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Abstract

At mid-ocean ridges (MORs), seawater carrying dissolved sulfate (SO,) infiltrates the oceanic crust. Hydrothermal fluid
emissions from such systems have much lower §°*S and sulfur is mostly present as reduced sulfide, albeit in lower total sulfur
concentrations than in seawater. This has been explained by anhydrite formation and sulfate reduction based on petrographic
evidence and mass balance considerations. Here, we utilize the chemical and stable isotope (5>*S, 5'0) systematics in natural
anhydrite and pyrite from various locations along the submarine and on-land section of the Mid-Atlantic ridge near Iceland
to quantify the key variables that control anhydrite formation and sulfate recycling in the oceanic crust. Hydrothermal anhy-
drite exhibited 83*S values of +20.6 + 1.0%0 and 5'%0 values between +2.4 to +25.3%0. Volcanogenic anhydrite in encrusta-
tions showed 8°*S values of —1.7 to +21.4%0 and §'%0 values between +1.4 and +38.0%0. Hydrothermal pyrite exhibited 8°*S
values ranging from +3.4 and +19.7%0. Comparison of the natural dataset with results from geochemical isotope modelling
revealed that 5°*S and 5'%0 values of anhydrite and pyrite were dependent on the isotope composition of the source fluid,
extent of water—rock interaction, temperature, and redox conditions. Departures of $**S and 5'®0 values in anhydrite from
the source fluid were caused by progressive fluid-basalt interaction where lower 5**S and 'O values reflected a change in
sources of S and O from solely fluid to basaltic origin. The 3'30 values of anhydrite were additionally affected by temperature.
Quantitative formation of anhydrite mainly occurred at temperatures < 150 °C, whereas at elevated temperatures (>200 °C)
reduction of seawater-sulfate to H,S and subsequent pyrite precipitation were found to limit anhydrite formation.
Extending our calculations to the oceanic crust revealed that the majority of seawater-sulfate is sequestered into anhydrite
(3-38 Tg S yr~!) in vicinity of MORs at < 200 °C at shallow depth (<1500 m), with only a small portion of seawater-
derived SO, discharged by high-temperature hydrothermal vents (0.1-3.4 Tg S yr~'). However, sequestration of sulfur by
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anhydrite is not long-lasting due to retrograde dissolution of anhydrite. The removal of anhydrite upon cooling and aging of
the crust may result in a return back to the oceans of 10-60% of the sulfur originally sequestered in anhydrite upon hydrother-

mal alteration in vicinity of MORs.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Over the past decades, it has been demonstrated that
subduction-related volcanic rocks contain lower sulfur con-
tents of < 40 ppm and higher sulfur isotope (5**S) values of
+2.3 to +20.7%0 compared to mid-ocean ridge (MOR)
basalts with sulfur contents of 800 + 100 ppm and 5>*S
of 0.8 + 0.5%o (e.g., Sasaki and Ishihara, 1979; Ueda and
Sakai, 1984; Rye et al., 1984; Woodhead et al., 1987;
Ishihara and Sasaki, 1989; Alt et al., 1993; Bernard et al.,
1996; Imai et al., 1996; De Hoog et al., 2001; Luhr and
Logan, 2002; Saal et al., 2002; Luhr, 2008). This difference
between subduction-related volcanic rocks and MOR
basalt has been previously explained by recycling of isotopi-
cally heavy sulfur into the mantle in the form of seawater
sulfate (SO,4), hydrothermally altered crust and/or sub-
marine sediments combined with degassing of sulfur in sub-
aerially erupted volcanics. However, only recently it has
been demonstrated that slab-derived fluids may provide
insufficient sulfate to explain the oxidation of the sub-arc
mantle and production of the observed positive 5>*S signa-
ture of volcanics in arc settings (Li et al., 2020). Yet, the
contribution of various sources remains speculative due to
the paucity of data from the igneous basement of the ocea-
nic crust.

The formation of anhydrite has been shown to be critical
for sulfur sequestration in the oceanic crust (Kusakabe
et al., 1982; Sleep, 1991; Alt, 1995a; Alt et al., 1996;
Chiba et al., 1998; Teagle et al., 1998a; Teagle et al.,
1998b; Spencer, 2000; Barker et al., 2010; Craddock and
Bach, 2010). Anhydrite occurs in a wide range of sedimen-
tary, igneous and metamorphic geological settings but is
best known for its large abundance in thick marine evapor-
ite deposits (Warren, 1999; Spencer, 2000). Anhydrite has
also been reported to form in fumaroles at active volcanoes,
hydrothermal rift- and subduction related hydrothermal
systems, magmatic-hydrothermal ore deposits (Audétat
et al.,, 2004; Stern et al., 2007; Chambefort et al., 2008)
and oceanic equivalents where anhydrite-cemented chim-
neys envelope submarine hydrothermal vents (Kusakabe
et al,, 1982; Alt and Anderson, 1991; Sleep, 1991; Alt
et al., 1993; Alt, 1995a; Humphris et al., 1995; Chiba
et al., 1998; Teagle et al., 1998a; Teagle et al., 1998b; Alt
et al., 2010; Barker et al., 2010; Craddock and Bach,
2010; Peters et al., 2010; Alt and Shanks, 2011). Experimen-
tal studies showed that anhydrite in hydrothermal environ-
ments forms upon interaction of seawater with basalt and
heating of seawater to temperatures above 120 °C
(Seyfried Jr and Bischoff, 1979; Shanks III et al., 1981).
Due to relatively small equilibrium sulfur isotope fraction-
ation between aqueous SO, and anhydrite (Balan et al.,

2014; Eldridge et al., 2016), anhydrite has often been used
to track 8**S variations of seawater through geological time
(Paytan et al., 2004; Strauss et al., 2013; Bernasconi et al.,
2017).

Although the mechanism of anhydrite formation is well
understood, the largest enigma — the fate and whereabouts
of anhydrite and SO, in the oceanic crust — remains a sub-
ject of debate. Seawater with 28.3 mmol kg™! dissolved SO,
concentration (Bruland, 1983) and &S of +21.2%0
(Tostevin et al., 2014) infiltrates the oceanic crust in
hydrothermal recharge zones at ocean ridge crests. How-
ever, hydrothermal vent fluid discharges commonly exhibit
fluids with 8**S of +1 to +7%o, negligible SO, concentration
and elevated H,S concentration typically of 4.4-8.8 mmol k
g~! (e.g., Von Damm et al., 1985a; Von Damm, 1995; Von
Damm et al., 1995; Seal et al., 2000b; Shanks III, 2001;
Lilley et al., 2003; Ono et al., 2007; McDermott et al.,
2015). To account for the observed heat loss in axial
hydrothermal systems, significant volumes of hydrothermal
fluid must circulate through the upper crust (Sleep, 1991;
Mottl and Wheat, 1994; Stein and Stein, 1994; Teagle
et al., 1998b). As only insignificant amounts of SO, are
emitted from axial hydrothermal vents, the circulating flu-
ids must have lost almost all SO4 by either reduction of
seawater-SO4 to H,S, pyrite formation or extensive anhy-
drite formation upon seawater infiltration of the oceanic
crust (Shanks III et al.,, 1981; McDuff and Edmond,
1982). Thereby, anhydrite deposition most likely occurred
upon temperature increase or fluid mixing of cool recharge
with hot discharge fluids causing potential clogging of
available porosity and thus limiting further hydrothermal
circulation (Seyfried Jr and Bischoff, 1979; Sleep, 1991;
Teagle et al., 1998b; Lowell et al., 2003; Barker et al.,
2010). Significant anhydrite deposits in the altered oceanic
crust have been reported from Ocean Drilling Program
(ODP) Holes 504B and 1256D in the eastern Pacific,
beneath hydrothermal vent fields such as the Trans-
Atlantic Geotraverse (TAG) and Logatchev on the Mid-
Atlantic Ridge (MAR), from Hole 735B at the South West
Indian ridge and the PACMANUS hydrothermal area in
the Manus back-arc basin (Kusakabe et al., 1982;
Kusakabe et al., 1989; Alt and Anderson, 1991; Chiba
et al., 1998; Teagle et al., 1998a; Teagle et al., 1998Db, c;
Teagle et al., 2006; Alt et al., 2010; Craddock and Bach,
2010; Peters et al., 2010; Alt and Shanks, 2011). The scar-
city of anhydrite from crustal samples also known as the
anhydrite conundrum (Sleep, 1991; Teagle et al., 1998b)
has been explained by (1) retrograde solubility of anhydrite
and dissolution at lower temperature with cooling of the
oceanic crust (Sleep, 1991), (2) lack of appropriate samples
from the oceanic basement (Teagle et al., 1998b) and/ or (3)



B.I. Kleine et al./ Geochimica et Cosmochimica Acta 317 (2022) 65-90 67

a generally low hydrothermal flux in the crust leading to
limited anhydrite formation during hydrothermal circula-
tion and SOy-bearing hydrothermal fluids diffusively
returning to the ocean (Teagle et al., 1998b; Teagle et al.,
2003). Thus, it remains poorly understood whether seawa-
ter circulation within the oceanic crust permanently
removes SO, from seawater by anhydrite formation or
reduction to H,S or whether anhydrite is recycled by disso-
lution back to the oceans upon cooling and aging of the
crust with a similar chemical and isotopic signature.
Although numerous attempts have been undertaken to con-
strain the SO4 flux into the oceanic crust and ridge flanks
systems (e.g., Alt, 2003; Coogan et al., 2019; Staudigel,
2014; and reference therein; Teagle et al., 1998b), the chem-
ical flux upon sulfate reduction and retrograde anhydrite
dissolution remains largely unknown.

Here, we aim to constrain the SO, fluxes to and from the
major sulfate reservoirs in the oceanic crust. For this pur-
pose, we utilized stable isotopes (5°*S, 5'%0) to identify
the sources of sulfur and oxygen in anhydrite and pyrite
formed in vicinity of a MOR setting. We applied geochem-
ical isotope modelling to the dataset to assess and quantify
the key variables (fluid source, extent of fluid-rock reaction,
temperature, redox conditions) that control the formation
and &°*S and 8'80 systematics in anhydrite. The same mod-
elling approach was subsequently expanded (1) to investi-
gate the whereabouts of anhydrite and SO, at elevated
temperatures and upon cooling of the crust and (2) estimate

SO, chemical fluxes to and from MORs to evaluate poten-
tial SO4 recycling into the oceans.

2. SAMPLE SET AND GEOLOGICAL SETTINGS

Anhydrite and pyrite samples were collected from a set
of localities located along the MAR near to Iceland to
investigate the processes that affect anhydrite formation in
MOR systems (Fig. 1). Details on the geology of the sam-
pling localities can be found in the supplementary material.

The sample set contained hydrothermal anhydrite and
pyrite from drill cuttings from wells RN-10, RN-30, and
RN-36 into the high-temperature (>420 °C) seawater-
dominated hydrothermal system at Reykjanes (SW Iceland)
to investigate anhydrite formation in hydrothermal system
in vicinity of MORs. Furthermore, pyrite precipitated as
scale within the production pipe of well RN-09 was included
to resemble the isotopic signature of hydrothermal fluid dis-
charge. The Reykjanes hydrothermal field is located on the
southwestern tip of the Reykjanes peninsula (SW Iceland)
and consists of basalt lavas and hyaloclastites that have been
intruded by shallow dikes and sills (Franzson et al., 2002;
Fridleifsson et al., 2020). The reservoir temperatures range
from 100 °C to > 420 °C (Bali et al., 2020) and the host rocks
are extensively altered by the circulating hydrothermal fluids
of dominantly seawater origin (Pope et al., 2009).

Anhydrite from drill core from borehole SE-3 (Jackson
et al., 2019) into the seawater-dominated hydrothermal

Steinaholl

vent field Reykjanes

Eldfell volcancz
Surtsey

. Skjalfandadjup

[ dlacial cover
[ Holocene sediments
3 Upper Pleistocene bedrock (<0.7 Ma)

O \

[ Plio-Pleistocene (0.7 - 3.1 Ma)
[ Tertiary bedrock (> 3.1 Ma)
I active rift/volcanic zones

= 1 fracture zones

Fig. 1. Schematic map of the sample localities Reykjanes, Steinahdll vent-field, Skjalfandadjip, Surtsey, Eldfell volcano and Hekla volcano
along the submarine and on-land section of the Mid-Atlantic Ridge. RR: Reykjanes Ridge; RVB: Reykjanes Volcanic Belt; WVZ: West
Volcanic Zone; MIB: Mid-Iceland Belt; SISZ: South Iceland Seismic Zone; EVZ: East Volcanic Zone; NVZ: North Volcanic Zone; TFZ:
Tjornes Fracture Zone; KR: Kolbeinsey Ridge; OVB: Orafi Volcanic Belt; SVB: Snafellsnes Volcanic Belt. Modified after Thordarson and

Larsen (2007).
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system at Surtsey (S Iceland) was also included to mimic
conditions typical for lower temperature hydrothermal sys-
tems within the oceanic crust. The oceanic island of Surtsey
grew from the seafloor during explosive and effusive erup-
tions from 1963 to 1967 (Thorarinsson et al., 1964). The
hydrothermal system at Surtsey is hosted in tephra and tuff
deposits (Jakobsson and Moore, 1986; Jackson et al., 2019;
Prause et al., 2020) with hydrothermal fluid reservoir tem-
peratures of ~ 50-140 °C (Jakobsson and Moore, 1986;
Jackson et al., 2019; Kleine et al., 2020b).

The sample set also includes hydrothermal anhydrite
from submarine vent systems on the Reykjanes ridge (SE
Iceland) and at Skjalfandadjup (N Iceland). Anhydrite
from the Reykjanes Ridge derived from the Steinahdll
vent-field, which is located at 63°06'N 250-350 m below
sea level and shows the strongest signs of hydrothermal
activity within the area (Olafsson et al., 1991; German
et al., 1994) with vent fluid temperatures of ~ 285 °C
(Palmer et al., 1995). The hydrothermal system at Skjalfan-
dadjup (also Skjalfandi-deep) is mainly hosted in sediments
of more than 2 km of thickness (Flovenz and Gunnarsson,
1991; Sturkell et al., 1992) with hydrothermal fluid temper-
atures of ~ 250 °C (Botz et al., 1999).

Volcanogenic anhydrite, that formed upon volcanic
degassing, was collected from encrustations (<100-325 °C)
from three locations Eldfell, Hekla and Surtsey volcanoes
(S Iceland) to investigate the effect of volcanic degassing
on anhydrite formation and isotope composition. During
and after the Eldfell volcano eruption in 1973 fumarolic
gases formed extensive encrustations on the surface of the
andesitic lava and scoria (Oskarsson, 1981). The most com-
mon phases detected in the encrustations were anhydrite,
opal, ralstonite (Na-Mg-Al hydrate), gypsum and hematite,
followed by bassanite (calcium sulfate hydrate), jarosite
(K-Fe™™ sulfate), sulfur and sylvite, and formed
at ~ 230-260 °C (Jakobsson et al., 2008). At Surtsey, encrus-
tations formed on the surface of lava and scoria at 135 °C
during the effusive phase of the Surtsey volcano eruption.
They were composed of mainly gypsum, opal, calcite,
fluorite, halite, ralstonite, thenardite (sodium sulfate),
anhydrite and hematite (Jakobsson et al., 2008). Encrusta-
tion samples from the Hekla volcano eruptions in 1947-1948
and 1991-1993 were also included in this study. The
encrustations formed upon extensive degassing at tempera-
tures between ~ 100 and 325 °C and contained anhydrite,
ralstonite, fluorite, opal, mallardite (manganese sulfate),
hematite, thernadite and gypsum (Jakobsson et al., 2008).

3. METHODS
3.1. Sample processing and analysis

Five to ten anhydrite and pyrite grains (<500 um) per
sample were embedded in epoxy along with the anhydrite
and pyrite reference materials, Anhydrite 1 (Reuschel et al.,
2012; 880 = +8.42%. determined in this study, see
Supplement A for details), Anhydrite 2 (Reuschel et al.,
2012; &S = +10.50%0) and Ruttan pyrite (5°*'S =
+1.41%o, (Cabral et al., 2013)). Thereafter, the sample mount
was polished using 1 pm diamond paste, and carbon coated.

The chemical composition of anhydrite (Ca, S, Sr, Ba,
Mg, Pb) and pyrite (Fe, S, As, Pb, Co, Zn, Cu, Ni) were
determined using a JEOL JXA-8230 electron microprobe
(EMP) equipped with a LaB6 electron emitter at the
University of Iceland. JEOL PC-EMPA application was
used and running conditions were 15 keV accelerating volt-
age and 100nA cup current with a beam diameter of 1 to
10 pm. The CITZAF program (Armstrong, 1991) was used
for data correction.

Oxygen and sulfur isotope ratios were determined in-situ
using a CAMECA IMS-1280 at the NordSIMS laboratory
of the Swedish Museum of Natural History. Prior to sec-
ondary ion mass spectrometry (SIMS) analysis, the
carbon-coating used for the EMP analyses was removed
from the sample mounts, which then were lightly re-
polished (to ca. 1 um) and gold-coated (30 nm). The isotope
ratios for sulfur and oxygen are reported relative to V-CDT
and V-SMOW, respectively, in the standard delta notation,
534S and 8'%0, respectively. A '*3Cs* primary beam with
impact energy of 20 kV and current of 1 nA (pyrite) or
2.5 nA (anhydrite) was used to sputter secondary ions from
the sample surface. A small raster (10 pum) was used
throughout the analysis to homogenize the critically
focused beam. A low-energy normal incidence electron
gun was employed for charge compensation while measur-
ing anhydrite. Following pre-sputtering to remove Au coat,
secondary ions ('°O and '®0; **S and **S) from the target
sample were admitted to the mass spectrometer with a field
magnification of ca. 90x, with automated centering of the
secondary beam in the field aperture. The magnetic field
was locked with high precision using an NMR field sensor.
The secondary ions were simultaneously detected by Fara-
day Cups using amplifiers with 10'° Q and 10" Q resistors
at a mass resolution of ca. 2500 (M/AM) in a multicollec-
tion mode. Data were collected during 12 integration cycles,
each with a counting time of 4 s. Typical signal intensities
are ca. 3.5 x 10® counts per second (cps) for *2S (anhydrite),
ca. 4.0 x 10° cps for '°O (anhydrite) and ca. 7.0 x 10% cps
for *’S (pyrite). Analyses of reference materials bracketed
every six unkowns, in order to correct for drift and instru-
mental mass fractionation. External reproducibility (1 std.
dev.) of ca. &+ 0.35%o for 8'0 and ca. + 0.15% for 5**S
in anhydrite, and ca. + 0.20%o for &S in pyrite was prop-
agated onto within-run uncertainties.

In addition, pyrite precipitated as scale in the produc-
tion pipe of well RN-09 and additional hydrothermal pyrite
from well RN-10 at Reykjanes were analyzed using conven-
tional gas isotope ratio mass spectrometry using the meth-
ods described in Shipp and Zierenberg (2008). Values are
reported relative to the V-CDT standard. The precision of
the 3**S analyses based on repeated analyses of laboratory
working standards is typically & 0.3%o.

3.2. Geochemical isotope modelling

Variations in the stable isotope composition of natural
anhydrite and pyrite depend on a variety of equilibrium
and kinetically controlled processes including water-rock
interaction, oxidation, reduction and physical parameters
such as temperature, redox conditions, fluid source (Seal
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et al., 2000a). Geochemical isotope modelling was carried
out to investigate the effect of these factors and processes
on the §**S and 3'%0 composition of hydrothermal and vol-
canogenic anhydrite and pyrite.

Four scenarios were investigated: (1) anhydrite forma-
tion upon heating of seawater by either conductive heat
exchange or mixing of a hydrothermal fluid; (2) seawater-
basalt interaction over a range of temperature and water—
rock ratios; (3) reduction of seawater-SO,4 to form pyrite
as well as the reverse process of pyrite oxidation; (4) mag-
matic gas interaction with basalt and formation of vol-
canogenic anhydrite encrustations. The geochemical
isotope modelling included Rayleigh modelling (Ohmoto
and Goldhaber, 1997) and reaction modeling carried out
with the aid of the PHREEQC program and the databases
llnl.dat at > 200 °C and wateq4f.dat at < 200 °C (Parkhurst
and Appelo, 1999), and the IsoGem program (Stefdnsson
et al., 2017a; Gunnarsson-Robin et al., 2018). The input
parameters for our modelling approach such as fluid and
rock chemical and isotopic compositions, and equilibrium
solubility constants and isotope fractionation factors as a
function of temperature are listed in Tables A1-A3. Further
details on the calculations are given in Supplement A.

Anhydrite formation upon conductive heating of seawa-
ter was calculated from equilibrium solubility of anhydrite
as a function of temperature without consideration of pro-
gressive basalt-seawater interaction. For these calculations,
anhydrite was the only Ca and SO4 bearing mineral consid-
ered to form. The same calculations were carried out to
simulate heating of seawater through mixing of cold seawa-
ter (2 °C) with a hot (300 °C) hydrothermal fluid.

Seawater-basalt interaction was simulated using reaction
path (titration) modeling over a range of temperatures (10—
300 °C) and water-rock ratios (i.e., § the reaction progress
or extent of reaction measured as the disappearance or
appearance of a chemical component in a reaction) to simu-
late the formation of anhydrite in seawater-dominated
hydrothermal systems. Unaltered basaltic rock was allowed
to react in steps with seawater and saturated secondary min-
erals in each step were allowed to precipitate. The secondary
minerals included in the calculations were those commonly
observed in seawater-dominated hydrothermal systems
(e.g., Alt et al., 1996; Franzson et al., 2002; Marks et al.,
2011; Marks et al., 2010) and comprised actinolite, anhy-
drite, calcite, gibbsite, goethite, pyrite, pyrrhotite, quartz,
Al-Si clays (allophane), Mg-Fe clays (saponite, nontronite),
prehnite, celadonite, zeolites (chabazite, laumontite, waira-
kite, analcime), albite, microcline, epidote and Fe-Mg
chlorite. Allowing epidote or Fe*™-bearing clays to form
when saturated was necessary to simulate reduction of
SO, to sulfide (S™") as this process is commonly accompa-
nied by the formation of Fe™™-bearing mineral species
(Barker et al., 2010). Following reaction modelling carried
out with PHREEQC, the obtained mole fractions of various
aqueous species and minerals were used to calculate sulfur
and oxygen isotopes ratios for the respective aqueous spe-
cies and minerals using IsoGem (Stefansson et al., 2017a;
Gunnarsson-Robin et al., 2018). The calculated isotope
composition of fluids, secondary minerals and rocks is
thereby dependent on the mole fractions of individual S

and O containing aqueous species (H,O, SO3~, HS™, H,S,
SO5(aq), SO37) and minerals (anhydrite, pyrite, celadonite,
zeolite, clay, calcite, chlorite, quartz, epidote, prehnite),
and equilibrium isotope fractionation between aqueous spe-
cies and alteration minerals. All these factors in turn depend
on temperature and extent of fluid-rock reaction, as well as
pH and redox state of the reacting fluid. Details on the cal-
culations and equilibrium isotope fractionation factors are
described in Supplement A.

Reduction of seawater-SO4 and formation of pyrite as
well as pyrite oxidation were simulated by applying a Ray-
leigh model (Ohmoto and Goldhaber, 1997) to investigate
equilibrium and kinetic effects on stable isotope variations
measured in pyrite and anhydrite. An open system type
Rayleigh model was assumed for both reduction and oxida-
tion processes, where the back reaction is non-reactive.
Here, we calculated the Rayleigh distillation curves for abi-
otic reduction of seawater-SO, and oxidation of pyrite
showing the change in 8**S of H,S, SO,, anhydrite and pyr-
ite as a function of reaction progress. Reduction is a likely
process to occur at elevated temperatures (>200 °C) in
seawater-dominated hydrothermal systems, where chemical
and isotopic equilibrium is attained between sulfide and sul-
fate (Ohmoto and Lasaga, 1982). The §**S values of anhy-
drite and pyrite were thus calculated using equilibrium
isotope fractionation values of mineral-SO,4 pairs from the
temperature dependent equations given in Table A3. Oxida-
tion of pyrite at < 150 °C may lead to an 8**S enrichment of
up to 5%o in the forming aqueous sulfate and soluble sulfate
mineral relative to the initial isotope value of the pyrite
(Taylor and Wheeler, 1994; Ohmoto and Goldhaber,
1997; Budakoglu and Pratt, 2005; Lefticariu et al., 2006).
For the simulation of anhydrite formation upon pyrite
oxidation, we chose non-equilibrium enrichment factors
of dgospy = 1.0005 for the SOy-pyrite pair and
Oanh-py = 1.0008 for the anhydrite-pyrite pair which
correspond to enrichment factors of 0.5%0 and 0.8%o,
respectively. Such low enrichment values relative to pyrite
are common and have been reported by Lefticariu et al.
(2006) for aqueous SO4 and anhydrite, respectively.

Interaction between magmatic gas and basalt and asso-
ciated formation of volcanogenic anhydrite encrustations
was simulated using reaction path (titration) model with
the aid of PHREEQC and IsoGem programs in a similar
manner as for the seawater-basalt interaction calculations.
Thereby, unaltered rock was allowed to react with a con-
densed magmatic gas of a chemical composition typical
for volcanic gasses emitted from Icelandic volcanoes
(Sigvaldason and Elisson, 1968; Stefansson et al., 2017b;
Ilyinskaya et al., 2018). Anhydrite was the only mineral
allowed to precipitate when saturated. The 3'*0 and 5**S
isotope composition of major fluid species (H,O, SO3~,
H,S, HS™), anhydrite and pyrite as well other secondary
minerals was calculated using mole fractions retrieved from
the reaction path model and equilibrium isotope fractiona-
tion between aqueous species and alteration minerals.
Details on the calculations are given in Supplement A.
The initial isotope values and chemical composition of
fluids and rocks used in the model are given in Table Al.
Equilibrium isotope fractionation factors used to calculate
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the isotope composition of fluid species and minerals are
listed in Table A3.

Although the reaction path model requires system equi-
librium, exchange kinetics between SO, and H,S are very
slow at temperatures < 200 °C and equilibrium in the sys-
tem cannot be assumed (Ohmoto and Lasaga, 1982). How-
ever, at such low temperatures the reduction of SO4 to H,S
is limited in seawater-dominated hydrothermal systems and
therefore the influence of H,S production on the isotopic
composition of seawater is insignificant because of mass
balance.

Note, that this geochemical model focuses only on the
chemical aspects of hydrothermal activity in the crust while
greatly simplifying the reservoir physics of such systems.
Fluid flow dynamics and chemical transport drive the inter-
action between water and host rocks, however, complex
hydrothermal processes leading to the formation of anhy-
drite cannot yet successfully be computed by reactive trans-
port and numerical modelling approaches (Sleep, 1991;
Alt-Epping and Diamond, 2008).

4. RESULTS

4.1. Chemical and isotopic composition of anhydrite and
pyrite

Anhydrite from all samples was observed to be of almost
pure endmember composition (CaSQO,4) and only contained
minor amounts of Sr (580-2570 ppm), Mg (230-3550 ppm)
and Ba (120-1040 ppm). Pyrite (FeS,) contained minor
impurities of As (250-1890 ppm), Pb (1020-1370 ppm)
and Zn (130-490 ppm) (Tables A5 and A6, Fig. Al).

The isotope composition of anhydrite and pyrite dis-
played wide and irregular ranges (Tables 1 and 2; Fig. 2).
Hydrothermal anhydrite from submarine vent systems at
Steinahdll at the Reykjanes ridge and Skjalfandadjup
showed 5'%0 values of +7.8 + 1.8%0 and 5**S values of +
21.1 + 0.6%0. The 3'0 and &**S values of anhydrite from
the hydrothermal system at Surtsey (~50-140 °C) clustered
at +8.9 + 4.5%0 and +19.2 £ 0.5%o, respectively. The 5'%0
and 8**S values of anhydrite from the hydrothermal system
at Reykjanes (~100 °C to > 420 °C) differed slightly and
clustered at +7.2 4+ 1.6%0 and +20.4 + 1.1%o, respectively.
Hydrothermal pyrite from Reykjanes collected from drill
cuttings showed &S wvalues ranging from +3.4 to
+19.7%o. The 8*S values of pyrite and sulfate precipitated
within the production pipe of well RN-09 clustered at
+3.0 4+ 0.6%0 and +2.9 + 0.6%o, respectively. The isotope
composition of volcanogenic anhydrite spanned over a
large range with 3'%0 of +1.4 to +38.0%0 and &*'S of
—1.6 to +21.4%e.

4.2. Geochemical isotope modelling

4.2.1. Heating of seawater and associated anhydrite
formation

Heating of seawater and associated anhydrite formation
by either conductive heat exchange or mixing of cold sea-
water with hot hydrothermal fluids are common processes

occurring in vicinity to hydrothermal vents (e.g.,
Skikazono et al., 1983; Teagle et al., 1998a; Teagle et al.,
1998b; Teagle et al., 1998c; Lowell et al., 2003; Kawada
and Yoshida, 2010). Due to retrograde solubility, anhydrite
may form when seawater is heated to above 120 °C
(Seyfried Jr and Bischoff, 1979), where Ca and SO, are both
sourced from seawater. Equilibrium sulfur and oxygen iso-
tope fractionation between anhydrite and seawater is posi-
tive (Zeebe, 2010; Balan et al., 2014; Eldridge et al., 2016),
resulting in the enrichment of the 3*S and '*0 in the solid
phase. With progressive heating of seawater to 300 °C sul-
fur and oxygen isotope fractionation between anhydrite
and the fluid phase decreases and approximates 0%c. Thus,
during conductive heating the 8**S of anhydrite was pre-
dicted to approach the isotope values of seawater. The
3'%0 values of anhydrite approached the §'%0 value of
seawater-SOy4 (+9.6%0 (Kusakabe et al., 1982)) with increas-
ing temperature and subsequently decreased below the sea-
water value above about 210 °C (Figs. A3). Heating of cold
seawater (2 °C) by mixing with a hot hydrothermal fluid
(300 °C) resulted in slightly lower 8°*S values in precipitat-
ing anhydrite (Fig. 3). This is because 8°*S in anhydrite
might derive partly from the hydrothermal fluid that com-
monly exhibit lower 8**S values with respect to seawater.
At temperature > 200 °C, reduction inhibits anhydrite for-
mation which results in residual SO4 becoming slightly
more **S-enriched relative to seawater due to the incorpora-
tion of *2S into the forming sulfide species.

4.2.2. Seawater-basalt interaction at 10-300 °C

The simulation of fluid-rock interaction and associated
sulfur reduction as a function of temperature and extent
of reaction was carried out to reproduce the processes that
affect the formation of hydrothermal anhydrite and pyrite
and their isotopic composition upon seawater-basalt inter-
action at 10-300 °C.

With progressive fluid-rock interaction, the model pre-
dicted a shift in the source fraction of sulfur and oxygen.
The shift from a seawater- to a rock-dominated sulfur
and oxygen source in anhydrite and pyrite was reflected
in the calculated 3'%0 and §**S values over the extent of
seawater-rock reaction (Fig. 4). With progressive
seawater-rock reaction, both 3'%0 and 5*S values of anhy-
drite and pyrite approached the isotope value of unaltered
basalt. At low temperature (<150 °C), the formation of
anhydrite was the primary process that limited sulfur con-
centrations in the reacted and hydrothermally modified sea-
water. The model predicted that with progressive reaction
of basalt, increasing amounts of sulfide (S™) was released
from the basalt into the solution resulting in HS™ and H,S
eventually becoming the dominant aqueous sulfur species in
the solution at £ = 0.1 mol basalt dissolved in 1 kg seawater
(Fig. 3). At higher temperatures (>200 °C), epidote was pre-
dicted to form in significant amounts (>0.1 mol kg~") initi-
ated by the oxidation of Fe™ to Fe™™ upon progressive
basalt alteration. Oxidation of Fe*™ was coupled with the
reduction of SO4 to H,S leading to increased dissolved
sulfide concentrations and eventually to the formation of
pyrite at elevated temperatures.
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Table 1

Isotopic composition of anhydrite from Reykjanes, Surtsey, Reykjanes ridge, Skjalfandadjup, Eldfell, and Hekla. Presented values are the
average values of five grains analyzed and the error represents 1 std. The 5'%0 and §>*S values are reported relative to V-SMOW and V-CDT,
respectively.

Sample-1D Location Grain # Depth (m) 3'%0 + %S +
%o %o
Hydrothermal anhydrite
RN-734 Reykjanes (RN-36) 1 734 7.2 0.4 19.9 0.1
RN-734 2 734 6.9 0.4 19.8 0.1
RN-734 3 734 7.3 0.4 20.6 0.1
RN-734 4 734 7.8 0.4 19.8 0.1
RN-734 5 734 6.9 0.4 19.8 0.1
RN-734 6 734 5.8 0.4 19.3 0.1
RN-734 7 734 5.5 0.4 19.8 0.2
RN-734 8 734 6.8 0.4 19.9 0.1
RN-734 9 734 6.8 0.4 19.6 0.1
RN-734 10 734 6.7 0.4 19.5 0.1
RN-752 Reykjanes (RN-36) 1 752 6.5 0.4 19.7 0.1
RN-752 2 752 7.1 0.4 20.3 0.1
RN-752 3 752 7.4 0.4 20.5 0.1
RN-752 4 752 5.9 0.4 20.3 0.1
RN-752 5 752 6.5 0.4 19.1 0.1
RN-752 6 752 5.7 0.4 19.5 0.1
RN-752 7 752 5.3 0.4 19.8 0.1
RN-752 8 752 6.0 0.4 19.2 0.2
RN-752 9 752 49 0.4 19.4 0.1
RN-1466 Reykjanes (RN-30) 1 1466 9.5 0.3 21.5 0.2
RN-1466 2 1466 9.9 0.3 21.4 0.2
RN-1466 3 1466 8.9 0.3 21.4 0.2
RN-1466 4 1466 9.7 0.3 20.3 0.2
RN-1466 5 1466 10.0 0.3 21.6 0.2
RN-1466 6 1466 5.4 0.3 21.4 0.2
RN-1466 7 1466 8.6 0.3 21.0 0.2
RN-1466 8 1466 8.5 0.3 20.9 0.2
RN-1466 9 1466 10.4 0.3 24.7 0.2
D-40 Surtsey (SE-3) 1 100 12.9 0.4 18.4 0.1
D-40 2 100 25.3 0.4
D-82 Surtsey (SE-3) 1 200 7.2 0.4 19.6 0.1
D-82 2 200 6.4 0.4 19.2 0.1
D-82 3 200 6.4 0.4 19.2 0.1
D-82 4 200 10.1 0.4 19.4 0.1
D-82 5 200 6.8 0.4 19.0 0.2
D-82 6 200 7.2 0.4 19.0 0.1
D-82 7 200 11.7 0.4 20.9 0.2
D-82 8 200 7.2 0.4 19.0 0.1
D-82 9 200 6.3 0.4 19.6 0.2
D-82 10 200 7.4 0.4 19.5 0.2
D-%4 Surtsey (SE-3) 1 230 6.0 0.4 18.4 0.1
D-%4 2 230 6.0 0.4 19.4 0.2
D-%4 3 230 5.5 0.4 18.8 0.2
D-103 Surtsey (SE-3) 1 250 6.3 0.4 19.6 0.1
D-116 Surtsey (SE-3) 1 280 10.0 0.4 19.2 0.1
D-116 2 280 9.9 0.4 19.2 0.1
D-116 3 280 10.3 0.4 19.3 0.1
D-116 4 280 19.3 0.1
Hydrothermal anhydrite from submarine vents
NI-13605 Reykjanes ridge 1 0 8.2 0.3 20.1 0.2
NI-13605 2 0 8.3 0.3 20.8 0.2
NI-13605 3 0 6.6 0.3 20.4 0.2
NI-13605 4 0 8.7 0.3 19.7 0.2
NI-13605 5 0 6.5 0.3 20.7 0.2
NI-13605 6 0 7.2 0.3 21.2 0.2
NI-13605 7 0 8.0 0.3 19.9 0.2
NI-13605 8 0 5.1 0.3 20.1 0.2

(continued on next page)
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Table 1 (continued)

B.I. Kleine et al./ Geochimica et Cosmochimica Acta 317 (2022) 65-90

Sample-ID Location Grain # Depth (m) 5'%0 + %S +
%o %o

NI-13605 9 0 7.2 0.3 20.4 0.2
NI-13605 10 0 6.9 0.3 21.4 0.2
NI-13602 Skjalfandadjip 1 0 8.1 0.3 21.0 0.2
NI-13602 2 0 2.7 0.3 213 0.2
NI-13602 3 0 7.6 0.3 20.8 0.2
NI-13602 4 0 8.9 0.3 22.7 0.2
NI-13602 5 0 8.5 0.3 21.5 0.2
NI-13602 6 0 7.5 0.3 21.6 0.2
NI-13602 7 0 33 0.3 21.1 0.2
NI-13602 8 0 3.2 0.4 20.7 0.2
NI-13602 9 0 2.4 0.3 20.6 0.2
NI-13602 10 0 3.0 0.3 20.9 0.2
NI-13603 Skjélfandadjap 1 0 5.7 0.3 21.6 0.2
NI-13603 2 0 9.4 0.3 21.8 0.2
NI-13603 3 0 6.5 0.3 21.6 0.2
NI-13603 4 0 7.4 0.3 20.0 0.2
NI-13603 5 0 7.7 0.3 20.3 0.2
NI-13603 6 0 7.5 0.3 20.8 0.2
NI-13603 7 0 10.2 0.3 21.1 0.2
NI-13603 8 0 10.1 0.3 21.8 0.2
NI-13603 9 0 7.0 0.3 21.2 0.2
NI-13603 10 0 9.8 0.3 20.2 0.2
NI-13604 Skjélfandadjip 1 0 9.0 0.3 21.6 0.2
NI-13604 2 0 9.0 0.3 21.5 0.2
NI-13604 3 0 9.6 0.3 21.8 0.2
NI-13604 4 0 9.9 0.3 21.0 0.2
NI-13604 5 0 8.4 0.3 21.2 0.2
NI-13604 6 0 8.8 0.3 21.1 0.2
NI-13604 7 0 8.6 0.3 213 0.2
NI-13604 8 0 8.6 0.3 21.3 0.2
NI-13604 9 0 9.1 0.3 21.4 0.2
NI-13604 10 0 9.9 0.3 22.1 0.2
NI-15504 Skjélfandadjip 1 0 8.6 0.3 21.7 0.2
NI-15504 2 0 8.1 0.3 21.7 0.2
NI-15504 3 0 8.1 0.3 21.7 0.2
NI-15504 4 0 8.5 0.3 21.3 0.2
NI-15504 5 0 8.6 0.3 21.5 0.2
NI-15504 6 0 8.6 0.3 21.6 0.2
NI-15504 7 0 8.2 0.3 21.5 0.2
NI-15504 8 0 8.8 0.3 21.3 0.2
NI-15504 9 0 9.0 0.3 213 0.2
NI-15504 10 0 8.2 0.3 21.6 0.2
NI-15525 Skjalfandadjip 1 0 8.1 0.3 21.0 0.2
NI-15525 2 0 7.3 0.3 21.2 0.2
NI-15525 3 0 8.4 0.3 21.0 0.2
NI-15525 4 0 8.4 0.3 21.0 0.2
NI-15525 5 0 8.3 0.3 21.0 0.2
NI-15525 6 0 8.6 0.3 21.1 0.2
NI-15525 7 0 8.6 0.3 20.9 0.2
NI-15525 8 0 8.1 0.3 20.8 0.2
NI-15525 9 0 9.2 0.3 20.9 0.2
NI-15525 10 0 8.5 0.3 21.1 0.2
Vulcanogenic anhydrite encrustations

NI-12251 Eldfell 1 surface 353 0.3 3.7 0.2
NI-12251 2 38.0 0.3 3.0 0.2
NI-12251 3 37.5 0.3 33 0.2
NI-12251 4 36.3 0.3 3.0 0.2
NI-12251 5 36.7 0.3 3.8 0.2
NI-13561 Eldfell 1 surface 12.3 0.4 -1.0 0.2
NI-13561 2 13.2 0.4 —0.1 0.2

(continued on next page)



B.I. Kleine et al./ Geochimica et Cosmochimica Acta 317 (2022) 65-90 73

Table 1 (continued)

Sample-1D Location Grain # Depth (m) 3'%0 + s +
%o %o
NI-13561 3 13.3 0.4 -0.5 0.2
NI-13561 4 13.7 0.3 -1.5 0.2
NI-13561 5 134 0.3 —0.5 0.2
NI-13561 6 12.9 0.3 0.6 0.2
NI-13561 7 14.8 0.3 —0.6 0.2
NI-13561 8 12.7 0.3 -0.4 0.2
NI-13561 9 14.4 0.3 -0.4 0.2
NI-20624 Eldfell 1 0.3 8.9 0.3 213 0.2
NI-20624 2 7.1 0.2
NI-20624 3 14.0 0.3
NI-20624 4 12.3 0.3 6.8 0.2
NI-20624 5 11.5 0.3 9.2 0.2
NI-20624 6 10.9 0.4
NI-12389 Surtsey 1 surface 8.0 0.3 21.2 0.2
NI-12389 2 8.4 0.3 21.1 0.2
NI-12389 3 7.1 0.3 21.2 0.2
NI-12389 4 7.9 0.3 21.2 0.2
NI-12389 5 7.1 0.3 21.3 0.2
NI-12389 6 7.8 0.3 21.2 0.2
NI-12389 7 7.3 0.3 214 0.2
NI-12389 8 7.9 0.3 21.1 0.2
NI-12389 9 7.7 0.3 21.1 0.2
NI-12389 10 7.4 0.3 213 0.2
NI-15969 Hekla 1 surface 8.8 0.4
NI-15969 2 8.3 0.3
NI-15969 3 6.0 0.3 10.9 0.2
NI-15969 4 43 0.3
NI-15969 5 7.7 0.3 20.6 0.2
NI-17062 Hekla 1 0.8 7.6 0.3 5.3 0.2
NI-17062 2 4.4 0.3
NI-17062 3 9.0 0.3 2.9 0.2
NI-17062 4 4.6 0.3 3.6 0.2
NI-17062 5 2.5 0.3 22 0.2
NI-17062 6 1.4 0.3 33 0.2
NI-17062 7 6.7 0.3 2.4 0.2
NI-17062 8 10.7 0.3
NI-17062 9 12.4 0.3 2.2 0.2
+11 +II1_

4.2.3. Reduction of seawater-SO4 and oxidation of pyrite
The effect of seawater-SO,4 reduction and the formation
and §**S values of pyrite and residual anhydrite at elevated
temperatures (>200 °C) was qualitatively constrained using
a Rayleigh-type model (Ohmoto and Goldhaber, 1997) and
quantitatively constrained using the reaction (titration)
model for seawater-basalt interaction. The reaction model
revealed that reduction of SO4 to H,S upon progressive
basalt alteration is initiated by the hydrolysis of aqueous
Fe™ to aqueous Fe™™ species and subsequent formation
of epidote at > 200 °C and pH > 9. The oxidation of Fe™!
to Fe™™ was thereby found to be accompanied by reduc-
tion of SO,4 to H,S and H,O to H,. Such redox reactions
as observed for the basalt-seawater system studied here,
may be common in seawater-dominated hydrothermal sys-
tems and have been previously reported to occur upon reac-
tion of basaltic oceanic crust with oxygenated seawater and
associated formation of Fe™™-bearing Fe-oxyhydroxides,
smectite and celadonite (Honnorez, 1981; Alt, 1995b).
The product H,S may further precipitate as pyrite via reac-

tion with Fe" " -bearing (chlorite, amphibole) or Fe
bearing minerals (epidote, hematite) and/or reaction with
Fe*™ leached from the host rock into the reacted solution
upon progressive fluid-rock interaction.

The Rayleigh model revealed that progressive SO,
reduction would lead to the gradual **S-enrichment of the
residual SO, resulting in progressively more positive 5>*S
ratios of dissolved SO4 and anhydrite (Fig. 5) relative to
seawater. Due to fractionation between sulfate and sulfide
bearing minerals and fluid species, the 5>*S values of pyrite
precipitated from H,S were significantly less positive than
the isotope value of the residual SOy.

Oxidation of sulfides (e.g., pyrrhotite, pyrite) in the
oceanic crust commonly occurs throughout the igneous
crust over a broad temperature range (Seal et al., 2000a).
Sulfur isotope fractionation between dissolved sulfate and
sulfate mineral and the residual sulfide mineral (oluifae-
sulfide) 18 small or < 1.005 even at low temperatures
(<150 °C) (Taylor and Wheeler, 1994; Ohmoto and
Goldhaber, 1997; Budakoglu and Pratt, 2005; Lefticariu
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Isotopic composition of hydrothermal pyrite from well RN-10 and pyrite and sulfate precipitated in the production pipes as scale from well
RN-09 at Reykjanes. Presented values are the average values of five grains analyzed and the error represents 1 std. Values are reported relative

to V-CDT.
Sample-ID Depth (m) Distance from wellhead (m) Analytical method %S +
%o
Hydrothermal pyrite from drill cuttings (well RN-10)
RN100 100 (1) 3.4 0.0
RN550 550 (1) 5.7 0.0
RN760 760 (1 18.5 0.9
RN900 900 (1) 19.7 0.1
RN950 950 (1) 18.0 0.0
RN1041 1041 (2) 5.2 0.3
RN1060 1060 (2) 10.5 0.3
RN1060 1060 (2) 10.7 0.3
RNI1110 1110 (1) 4.6 0.7
RN1140 1140 (2) 4.4 0.3
RN1140 1140 (2) 5.1 0.3
RN1140 1140 (2) 6.6 0.3
RN1182 1182 (2) 7.9 0.3
RN1182 1182 (2) 8.0 0.3
RN1182 1182 (2) 5.9 0.3
RN1230 1230 (2) 6.4 0.3
RN1260 1260 (1) 9.8 0.2
RN1350 1350 (1) 6.4 0.0
RN1400 1400 (1) 5.1 0.8
RN1450 1450 (1) 7.4 1.6
RN1500 1500 (1) 5.5 0.0
RN1522 1522 (2) 9.0 0.3
RN1522 1522 (2) 9.3 0.3
RN1522 1522 (2) 6.6 0.3
RN1550 1550 (1) 6.7 0.1
RN1650 1650 (1) 6.2 0.0
RN1700 1700 (1) 6.4 0.1
RN1702 1702 (2) 6.2 0.3
RN1702 1702 (2) 6.1 0.3
RN1800 1800 (1 6.7 0.1
RN1850 1850 (1) 6.8 0.6
RN1900 1900 (1 4.5 0.3
RN1948 1948 (2) 4.8 0.3
RN1948 1948 (2) 5.1 0.3
RN1950 1950 (1) 7.2 0.1
RN1996 1996 (2) 4.9 0.3
RN2026 2026 (2) 4.8 0.3
RN2026 2026 2) 9.3 0.3
Pyrite and sulfate precipitated as scales (well RN-09)
9RNO08 2001 pyrite -1 (2) 3.8 0.3
9RNO08_2001 sulfate -1 (2) 3.7 0.3
9RNO09 pyrite 1 (2) 3.8 0.3
9RN21_A pyrite 11 (2) 34 0.3
9RN21_A sulfate 11 (2) 2.7 0.3
9RN31 A pyrite 12 (2) 33 0.3
9RN31 B pyrite 12 (2) 2.7 0.3
9RNI19 pyrite 13 (2) 2.8 0.3
9RNI18 A pyrite 13 (2) 3.1 0.3
9RNI17 pyrite 13 (2) 2.8 0.3
9RN17 K pyrite 13 (2) 2.7 0.3
9RNI17 sulfate 13 (2) 2.9 0.3
9RNI16 pyrite 13 (2) 3.0 0.3
9RN29 A pyrite 17 (2) 3.1 0.3
9RN29 B Cp pyrite 17 (2) 2.5 0.3
9RN29 C pyrite 17 (2) 2.4 0.3
9RN29 D pyrite 17 (2) 2.7 0.3

(continued on next page)
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Table 2 (continued)

Sample-1D Depth (m) Distance from wellhead (m) Analytical method %S +
%o

9RN29 E pyrite 17 2) 24 0.3
9RN29 E sulfate 17 (2) 2.1 0.3
9RN27 A pyrite 18 (2) 2.8 0.3
9RN27 B pyrite 18 (2) 29 0.3
9RN27 C pyrite 18 (2) 2.9 0.3
9RN27 E pyrite 18 (2) 2.6 0.3
9RN27 F pyrite 18 2) 2.9 0.3
9RN27 G pyrite 18 (2) 3.0 0.3
9RN27 H pyrite 18 (2) 2.8 0.3
9RN27 I pyrite 18 (2) 32 0.3
9RN27 J pyrite 18 2) 3.3 0.3
9RN27 K sulfate 18 (2) 33 0.3
9RNI1 A pyrite 20 (2) 2.7 0.3
9RNI1 B pyrite 20 (2) 2.9 0.3
9RN1 C pyrite 20 (2) 2.8 0.3
9RN1 D pyrite 20 (2) 2.7 0.3
9RNT1 E pyrite 20 (2) 2.8 0.3
9RN26 BASE C pyrite 24 (2) 2.9 0.3
9RN26 BASE C sulfate 24 (2) 2.5 0.3
9RN26 TOP C pyrite 24 (2) 2.7 0.3
9RN26 TOP D pyrite 24 (2) 2.9 0.3
9RNS5-A pyrite 53 (2) 2.5 0.3
9RNS-A pyrite 53 (2) 2.6 0.3
9RNS5-B pyrite 53 2) 2.5 0.3
9RNS-C pyrite 53 (2) 2.4 0.3
9RNS5-D pyrite 53 (2) 2.5 0.3
9RNS-E pyrite 53 (2) 2.7 0.3
9RNS-F pyrite 53 2) 2.5 0.3
9RNT7A pyrite 60 (2) 3.7 0.3
9RNG6-A pyrite 85 (2) 2.8 0.3
9RNG6-B pyrite 85 (2) 3.7 0.3
9RNG6-B pyrite 85 (2) 33 0.3
9RNG6-B pyrite 85 (2) 4.0 0.3
9RNG6-C pyrite 85 (2) 4.1 0.3
9RN6-D pyrite 85 (2) 39 0.3
9RN6-D pyrite 85 2) 2.8 0.3
9RNI11-A pyrite 360 (2) 4.5 0.3
9RNI13 pyrite 360 2) 4.2 0.3
9RNI13 pyrite 360 (2) 3.2 0.3
9RN14 pyrite 360 2) 3.2 0.3
9RNIS pyrite 360 (2) 4.5 0.3
9RN42-B pyrite 400 2) 2.5 0.3

(1) Isotope ratios were analysed using SIMS.
(2) Isotope ratios were analysed using IRMS.

et al., 2006). This resulted in anhydrite exhibiting similar
isotope value as the residual pyrite upon oxidation
(Fig. 5). The 8'%0 value of anhydrite or aqueous SOy
formed during oxidation of pyrite will depend on the iso-
topic value of the source of oxygen in the system namely
the surrounding rocks or percolating seawater (Fig. 3)
(Seal et al., 2000a).

4.2.4. Volcanic gas-basalt interaction

Interaction of volcanic gas with basalt was simulated to
constrain anhydrite formation associated with degassing of
magmatic sourced sulfur. Interaction of basaltic rock with

condensed volcanic gas containing ~ 2.7 mol% vol-
canogenic SO, led to the formation of small amounts of
anhydrite (Fig. 3). Thereby, 8*S values of anhydrite were
predicted to span over a wide range with values of —1.4
to +14%o at high fluid temperatures (>300 °C) and —1.2
to up to +30%o at low fluid temperatures (<100 °C) reflect-
ing temperature dependent sulfur isotope fractionation
between anhydrite and fluid phase. With progressive reac-
tion, the rock provided a significant source of sulfur for
anhydrite leading to an approximation of the 8**S values
of anhydrite to the isotopic value of the basalt. The 5'30
values of the forming anhydrite were found to be dependent
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on their formation temperature whereas the extent of basalt
reaction had only minor effects on the §'30 value of anhy-
drite (Fig. AS).

5. DISCUSSION

5.1. Controls on the isotope composition of anhydrite and
pyrite

The measured 8**S and §'%0 values in anhydrite and
pyrite were compared to the results of the geochemical
modelling to assess the processes that affect the formation
and stable isotope composition of anhydrite and pyrite in
MOR related hydrothermal and volcanogenic systems.

Anhydrite from submarine hydrothermal vent systems
at Skjalfandadjip and Reykjanes ridge showed 3**S values
similar to seawater and 3'*0 values spreading over a wide
range from +2.4 to +10.2%0. The observed isotope varia-
tions are best explained by heating of seawater upon con-
ductive heat exchange or heating induced by mixing of
seawater with a hydrothermal fluid in proximity of sub-
marine hydrothermal vents without any contribution of

seawater-rock interaction processes (Fig. 6). As equilibrium
sulfur isotope fractionation between anhydrite and SOy is
small, 8°*S values in submarine hydrothermal anhydrite
reflect the isotope composition of seawater, whereas 5'°0
values are mainly dependent on temperature.

In contrast, §°*S and 8'%0 values in anhydrite deriving
from on-land seawater-dominated hydrothermal systems
at Surtsey and Reykjanes differed from the isotope values
of seawater. Such departure from the value of the source
fluid is considered to reflect isotopic changes upon progres-
sive basalt alteration associated with heating of seawater
(Fig. 6). Upon progressive basalt alteration, the rock
becomes an increasingly important source for sulfur and
oxygen in anhydrite which implies a shift of the isotope
composition towards the isotope value of the rock. A
change from fluid to rock dominant source with progressive
basalt alteration is not uncommon in hydrothermal systems
and has been also reported for the origin of sulfur in
hydrothermal anhydrite from the ODP Hole 504B
(Alt et al., 1989; Teagle et al., 1998b).

Elevated 8°*S values in hydrothermal pyrite (+3.4 to
+19.7%0) from Reykjanes relative to unaltered, undegassed
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basalt (—2.5 to 0.0%0; (Halldorsson et al., 2020)) and dis-
solved sulfide in the geothermal fluid (+0.2 to +5.9%o;
(Gunnarsson-Robin et al., 2017)) reflect either input of sea-
water originated sulfur and/or changes upon basalt alter-
ation and associated reduction of seawater-SO,4 to sulfide
(Fig. 5). Upon reduction of seawater-SQOy, the isotopically
light molecules are preferentially reduced to sulfide leading
to the **S-enrichment in the residual SO, and anhydrite
relative to seawater. With progressive reduction, dissolved
sulfide and hydrothermal (secondary) pyrite becomes
3S-enriched relative to magmatic (primary) sulfides (Seal,
2006; and references therein). Such **S-enriched anhydrite
and pyrite were found in Reykjanes (this study), ODP
Hole 504B and TAG-1 Site 957 indicating that reduction
is a likely process occurring within high-temperature
(>200 °C) hydrothermal systems (Chiba et al., 1998;
Teagle et al., 1998b). The impact of reduction of
seawater-SO4 on the formation of sulfides may have further
important implications on the depth of seawater penetra-
tion in hydrothermal systems. At Reykjanes, the occurrence
of hydrothermal pyrite at > 2000 m depth with a distinct
33S-seawater signature (+6.8 4+ 3.0%0) and permeable
feeder zones at depths exceeding 4500 m (Zierenberg
et al., 2017) imply that seawater is able to penetrate deep
into the hot oceanic crust where seawater-SO, may be
either removed by anhydrite precipitation and/or quantita-
tive sulfate reduction.

The 3**S values measured in pyrite (+3.0 + 0.6%0) and
sulfate (+2.9 4 0.6%0) precipitated in scales within the pro-
duction pipes of well RN-09 at Reykjanes revealed that sul-

fur in the hydrothermal fluid discharge mainly derives from
remobilization of basaltic sulfur. However, approximately
10-20% of the sulfur in pyrite may derive from seawater-
SO,. Pyrite precipitated in the production pipes due to boil-
ing of the fluid caused by depressurization across flow con-
trol orifices (Hardardottir et al., 2010). Upon boiling acid
gases partitioned into the steam raising the pH of the fluids
causing sulfide saturation and precipitation. Partitioning of
dissolved H, into the vapor results in oxidation of some dis-
solved sulfide in the fluid phase to sulfate, which precipi-
tated as anglesite. This rapid oxidation may occur
without significant sulfur isotope fractionation between
mineral-fluid pairs (Taylor and Wheeler, 1994; Ohmoto
and Goldhaber, 1997, Budakoglu and Pratt, 2005;
Lefticariu et al., 2006), such that 3**S of coprecipitated pyr-
ite and sulfate overlap (Fig. 5).

Volcanogenic anhydrite encrustations from Eldfell and
Hekla volcano exhibit low 8*S values (+2.7 + 3.2%0) with
large variations in 8'30 values (+1.4 to +38.0%0) relative to
hydrothermal anhydrite. The §>*S values most likely reflect
the isotope composition of the volcanic gas (Fig. 7). As vol-
canic gases cool < 300-400 °C and condense, SO, will dis-
proportionate rapidly into H,SO,4 and H,S (Ohmoto and
Lasaga, 1982). Further oxidation of H,S and associated
basalt-volcanic gas interaction may eventually lead to SO,
becoming the dominant sulfur species in the solution and
eventually to the formation of anhydrite encrustations.
The §**S composition of such condensed volcanic gases in
Iceland has been reported to range from —1.8 to +3.4%o
(Torssander, 1988). Small equilibrium fractionation



B.I. Kleine et al./ Geochimica et Cosmochimica Acta 317 (2022) 65-90 79
+40 — v -
i oxidation of t©  5%S systematics of
pyrite (<150°C) C pyrite and anhydrite
+35 C C
+30 - -
r hydrothermal
+25 5 anhydrite
~ NN
£ +20 C N N
o
o 415 - .
]I hydrothermal pyrite
+10 - -
r ! pyrite in scale
5L e i I —~
- 4 -
- - I N
0 [, " S anhydrite l \ .
reduction of r régiaaél- 5)7ri-té- 'm\ L iug::e Vo:ac:r?;zi%i:c
r  seawater-SO, (>300°C) C
_5 PRI B R B A A B A A B AR PRI B A A A B S A AN S S A S A B AT 1 1 1 1 1 1 1 1 !
1.0 08 06 04 0.2 010 08 06 04 02 00 50 100
f(SO,) f (pyrite) Frequency

Fig. 5. A Rayleigh model describes 8**S variations in SOy, anhydrite and pyrite upon (A) reduction of seawater-SO, at elevated temperatures
(>300 °C) and (B) oxidation of pyrite at low temperatures (<150 °C). (C) The model trends were compared to 534S values measured in
hydrothermal anhydrite (Reykjanes ridge, Skjdlfandadjip, Reykjanes) and pyrite (Reykjanes), sulfate and pyrite from scales (Reykjanes) and
volcanogenic anhydrite (Eldfell volcano, Surtsey volcano and Hekla volcano). Details on model calculations are given in Supplement A.

between aqueous SO, and anhydrite encrustations (Balan
et al., 2014; Eldridge et al., 2016), thereby, results in the
534S value of the resulting anhydrite is often indistinguish-
able from the fluid. In contrast, the §'%0 value depends on
the source of oxygen namely from the surrounding ground-
water and/or from atmospheric O, (Seal et al., 2000a). In
contrast, volcanogenic anhydrite encrustations from Surt-
sey volcano exhibit 8**S and 8'30 values that are similar
to seawater which implies that these encrustations most
likely formed when hot lava came into contact with seawa-
ter during the submarine eruption.

In summary, the observed stable isotope variations in
hydrothermal and volcanogenic anhydrite and pyrite
depend on a complex interplay between multiple processes
such as water-rock interaction, oxidation, and reduction
processes. The different processes were incorporated into
a comprehensive reaction path model that aims to repro-
duce the stable isotope compositions in hydrothermal sys-
tems at a given temperature range. In the following, we
will use the model to quantify the relevant processes and
estimate the sulfate budget of the different sulfate reservoirs
in the oceanic crust.

5.2. The fate of anhydrite and SO4 at high hydrothermal
temperatures (>200 °C)

In the well-studied seawater-dominated high-
temperature hydrothermal system at Reykjanes in Iceland,

anhydrite is usually found within the upper 2000 m of the
crust where temperatures are below 250 °C (Franzson
et al.,, 2002; Marks et al.,, 2011; Padilla et al., 2012;
Zierenberg et al., 2017). In contrast, the oceanic crust,
remains a highly under sampled system, where only Holes
504B and 1256D penetrate intact oceanic crust to the gab-
broic layer. Thus, to date, there is only little evidence that
anhydrite occurs within the dike and gabbroic sections
where temperatures may exceed 250 °C (Bruland, 1983;
Kusakabe et al., 1989; Alt and Anderson, 1991; Olafsson
et al., 1991; Teagle et al., 1998b, c; Alt et al., 2010; Alt
and Shanks, 2011; Stefansson et al., 2017a; Kelemen
et al., 2020a; Kelemen et al., 2020b). In hydrothermal fluids
exhibiting temperatures above 250 °C discharged from axial
regions, SOy is almost absent and total sulfur concentra-
tions (4.4-8.8 mmol kg~ ") are significantly lower than those
of seawater (Lilley et al., 2003; Ono et al., 2007; Stefansson
et al., 2015). The absence of SOy in these fluids has been
previously explained by reduction of seawater-SO,4 to
H,S, pyrite formation (Shanks IIT et al., 1981; McDuff
and Edmond, 1982) and/or anhydrite deposition upon tem-
perature increase or fluid mixing of cool recharge with hot
discharge fluids (Seyfried Jr and Bischoff, 1979; Teagle
et al., 1998b; Barker et al., 2010).

Our geochemical isotope model revealed, that
at > 200 °C, quantitative anhydrite formation limits the
SO, fluid concentration. Gunnarsson-Robin et al. (2017)
demonstrated that in  seawater-dominated  high-
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Trans-Atlantic Geotraverse (TAG-1). Input parameters in our modelling scenarios are given in the supplementary material. The chemical and
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temperature hydrothermal systems, almost 99% of fluid
SO, may be sequestered into anhydrite prior to reduction
of the residual SO, to sulfide to explain observed sulfur
concentrations and §>*S values of hydrothermal fluid dis-
charge at Reykjanes. Consequently, sulfur concentrations
in the reducing solution might be significantly lower than
those of the initially oxidized source fluid. This implies that
the contribution of seawater sourced sulfur is rather small
in hydrothermal vent systems along MORs where fluid dis-
charge is considered to be reduced (e.g., Lilley et al., 2003;
McDermott et al., 2015; Ono et al., 2007; Von Damm et al.,
1985a; Von Damm, 1995; Von Damm et al., 1995). In fact,
the 8>*S values reported for discharge of MOR-related
hydrothermal vents are **S-depleted (+1 to +7%o) relative
to seawater (McDermott et al., 2015).

Recently reported §°*S data on high-temperature (264—
292 °C) hydrothermal reservoir fluids from Reykjanes
showed that the SO4 in the seawater-dominated hydrother-
mal system had high 5**S values (+21.1 to +24.1%0) indicat-
ing a seawater source, whereas 53*S of S~ indicated values
(-0.4 to +5.8%0) dominated by dissolution of basaltic sulfide
and H,S degassing from melt with only a small (0-25%)
contribution from reduced seawater-SO4 (Gunnarsson-
Robin et al., 2017). This is in line with our findings which
showed that a finite amount of seawater-SO4 will persist

in the hydrothermal fluid in equilibrium with anhydrite
(~0.3 to 6.2 pmol kg~ '; Table A7) at > 200 °C. This implies
that sulfur emitted from hydrothermal vents along MORs
may likely be of dominantly magmatic origin either from
direct degassing of H,S or leaching of sulfur from the
quenched rocks rather than deriving from recycled and
reacted seawater. In fact, hydrothermal dissolution of
igneous sulfur from sheeted dikes and hydrothermally
altered gabbro together with loss of SO4 as anhydrite fol-
lowed by sulfate reduction has been shown to produce flu-
ids containing sulfide concentrations similar to
hydrothermal vents (Alt, 1994, 1995; Alt and Shanks III,
2003).

5.3. The fate of anhydrite and SO4 at low hydrothermal
temperatures (<150 °C)

Large quantities of anhydrite have been predicted to
occur in the oceanic crust upon infiltration and heating of
seawater in vicinity of MORs (Seyfried Jr and Bischoff,
1979; Teagle et al., 1998b; Barker et al., 2010;
Gunnarsson-Robin et al., 2017). However, to date, ODP/
DSDP drilling projects have only recovered relatively small
amounts of anhydrite from the upper oceanic crust (Alt,
2003; Teagle et al., 2006; Alt et al., 2010). The reasons for



B.I. Kleine et al./ Geochimica et Cosmochimica Acta 317 (2022) 65-90

+40 -
volcanogenic « degree of basalt alteration
+35 anhydrite 50°C
10098 J0%1% 0-1%
+30¢f
- 100 1% 0.1% 100°C
é +25 100% . = /
% 5°8S and 8"°0 systematics in anhydrite
H +20 | upon volcanic gas-basalt interaction
5
o
o +15 l 0.1% 300°C
1% Ty . ]
+10 10%. mﬁ sw
o O
O
+5t gas O
O
ol O
| Eldfell volcano B Hekla volcano
5 VOLGAS O Surtsey volcano
-5 0 +5 +10 +15 +20 +25
34 o
6 sanhydri!e (/00)

Fig. 7. Comparison of reaction paths from geochemical isotope
modelling with natural 8'%0 and &S systematics of anhydrite
from volcanogenic incrustations at Eldfell, Surtsey and Hekla
volcano. Black lines indicate the modeled 8'80 and 8**S system-
atics in anhydrite upon progressive volcanic gas-basalt interaction
and heating of seawater at various temperatures. Input parameters
in our modelling scenarios are given in the supplementary material.
BAS: basalt (Halldorsson et al., 2020); SW: seawater SO4
(Kusakabe et al., 1982; Tostevin et al., 2014); VOLGAS: volcanic

gas (Torssander, 1988).
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that are manyfold and may include the lack of appropriate
samples from the sheeted dikes and volcanic sections, low
core recoveries and thus possible loss of fragile anhydrite
veins, retrograde dissolution of anhydrite upon cooling
and/ or diffuse leaking of SO4-bearing fluids from axial sys-
tems (Sleep, 1991; Teagle et al., 1998b; Lowell et al., 2003;
Teagle et al., 2003; Teagle et al., 2006; Barker et al., 2008;
Harris et al., 2017). Anhydrite relicts were found to be pre-
served in the sheeted dike section of the 11.5 Ma old Mac-
quarie Island ophiolite and within the layered gabbro
section in the 95 Ma old Samail ophiolite in Oman (Alt
et al.,, 2003; Kelemen et al., 2020a; Kelemen et al.,
2020b). Anhydrite in shallower sections of the ophiolites,
however, are rarely preserved (Martin et al., 2021). This
could imply that anhydrite might have been locally pre-
served in old crust at elevated temperatures whereas at
lower temperatures retrograde dissolution or hydration of
anhydrite to gypsum by meteoric water infiltration during
uplift may cause the disappearance of anhydrite (Martin
et al., 2021).

To simulate the fate of anhydrite upon cooling of a
hydrothermal system within the oceanic crust, we expanded
our isotope geochemical modelling following a similar
approach as recently introduced for the assessment of water
contents in the altered oceanic crust (Kleine et al., 2020a).
In brief, mineral modes and &°*S values of anhydrite were
calculated for varying degrees of alteration of the oceanic
crust along simplified geotherms representing young
(<10 Ma) and old (<100 Ma) oceanic crust, respectively
(Table A8, Fig. 8). To verify our modelling approach, we
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Fig. 8. Abundance and 8**S of anhydrite calculated along typical geotherms of the young (<10 Ma) and old (>100 Ma) oceanic crust (Nehlig
and Juteau, 1988; Alt et al., 1996; Gillis et al., 2001; Wheat and Mottl, 2004; Heft et al., 2008; Alt et al., 2010; Edwards et al., 2012; Grose and
Afonso, 2013) for various degrees of alteration (coloured lines). The modelled predictions were compared with natural occurrence and 84S of
anhydrite reported from DSDP/ODP drill holes into the relatively young (<15 Ma) oceanic and Icelandic crust (this study; Alt and Anderson,
1991; Alt et al., 2010; Alt and Shanks, 2011; Chiba et al., 1998; Craddock and Bach, 2010; Kusakabe et al., 1989; Peters et al., 2010; Teagle
et al., 1998a; Teagle et al., 1998b). Measured isotope values of anhydrite in the dike section correspond to a model scenario where the oceanic
crust has been altered significantly (illustrated by the yellow and bright blue line) whereas within the volcanics, isotope values of anhydrite
indicate that crust alteration has not proceeded far (illustrated by the orange and dark blue line). This information can then be used to
decipher the approximate abundance of anhydrite in the respective sections of the crust. The estimates on the degree of alteration of the crust
should be treated with caution. It is not implied that the oceanic crust has been altered at 50-75% in the dike section. As alteration at this
depth is often non-pervasive (Honnorez et al., 1983; Alt et al., 1996; Teagle et al., 1996) the modelled alteration values are restricted to more
altered sections along veins and faults where easy access of seawater is guaranteed. Note that no data is yet available for crust > 15 Ma, thus
our model predictions for old oceanic crust can be only viewed as a possible prediction.



Table 3

The S flux estimates to and from each sulfate reservoir in the oceanic crust. Details and input parameters for the calculations are given in Supplement A.

This study Alt (2003) Teagle et al. Alt (1995) Wheat and von Gunnarsson Kelley Mottl Mottl (1989), Wheat et al. (2017) Kleine
(1998b) Mottl (2000), Damm etal. (2017) % et al. (1989), Wheat and  * et al.
von Damm  (1995) # (2001) *  Wheat and Mottl (2000) (2020)
(2000) * Mottl “
(2000) *

Method Based on fluid data Based on fluid data Based on S Based on S Based on fluid Based on  Based on Based on Based on Based on Based on fluid Based on
from geochemical from Elderfield and budget of veins budget of data from fluid data fluid data fluid data fluid data fluid data data from Dorado fluid data
model Schultz (1996) and  and whole rock composites EPR from from from Lost from Baby from the seamount from

references therein ~ from Hole 504B from Holes Endeavour Reykjanes  City Bare Costa Rica Surtsey
504B and 735B rift flank

Geological setting Ridge/MOR Ridge/young  Ridge/young  Ridge/MOR Ridge/ Ridge/young Ridge- Ridge- Ridge-flank/ Ridge-flank/young Ridge-

oceanic crust  oceanic crust MOR Icelandic flank/ flank/ young oceanic crust flank/
crust young young oceanic crust young
oceanic  oceanic Icelandic
crust crust crust

Discharge temperature (°C) 10-300 >300 >300 200-230 50 25-63 58 10 44-138

SO, concentration (mmol kg~') See Table A8 0-0.6 9.0-17.0 2 0.3-1.5 5.0-129 178 17.0 27.8 10.8-19.4

Fluid mass flux (kg yr™!) 3.1-4.2 x 10" 3.7 x 1013 1.7-3.5 x 103 3.1-4.2 x 10" 3.1- 3.1- 0.9— 0.9- 0.9-11 x 10" 0.9-11 x 10°¢  0.1-
(MOR) ®, 0.1- b 42 x 10" 42 x 108° 11 x 10" 11 x 10'%¢ ¢ 1.2 x 10"
11 x 10" (Ridge- b ¢
flanks, old oceanic
crust) ©

Seawater-SO, flux (Tg yr™') into the oceanic crust in vicinity of MORs
27-38 25 15-31 11-26 26-35 27-37

SO, uptake (Tg yr~') upon anhydrite formation in vicinity of MORs
15-38 (<200 °C) ~2 0.15
3-38 (>200 °C)

SO, flux (Tg yr~') being reduced to sulfide
0.1-30

Seawater-SO, flux (Tg yr~') to MOR-related hydrothermal vents
0.1-3.4

SO, flux (Tg yr™!) from MOR-related high-temperature (>200 °C) hydrothermal vents

9-12 2-3 1.0-1.5

SO, flux (Tg yr™!) returning to the ocean (e.g., upon retrograde dissolution of anhydrite, leakage of SO4-bearing fluids from the crust)

0.3-4 (10% loss of 11-27
anhydrite)

2-23 (60% loss of

anhydrite)

SO, uptake (Tg yr~') upon low-temperature seafloor alteration (e.g., anhydrite formation, oxidation of SO, to pyrite upon microbial processes)

17-55 10-49 10-22 2-5 0.9-29

# fluxes in this table were calculated from the SO4 concentrations reported for the respective sites and the hydrothermal fluid flux given in this table.

® fluid mass flux taken from Mottl (2003).
¢ fluid mass flux calculated using Eq. (A14) after Elderfield and Schultz (1996).
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compared the modelling results with previously reported
abundances and isotope compositions of anhydrite
retrieved from the altered oceanic crust (Kusakabe et al.,
1989; Alt and Anderson, 1991; Chiba et al., 1998; Teagle
et al.,, 1998a; Teagle et al., 1998b; Alt et al.,, 2010;
Craddock and Bach, 2010; Peters et al., 2010; Alt and
Shanks, 2011).

Our model predicted that anhydrite is most abundant
within the upper 1000 m of young oceanic crust (Fig. 8)
where 3**S of anhydrite is mainly controlled by the isotopic
composition of the infiltrating seawater (Teagle et al.,
1998b). Anhydrite formation will be induced by progressive
seawater-rock interaction and heating the infiltrating sea-
water either conductively or by mixing with a hot
hydrothermal fluid (e.g., Skikazono et al., 1983; Teagle
et al.,, 1998a; Teagle et al., 1998b; Teagle et al., 1998c;
Lowell et al., 2003; Kawada and Yoshida, 2010). At shal-
low depth and relatively low temperatures (<10 °C), 3'%0
in anhydrite and dissolved SO4 may be affected by sluggish
exchange of sulfate-oxygen-fluid exchange causing disequi-
librium between dissolved sulfate and seawater (Chiba
et al., 1981; Chiba and Sakai, 1985). With increasing depth
(>1000 m), seawater-basalt ratios ultimately decrease due
to limits in fluid accessibility and 3**S values of anhydrite
are consequently mainly controlled by the isotopic compo-
sition of the host rock and/or redox processes. At these
depths or temperatures of > 200 °C, reduction of SO, to
sulfide becomes a significant process limiting the abundance
of anhydrite at greater depths (Fig. 8).

Our geochemical model suggests that upon progressive
cooling of the crust, anhydrite formation within the upper
1500 m is limited due to retrograde solubility and/ or colder
temperatures (Fig. 8). Retrograde solubility of anhydrite
upon cooling of the uppermost (<1000 m) oceanic crust
may thus play a critical role in recycling of formerly seques-
tered SO, to the oceans. The 5>*S values of such anhydrite
relicts are predicted to be either similar to the correspond-
ing seawater isotopic value or slightly less positive. As equi-
librium isotope fractionation factors between anhydrite and
seawater lay within +2.5%0 at < 50 °C (Balan et al., 2014;
Eldridge et al., 2016), dissolution and recycling of SOy
deriving from anhydrite would not greatly affect the iso-
topic composition of the pore fluid and residual anhydrite.
Limited anhydrite formation is also reflected in discharge
fluid chemistries from ridge flank hydrothermal systems
where SO, concentrations are slightly lower and/or similar
to the respective concentrations of seawater (Mottl, 1989;
Mottl and Wheat, 1994; Wheat et al., 1996; Mottl et al.,
1998; Wheat and Mottl, 2000; Wheat and Fisher, 2008;
Coogan et al., 2019; Wheat et al., 2019). Deviations in
SO, concentrations from seawater in these settings were
attributed to reduction of seawater-SO, and formation of
sulfides through microbial processes inferring that uptake
of SO4 by anhydrite formation is rather unlikely within
colder regimes of the oceanic crust (Wheat and Mottl,
2000; Wheat and Fisher, 2008; Alford et al., 2011; Alt
and Shanks, 2011; Lever et al., 2013). However, in the
seawater-dominated low-temperature hydrothermal system
at Surtsey, the observed decrease in SO, concentrations of
borehole fluids relative to seawater was explained by anhy-

drite formation (Jakobsson and Moore, 1986; Kleine et al.,
2020b). At depths > 1000 m in old oceanic crust, our model
predicts that temperatures may remain sufficiently high to
preserve anhydrite. To date, no hole has reached the
sheeted dike section or deeper depths of old oceanic crust
to verify the model predictions. However, the occurrence
of anhydrite relicts in the Macquarie Island and Samail
ophiolite may point towards an increased likelihood that
anhydrite may be preserved deep within the aging oceanic
crust (Alt et al., 2003; Kelemen et al., 2020a; Kelemen
et al., 2020b).

5.4. Sulfate recycling in the igneous oceanic crust

The SO, flux into the crust in vicinity of MORs has been
well established over the past decades (Staudigel, 2014; and
references therein). However, to date, there are only a few
flux estimates available that constrain the amount of SO,
that might be regained to the oceans via axial regions or
through retrograde dissolution of anhydrite upon cooling
of the oceanic crust (Sleep, 1991; Teagle et al., 1998b).
Our geochemical isotope modelling approach simulates
the stable isotope variations of anhydrite upon water-rock
interaction and associated reduction and oxidation pro-
cesses. Moreover, it delivers estimates and predictions on
the modal abundance of anhydrite, sulfide and SO,4 concen-
trations of the reacting solution and source fraction of sul-
fur in the system. These parameters together with estimates
of the fluid mass flux were combined into a mass balance
model to constrain the chemical fluxes from and to each
SO, reservoir in the oceanic crust (Fig. 9, Table 3). Details
on the flux calculations and input parameters are given in
the supplementary material.

Chemical fluxes can be obtained from elemental concen-
trations of discharge fluids and hydrothermal fluid mass
flux that circulates through the oceanic crust. The
hydrothermal fluid mass flux can be calculated using heat
flux, heat capacity of seawater, and the change in water
temperature from bottom of the ocean to aquifer tempera-
tures (Kadko et al., 1995; Elderfield and Schultz, 1996;
Mottl, 2003), or geochemical and/or isotopic tracers such
as thallium, lithium, sulfur, or strontium (Palmer and
Edmond, 1989; Bickle and Teagle, 1992; Teagle et al.,
1998b; Chan et al., 2002; Nielsen et al., 2006; Barker
et al., 2010; Harris et al., 2017). Discrepancies in the
hydrothermal fluid flux estimates have been discussed previ-
ously in the literature and are often dependent on the
approach used for their determination (e.g., Alt, 2003;
Harris et al., 2017). For the axial regions, alteration, Sr,
and S budgets of the oceanic crust suggest that the
hydrothermal fluid flux might be relatively small or 0.5-3.
5 x 10" kg yr~! (Teagle et al., 1998b; Harris et al., 2017)
whereas flux estimates based on the Sr budget of seawater
were estimated to be one magnitude larger (Palmer and
Edmond, 1989). Here, we use a hydrothermal flux of 3.70

+0.51 x 10" kg yr—!' (Mottl, 2003) for chemical flux esti-
mates in the axial regions which has been established as one
of the most robust flux values for the MOR system (Alt,
2003). Mottl (2003) based the hydrothermal flux on the
available energy to hot hydrothermal fluids, from the cool-
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Fig. 9. The SO, flux estimates (in Tg S yr™!) for the sulfate reservoirs in the oceanic crust (see also Table 3; flux estimates in the figure are
rounded). Details on the flux calculations can be found in Supplement A. Flux estimates for anhydrite formation upon low-temperature
seafloor alteration were taken from Mottl (1989); Wheat and Fisher (2008); Wheat and Mottl (2000). Sulfur isotope values for seawater,
altered oceanic crust, MORB and hydrothermal vents are taken from Bruland (1983); Lilley et al. (2003); McDermott et al. (2015); Ono et al.
(2007); Saal et al. (2002); Torssander (1988, 1989); Von Damm (2000). Sulfur isotope values for anhydrite and pyrite are taken from this study;
Alt and Anderson (1991); Alt et al. (2010); Alt and Shanks (2011); Chiba et al. (1998); Craddock and Bach (2010); Kusakabe et al. (1989);

Peters et al. (2010); Teagle et al. (1998a); Teagle et al. (1998b).

ing and crystallization of magma forming new crust at mid-
ocean ridges. For estimating the chemical flux through
ridge-flanks and old oceanic crust we use hydrothermal
fluid fluxes that are based on the approach presented by
Elderfield and Schultz (1996) (see supplementary material
for calculation details) which seems to deliver reasonably
realistic flux estimates for off-rift regions of the oceanic
crust (Coogan and Gillis, 2018 and references therein).
Based on our flux calculations and modelling results, the
major uptake (3-38 Tg S yr~') of seawater-SO4 by anhy-
drite formation occurs upon heating of seawater through
mixing with hydrothermal fluids and associated seawater-
basalt interaction in vicinity of MORs (Fig. 9). Reported
estimates on the SO, uptake by anhydrite based on rock
records yielded 0.15-2 kg S yr~! (Alt, 1995a; Teagle
et al., 1998b). Alt, (1995) and Teagle et al., (1998b)
obtained their flux values from the sulfur budget of com-
posites and cores recovered from Holes 504B and 735B.
However, this rock-based chemical flux estimate might suf-
fer from low core recoveries and thus might represent a
lower limit of the annual S uptake of the crust by anhydrite

formation. Although, reduction processes may limit the for-
mation of anhydrite at elevated temperatures (>200 °C),
most anhydrite formation is expected to occur within colder
(50-150 °C) regions of MOR-related hydrothermal systems
(Fig. 8). The sulfur storage capacity of anhydrite, however,
will most likely decrease with cooling and aging of the crust
due to retrograde solubility of anhydrite (Sleep, 1991). Our
model predicts that up to 60% of the formerly sequestered
sulfate may return to the oceans upon retrograde
dissolution of anhydrite which results in a flux of up to
22.8 Tg S yr! recycled to the oceans each year. In compar-
ison, Teagle et al. (1998b) estimated a flux of 11-42 Tg S
yr~! returning to the oceans through leaking of
SOy4-bearing fluids from the crust. The amount of SOy4
sequestered long-term in anhydrite was estimated to range
from 1.2 to 34 Tg S yr~'. Seawater-SO4 may also (re-)
enter the oceanic crust through hydrothermal systems in
the ridge flanks or seamount conduits (Mottl, 1989;
Wheat and Mottl, 2000; Wheat and Fisher, 2008). Based
on reported SO, concentrations and hydrothermal fluid
mass fluxes of ridge flank systems we estimate this flux to
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be 0.9-49 Tg S yr !. Low SO, concentrations relative to
seawater in these systems were explained by either reduc-
tion of SOy to pyrite through microbial processes (Mottl,
1989; Wheat and Mottl, 2000; Wheat and Fisher, 2008)
or anhydrite formation (Jakobsson and Moore, 1986;
Kleine et al., 2020b).

Furthermore, we can use our modelling approach to
estimate the contribution of seawater-SO, to sulfate emis-
sions at MORs. The amount of seawater-derived SO,4 emit-
ted at high-temperature MOR-related hydrothermal
systems (0.1-3.0 Tg S yr™!) is rather small relative to the
total SO, flux (1-12 g S yr™') in vent discharges calculated
from measured SO, concentrations (1.0-9.0 mmol kg™') in
the high-temperature hydrothermal vent systems at the
EPR and Endeavour (Von Damm, 1995, 2000) and the
seawater-dominated hydrothermal system at Reykjanes
(Gunnarsson-Robin et al., 2017). Sulfate emitted from
high-temperature hydrothermal vents may dominantly
derive from leaching and oxidation of primary basalt and
sulfides. The contribution of seawater-derived SOy is lim-
ited due to effective reduction of SO4 to S™™ and subse-
quent pyrite formation at elevated temperatures.

Note, that calculated flux estimates in this study are
highly dependent on estimates given for the hydrothermal
fluid mass flux circulating through axial and ridge flank
regions of the oceanic crust. Here, our chemical flux esti-
mates agree reasonably well with previously reported flux
values. Our model can be easily adjusted to future findings
on hydrothermal fluid fluxes in axial and non-axial regions
or insights on the whereabouts of anhydrite in the oceanic
crust. In particular the low-temperature sulfate cycle
remains a subject of debate. Too little is known about the
abundance of anhydrite in old (>100 Ma) igneous oceanic
crust. However, we show that leaching of primary sulfur
from mid-ocean ridge basalt (MORB) as well as removal
of anhydrite upon cooling and aging of the oceanic crust
will ultimately decrease the sulfur content of altered igneous
oceanic crust which agrees well with previous findings on
low sulfur concentrations in subduction related volcanics
and slab-derived metabasalts (Ishihara and Sasaki, 1989;
Bernard et al., 1996; Imai et al., 1996; De Hoog et al.,
2001; Luhr, 2008; Li et al., 2020). This demonstrates that
our model may provide a valuable tool to constrain sulfate
fluxes for the various sulfate reservoirs within the oceanic
crust.

6. CONCLUSIONS

In this study, the stable isotope composition (5>*S, 5'%0)
of anhydrite and pyrite collected along the submarine and
on-land section of the MAR were utilized to investigate
the key variables (e.g., extent of fluid-rock reaction, temper-
ature, redox conditions, source of reacting fluids and rocks)
that control anhydrite formation and sulfate recycling in
the crust. The 5>*S values of hydrothermal anhydrite clus-
tered at +20.6 + 1.0%0 whereas volcanogenic anhydrite in
encrustations were significantly **S-depleted. Hydrothermal
pyrite exhibited 8*S values ranging from +3.4 to +19.7%.

The §'80 were found to vary strongly depending on the for-
mation temperature of anhydrite. Geochemical isotope
modelling revealed that the isotope composition of anhy-
drite and pyrite is controlled by the source of elements
(fluid or rock). With progressive alteration (or extent of
reaction), both sulfur and oxygen in anhydrite may derive
from the host rock resulting in §*S and §'%0 values of
anhydrite approaching host rock isotope values. At ele-
vated temperatures, reduction of SO, to sulfide results in
the increase of 8**S of the residual sulfate and consequently
rather positive 8>*S values in precipitating anhydrite rela-
tive to non-reduced seawater-SOy.

Our geochemical isotope modelling approach further
provides a useful tool to predict and simulate the systemat-
ics of modal abundance of anhydrite as a function of depth
and temperature upon basalt alteration in the oceanic crust.
This allows estimation of the SO, fluxes to and from the
major sulfate reservoirs in the oceanic crust. Anhydrite
plays a key role in sequestering seawater-SO4 along MORs.
However, sequestration of sulfur in anhydrite is not long-
lasting as SO, liberated due to retrograde solubility of
anhydrite returns to the seawater cycle with an only slightly
modified isotope composition. The removal of anhydrite
upon cooling and aging of the crust could ultimately result
in a loss of up to 60% of the sulfur originally accumulated
upon hydrothermal alteration in vicinity of mid-ocean
ridges.
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