

Alternatively, the influx of seawater-derived sulfate hosted by 
oceanic serpentinite could similarly have led to the influx of 34S-
enriched component. Oceanic serpentinites can contain seawater-
derived sulfate of several hundreds of micrograms per gram up to 
0.4 wt % (72). However, the Sr isotope compositions of the studied 
serpentinite are more radiogenic than Jurassic seawater and require 
interaction with fluids derived from continental or sedimentary 
rocks (35, 53). This process was suggested to have occurred during 
subduction by migration of fluids derived from subducted materials 
along the subduction interface (53, 73). On the basis of mixing and 
isotope fractionation models, sulfate with δ34S values of +15 to 
+22‰ could have similarly led to 34S-enriched values in pyrite in 
the reacted metagabbro following the conversion of SO4

2− to HS− at 
400°C (Fig. 9D). These δ34Ssulfate values agree with seawater sulfate 
of Jurassic to modern ages (74) and, thus, would coincide with ocean 
floor alteration and sedimentation in the Liguro-Piemont Ocean. 
However, considering that oxidized S species (e.g., SO4

2−) were not 
predicted to be the dominant species in the modeled fluid in equi-
librium with magnetite-bearing serpentinite at the P-​T conditions 
relevant to the Voltri Massif (Fig. 7D), we suggest that this process 
may be less important. Further evidence that a contact parallel fluid 
circulation did not directly provide the 34S-enriched signature to 
metagabbro (with sulfate sourced from sediments) is given by the Sr 
signatures and the trace element patterns provided elsewhere (35). If 
this were the case, then circulation of sediment-derived fluid and 
sulfur metasomatism of metagabbro would display distinct collateral 
geochemical changes, most notably on the Sr isotope composition 
of the metagabbro, as well as additional sediment-derived chemical 
signatures. However, the constant Sr isotope ratios (0.7037 ± 0.0001) 
of the metagabbro across the transect argue against direct sulfur 

addition into the metagabbro by fluids that were sourced and last 
equilibrated with sedimentary sequences through contact parallel 
fluid circulation (35). Instead, the lack of any substantial Sr isotope 
variations in the metagabbro that record sulfur metasomatism indi-
cates that the 34S-enriched S was most likely derived from the adja-
cent serpentinite, although the influx from sediment-derived S 
cannot be excluded entirely. Because serpentinite has very low Sr 
concentrations (0.77 ± 0.33 μg/g; n = 9), serpentinite-buffered flu-
ids are also likely to contain very low concentrations of dissolved Sr. 
This type of fluid could carry the 34S-enriched S from serpentinite 
without modifying the Sr budget and Sr isotope composition of the 
metagabbro upon reaction. The higher δ34S values in the mylonitic 
metagabbros compared to the coronitic metagabbros may further 
suggest that 34S-enriched fluids equilibrating with surrounding ser-
pentinites likely affected the rather small metagabbro bodies during 
deformation on a larger scale. Last, as constrained previously (35), the 
Mg-rich fluid equilibrated with serpentinite at high pressures, and 
it is constrained that the metasomatic zone formed and equilibrated 
during peak metamorphic conditions. This coincides with the 
eclogite-facies mineral inclusions in the rims of the pyrite and is fur-
ther evidence for contemporaneous pyrite mineral formation and 
Mg metasomatism that initiated during prograde and continued 
through to peak metamorphic conditions (35).

Perspectives
This study provides evidence for the fluid-mediated transfer of 34S-
enriched S from serpentinite into the adjacent metagabbro at tem-
peratures below the stability limit of antigorite (~650°C and 2 GPa). 
Our results imply that the transfer of 34S-enriched S into subducted 
crustal materials does not require the production of fluids that carry 
oxidized sulfur species by serpentinite dehydration (26, 27, 29). If 
the latter scenario was the only pathway of mobilizing seawater-
derived sulfate into the source region of arc magmas, then 34S-
enriched S signatures in primitive arc magmas would be restricted 
to subduction zones with warm slab Moho geotherms where intra-
slab serpentinite breakdown occurs at subarc depths, as subduction 
zones with cold slab Moho geotherms are predicted to cross the an-
tigorite dehydration at postarc depths. However, primitive arc mag-
mas are enriched in 34S-enriched S compared to MORB, regardless 
of the slab thermal structure (16). This requires a universal transfer 
mechanism of sulfur that operates over the range of slab top geo-
therms, from cold to warm, across subduction zones. We argue that 
the fluid-mediated mass transfer between juxtaposed serpentinite 
and subducted crustal materials is a universal process that can lead 
to the formation of metasomatic rocks with geochemical and redox 
characteristics that are distinct from their protoliths. This fluid-
mediated mass transfer was a consequence of the juxtaposition of 
chemically disparate rocks at high P-​T conditions in water-rich en-
vironments, such as along the subduction interface or within intra-
slab shear zones. We predict that serpentinite-equilibrated fluids 
carry reduced S species at temperatures below 550°C at forearc and 
subarc depths. In the Voltri Massif, the fluid-mediated transfer of S 
involved simultaneous whole-rock oxidation of Fe, enrichment in 
fluid-mobile trace elements, and formation of pyrite with 34S values 
up to +12.5‰ in the reacted eclogitic metagabbro. Since the litholo-
gies at the Voltri Massif represent exhumed materials from the slab-
mantle interface relevant to subduction zones with intermediate to 
cold slab tops (75), we argue that similar fluid-mediated transfer 
between mafic and ultramafic rocks is likely pervasive in other 
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subduction zones as suggested previously [e.g., (76, 77)]. The pro-
cess exemplified in the Voltri Massif accounts for the transfer of 34S-
enriched S carried by subducted serpentinite and a subsequent 
enrichment of 34S in adjacent metacrustal or metasedimentary ma-
terial upon fluid-mediated reaction at relatively low temperatures. 
This mechanism can act in concert with other proposed mecha-
nisms that require fluid production during the breakdown of hy-
drous minerals in the slab at higher temperature conditions [e.g., (6, 
27, 67)]. Once the fluid leaves the serpentinite-metagabbro transect, 
the fluid properties change depending on the fluid pathway toward 
the mantle. For example, if fluids traverse through metasedimentary 
layers that contain a lot of Mn oxides, then this would cause conse-
quent oxidation of the fluid (33).

Our study provides insights into how 34S-enriched S can be 
transferred from subducted serpentinite into adjacent metagabbro 
by fluid-rock interactions. We envision that this process is likely 
pervasive in other subduction zones regardless of the slab geotherm 
and the thickness of the overriding crust. Subsequent melting of 

metasomatized, oxidized, and 34S-enriched metacrustal or metased-
imentary rocks along the subduction interface or in mantle-wedge 
diapirs would produce melts that simultaneously display the elevated 
fo2 and S isotope signatures of arc magmas worldwide.

MATERIALS AND METHODS
Mineralogy and petrology
Sample preparation was done in the laboratories of the Freie Uni-
versität Berlin for the V18 series and at Virginia Tech for the V17 
series samples (see data S1), which were initially processed to 
fine-grained gravel. Samples were cut into cubes using a rock 
saw, cleaned with acetone, ethanol, and deionized water to avoid 
cross-contamination and adherent rock dust, and then crushed to 
clay sized particles using an agate ball mill. In addition, sample 
blocks were cut for thin section preparation that was used for 
optical microscopy, electron microprobe analyses, and scanning 
electron microscopy.
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Fig. 9. Calculations of δ34S compositions during fluid evolution associated with sulfur isotope fractionation and mixing. (A) Closed system fluid evolution with 
sulfate reduction to produce sulfide (red lines) assuming initial δ34Ssulfate = 20‰, where fluid evolution results in final δ34SH2S values equal to the initial δ34Ssulfate. Pyrite 
precipitation from H2S (blue lines) assuming δ34SH2S = 5‰ is associated with minor isotope fractionation. (B) Rayleigh distillation model assuming an initial δ34S sulfate 
value of 20‰ whereby δ34S values of the produced H2S continuously increase during SO4

2− reduction to H2S. (C) Mixing model of gabbro with incremental addition of 
H2S with different δ34S values derived from the serpentinite. Pyrite H2S fractionation with εpyrite-H2S  = 0.9‰ at 400°C (90) is assumed. Solid lines represent bulk rock com-
positions produced by mixing, and colored dashed lines represent respective δ34S values of the introduced H2S. (D) Mixing model of gabbro with incremental addition of 
sulfide produced by closed system sulfate reduction [see (A)], whereby the δ34SH2S produced from sulfate reduction continuously increases (colored dashed lines). Solid 
lines represent bulk rock compositions produced by mixing. In (C) and (D), the gabbro has a composition of sulfide (1500 μg/g) and δ34Ssulfide = 1.7‰ (gray dashed line), 
and the end member metagabbro unaffected by metasomatism along the traverse is set to a hypothetical point at ~2-m distance from the contact. For comparison, the 
measurement of sample V18-A13 is shown at this position. Red- and orange-colored circles represent rim and core compositions, respectively, of in situ δ34S measure-
ments in pyrite. For all models, T = 400°C.
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Optical microscopy using reflected and transmitted light was 
conducted to identify silicate and sulfide mineral assemblages. The 
chemical composition of sulfide and silicate minerals was deter-
mined in selected samples on a JEOL JXA-8200 electron micro-
probe at the Freie Universität Berlin. Operating conditions for 
silicates were 15-kV acceleration voltage, 20-nA beam current, and 
10 s per peak counting time. For sulfides, operating conditions were 
20-kV acceleration voltage, 20-nA beam current, and 30-s counting 
time on the peak and 15 s on the background. The beam diameter 
was increased to 2 μm. The analytical reproducibility for the major 
elements is <0.5% for silicates, <0.2% for sulfides, and generally 
<4% for minor elements. For the sulfides, the detection limits were 
as follows: S <  0.009  wt %, Fe <  0.008  wt %, Ni <  0.008  wt %, 
Cu < 0.011 wt %, Co < 0.009 wt %, Zn < 0.014 wt %, As <0.045 wt 
%, and Sb < 0.015 wt %. Natural and synthetic mineral standards 
were used for calibration. Element distribution maps were carried 
out at 20 kV and 100 nA and at 50-ms dwell time.

Bulk rock sulfur concentration and isotope analyses
Sulfur contents and isotope compositions were determined by ex-
tracting the sulfur from bulk rock powders using a slightly modified 
version of the methods described by Canfield et al. (78) and Tuttle 
et al. (79), which allow separate extraction of the acid volatile sulfide 
(AVS), chromium reducible sulfide (CRS), and sulfate fraction. Ex-
traction proceeds in two steps: Initially, 15 to 20 g (depending on 
total sulfur contents) of bulk rock powder is reacted with 6 M HCl 
in an inert N2 atmosphere. This results in the release of H2S from 
AVS [e.g., pyrrhotite (Fe1−xS), pentlandite (Fe,Ni)9S8, and millerite 
(NiS)], which is transferred into a Zn-acetate trap solution to form 
ZnS. Tin(II) chlorite was added to the sample powder to reduce Fe3+ 
possibly present to Fe2+ and prevent oxidation of H2S to elemental 
sulfur. Sulfur bound in sulfates is recovered by reacting the HCl so-
lution from the AVS extraction with BaCl2 to form BaSO4. In the 
second step, the remaining powder is reacted with a chromium(II)-
chloride solution to dissolve CRS [e.g., pyrite (FeS2) and chalcopy-
rite (CuFeS2)], which is, similar to the first step, transferred as H2S 
into a Zn-acetate trap solution to form ZnS. Subsequently, the ZnS 
is converted to Ag2S through addition of AgNO3 to the Zn-acetate 
trap solution. The Ag2S precipitates were then filtered, and the 
BaSO4 was centrifuged. The amounts of collected AVS, CRS, and 
sulfate were determined gravimetrically and were corrected by the 
signal from the elemental analyzer. Detection limits for sulfate and 
sulfide concentrations depend on the amount of sample powder 
processed and were varied on the basis of prior mineralogical inves-
tigations; for 25 g of sample powder detection, limits are sulfate of 
1 μg/g (corresponding to 0.0002 g of BaSO4 extract) and sulfide of 
3 μg/g (corresponding to 0.0002 g of Ag2S extract).

Determination of the 34S/32S ratios was done on a Thermo Fisher 
Scientific MAT 253 isotope ratio mass spectrometer combined with 
a Eurovector elemental analyzer from HEKAtech at the Freie Uni-
versität Berlin. For the measurement, 400 to 800 μg of BaSO4 or 
Ag2S sample powder was weighted into 3.3-mm × 5-mm tin cap-
sules, and divanadium pentoxide (V2O5) was added to enhance 
combustion. Isotope species of sulfur were measured in the form of 
SO2. Calculations of 34S/32S ratios were done with the external cali-
bration method. For this, seven in-house K2SO4 standards were 
measured before each sample set. The 34S/32S ratios are expressed 
using the conventional δ34S notation using the Vienna Canyon 
Diablo Troilite (V-CDT). The V-CDT was calculated using an SO2 

reference gas measured three times before each sample. To correct 
machine drift and memory effects on the resulting δ34S (V-CDT), 
the international standards IAEA S-1, S-2, and S-3 for Ag2S and 
IAEA SO-5 and SO-6 and NBS-127 for BaSO4 were measured in 
each run. The precision (1σ) of the measurements is ±0.03‰ for 
sulfides (IAEA S-2) and ±0.51‰ for sulfate (NBS-127). The analyti-
cal error of the mass spectrometer is lower than 2σ = 0.2‰.

In situ isotope analyses
In situ analyses of sulfur isotope compositions of pyrite grains were 
determined on four selected metagabbro samples at increasing dis-
tance from the serpentinite contact. Pyrite grains were analyzed for 
δ34S (V-CDT; 34S/32S = 0.044163) (80) using a CAMECA IMS 1280-
HR Secondary Ion Mass Spectrometer (SIMS) at the German 
Research Centre for Geosciences (GFZ) in Potsdam. Thin sections 
were cut into 25.4-mm-diameter disks. These were cleaned in high-
purity ethanol ultrasonic bath and coated with 35-nm gold to pro-
vide electrical conductivity during analysis. A 2-nA Cs+ primary 
beam was focused to a 10-μm-diameter spot with a total impact 
energy of 20 keV. A normal incidence electron gun was used for 
charge compensation. Before data collection, each analytical site 
was sputtered for 100 s with a 20-μm raster to remove the gold coat-
ing, suppress any surface contaminants, and establish equilibrium 
sputtering conditions. Data collection used a 15-μm raster ensuring 
a flat-bottom crater geometry. Each analysis was preceded by auto-
matic centering of the field aperture in X and Y and the contrast 
aperture in X. The field aperture was set to 4000 μm by 4000 μm 
(resulting in a field of view of 40 μm), and the contrast aperture had 
a diameter of 400 μm. The energy slit had a width of 40 eV, and it 
was mechanically positioned 5 V below maximum transmission at 
the start of the analytical sequence. Data were collected in multicol-
lection mode using two Faraday cup detectors (L’2 for 32S− and FC2 
for 34S−) and a 80-μm-wide entrance slit. The exit slits for the L’2 and 
FC2 detectors were set to 500 and 250 μm in widths, respectively. 
Typical count rates on 32S in the Balmat pyrite reference material 
were on the order of 1.7 × 109 to 2.6 × 109 counts/s. The mass resolu-
tion was set at M/∆M ≈ 3800 (10% of peak height). Each analysis 
lasted ~4 min including presputtering, autocentering, and data ac-
quisition routines, which consisted of 20 integrations of 4  s each. 
The instrumental mass fractionation and signal drift with time were 
monitored by repeated measurements throughout the analytical ses-
sion in the Balmat pyrite reference material (δ34SV-CDT = +15.1‰) 
(81) located in a different grain mount. No significant drift was ob-
served, and the analytical session yielded a repeatability of ±0.12‰ 
(2 SD, 2 s). We estimate that the total analytical uncertainty on indi-
vidual analyses is better than ±1.4‰ (2 s), where the main sources 
of analytical uncertainty are the reported heterogeneities and 
assigned uncertainties on the bulk characterization of the Balmat 
pyrite (81). Nabhan et al. (82) did not observe any systematic cor-
relation between 34S/32S and the Co + Ni content of pyrite up to 
5.5 wt %; hence, no correction for analytical bias related to chemical 
variation is required within this chemical range. This applies to the 
pyrite grains targeted in this study, which have Co of <4 wt %.

Thermodynamic reaction path modeling
We performed thermodynamic reaction path calculations using the 
EQ3/6 software package (63) and the DEW Model (DEW_2019 ver-
sion) (64, 65, 83) database to further assess the alteration history 
and concomitant mineralogical changes during a fluid-mediated 
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reaction between juxtaposed serpentinite and metamorphosed ox-
ide gabbro (metagabbro) at subduction-zone conditions guided by 
P-​T constraints from equilibrium pseudo-section and garnet iso-
pleth models from previous studies [e.g., (35, 40). In the modeling 
setup, a fluid equilibrated with a serpentinite assemblage [i.e., antig-
orite + clinopyroxene (diopside) + magnetite + brucite] was al-
lowed to react with a model sulfide-bearing gabbro at subduction 
zone conditions (500°C and 1.5 GPa) over a range of f/r mass ratios 
and fo2 (log fo2). Although brucite was not observed in our studied 
serpentinite, previous studies have suggested that brucite was origi-
nally present in these rocks but has later reacted with serpentine to 
produce olivine and water during the early stages of subduction 
(84–86). In a first modeling setup, an aqueous fluid was allowed to 
equilibrate with a serpentinite assemblage [i.e., antigorite + diopside 
clinopyroxene (Cpx) + magnetite + brucite] using EQ3 at specific 
P-​T-​fo2 conditions. The concentrations of dissolved Al and Ca in 
the starting fluid were set to 10−4 and 10−3 m, respectively. This is an 
iterative process where in every calculation, the predicted fluid com-
position is checked if it is saturated with the serpentinite assemblage 
only (i.e., antigorite + Cpx + magnetite + brucite). In cases where 
the predicted fluid composition is saturated with other minerals 
other than the desired serpentinite assemblage, the pH is slightly 
modified until the fluid becomes saturated with only the serpenti-
nite assemblage. This simplification is needed to ensure that the 
model setup captures the condition where the fluid is in equilibrium 
with only serpentinite assemblage before it reacts with the metagab-
bro. We prescribed ~1000   μg/g dissolved S in the starting fluid 
based on the average whole-rock sulfur content of serpentinite from 
the northern Apennine (Stotal = 939 ± 2390 μg/g) (13).

Once the fluid is saturated with only the desired serpentinite as-
semblage, the fluid is allowed to react with a model gabbro using 
EQ6. The bulk mineralogy of the modeled sulfide-bearing gabbro 
protolith [i.e., 41% plagioclase + ~45% clinopyroxene + 5% tremo-
lite + 5% magnetite + 4% pyrite + C (100 μg/g)] is based on the 
mineralogy and modes of oxide gabbros reported in the Voltri 
region (87) and is consistent with the reported mineralogy and 
models of oceanic oxide gabbro from the Atlantis Massif (88). We 
implemented titration models that can be used to assess heteroge-
neous phase equilibria in an advective system (e.g., fluid reaction 
along a high permeability pathway such as lithologic boundaries) 
and in a diffusive system (e.g., fluid-mediated diffusive transfer at 
the boundary of a metagabbro and serpentinite, where the fluid 
composition is buffered by the rock) (89). The reaction-path model 
portrays a system that is initially fluid-dominated but then becomes 
increasingly rock-dominated as more gabbroic material is added. In 
this model setup, a fluid that is equilibrated with serpentinite is ti-
trated with 1 kg of model gabbro under isobaric and isothermal 
conditions. The f/r mass ratio decreases with increasing reaction 
progress (ξ). Despite the simplifications and limitations in the mod-
eling approach, the reaction-path models can simulate the evolving 
fluid-rock equilibria starting from the serpentinite toward the 
serpentinite-metagabbro contact and into the metagabbro interior 
with increasing ξ (equivalent to decreasing f/r ratios). This simplifi-
cation allows one to model local fluid-rock equilibria as fluid travels 
from serpentinite into metagabbro. To evaluate the effect of oxygen 
fugacity on the sulfide stability and speciation of sulfur species 
in the fluid, we performed reaction-path modeling over a wide 
range of log fo2 conditions (−24.7 to −20.0) within the redox stabil-
ity of magnetite, bounded by the magnetite-wüstite buffer and 

hematite-magnetite buffer. The starting fo2 condition, which is 
within the redox stability of magnetite, is set at the beginning where 
the aqueous fluid was allowed to equilibrate with a serpentinite 
assemblage in EQ3. Subsequently, the fo2 is allowed to vary upon 
the reaction between serpentinite-equilibrated fluids with metagab-
bro as controlled by heterogeneous phase equilibria in EQ6. The 
reaction-path model outputs the evolving fluid chemistry and 
the metasomatic minerals as a function of f/r ratio. Results of 
the reaction-path models were compared to the sequence of sili-
cate and sulfide mineral assemblages from petrographic observations. 
The model input and results can be found in the Supplementary 
Materials.

Isotope mixing and fractionation models
To explain the observed S isotope trends, isotope fractionation 
was modeled for open and closed system process and mixing of 
different S sources. Mixing processes were modeled, assuming 
that the initial metagabbro had a composition of Ssulfide = 1500 μg/g 
and δ34Ssulfide = 1.7‰ according to the average bulk rock com-
position of the coronitic metagabbro, which is similar to gabbros 
that experienced minor ocean floor alteration (11). We assume 
that these represent the initial gabbro compositions before meta-
somatism occurred. This coincides with the S isotope composition 
of pyrite cores in V18-A06 and V18-A08 that are mostly around 
δ34S = 0 to 2‰.

Mixing is calculated as

whereby metasomatic H2S of 3500 μg/g is incrementally added. This 
will produce the Ssulfide contents observed in the samples with the 
highest bulk rock S contents (see data S1). Accordingly, metasomat-
ic H2S input decreases from fraction (f) = 0 toward f = 1, with f = 1 
representing the S content and δ34S composition of the initial gab-
bro. In all scenarios that include reduction of oxidized sulfur spe-
cies, we use the fractionation between SO4

2− and H2S. Sulfate 
(SO4

2−)–to–sulfide (H2S) conversion is associated with an isotope 
enrichment factor (ε) of 20.2 to 10.1‰ at 300 to 550°C, respectively, 
whereas slightly smaller isotope fractionation takes place between 
SO2 to H2S (ε = 13.8 to 6.4‰ at 300 to 550°C, respectively) (90). 
Isotope fractionation during pyrite precipitation from H2S has an 
enrichment factor (ε) of 1.2‰ at 300°C, 0.9‰ at 400°C, and 0.6‰ 
at 550°C (90). For all calculations, we used a temperature of 400°C 
to account for the fact that metasomatism could already have started 
during prograde metamorphism before reaching peak P-​T condi-
tions [see (35)]. In addition, fractionation factors decrease with 
increasing temperatures; thus, the shown calculations represent 
maximum values.

Note that the metasomatic H2S is either derived directly from the 
serpentinite, assuming negligible amounts of isotope fractionation, 
e.g., only during pyrite precipitation as the fluid is infiltrating and 
reacting with the surrounding lithology in zone IVa. In this scenar-
io, we assume that all H2S derived from serpentinite is entering the 
metasomatic zone (zones II and III), is entirely oxidized, and repre-
cipitates as pyrite in zones IVa and IVb. In the second scenario, H2S 
is produced by infiltration of oxidized sulfate (as SO4

2−), e.g., as 
seawater-derived sulfate from either sediments or serpentinites, and 
is subsequently reduced, followed by precipitation as pyrite in zones 
IVa and IVb. Additional calculations and scenarios are shown in 
figs. S5 to S8.

Sfinal,WR = (1− f ) × H2Smetasom. + Sgabbro
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Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Legends for data S1 to S3

Other Supplementary Material for this manuscript includes the following:
Data S1 to S3
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