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Hydrothermal activity fuels
microbial sulfate reduction
in deep and distal marine
settings along the Arctic
Mid Ocean Ridges
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Jan-Kristoffer Landro1, Karen E. Moltubakk1, Hannah R. Babel2,
Steffen Leth Jørgensen1,2, Tamara Baumberger1,3,
Ingeborg E. Økland1, Eoghan P. Reeves1, Ingunn H. Thorseth1,
Laila J. Reigstad2, Harald Strauss4 and Ida H. Steen2

1Department of Earth Science and Centre for Deep Sea Research, University of Bergen,
Bergen, Norway, 2Department of Biological Sciences and Centre for Deep Sea Research, University of
Bergen, Bergen, Norway, 3Pacific Marine Environmental Laboratory, National Oceanographic and
Atmospheric Administration & Cooperative Institute for Marine Ecosystem and Resources Studies,
Oregon State University, Newport, OR, United States, 4Institute for Geology and Paleontology,
Westfälische Wilhelms-Universität Münster, Münster, Germany
Microbial sulfate reduction is generally limited in the deep sea compared to

shallower marine environments, but cold seeps and hydrothermal systems are

considered an exception. Here, we report sulfate reduction rates and

geochemical data from marine sediments and hydrothermal vent fields along

the Arctic Mid Ocean Ridges (AMOR), to assess the significance of basalt-hosted

hydrothermal activity on sulfate reduction in a distal deep marine setting. We find

that cored marine sediments do not display evidence for sulfate reduction, apart

from low rates in sediments from the Knipovich Ridge. This likely reflects the

overall limited availability of reactive organic matter and low sedimentation rates

along the AMOR, except for areas in the vicinity of Svalbard and Bear Island. In

contrast, hydrothermal samples from the Seven Sisters, Jan Mayen and Loki’s

Castle vent fields all demonstrate active microbial sulfate reduction. Rates

increase from a few 10s to 100s of pmol SO4
2- cm-3 d-1 in active high-

temperature hydrothermal chimneys, to 10s of nmol SO4
2- cm-3 d-1 in low-

temperature barite chimneys and up to 110 nmol cm-3 d-1 in diffuse venting

hydrothermal sediments in the Barite field at Loki’s Castle. Pore fluid and

sediment geochemical data suggest that these high rates are sustained by

organic compounds from microbial mats and vent fauna as well as methane

supplied by high-temperature hydrothermal fluids. However, significant variation

was observed between replicate hydrothermal samples and observation of high

rates in seemingly inactive barite chimneys suggests that other electron donors

may be important as well. Sediment sulfur isotope signatures concur with

measured rates in the Barite field and indicate that microbial sulfate reduction

has occurred in the hydrothermal sediments since the recent geological past.
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Our findings indicate that basalt-hosted vent fields provide sufficient electron

donors to support microbial sulfate reduction in high- and low-temperature

hydrothermal areas in settings that otherwise show very low sulfate

reduction rates.
KEYWORDS

microbial sulfate reduction, hydrothermal chimneys, hydrothermal sediment, marine
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1 Introduction

Sulfate reduction is a widespread microbial metabolism in

marine sediments (e.g. Goldhaber and Kaplan, 1975; Jørgensen,

1982; Canfield, 1991; Jørgensen et al., 2019). Dissimilatory sulfate-

reducing bacteria and archaea obtain energy from the reduction of

sulfate (SO4
2-) linked to the oxidation of electron donors such as

molecular hydrogen, methane or organic acids such as acetate,

lactate and pyruvate that are produced by biological degradation of

organic matter (Jørgensen and Kasten, 2006). This metabolic

coupling with carbon implies that microbial sulfate reduction

plays an important role in the global carbon cycle, and estimates

suggest that the annual global reduction of 11.3 teramoles of sulfate

is responsible for the oxidation of 11-29% of the organic carbon flux

to the seafloor (Bowles et al., 2014). The highest activities of sulfate

reducers (up to several 100s of nmol SO4
2- cm-3 d-1) are typically

observed in near-shore shallow marine environments (e.g. Howarth

and Jørgensen, 1984; Moeslundi et al., 1994; Thamdrup et al., 1994),

where an optimum balance between high sedimentation rates and

high primary productivity enables the preservation of organic

matter after consumption by oxic respiration (Berner, 1978;

Canfield, 1991). In contrast, sediments on the continental rise

(2000-3500 m depth) and abyssal plains (>3500 m depth) are

typically poor in organic matter, and calculated depth-integrated

sulfate reduction rates are one to four orders of magnitude lower

than for organic-rich shelf environments (Bowles et al., 2014).

Sedimented hydrothermal vent fields on oceanic spreading

ridges have been shown to represent an exception to low

microbial sulfate reduction rates found in deep sea settings.

Organic-rich hydrothermal sediments in the Guaymas Basin

(2000 m depth, Gulf of California) exhibit very high sulfate

reduction rates of up to 1560 nmol SO4
2- cm-3 d-1 (Jørgensen

et al., 1990; Elsgaard et al., 1994; Kallmeyer and Boetius, 2004), and

rates in the hydrothermal sediments of Middle Valley (2430 m

depth, Juan de Fuca Ridge) range up to 100 nmol SO4
2- cm-3 d-1

(Wankel et al., 2012). In addition, high sulfate reduction rates of up

to 1000s of nmol SO4
2- cm-3 d-1 were measured in actively venting

sulfide deposits at Middle Valley (Frank et al., 2013) and a

hydrothermal flange at the sediment-influenced Main Endeavour

vent field on the Juan de Fuca Ridge (2220 m depth) (Frank et al.,

2015). The importance of sulfate reducers in these sedimented
02
hydrothermal systems has been explained by the abundance of

sulfate and electron donors resulting from the mixing of reduced

hydrothermal fluids and oxidized seawater, as well as the

chemosynthetic production of organic carbon (Jannasch and

Mottl, 1985; Jørgensen et al., 1990; McCollom and Shock, 1997;

Frank et al., 2013). However, the majority of hydrothermal vent

fields worldwide occurs on bare volcanic rocks with no or minimal

sediment cover (Beaulieu and Szafranski, 2020), and are

characterized by high-temperature fluids with lower pH, CH4 and

H2 concentrations than sediment-associated systems (Baumberger

et al., 2016b). In addition, non-hydrothermal sediments

surrounding deep sea vent fields typically show very low sulfate

reduction rates (cf. Bowles et al., 2014), in contrast to the Guaymas

Basin where organic-rich sediments yield rates of up to 11.8 nmol

SO4
2- cm-3 d-1 (Elsgaard et al., 1994). Therefore, to better evaluate

the importance of microbial sulfate reduction in hydrothermal

systems on global oceanic spreading ridges, additional data is

required from geological settings with bare-rock hydrothermal

vent sites.

Here, we investigate the significance of hydrothermal activity on

microbial sulfate reduction along the Arctic Mid Ocean Ridges

(AMOR) in the Norwegian-Greenland Sea. The large variation in

water depth, sedimentation rates and hydrothermal geochemistry

enables us to compare sulfate reduction rates from marine

sediments obtained from rift valleys with hydrothermal systems

that cover a range of environmental conditions. We explore high-

and low-temperature hydrothermal chimneys as well as

hydrothermal sediments from basalt-hosted venting areas at

Seven Sisters, Jan Mayen and sediment-influenced Loki’s Castle,

and evaluate ridge segment-scale variations in microbial sulfate

reduction rates in background marine sediments. Our results

reinforce those of previous studies showing elevated sulfate

reduction rates in hydrothermal settings, and expand this to

basalt-hosted systems without significant sediment cover.
2 Geological setting

The AMOR are a system of ultra-slow spreading ridges (full

spreading rate 6-20 mm/year) that extends from the northern shelf

of Iceland to the Siberian shelf in the Laptev Sea (Pedersen et al.,
frontiersin.org
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2010b). Unlike volcanically active faster spreading ridges, the

morphology of ultra-slow spreading ridges is characterized by

broad axial rift valleys that are dominated by tectonics (Dick

et al., 2003; Snow and Edmonds, 2007). The presence and

exposure of ultramafic mantle rocks in these geological settings

can generate methane and hydrogen through serpentinization

reactions (Seyfried, 1987; Horita and Berndt, 1999; Cannat et al.,

2010), resulting in hydrothermal vent sites with highly variable fluid

compositions (Kelley et al., 2001; Edmonds et al., 2003; Baker et al.,

2004; Pedersen et al., 2010a; Tao et al., 2012; Kinsey and German,

2013). Compared to faster spreading ridges, these hydrothermal

systems may be active for longer periods of time and support

distinct microbial communities (Nakamura and Takai, 2014; Ding

et al., 2017; Lecoeuvre et al., 2021).

We focus on the part of the AMOR in the Norwegian-

Greenland Sea that consists of the three segments Kolbeinsey

Ridge (66.5 to 71.7°N), Mohns Ridge (70.9 to 73.6°N) and

Knipovich Ridge (73.6 to 78.0°N) (Figure 1). Along this section,

the rift valley floor is deepening towards the north from 1000 m at

the hotspot-influenced Kolbeinsey Ridge to a maximum of 3500 m

at the Knipovich Ridge. A sedimentation rate of 2-7 cm per 1000

years results in the accumulation of sediment within the rift valleys

(Stein, 1990; Stubseid et al., 2023), in particular along the

northernmost segments where the ridge is close to the Svalbard

continental margin (Fiedler and Faleide, 1996). Glacigenic

sediments from the Bear Island Fan reach the spreading ridge at

the Mohns-Knipovich bend (Bruvoll et al., 2009).

Several high-temperature hydrothermal vent fields are located

on the AMOR (Pedersen et al., 2010b; Pedersen and Bjerkgård,
Frontiers in Marine Science 03
2016), of which we focus on three in this study: Seven Sisters, Jan

Mayen and Loki’s Castle (Table 1). Seven Sisters is a shallow

hydrothermal vent field (120 m depth) that occurs in mafic

volcaniclastic rocks on top of a flat-topped volcano on the

Kolbeinsey Ridge (Marques et al., 2020). Fluids of up to 200°C

vent from barite and anhydrite-rich structures and are low in

metals, CH4 and H2 (Marques et al., 2020) (Table 1). The Jan

Mayen vent fields are situated on the southern Mohns Ridge at a

depth of 550-700 meters (Pedersen et al., 2005), and consist of the

Troll Wall, Soria Moria and Perle & Bruse venting areas. This study

concentrates on the basalt-hosted Perle & Bruse field, which is

located at 580 m depth at the flank of a large volcano that is

undergoing rifting (Pedersen and Bjerkgård, 2016). Sulfide-rich

chimneys vent fluids of up to 270°C with higher CH4

concentrations than at Seven Sisters (Dahle et al., 2018) (Table 1).

Loki’s Castle vent field occurs at 2300 m depth on the northernmost

section of the Mohns Ridge at the Mohns-Knipovich bend

(Pedersen et al., 2010a). High-temperature (up to 315°C) fluids

with high concentrations of NH4
+, H2 and CH4 at Loki’s Castle

indicate a sedimentary influence to the basalt-hosted hydrothermal

system (Baumberger et al., 2016a; Baumberger et al., 2016b).

Adjacent to the high-temperature venting site is a circa 50 by

50 m area (Barite field) with low-temperature (20°C) barite

chimneys and diffuse venting from sediments that are covered

with microbial mats (Pedersen et al., 2010a; Steen et al., 2016).

Previous work has suggested an important role for microbial sulfate

reduction in and below the Barite field based on sulfur isotope

signatures and sequencing data (Eickmann et al., 2014; Steen

et al., 2016).
3 Materials and methods

3.1 Samples

Samples were collected during five research cruises with R/V

G.O. Sars, using gravity coring equipment for marine sediments and

ROV Ægir 6000 for hydrothermal chimneys, deposits and

sediments (Table 2).

3.1.1 Kolbeinsey Ridge
One anhydrite-sulfide rich hydrothermal chimney sample was

collected from the actively venting Lily mound at Seven Sisters vent

field (GS14-15-R02). In addition, a 2.2 m long gravity core (GS14-

GC2) was collected from the nearest sedimented basin to the ridge,

approximately 40 km southeast of the Seven Sisters vent field

(Figure 1). No hydrothermal sediments were obtained from

this location.

3.1.2 Mohns Ridge
Four sediment cores were collected from rift flanks along the

Mohns Ridge (Figure 1). One core (GS14-GC4) was sampled on the

southern end of the Mohns Ridge, circa 30 km west of the Jan

Mayen vent field on the western rift flank. Another core was

collected along the central part of the Mohns Ridge (GS14-GC8)
FIGURE 1

The Arctic Mid Ocean Ridge system (AMOR) and the island of Jan
Mayen (JM) with locations of sampled marine sediments (diamonds),
hydrothermal sediments (squares), high-temperature chimneys
(triangles) and low-temperature chimneys (circles). Inset shows the
location of the AMOR (dashed grey line) relative to Greenland (GL)
and Norway (NO), and the location of the map (red box). Map
created with ArcGIS using Ocean Basemap.
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on the eastern flank. Sediment cores were also obtained from both

rift flanks at the northern section of the Mohns Ridge near Loki’s

Castle hydrothermal vent field, with one core (GC14-GC9) taken in

a sedimented basin on the Schulz Massif oceanic core complex and

one core (GC15-GC1) in distal Bear Island Fan sediments, 5 km east

of the rift valley.

Hydrothermal samples were collected from the Jan Mayen and

Loki’s Castle vent fields on the southern and northern end of the

Mohns Ridge, respectively. One anhydrite-sulfide rich sample was

obtained from the active Bruse chimney in the basalt-hosted Jan

Mayen hydrothermal vent field (GS14-7B-R2), and hydrothermal

sediments were collected from the nearby Perle chimney using a

shuffle box with a shovel front (GS14-8-SHUF). A temperature of

70°C was measured in the hydrothermal sediments at circa 0.5 m

depth. At Loki’s Castle, five barite chimneys with different

appearances were collected from the low-temperature (20°C)

Barite field (Figure 2). Chimneys GS18-28-R6 and GS18-28-R8

are covered with white microbial mats and showed diffuse fluid

venting, while chimney GS18-28-R3 is white and yellow-colored

with no visible microbial mat, chimney GS15-9-R1 is yellow-

colored and GS18-28-R5 is orange-colored (Supplementary

Figure 1). Sediments from the Barite field were sampled in three

different ways: a push core from the surface sediment layer (~10

cm) in between barite chimneys (GS15-9-PC2), a blade core (~20

cm) from active diffuse venting sediments below a microbial mat

(GS18-28-BC3), and a gravity core (207 cm) that was deployed with

a transponder to ensure correct positioning within the Barite field

(GS14-GC14). One blade core was collected on the outer perimeter

of the Barite field (GS18-28-BC4). In addition, one anhydrite-

sulfide rich piece from the Camel chimney (GS18-22-R2) was

obtained from the western high-temperature hydrothermal

mound at Loki’s Castle.
3.1.3 Knipovich Ridge
Three gravity cores were collected along an east-west transect

on the central Knipovich Ridge (Figure 1), one on the western rift

flank (GS16-GC5), one on the eastern rift flank (GS16-GC6) and

one within the rift valley (GS16-GC7).
3.2 Methodology

3.2.1 Sulfate reduction rates
3.2.1.1 Marine sediments

Immediately after splitting of the retrieved sediment cores,

duplicate subsamples (4 cm3) were collected at regular depth
Frontiers in Marine Science 04
intervals using sterile plastic syringes without tips (Røy et al.,

2014). Sediment samples were subsequently incubated in the on-

board laboratory with 10 μL (185 kBq) of 35SO4
2- tracer

(PerkinElmer) using a Hamilton syringe, sealed off with a butyl

rubber stopper and placed in a N2-filled sealable plastic bag. Based

on measured bottom seawater temperatures of ~1°C, samples were

incubated in the refrigerator at 4°C for 0.5 to 35 days depending on

the expected range of sulfate reduction rates. Re-oxidation of sulfide

was avoided by maintaining an anoxic atmosphere during the

incubations, and 1 cm3 of sediment was collected from each

horizon and frozen to determine sediment porosity from the

weight loss during drying for 3 days at 105°C. At the end of the

incubation time, sediment samples were quantitatively transferred

into 50 ml Falcon tubes with 5 ml 20% zinc acetate and frozen at

-20°C to stop microbial activity. To assess background 35S levels,

duplicate sediment samples were transferred directly into 20% zinc

acetate solutions without the addition of radiotracer. In addition,

controls to determine distillation blanks were collected by adding
35SO4

2- and immediately transferring the radiolabeled sediments to

20% zinc acetate solutions.

3.2.1.2 Hydrothermal sediments

Hydrothermal sediments and control samples were collected in

a similar way to marine sediments using sterile plastic syringes, but

a higher incubation temperature (20°C) was used for the samples

collected from the Loki’s Castle Barite field based on measured in

situ sediment temperatures. Incubation times ranged from 0.8 to 3.1

days and control samples were collected to measure background 35S

and distillation blanks.

3.2.1.3 Hydrothermal chimneys

High- and low-temperature hydrothermal chimneys were

sampled promptly after recovery on board. Chimney fragments

were quickly crushed into a slurry using a flame-sterilized steel

mortar and pestle and immediately transferred to an anaerobic

glove bag filled with N2. A volume of 2.5 ml of slurry was added to

an Exetainer vial, and 1.0 ml of fluid (sampled bottom seawater or

artificial seawater) was added to represent in situ sulfate

concentrations in the chimney, following the method by Frank

et al. (2013). Samples were subsequently incubated with 10 μL (185

kBq) of 35SO4
2- tracer and Exetainers were flushed with N2 gas to

ensure anoxic conditions during incubation. Incubation was

performed at 20°C for chimneys from the Loki’s Castle Barite

field, reflecting measured temperatures in the barite chimneys.

High-temperature chimneys from the Seven Sisters and Jan

Mayen vent fields were also incubated at 20°C during initial
TABLE 1 Hydrothermal vent fields investigated in this study.

Vent field Ridge Host rock Depth (m) T (°C)1 pH2 CH4 (µM)

Seven Sisters Kolbeinsey Basalt 120 200 5.0 30

Jan Mayen S Mohns Basalt 580 270 4.7 5400

Loki’s Castle N Mohns Basalt, sediment3 2361 315 5.6 14300
1Maximum measured in situ temperature. 2Determined at 25°C. 3Interaction with sediments at depth as inferred from fluid geochemistry. Data fromMarques et al. (2020) for Lily mound, Seven
Sisters; Dahle et al. (2018) for Bruse chimney, Jan Mayen; and Pedersen et al. (2010a); Baumberger et al. (2016b) for Camel chimney, Loki’s Castle.
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experiments due to a lack of suitable incubators on board, versus

80°C for the high-temperature chimney from Loki’s Castle that was

processed during a different cruise. After incubation, samples were

quantitatively transferred into 50 ml Falcon tubes with 5 ml 20%

zinc acetate and frozen at -20°C until further processing. Because of

the heterogeneous nature of hydrothermal chimneys, each sample

was measured at least in triplicate. Control slurries were treated in

the same way as the sediments to obtain background 35S values and

distillation blanks.

3.2.1.4 Radioactivity measurements

Thawed samples were centrifuged to separate supernatant with the

remaining 35SO4
2- and solids with precipitated Zn35S. A 100 μL aliquot

was sampled from the supernatant and mixed with 5 ml 5% zinc

acetate and 15 ml Ecoscint XR (National Diagnostics) scintillation

fluid. Reduced sulfide was extracted from the sediments and crushed

chimneys by cold chromium distillation (Canfield et al., 1986; Fossing

and Jørgensen, 1989; Kallmeyer et al., 2004), collected in 5 ml 5% zinc
Frontiers in Marine Science 05
acetate and mixed with 15 ml scintillation fluid. The activity of 35S in

the supernatant and reduced sulfide was subsequently counted for two

times 20 minutes per sample using a PerkinElmer Tri-Carb 2900TR

Liquid Scintillation Analyzer at the Department of Biological Sciences,

University of Bergen, with an average detection limit of 34 counts per

minute. No background 35S was measured in any of the control

samples and the carryover of 35S from sulfate during distillation was

negligible for marine sediments. Hydrothermal samples generally

yielded a small but non-zero distillation blank of up to 58 counts per

minute, and measured blank values were used to calculate blank-

corrected activities.
3.2.1.5 Sulfate reduction rate calculations

Sulfate reduction rates (in pmol cm-3 d-1) were calculated for

the marine and hydrothermal sediments using the following

equation:

SRR = ½SO2−
4 �pf ·  jsed  ·  (aTRIS=aTOTAL) · (1=t)  ·  1:06  ·  10

6 (1)
TABLE 2 Overview of samples analyzed for microbial sulfate reduction rates, in order of increasing latitude.

Sample name Latitude Longitude Depth (m) Description

Kolbeinsey Ridge

GS14-GC2 70°54.955’N 12°02.202’W 1036 Marine sediment core (2.2 m)

GS14-15-R2 71°08.848’N 12°47.482’W 130 Hydrothermal chimney (200°C)

Mohns Ridge

GS14-GC4 71°17.082’N 06°33.696’W 1050 Marine sediment core (2.4 m)

GS14-7B-R2 71°17.897’N 05°41.644’W 594 Hydrothermal chimney (270°C)

GS14-8-SHUF 71°17.904’N 05°42.257’W 567 Hydrothermal sediment

GS14-GC8 71°57.953’N 00°06.142’E 2476 Marine sediment core (3.4 m)

GS18-28-R5 73°33.978’N 08°09.726’E 2361 Hydrothermal barite chimney (20°C)

GS18-28-R8 73°33.978’N 08°09.720’E 2361 Hydrothermal barite chimney (20°C)

GS15-9-PC2 73°33.981’N 08°09.740’E 2363 Hydrothermal sediment

GS15-9-R1 73°33.981’N 08°09.764’E 2336 Hydrothermal barite chimney (20°C)

GS18-28-BC3 73°33.984’N 08°09.714’E 2361 Hydrothermal sediment

GS18-28-R3 73°33.984’N 08°09.744’E 2361 Hydrothermal barite chimney (20°C)

GS18-28-R6 73°33.984’N 08°09.726’E 2361 Hydrothermal barite chimney (20°C)

GS14-GC14 73°33.994’N 08°09.686’E 2330 Hydrothermal sediment

GS18-22-R2 73°34.002’N 08°09.402’E 2310 Hydrothermal chimney (315°C)

GS18-28-BC4 73°34.008’N 08°09.738’E 2361 Hydrothermal sediment

GS15-GC1 73°34.533’N 08°30.527’E 2562 Marine sediment core (3.9 m)

GS14-GC9 73°42.032’N 07°20.659’E 2653 Marine sediment core (2.1 m)

Knipovich Ridge

GS16-GC5 76°54.766’N 07°07.491’E 3007 Marine sediment core (3.6 m)

GS16-GC7 76°55.212’N 07°23.371’E 3493 Marine sediment core (3.5 m)

GS16-GC6 76°55.253’N 07°34.522’E 2994 Marine sediment core (0.9 m)
Sample names include the year in which the sample was collected (GS13 to GS18) and the type of sampling equipment used, GC, gravity corer; PC, push corer; SHUF, shuffle box; BC, blade corer.
For ROV-dives, the dive number is listed after AGR or ROV.
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where [SO4
2-]pf is the measured sulfate concentration (mM) in pore

waters at corresponding sediment depths (Section 3.2), jsed is the
measured sediment porosity, aTRIS is the blank-corrected

radioactivity in the total reducible inorganic sulfur (TRIS), aTOTAL
the total blank-corrected radioactivity in the sample, and t the

incubation time in days. No pore fluid sulfate profiles could be

obtained for the blade cores, so that [SO4
2-]pf was based on single

measurements and assumed to be 23 mM for GS18-ROV28-BC3

and 28 mM for GS18-ROV28-BC4 for all horizons.

For the hydrothermal chimneys, sulfate reduction rates were

calculated per volume of dry chimney material using a modified

version of Equation 1. Firstly, the volume of chimney material in

each sample (Vdry) was calculated using Equation 2:

Vdry = Vslurry   ·  (1 − jslurry) (2)

where Vslurry is the volume of the slurry (2.5 ml) and jslurry is the
porosity of the slurry. The total amount of sulfate present in each

sample (in μmol) was calculated Equation 3:

SO2−
4  total =  (½SO2−

4 �slurry ·  jslurry   ·  Vslurry +  ½SO2−
4 �fluid  

·  Vfluid) (3)

where [SO4
2-]slurry is the sulfate concentration of fluids naturally

present in the slurry, here assumed to be similar to seawater (28

mM) due to flushing during transport from the seafloor, [SO4
2-]fluid

is the sulfate concentration in the added incubation fluids, and Vfluid

is the volume of incubation fluid added (1 ml). Sulfate reduction

rates were subsequently calculated (in pmol cm-3 d-1) using

Equation 4:

SRR = SO2−
4  total  · (aTRIS=aTOTAL) · (1=t) ·  (1=Vdry)  ·  1:06  ·  10

6 (4)

The average detection limit for sulfate reduction rates is circa 5

pmol cm-3 d-1.
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3.2.2 Pore fluid and sediment geochemistry
Pore fluids were sampled from sediment cores by vacuum

extraction using 0.2 μm Rhizon filters and analyzed promptly for

pH and alkalinity (Metrohm Titrando) on board. Ammonium,

nitrate/nitrite, dissolved inorganic carbon, sulfide and phosphate

were measured on board by a Quaatro continuous flow analyzer

(Seal Analytical). Sulfate concentrations were determined on shore

by ion chromatography (Metrohm) with a relative standard

deviation of <4% on repeated analyses of a multi-element

standard, and cations were analyzed in aliquots acidified to 2%

HNO3 by inductively coupled plasma atomic emission spectroscopy

(Thermo Scientific iCap 7600 ICP-AES) with Sc as internal

standard and repeated measurement of SPS-SW-2 (Spectrapure)

for quality control (<5% relative standard deviation). In addition,

sediment subsamples (2-5 cm3) were mixed on board with artificial

seawater and He for headspace extraction of dissolved CH4 and

analysis by gas chromatography using a TCD-FID detector (3-5%

standard error).

Total organic carbon (TOC) contents and C/N ratios were

determined in oven-dried (3 days at 105°C) and finely crushed

sediment samples (30-50 mg). GS15 samples were analyzed by

elemental analyzer with TIC module (Analytik Jena Multi EA

4000), where TOC was calculated from the difference between

total carbon and total inorganic carbon contents. All other

samples were reacted with 1 ml phosphoric acid to remove

inorganic carbon and subsequently analyzed for TOC and C/N

ratios by a Thermo Scientific Flash 1120 EA coupled to a Thermo

Scientific Delta V+ mass spectrometer. Precision on total C and N

contents was better than 5% based on repeated analyses of a

urea standard.

3.2.3 Stable sulfur isotopes
Stable sulfur isotope ratios were measured in hydrothermal

sediments from the Barite field at Loki’s Castle to identify past

microbial activity. A few grams of sediment were collected at

different depths from blade core GS18-28-BC3 and gravity core

GS14-GC14 and dried at room temperature. Sulfide was

subsequently extracted from ca. 20 mg of dried sediment using

the hot chromium distillation method (Canfield et al., 1986), and

precipitated as silver sulfide (Ag2S). The fraction of sulfide

represents chromium-reducible sulfide (CRS) as no significant

amount of acid-volatile sulfide (AVS) was detected during the

first acidification step. Ag2S was converted at the University of

Münster into sulfur hexafluoride (SF6) and subsequently purified by

cryogenic and chromatographic methods (Farquhar et al., 2000),

after which SF6 was introduced into a ThermoScientific MAT 253

mass spectrometer via a dual-inlet system. Sulfur isotope data are

reported relative to the Vienna Canyon Diablo Troilite (V-CDT)

and calculated assuming vales of d34S = -0.300‰ and d33S =

-0.055‰ for the IAEA-S1 standard, using Equations 5, 6 below:

d34S = 1000 ½(34S=32Ssample)=(34S=
32SV−CDT) − 1� (5)

D33 S = d33S − 1000 ½(1 + d34S=1000)0:515 − 1� (6)
FIGURE 2

Detailed bathymetric map of the Loki’s Castle vent field with all
sample locations indicated (location of map area is shown in
Figure 1). Sleepy, Menorah, Camel and Joao are high-temperature
hydrothermal vents located on two hydrothermal mounds. The
Barite field (BF) is located to the northeast of the eastern mound.
Depth contours are given in meters. Symbols correspond to those
used in Figure 1. Map created using ArcGIS.
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The accuracy was monitored using reference standard IAEA-

S1, yielding a precision (2s) of 0.09‰ for d34S and 0.017‰

for D33S.
4 Results

4.1 Kolbeinsey Ridge

Microbial sulfate reduction was not detected in marine

sediments sampled at the Kolbeinsey Ridge (Figure 3A,

Supplementary Table S1A). These sediments are characterized by

low TOC values of 0.2-0.6 wt.%, an average C/N ratio of 2.58

(Supplementary Table S3), and pore fluid sulfate concentrations

that are close to seawater values (28.5 mM; Baumberger et al.,

2016b) with no significant downcore variation (Figure 4A,

Supplementary Table S2A). Ammonium (NH4
+) and methane

(CH4) are absent from pore waters, and alkalinity increases from

2.7 mM to slightly higher values (3-4 mM) at 200 cm depth. A

hydrothermal chimney sample collected from the anhydrite-sulfide

rich Lily mound in the Seven Sisters vent field yielded a sulfate

reduction rate of 69 ± 34 pmol SO4
2- cm-3 d-1 (Figure 3C).
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4.2 Mohns Ridge

Similar to the Kolbeinsey Ridge, no evidence was found for

microbial sulfate reduction in marine sediments from the southern

and central Mohns Ridge (Figure 3A) Total organic carbon contents

and C/N ratios are comparably low, and range from 0.2-0.6 wt.% TOC

and C/N = 3.13 at the southernMohns Ridge, to 0.2-1.0 wt.% TOC and

C/N = 4.80 at the central Mohns Ridge (Figures 4B, C). None of the

sediment cores display pore water sulfate concentrations that are

distinctly different from seawater values. Ammonium is absent in

marine sediments from the southern Mohns Ridge (GS14-GC4),

although this core displays the strongest increase in alkalinity from

the seawater value (2.3 mM) at the top to 6.5 mM at 237 cm depth

(Figure 4B). At the central Mohns Ridge, NH4
+ appears at a depth of

~200 cm and increases to a value of 35 μM at 3.5 meters below the

seafloor (GS14-GC8) with a corresponding change in alkalinity from

2.7 to 3.5 mM. No CH4 was detected in the pore fluids. In contrast to

the marine sediments, hydrothermal sediments (Figure 3B) and the

high-temperature hydrothermal chimney Bruse (Figure 3C) from the

Perle & Bruse venting area on the southern Mohns Ridge yield

measurable sulfate reduction rates of 112 and 541 ± 116 pmol cm-3

d-1, respectively (Supplementary Table S1B, S1C).
A B

DC

FIGURE 3

Box plots displaying sulfate reduction rates measured along the five segments of the AMOR. Panels reflect (A) marine sediments, (B) hydrothermal
sediments, (C) high-temperature hydrothermal chimneys, (D) low-temperature hydrothermal chimneys. Note different scales for the y-axes. The
highest sulfate reduction rates along the AMOR were measured in hydrothermal sediments from the Barite field.
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Marine sediments from the northern Mohns Ridge (Figure 3A)

show a similar absence of detectable microbial sulfate reduction as

the southern sections of the Arctic Mid Ocean Ridge system, except

for one horizon (380 cm) in sediments from the Bear Island Fan

(GS15-GC1) where a rate of 18 pmol SO4
2- cm-3 d-1 was measured

(Figure 5). This core also shows a downcore decrease in SO4
2-

concentration, paired with an increase in NH4
+ and alkalinity, as
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well as high TOC values of 5-8 wt.% in the bottom of the core

(Figure 5). Methane was not detected.

The highest sulfate reduction rates in this study were measured

in hydrothermal sediments (Figure 3B) and barite chimneys

(Figure 3D) from the low-temperature Barite field at Loki’s

Castle, northern Mohns Ridge (Supplementary Tables S1B, S1C).

Barite chimneys with visible venting and white microbial mats yield

a maximum rate of 14633 pmol SO4
2- cm-3 d-1, but the variation in

rates is significant between duplicate samples as well as the two

different chimneys (average 3805 ± 5228 pmol cm-3 d-1). Yellow-

colored barite chimneys display higher rates than the white mat-

covered chimneys, with an average of 31267 ± 17209 pmol cm-3 d-1

(Figure 6). In contrast, the chimneys that are orange-colored yield a

low rate of 205 ± 143 pmol cm-3 d-1, versus 929 ± 92 pmol cm-3 d-1

for white-colored chimneys with microbial mats (Figure 6). A rate

of 39 ± 29 pmol cm-3 d-1 was obtained from the high-temperature

sulfide chimney of Camel at Loki’s Castle (Figure 3C).

A rate of 110478 pmol cm-3 d-1 was measured in a surface

sediment layer between barite chimneys (GS15-9-PC2), and rates of

14828 to 93064 pmol cm-3 d-1 were found in sediments at 1-15 cm

depth below a microbial mat (GS18-28-BC3) (Figure 7). These

surface sediments are characterized by high TOC (6.6 wt.%), and

pore water with high alkalinity (5.0 mM), CH4 (185 nM), H2S (2555

μM) and NH4
+ (1255 μM) (Supplementary Table S2B). Sulfur

isotopic compositions of sulfide from sample GS18-28-BC3 range

from d34S = 6.10 to 11.60‰, with positive D33S values of 0.029 to

0.044‰ (Supplementary Table S4). The sulfate concentration in

this horizon (21.5 mM) is significantly lower than seawater. In

contrast, sediments from the gravity core (GS14-GC14) show much

lower sulfate reduction rates, ranging from 3 to 93 pmol cm-3 d-1 in

the upper 120 cm (Figure 7). No sulfate reduction rates were

detected from 120 cm to 200 cm depth in the core, and sulfate

concentrations are close to seawater (27.9-28.5 mM). Sulfide and

methane are detected in pore fluids at concentrations of 7.3-32.4

μM H2S and 1.3-13.1 μM CH4. Sulfide sulfur isotope ratios range

from d34S = -3.74 to -21.68‰ with positive D33S values of 0.021 to

0.138‰ (Supplementary Table S4).
4.3 Knipovich Ridge

Marine sediments from the Knipovich Ridge yield measurable

sulfate reduction rates (Figure 8). The highest rates (up to 230 pmol

cm-3 d-1) were detected in sediments within the rift valley (GS16-

GC7), and lower rates of 13-89 pmol cm-3 d-1 were found in

sediments on the eastern and western rift flanks. The Knipovich

Ridge sediments are also geochemically distinct from the southern

sections of the AMOR, with relatively high TOC values of 0.2-2.2

wt.% and an average C/N ratio of 5.74 ± 1.94, with the highest TOC

and C/N measured in the rift valley (1.3 wt.% and 6.88 ± 0.30,

respectively). The Knipovich sediments are also characterized by

the presence of NH4
+ just below the sediment-water interface

(Figure 8), and alkalinity profiles show an increase from seawater

alkalinity to values of 3.1-4.5 mM at depth at these locations.

Methane was only detected in marine sediments at the Knipovich

Ridge and ranges from 10 to 105 nM.
A

B

C

FIGURE 4

Depth profiles of sulfate reduction rates, pore fluid geochemistry
(SO4

2-, NH4
+, alkalinity), total organic carbon (TOC) and average C/

N ratios in marine sediment cores from the southern sections of the
AMOR, with (A) Kolbeinsey Ridge, (B) Southern Mohns Ridge,
(C) Central Mohns Ridge. Note that all sulfate reduction rates were
below the detection limit in sediments from the southern AMOR.
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5 Discussion

5.1 Limited microbial sulfate reduction in
deep marine sediments

Data presented in this paper expand the record of microbial

sulfate reduction rates in the Arctic and confirm the relative

insignificance of this metabolic pathway in the uppermost

sediments of the deep marine realm in this region (cf. Bowles

et al., 2014; Egger et al., 2018). Except for one horizon in core GS15-

GC1, none of the marine sediment cores from the Kolbeinsey and

Mohns Ridges yielded measurable gross sulfate reduction rates

(Figure 3A) or showed significant changes in alkalinity coupled to

decreasing sulfate concentrations in pore fluids (Figures 4, 5),

indicating an absence of organoclastic sulfate reduction (OSR)

and sulfate reduction coupled to anaerobic oxidation of methane

(SR-AOM) in the upper 2-3 m of sediment (cf. Fossing et al., 2000;
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Gieskes et al., 2005; Jørgensen and Parkes, 2010; Wurgaft et al.,

2019). This finding is not surprising given the low organic matter

contents of the sediments (0.2-0.6 wt.% TOC) due to the relatively

low sedimentation rates in the area (2-7 cm/1000 years) (Stein,

1990), and the degraded nature of this organic carbon as indicated

by measured C/N ratios below that of marine plankton in Arctic

regions (C/N ~ 6) (Martiny et al., 2013) (Figure 4, Figure 5). Such

low-reactivity organic carbon has been shown to suppress sulfate

reduction rates (Toth and Lerman, 1977; Goldhaber and Kaplan,

1975; Westrich and Berner, 1984), and as a result mineralization of

organic carbon by sulfate reducers is not expressed in the studied

sediments. Instead, increasing total alkalinity in core GS14-GC4 can

be explained by the production of HCO3
- during higher energy-

yielding microbial metabolisms in oxic and suboxic zones,

including aerobic degradation of organic matter and microbial

oxidation of generated ammonium (NH4
+) by nitrification (Zhao

et al., 2021). Similarly, the NH4
+ profiles in cores GS14-GC8, GS14-
FIGURE 5

Depth profiles of sulfate reduction rates, pore fluid geochemistry (SO4
2-, NH4

+, alkalinity), total organic carbon (TOC) and average C/N ratios in
marine sediment cores from the Northern Mohns Ridge. Note that only one sub-sample had a measurable sulfate reduction rate.
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GC9 and GS15-GC1 are indicative of turnover of organic carbon,

potentially related to iron and manganese reduction. The only non-

zero sulfate reduction rate measured at 380 cm depth in GS15-GC1

may be related to the anomalously high TOC values of 6-8 wt.% at
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the base of this core (Figure 5), possibly reflecting variations in

sedimentary sources during deposition of the glacigenic Bear Island

Fan (Laberg and Vorren, 1996).

In contrast to the southern segments of the AMOR, sulfate

reduction was detected in marine sediments from the Knipovich

Ridge (Figure 3A). The low rates (13-230 pmol cm-3 d-1) lead to

only minor changes in pore fluid sulfate concentrations and

alkalinity with depth (Figure 8) and highlight the importance of

radiotracer measurements to detect sulfate reduction in these

sediments. We hypothesize that the occurrence of microbial

sulfate reduction in the upper sediment layers of the Knipovich

Ridge is best explained by a higher abundance of reactive organic

matter. Although the Knipovich Ridge is the deepest section of the

AMOR in this study (2994-3493 m), sediments have relatively high

organic carbon contents of up to 2.2 wt.% TOC compared to a

global average of 0.3 wt.% for deep marine settings (Rullkötter,

2006). In addition, measured C/N ratios of up to 6.88 (Figure 8)

indicate that this organic matter is less degraded than on the

Kolbeinsey and Mohns Ridges, and higher values on the eastern

ridge flank (C/N = 3.7-13.6) than the western flank (C/N = 2.1-8.8)

suggest that this is related to a supply of organic matter from coastal

areas around Svalbard, located ca. 150 km east of the spreading

ridge. Higher labile organic matter contents lead to shallower

suboxic and anoxic zones, as shown by pore fluid ammonium

profiles which demonstrate that oxygen penetrates less deeply into

the sediments from the Knipovich Ridge than elsewhere along the

AMOR (cf. Zhao et al., 2020). As a result, organoclastic sulfate

reduction can be detected in the uppermost studied Knipovich
FIGURE 6

Box plots displaying sulfate reduction rates measured in low-
temperature barite chimneys in the Loki’s Castle Barite field on the
Northern Mohns Ridge. Actively venting chimneys with a microbial
mat show lower sulfate reduction rates than yellow chimneys
without observable venting.
A B C

FIGURE 7

Depth profiles of sulfate reduction rates in hydrothermal sediments from the Loki’s Castle Barite field, with (A) push core GS15-8-PC2 and blade
core GS18-28-BC3 from actively venting sediments; (B) blade core GS18-28-BC4 from the perimeter of the Barite field; (C) gravity core GS14-GC14
from inside the Barite field, with pore fluid sulfate concentrations. Note the different scales for sulfate reduction rates.
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FIGURE 8

Depth profiles of sulfate reduction rates, pore fluid geochemistry (SO4
2-, NH4

+, alkalinity, CH4), total organic carbon (TOC) and average C/N ratios in
marine sediment cores from the Knipovich Ridge. In contrast to the southern AMOR segments, low but measurable sulfate reduction rates were
obtained from all three sediment cores.
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Ridge sediments despite the large water depth (Figure 9A). Low

levels of methane were also detected in pore fluids (Figure 8), but

methane does not appear to be an electron donor for sulfate

reducers in the studied Knipovich Ridge sediments, as evidenced

by relatively high pore fluid NH4
+ concentrations compared to

SO4
2- (Figure 9A) and a lack of correlation between CH4 and sulfate

reduction rates (Figure 9B).

Our results thus demonstrate that microbial sulfate reduction is

near-absent in the uppermost marine sediments investigated along

the AMOR, most likely due to a limited availability of reactive

organic matter in the distal parts of the ridge system that results in

an extension of the oxic and suboxic zones beyond sampled

sediment depths. The anoxic sulfate reduction zone was only

detected in upper sediment layers from the Knipovich Ridge,

where sedimentary influence from nearby Svalbard presumably

results in higher electron donor availability and a more

condensed redox zonation. However, rates are several orders of

magnitude lower than measured in the shallow fjords on the west

coast of Svalbard range (1 to 240 nmol SO4
2- cm-3 d-1) (Sagemann

et al., 1998; Ravenschlag et al., 2000; Arnosti and Jørgensen, 2006;

Michaud et al., 2020). Next, we compare these findings from

background marine sediments with microbial sulfate reduction

rates in three different hydrothermal settings on the AMOR.
5.2 Microbial sulfate reduction in basalt-
hosted hydrothermal vent fields

We find evidence for microbial sulfate reduction in all high-

temperature iron sulfide-rich hydrothermal chimneys from the

basalt-hosted Seven Sisters, Jan Mayen and Loki’s Castle vent fields,

albeit at different rates (Figure 3C). Themaximummeasured rate in the

Bruse chimney is about six times higher than for the Lily mound

despite comparable experimental conditions such as incubation time
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and temperature (20°C), andmore than one order of magnitude higher

than the highest rate observed at Camel (incubated at 80°C). Frank

et al. (2013) observed similar rate differences between venting deposits

at Middle Valley and suggested that these variations are due to distinct

biomass and microbial community composition, resulting from

differences in substrate availability and physicochemical conditions.

Distinct environments also provide a plausible explanation for the

different rates at Lily and Bruse as the Seven Sisters vent field occurs at a

shallower depth, has lower fluid CH4 concentrations (Table 1), and

hosts an ecosystem with abundant anemones, unlike the Bruse vent

(Olsen et al., 2016). In contrast, the rates obtained for the Camel

chimney at Loki’s Castle more likely reflect the activity of archaeal and

thermophilic sulfate reducers at 80°C, instead of mesophilic bacterial

sulfate reduction targeted at Lily and Bruse with an incubation

temperature of 20°C. The low rates are consistent with the absence

of sulfate-reducing archaea Archaeoglobus and low relative abundance

(<0.1%) of thermophilic sulfate reducers (Thermodesulfobacteriaceae

and Desulfohalobiaceae) in our samples from Camel (Babel, 2019), but

contradict with data from other chimneys at Loki’s Castle that indicate

relatively abundant (10-35%) sulfate-reducing micro-organisms in

chimney walls (Vulcano et al., 2022). The low measured sulfate

reduction rates at Camel thus most likely result from the sampling of

chimney material where the temperature was not optimal for

thermophilic sulfate reduction. For example, strong differences in the

abundance of thermophilic sulfate reducers were reported between

interior and exterior chimney walls (Jaeschke et al., 2012), implying

that measured rates are highly dependent on the relative amount of

chimney interior in the incubated slurries. This could also explain why

we observe significant variations between replicates from individual

chimneys (Figure 3C) (cf. Frank et al., 2013; Frank et al., 2015), and

underscores the caution that should be exerted when extrapolating

sulfate reduction rate data to other chimneys in a vent field.

Regardless of the microbial communities targeted in our

incubation experiments, our results provide clear evidence for
A B

FIGURE 9

Trends in pore fluid geochemistry in marine sediments along the AMOR. (A) Pore fluid NH4
+ versus SO4

2-, with the dashed line displaying the trend
associated with sulfate reduction coupled to anaerobic methane oxidation, and the solid line indicating organoclastic sulfate reduction (OSR)
(Redfield et al., 1963; Greinert et al., 2002). Sediment cores from the Knipovich Ridge match with the trend predicted for OSR. (B) Pore fluid CH4

versus sulfate reduction rates for sediment cores on the Knipovich Ridge, showing no correlation between methane and sulfate consumption.
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microbial sulfate reduction in the basalt-hosted high-temperature

venting areas on the AMOR. All high-temperature chimney sulfate

reduction rates are higher than the zero background values

measured in nearby marine sediment cores (Figure 3A). The

inferred importance of the hydrothermal vent systems for

microbial sulfate reduction is consistent with the general

abundance of electron donors in these settings, including CH4

and H2 derived from vent fluids and organic compounds

produced by chemoautotrophs and vent fauna (Jannasch and

Mottl, 1985; Blake and Hilbig, 1990; McCollom and Shock, 1997;

Alain et al., 2002; Sievert and Vetriani, 2012). For the investigated

vent fields, energy landscape modeling predicts that organic carbon

from primary production is the main electron donor for sulfate

reducers (Dahle et al., 2015; Dahle et al., 2018), which is consistent

with the detection of organotrophic sulfate reduction from our rate

measurements that were performed for all samples in this study

without the addition of CH4 or H2.

Interestingly, sulfate reduction rates from the AMOR high-

temperature (200-315°C) hydrothermal chimneys are several orders

of magnitude lower than rates reported from chimneys in other

hydrothermal vent fields. Frank et al. (2013) measured rates of 355

to 6675 nmol cm-3 d-1 at 90°C (converted using a density of 2.5 g

cm-3) in high-temperature (123-261°C) chimneys from the

sediment-hosted Middle Valley vent field on the Juan de Fuca

Ridge, and similar average rates of 41 to 675 nmol cm-3 d-1 were

obtained at 4 and 50°C from a hydrothermal flange (215°C) on the

nearby sediment-influenced Main Endeavour Vent (Frank et al.,

2015). Although the lower rates could be partly due to sampling of

heterogeneous material as outlined above, we find consistently low

sulfate reduction rates in chimneys from all three AMOR

hydrothermal vent fields. Different experimental conditions, for

example no addition of dissolved organic carbon or incubation

below (20°C) or above (80°C) optimum temperatures, may also

result in measured sulfate reduction rates that are lower than in situ

rates. However, this is unlikely to explain the five orders of

magnitude lower rates in our study, as previous experimental

work suggests a much less strong dependency of rates on

variables such as temperature (Frank et al., 2015). Relatively low

metal concentrations in the Arctic vent fluids (Baumberger et al.,

2016b; Marques et al., 2020) also argue against suppression of

microbial sulfate reduction by toxic effects of dissolved metals

(Frank et al., 2015). Instead, we hypothesize that the difference in

sulfate reduction rates between chimneys on the AMOR and the

Juan de Fuca Ridge may be related to the nature of the

hydrothermal vent fields. Sedimented hydrothermal systems such

as Middle Valley are characterized by fluids with higher CH4

concentrations than basalt-hosted vent fields such as Seven Sisters

and Jan Mayen, which would fuel sulfate reduction coupled to the

anaerobic oxidation of methane as well as methanotrophy

producing organic carbon for organoheterotrophic sulfate

reducers in anaerobic niches (Nakamura and Takai, 2014). In

contrast, chemosynthetic primary production in hydrothermal

vent fields on sediment-free spreading ridges is dominated by

aerobic sulfur and hydrogen oxidation in and on chimney walls

(McCollom and Shock, 1997; Nakamura and Takai, 2014; Meier

et al., 2017). However, further work on a more extensive sample set
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from the AMOR, in particular the sediment-influenced Loki’s

Castle vent field, is required to confirm this hypothesis.
5.3 High sulfate reduction rates in low-
temperature hydrothermal areas

The highest sulfate reduction rates along the AMOR were

measured in low-temperature barite chimneys and hydrothermal

sediments from the Barite field at Loki’s Castle (Figure 3). Rates of

up to 55 nmol SO4
2- cm-3 d-1 in barite chimneys and 110 nmol

SO4
2- cm-3 d-1 in the diffuse venting sediments at 2300 m depth

(Figure 3D) are similar to sulfate reduction rates measured in

coastal sediments around Svalbard at shallow water depths of 50-

300 m (1-240 nmol SO4
2- cm-3 d-1) (Sagemann et al., 1998;

Ravenschlag et al., 2000; Arnosti and Jørgensen, 2006; Michaud

et al., 2020), and are exceptionally high for deep marine settings (cf.

Bowles et al., 2014 and this study). However, our results agree well

with sulfate reduction rates reported from hydrothermal sediments

on the Juan de Fuca Ridge, with rates of 30 to 1563 nmol SO4
2- cm-3

d-1 measured in organic-rich hydrothermal sediments at Guaymas

Basin (Jørgensen et al., 1990; Elsgaard et al., 1994) and 100 nmol

SO4
2- cm-3 d-1 in metalliferous sediments at the Middle Valley

hydrothermal vent field (Wankel et al., 2012). Observation of high

sulfate reduction rates in the Barite field is also consistent with

previous geochemical and microbiological studies that identified an

important role for sulfate reducers in this low-temperature

hydrothermal area (Eickmann et al., 2014; Jaeschke et al., 2014;

Steen et al., 2016; Eickmann et al., 2020).

Possible substrates for sulfate reducers in the Barite field include

organic compounds derived from microbial mats and vent fauna as

well as methane supplied by low-temperature hydrothermal fluids.

High sulfate reduction rates in sediments directly below a microbial

mat with chemolithoautotrophic sulfur oxidizers (GS18-28-BC3;

Vulcano et al., 2022) suggest an important role for organic matter

production at the sediment-water interface. Similarly, supply of

organic carbon from siboglinid tubeworms living at the sediment

surface (Kongsrud and Rapp, 2012) explains high sulfate reduction

rates in hydrothermal surface sediments with a total organic carbon

content of 6.6 wt.% (GS15-8-PC2), as well as the sharp decrease in

sulfate reduction rates with depth in sediments collected from the

periphery of the Barite field (GS18-28-BC4) (Figure 7B).

Organoclastic sulfate reduction was also inferred by Eickmann

et al. (2020) to be the main pathway of sulfate reduction in the

Barite field, based on pore fluid NH4
+/SO4

2- and carbon isotope

ratios in two gravity cores. However, recent work has additionally

identified an abundant population of methane-oxidizing ANME-1

archaea with sulfate reducers as partners in the hydrothermal

sediments (Steen et al., 2016; Vulcano et al., 2022), and our pore

fluid data provide tentative evidence for methane as an another

important electron donor for sulfate reducers in the Barite field. The

diffuse venting fluids in the Barite field are thought to represent

mixing of Mg-free high-temperature hydrothermal fluids and

seawater with 51.8 mM Mg (Baumberger et al., 2016b), producing

sediment pore fluids with Mg concentrations below that of seawater

(Eickmann et al., 2014). Assuming conservative mixing for
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magnesium (Tivey, 2007), we calculate contributions of high-

temperature fluids of 5-18% and use this to predict 0.5-2 mM

CH4 in the diffuse vent fluids, based on an average CH4

concentration of 13.8 mM in the hydrothermal end-member

(Baumberger et al., 2016b). Predicted values are significantly

higher than CH4 concentrations of 0.2 to 13 μM measured in the

pore fluids and suggest a loss of methane in the subsurface

(Figure 10). Since the largest relative depletion in CH4 is

associated with the highest sulfate reduction rate (GS15-8-PC2)

and is concomitant with relative enrichment in pore fluid H2S and

deficit in SO4
2-, these findings are best explained by microbial

sulfate reduction coupled to anaerobic methane oxidation.

Depletions in CH4 observed below the active sulfate reduction

zone in GS14-GC14 most likely reflect the operation of these

metabolic processes in the subsurface (cf. Eickmann et al., 2014).

Despite the general abundance of electron donors, sulfate reduction

rates are highly heterogeneous in the Barite field. Rates measured in the

gravity core (Figure 7C) are nearly three orders of magnitude lower

than those measured in the hydrothermal surface sediments

(Figure 7A), and yellow-colored barite chimneys show higher rates

than white or orange ones (Figure 6). Similar heterogeneity was found

in hydrothermal sediments at Guaymas Basin (Jørgensen et al., 1990;

Elsgaard et al., 1994) and Middle Valley (Wankel et al., 2012) and is

likely inherent to diffuse venting hydrothermal systems, where fluid

flow is controlled by subsurface variations in permeability that result in

variable physiochemical conditions and biological habitats (Scheirer
Frontiers in Marine Science 14
et al., 2006; Lowell et al., 2015). Likewise, the observed heterogeneity in

sulfate reducing activity in the different barite chimneys may be

explained by the distinct microbial communities reported for yellow-

colored chimneys, which have a higher biomass density and abundance

of sulfate reducers than barite chimneys with white microbial mats

(Jaeschke et al., 2014; Steen et al., 2016). It should be noted that

previous work classified the yellow-colored barite chimneys as inactive

and chimneys with white mats as active (Jaeschke et al., 2014; Steen

et al., 2016), but our findings suggest that a revision of this terminology

is required. Observation of the highest sulfate reduction rates in the

yellow barite chimneys (Figure 6) suggests that electron donors are

abundant, despite the lack of visible fluid venting. We speculate that

these chimneys are not inactive but exhibit very slow diffuse venting

that is difficult to observe, and that their yellow appearance may be the

result of a different type of microbial mat than the sulfide-oxidizers

present in the white mats on visibly venting chimneys (Steen et al.,

2016). It remains to be seen what the electron donors are in the

different types of barite chimneys, and if they are limited or absent in

the orange and white barite chimneys with no microbial mats and low

sulfate reduction rates (Figure 6).

In addition to present-day microbial sulfate reduction inferred

from our radiotracer incubations, multiple sulfur isotope data

provide evidence that this metabolism has been active in the

Barite field since the recent geological past. Sulfide minerals in

the hydrothermal sediments show d34S-values lower than ambient

seawater (d34S = 21.2‰; Eickmann et al., 2014) and mostly fall onto

mass relationships between 33S/32S and 34S/32S (defined as 33L =

ln33a/ln34a) from 0.510 to 0.513 (Figure 11). These findings are

consistent with major and minor sulfur isotope effects expected for

microbial sulfate reduction (Harrison and Thode, 1958; Habicht

and Canfield, 1997; Canfield, 2001; Detmers et al., 2001; Farquhar

et al., 2003; Johnston et al., 2005; Johnston et al., 2007), and

observation of the least 34S-depleted signatures in sediments with

the highest sulfate reduction rates (GS18-28-BC3) agrees well with

the predicted inverse correlation between magnitudes of isotope

fractionation and sulfate reduction rates (Chambers et al., 1975;

Jørgensen, 1979; Davidson et al., 2009; Leavitt et al., 2013).

However, we also observe large shifts (25-40‰) in d34S relative to

seawater in sediment horizons of the gravity core where no active

microbial sulfate reduction was detected (156-200 cm; Figure 11).

The isotopic composition of sulfides at 167 cm depth can be

explained by the presence of Cu-Zn rich sulfide minerals that

formed under high-temperature hydrothermal conditions, as

suggested by its 33L-value of 0.515 that is indicative of a non-

biological origin and a d34S-value close to mantle-sulfur (~0‰)

(Figure 11). In contrast, sulfur isotope ratios in sediments at 156 cm

and 200 cm depth fall onto the mass relationship of 33L ~ 0.513

(Figure 11), which points to a microbial origin of sulfur isotope

fractionation (cf. Farquhar et al., 2003; Johnston et al., 2007). The

lack of measurable sulfate reduction rates at 156 and 200 cm

(Figure 7C) indicates that these biogenic isotope effects are

unrelated to current microbial activity, and must instead reflect

microbial sulfate reduction before the present day. As such, the

slightly lower pore fluid SO4
2- concentration at 200 cm depth (27.9
FIGURE 10

Concentration of CH4 versus Mg in pore fluids from hydrothermal
sediments in the Loki’s Castle Barite field. The solid line indicates
mixing between seawater and the average of end member
hydrothermal fluids at Loki’s Castle (Baumberger et al., 2016b),
dashed lines are mixing lines with the highest and lowest values. The
red arrow indicates that methane concentrations in the push core
(GS15-8-PC2) and gravity core (GS14-GC14) are lower than
expected based on mixing.
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mM) compared to seawater (Figure 7C) is more likely related to an

increased contribution of sulfate-poor hydrothermal fluid rather

than microbial consumption.
6 Conclusion

In this study, we demonstrate that hydrothermal activity can

fuel microbial sulfate reduction in deep and distal marine settings

on the AMOR that are otherwise characterized by insignificant

sulfate reduction rates. Our findings confirm previous conclusions

from sedimented and sediment-influenced hydrothermal systems

on the Juan de Fuca Ridge that sulfate reduction is an important

sulfur metabolism in hydrothermal settings in addition to sulfide

oxidation (Jørgensen et al., 1990; Elsgaard et al., 1994; Kallmeyer

and Boetius, 2004; Wankel et al., 2012; Frank et al., 2013; Frank

et al., 2015), and further expand this to basalt-hosted hydrothermal

vent fields. Microbial sulfate reduction is likely supported by an

increased supply of electron donors, including organic compounds

from primary producers in and on hydrothermal chimneys and

vent fauna, as well as methane provided by high-temperature fluids.

This is most clearly expressed in hydrothermal sediments and low-

temperature barite chimneys from the Barite field at Loki’s Castle,

where high rates of up to 110 nmol cm-3 d-1 were measured and a

relative depletion in pore fluid methane was observed. Although

these results have limited implications for global sulfate reduction
Frontiers in Marine Science 15
rates as the total surface area of hydrothermal vent fields is small

compared to the entire ocean floor, our work indicates that the

impact of microbial sulfate reduction on the local geochemistry of

hydrothermal systems may be significant, in particular for sulfur

and carbon cycling. For example, based on our highest measured

sulfate reduction rate in hydrothermal sediments, contributions

from sulfate reducers to diffuse venting fluids of the Barite field

could be up to 10s of moles of sulfide per day. Further quantification

of the impact of sulfate reducers on hydrothermal geochemistry

requires improved estimates of vent fluxes, but importantly must

consider the heterogeneity observed in sulfate reduction rates in the

hydrothermal samples in our study.
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