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The Arctic continental shelves are important reservoirs of methane stored in gas hydrates and deeper geological
formations. However, little is known about methane dynamics in deeper oceanic settings such as mid-ocean
ridges, mainly due to operational challenges related to their remoteness. This study investigates a recently
discovered methane seepage environment at Svyatogor Ridge, a sediment-covered transform fault on the western
flank of the Arctic mid-ocean ridge west of Svalbard. Svyatogor Ridge was previously hypothesized to host deep
gas hydrates and active fluid flow systems, which is a unique combination for this setting and requires
geochemical evidence. Based on sediment and foraminiferal geochemistry, we demonstrate that Svyatogor Ridge
hosts a shallow methane cycle with anaerobic oxidation of microbial methane, sustaining chemosynthetic
communities at the seafloor. Our geochemical datasets also suggest that methane fluxes were higher in the past
than today and long-lasting, with episodes of intense methane oxidation recorded in pre-Holocene sediments.
Methane seepage is still ongoing at this location, although no evidence exists that methane is reaching the sea
surface. The results provide the first evidence of a methane seepage environment ever reported from the ultra-
slow spreading Arctic mid-ocean ridge, thus calling for a reevaluation of the role of this type of ridge in the ocean

methane cycle.

1. Introduction

Mid-ocean ridges (MOR) have played an important role in the ocean
carbon cycling over the last 200 Myr (Wong et al., 2019). Magmatic heat
transfer at oceanic spreading centres can influence the hydrocarbon
maturation in the overlying sediment blankets and the geochemical
evolution of fluids expelled at the seafloor (Berndt et al., 2016; Cruse
and Seewald, 2006; Jakubowicz et al., 2021; Svensen et al., 2004).
Phases of enhanced hydrothermal activity associated with elevated
carbon dioxide (CO3) emissions resulted in widespread benthic anoxia
and mass extinctions (Cui et al., 2011; Zachos et al., 2005). Several
studies have also advanced the hypothesis of a direct link between MOR
activity and glacial cycles (Burley and Katz, 2015; Hasenclever et al.,
2017; Huybers and Langmuir, 2009, 2017), caused by a sea-level forcing
acting on magmatism and hydrothermal carbon fluxes. Those studies
only considered CO3 a major contributor to MOR-associated carbon
emissions, but methane can also form and be emitted in these settings. In
marine sediments, methane typically forms at temperature conditions
compatible with microbial fermentation and carbonate reduction
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pathways (microbial methane) (Zhuang et al., 2018), or via thermal
cracking of organic molecules at higher temperatures (>80 °C) and
pressures (2-4 km depth) (Selley and Sonnenberg, 2015) (thermogenic
methane). Due to the high geothermal gradients in these regions and low
inputs of organic matter available for methanogenesis, MOR are often
unfavorable loci for significant methane generation via these two
pathways. However, an abiotic path (methane non-deriving from
organic matter) is also possible via serpentinization of ultramafic rocks
(Etiope and Sherwood Lollar, 2013). This process is expected to occur at
ultraslow-spreading ridges where seawater interacts with mantle rocks
partially exposed at the seafloor (Konn et al., 2015; Welhan, 1988). It
has been estimated that methane flux from MOR can contribute globally
to up to 10 Mt/a, driven primarily by the slow and ultraslow spreading
ridges in the Atlantic, Indian, and Arctic oceans, which is comparable to
the flux from gas hydrates (2-9 Mt/a) (Merdith et al., 2020). Methane
emissions at MORs are typically associated with warm hydrothermal
fluids. Given the proportion of the Earth’s mid-ocean ridge system (ca.
50%) spreading at slow-ultraslow rates (Sinha and Evans, 2004), these
areas are potential targets for exploring and constraining this poorly
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known source of methane and its cycling across the litho- and
hydro-spheres. Finding seafloor evidence for methane-dominated
seepage is challenging due to the difficulty in predicting the
high-methane production MOR settings and the remoteness of these
environments.

Visual observations of chemosynthetic fauna at the seafloor using
remotely-operated vehicles can be used as a first-order indication of
methane seepage. Still, similar communities can also be found at MOR in
non-methane dominated settings, supported by high hydrothermal sul-
fide fluxes (Levin et al., 2016). Therefore, seafloor imagery shall be
combined with pore fluid geochemistry and sediment-based proxies for
methane oxidation to recognize methane seepage in a MOR context. In
the sediments, methane is consumed by the consortia of archaea and
bacteria, coupling methane oxidation with sulfate reduction (Boetius
et al., 2000; Boetius and Wenzhofer, 2013). This biogeochemical process
occurs within a sediment interval called sulfate-methane-transition zone
(SMTZ), conventionally centered at the interception between the
methane and sulfate pore water concentration profiles. Where methane
flux is high, the SMTZ is often very shallow, positioned at a few centi-
meters below the seafloor, and some methane can escape directly into
the water column. The hydrogen sulfide flux released by sulfate-driven
anaerobic oxidation of methane (AOM) sustains peculiar habitats
relying on carbon fixation in the absence of sunlight (chemosynthesis).
Those habitats have been widely reported in the literature and mainly
consist of microbial mats, bivalves, and tubeworms and thrive on the
products of AOM in the sediment underneath (Argentino et al., 2022a;
Fischer et al., 2012; Sahling et al., 2002). The AOM process increases
pore water alkalinity at the SMTZ and induces the precipitation of
methane-derived authigenic carbonates (MDAC). These carbonates are
easily identified as methane-derived owing to their §'3C signature
generally < —30% (Judd and Hovland, 2007). They record
time-averaged information on biogeochemical processes spanning years
to several millennia (Argentino et al., 2022b; Crémiere et al., 2016; Feng
et al., 2018; Himmler et al., 2019), while pore waters provide infor-
mation over shorter timescales generally ranging from days to centuries
(Hong et al., 2017; Klasek et al., 2021). MDAC can be dispersed as
micro-scale concretions within the sediment or form large carbonate
crusts partially exposed at the seafloor. Benthic and planktonic forami-
niferal tests in the sediment are suitable templates for MDAC precipi-
tation (Panieri et al., 2016, 2017). Their carbon and oxygen stable
isotopes (5!C and 6'%0) are among the most widely used proxies to
reconstruct paleo-methane seepage (Consolaro et al., 2015; Dessandier
et al., 2020, 2021; Millo et al., 2005; Panieri et al., 2012, 2016;
Schneider et al., 2018; Yao et al.,, 2020). In particular, the benthic
foraminifera §!°C is traditionally interpreted to be evidence of the
ability of these organisms to record the low 8'3C of dissolved inorganic
carbon produced by methane oxidation (Kennett et al., 2000; Martin
et al., 2010; Panieri et al., 2012; Rathburn et al., 2000; Sen Gupta et al.,
1997) and/or the low §'3C of methane-related food sources (Bernhard
and Panieri, 2018; Panieri, 2006; Rathburn et al., 2003). However,
several studies do not agree with this approach (e.g. Herguera et al.,
2014; Torres et al., 2003a,b). Planktonic foraminifera do not typically
record negative methane-derived 8'3C values in their tests in the water
column. Still, when they die and sink into the sediment, they could be
altered by MDAC, which precipitates on them. Indeed, both planktonic
and benthic foraminiferal tests can be altered by the precipitation of
MDAC around their shells, which alters their §'3C signature towards
very negative values, as negative as —45%o (Consolaro et al., 2015;
Martin et al., 2010; Panieri et al., 2016; Schneider et al., 2017; Torres
et al., 2003a,b,2010).

In this study, we explore a methane seep environment located on an
ultraslow-spreading mid-ocean ridge in the Arctic, Svyatogor Ridge
(Fram Strait). Compared to other Arctic gas hydrate sites, Svyatogor
Ridge is particularly interesting because it is located on an active
ultraslow-spreading ridge that hosts gas hydrates potentially charged by
abiotic methane (Johnson et al., 2015; Waghorn et al., 2020). We visited
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Svyatogor Ridge during a recent oceanographic expedition (Biinz and
Panieri, 2022) with an ROV onboard, allowing for high-resolution sea-
floor observations and targeted sediment samplings via push coring and
blade coring. We also collected gravity cores, providing a longer sedi-
mentary record. Here, we studied present-day and past methane dy-
namics by applying a multiproxy approach that included pore water
geochemistry (sulfate and dissolved inorganic carbon-[DIC] concentra-
tion; DIC isotopic composition), headspace gas composition, sediment
geochemistry (total organic carbon, total nitrogen, and their isotopic
compositions) and X-Ray fluorescence chemical analyses on the gravity
cores. The results provide the first evidence of methane seepage ever
reported from the Arctic mid-ocean ridge, thus calling for a reevaluation
of the role of ultraslow-spreading ridges in the ocean methane cycle.

2. Study area and geological setting

Svyatogor Ridge is an elongated, sedimented ridge located on the
northwestern flank of the Knipovich Ridge and south of the Molloy Deep
(Fig. 1)(Waghorn et al., 2018, 2020). The Svyatogor Ridge sits about 80
km south of Vestnesa Ridge, a large contourite deposit extending off the
continental margin to the west of Svalbard. Originally, both ridges were
part of the same complex until they were separated by transform faulting
(Johnson et al., 2015). Movement on previously sedimented detachment
faults resulted in the formation of sedimentary faults on Svyatogor
Ridge. Although it was initially considered an inactive area of methane
seepage (Johnson et al., 2015), it is now recognized that this ridge hosts
extensive gas hydrates and underlying free gas system as well as fluid
flow systems (Waghorn et al., 2018, 2020). Differently from the other
gas hydrate systems in the Fram Strait, e.g. Vestnesa Ridge and Western
Svalbard Margin, Svyatogor Ridge is an actively rifting environment
(Waghorn et al., 2018). Waghorn et al. (2020) suggested that abiotic
methane may contribute to the gas hydrate system on the western
Knipovich Ridge flank of the Svyatogor Ridge, with faults along this
ridge acting as conduits for fluid migration. Chimneys and pockmarks
are also present (Riedel et al., 2020).
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Fig. 1. IBCAO (International Bathymetric Chart of the Arctic Ocean) topo-
graphic map showing the sampling sites at Svyatogor Ridge, Arctic Ocean.
PusC7 and BlaC3 are located 1 m away from each other and ~25 m to the East
of GC3. GC2 is located at ~16 km from GC3, PusC7, and BlaC3 area (also
summarized in Table 1).
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3. Methods
3.1. Coring

For this study, we utilized sediment samples from two gravity cores
(CAGE21-1-KHO04-GC2 of length 315 cm and CAGE21-1-KH04-GC3 of
length 214 cm), one push core (CAGE21-1-KH04-Dive06-PusC7), and
one blade core (CAGE21-1-KHO04-Dive08-BlaC3) (Fig. 1), hereafter
named GC2, GC3, PusC7 and BlaC3, respectively (Table 1). These cores
were collected during the CAGE21_1 (AKMA1) cruise onboard the RV
Kronprins Hékon (Biinz and Panieri, 2022).

The gravity cores were collected using a 6-m-long corer deployed
from a side of the vessel using a crane. The corer hosted a plastic liner
and was closed at the bottom with a core catcher to avoid sample loss
and a cutter to facilitate penetration at the seafloor. After recovery, the
gravity cores were cut into 100 cm sections, and kept at 5 °C on board.
Seafloor imagery acquired with the remotely operated vehicle Zgir
6000 ROV revealed the presence of white microbial mats and tube-
worms, associated with black reduced sediment (Fig. 2a). Microbial
mats locally reach over 1 m in width (Fig. 2b). The push core and the
blade core were collected with the ROV from a background non-seep-
impacted seafloor (Fig. 2¢) and from a microbial mat and tubeworm
habitat (Fig. 2d), respectively.

Bulk sediment samples for headspace gas analysis were collected
from the bottom of GC2, GC3, PusC7 and a core collected from a mi-
crobial mat in the same seepage area during a previous dive CAGE21-
KHO04-Dive05-PusC3 (PusC3). The samples were fixed with 1 M NaOH
and stored at 5 °C. The push and blade cores were sliced onboard at 1 cm
intervals, and the samples were kept at 5 °C. Gravity cores were core
logged and then sampled at the onshore facilities in the Geology Labo-
ratory, UiT The Arctic University of Norway (Tromsg, Norway). Samples
were collected every 10 cm. A total of 58 samples were retrieved from
the gravity cores and 63 samples from the push and blade cores. Samples
were freeze-dried prior to chemical treatments and analyses.

3.2. Core logging

Core logging was conducted on the two gravity cores at the Geology
Laboratory (UiT) in Tromsg. Magnetic susceptibility (MS) was measured
at 1 cm intervals using a GeoTek Multi-Sensor Core Logger (MSCL-S)
system. Geochemical datasets were acquired at 1 cm resolution using an
Avaatech X-Ray Fluorescence (XRF) Core Scanner. Elements were
quantified at 10 kV (1000 mA, no filter, and 10 s measuring time per
step), 30 kV (2 mA, Pd-thick filter, and 20 s measuring time per step),
and 50 kV (same setting as the ones used for 30 kV, with Cu-filter for
barium). The raw data was processed using the WinAxil program. This
study used elemental ratios (X/Ti, where X is the target element) rather
than single-element intensities to minimize matrix effects (Hennekam

Table 1
Location of coring sites and sediment recovery. Comments are based on ROV
observations and water-column data (methane flares).

Core Coordinates Water Recovery Comments
(DD) depth (cm)
(m)

PusC7 78.3925'N 1928 37 Reference core
(Push 5.0834'E within seep area
core)

BlaC3 78.3925 N 1929 21.5 Presence of
(Blade 5.08346 E microbial mat and
core) tubeworms

GC3 78.3924'N 1893 208 Core within seep
(Gravity 5.0825'E area
core)

GC2 78.4738'N 1671 313 Reference core
(Gravity 5.6891°E outside seep area
core)
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Fig. 2. Seafloor images from the seepage area showing the microbial mats and
tubeworm habitats; the sediment below the surface is marked by reducing
conditions as indicated by its black color (a). Microbial mats observed in the
study area range from a few tens of cm in width to over 1 m (b). ROV picture of
the (c) push core PusC7 and (d) blade core BlaC3 collected during CAGE21-1-
AKMA1 cruise (Biinz and Panieri, 2022).

and De Rick, 2012). In this study, we focused on Ca/Ti, Zr/Rb, Ba/Ti and
Fe/Ca ratios as proxies for carbonate content, grain size (Zr resides
mainly in coarser grains and Rb in clays), barite content and terrigenous
inputs (Fe in detrital clay: Ca in carbonates), respectively (Rothwell and
Croudace, 2015). It is worth mentioning that plagioclase content in
deep-sea sediments of the Fram Strait is generally low (Maslov et al.,
2023), so we can assume that Ca variations in our pelagic cores reflect
carbonate content. These proxies are used in addition to MS to support
the lithostratigraphic correlations between GC2 and GC3 (Rothwell and
Croudace, 2015; Wu et al., 2020) and investigate the geochemical record
of authigenic minerals associated with modern or paleo-SMTZs
(Argentino et al., 2021; Johnson et al., 2021; Schneider et al., 2018;
Yao et al., 2020). Lithological units identified based on XRF and MS
datasets were used for palaeoceanographic constraints and age models.
The chronostratigraphic approach was established by identifying the
main lithostratigraphic units in relation to the Late Weichselian ice age,
which began about 115,000 years ago and ended 11,700 years ago
(Lucchi et al., 2013). Particular attention was devoted to finding evi-
dence of sediment deposition by meltwater plumes and icebergs,
affecting the sediment organic matter inventory (marine vs terrestrial
inputs).

3.3. Total organic carbon (TOC), total nitrogen (TN) and their isotopic
signature (613C, 51N

The carbon and nitrogen geochemical analyses were conducted on
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bulk sediment samples from GC3, PusC7, and BlaC3 to investigate the
sources of organic matter in the seepage area. For this reason, GC2 was
not included in these analyses. Sample preparation and analysis are
briefly summarized here. For each sample, roughly 3-4 g of sediment
was treated with 5 mL 6 M HCI to dissolve the carbonate fraction.
Samples were dried at 50 °C, weighed in tin capsules, and analyzed on a
Thermo-Fisher MAT253 Isotope Ratio Mass Spectrometer (IRMS)
coupled to a Flash HT Plus Elemental Analyzer. Carbon and nitrogen
stable isotope values (613C and 615N) results are reported relative to the
Vienna Pee Dee Belemnite (VPDB) standard for carbon and atmospheric
air for nitrogen. Analytical precision was estimated to be better than
+0.07%o for both carbon and nitrogen. The repeatability of duplicate
samples for TOC, TN, 8'3C and §'°N was 0.25%, 0.03%, 1.46%o, and
0.87%o, respectively. The atomic mass-weighted ratio of total organic
carbon (TOC) and total nitrogen (TN) was used to compute the C/N
atomic ratio, calculated as C/N = (TOC/12.011)/(TN/14.007).

3.4. Pore fluid chemistry (sulfate, dissolved inorganic carbon — DIC, gas)

Pore water samples were extracted onboard immediately after core
recovery. The pore water was filtered out of the sediment cores using
Rhizon samplers and 10 mL sterile syringes. Samples were split in two
aliquots: (1) for sulfate analysis (2) for DIC analysis. Aliquot (1) was kept
frozen at —20 °C, whereas aliquot (2) was kept in the dark at 5 °C until
the analysis. The sulfate concentration was measured at TosLab AS in
Tromsg via Ion Chromatography. Pore water was not extracted from
GC2. Repeated measurements of in-house and international standards
were used to check accuracy and precision during the analyses;
measured values agree with the certified value within the associated
uncertainty. Dissolved inorganic carbon (DIC) and its isotopic signature
(6'3C) were measured at Stable Isotope Laboratory-SIL at UiT on a
MAT253 IRMS coupled to a Gasbench II with analytical precision better
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than + 0.15%.. Methane concentration in headspace gas samples was
measured at SIL-UiT using a ThermoScientific Trace 1310 gas chro-
matograph. Methane isotope composition (6*3C) was measured using a
Nu Horizon (Nu Instruments Ltd., UK) at IFE, Institute for Energy
Technology (Oslo, Norway). Calibration was done with in-house stan-
dards. Precision on 5'3C was estimated as 0.5%oc VPDB (1SD).

3.5. Micropaleontology

For each sample, 50-60 gr of sediment were weighed and wet-sieved
using 63 and 125 pm sieves. Residues were dried at 50 °C. Benthic and
planktic foraminifera were picked using a stereomicroscope from the
fraction >125 pm and identified to species level prior to isotopic anal-
ysis. Due to their abundance in the samples analyzed, Neogloboquadrina
pachyderma (planktonic species) and Cibicides wuellerstofi (benthic spe-
cies) were selected for analysis. Five to 15 specimens from each samples
were measured for 5'°C and '®0 using a Thermo Fisher MAT253 IRMS
with a Gasbench II hosted at SIL, Stabe isotope Laboratory at UiT.
Analytical precision was estimated to be better than +0.08%o. for oxygen
and +0.03%o for carbon. All isotope results were reported to standard
delta notation relative to VPDB.

4. Results
4.1. Magnetic susceptibility (MS)

The MS measured on the gravity core GC3 shows the lowest value of
3.30 SIx 10° at 66 cm depth and the highest value of 41.34 SIx 10° at 97
cm depth (Fig. 3a). There was a gradual increase in MS from the top of
the core to about 52 cm below the seafloor (bsf) and from 67 cm to 100
cm. The MS started decreasing in values from 53 cm to 66 cm, and from
101 cm to 107 cm depth. MS values fluctuated between 9.92 SIx 10° and
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Fig. 3. Photo, X-Ray Fluorescence data and magnetic susceptibility (MS) for gravity cores GC3 (a) and GC2 (b); total organic carbon (TOC), total nitrogen (TN), and
carbon-nitrogen systematics of GC3 (a). C/N value 10 is marked as the upper threshold for marine organic matter (Meyers, 1994).
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23.00 SI x 10° from the depth of 116 cm-214 cm. The MS measured on
gravity core GC2 has the highest value of 65.67 SI x 10° at depth 82 cm,
with an intermittent increase at depths 51 cm, 63 cm, and 311.9 cm
(Fig. 3b).

4.2. X-Ray Fluorescence (XRF)

The Zr/Rb ratio measured in gravity core GC3 shows a uniform trend
between the top of the core and 58 cmbsf (Fig. 3a). There is an increase
in peak between the depths of 121 cm and 140 cm, with the highest peak
at depth 128 cm. The Zr/Rb ratio measured in gravity core GC2 shows a
rather uniform trend throughout the core, with two isolated peaks at
depths of 287 cm and 301 cm (Fig. 3b). In gravity core GC3, the Fe/Ca
ratio shows high values at around 35 cmbsf, a prominent peak at ~90
cm, and rather steadily high values below 140 cm (Fig. 3a). In gravity
core GC2, the Fe/Ca values show higher contents in the uppermost 40
cm, between 100 cm and 200 cm and from 250 cm downcore (Fig. 3b).
An isolated peak is observed at 60 cm. The Ca/Ti ratio measured in
gravity core GC3 shows a decreasing trend from the top of the core to
~32 cmbsf before it begins to increase (Fig. 3a). It shows a dramatic
increase at depths 119 cm and 129 cm. Within this interval, a shell-rich
layer is also observed. Ca/Ti decreases at depths 60 cm, 105 cm, and
153 cm. There is no significant change in the proportion of the two el-
ements from depth 160 cm downward. On the other hand, the Ca/Ti
ratio of the gravity core GC2 shows almost a uniform trend throughout
the core except for a significant peak at a depth of 6 cm (Fig. 3b). The
Ba/Ti ratio measured in gravity core GC3 shows a uniform trend
throughout the core except for significant peaks clustering around the
depths 137 cm, 157 cm and 178 cm (Fig. 3a). In the gravity core GC2, it
shows a uniform trend with sporadic isolated peaks intermittently at 15
cm, 28 cm, 90 cm and 314 cm (Fig. 3b).

4.3. Carbon and nitrogen systematics (TOC, TN, 613C, 51N

A total of 117 sediment samples were analyzed from GC3, PusC7, and
BlaC3 to explore the sources of organic matter in the sediments
collected. For gravity core GC3 (Fig. 3a), the 8'3Croc values range be-
tween —29.4%0 and —23.3%o, and the §!°N values between 1.7%. and
6.0%0. TOC (wt %) values fluctuate between 0.10 and 1.89, the TN (wt
%) values are between 0.01 and 0.14, and the C/N ratio varies between
8.7 and 29.2. In push core PusC7 (Fig. 4a), the 8'3Croc values range
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between —27.3%o and —23.2%o and the §'°N values between 4.1%. and
5.9%o. The TOC (wt%) values vary between 0.24 and 0.80, the TN (wt %)
values between 0.03 and 0.11, and the C/N ratio between 8.0 and 12.5.
In blade core BlaC3 (Fig. 4b), the 613CT0C values range between —32.4%o
and —25.4%o and the 8'°N values between 1.2%o and 4.8%o. The TOC (wt
%) values vary between 0.18 and 0.68, the TN (wt %) between 0.02 and
0.08, and the C/N ratio between 7.8 and 14.8.

4.4. Pore fluids and foraminifera geochemistry

Pore water sulfate concentration profiles are used to determine the
depth of the SMTZ, the redox zone of the sediment in which methane
oxidation takes place anaerobically (e.g. Hensen et al., 2003; Kasten
et al., 2003). Below the SMTZ, there is no further detectable decrease in
downcore sulfate concentration. The SMTZ is also typically associated
with high DIC concentrations and decreasing §'°C values due to
methane-derived carbon released into pore waters during AOM. Gravity
core GC3 shows a near-zero sulfate concentration gradient (Fig. 5a),
stable at seawater concentration of ~28 mM. DIC values range between
of 2.5 mM and 3.1 mM. associated with 8'3C between —5.0%. and
—1.6%o0. Headspace methane concentration at the bottom of the core is
< 0.01 mM. In this core, planktonic foraminifer Neogloboquadrina
pachyderma shows 5'°C values ranging between —2.33%o and 0.73%o and
5180 values between 1.36%o and 5.00%o0 (Fig. 5a). In case of the benthic
species Cibicides wuellerstofi, the 8'°C values ranges between —12.73%o
and 1.26%o and §'%0 values between —0.53%0 and 4.84%. In gravity
core GC2, the planktonic foraminiferal §!3C oscillates between —0.16%o
and 0.73%., whereas the 880 ranges between 3.09%c and 4.89%o
(Fig. 5b). Headspace methane concentration at the bottom of GC2 is <
0.01 mM.

In push core PusC7, sulfate concentration shows no trends, with
values stable at around 28 mM (Fig. 5c¢). DIC isotopic composition shows
values between —8.0%0 and —3.4%.. Methane concentration in the
sediment is 0.21 mM, slightly higher than in the gravity cores. The 5!3C
value of methane in the same sample is —60.1%o. In PusC3 (push core
from the same seepage area), the methane concentration is 0.03 mM and
5'3C of methane is —85.0%o. N. pachyderma §'3C and §'80 oscillate as
depth increases. Specifically, 8'3C values ranges between —0.15%0 and
0.62%o0 and §'%0 ranges between 0.77%. and 3.50%o (Fig. 5c). C. wuel-
lerstofi recorded an opposite trend for 5'3C and 5'%0 at 6-7 cm, 38-39
cm and 40-41 cm. The trend becomes similar at 25-26 cm and 31-32
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marked as the upper threshold for marine organic matter (Meyers, 1994).
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Fig. 5. Sulfate, dissolved inorganic carbon (DIC), dissolved inorganic carbon
stable carbon isotopes (813C), and planktonic and benthic foraminiferal carbon
and oxygen stable iSOtOPeS (813CN. pachydermas 813CC.wuellerstorﬁ; 818ON. pachydermas
8'80¢ wuelterstorf) profiles for sediment cores GC3 (a), GC2 (b), PusC7 (c) and
BlaC3 (d). Intervals with no foraminifera data represent sediment that was
barren of the targeted foraminiferal species used in this study.

cm. The 8'3C ranges between —0.81%o and 1.17%o and the §'80 between
1.60%o and 4.18%o (Fig. 5c¢).

The sulfate concentration profile in BlaC3 shows a concave down
shape with almost complete depletion at 6 cm (1.2 mM) (Fig. 5d). The
sample at 14 cm is characterized by a higher value compared to the
sample at ~6 cm, but this could be due to intrusion of fresh seawater at
the bottom of the blade core. DIC has an isotopic composition highly
depleted in 13C, with values from —32.2%o to —22.3%o. The DIC 8'3C
signature becomes more negative downcore, matching the trend of the
sulfate concentration profile (Fig. 5d). N. pachyderma 8'3C ranges be-
tween —1.36%o and —0.51%. and 8'®0 between 2.62%o and 3.30%o
(Fig. 5d). C. wuellerstofi 813C values are between —3.94%0 and 0.98%o
and 8'80 values between 3.48%o and 4.22%o (Fig. 5d).
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5. Discussion
5.1. Lithostratigraphy

The sediment core GC3 can be divided into two units (here ‘unit’
defined as a volume of sediment with homogenous properties and a
relative age range) based on sediment properties such as grain size (Zr/
Rb ratio), carbonate content (Ca/Ti ratio and visual observation of
bivalve shells), organic geochemistry (C/N atomic ratio) and terrigenous
inputs (Fe/Ca ratio). Interestingly, the latter proxy shows a change in
signal intensities (from relatively high to relatively low values; from
sedimentation dominated by terrestrial debris inputs to sediments
dominated by marine biogenic debris) also corresponding to change in
sediment color as shown by XRF imagery (Fig. 3a). Unit I (0-83 cm) is
rich in sandy mud and brownish in color. In Unit I, the §'3C values of
organic matter are mostly comprised between —24%o and —22%o., and
5!°N values are rather stable around an average value of 6%o (Fig. 3A).
Marine organic carbon typically shows 8'3Croc values between —23%o
to —16%o (Emerson and Hedges, 1988; Meyers, 1994), whereas terres-
trial sources have lighter values compared to marine sources, with Arctic
end-members generally in the window between —27%. and —26%o
(Knies and Martinez, 2009). The nitrogen isotopic composition of ma-
rine organic matter is heavier than terrestrial organic matter, the former
reaching values as high as 6-7%o whereas land-derived organic matter is
characterized by values close to 1%o (Kienast et al., 2005; Wada, 1980).
Therefore, we conclude that Unit I was deposited during open marine
conditions with predominant inputs of marine organic matter. This is
also confirmed by the C/N ratios mostly lower than 10, which is the
threshold value separating marine (lower values) from terrestrial
(higher values) sources (Emerson and Hedges, 1988; Meyers, 1994). The
Ca/Ti ratios are generally higher and Fe/Ca lower in this unit compared
to the underlying sediments. Ca/Ti is a proxy for calcium carbonate
content, deriving from authigenic or biogenic material (Rothwell and
Croudace, 2015). The Fe/Ca ratio reflects the terrigenous vs biogenic
sediment inputs (clay/carbonate content ratio) (Rothwell and Croudace,
2015). Based on those data, we ascribed Unit I to have deposited during
the Holocene (starting around ~11.7 cal ka BP). Unit II (83-214 cm)
consists of dark grey silty mud and fine-grained sand. There appears to
be ice-rafted debris (IRDs; sediments of varying grain sizes carried by
floating ice and dropped into any aqueous environment) lodged in the
gravity core, as well, which could be responsible of the increase in Zr/Rb
ratios reflecting higher grain size (Wu et al., 2020) between depths 120
and 140 cm (Fig. 3a). A shell layer is also present and corresponds to the
highest Ca/Ti peak at 129 cm. Shells are fragmented and/or dis-
articulated, and have not been classified. The bivalve shells seem to have
been reworked and deposited alongside the pebbles by icebergs. This
interval has the highest C/N values, ranging between ~22 and ~29, and
the lowest isotopic values (6*3Croc, 8'°N), demonstrating enhanced
terrestrial inputs of organic matter. The total organic content is
remarkably low in this interval, diluted by inorganic sediment particles.
Unit II is barren in foraminifera from 134 to 214 cm. This, together with
the presence of IRDs and sporadic sandy laminae, suggests that Unit II
was deposited in a seasonally deglaciated sea ice setting, which resulted
in the settling of fine-grained sediments and lower biological activity
(Eynaud, 2011). This unit is ascribed to a depositional phase within the
Late Weichselian deglaciation, likely the Younger Dryas-post Bglling
period (<14.5 cal ka BP).

Gravity core GC2 consists of a fine-grained laminated unit. Laminae-
scale color changes are frequent. Dark laminae are associated with
spikes in Fe/Ca values and drops in Ca/Ti and magnetic susceptibility.
These geochemical observations are interpreted as enrichments in
paramagnetic iron sulfide content, i.e., pyrite and low biogenic car-
bonates. This might indicate a periodic low oxygen environment at the
seafloor, favoring pyrite formation and preservation and low biological
activity. The scattered Zn/Rb profile and laminated features suggest
turbiditic inputs. The sediments in GC2 look different than GC3, possibly
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due to the different depositional setting, i.e., on a gentle slope of a ridge
vs on the crest of a ridge, and the subdivision into lithostratigraphic
units is challenging. However, some lines of correlation can be tenta-
tively drawn using the XRF data and magnetic properties. The bulges in
Fe/Ca at 20-40 cm and Ca/Ti at 25-50 cm in GC2 seem to match the
bulges at 20-50 cm and 60-100 cm in GC3. In both cores, these features
are associated with higher magnetic susceptibility followed by a
decrease in signal intensity. This would imply that the contact between
Unit I (Holocene) and Unit II (Younger Dryas-post Bglling) is at ~ 60 cm.
The sediment geochemistry of PusC7 reveals a marine-dominated
organic matter. BlaC3 shows an overall marine-derived source for the
organic matter although the uppermost 5 cm of sediments have isotopic
values not consistent with marine and terrestrial inputs and will be
further discussed in the next chapter. Overall, the shorter cores are in
agreement with Unit I being deposited in the Holocene.

The oxygen isotopic composition of foraminifera can further support
the paleo-environmental interpretations of the investigated cores. The
5180 values of N. pachyderma measured from GC3, GC2, PusC7, and
BlaC3 range between 0.77 and 5%o. 5180 values as low as 2.8-3%o were
measured in N. pachyderma sin from Vestnesa Ridge in Post-Last Glacial
Maximum (17.8-16.7 ka BP) sediments and in sediment from the Fram
Strait during the Last Glacial Maximum (23.5-24 ka BP) (Elverhyi et al.,
1995; Schneider et al., 2018). Based on the similarity of the
N. pachyderma sin §'80 values measured in this study with the %0
values measured in sediments from Vestnesa Ridge and Fram Strait, we
interpret our record as an indication that the sediment from gravity
cores and the blade core analyzed were deposited during the last
deglaciation. Also, low §'%0 values could indicate melt-water contri-
butions from the Svalbard-Barents Sea Ice Sheet (SBIS), which could be
seen across the North Atlantic (Elverhgi et al., 1995; Schneider et al.,
2018).

5.2. Biogeochemical evidence of anaerobic oxidation of methane

The down-core variation of pore water sulfate concentration is
essential to identify the depth of the modern SMTZ (e.g. Hensen et al.,
2003; Kasten et al., 2003). On the other hand, the solid-phase
geochemistry of the sediment includes all the anomalies generated by
methane oxidation through time. Combining pore water and sediment
geochemistry in different cores is an effective approach to reconstruct
seepage dynamics through time (Argentino et al., 2021; Schneider et al.,
2018; Yao et al.,, 2020), overcoming the challenges related to the
extreme temporal and spatial heterogeneity of cold seepage environ-
ments (Ferré et al., 2020). The occurrence of 13C-depleted carbonates is
a common proxy for AOM (Argentino et al., 2022b; Crémiere et al.,
2016; Himmler et al., 2019; Judd and Hovland, 2007; Roberts and Feng,
2013) since it reflects the direct incorporation of methane-derived car-
bon released into pore water upon oxidation. Several other indicators,
such as the enrichment of barium in narrow stratigraphic intervals at the
top of SMTZs, generated by barite precipitation at the interception of
sulfate- and barium-rich waters (Carter et al., 2020). The hydrogen
sulfide released by sulfate-dependent AOM tends to form iron sulfide
accumulations which can be tracked by monitoring magnetic suscepti-
bility anomalies along the sediment cores (Johnson et al., 2021). These
proxies were used by Schneider et al. (2018) to identify shallow sub-
seafloor diagenesis and episodes of past seafloor methane seepage along
Vestnesa Ridge since the Last Glacial Maximum (LGM) and during the
retreat of the Svalbard-Barents Sea Ice Sheet (SBIS) as well as by other
authors at Arctic cold seeps (Argentino et al., 2021; Yao et al., 2020). In
GC3 and PusC7, the sulfate profiles demonstrate that there is no SMTZ
within the sampled sediment intervals (Fig. 3a; 5a, c¢). This agrees with
the fact that GC3 was collected from a reference area outside the seep
zone, and PusC7 was collected from a reference area within the seep (i.
e., an area without any evidence of seep habitats at the seafloor). Sed-
iments at sites characterized by high methane fluxes and shallow SMTZs
are typically colonized by microbial mats and tubeworms thriving on the
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sulfide released by AOM (Argentino et al., 2022b; Fischer et al., 2012;
Sahling et al., 2002). Both GC3 and PusC7 have negligible methane
concentrations, in agreement with the flat sulfate and DIC pore water
profiles. Differently, BlaC3 displays an SMTZ at around 6 cm (Fig. 2b;
5d). The DIC §'3C and concentration support the presence of such
shallow SMTZ, in which methane oxidation produces '3C-depleted bi-
carbonate ions. The isotopic composition of organic matter in the up-
permost sediment layer hosting the microbial mat (Fig. 4B) yielded 5'3C
values as negative as —32.4%o, confirming that it’s mostly composed of
chemoautotrophic organisms, typical of cold seep environments (Gil-
hooly et al., 2007; Heijs et al., 2005). Considering the isotopic effect of
—25%o (Ruby et al., 1987) associated with that trophic strategy, the main
carbon source for the microbial mats is DIC from seawater, with a minor
contribution from methane-derived carbon in the pore waters. This in-
terval also shows low 8'°N values compared to the rest of the core and
the other cores. The negative isotope excursions observed in BlaC3 are
found in other mats from cold seeps (Gilhooly et al., 2007; Griinke et al.,
2012) and might reflect nitrogen uptake via ammonium assimilation,
nitrate reduction (Hoch et al., 1992; Macko et al., 1987) or nitrogen
fixation (Nelson et al., 1982). GC3 and PusC7 have low DIC concentra-
tion and a slightly negative 5'°C signature generated by organic matter
respiration releasing DIC with isotopic composition ~ §!3Croc, between
—29%o and —23%o, which mixes with seawater DIC of ~0%.. The C/N
ratios in all the cores show a predominant marine component with few
intervals marked by enhanced terrestrial inputs linked to the activity of
icebergs. In BlaC3, the low C/N values in the uppermost 5 cm are likely
influenced by the presence of bacterial biomass, which has values as low
as 4 (Madigan et al., 2017). We do not have pore water data for GC2, so
we cannot track the depth of the present-day SMTZ. However, the
methane concentration in this core is lower than 0.01 mM, which clearly
indicates that the SMTZ and the methanogenic zone are located deeper
than the investigated interval. The 8'3C values of N. pachyderma sin and
C. wuellerstofi from GC3 (Fig. 5a), GC2 (Fig. 5b), and PusC7 (Fig. 5c¢)
show normal marine signatures (from —1%o to +1%o; Ravelo and
Hillaire-Marcel, 2007), thus indicating that the foraminiferal shells were
not affected by AOM-derived carbonate overgrowth (Panieri et al.,
2017). The only exception is the sample collected from GC3 at 132 cm,
which shows a remarkably negative 5'3C value of —12.73%o, produced
by secondary overgrowth of methane-derived carbonate. BlaC3 was
barren of foraminifera except for narrow intervals, which do not show
AOM influence (Fig. 5d). Ca/Ti profiles from XRF logging of gravity
cores agree with the foraminiferal observations, as there are no intervals
with prominent carbonate enrichments related to methane-derived
carbonate concretions precipitating on the foraminifera shells. There-
fore, the Ca distribution reflects changes in primary productivity and
allochthonous biogenic material transported by icebergs, i.e. shell in-
terval in GC3. The sharp Ba/Ti peaks found at ~137 cm and ~158 cm
might instead indicate the establishment of a paleo SMTZ at some point
after sediment deposition. Notably, localized barium enrichments can be
indicators for paleo SMTZs (Argentino et al., 2021; Schneider et al.,
2018; Yao et al., 2020). The dissolved barium is transported over the
SMTZ as the fluids move upwards, and when it encounters sulfate-rich
waters above the SMTZ, barite re-precipitates, forming a barite front
(Carter et al., 2020; Torres et al., 1996). The sediment intervals in which
we observe these barite enrichments are associated with very low TOC
values (~0.2 %), and a remarkably negative 5!3C value in C. wuellerstofi
was measured in the sediment interval hosting the upper barite front
(Fig. 5a). Therefore, we interpret them as diagenetic fronts related to
paleo-SMTZs. Two different barite fronts were identified in GC3 (i.e.,
Ba/Ti peaks at depths 158 cm and 137 cm), which we hereby define as
paleo-SMTZ 1 and paleo-SMTZ 2, respectively (Fig. 3a). We speculate
that the deeper barite front (paleo-SMTZ 1) was the first to have formed
while the upper one (paleo-SMTZ 2) formed in more recent times. This is
because older barite fronts tend to dissociate into barium and sulfate
ions below the SMTZ. The Ba enrichment at 158 cm is smaller than the
most recent one, possibly due to dissolution. It is not possible with the
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available data to determine precisely when the first paleo-SMTZ estab-
lished and when it migrated through the sediment column. We cannot
speculate about the duration of the paleo-events recorded in GC3 since
the formation of the geochemical anomalies, i.e. MDAC overgrowth on
foraminifera and barite front, is influenced by various factors such as the
fluid flow, AOM rates, ion availability (Feng et al., 2019; Karaca et al.,
2010; Luff and Wallmann, 2003; Wang et al., 2018). We can only state
that those events occurred later than the age of the sediments hosting the
anomalies. Based on lithostratigraphic constraints, the sediments host-
ing the two barite fronts are older than Holocene ~11.7 cal ka BP and
younger than the start of the Younger Dryas-post Bglling period ~14.5
cal ka BP. Therefore, we ascribe the time of barite front formation to
later than ~14.5 cal ka BP. Additional investigations including radio-
carbon dating will be useful to refine the age model for the sediment
cores and paleo-seepage at Svyatogor Ridge. GC2 shows a few Ba/Ti
spikes, single points that deviate from the adjacent values. Those signals
are associated with irregularities on the surface of the split cores
(Fig. 3b) so they do not correspond to true Ba enrichments but to
artifacts.

However, the datasets reported in this study demonstrate for the first
time that Svyatogor Ridge hosts an active methane seepage environ-
ment, with local hotspots of chemosynthesis sustained by anaerobic
oxidation of methane. We found extreme spatial variability in the dis-
tribution of SMTZs, which indicates highly heterogeneous methane
fluxes within the cold seep area. For instance, the cores PusC7 and BlaC3
were located only ~1 m from each other, but only BlaC3 showed the
presence of a shallow SMTZ associated with a microbial mat at the
seafloor. Moreover, owing to the dynamic nature of cold seeps, the
conditions observed in this study only represent a snapshot of present-
day processes and might vary in the future. Indeed, the presence of
barite fronts buried >1 m below the seafloor in a core without signals of
ongoing AOM, suggests a localized decrease of methane fluxes over
time. These findings relate well with the previous studies at Svyatogor
Ridge, indicating the presence of deep gas hydrate reservoirs and fluid
flow systems (Waghorn et al., 2018), thus linking the deep subsurface
with seafloor environments. The gas geochemistry points toward a pri-
mary microbial origin (Milkov and Etiope, 2018). The extremely nega-
tive 5!3C values recorded in the push cores (as low as —85%o) are
consistent with the carbonate reduction pathway for gas formation.
Methane seepage environments can be a common feature along active
ultraslow-spreading ridges, which represent ca. 50% of the global
mid-ocean ridge system and have only relatively recently been recog-
nized to host hydrothermal activity(German et al., 1998). Therefore, our
findings call for a reevaluation of the role of these ridges as potential
areas of methane discharge into the ocean, encouraging further studies
to explore the sources, distribution and magnitude of seepage and re-
lationships with benthic ecosystems.

6. Conclusions

In this study, we report sediment and foraminiferal geochemistry
data collected from different sediment cores from Svyatogor Ridge, a
sediment-covered transform fault on the ultraslow-spreading mid-ocean
ridge located to the west of Svalbard (Fram Strait). We provided
biogeochemical evidence for ongoing anaerobic oxidation of methane in
the shallow sedimentary column, with a sulfate-methane transition zone
at ~6 cmbsf associated with microbial mats. We found two barite fronts
buried deeper than 1 m below the seafloor, indicative of paleo-sulfate
methane transitions. One barite front was associated with foraminif-
eral tests displaying a negative 5!°C value of —12.73%o, which reflects
encrustation by methane-derived carbonate induced by past AOM. We
ascribe the paleo-SMTZs to the Younger Dryas-post Bglling period (later
than ~14.5 ka) according to chronostratigraphic constraints and mod-
ern pore water profiles. In our dataset, we also describe strong spatial
heterogeneities in sediment biogeochemical processes, which ultimately
reflect variations in the distribution of subsurface methane fluxes. The
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cold seep environment reported in this study is sustained by methane
fluxes conveyed toward the seafloor by underlying small-scale faults
which serve as conduits for fluid flow (Waghorn et al., 2018). The gas
geochemistry indicated a primary microbial origin for the seeping
methane with 8'3C values as negative as —85%o. Our results provide the
first evidence of methane seepage environment ever reported from the
Arctic mid-ocean ridge, thus calling for a reevaluation of the role of
ultraslow-spreading ridges in the ocean methane cycle and encouraging
further investigations in these remote deep-sea settings.
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