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Abstract

Ultramafic-hosted hydrothermal systems — characterized by ongoing serpentinization reactions — exert an important influ-
ence on the global sulfur cycle. Extensive water-rock interaction causes elemental exchange between seawater and the oceanic
lithosphere, effectively removing sulfate from seawater through both abiogenic and biogenic processes. Here, we use bulk rock
multiple sulfur isotope signatures (*2S, **S, 3*S) and in sifu sulfide analyses together with petrographic observations to track
the sulfur cycling processes and the hydrothermal evolution of ancient peridotite-hosted hydrothermal systems. We investigate
serpentinized peridotites from the Northern Apennine ophiolite in Italy and the Santa Elena ophiolite in Costa Rica and com-
pare those with the Iberian Margin (Ocean Drilling Program (ODP) Leg 149 and 173) and the 15°20'N Fracture Zone along
the Mid-Atlantic Ridge (ODP Leg 209).

In situ measurements of sulfides in the Northern Apennine serpentinites preserve a large range in 8**Syypqe of —33.8 to
+13.3%0 with significant heterogeneities within single sulfide grains and depending on mineralogy. Detailed mineralogical
investigation and comparison with bulk rock APSqunde and in situ 8**Squnge data implies a thermal evolution of the system
from high temperatures (~350 °C) that allowed thermochemical sulfate reduction and input of hydrothermal sulfide to lower
temperatures (<120 °C) that permitted microbial activity. The change in temperature regime is locally preserved in individual
samples and correlates with the progressive uplift and exposure of mantle rock associated with detachment faulting along a
mid-ocean ridge spreading center. The Santa Elena peridotites preserve distinct signatures for fluid circulation at high tem-
peratures with both closed system thermochemical sulfate reduction and input of mafic-derived sulfur. In addition, the peri-
dotites provide strong evidence that low Ca®" concentrations in peridotite-hosted systems can limit sulfate removal during
anhydrite precipitation at temperatures above 150 °C. This may play a central role for the availability of sulfate to microbial
communities within these systems. Overall, the combined application of in situ and bulk rock multiple sulfur isotope measure-
ments with petrographic observations allows us to resolve the different episodes of sulfur cycling during alteration of the ocea-
nic lithosphere and the temporal changes between abiogenic and biogenic processes that control the sulfur cycling in these
systems.
© 2017 Elsevier Ltd. All rights reserved.
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to form serpentine, magnetite, brucite, talc, amphibole, and
hydrogen (Moody, 1976; Frost and Beard, 2007; Andreani
et al., 2007; Bach et al., 2004, 2006; Beard et al., 2009;
Schwarzenbach et al., 2016a) and initiates an extensive
chemical exchange between water and rock (e.g., Alt
et al., 2013; Frith-Green et al., 2004). These reactions mod-
ify the ocean chemistry and the chemical and petrophysical
properties of the oceanic lithosphere (Christensen et al.,
2005; Escartin et al., 1997, 2001; Friih-Green et al., 2004;
Snow and Dick, 1995). They facilitate the transfer of sulfur
between the surficial, exogenic cycle to the longer-timescale
endogenic cycle and make serpentinization an important
control on the evolution of the global sulfur budgets (e.g.,
Alt et al., 2013). In particular, alteration of the ultramafic
oceanic lithosphere is associated with various abiogenic sul-
fur cycling reactions that occur over a range of tempera-
tures including sulfate incorporation into mineral phases
and thermochemical sulfate reduction to sulfide (Alt
et al., 2007; Alt and Shanks, 1998, 2003; Delacour et al.,
2008a, 2008b; Schwarzenbach et al., 2012, 2016b). In addi-
tion, hydrogen production during serpentinization provides
an energy source for chemosynthetic microbial communi-
ties that utilize sulfur. Chimney structures at active
ultramafic-hosted systems host sulfur metabolizing and
methanogenic microbes (Brazelton et al., 2011, 2006;
Schrenk et al., 2013, 2004), whereas the serpentinized base-
ment retains direct (e.g., from biomarkers) and indirect
(carbon and sulfur isotopic) evidence for microbial activity
(e.g., Alt et al., 2013; Klein et al., 2015). Because of this ser-
pentinization environments recently gained increasing inter-
est for the study of early life on Earth as well as other
planetary bodies and icy moons (Russell et al., 2010;
Schulte et al., 2006; Vance et al., 2016).

Due to the differential utilization of sulfur during abio-
genic and biogenic reactions, sulfur isotope signatures are
an ideal tool to track the interplay between mineral reac-
tions, microbial activity, and fluids during oceanic litho-
sphere alteration. Until relatively recently, sulfur isotope
studies have focused predominantly on the analyses of the
traditional 3*S/3’S ratios as a tracer for Earth systems pro-
cesses, while multiple sulfur isotope studies that also ana-
lyze the less abundant isotopes **S and **S have mostly
concentrated on meteorites (e.g., Farquhar et al., 2000b,
2000c) and Archaean sedimentary rocks (Farquhar et al.,
2000a; Ono et al., 2003; Ueno et al., 2008) that preserve a
distinct isotopic signal of mass-independent sulfur fraction-
ation (as reviewed by Johnston (2011)). However, increased
analytical precision has allowed the use of multiple sulfur
isotopes in the study of high temperature equilibrium, diffu-
sion, and biological processes that follow mass-dependent
fractionation pathways (e.g., Farquhar et al., 2003;
Johnston et al., 2005; Labidi et al., 2016). Recent studies
have used multiple sulfur isotope signatures to unravel
the complexity of processes prevailing during alteration of
oceanic crust (McDermott et al., 2015; Oeser et al., 2012;
Ono et al., 2012, 2007; Peters et al., 2011; Rouxel et al.,
2008). These studies have allowed insight into the mixing
ratios between seawater- and basaltic-derived sulfur and
non-equilibrium  isotopic exchange mechanisms in
high-temperature vent systems; identify the effects of

sediment-covered hydrothermal systems on fluid chemistry;
and recognize biogenic signatures and estimate metabolic
rates in basaltic oceanic crust (McDermott et al., 2015;
Ono et al., 2007; Peters et al., 2010; Rouxel et al., 2008).
Further, 3*S/>2S and 33S/S ratios have been used to indi-
cate closed versus open system microbial sulfate reduction
at the serpentinites located on the Iberian Margin (Ono
et al., 2012).

The alteration of the ancient oceanic lithosphere
involves numerous processes as the rock experiences multi-
ple episodes of hydrothermal circulation under varying
temperature conditions. This complex hydrothermal evolu-
tion is obscured when analyzing the bulk rock isotopic sig-
natures (Schwarzenbach et al., 2012). In contrast, in situ
determination of isotopic signatures can be used to resolve
microscale isotopic heterogeneities found within particular
sulfur bearing phases and can inform on the reconstruction
of this complex alteration history (e.g., Rouxel et al., 2008).

In order to unravel the diversity of processes in the sul-
fur cycle found within peridotite-hosted systems we investi-
gated variably serpentinized peridotites from two ophiolite
sequences — the N. Apennine ophiolite in Italy and the
Santa Elena ophiolite in Costa Rica. These systems are then
compared with serpentinites recovered by ocean drilling to
assess the evolution of the sulfur cycle during the alteration
of these peridotite-hosted hydrothermal systems. Here,
we combine bulk rock multiple sulfur isotope signatures
(%8, 338, 3*S) and in situ 3*S/*?S ratios of individual sulfide
mineral grains with mineralogical and petrographic obser-
vations. The combination of these analyses allows us to
provide new constraints on temporal changes in fluid chem-
istry (e.g., redox conditions) and sources, and the temporal
sequence of abiogenic and biogenic reactions that process
sulfur within these systems.

2. SAMPLES AND GEOLOGICAL BACKGROUND

This study focuses on variably serpentinized peridotites
from two ophiolite sequences: the Northern Apennine ophi-
olite in Italy and the Santa Elena ophiolite in Costa Rica. In
addition, we present data from oceanic serpentinites recov-
ered during the Ocean Drilling Program (ODP): (1) samples
from the Iberian Margin: ODP Leg 149 Site 897 (Holes
897C and 897D) and ODP Leg 173 Holes 1068A and
1070A, and (2) samples from three drill sites near the
Mid-Atlantic Ridge (MAR) 1520°N Fracture Zone (FZ);
ODP Leg 209 Holes 1268A, 1272A, and 1274A (Fig. 1).
These data are also compared to multiple sulfur isotope
data from ODP Sites 897 and 1268 previously analyzed
by Ono et al. (2012). These ODP samples record the large
range of conditions found in peridotite-hosted hydrother-
mal systems and provide a framework to compare the sul-
fur isotope signatures preserved in the ophiolite sequences.

2.1. The Northern Apennine ophiolite

The ophiolite sequence in the N. Apennine in Italy is
comprised of strongly serpentinized peridotites and
gabbroic sequences. Occasionally basaltic lava flows and
massive sulfide deposits lay atop serpentinized peridotite
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Fig. 1. Location of the investigated samples, which include variably calcite-veined and serpentinized peridotites from the Northern Apennine
ophiolite in Italy, the Iberian Margin, the 15°20'N Fracture Zone (FZ) along the Mid-Atlantic Ridge, and the Santa Elena ophiolite in Costa

Rica.

(Garuti et al., 2008). The samples studied here were col-
lected in the same quarries as those presented in
Schwarzenbach et al. (2012, 2013). They consist of entirely
serpentinized peridotites and contain an increasing abun-
dance of carbonate veining with decreasing depth within
the ophiolite. The sequences of oceanic lithosphere exposed
in the N. Apennine formed during the divergence of the
European and Adriatic plates in the Jurassic when detach-
ment faulting along a slow-spreading ridge resulted in the
exposure of mantle rocks and initiated serpentinization
and extensive carbonate-veining (Abbate et al., 1980;
Lemoine, 1980). Serpentinization temperatures for this
sequence have been estimated at ~150-240 °C and carbon-
ate formation temperatures at ~50-150 °C (Barrett and
Friedrichsen, 1989; Schwarzenbach et al., 2013). Previous
investigation of the sulfur geochemistry suggests a multi-
stage history of sulfur cycling involving microbial sulfate
reduction, hydrothermal sulfide addition and later leaching
of sulfide under relatively oxidizing conditions
(Schwarzenbach et al., 2012). While evidence of past high
temperature fluid circulation has been documented in ser-
pentinites from several localities in the vicinity of the stud-
ied quarries (reflected by the presence of hydrothermal
sulfide deposits), an overall evolution of the system to lower
temperature processes has been suggested (Alt et al., 2012).

2.2. The Santa Elena ophiolite
The Santa Elena ophiolite is located on the northwest

coast of Costa Rica and is comprised of predominantly
ultramafic lithologies with local intrusions of mafic dikes.

This sequence of oceanic lithosphere has geochemical simi-
larities to slow-spreading mid-ocean ridge environments
(Escuder-Viruete et al., 2015; Madrigal et al., 2015).
Emplacement of the mafic dikes has been dated to
131-116 Ma (Madrigal et al., 2015). The peridotites are
variably serpentinized (30-100%) with estimated serpen-
tinization temperatures <250 °C (Schwarzenbach et al.,
2014). The sulfide and metal mineralogies imply highly
reducing conditions and the local introduction of high tem-
perature fluids that produced Cu-bearing sulfides and met-
als (Schwarzenbach et al., 2014). Following obduction,
interaction of meteoric water with the ultramafic rocks
has continued to serpentinize and alter the peridotites
(Sanchez-Murillo et al., 2014; Schwarzenbach et al.,
2016b). For an additional discussion of the sulfur geochem-
istry and mineralogy of the Santa Elena samples we refer
the reader to Schwarzenbach et al. (2014) and
Schwarzenbach et al. (2016b).

2.3. The Iberian Margin

The Iberian Margin has been described as typical
magma-poor rifted margin (Boillot et al., 1980; Sawyer
et al., 1994; Whitmarsh et al., 1998). Rifting occurred in
the Early Cretaceous and resulted in the opening of the
North Atlantic and the development of the Mid-Atlantic
Ridge (Boillot et al., 1980). Serpentinization took place as
mantle rocks were exposed to seawater just before initiation
of seafloor spreading resulting in the formation of strongly
calcite-veined serpentinites (Sawyer et al., 1994). Previous
studies of the Iberian Margin indicate extensive microbial
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sulfate reduction as evidenced by 5>*S values of sulfides as
low as —45.1%0 (Alt and Shanks, 1998; Schwarzenbach
et al., 2012) and distinct 338/323 ratios (Ono et al., 2012).
At Site 897, the dominant sulfide mineralogy transitions
from pyrite to pyrrhotite with increasing depth below the
seafloor, implying the transition to more reducing condi-
tions, and the sulfur isotope signatures suggest closed sys-
tem microbial sulfate reduction (Alt and Shanks, 1998;
Ono et al., 2012). Here, microbial sulfate reduction was
most likely permitted by low serpentinization temperature
(<100-150 °C) (Schwarzenbach et al., 2013) and the reduc-
ing conditions created by serpentinization (Alt and Shanks,
1998).

2.4. The 15°20'N Fracture Zone along the Mid-Atlantic
Ridge

Variably serpentinized peridotites have been recovered
from several drill sites during ODP Leg 209 along the
MAR, where detachment faulting exposed mantle rocks
near the 15°20'N FZ (Kelemen et al., 2007). Previous stud-
ies provide evidence for melt depletion followed by exten-
sive serpentinization and localized talc-alteration, which is
reflected by Si-metasomatism (Bach et al., 2004; Harvey
et al., 2014; Paulick et al., 2006). Oxygen and sulfur isotope
signatures suggest low serpentinization temperatures (<150
°C estimated from 8'%0 in silicate phases) and microbially
produced sulfide at Sites 1272 and 1274 (Alt et al., 2007).
At Sites 1268 and 1271, high temperature (~250-350 °C)
fluid circulation is associated with the addition of sulfide
from hydrothermal fluids, which is reflected in both
38/32S and *3S/°%S ratios (Alt et al., 2007; Ono et al.,
2012). High-temperature venting is also found in the nearby
location of the Logatchev hydrothermal field, where acidic,
metal-rich fluids vent at temperatures of 300-350 °C from
black smoker type chimneys that sit on a basement domi-
nated by ultramafic rocks (Lackschewitz et al., 2005;
Petersen et al., 2009; Schmidt et al., 2007).

3. MATERIALS AND METHODS
3.1. Analytical methods

3.1.1. Bulk rock sulfur analyses

To prepare bulk rock powders the outermost rind of the
rock samples were cut away to eliminate the potentially
weathered or the surficially contaminated portion of the
rock. The samples were crushed to gravel size using a jaw
crusher and then powdered in a ball mill. Sulfur extraction
of the acid volatile sulfide (AVS; representing single bound
sulfide such as pyrrhotite) and chromium reducible sulfide
(CRS; representing double bound sulfide such as pyrite)
was carried out on the bulk rock powders utilizing a mod-
ified version of the methods of Tuttle et al. (1986) and
Canfield et al. (1986). AVS was extracted by reacting
20-25g of bulk rock powder with 6 N HCl in a
N,-atmosphere. Tin(II) chlorite was added to the sample
to reduce any present Fe*™ to Fe?' and prevent oxidation
of H,S to elemental sulfur (Tuttle et al., 1986). The residual
powder was then reacted with an acidified CrCl, solution to

extract the chromium-reducible sulfide. In both cases, the
released H,S was precipitated as ZnS in a zinc acetate solu-
tion and then converted to Ag,S through reaction with 0.1
M AgNOs;. The sulfate fraction was recovered by reacting
the HCI solution from the AVS extraction with BaCl, to
form BaSO,4. The AVS, CRS, and sulfate extracts were ana-
lyzed on a Vario ISOTOPE elemental analyzer (EA) at the
Department of Geosciences at Virginia Tech to determine
the 5>*S (see definitions below) of the AVS, CRS and sul-
fate. During the analytical sessions where these samples
were measured, the international sulfide (Ag,S) standards
IAEA-S-1 (8*'S = —0.3%0 (Robinson, 1995; Coplen and
Krouse, 1998; Stickler et al., 1995), average measured
—0.14 £ 0.1%o), IAEA-S-2 (338 = +22.7 £ 0.2%0
(Robinson, 1995; Stickler et al., 1995), average measured
+22.60 + 0.08%0) and TAEA-S-3 (5°*S = —32.3 4+ 0.2%o
(Robinson, 1995; Stickler et al., 1995), average measured
—32.37 £0.08%0) and the sulfate (BaSO,) standards
IAEA-SO-5 (8%*S=+40.5+0.2% (Halas and Szaran,
2001), average measured + 0.8 £+ 0.15%0), IAEA-SO-6
(8**S = —34.1 4 0.2%0 (Halas and Szaran, 2001), aver-
age measured —34.3 £ 0.15%o), and NBS127
(8%*S =+20.3 4+ 0.4%0 (Halas and Szaran, 2001), average
measured +20.1 +0.15%0) were also analyzed. Repro-
ducibility was better than <0.4%o (20) for all sulfur analyses
and the relative precision of sulfur contents is within 3%.
A subset of sulfide extracts (AVS and CRS fraction, see
Table 1) was subsequently processed on the fluorination
line at the Department of Earth and Planetary Sciences at
Harvard University. For fluorination, 2-4 mg of Ag,S
was prepared in alumina packets that were placed in a
nickel reaction vessel. Samples were reacted at 250 °C over-
night (~8 h) with excess fluorine gas to produce SF¢. The
SF¢ gas was then purified cryogenically and by gas chro-
matography prior to analyses on a dual inlet gas source
mass spectrometer (Thermo Scientific MAT 25). Two differ-
ent international standards (IAEA S1, S3) were measured
throughout the analytical sessions. The 5°*S, A*’S, and
AS compositions of these standards, recently calibrated
by Johnston et al. (2014), were used to anchor our data
on a V-CDT scale. For our analyses we assume that
IAEA-S-1 is 8S = —0.3%0, A”S =0.107%0, and A*°S =
—0.5%0 and TAEA-S-3 is 8*S = —32.3%0, A*S = 0.089%o,
and A¥S = —0.4%c versus V-CDT (Ding et al., 2001;
Masterson, 2016). From the measurement of these stan-
dards, the long-term reproducibility (1) of a single fluori-
nation (here including all chemistry and separation) is
0.3%0, 0.008%0, and 0.2%o for 8°*S, A**S, and A**S, respec-
tively (Johnston et al., 2014). A detailed description of the
extraction procedure can be found in Johnston et al. (2007).

3.1.2. Definitions
The sulfur isotope ratios are reported in the conven-
tional delta-notation

5% — < stample _

1 1000 1
XRreferem‘e > * ' ( )

with *R being the isotope ratio *S/>2S (x = 33, 34, 36) of the
sample and the reference material. Sulfur isotope values
are reported relative to the Vienna-Canyon Diablo Troilite
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Table 1
Multiple sulfur isotope composition of the studied ultramafic rocks.
Sample name Location® Fraction %S (%o) 8*'S (%o) 8%°S (%o) APS (%o) A*S (%0)
897C 6 ODP Leg 149 AVS —11.22 —21.94 —42.51 0.138 —1.225
897C_7 ODP Leg 149 AVS —10.33 —20.24 —39.26 0.140 —1.156
897C 7 ODP Leg 149 CRS -5.79 —11.35 —22.05 0.072 —0.584
897D_11 ODP Leg 149 CRS —8.68 —16.83 —32.34 0.028 —0.600
897D 15 ODP Leg 149 AVS —10.96 —21.44 —41.55 0.138 —1.201
1070A_1 ODP Leg 173 AVS -21.91 —42.31 —79.80 0.110 —0.933
1070A_1 ODP Leg 173 CRS —10.38 —20.01 —37.65 —0.021 0.031
1070A_2 ODP Leg 173 AVS —22.51 —43.47 —81.89 0.117 —0.921
1070A_2 ODP Leg 173 CRS —14.91 —28.78 —54.47 0.021 —0.495
1070A_3 ODP Leg 173 AVS -22.13 —42.72 —80.32 0.103 —0.717
1070A_3 ODP Leg 173 CRS —9.40 —18.12 —34.29 —0.025 —0.148
1070A_4 ODP Leg 173 AVS —21.19 —40.93 —77.21 0.100 —0.874
1272A_6 ODP Leg 209 AVS —18.08 —35.04 —66.30 0.120 —0.776
1272A_6 ODP Leg 209 CRS —12.98 —25.24 —48.53 0.099 —1.117
1272A 8 ODP Leg 209 AVS —16.26 -31.54 —59.99 0.112 -0.918
1272A_10 ODP Leg 209 AVS —14.05 —27.33 —52.30 0.114 —1.025
1272A_10 ODP Leg 209 CRS —10.72 —20.96 —40.62 0.124 -1.177
1268A_1 ODP Leg 209 AVS 4.33 8.42 15.67 0.004 —0.385
1268A 1 ODP Leg 209 CRS 3.60 6.97 12.94 0.015 —0.343
1268A_2 ODP Leg 209 AVS 2.45 4.70 8.57 0.031 —0.382
1268A_2 ODP Leg 209 CRS 2.13 4.12 7.41 0.013 —0.427
LA3 N. Apennine CRS —6.51 —12.48 —23.55 —0.062 0.022
LA12 N. Apennine AVS 3.73 7.33 13.93 —0.041 —0.035
LA12 N. Apennine CRS 3.16 6.21 11.70 —0.034 —0.130
LAI1S N. Apennine CRS —5.12 -9.79 —18.48 —0.062 0.039
LA18 N. Apennine AVS —11.21 —21.60 —40.87 —0.026 -0.229
LA18 N. Apennine CRS —11.69 —22.49 —42.48 —0.039 —0.187
LA20b N. Apennine AVS —11.80 —22.71 —42.86 —0.036 —0.151
LA20b N. Apennine CRS —11.25 —21.68 —41.05 —0.021 —0.256
LA22 1 N. Apennine CRS =272 -5.17 -9.70 —0.053 0.101
LMO27 N. Apennine AVS 0.25 0.55 1.05 —0.037 0.005
LMO27 N. Apennine AVS 0.36 0.78 1.57 —0.040 0.085
LMO27 N. Apennine CRS 2.32 4.57 8.71 —0.027 0.015
LMO28 N. Apennine AVS —2.46 —4.68 —8.90 —0.052 —0.033
LMO28 N. Apennine CRS —1.64 —3.08 —5.68 —0.053 0.155
LMO28 cc N. Apennine AVS —1.44 -2.70 -5.12 —0.048 0.001
LMO28_cc N. Apennine CRS —1.67 -3.15 -5.99 —0.051 —-0.015
LSA1 N. Apennine CRS —14.43 -27.79 —52.50 —0.016 —0.356
LCM7 N. Apennine AVS 2.48 4.85 9.15 —-0.017 —0.094
LCM7 N. Apennine CRS 2.81 5.47 10.49 —0.003 0.078
LLB 8 N. Apennine CRS 7.68 14.92 28.26 0.022 -0.272
SE P5 Santa Elena AVS 6.04 11.77 22.29 —0.004 —0.194
SE_PS Santa Elena CRS 4.97 9.60 17.98 0.034 —0.346
SE10 01 Santa Elena AVS 0.54 1.07 1.85 —0.008 -0.172
SE10_12 Santa Elena AVS 1.15 2.25 4.14 —0.010 —0.149
RC_SP2b Santa Elena AVS 9.84 19.12 36.06 0.039 —0.579
SE-SP4b Santa Elena AVS —6.38 —12.46 —24.13 0.051 —0.590
SE-SP4b Santa Elena CRS —7.89 —15.38 —29.78 0.063 —0.764
SE_SP5 Santa Elena AVS 5.35 10.39 19.57 0.008 —0.266
SE SP5 Santa Elena CRS 4.72 9.18 17.30 0.000 —0.221
SE_SP7b Santa Elena AVS 11.98 23.21 43.66 0.097 —0.892
SE _SP7b Santa Elena CRS 5.88 11.33 20.91 0.062 —0.720
SE-SP10b Santa Elena AVS 7.21 14.04 26.49 0.006 —0.355
SE-SP10b Santa Elena CRS 3.93 7.64 14.29 0.005 —0.284
SE-SP12 Santa Elena AVS 4.96 9.67 18.18 —0.005 —0.261
SE-SP14 Santa Elena AVS 5.73 11.20 21.33 —-0.019 —0.061

% Qriginal names of ODP samples and coordinates of N. Apennine samples are provided in Supplementary Table S1. Sample location from
Santa Elena samples can be found in Schwarzenbach et al. (2016b).
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(V-CDT) standard and in parts per thousand (%o). For
determination of A**S and A®S, we use the following defi-
nitions (Farquhar et al., 2000b, 2000c):

M 534S 0.515
ATS = 655 — 1000 (1 + 1000) - 1} 2)
and

B 534S 1.90
A¥S = %5 — 1000 (1 +1000> —1. (3)

Due to the low isotopic abundance of *°S, measurement
of A*S is not as precise as A*S. Given the present error on
363 A33S and A3°S reveal similar information, and although
we report both A*S and A%S values, we only discuss the
A¥S data.

3.1.3. In situ sulfur isotope analyses

Selected samples were chosen for in situ analyses of 8**S
of individual pyrite, pyrrhotite and pentlandite grains via
Secondary Ionization Mass Spectrometry (SIMS). Analyses
were performed on a CAMECA IMS 1280 (monocollector)
at the Northeast National Ion Microprobe Facility
(NENIMF) at the Woods Hole Oceanographic Institute.
Samples for SIMS analyses were selected after detailed
microscopic examination on thin sections and bulk rock
isotopic analysis. Rock chips were then drilled out using a
microdrill, mounted in 1 inch round sections and polished
for analyses. The mineralogy of all grains was determined
by SEM (scanning electron microscopy) prior to SIMS
analyses. Only the isotopic compositions of grains larger
than ~30 pm were determined. Where mineral phases were
intergrown, grain boundaries were avoided if possible. The
presence of intergrowths between different mineral phases
below the surface cannot entirely be excluded, however,
the analysis pits were examined after the analyses to iden-
tify the occurrence of additional sulfur bearing phases.

Measurements on the SIMS were conducted using a Cs*
primary beam, 10 kV accelerating voltage and 1-2 nA beam
current. A raster was applied to the primary beam to
achieve a final spot size of 20-25 um. The mass resolving
power was ~4000. A secondary field aperture to block
transmission of ions from outside of the innermost ~12.5
um of the pit was used to reduce the influence of ionization
from the sample surface and crater wall. The following
sulfide  standards  were  used: Balmat  pyrite
(838 = +15.1 + 0.2%0), Rutan pyrite (5**S = +1.2 + 0.1%0),
Anderson pyrrhotite (8**S =+1.4 +0.2%:) (Crowe and
Vaughan, 1996), and the in-house standards M8534 pyr-
rhotite and pentlandite (8**S = +3.6 + 0.5%0), and 40289
pyrrhotite (8**S = +7.0 + 0.5%o). Standards were measured
repeatedly to ascertain that the instrumental mass fraction-
ation (o) was statistically constant and to correct for varia-
tions in o. The variation of o was accounted for by dividing
the standard-derived o by days, and taking an average (and
standard deviation) for each day, which was then applied
for the standards to the unknowns run on the same day.
Reproducibility of the analyses is on average 2c =
+1.0%0, but always <£2.3%0 (see supplementary
Table S2). The measurement data are shown after correct-

ing for faraday detector background, time interpolation
and 2o data filtering as commonly done for data reduction
of isotope data measured on monocollector SIMS.

4. RESULTS
4.1. Bulk rock multiple sulfur isotope compositions

The studied samples preserve significant differences in
isotopic composition (3**S, A**S) between locations, and
samples from individual locations show distinct relation-
ships between 8°*S and A®S (Fig. 2). The multiple sulfur
isotope compositions of the studied samples are summa-
rized in Table 1. Sulfur contents and 3>*S compositions of
all the samples are reported in supplementary Table S1
and are within the range of those reported previously (Alt
and Shanks, 1998; Alt et al., 2007; Schwarzenbach et al.,
2012, 2016b). Hence, not all this data will be discussed here
in detail.

In the N. Apennine serpentinites, A**Sqae values have
a relatively narrow range (—0.062 to 0.022%o), are typically
negative, and AVS and CRS extracts are not clearly distin-
guishable. In contrast, a wide range in composition charac-
terizes the 8**Sgyinge With —27.8 to +14.9%0. Both AVS and
CRS from the Santa Elena samples have 3**S that ranges
from near 0%o to distinctly positive values of up to
+23.2%0 with AVS typically having more positive values
than CRS. A¥S.unge values are between —0.019 and
0.097%o with no clear distinction between AVS and CRS.
At the Iberian Margin ODP Sites 8§97 and 1070, the 334Squt.
fide 18 between —44.0%0 and +17.5%0, with very negative
338 values (—44.0 to —32.7%o0) in the AVS fraction at Site
1070. Similarly, A>3S.u6de has a wide range of values, from
—0.025%0 to 0.140%0, which overlaps with the range of the
total sulfide extracts analyzed in Ono et al. (2012) (A¥*Squ.
ide = 0.001-0.161%0). Overall, AVS at both Sites 897 and
1070 has more positive A*S values (0.100-0.140) than the
CRS fraction (—0.025 to 0.072) (Fig. 2). AVS and CRS
from the 15°20'N FZ, Site 1272 have negative 53*S values
between —35.4 and —18.9%o, with AVS having more nega-
tive values than CRS, and a narrow range in A*S values
(0.099-0.124%0). In contrast, at ODP Site 1268 8°*Squiside
values are positive (3.8-8.6%0) and A>3Syyr4e values are near
zero to slightly positive (0.004-0.031%o0). These values are
well within the range of those presented in Ono et al.
(2012) (A**Sguifige = 0.007-0.038%0, Fig. 2).

4.2. In situ sulfur isotope compositions

The distribution of the in situ isotope analyses is shown
in Fig. 3. Due to restrictions placed with available sulfur
isotope standards for SIMS analyses only the isotopic com-
position of pyrite, pyrrhotite and pentlandite grains were
analyzed. However, these mineral phases represent the
majority of the sulfide mineralogy present in the investi-
gated samples, with the exception of those from Santa
Elena. These contain a variety of Cu-sulfides
(Schwarzenbach et al., 2014), and therefore, no samples
from the Santa Elena ophiolite were selected for in situ
analysis. Given the large range in isotopic composition of
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the bulk sulfides from the N. Apennine, we focused on the
sulfides within these serpentinites in order to investigate this
variability. Sulfide grains from the Iberian Margin and the
15°20'N FZ samples were frequently too small for SIMS
analyses, thus only a few ODP samples were examined
for their in situ sulfide 8**S composition.

4.2.1. Northern Apennine serpentinites

The studied serpentinites from the N. Apennine reveal a
large range in in situ sulfide 5>*S values (—33.8 to +13.3%o),
which is slightly larger than bulk rock analyses (supplemen-
tary Tables S1, S2). Overall, pyrite has higher 5**S (average
3%*S = 3.5 + 6.4%0) compared to pentlandite and pyrrho-
tite, whose compositions are negative to slightly positive
(average 8°*S = —10.6 & 12.2%0 and —6.7 + 8.5%o, respec-
tively) (Fig. 3a). One generation of euhedral pyrite grains
that is hosted in the serpentine mesh texture has distinc-
tively positive 5**S values of +2.0 to +10.2%o (Fig. 4a—c).
In contrast, pyrite hosted in calcite veins has negative
84S compositions between —9.7 and —0.3%o. The exception
are several grains where pyrite with 8**S up to +13.3%o is
intergrown with pyrrhotite and pentlandite that have inter-
mediate &S values of —10.8 to +4.1%0 (Fig. 4d and e).
These grains also occur within calcite veins (Fig. 4e) or
along the edge of calcite veins (Fig. 4d), and overall show
a large isotopic variability within single grains (—8.5 to
+13.3%0 and —10.2 to +13.1%0¢). In general, pyrrhotite
and pentlandite hosted in calcite veins are characterized
by negative §**S values (Fig. 4f-h), and where only pyrrho-
tite and pentlandite are intergrown and filling the entire
width of a calcite vein (Fig. 4i) 8**S values may be as low
as —33.8%o.

4.2.2. Iberian Margin

Only one serpentinite from the Iberian Margin was
examined by SIMS due to the small grain size of most of
the observed sulfide minerals. The studied sample only con-
tains pyrite and shows a narrow range in 5°*S of —13.3 to
—9.1%o (Fig. 3b). All the analyzed pyrite grains are hosted
within carbonate-veins.

4.2.3. 15°20'N Fracture Zone

The two studied samples from the 15°20'N FZ, Site 1268
have a range in 8*S of —12.1 to +14.7%0 with pyrrhotite
typically having higher values (average 8**S = +5.9 + 6.0%0)
than pyrite (average 8°*S = —4.7 4 7.6%0) (Fig. 3c). Two
groups can be distinguished based on their mineralogy
and sulfur isotope compositions: Group 1 consists of dom-
inantly pyrite with 5**S values of —12.1 to —4.7%0 (Fig. 4j
and k) and group 2 consists of pyrrhotite with 8**S values
of +6.7 to +14.7%o¢ (Fig. 4 1 and m). Though, one pyrrhotite
grain has a composition of —8.4 to +2.3%o. Group 1 sul-
fides are commonly hosted in carbonate veins, show decom-
position features (Fig. 4 k), or grains are locally rounded.
Group 2 sulfides are commonly hosted within the serpen-
tine mesh texture.

5. DISCUSSION

Serpentinization of ultramafic oceanic lithosphere is
induced by mantle exposure along slow- to ultra-slow
spreading mid-ocean ridges and rifted continental margins
(Cannat, 1993; Boschi et al., 2006a; Cannat et al., 2006;
Dick et al., 2003) with alteration temperatures of <100—
500 °C depending on the presence of mafic intrusions
(Agrinier and Cannat, 1997; Boschi et al., 2008; Friih-
Green et al., 2004, 1996; Schwarzenbach et al., 2013). If
mafic intrusions act as heat sources in peridotite-hosted sys-
tems, vent fluids are around 350400 °C, acidic and metal-
rich (Charlou et al., 2002; Douville et al., 2002) and thus are
chemically similar to basalt-hosted vent fluids that have the
potential to produce massive sulfide deposits (e.g., von
Damm, 1990; German et al., 2016). In contrast, in the
absence of a magmatic heat source serpentinization temper-
atures are <150-200 °C, the produced fluids are alkaline
and Ca-rich and result in calcium carbonate precipitation
(Kelley et al., 2001). Additionally, sulfur cycling maybe
dominated by sulfate-reducing microorganisms that live at
temperatures <~120 °C (Brazelton et al., 2006; Kelley
et al., 2005; Takai et al., 2008). Thus, temperatures strongly
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Fig. 3. Histogram of in situ 5°*S analyses delineated by mineral-
ogy. (a) N. Apennine: pyrite has dominantly positive 8**S values,
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analyzed, which had consistently negative 5**S values. (c) 15°20'N
FZ: serpentinite samples from Hole 1268A comprise pyrrhotite
with dominantly positive 5**S values and pyrite with dominantly
negative 8°*S values.

control the extent of abiogenic and biogenic processes and
the resulting sulfur geochemistry.

In the following, we model the isotopic compositions
that result from mixing different sulfur pools and the
activity of several processes that cycle sulfur at different

temperatures in peridotite-hosted systems in order to iden-
tify the key processes that occurred during the alteration of
the studied samples. Models similar to those discussed
below have been presented by Ono et al. (2012) who con-
structed two-component mixing models. We use a similar
approach and include both open and closed system behav-
ior (see detailed description in the supplementary material)
and consider the impact of two and three-component mix-
ing. Our model results are then discussed in the context of
the in situ 8**Ssupae data and mineralogical and petrological
observations to constrain the temporal sequence of the pro-
cesses that took place during water-peridotite interaction in
the studied systems.

5.1. General constraints for model calculations

The model calculations presented here consider: (1) the
mixing of sulfide (H,S) from two to three pools with dis-
tinct sulfur isotope compositions. For example, mantle sul-
fide [8**Smante & 0 & 1%0 (Sakai et al., 1984; Shanks et al.,
1995)] or sulfide produced through a specific mechanism
involving isotopic fractionation (e.g., reduction of SOz
to H,S). Thus, sulfate (SO,) is only included as initial com-
ponent that is converted to H,S through abiogenic and/or
biogenic processes. And (2) we assume that the isotopic
composition of the analyzed sulfide minerals closely corre-
sponds to the isotopic composition of the H,S in the fluid;
Fractionation factors between H,S and pyrite at T = 200-
350 °C result in Apyrite-tizs = 1.8-1.0%0, and increase to
2.2%0 at 150 °C (Ohmoto and Rye, 1979). The Apyrite-tzs
may be as high as —1.9%¢ in hydrothermal vents
(Syverson et al., 2015). Since these fractionations are con-
siderably smaller than the range of values measured in the
studied systems, neglecting isotope fractionation between
fluid and mineral does not meaningfully affect our interpre-
tation of the data.

5.1.1. Calculation of mixing and fractionation effects
In the two-component mixing models we use the com-
mon mass balance equation:

XS =1 %6%S, + (1= f)«6%Sy (4)

where x = 33,34, A and B represent the two sulfide pools
that are mixed, and f'= fraction of pool A. We assume that
the ratios of **S/*’S and *3S/*’S follow mass dependent
fractionations with 6 exclusively dependent on temperature
(see definition below), which may not always be the case,
especially for biogenic processes (e.g., Johnston et al.,
2007). However, due to the complexity of biogenic and
abiogenic processes involved in peridotite-hosted systems
the model calculations below provide a useful approxima-
tion to reconstruct the effects of different processes on the
sulfur geochemistry of the serpentinites. In order to model
SO4-H,S fractionation for 3*S/*’S and *’S/*?S ratios we
relate 3o and **a with the factor 6 in the mass-dependent
fractionation relationship (after Farquhar et al., 2003 and
references therein):

_ In(Pa)
= (%)

)
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Fig. 4. BSEimagesand 8>*S compositions of sulfide grains from the N. Apennine serpentinites (a—i) and the 15°20'N FZ (j-m) analyzed by SIMS.
(a) Euhedral pyrite grains in the serpentine mesh-texture; (b) and (c) Pyrite grains having positive 5>*S values. (d) and (e¢) Multi-phase sulfide
grains in a calcite vein with pyrite having positive 3**S values up to +13.3%o intergrown with pyrrhotite and pentlandite having lower 3*S values
than pyrite. Distinct replacement features are evident with pyrite being replaced by pentlandite and/or pyrrhotite. (f) Pentlandite grains within
calcite veins; (g) and (h) pentlandite with negative 8°*S values. (i) Sulfide grain of intergrown pyrrhotite and pentlandite showing strong isotopic
heterogeneities. Here the sulfide is filling the whole width of a calcite vein. (f) and (g): Sulfides in calcite veins from the 15°20'N FZ show two
groups of sulfide compositions (though overlapping): (j and k) one consists of pyrite with negative 5>*S values that show extensive decomposition
features (such as irregular grain boundaries) and are hosted within a carbonate vein network, and (1 and m) one group of pyrrhotite grains with
positive 83*S values that are hosted within the serpentine mesh texture. Abbreviations: cc = calcite, serp = serpentine, carb = carbonate.
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For equilibrium mass-dependent fractionation, 6 ranges
between 0.514 and 0.516 (Farquhar et al., 2003). For
temperatures typical for serpentinization environments
(150-500 °C) 8 approaches 0.5154 and can be calculated
from the empirical equation [Eq. (6)]:

Opg = —9.460 « T72 — 0.3117 x T~ + 0.5159, (6)

where T is temperature in Kelvin (Ono et al., 2007). For
microbial processes, 0 values can have a larger range
because biogenic processes typically involve multiple frac-
tionation steps and incomplete transfer of sulfur-bearing
species. This results in A>S values that are # 0. Specifically,
0 values of 0.509-0.519 have been measured for biogenic
processes, with sulfate reduction generating values less than
0.515 (Johnston et al., 2005; Ono et al., 2012).

5.1.2. Determination of input values: mantle sulfur and
seawater sulfate

The main sources of sulfur in peridotite-hosted
hydrothermal systems are mantle sulfur (predominantly
sulfide) and seawater-derived sulfate (SO4). We define man-
tle sulfur as sulfide in the unaltered peridotite, which is typ-
ically present as pentlandite 4 pyrrhotite 4 chalcopyrite
(Lorand, 1989a, 1989b). The isotopic composition of the
primary mantle sulfide is estimated to be around §>*S ~ 0
+ 1%o (Sakai et al., 1984; Shanks et al., 1995), with recent
estimates for MORB of &S = —-0.91 +0.50%c (Labidi
et al., 2012). The A*’S of the mantle is estimated to have
a near-zero value (Labidi et al., 2012; Ono et al., 2012,
2007). For the model calculations we use 3**Smantle =
0.0%0 and A**Sanie = 0.000%o0 in line with these previous
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studies, however, deviations from this value are considered
below. Sulfur concentrations of the fertile mantle are ~250
ppm (Lorand, 1991) and 60-120 ppm in depleted mantle
(Salters and Stracke, 2004; Alt et al., 2007). Unless other-
wise noted, we assume a depleted mantle composition of
120 ppm S, which is typical for mid-ocean ridge settings.
Though, we note that changes in mantle sulfur content only
modify the model calculations slightly (see discussion
below).

Modern seawater sulfate has a 8*Sgyfae value of
+21.15+0.15% and  A¥Sgpae  Of  0.048 £ 0.006%0
(Johnston et al., 2014). However, most of the studied loca-
tions represent ancient oceanic lithosphere serpentinized in
the Mesozoic (Santa Elena ophiolite: ~130-120 Ma
(Madrigal et al., 2015), Iberian Margin: ~120-110 Ma
(Whitmarsh and Wallace, 2001); Northern Apennine:
~160-140 Ma (Lagabrielle and Cannat, 1990)), where mar-
ine SO, isotope compositions and concentrations deviated
from modern seawater. In the Jurassic and Cretaceous
SO, concentrations were overall lower (2-12 mM) with a
S ulfute range between 14 and 22%. (Horita et al., 2002;
Kampschulte and Strauss, 2004; Paytan et al., 2004;
Timofeeff et al., 2006; Wortmann and Paytan, 2012). For
our models, we use an intermediate Mesozoic SO, concen-
tration of 10 mM, 8*Squirare = 18%0 and a A**Syyime value
0f 0.043 4 0.016%o for Cretaceous seawater-sulfate as deter-
mined by Masterson et al. (2016). The modern seawater sul-
fate composition is used in some model calculations for
comparison with the samples recovered near the 15°20'N
FZ, which were serpentinized in the Cenozoic (see also sup-
plementary Figs. S1, S2).

5.2. End-member mixing models for peridotite-hosted
systems

5.2.1. High temperature systems

Sulfur cycling in high temperature systems is mostly
controlled by anhydrite precipitation, thermochemical sul-
fate reduction (TSR), and leaching of magmatic sulfides
(e.g., Ohmoto and Lasaga, 1982; Shanks, 2001; Ono
et al., 2007). In typical basalt-hosted systems, precipitation
of anhydrite at >150 °C removes the majority of seawater-
derived SO4 from the fluid — >90% of the SOy, is removed
leaving ~0.2-3.3 mM SO, — but is dependent on the avail-
ability of Ca*" (Seyfried and Bischoff, 1981; Shanks, 2001).
Further heating to >250 °C converts the remaining SOy4 to
H,S via TSR and magmatic H,S is incorporated into the
fluid (Shanks et al., 1981). Similarly, in peridotite-hosted
systems fluids are heated and modified at depth in the vicin-
ity of gabbroic intrusions or mafic dikes, before they inter-
act with the peridotite that is undergoing serpentinization
(Alt and Shanks, 2003). Evidence suggests these processes
were active during alteration at ODP Site 1268 (Alt et al.,
2007) and in the Santa Elena peridotites (Schwarzenbach
et al., 2014, 2016b). In the following, we model the effects
of both open (model 1) and closed system TSR (models 2
and 3), and the mixing of this sulfide with basaltic-derived
sulfide (model 4).

Model 1 (Fig. 5a) shows effects of two-component mix-
ing between mantle sulfur and hydrothermal sulfide pro-

duced by open system thermochemical reduction of
seawater-derived SO,. Using the equation from Ohmoto
and Lasaga (1982) [Eq. (7)] an enrichment factor of 29—
11%o is calculated (for T = 200-500 °C) for SO4-H,S frac-
tionation during TSR:

6.463 % 10°
TZ

For hydrothermal fluids of ~350-400 °C this results in
5**Squinide values of around + 3 to +6%o. Negative **Scuifide
values are only possible if temperatures are <300 °C
(5**Squinige as low as —3%o at 250 °C — below 250 °C TSR
is sluggish (Shanks et al., 1981)) or if the initial 8>*Syytate
is <+15%o, which produces 8**Syunqe values of around
—5%o (at 300 °C). Given these considerations, we interpret
negative 8°*Sgunqe values as the result of microbial pro-
cesses rather than abiogenic processes (see discussion
below). The 0 is calculated as a function of temperature
using Eq. (6). Fig. 5a shows the expected isotopic signatures
produced at 300-550 °C. With increasing temperature,
5**Suiide becomes more positive whereas the model sug-
gests a slight decrease in APS.unde. However, the change
in A¥Suaqe strongly depends on the initial A*S,ne com-
position (see suppl. Fig. S4).

Model 2 (Fig. 5b and c) describes the isotopic evolution
of the fluid during closed system TSR using a Rayleigh frac-
tionation model. This process has been suggested for Santa
Elena based on bulk rock 8**S from sulfide and sulfate
extracts (Schwarzenbach et al., 2016b). We use the same
seawater SO, isotope compositions as in model 1, initial
mantle sulfur contents of 120 ppm (Fig. 5b) and 250 ppm
(Fig. 5c¢), and a limited reservoir of initial seawater SOy
assuming anhydrite precipitation: to account for the range
of SO4 concentrations in modern and ancient seawater we
use a broad range of SO, concentrations between 10 ppm
(<0.2 mM) and 2000 ppm (20 mM). The model results dis-
played in Fig. 5b and c reflect closed system fluid evolution
as 8**Squnge and A¥S uaqe values approach initial seawater
SO, compositions at temperatures of 350 °C. The initial
mantle sulfur and SO, isotope compositions thereby con-
trol the final isotope composition of the produced H,S
and the initial sulfate 3**S and A*’S controlling the overall
trajectory observed in the product H,S.

Both models 1 and 2 fail to explain A**S values above
~0.04%o. Such values can only be reached with a fluid with
an evolved isotopic composition: Model 3 assumes that
60% of the SO4 was reduced to H,S by TSR in closed sys-
tem and was removed from the fluid. This scenario of
closed system behavior under low water-rock ratios is in
line with previous models for the alteration of the Santa
Elena peridotites (Schwarzenbach et al., 2016b). The
remaining sulfur in the fluid was then used as the initial
composition for model 3. Fig. 5d demonstrates that a
highly evolved fluid can account for both very positive
83 *Squiide and A*S unqe. However, using the assumption
stated above at least 3 mM SO, would have to be present
in the fluid.

Model 4 represents three component mixing that consid-
ers the input of basaltic sulfide: (1) 120 ppm of mantle sul-
fide; (2) H,S formed by TSR of seawater SO4 (assuming a

+0.56 (7)

ES04-H2S =
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Fig. 5. Model calculations simulating the effects of abiogenic, high temperature processes on the 8*Squpge and A**Squpge composition
including the measured data shown for comparison (symbols as in Fig. 2). (a) Model 1: mixing of mantle sulfide with H,S derived from TSR in
an open system showing the effects at variable fluid temperatures. (b and ¢) Model 2: mixing of mantle sulfide with H,S produced by TSR in a
closed system assuming a Rayleigh fractionation model with variable SO, concentrations, T = 350 °C, and initial mantle sulfur concentrations
of (b) 120 ppm (depleted mantle) and (c) 250 ppm (average mantle). (d) Model 3 assuming interaction with an evolved fluid that underwent
loss of 60% SO4 by TSR in a closed system prior to further fluid-rock interaction (8**Sguare = 33.8%0, A>*Squifate = 0.143%0). The model is
calculated for variable SO, concentrations. (e and f) Model 4 showing the effects of addition of H,S that equilibrated in a high-temperature,
basalt-hosted system. The model includes variable input of H,S from black smoker type fluids with 5>*S = 4.95%0 and A>*S = 0.028%o, mantle
sulfide contents of 120 ppm, T = 350 °C, and SO, contents of (¢) 1 mM and (f) 2 mM. Dashed lines in a, b, ¢ = models using Mesozoic
seawater compositions, solid lines = modern seawater composition also allowing for evaluating the effects of variable sulfate isotope

composition.

Mesozoic isotopic composition) in a closed system with 1

mM (Fig. 5e) and 2 mM (Fig. 5f) initial SO4 (SO4 contents
after anhydrite precipitation); and 3) variable amounts of
H.,S sourced from equilibration near a mafic intrusion, such
as in fluids venting from the East Pacific Rise (EPR): Ono
et al. (2007) reports 5>*S of vent fluid H,S at the EPR at

9-10°N of +4.43 to +5.85%0 (average + 4.95%0) and A**S
values of 0.011-0.048%o (average 0.028%c). They suggest
that these fluids form by mixing of 73-89% of sulfide
derived from leaching of magmatic sulfide and 11-27%
from the reduction of seawater SOy (i.e., TSR) and are typ-
ical for high-temperature vent fields (Ono et al., 2007). We
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suggest that such a hydrothermal fluid is the most likely
source of a component characterized by positive A**S val-
ues used in our model calculations (Fig. Se and f).

5.2.2. Microbial activity in low temperature systems

Low temperature serpentinization systems can host
sulfate-reducing microbes that utilize H, produced from
the serpentinization reaction as an energy source
(Brazelton et al., 2006; Lang et al., 2012). Microbial sulfate
reduction (MSR) is characterized by large isotope fraction-
ations (Rees, 1973) that can be reflected in the isotopic com-
position of sulfide minerals in sediments and altered oceanic
lithosphere; these sulfides can have very negative 8*S val-
ues, as low as —45%o e. g., at the Iberian Margin (Alt and
Shanks, 1998; Schwarzenbach et al., 2012), but both posi-
tive and negative A**S values (Ono et al., 2012, 2006).

In model 5, we mix sulfide produced by MSR in an open
system with mantle sulfide (Fig. 6a). For the initial SO,
compositions we use the values discussed above for Meso-
zoic seawater. As a maximum isotope fractionation factor
between SO, and H,S we assume & = 66%0 as suggested
by Sim et al. (2011), which results in a MSR H,S end mem-
ber with 8>*Sguigae &~ —45 to —48%o. This agrees with the
lowest 8**Squsqe values measured at the Iberian Margin
(supplementary Table S1). Fig. 6a shows the results of
model 5 using variable 6 values between 0.509 and 0.515
as suggested for biogenic processes and sulfate reducing
microbes in particular (Farquhar et al., 2003; Johnston
et al., 2005; Ono et al., 2012). This open system model
demonstrates that only a few samples can be explained with
this simple two-component mixing, even if the 0 value is
allowed to vary. However, in ultramafic-hosted systems
MSR rarely takes place under open system conditions since
fluid pathways restrict direct access to the marine SO4 pool
limiting local SO, availability. We therefore modeled sce-
narios with closed system MSR with (1) variable 8 values
(Fig. 6b) and (2) variable ¢ values at a fixed 6 =0.515
(Fig. 6¢) with an initial Mesozoic seawater sulfate
composition.

Overall, these model results suggest that MSR was a
dominant process both at the Iberian Margin and the 15°
20'N FZ Site 1272 and in one sample from Santa Elena,
assuming variations in SO4-H,S fractionation. Ono et al.
(2012) performed additional calculations (modeling MSR
as a function of temperature) that suggest the unusually
low 8**Squifide signatures observed at the Iberian Margin
are the result of closed system MSR at 2-40 °C. The model
calculations performed here also allow reconstruction of
the observed data assuming fractionation factors of up to
75%0 with only 10 ppm of the primary mantle sulfide com-
ponent remaining in the rock, i.e., that the primary sulfide
in the rock was almost entirely replaced by secondary sul-
fide produced by MSR (see supplementary Fig. S2).

5.2.3. Effects of sulfide oxidation

The oxidation of sulfide minerals is a common process
during extensive water-rock interaction under oxidizing
conditions. In the N. Apennine serpentinites oxidation of
sulfides is manifested in the pseudomorphic replacement of
pyrite crystals by hematite (Schwarzenbach et al., 2012). At
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Fig. 6. Model calculations for biogenic processes during fluid-
peridotite interaction (symbols as in Fig. 2). All models assuming
Mesozoic seawater compositions (SO4=10mM, 8**Sy e =
+18%o0, A**Squifare = 0.043%0; mantle: 120 ppm S, 8**Sguige = 0%o,
APSguhde = 0%0). For modern seawater compositions see supple-
mentary Fig. S1. (a) Model 5 showing the trend expected for simple
two component mixing of mantle sulfide with biogenically pro-
duced H,S in an open system, assuming & = 66%o. and variable
0-values. (b and c) Model 6: Closed system MSR assuming for (b) €
= 66%o0 and variable 6-values, and for (c) variable € values and 6 =
0.515.

the Atlantis Massif, kinetic fractionation during oxidation
has been suggested to produce 8**S.uiniqe values of up to
+15%0 (Delacour et al., 2008b). Fry et al. (1988) experimen-
tally constrained the sulfur isotope fractionation during sul-
fide oxidation of —5.2 4+ 1.4%0 at pH 8-11. Oxidation of
sulfide minerals to SO4 thus would result in progressively
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heavier residual sulfide, though, the isotopic effect is only
significant (>5%) if more than 40% of the sulfide is oxidized
(see supplementary Fig. S3). However, in most cases oxida-
tion only takes place along the grain boundaries and thus
the isotopic effects of oxidation are typically minor (Alt
et al., 2007). Hence, this process is not modeled here.

5.3. Implications on the evolution of the Santa Elena
peridotites

The isotope signatures of the Santa Elena peridotites
preserve strong indications of high-temperature processes
and some locally retain almost primary mantle isotopic
compositions; they have a narrow, near-zero range in
APS uiige of —0.008 to —0.010%0 (Fig. 2). However, most
samples show positive 8>*Sgunqe (up to +35.0%0) and
APS, uisiqe values (up to 0.097%o). These &°*S signatures have
previously been associated with closed system TSR
(Schwarzenbach et al., 2016b). Interestingly, closed system
TSR alone does not reproduce the observed A*S and
3*S sulfide values (Fig. 5b and c). Even if a fluid with an
evolved isotopic composition caused the highly positive
3% Squfice and A¥Suaqe values, this process would have
required at least 3 mM of SO, to remain in the fluid after
anhydrite precipitation (Fig. 5d). Alternatively, positive
A®Suage may also be the result of interaction with a
high-temperature fluid that equilibrated in the vicinity of
gabbroic intrusions (model 4, Fig. 5e and f). This process
is also usually accompanied by TSR. However, even in this
case a fluid with at least 2 mM SO, was necessary. Interest-
ingly, serpentinization of the Santa Elena ophiolite
occurred in the early Cretaceous where multiple lines of evi-
dence suggest that SO, concentrations were lower than
modern seawater (e.g., Hardie, 1996; Horita et al., 2002;
Timofeeff et al., 2006) and, specifically, that Ca/SO4 ratios
of seawater were higher than today (Hardie, 1996). Thus,
anhydrite precipitation would cause a higher fraction of
SO,4 removal from the initial seawater-derived fluid. One
possible explanation for excess SO, in the fluid would be
that Ca®" concentrations in the serpentinizing fluids were
too low to allow for significant sulfate removal by anhydrite
formation before TSR occurred. This may be due to cal-
cium carbonate precipitation during fluid influx and
recharge (Lang et al., 2012; Proskurowski et al., 2008) or
due to restricted availability of Ca in the peridotite
(~3.5 wt.% CaO in peridotites (Salters and Stracke, 2004)
versus ~9-14 wt.% CaO in gabbros (Casey et al., 2007))
that could result in limited Ca>* supply to the fluid during
water-rock interaction compared to mafic-hosted systems
(Bach and Humphris, 1999).

Overall, integrating the mineralogical and geochemical
data implies that in the Santa Elena peridotites serpen-
tinization took place at <250 °C with local input of higher
temperature fluids (>350 °C) that experienced limited SO,4
removal prior to TSR (Schwarzenbach et al., 2014; this
study). TSR took place during restricted fluid input, i.e.,
following closed system fractionation, but also in conjunc-
tion with the input of sulfide from gabbroic intrusions.
Restricted fluid input is supported by the absence of exten-
sive carbonate veining, generally low degrees of serpen-

tinization, and highly reducing conditions during fluid-
rock interaction, as documented by the abundance of Fe-
Ni alloys (Schwarzenbach et al., 2014). Closed system evo-
lution also caused the fractionation between the highly
reducing phases and less reduced phases; i.e., the AVS frac-
tion evolved at more reducing conditions to produce more
positive sulfide isotope compositions than the CRS frac-
tion. These high temperature fluids also resulted in the for-
mation of Cu-bearing sulfides and metals, and caused
restricted replacement of pyroxene (Schwarzenbach et al.,
2014). However, locally fluid input was limited and the peri-
dotites retain an almost mantle-like isotope signature.

Despite the possibility that some of these rocks may be
affected by continental interaction with meteoric fluids,
we found no evidence that processes like oxidation of sul-
fide minerals occurred in the Santa Elena samples. Oxida-
tion would have generated sulfate with a lower isotopic
composition compared to the sulfide fraction. However,
in almost all the studied samples the sulfate fraction has a
higher isotopic composition inferring closed system TSR.
One sample provides evidence for MSR as indicated by
83*Squiqe values of —15.5 to —12.5%0. Whether this took
place during serpentinization in an oceanic setting or during
continental water-rock interaction cannot be constrained
with the available data set.

5.4. Hydrothermal history of the Northern Apennine
serpentinites

5.4.1. Imprint of a multi-stage history

The sulfur geochemistry of the N. Apennine serpen-
tinites strongly suggests multiple episodes of sulfur cycling
with the processes of MSR, sulfide removal via oxidation
and the local input of hydrothermal sulfide all affecting
the isotopic composition of these rocks (Schwarzenbach
et al., 2012). In contrast to the samples from Santa Elena,
the Iberian Margin and the 15°20'N FZ, the serpentinites
from the N. Apennine lie on a distinct and curved arc that
suggests mixing between a **S-enriched end member with
8>S utfide up to +16.1%0 and a 328-enriched end member
with 8**Ssuisde as low as —33.7%o (Fig. 2). The large range
in isotopic compositions is found in both the bulk rock
and the in situ isotope data. However, the framework pro-
vided by the models presented above cannot explain the
data from the N. Apennine. Considering the complex his-
tory of these rocks, we created three-component-mixing
models to better understand the resulting isotopic composi-
tions (see suppl. Fig. S5). Fig. 7 shows the best fit model
and includes: (1) Closed system MSR following a Rayleigh
distillation trend assuming an enrichment factor of 66%o,
which corresponds to the highest values observed in these
systems (see suppl. Table S1), and 10 mM initial seawater
SOy; (2) mixing with 10 ppm mantle sulfide, assuming that
water-rock interaction leached almost the entire
primary mantle sulfide from the rocks; and (3) introduction
of a strongly >*S-enriched high-temperature fluid.
As high-temperature fluid composition we used the
composition of the most *S-enriched sample
(8**Squtfide = +14.9%0, A**Squide = 0.022%0) as an end mem-
ber that formed through closed system TSR and possibly
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Fig. 7. Model showing the effect of fluid mixing between H,S
derived from MSR produced in a closed system, mantle sulfide (60
ppm S) and variable amounts of H,S with a >*S-enriched
composition (8**S = 14.9%., A**S = 0.022%o) for example produced
by closed system TSR as shown in Fig. 5b. Initial seawater SOy
corresponds to Mesozoic seawater compositions. The fractions (in
italic, e.g., f =0.9) represent the fractions in the Rayleigh distilla-
tion model, with f=0.9 representing 10% conversion of SOy to
H,S by closed system MSR. Symbols as in Fig. 2.

mixing with basaltic-derived H,S (see Fig. 5). The calcula-
tions are shown with variable input of **S-enriched H,S
from the high temperature fluid. Due to the large number
of variables that influence the bulk rock chemistry several
models were constructed (see supplementary Fig. S5). The
measured data could also be explained assuming, either that
the mantle end member has a negative A*S y4q. value,
which would allow lower initial SO, concentrations
(2mM) in the fluid, or if a higher enrichment factor for
Rayleigh distillation (>70%0) is assumed, which, however,
has not been observed in these systems.

This model scenario implies that the sulfide geochemistry
in the N. Apennine serpentinites was affected by both MSR,
as well as, closed system TSR, which produces the observed
trend in 8°*Sguiqe and A¥ S uqe values. The generation of a
343-enriched fluid by TSR is demonstrated in Fig. 5b. How-
ever, we note here that the interaction with gabbro-derived
fluids (e.g., H,S produced by leaching of mafic rocks) cannot
entirely be excluded, though they do not reach as positive
5**Squinge values as can be produced by closed system
TSR. In addition, the model calculations also imply that
most of the mantle sulfide was removed from the rock and
replaced by secondary sulfides, which is justified considering
the extensive degree of water-rock interaction these rocks
have experienced (Schwarzenbach, 2011).

5.4.2. Constraints on oxygen fugacities and H,S activities
In peridotite-hosted hydrothermal systems, the sulfide
and metal mineralogy reflects the oxygen fugacity and
H,S activity present during fluid circulation (Frost, 1985).
Serpentinization results in highly reducing conditions
imposed by the formation of H, from the oxidation of fer-
rous iron in olivine to ferric iron (Bach et al., 2006). While
initial olivine hydration allows the stability of native metals
and metal alloys (Frost, 1985) extensive fracturing during
progressive serpentinization allows for increases in the oxy-

gen fugacity (and decreasing H, fugacities). Elevated fo,
and H,S activities are commonly observed during late
stages of serpentinization and produce oxidized and
sulfur-rich mineral assemblages such as pyrite and vaesite
(Alt and Shanks, 1998; Delacour et al., 2008b; Klein and
Bach, 2009; Schwarzenbach et al., 2012). The N. Apennine
serpentinites are dominated by pyrrhotite, pyrite, pent-
landite, millerite, and siegenite (Schwarzenbach et al.,
2012). Interestingly, all 5**S.uide values above + 4% were
measured within pyrite, while most negative 8**Syyqe val-
ues were measured in pyrrhotite and pentlandite (Figs. 3
and 4). Assuming that progressive serpentinization of peri-
dotite favors increasingly oxidizing conditions, one would
expect to initially find pyrrhotite followed by pyrite. How-
ever, petrographic observations imply that early-formed
pyrite was locally replaced by pyrrhotite and pentlandite
(Fig. 4c and d).

Considering pyrite-pyrrhotite equilibria, at high temper-
atures higher H,S activities are required for pyrite to be
stable as compared to low temperatures (Klein and Bach,
2009; Schwarzenbach et al., 2014). This implies that during
TSR H,S activities were comparatively higher and the pro-
duct sulfide formed pyrite. Later, at lower temperatures,
less S-rich and/or more reducing conditions facilitated
MSR and enabled pyrrhotite formation and the partial
replacement of first generation pyrite. Partial mineral disso-
lution and re-precipitation also explains the intermediate
534S values observed in the N. Apennine sulfides (Fig. 4g
and h), which would result from mixing of **S-enriched
H.,S from pyrite dissolution with **S-enriched H,S formed
by MSR. This mechanism also explains the lack of correla-
tion between 5°*S values with mineralogy: AVS (e.g., pyr-
rhotite) or CRS (e.g., pyrite).

5.4.3. Constraints for the hydrothermal evolution

Considering bulk rock multiple and mineral specific
in situ sulfur isotope analyses we infer that in the N. Apen-
nine, euhedral pyrite formed initially from a high-
temperature fluid (Fig. 8a, area 1). TSR occurred under
closed system conditions to produce 8*Sgusqe values up
to +16.1%0 with possible input of mafic-derived sulfide.
Detachment fault surfaces typically associated with mantle
exposure along modern ultra-slow to slow-spreading mid-
ocean ridges (Boschi et al., 2006a; McCaig et al., 2007),
focused the flow of these high-temperature, sulfur-rich
(and **S-enriched) fluids (Fig. 8a). Though, the studied
samples were more likely near such a fault zone rather than
within it because euhedral pyrites formed within serpentine
(Fig. 4a—c) rather than within talc-chlorite-rich lithologies
such as those observed in detachment faults along the
Mid-Atlantic Ridge (Boschi et al., 2006a).

Subsequent uplift of the peridotite and further exposure
of the mantle rock to seawater most likely changed fluid
pathways and restricted their circulation, resulting in rela-
tively reducing conditions (Fig. 8b). Temperatures of
<~120 °C (Takai et al., 2008) and the reducing conditions
imposed by progressive serpentinization permitted
microbial activity and precipitation of the pyrrhotite +
pentlandite hosted in carbonate veins (Fig. 8b, area 2).
Partial dissolution of first generation pyrite and replace-
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Fig. 8. Schematic evolution of the peridotite-hosted system in the N. Apennine with (a) initial formation of a detachment fault and (b)
continuous exposure of mantle rock associated with the development of a core complex as typically observed along ultra-slow to slow-
spreading mid-ocean ridges (Boschi et al., 2006b; Cannat et al., 2006; Ildefonse et al., 2007). The red ellipsoids describe the area of sulfide
formation as suggested by the sulfide mineralogy and in situ isotope compositions: (1) Introduction of a high-temperature fluid and TSR to
produce pyrite with 8**S up to +16.1%q; (2) Uplift and continuous exposure of the peridotite with interaction of more reducing and low-
temperature fluids that facilitate MSR to produce pyrrhotite and pentlandite with 3S as low as —33.7%o that are hosted in calcite veins; (3)
Extensive fracturing and introduction of more oxidizing fluids leading to pyrite formation with 5**S values as low as —9.6%o. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ment by pyrrhotite (or pentlandite) during this stage is doc-
umented by distinct mineral textures (Fig. 4c and d).
Finally, later extensive fracturing and introduction of more
volumes of oxidizing seawater resulted in extensive carbon-
ate mineral precipitation and the formation of pyrite with
negative 5%*S values, i.e., sulfide that was partially derived
from MSR (Fig. 8b, area 3).

The evolution of the system from more reducing to more
oxidizing agrees with the gradual cooling of the fluids from
around 150 °C to 50 °C associated with progressive opening
of fluid pathways as recorded in various generations of car-
bonate veins (Schwarzenbach et al., 2013). This last stage of
water-rock interaction was associated with oxidation of sul-
fide minerals, the pseudomorphic replacement of pyrite by
hematite and extensive water-rock interaction caused a loss
of sulfide from the rocks (Schwarzenbach et al., 2012).

5.5. Constraints on the evolution of other peridotite-hosted
hydrothermal systems

The comparison between bulk rock data and in situ sul-
fide analyses of the ODP and ophiolite samples document
the complex hydrothermal evolution of peridotite-hosted
hydrothermal systems with variable influence of high and
low temperature processes. Similar to the N. Apennine,
the investigated samples from ODP Site 1268 have a larger
range in in situ 8**Squifiqe (—12.1 to +14.7%o) than bulk rock
534S uiige analyses (4.1-10.8%0) observed in this and previ-
ous studies (Alt et al., 2007). Negative 5>*S from pyrite sug-
gest that MSR took place at Site 1268 (Fig. 4k). This pyrite
often displays corrosion features or rounded grains and it
typically occurs within carbonate veins. This suggests that
at Site 1268 MSR pre-dated introduction of high-
temperature fluids (as also indicated by the mineralogy;
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Bach et al., 2004), and that the biogenic isotopic signature is
obscured in the bulk §**S and A**S compositions.

In contrast, at the Iberian Margin the A>3S e reflects
a dominance of MSR as discussed previously by Ono et al.
(2012). In contrast to Ono et al. (2012), we separately deter-
mined the A*3S,s40 of AVS and CRS fraction. The distinc-
tion between AVS and CRS fraction mostly reflects changes
in the redox conditions, with AVS representing more reduc-
ing phases such as pyrrhotite and CRS representing com-
paratively more oxidizing phases such as pyrite. At Site
897 the CRS is dominant in the upper sections of the drill
core while AVS is dominant in the lower part, which corre-
lates with mineralogical observations (Alt and Shanks,
1998) and with the dominant species having more negative
values (see supplementary Table S1). At Site 1070 the AVS
fraction is dominant throughout the sequence and has
8%Squiiqe values as low as —44.0%o. This is most likely
due to a hypersulfidic environment where electron accep-
tors are limiting and sulfate reduction may take place with-
out additional sulfur disproportionation (Brunner and
Bernasconi, 2005; Wortmann et al., 2001).

6. SUMMARY AND CONCLUDING REMARKS

Using multiple sulfur isotopes, in situ sulfide analyses
and petrographic observations we provide new and more
detailed insight into sulfur cycling during the evolution of
ancient peridotite-hosted hydrothermal systems. In particu-
lar, the serpentinites in the N. Apennine preserve a succes-
sive evolution of high-temperature water-rock interaction
dominated by TSR in a closed system to low-temperature
water-rock interaction that facilitated microbial activity.
This evolution most likely coincided with the continuous
uplift and exposure of the mantle rock to seawater during
the tectonic history of this sequence. In contrast, the Santa
Elena peridotites are dominated by high-temperature pro-
cesses: closed system TSR was associated with the input
of variable amounts of H,S from black-smoker type fluids.
This resulted in unusually positive 3**S and A**S signatures
in sulfides and the formation of Cu-rich sulfide and metal
mineral assemblages. In both systems, the model calcula-
tions require relatively high SO,4 contents in the initial fluid.
We ascribe this to restricted anhydrite formation prior to
TSR due to low Ca’?" concentrations in the serpentinizing
fluids, either caused by calcium carbonate precipitation
during initial fluid influx or because ultramafic rocks simply
have lower CaO contents compared to mafic lithologies
that may be released to the fluids. Effectively, the correla-
tion between low Ca®" concentrations in the fluid and lim-
ited SO4 removal may play a significant role in providing
SO, to the subsurface biosphere of peridotite-hosted
hydrothermal systems, in particular for sulfate-reducing
microbes that are found in these systems (e.g., Brazelton
et al., 2006; Lang et al., 2012; Schrenk et al., 2013).

The interpretations drawn from the model calculations
performed here compare well with previous studies (e.g.,
Alt et al., 2007; Ono et al., 2012). Though, we emphasize
that the hydrothermal history of peridotite-hosted systems
cannot always be resolved using bulk rock 8**S and A*S
alone due to the complex histories that characterize these

systems and involvement of several phases of sulfur cycling
and resulting sulfur mineralogies. To provide a more
detailed view of the processes that affect the sulfur geo-
chemistry, in situ isotopic measurements can provide a use-
ful tool when complimented with detailed petrographic and
mineralogical observations.

In conclusion, temperature plays an important control-
ling role on the processes involved in the sulfur cycle during
the alteration of ultramafic oceanic lithosphere. The studied
systems show that they can evolve from high temperatures,
where the sulfur cycling is dominated by TSR and input of
gabbro-derived fluids, to lower temperatures that permit
microbial activity, and vice versa. Importantly, this com-
plex evolution can be preserved in a single hand sample.
Overall, the combination of in situ and bulk rock multiple
sulfur isotope analyses provides us with a more comprehen-
sive view of the different episodes of hydrothermal circula-
tion and the temporal dominance between biogenic and
abiogenic processes that signify these systems. This is par-
ticularly beneficial when reconstructing the alteration his-
tory of serpentinites preserved in sequences of obducted,
ancient oceanic lithosphere that have complex geologic
histories.
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