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ABSTRACT

The accumulation of continental-derived sediment along mid-ocean ridges can influence sub-seafloor hydro-
thermal fluid circulation, including fluid composition, and the composition of associated mineral accumulations
at the seafloor. The intermediate spreading-rate Juan de Fuca Ridge, off the west coast of North America, hosts
both sedimented and sediment-free hydrothermal systems (Middle Valley and Axial Volcano, respectively), as
well a hydrothermal system which occurs at the outer extent of continental-derived turbiditic sediment accu-
mulation (Endeavour Hydrothermal Vent Field). The seafloor at Endeavour is mostly sediment-free and consists
of basaltic lava flows. However, previously reported hydrothermal vent fluid compositions suggest the presence
of buried sediment. Here, we compare S isotope ratios (>>S/325 and 345/32S) of hydrothermal chimney and talus
samples, as well as sediments, from these three varyingly sedimented hydrothermal sites on the Juan de Fuca
Ridge to S isotope ratios from hydrothermal deposits along the fast spreading archetypical East Pacific Rise in
order to investigate the geological controls and microbial influence on hydrothermal S cycling. Using a combined
isotopic mixing and fractionation model in A%33 and §*S space, we demonstrate that reduced S within sediments
does not provide a significant contribution to the S budget of hydrothermal systems in sedimented environments
on the Juan de Fuca Ridge. Instead, our data indicate that variations in S isotope compositions within and be-
tween vent fields reflects different degrees of sub-seafloor microbial crustal alteration and kinetic fractionations
associated with reduction of seawater sulfate. The degree of microbially induced S isotope fractionation can be
linked to intensity of crustal alteration and therefore age of the hydrothermal system. Our results illustrate the
added value of a multiple S isotope approach to investigating S cycling in hydrothermal systems, and that the
influence of microbial activity on hydrothermal systems extends well below the seafloor.

1. Introduction

geologic variables including depth, substrate composition, presence of
sediment at the seafloor, and magmatic volatile input (McDermott et al.,

Submarine hydrothermal systems and the associated formation of
seafloor massive sulfide deposits at hydrothermal vents have been
documented in all submarine tectonic settings, including fast- and slow-
spreading mid-ocean ridges (MORs), and settings associated with sub-
duction zones (Hannington et al., 2005). The composition of hydro-
thermal mineral deposits at the seafloor is controlled by a range of
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2015; Hannington et al., 2005; Monecke et al., 2014). Along MORs that
are proximal to continental shelves, accumulation of turbidite deposits
can result in hydrothermal circulation through not only the igneous
crust, but also through 100s of m of terrigenous sediments (Davis et al.,
1992; Davis and Fisher, 1994). Sub-seafloor mixing of locally infiltrated
cold seawater with upwelling hydrothermal fluid can result in the
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formation of an altered sediment reservoir cap, as well as a thermally
insulated, permeable reservoir that promotes mineral precipitation
below the seafloor (Davis et al., 1992; Davis and Fisher, 1994; Zieren-
berg et al., 1993; Zierenberg et al., 1998; Piercey, 2015). Hydrothermal
vent fluids at sedimented ridges are generally lower temperature, higher
pH, and more reducing than fluids from sediment-free ridges
(Goodfellow and Zierenberg, 1997), resulting in mineral deposits at the
seafloor that are rich in pyrrhotite and Fe-rich sphalerite (Ames et al.,
1993; Zierenberg, 1994).

In addition to the formation of mineral deposits at the seafloor,
submarine hydrothermal systems play a critical role in the cycling and
exchange of S between the ocean and sub-seafloor (Shanks, 2001). Sub-
seafloor fluid mixing, chemical exchange, and microbial processes result
in changes in the S isotope compositions of the fluids and associated
mineral deposits, and can be used to fingerprint specific geological and
microbial processes associated with S cycling in submarine hydrother-
mal systems (e.g., Alt, 1995a; McDermott et al., 2015; Ohmoto, 1972;
Ono et al., 2007; Shanks, 2001; Eickmann et al., 2014; Zierenberg,
1994). The specific geochemical and mineralogical characteristics of
hydrothermal systems in sedimented environments suggest that hydro-
thermal S cycling may also be significantly different in these systems,
relative to the more common hydrothermal systems in sediment-free
environments (e.g., McDermott et al., 2015).

The measurement of S isotope ratios of sulfide and sulfate minerals in
rock samples, as well as fluid samples collected from hydrothermal vents
at the seafloor is a common tool for investigating S cycling in hydro-
thermal systems (e.g., Shanks et al., 1995; Shanks, 2001; Hannington
et al., 2005; McDermott et al., 2015; Ono et al., 2007; Eickmann et al.,
2014; Hughes et al, 2023; Peters et al.,, 2010; Peters et al., 2011).
However, this tool is limited by the fact that mixing between different S
reservoirs and isotope fractionation processes often result in non-unique
isotopic signatures when relying only on traditional 3*S/32S measure-
ments, with these ratios expressed using standard delta (8) notation and
the Vienna-Canyon Diablo Troilite (V-CDT) reference:

6345 — (

where (3*R) represents 345/32g (Beaudoin et al., 1994; Shanks et al.,
1995). For example, the respective influences of reduced S (HS) derived
from microbial sulfate reduction (MSR) and that of magmatic SOy
disproportionation would both drive hydrothermal sulfide deposits at
the seafloor to lower 83*S values (Canfield, 2001; McDermott et al.,
2015). Thus, the effectiveness of 5*S alone for fingerprinting different
mixing, chemical, and microbial processes associated with submarine
hydrothermal systems is limited.

Measurements of the lower-abundance 338 isotope (0.75% of total S)
in addition to the more traditional higher abundance 34S and 325 iso-
topes (4.20% and 95.04% of total S, respectively; Ding et al., 2001) can
partly overcome the limitation of non-unique isotopic signatures by
recording small deviations in the mass-dependent isotope fractionation
law (denoted as A) associated with some kinetic and equilibrium frac-
tionations (e.g., Farquhar et al., 2000; Johnston, 2011; Ono et al., 2007;
McDermott et al., 2015). These deviations are quantified as A335, which
represents the difference between 5335 values and expected 5°3S values
assuming a mass law that approximated large low-temperature equi-
librium fractionations:
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where 0.515 represents 33\ for reference isotopic fractionation re-
lationships (Farquhar and Wing, 2003). For mass-dependent isotopic
fractionation processes, >3\ can range from ~0.505 to 0.520 for different
equilibrium and kinetic processes, leading to non-zero A333 values
(Farquhar et al., 2003; Farquhar et al., 2007; Johnston, 2011; Eldridge
et al., 2016). For biological processes such as MSR, these variations can
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arise because of different biological pathways for intermediate S species
in multi-step metabolic processes (Farquhar et al., 2003; Johnston et al.,
2005; Ono et al., 2006).

Sulfur in hydrothermal fluids at MORs is sourced primarily from a
combination of oceanic rocks of crustal and sub-crustal origin (i.e.,
basalt and/or peridotite) and seawater sulfate, with the possible
contribution of minor S from magmatic volatiles, although direct
magmatic input is more commonly associated with subduction related
environments (Hannington and Scott, 1988; Yang and Scott, 1996;
2002). These primary S sources can additionally be modified by sub-
seafloor microbial isotopic fractionation processes, which are thought
to be more prevalent in sedimented environments (e.g., McDermott
et al., 2015). The reduced S in unaltered oceanic crustal rocks generally
has §3*S and A%3S values of near 0%o (Alt et al., 1989; Labidi et al., 2012;
Labidi et al., 2014; Ono et al., 2012; Peters et al., 2010; Sakai et al.,
1982; Sakai et al., 1984). Seawater sulfate has a well-constrained S
isotopic value of §%*S = 21%o, and a A%3S = ~0.05%0 (Tostevin et al.,
2014; Johnston et al., 2014; Jaeschke et al., 2014; Eickmann et al., 2014;
Ono et al., 2012). As seawater infiltrates downward beneath the seafloor
at sediment-starved MORs and temperatures increase, the dissolved
sulfate either precipitates as anhydrite or is thermochemically reduced
through water-rock reactions (Shanks et al., 1981; Alt et al., 1989;
Machel et al., 1995; Elderfield et al., 1999; Hughes et al., 2023). Pro-
gressive heating and leaching of reduced S from the host rocks thus
results in an ascending hydrothermal fluid with a §34S signature that is
widely modeled as reflective of simple two-component mixing between
leached crustal S and seawater sulfate (Shanks, 2001; Alt, 1995a).

A two-component mixing model for S cycling cannot account for
additional complexity in S cycling in hydrothermal systems as it does not
adequately consider fractionation processes that can change the isotopic
composition of the source reservoirs and fluids during hydrothermal
circulation, such as microbial activity (Shanks, 2001). Sulfate-reducing
microbes preferentially metabolize lighter isotopes, producing isotopi-
cally light reduced S products with 5>*S values commonly as low as
—50%0 from initial seawater sulfate in the marine environment
(Canfield, 2001; Rouxel et al., 2008; Peters et al., 2010; Peters et al.,
2011; Halevy et al., 2023). At MORs near continental shelves, turbiditic
sediments containing allochthonous organic carbon can support partial
reduction of sulfate to HyS via heterotrophic MSR (Frank et al., 2013;
Ran and Simoneit, 1994; Shanks et al., 1995). Chemolithoautotrophic
MSR can similarly affect igneous substrates in non-sediment bearing
environments during low-temperature alteration of basalt (e.g., Bach
and Edwards, 2003; Cowen et al., 2003; Edwards et al., 2003; Ono et al.,
2012; Alt, 1995b; Rouxel et al., 2008). In this study, we employ mea-
surements of multiple S isotope ratios of rock and sediment samples
collected from the seafloor to identify different chemical and microbial
processes associated with hydrothermal S cycling in areas with varying
influence of continental sediments along the Juan de Fuca Ridge in the
northeast Pacific Ocean. The S isotope data from the Juan de Fuca Ridge
are also compared to S isotope data of sulfide samples from hydrother-
mal deposits hosted along the 9-10°N segment of the East Pacific Rise
(EPR). The EPR is a fast-spreading MOR in the eastern Pacific Ocean that
represents a potential endmember sediment-free geological setting to
which the Juan de Fuca data can be compared.

2. Geological setting

The Juan de Fuca Ridge (Fig. 1), located off the coast of Vancouver
Island and the Pacific Northwest, is a 490 km-long intermediate-rate
(full spreading rate ~6 cm/yr) MOR separating the Juan de Fuca and
Pacific plates (Davis et al., 1987). The Juan de Fuca Ridge hosts several
hydrothermal systems with geologically-distinct settings. The Middle
Valley vent field is located along the ~2460 m-deep, ~50 km-long, ~15
km-wide Middle Valley segment, a relict oceanic spreading center
located on the northernmost part of the Juan de Fuca Ridge (Cruse et al.,
2008; Goodfellow and Franklin, 1993; Ames et al., 1993). Middle Valley
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Fig. 1. Map showing segmentation of the Juan de Fuca Ridge and ridge bounding faults (black lines), major sites analyzed in this study (black dots), as well as global
positions of the Juan de Fuca Ridge (black star), and 9-10°N EPR (white star). Bathymetry is from the Global Multi-Resolution Topography (GMRT) synthesis data set
(Ryan et al., 2009). The dashed red line represents estimated extent of continent-derived turbiditic sediment cover based on global models (Divins, 2003), visual
bathymetric smoothness, and known seafloor observations (modified from Van Ark et al., 2007; Cousens et al., 2002; Golden et al., 2003).

is infilled with up to 2 km of continental-derived turbiditic sediment
(Davis and Villinger, 1992). The vent field includes Bent Hill, which is
one of the largest known seafloor massive sulfide deposits on the modern
ocean floor (Davis and Villinger, 1992; Zierenberg et al., 1998). Axial
Volcano is a ~1500 m-deep active hotspot volcano located at the
intersection of the southern Juan de Fuca Ridge and the Cobb-Eickelberg
Seamount Chain. Axial volcano is situated distal to the continental shelf,
and therefore out of reach of the turbiditic sediments that accumulate at
Middle Valley. The volcano hosts several sites of high-temperature
venting within its caldera (Chadwick et al., 2005; Clague et al., 2018;
Hannington et al., 2005; Embley et al., 1990). All hydrothermal samples
analyzed for this study were collected from a cluster of vents known as
the International District, located along a fissure system on the south-
eastern part of the caldera (Kelley et al., 2014). The Endeavour vent
field, situated between Axial volcano and Middle Valley, is hosted
within the axial valley of the 90 km-long Endeavour Segment of the Juan
de Fuca Ridge and is the location of Canada’s first Marine Protected
Area. The vent field is located at a depth of ~2050 m, and extends over
10 km of a basaltic substrate that has been hypothesized to have erupted
onto previously deposited turbiditic sediments (Lilley et al., 1993; You
et al.,, 1994; Kelley et al., 2012; Seyfried et al., 2003). Most of the
documented high-temperature hydrothermal activity at Endeavour oc-
curs at five main active vent clusters (listed from north to south):
Sasquatch, Salty Dawg, High Rise, Main Endeavour (MEF), and Mothra
(Fig. 2; Kelley et al., 2012).

Hydrothermal sulfide samples were also collected from three vent
sites within the hydrothermal vent field at EPR 9-10°N (Biovent, Mosh
Pit, and Lucky’s Mound) to provide a comparative endmember for two-
component mixing between S sourced from basalt and reduced seawater
sulfate (Hannington et al., 2005; Shanks et al., 1995; Kelley et al., 2012;
Perfit et al., 2012; Achberger et al., 2024). The region of the EPR be-
tween ~8°N and 11°N represents an archetypical sediment-free fast-
spreading MOR and is commonly used as a baseline of comparison for
hydrothermally active spreading centers in different tectonic settings (e.
g., Kelley et al., 2012; Fornari et al., 2012).
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3. Analytical methods
3.1. Sample collection

Sample collection was completed using the remotely operated ve-
hicles ROPOS, Doc Ricketts, Jason, and the Alvin submersible over the
course of several research cruises to the Juan de Fuca Ridge and 9-10°N
EPR: AT15-36 (R/V Atlantis, 2008), AT15-47 (R/V Atlantis, 2009),
MBARI Western Flyer (2011), CCGS Tully (2016), KM1812 (R/V Kilo
Moana, 2018), and AT42-21 Atlantis (R/V Atlantis, 2019-2020). Hy-
drothermal rock samples were collected from either actively-venting or
now-inactive high-temperature chimneys, or loose talus at the base of
chimneys using robotic manipulator arms on the deep-sea vehicle
(Fig. 2). Samples were selected for analysis based on high sulfide mineral
abundance and to maximize spatial distribution of samples. The samples
are composed primarily of a typical high-temperature sulfide-sulfate
mineral suite with variable amounts of pyrite, chalcopyrite, sphalerite/
wurtzite, marcasite, pyrrhotite, anhydrite, and barite and minor amor-
phous silica. Mineral distributions within the samples are often
concentrically zoned, and generally follow typical temperature-
solubility relationships, with higher-temperature minerals such as
chalcopyrite and pyrrhotite concentrated in sample interiors, and py-
rite/marcasite, sphalerite and barite towards the exteriors (e.g. Han-
nington et al., 1995). In many cases, patterns of mineral overprinting
and multiple fluid conduits within samples indicate a complex evolution
of hydrothermal flow within the chimneys. Anhydrite is only present in
samples collected from actively-venting structures. Sediment samples
were collected using 12-inch-long, 2.5-inch-diameter push cores from
both on-axis, as well as 2 km off axis at Endeavour (Fig. 2).

3.2. Sample preparation

For rock samples, mineral-specific sub-samples were physically
separated from the whole rock samples under a stereomicroscope using
fine point forceps (Fig. 3). Mineral purities were visually estimated to be
>80%. Impurities for the sulfide minerals generally consisted of primary
and secondary silicates (i.e., amorphous silica, prehnite, etc..), co-
precipitated mixed sulfide, and iron oxide material, while impurities
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Fig. 2. Map of location of hydrothermal sulfide/sulfate (Rock) and sediment (PC) samples from the Endeavour segment used in this study. The five major active vent
clusters at Endeavour (from north to south: Sasquatch, Salty Dawg, High Rise, MEF, and Mothra), as well as Zephyr Mound (under sample D266-R6) are denoted by
hatch marks. Bathymetry is high resolution 2 m autonomous underwater vehicle-derived multibeam sonar bathymetry from Clague and Caress (2015) overlaid on top

of 30 m ship-based multibeam sonar bathymetry from Kelley et al. (2015).

for the sulfate minerals were generally silicate minerals. Sulfide oxida-
tion at low temperatures typically results in oxidation products with the
same 84S values as the original reduced material (Shanks et al., 1995),
but the effects of post-sampling oxidation on §>°S values have not yet
been fully investigated. Therefore, the sulfide sub-samples were placed
into 6.0 M hydrochloric acid (HCI) for 24 hours at room temperature
(~20 °C) to remove potential products of post-sampling sulfide oxida-
tion, after which they were tripled rinsed with ethanol and stored in an
airtight container.

For the sediment cores, internal stratigraphy was not preserved
during sampling, preventing discrete sampling at specific depths within
the core. However, loose sediment subsamples were collected from
bottom layers below the redox boundary, where present. The sediment
samples (Fig. 4) were kept frozen (<-18 °C) post-collection in an effort to
minimize oxidation, then oven dried at ~50 °C. The dried sediments
were bulk analysed and not treated with HCI prior to reduction for
isotopic analysis. The sediment samples were classified based on visually
estimated relative abundances of unaltered basalt clasts, plume fallout
(i.e., unlithified sulfide grains), and turbiditic/pelagic sediment content.
Samples J2-1101-9-PC1, J2-1102-6-PC2, and J2-1102-7-PC1 all have
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visible basalt clasts comprising >2% of the sample. Samples J2-1102-2-
PC1 and J2-1102-4-PC1 are reddish in colour, indicating an oxidized
hydrothermal component. Sulfide crystals with secondary Fe-
oxyhydroxide coatings were visible under stereomicroscope. Sample
J2-1103-5-PC1 consists of nearly entirely turbiditic/pelagic sediment,
with <1% visible basalt clasts under stereomicroscope, and no visible
sulfide material.

3.3. Isotopic measurements

Isotopic analyses were conducted at two laboratories: The Gas
Source Mass Spectrometry I Laboratory at the University of Maryland,
College Park (UMD), and the Johnston Laboratory at Harvard Univer-
sity, in Cambridge, MA. Both the sulfide separates (pyrite, pyrrhotite,
wurtzite, marcasite, and chalcopyrite) and bulk sulfide from the sedi-
ments were converted to silver sulfide (Ag,S) via chromium reduction
(Canfield et al., 1986). Sulfate in anhydrite and barite was converted to
Ag>S using the Thode solution procedure described in Thode et al.
(1961) and Forrest and Newman (1977). The product AgsS was then
transferred to a Ni pressurized bomb reaction vessel and heated
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EPR 9-10°N (ALV5045-02-R01)

Fig. 3. Examples of rock samples collected from the four hydrothermal vent sites in this study, showing sampling location at the seafloor (left panel), hand sample
(centre panel), and mineral separates prepared for isotopic analysis (right panel).

overnight at 250 C in a fluorine gas atmosphere to generate SFg gas.

The generated SFg was purified using cryogenic techniques and gas
chromatography to reduce residual contaminants produced during the
fluorination process (e.g., HF). The purified SF¢ was then introduced
into a dual-inlet ThermoFinnigan MAT 253 gas source mass spectrom-
eter to measure the concurrent ionic beams of >2SF2, 33SFe, and 3*SFd
and the corresponding masses: 127, 128 and 129 Da, respectively. The
isotopic ratios for 333/32S and 3%S/32S are reported relative to the
Vienna-Canyon Diablo Troilite (V-CDT) reference scale. This scale uti-
lizes the definition of artificial silver sulfide material IAEA S-1, which
has a defined §3*S value of —0.3%o (Coplen and Krouse, 1998). However,
there is no defined §3S value for IAEA S-1. For this study we use
—0.055%0 as the %3S value for IAEA S-1 (Ono et al., 2007). Calculated
analytical uncertainties were determined by repeat analyses of stan-
dards IAEA S-1 versus the internal reference gas. Intra-laboratory
reproducibility (16) for UMD samples is +0.2%o and +0.008%. for 534S
and A%, respectively (Wu et al., 2018). Intra-laboratory reproduc-
ibility (1o) for analyses performed at Harvard is reported as £+0.2%o and
+0.006%o for 5°*S and A338, respectively (Masterson, 2016).

4. Results

Overall, 534S values for sulfide, sulfate, and bulk sediment samples
from all sites in this study range from 0.4%o to 7.5%o, 18.8%o to 22.1%.,
—18.8%o to 3.6%o, respectively. Corresponding A%3S values for sulfide,
sulfate, and bulk sediment samples from all sites in this study range from
—0.147%o to 0.043%o, 0.008%o0 to 0.052%o, and —0.019%o to 0.024%,
respectively (Fig. 5). Sulfur isotope ratios of sulfide mineral samples
from Middle Valley (n = 3) range from 6.2%o to 7.5%o, and —0.014%o to
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—0.147%o for 5°S and A%3S, respectively. The S isotope ratios from
Endeavour sulfide mineral samples (n = 18) are more variable, ranging
from 0.4%o to 5.4%, for 334S, and —0.028%o to 0.061%. for A3®S. Sulfide
mineral samples from Axial Volcano (n = 2) have 534S values of 3.2%o
and 4.6%o, and A%3S values of —0.024%0 and —0.066%o. Sulfide mineral
samples from EPR (n = 3) have 534S values ranging from 3.2%o to 5.9%o,
and A%3S values from 0.023%o to 0.043% (Table 1; Fig. 6). The §3*S
values of the sulfate mineral samples from all Juan de Fuca Ridge sites
range from 18.8%o to 22.1%o. The A%%S values for the sulfate mineral
samples range from 0.008%o to 0.052%c (Table 2; Fig. 6). The plume
fallout sediments (n = 2) have S isotope values ranging from 2.0%o to
3.6%0 and —0.019%o to 0.013%o for 5>*S and A%3S, respectively. The
turbiditic/pelagic sediments with 10-20% basalt (n = 2) have S isotope
values ranging from —3.4%o to —2.1%o and 0.004% to 0.013%o for 534S
and A33s, respectively. The turbiditic/pelagic sediments with negligible
(<1-2%) basalt (n = 2) have S isotope values ranging from —18.8%o to
—17.9%0 and —0.006%0 to 0.024%o for &%*S and A%3S, respectively
(Table 3; Fig. 6).

5. Discussion

The 5>*S and A%3S values for hydrothermal deposits along both the
Juan de Fuca Ridge and EPR 9-10°N reported in this study are consistent
with the range of results reported from previous studies of modern
submarine hydrothermal systems in all tectonic settings (i.e., generally
~ -25 to +25%o for 534S [e.g., Hannington et al., 2005; Adshead, 1996;
Peters et al.,, 2011; Aquino et al., 2022; Shanks and Bischoff, 1980,
Zierenberg, 1994], and +0.2%. for A33S [Peters et al., 2010; Peters et al.,
2011; McDermott et al., 2015; Aoyama et al., 2014; Jaeschke et al.,
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Fig. 4. Bulk sediments from Endeavour used for isotopic analysis: A) J2-1101-9-PC1, B) J2-1102-2-PC1, C) J2-1102-4-PC1, D) J2-1102-6-PC2, E) J2-1102-7-PCl1,
F) J2-1103-5-PC1, and G) example of sediment collection (J2-1102-2-PC1) on the seafloor. Arrows indicate examples of basalt clasts in samples where they

are present.

2014; Eickmann et al., 2014; Ono et al., 2007]).

The results show a limited range of 5>*S within the different types of
samples (sulfide, sulfate minerals, and sediment types) (Fig. 5a; Ta-
bles 1-3). The A33S results, however, indicate a wider variability in
isotopic compositions for the sulfide minerals that would not be detected
if relying only on the more traditional 534S values (Fig. 5b). Across all
four hydrothermal sites, spread over two MORs, the S isotope results for
sulfide minerals in this study (Table 1) form a near vertical array in A33s
versus 534S space, indicating variability in A*3S coupled with the limited
range in 84S (Figs. 5, 6). No major mineral-specific trends are apparent
for the sulfide S isotope data (Fig. 6). However, the EPR samples all have
positive A33S values, whereas the Juan de Fuca Ridge samples are
dominantly negative (Fig. 6).

5.1. Archetypical sediment-free fast-spreading ridges

The average 534S value of 4.1%o (£0.2%o, 16, n = 3) for the sulfide-
rich samples from the archetypical fast-spreading sediment-free EPR
measured in this study falls within the typical range of §°*S = ~1 and
5%o for EPR hydrothermal sulfide precipitates and sediment-free MORs
(Hannington et al., 2005 and sources therein; Ono et al., 2007). This
range in 5>*S values is traditionally interpreted to reflect the dominant
control of two-component mixing between reduced S derived from the
leaching of sulfide minerals in relatively fresh oceanic crust (534S ~ 0%o;
Peters et al., 2010; Ono et al., 2012; Labidi et al., 2012) and a ~ 20-30%
contribution from S derived from thermochemical reduction of seawater
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sulfate during fluid downwelling into the crust (Ono et al., 2007; Fig. 7).
More recent reports of A33S values in conjunction with the traditional
5°4S values from EPR 9-10°N, however, suggest that buffering of the
ascending hydrothermal fluid S isotopic composition via isotopic ex-
change with anhydrite also modifies the isotopic composition of the
hydrothermal precipitates by shifting to more positive A%S values (i.e.
the “anhydrite buffer” model; Fig. 7; Ohmoto et al., 1983; Ono et al.,
2007). The average of A%3S values from the EPR samples measured in
this study, 0.030%o (+0.012%., 16, n = 3), is consistent with the results
from Ono et al. (2007) and suggests modification of the two-component
mixing isotopic composition of the fluids by varying degrees of equili-
bration from anhydrite buffering at ~350 °C to 400 °C (Fig. 7). This
temperature range is consistent with previously recorded fluid venting
temperatures at EPR 9-10°N (maximum temperature 386 °C; Yucel and
Luther, 2013). The absence of both negative §°*S and A%S values sug-
gests that microbial processing of S is not an important process at this
site, and the S isotope compositions of the precipitates is controlled by
abiotic processes. The results from EPR 9-10°N can therefore be used as
a baseline for comparison for the samples from the Juan de Fuca Ridge,
for which the S isotope data suggest modification resulting from mi-
crobial processes in the sub-seafloor (see below).

5.2. Sediment-covered and mature, intermediate-rate spreading ridges

The sulfide minerals from the three hydrothermal sites along the
variably sedimented intermediate-rate spreading Juan de Fuca Ridge
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Table 1
Results of S isotope analyses of massive sulfide sample mineral separates from Juan de Fuca Ridge and 9-10°N EPR.
Sample Location Vent area Mineral 534S (%0) +16 A33g +16
(%) (%o) (%0)

R1942-RCK8 Middle Valley Bent Hill Po 7.5 0.2 —0.147 0.006
R1942-RCK16 Middle Valley Bent Hill Po 7.5 0.2 —0.041 0.006
R1942-RCK10 Middle Valley Bent Hill Py 6.2 0.2 —0.062 0.006
D265-R3 Endeavour Sasquatch Py 4.8 0.2 —0.051 0.006
R1938-RCK16 Endeavour Sasquatch Py 2.5 0.2 0.003 0.008
R1938-RCK21 Endeavour Sasquatch Py 3.6 0.2 0.025 0.008
R1938-RCK22 Endeavour Sasquatch Po 4.7 0.2 —0.022 0.006
ALV4451-1725 Endeavour Sasquatch Wz 2.8 0.2 —0.022 0.006
D264-R2 Endeavour Salty Dawg Py 4.2 0.2 —-0.012 0.006
R1941-RCK12 Endeavour High Rise Py 4.4 0.2 —0.044 0.006
R1941-RCK13 Endeavour High Rise Py 4.9 0.2 —0.015 0.006
D266-R6 Endeavour Zephyr Mound Cpy 3.1 0.2 —0.061 0.006
D266-R8 Endeavour Zephyr Mound Py 5.4 0.2 —0.058 0.006
ALV4438-1816 Endeavour MEF Cpy 4.1 0.2 —0.040 0.006
R1939-RCK14 Endeavour MEF Cpy 3.9 0.2 0.006 0.008
R1939-RCK13 Endeavour MEF Mrc 0.4 0.2 —-0.010 0.006
ALV4449-1938 Endeavour MEF Po 1.5 0.2 0.028 0.008
R1940-RCK4 Endeavour MEF Py 3.2 0.2 —0.043 0.006
R1940-RCK6 Endeavour MEF Py 3.8 0.2 —0.043 0.006
R1940-RCK7 Endeavour MEF Py 5.2 0.2 —0.013 0.006
R1940-RCK8 Endeavour MEF Py 3.4 0.2 0.013 0.008
ALV4522-1748 Axial International District Cpy 4.6 0.2 —0.066 0.006
ALV4522-1725 Axial International District Py 3.2 0.2 —0.024 0.006
AL5044-06-R01 9-10°N EPR Mosh Pit Py 3.2 0.2 0.023 0.008
AL5045-02-R01 9-10°N EPR Lucky’s Mound Py 5.9 0.2 0.023 0.008
AL5046-08-R01 9-10°N EPR Biovent Py 3.3 0.2 0.043 0.008

Py = pyrite, cpy = chalcopyrite, po = pyrrhotite, mrc = marcasite, wz = wurtzite.

show remarkably consistent 53*S values between the different vent
fields, similar to the EPR samples, despite the different geological set-
tings of the vent fields (Fig. 8). Taken together, the sulfide minerals from
the Axial (sediment-free) and Endeavour (potential buried sediment)
sites also have similar §°*S values, with an overall range between 0.4%o
to 5.4%o. The 5°*S values for sulfide minerals from hydrothermal de-
posits at Axial Volcano in this study are consistent with previous S
isotope analyses of sulfide minerals from this site, where hydrothermal
sulfide 54S values range from 2%, to 9% (Hannington and Scott, 1988;
Crowe and Valley, 1992). These high 534S values (relative to EPR) were
previously attributed to localized TSR of seawater SOF at vent sites
during deposit formation (Hannington and Scott, 1988). The Middle
Valley %S values are slightly more positive (range of 6.2%o to 7.5%o)
than the values for Axial and Endeavour. These values are consistent
with previously published average Middle Valley data for surficial

hydrothermal sulfide samples (6%*S = 6.3%0; Goodfellow and Blaise,
1988; Stuart et al., 1994b; Duckworth et al., 1994; Goodfellow and
Franklin, 1993) and dissolved HsS (7.7%o; Cruse et al., 2008), and also
consistent with a general trend of slightly higher %S values at all
sediment-hosted hydrothermal sites, relative to sediment-free MOR
settings (Hannington et al., 2005). Similar to Axial, previously reported
elevated &3S values for Middle Valley samples have been interpreted to
indicate greater influence of locally reduced seawater SO during hy-
drothermal fluid cycling relative to the archetypical EPR and most other
sediment-free hydrothermal sites (e.g., Duckworth et al., 1994; Stuart
et al., 1994a; Stuart et al., 1994b; Cruse et al., 2008; Goodfellow and
Blaise, 1988; Goodfellow and Franklin, 1993). Previously collected sub-
seafloor (non-hydrothermal) sediment cores from Middle Valley contain
reduced S with highly negative 53*S values of between —39.7%o and
—12.8%o0 that are interpreted to reflect MSR-associated fractionation
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Table 2
Results of S isotope analyses of sulfate mineral separates from the Juan de Fuca Ridge.
Sample Location Vent area Mineral 534S (%) +16 A33S (%o0) +16
(%) (%o)
ALV4450-1538 Endeavour Mothra An 22.1 0.2 0.008 0.006
ALV4450-1829 Endeavour Mothra Ba 21.0 0.2 0.052 0.008
ALV4451-1725 Endeavour Sasquatch An 18.8 0.2 0.052 0.008
ALV4522-1748 Axial International District An 20.3 0.2 0.048 0.008
D264-R22 Endeavour MEF Ba 21.4 0.2 0.037 0.008
An = anhydrite, ba = barite.
Table 3
Results of S isotope analyses of bulk sediments from the Endeavour segment of the Juan de Fuca Ridge as well as visually estimated basaltic glass content.
Sample Type Composition Basaltic Glass (%) 534S (%) +1¢ A33S (%) +1¢
(%) (%0)
J2-1102-2-PC1 Push core Plume fallout <1 3.6 0.2 —0.019 0.006
J2-1102-4-PC1 Push core Plume fallout <1 2.0 0.2 0.013 0.008
J2-1102-6-PC2 Push core Turbiditic/pelagic 20 -3.4 0.2 0.004 0.008
J2-1101-9-PC1 Push core Turbiditic/pelagic 10 -2.1 0.2 0.013 0.006
J2-1102-7-PC1 Push core Turbiditic/pelagic 2 -17.9 0.2 0.024 0.008
J2-1103-5-PC1 Push core Turbiditic/pelagic <1 —18.8 0.2 —0.006 0.008

(Goodfellow and Blaise, 1988). Similar to these previous studies, the
relatively high §%*S values of the vent sulfide samples compared to the
sediment samples indicate that entrainment of microbially reduced
sedimentary S into the hydrothermal systems is not a significant process
at Middle Valley. This study presents the first A%S values for hydro-
thermal deposits along the Juan de Fuca Ridge. It was hypothesized that
higher A%3S values should occur in the sulfide deposits at sedimented
Middle Valley relative to sediment-free Axial volcano due to entrain-
ment of reduced microbially-derived sedimentary S into the circulating
hydrothermal fluids (e.g., McDermott et al., 2015). Instead, the A%3S
values from Middle Valley are, on average, more negative than the
values for Axial or Endeavour. Therefore, the A3S values agree with the
implications from the §3*S values that the accumulation of turbiditic
sediments (documented at Middle Valley, inferred buried at Endeavour)
does not appear to be a major influence on the S isotope compositions at
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these sites.

The 8%%S and A®S values for sulfate minerals from this study
(Table 2; Figs. 5, 6) are consistent with most other previously published
MOR sulfate mineral S isotope values (e.g., Hughes et al., 2023; Jaeschke
et al., 2014; Chiba et al., 1998) and generally indicate a direct seawater
sulfate source with minimal to no hydrothermally sourced S or frac-
tionation (Fig. 7; Tostevin et al., 2014; Johnston et al., 2014; Ono et al.,
2012, Eickmann et al., 2014; Jaeschke et al., 2014). The two barite
samples have both %*S and A33S values that closely match that of
seawater, whereas the §>*S and A33S values for the three anhydrite
samples show more variability (Fig. 6, 8). This difference may be due to
the relative susceptibility of anhydrite to redissolution and reworking
versus barite, which, once precipitated, is stable over a wide range of
temperatures (Janecky and Seyfried, 1984; Jamieson et al., 2016).
However, the current dataset is limited, and more analyses would be
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needed to validate this trend.

The 5%%S and A3S values of the sediments collected both on— and off-
axis along the Endeavour Segment show distinct influences of respective
sulfide and basalt glass shard content. The two plume fallout samples
(Table 2) have 5%%S and A33S values consistent with those of hydro-
thermal sulfide mineral separates from this study (Figs. 5, 6). As ex-
pected, the basalt-rich samples have slightly negative §>*S values with
positive A%%S values, consistent with a mix of S sourced from relatively
unaltered basalt and biogenically influenced sediment (Fig. 8). The two
turbidite-dominated samples have §%*S values that are comparable to
what is expected for sedimentary sulfide produced by MSR (e.g., Shanks
et al.,, 1995, Canfield, 2001; Figs. 6, 8). However, the A33S values of
these two samples differ. The sample composed almost exclusively of
turbiditic material has a positive A33S value that is consistent with a
biogenic sedimentary source. The other sample is dominated by turbi-
ditic sediment but also contains ~2% basalt material. It has a negative
A%3S value and plots outside of the compositional field expected for a
biogenic sedimentary source on a mixing line with altered basalt (Fig. 8;
McDermott et al.,2015; Peters et al., 2010; Peters et al., 2011). These
results indicate that microbially-derived reduced S content in the tur-
biditic sediments at Endeavour is likely so low that even a minor amount
of basalt can significantly affect the S isotope composition, particularly
with respect to the highly sensitive A%3S values. While this is a plausible
explanation for the sediment S isotope signatures from Endeavour, the
limited data set presented in this study necessitates additional analyses,
including S concentration, in order to validate this possibility.

5.3. Origin of negative A%3S values

Two-component mixing between unaltered igneous S and seawater
sulfate can only produce products with positive or near zero A%33 values
(Fig. 7). Additional equilibration through isotopic exchange with
anhydrite will only drive these values further in the positive direction, as
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is the case at EPR 9-10°N (Fig. 7). While some of the sulfide samples
from Endeavour have S isotope signatures consistent with the two-
component mixing and anhydrite buffering, most of the Juan de Fuca
Ridge samples have A33S values that are too low for the dominant
process to be simple mixing and anhydrite buffering. Although samples
with more negative A%3S, accompanied by slightly higher 534S values,
are still likely affected by two-component mixing and anhydrite buff-
ering, they additionally require a mixing model with endmember com-
positions that differ from the standard igneous values for oceanic crust
and typical seawater values, such that could be achieved through mi-
crobial alteration of oceanic crust (Fig. 8).

5.3.1. Microbially-altered oceanic crust

Along the Juan de Fuca Ridge, open-system MSR in the subsurface
produced significantly negative S isotope values in the basaltic crust (as
low as —29%o and —0.057%o for both 534S and A3%S, respectively; Ono
et al.,, 2012). Low-temperature microbial alteration of host rocks and
progressive fluid-rock interaction thereafter can produce reduced S
products with both negative 534S and A®3S values, resulting in deviation
from two-component mixing models (Fig. 8; c.f., Ono et al., 2012). These
results indicate that hydrothermal fluids flowing through basaltic crust
that has been previously microbially altered can acquire a reduced
crustal S component that has already undergone microbially mediated
isotopic fractionation resulting in more negative 5>*S and A%3S values.
The isotopic fractionations associated with this process would be most
pronounced at hydrothermal sites hosted on older and therefore
potentially more microbially-altered crust. Age constraints on hydro-
thermal sulfide deposition along the Juan de Fuca Ridge indicate crustal
ages (i.e., inferred age of the crust underlying sulfide deposits) of at least
3,000 years at Endeavour and at least 16,000 years at Middle Valley
(Jamieson et al., 2013; Scholten et al., 2000; Davis and Lister, 1977),
and are consistent with more negative A33S values associated with hy-
drothermal circulation through older crust (Fig. 8). No age constraints
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are available for hydrothermal deposits at Axial volcano, but volcanic
eruptions as recent as 2015 have been documented (Wilcock et al.,
2016). However, the relatively more negative A33S values recorded from
the samples collected from the International District within the volcano
caldera suggest that the basaltic substrate here has also undergone a
significant degree of microbial alteration. Interestingly, Butterfield et al.
(2004) reported the presence of thermophilic sulfate-reducing microbes
in diffuse fluids at Axial volcano. These fluids were venting at temper-
atures lower than the optimum growth conditions for these specific
microbes (>80 °C), potentially indicating a higher temperature origin in
the subsurface. Similarly, drilled 3.5 million-year-old basaltic crust on
the flank of Juan de Fuca Ridge has shown biogeochemical evidence of
significant MSR activity, including highly negative 5>*S values (Lever
et al., 2013). Fluid sampling from CORK (Circulation Obviation Retrofit
Kit) borehole observatories located on 1.2 and 3.5 million-year-old
crust, also on the ridge flank of the Juan de Fuca Ridge, again resulted
in the identification of prevalent sulfate reducing bacteria in warm
(~65 °C) anoxic basement fluids (Jungbluth et al., 2017). The presence
of thermophilic sulfate reducers in basement fluids is consistent with
microbially mediated sub-seafloor sulfate reduction and associated mi-
crobial alteration at depth within the high temperature sub-seafloor
hydrothermal system. However, MSR is not necessarily a hydrother-
mal process and is happening everywhere the necessary conditions (such
as available electron acceptors and donors) are met at temperatures able
to support life (i.e., between ambient bottom seawater: ~2 °C and
potentially up to the maximum temperature hyperthermophiles can
survive: ~120 °C; c.f. Ono et al., 2012; Takai et al., 2008). Notably, this
temperature range is lower than the fluid temperature which can
mobilize sulfide minerals (>150 °C; Giggenbach, 1974) and thus these
processes are not considered to be occurring in tandem.

Within the Endeavour vent field, the S isotope compositions of
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samples from Zephyr Mound have more negative A%3S values than
samples from MEF, High Rise, Salty Dawg, and Sasquatch. Zephyr
Mound is the largest known massive sulfide occurrence at Endeavour
and is unique within the Endeavour field because it is situated on older
crust (at least 3,000 years old) outside of the main rift valley floor
(Fig. 2; Jamieson et al., 2013; Jamieson et al., 2014). Due to its much
larger size than the other vent deposits at Endeavour, Zephyr Mound
likely formed over a prolonged period, leading to a higher degree of
microbial alteration in the subsurface, and a more negative A%3S isotopic
signature.

In contrast to the older, and likely more microbially altered crust at
Endeavour and Middle Valley, the EPR 9-10°N site is hosted on a more
volcanically-active, fast-spreading segment that has experienced several
eruptions in recent decades (Fornari et al., 2012). Here, the relatively
fresh crust has likely not undergone the same degree of microbial
alteration and the hydrothermal fluids would not yet have acquired a
fractionated reduced S signature that characterizes hydrothermal sys-
tems hosted within older crust (i.e., relatively higher 5*4S values coupled
with more negative A33S values). The assessment of crustal age at Axial
volcano is more complex, as it has experienced several recent eruptions
(e.g. 1998, 2011, 2015; Caress et al., 2012; Embley et al., 1999; Wilcock
et al., 2016). However, the volcano is also located on the intermediate-
rate spreading Juan de Fuca Ridge, and therefore on relatively older
crust than EPR, resulting in the potential for the sub-seafloor hydro-
thermal fluids at Axial to flow through crustal rocks of a wide range of
ages and degrees of microbial alteration.

Sulfide minerals from hydrothermal sites at slow spreading ridges,
such as Logatchev, TAG, and Rainbow on the Mid-Atlantic Ridge
(average sulfide deposit 53*S values of 6.5%o, 6.7%o, and 7.6%o, respec-
tively; Bogdanov et al., 1997; Bogdanov et al., 2002; Dubinina et al.,
2020; Zeng et al., 2017; Lein et al., 2001; Herzig et al., 1998; Gemmell
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and Sharpe, 1998; Friedman, 1998; Knott et al., 1998; Glynn et al., 2006;
Stuart et al., 1994a; Chiba et al., 1998), have 534S values that are higher
than typical EPR values, similar to the Middle Valley samples analyzed
here. Uranium-series disequilibrium dating of the hydrothermal deposits
at these Mid-Atlantic Ridge hosted sites indicate that, again like Middle
Valley, the deposits are hosted on crust that is well over 15,000 years old
(Kuznetsov et al., 2006; Lalou et al., 1995). The higher 534S values at
these sites also contrasts the lower 5°%S values at relatively younger
hydrothermal sites such as Lucky Strike (average sulfide-rich rocks §°*S
value = 2.3%o; Ono et al., 2007; Sanchez-Mora, et al., 2022; Rouxel
et al., 2004). Currently, only 534S values are reported for these sites, and
measurements of A>3S would be required to further investigate whether
the A®3S versus 534S trend identified in the Juan de Fuca Ridge and EPR
samples, and the relationship of this trend to ages of hydrothermal
systems and degree of microbial alteration of the underlying crust, ap-
plies to other tectonic settings.

5.3.2. Residual seawater sulfate

Hydrothermal circulation through older crust results in the enrich-
ment of 3%S in hydrothermal minerals due to the mixing of S sourced
from increasingly microbially altered basalt. The precipitation of HyS
produced during MSR as biogenic sulfide preferentially removes light S
isotopes from circulating hydrothermal fluid and generates isotopically
heavy residual sulfate with a 'S value greater than the starting
seawater sulfate value that is subsequently thermochemically reduced
and mixed with altered basalt-derived S. The preferential removal of
isotopically light sulfate by MSR in the sub-seafloor thus produces a
progressively isotopically heavy residual sulfate pool, with the magni-
tude of the higher 8°*S values dependent on the relative degree of
reduction of the original seawater sulfate pool (Fig. 8; e.g., Aoyama
et al., 2014). At Middle Valley, isotopically heavy barite samples, with
sulfate 534S values as high as 44.5%, were collected from sediment cores
6 m below the seafloor (Adshead, 1996). The subseafloor barite there-
fore provides a record of the isotopic composition of residual sulfate that
remains following MSR within the sediment at Middle Valley.

The A-value for MSR in marine settings is variable, ranging from
0.508 to 0.514 (Johnston, 2011; Tostevin et al., 2014), and resulting in a
residual sulfate field defined by %S values that are greater than
seawater, but A33S values that could be either higher or lower than
seawater values (Fig. 8). Mixing of microbially altered or unaltered
reduced igneous S with residual sulfate will generate increasingly
negative A33S values. The magnitude of the possible negative A33S
values would be dependent on both the degree of reduction of the
original seawater sulfate pool (denoted by isotopically heavy Middle
Valley sulfate; Fig. 8) and the A-value of the fractionation process (with
lower A-values resulting in more negative A3S values). The majority of
Juan de Fuca Ridge sulfide samples have S isotope signatures consistent
with mixing of S derived from microbially altered basalt mixed with a
~20% microbially fractionated and reduced residual seawater S source
(grey dashed line Fig. 8). However, the influence of a residual sulfate
pool would likely be greatest in sedimented environments, which is
consistent with the Middle Valley samples in this study having, on
average, isotopic compositions with the most negative A%3S values. An
outlier sample from Middle Valley that has a highly negative A33S value
(—0.147%o) falls along a mixing line defined by the altered basalt mixing
zone and a value for partially reduced seawater sulfate defined by the
maximum &°*S values recorded for sedimentary barite at Middle Valley
(Adshead, 1996). Hence, this sample may have been influenced by the
greater potential of highly fractionated residual SO3" at the sedimented
Middle Valley vs. the other sites. Overall, the linear array defined by the
combined 5°%S and A33S compositions of the sulfide-rich rock samples
from the Juan de Fuca Ridge indicates a S source controlled by relatively
uniform mixing between two S reservoirs (i.e., altered basalt and re-
sidual SOF) that have both experienced varying degrees of a microbial
modification to their respective isotopic compositions.
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5.4. Endmember evolution and the deep biosphere

Hydrothermal S cycling at MORs can be influenced by a wide range
of geological and biological factors (e.g., Chiba et al., 1998; Shanks
et al., 1995; Shanks, 2001; Sanchez-Mora et al., 2022; Ono et al., 2007;
McDermott et al., 2015; Hannington et al., 2005; Peters et al., 2010;
Peters et al., 2011; Eickmann et al., 2014). While individual sites may be
affected by numerous mixing and isotopic fractionation processes, our
model (Fig. 8) allows for the recognition and differentiation of several
different processes and geological settings, the results of which are
summarized in Fig. 9. These results indicate that crustal age, its asso-
ciated microbial alteration, and spreading rate all play a key role in S
cycling at MOR hydrothermal systems, with sites situated on older, more
altered, slower-spreading seafloor crust having more positive 543
values coupled with generally more negative A33S values for sulfide
minerals. While our results and model may be generally applicable to
MORs across the broader seafloor, they may also provide insight into S
cycling throughout the global ocean crust as a whole.

Rouxel et al. (2008) recorded similar negative multiple S isotope
values (i.e., average §2*S and A%S values of —17.5%0 and —0.061%o,
respectively) for altered basalt from the western Pacific to those
measured from altered Juan de Fuca Ridge basalt by Ono et al. (2012)
presented in our model (Fig. 9). The western Pacific altered basalt was
collected from Jurassic-aged oceanic crust underlying the Magellan
Seamounts, located on the abyssal plain proximal to the Mariana Trench
and is representative of some of the oldest modern seafloor (Rouxel
et al., 2008). These similar basaltic S isotopic compositions between
these two locations suggests similar microbial processes and associated S
isotope fractionations for basaltic oceanic crust over a broad range of
ages. However, while our model for S isotope compositions based on age
and related subseafloor microbial alteration may be broadly applicable
at the system scale, variations, especially at the sample or single vent
scale are likely to occur. The pathways for hydrothermal recharge into
the basement rock remain unconstrained. Thus, hydrothermal S flux and
related microbially sourced S variations could also potentially be a
function of highly variable circulation pathways between different hy-
drothermal systems. Variable local ingress of seawater at vent sites may
facilitate both MSR and TSR within hydrothermal mineral deposits,
contributing to the isotopically heavy S signatures of both sulfide and
sulfate minerals documented at TAG, Middle Valley, and the Piccard
field on the Mid-Cayman Rise (Fig. 9; e.g., Chiba et al., 1998; Duckworth
et al., 1994; McDermott et al., 2020). Similarly, circulation pathways
and hydrothermally permeability will be modified by igneous in-
trusions, faulting, and progressive hydrothermal alteration (e.g., Davis
et al., 1992; Fontaine et al., 2001). Such variations may be more pro-
nounced at arc-related settings where hydrothermal alteration from low-
pH fluids and the potential addition of volcanic SOy as a primary S
source provide additional complexity (e.g., LaFlamme et al., 2018). On
slow- and ultraslow-spreading ridges, similar complexity affecting
ultramafic-hosted systems due to serpentinization reactions associated
with sub-seafloor alteration must also be considered (c.f., Ono et al.,
2012; Schwarzenbach et al., 2018).

The deep marine basaltic subsurface biosphere is the largest
biosphere on Earth, but our understanding of this biosphere, including
its global significance and sustaining features, remains poorly under-
stood (Orcutt et al., 2013; Gittins et al., 2022; Cario et al., 2019, Klein
et al., 2015; Biddle et al., 2012). Our study adds to the growing body of
literature documenting the impact of the deep biosphere on oceanic
biogeochemical cycling, as well as fluid cycling at hydrothermal systems
(e.g., Goordial et al., 2021; Orcutt et al., 2011; Orcutt et al., 2013; Cario
et al., 2019). Our results indicate that active hydrothermal systems may
be of under-recognized importance for linking such biosphere-geosphere
interactions in the subseafloor to the global ocean as a whole.

While our study investigates the potential of subseafloor microbial
alteration affecting seafloor hydrothermal S cycling, it also highlights
the utility and potential of multiple S isotopes to delineate and identify
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Fig. 9. Schematic of mid-ocean ridge hydrothermal circulation showing general isotopic compositions of S reservoirs, fractionation processes, and resultant hy-

drothermally precipitated sulfate and sulfide S isotope signatures at both mature and archetypical hydrothermal systems discussed in text (Alt et al
2014; Ono et al.,

et al., 1998; Tostevin et al., 2014; Eickmann et al., 2014; Johnston et al.,

., 2003; Chiba

2007; Ono et al., 2011; Aoyama

2012; Peters et al., 2010; Peters et al.,

et al., 2014; McDermott et al., 2015; Adshead, 1996). Blue text represents typical 5>*S values, while red text denotes A33S values for each labelled S reservoir and
process. “Sediment” in this context refers to turbiditic/pelagic-sourced sediment. Thermochemical sulfate reduction is denoted as “TSR.” The anhydrite buffering
range is based on maximum vent temperatures measured at sites from this study (i.e., ~300 — 400 °C; Delaney et al., 1992; Kelley et al., 2001; Holden, 2015; Ames

et al.,
location of hydrothermal recharge is still not fully constrained.

otherwise-unrecognized complexity associated with hydrothermal pro-
cesses in more complicated altered systems overall. Here we show that
endmember S reservoirs can have varying isotopic compositions and
these compositions can evolve, causing isotope variations related to age
and geologic setting. Thus, initial basalt S reservoir isotopic composi-
tions have significant variability in average S isotope compositions be-
tween more altered, mature and less altered MOR spreading centers
(Rouxel et al., 2008, Ono et al., 2012; Schwarzenbach et al., 2018). Such
endmember evolutionary processes may be applicable to the broader
seafloor, including to both biogenically and non-biogenically altered
systems across geologic time. For example, Aoyama et al. (2018)
documented altered Archean crustal material influencing modern hy-
drothermal S cycling in Mariana forearc serpentinite mud volcanoes.
Similarly, Alt et al. (2003) documented entrainment of residual sulfate
produced by MSR during axial hydrothermal circulation from S isotopic
analyses of the Macquarie Island ophiolite. Thus, the processes outlined
in our study may be applicable to not only basalt-hosted systems and
relatively young ophiolites like Macquarie Island, but to hydrothermal S
cycling in the modern and ancient rock record as a whole.

6. Conclusions

New multiple S isotope data from sulfide and sulfate minerals
sampled at three sites along the Juan de Fuca Ridge (Middle Valley,
Axial Volcano, Endeavour), in comparison with samples from EPR 9-
10°N, have resulted in a refined understanding of hydrothermal pro-
cesses at these sites. Our results additionally further confirm previous
reports of reduced S in hydrothermal sulfide deposits from EPR 9-10°N
that is derived from two-component mixing between unaltered basalt
and seawater and subsequent anhydrite buffering. These new data
further demonstrate the potential for multiple S isotopes (§33S and A%3S
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1993; Kelley et al., 2014; Von Damm, 2000). This figure is a schematic only, and not to scale. The location of hydrothermal recharge is only illustrative, as the

in addition to §°%S) to identify geological and microbial processes
associated with S cycling in submarine hydrothermal systems that are
otherwise not resolvable with the more traditionally reported linear 5>4S
values. A summary of the key findings based on our work is:

1. Ranges in 83S values for seafloor hydrothermal sulfide deposits that
were previously interpreted to result from either natural variability
in isotopic compositions or varying degrees of two component mix-
ing between igneous S and seawater sulfate may instead be due to
microbial isotopic fractionation and subsequent entrainment of
reduced S in the igneous basement. The relative degree of subsurface
microbial fractionation is linked to the progressive microbial alter-
ation of crust over time.

. Microbial isotopic fractionation of seawater sulfate can also change
the isotopic composition of seawater sulfate in the downwelling
recharge fluid.

. Sulfur leached from sediments is not a significant component of the S
in seafloor hydrothermal deposits at MORs.

. Hydrothermal fluid cycling through microbially altered oceanic crust
may provide critical links between the deep marine subsurface
basaltic biosphere and the global ocean.

. Isotopic endmember compositions of S reservoirs associated with

submarine hydrothermal circulation can be variable and evolve over
time.
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