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ABSTRACT

Methane-consuming microbes inhabiting marine methane seeps have recently been found to have the capacity to
assimilate inorganic nitrogen, suggesting a previously unaccounted role in the global nitrogen cycle. Despite ex-
situ experimental observations, definitive evidence of this process under in-situ conditions remains elusive,
hindering the complete understanding of the controlling factors and magnitude of this process. We present the
isotopic variations of organic carbon 613C0rg and total nitrogen 8'°N values in two sediment cores collected from
the gas hydrate-bearing Hikon Mosby Mud Volcano, SW Barents Sea (72°N, ~1260 m water depth). We iden-
tified a stratigraphic interval containing methane-derived carbonates directly overlying a gas hydrate layer at 67
cm and typified by 613C0rg and 8'°N as low as —42.0%o and 1.2%o, respectively. Stable isotope mixing models
confirm in-situ nitrogen uptake by methanotrophic consortia, contributing to up to 49.1 wt% of the local bulk
sedimentary organic matter — a finding calling for reevaluation of the role of methane seeps in the oceanic ni-

trogen cycle.

1. Introduction

Microbial methane consumption in anoxic sediments plays a critical
role in limiting ocean greenhouse gas fluxes into the atmosphere, which
account for only 3-6% of today’s total natural emissions (Weber et al.,
2019). The biogeochemical process known as anaerobic oxidation of
methane (AOM) occurs in the sediment of all continental margins and
acts as an effective biofilter consuming approximately 90% of the up-
ward migrating methane before entering the ocean (Reeburgh, 2007).
AOM is performed by microbial consortia consisting of methanotrophic
archaea (ANME) (Knittel et al., 2005) and sulfate-reducing bacteria
(SRB) belonging to the Deltaproteobacteria (Orphan et al., 2001;
Schreiber et al., 2010). This syntrophic consortium shares the energy
yield deriving from the oxidation of methane to carbon dioxide coupled
with the reduction of dissolved sulfate to sulfide via electron transfer
(McGlynn et al., 2015; Wegener et al., 2015). In addition to the well-
constrained carbon assimilation pathways in ANME-SRB consortia,
metagenomic studies identified the presence of the nitrogenase genes
(nif) responsible for nitrogen fixation in ANMEs (Dekas et al., 2009;
Miyazaki et al., 2009; Orphan et al., 2009). The discovery of
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diazotrophy, the metabolic ability to fix dinitrogen into bioconvertible
nitrogen species, associated with AOM was a significant breakthrough
(Fulweiler, 2009), opening new research directions in deep-sea
biogeochemistry, driven by the need to understand the distribution,
abundance, and identity of nitrogen-fixing organisms in marine envi-
ronments (Dekas et al., 2018; Dekas et al., 2016; Dekas et al., 2014;
Dong et al., 2022; Metcalfe et al., 2021) and their unaccounted role in
the global nitrogen cycle. In fact, current ocean models point to an un-
balanced relationship between nitrogen sinks (i.e. denitrification) and
sources (i.e. nitrogen fixation; Codispoti, 2007; Hutchins and Capone,
2022; Mahaffey, 2005). In addition, methanotrophic consortia can
perform anabolic ammonium (NHZ) assimilation, as demonstrated by
incubation studies and stable isotope labelling experiments (Dekas et al.,
2018; Dekas et al., 2014; Dekas et al., 2009; Orphan et al., 2009).
Diazotrophy is assumed to be a metabolic strategy to overcome nitrogen
limitation when the other bioavailable nitrogen forms (NHZ, NO3) in
pore waters are depleted, but it is still unclear what environmental
conditions influence this process since some authors reported peaks in
nitrogen fixation rates in coastal marine sediments at high ammonium
concentration (> 1 mM)(Bertics et al., 2010). In methane seep
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sediments, ammonium seems inhibiting ANME diazotrophy at concen-
trations >25 pM (Dekas et al., 2018), but localized nitrogen fixation can
occur in ammonium-depleted microniches in the sediment or within
large ANME-SRB aggregates characterized by size-induced micro-gra-
dients with lower ammonium concentration near the core of the con-
sortia (Dekas et al., 2014; Metcalfe et al., 2021; Orphan et al., 2009).
Although the potential for inorganic nitrogen assimilation has been
experimentally validated ex-situ for both ANME (Dekas et al., 2014;
Dekas et al., 2009; Orphan et al., 2009) and SRB (Metcalfe et al., 2021),
direct evidence from marine seep sediments is scarce, limiting our
ability to assess the role of AOM in the global nitrogen cycle. As methane
seeps and gas hydrates are widespread along continental margins
(Pinero et al., 2013), verifying the occurrence of AOM-driven nitrogen
uptake in those environments is critical to assess the distribution and
magnitude of methanotrophy-related nitrogen cycling. Such knowledge
may help solve current discrepancies in the oceanic nitrogen budget
(Dekas et al., 2014).

The isotopic fractionation associated with marine nitrogen fixation
leads to 5'°N values approximately 1%o to 6%o lower than the values of
the dissolved nitrogen substrate (Zhang et al., 2014), typically resulting
in biomass with 8'°N values from —2 to 0% (Altabet, 2007; Dekas et al.,
2018; Montoya, 2008). Ammonium assimilation can produce an
apparent fractionation of up to —27%o (Hoch et al., 1992), leading to
similarly low 55N values of biomass (Yamanaka et al., 2015). Therefore,
discriminating between the two processes (diazotrophy and ammonium
assimilation), is not possible with an isotopic approach alone and re-
quires targeted microbiological investigations. However, the isotopic
signature of the uptake of inorganic nitrogen is characterized by lower
values than the average 5'°N composition of sedimentary organic matter
ranging from 3 to 7%. (Emerson and Hedges, 1988; Meyers, 1994),
composed of a mix of marine and terrestrial sources, representing a
potential for its use as a proxy in the sedimentary record. To date only
little evidence for the existence of AOM-related nitrogen uptake in
marine sediment exists, including low &!°N values of bulk organic
matter in sediments from the Gulf of Mexico (Joye et al., 2004) and
negative excursions of 5'°N values up to —5%o at seeps in the South
China Sea compared to non-seep sediment (Hu et al., 2020). In those
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studies, the hypothesized relationship between AOM and diazotrophy
was based on concomitantly decreasing 613Corg values (Joye et al., 2004)
and other sedimentary proxies for AOM at the SMTZ (Hu et al., 2020).
Still, carbon isotopic values of organic matter were not mirroring trends
of values of marine and terrestrial sources or were not reported.

Here, we present first combined 5'3C and §'°N isotopic evidence of
the uptake of inorganic nitrogen by AOM consortia, studying sediments
collected from the gas-hydrate bearing Hdkon Mosby Mud Volcano
(HMMV), SW Barents Sea (Fig. 1a). Since nitrogen assimilation by
ANME-SRB appeared to be dependent on high methane levels in labo-
ratory experiments (Dekas et al., 2018; Dekas et al., 2014; Dekas et al.,
2009), HMMV represents an ideal area to investigate this process in the
environment. We characterized the sediment biogeochemistry of two
gravity cores (Figs. 1b, c) collected during expedition CAGE20-3. We
interpret pore water sulfate concentrations and profiles of dissolved
inorganic carbon isotopes (613CDIC), methane concentration in the
sediment and its isotopic composition (5'3Cgp4), molecular and isotopic
composition of bulk decarbonated sediment (TOC, 613C, TN, 615N), and
downcore X-ray fluorescence Ca and Ba concentration profiles. This
study demonstrates the occurrence of AOM-driven uptake of inorganic
nitrogen in gas hydrate-bearing sediments, encouraging further in-
vestigations in similar modern settings and the rock record.

2. Geological setting

The Hékon Mosby Mud Volcano is located at ~1260 m water depth
(Fig. 1a) on the SW Barents Sea slope (Fig. 1a). The volcano is approx-
imately 1.4 km in diameter and covers an area of 1.2 square km (Figs. b,
c), with a ~ 15 m high relief above the seafloor. The stratigraphy in this
area is characterized by a sedimentary succession approximately 6 km in
thickness, overlying oceanic crust (Faleide et al., 1996). The formation
of HMMV is attributed to the accumulation of overpressure in the gas-
rich hemipelagic glacial units due to successive sliding in the upper
slope during the Cenozoic (Perez-Garcia et al., 2009). The occurrence of
the Bear Island Slide at ~330 ka BP led to a sudden decrease in over-
burden and consequent sediment load further downslope. This event
triggered the lateral upslope migration of gas-rich fluids along the Bear
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Fig. 1. Location and bathymetry of the study area and investigated sediment cores. (a) The Hakon Mosby Mud Volcano is located on the slope of the SW Barents Sea.
(b) The gravity cores were collected from the mud volcano at ~1260 m water depth (367-GC) and from a reference site at 965 m (369-GC). (c) Close-up view of the
mud volcano. The color scale is accessible to people with color vision deficiencies (Crameri et al., 2020).
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Island Slide scar weakness zone with consequent mud remobilization
(Perez-Garcia et al., 2009). High resolution 2D Seismic and sediment
sub-bottom profiles revealed a narrow conduit rooting in at least 3 km
depth in the Late Pliocene sediments, constituting the main pathway for
focused upward fluid and mud flow (Perez-Garcia et al., 2009). A
shallow mud chamber has been discovered at ~300 m depth, directly
above the Bear Island Slide scar and is linked to the surface via a narrow
vertical conduit (Perez-Garcia et al., 2009). The main hydrocarbon
reservoir is located in the pre-glacial biosiliceous oozes deposited in the
early-mid Cenozoic (Hjelstuen et al., 1999). The HMMV hosts abundant
type I (methane-rich) gas hydrates in the shallow subsurface (Pape et al.,
2011), and the seafloor is inhabited by widespread chemosynthesis-
based communities of Beggiatoa mats and frenulate siboglinid tube-
worms (Figs. 2a, b)(Biinz and Panieri, 2022; Niemann et al., 2006),
whose distribution is primarily controlled by methane gradients in the
sediment. In this study we focus on two gravity cores from the HMMV
area. One core contained gas hydrates (367-GC), which rapidly dis-
solved onboard (Fig. 2c), while a reference core was collected 16 km
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away from HMMV (Fig. 1b) and is used as a reference (369-GC).
3. Methods
3.1. Sediment and pore fluid samplings

Sediment cores 367-GC and 369-GC were collected in 2020 during
the expedition CAGE20-3 with R/V Helmer Hanssen using a 6-m long
gravity corer. The cores were cut onboard into 1 m sections and
immediately sampled for pore water and headspace gas. Pore water was
extracted using rhizon samplers and 10 mL sterile syringes. All pore
water samples were split into two aliquots for sulfate and dissolved
inorganic carbon analyses. DIC samples were fixed with 10 pL of HgCly
saturated solution. Sulfate samples were stored at —20 °C, while DIC
samples were kept at 4 °C in the dark. A bulk sediment sample for
headspace gas analysis was collected from the bottom of core 367-GC
using a cut-off syringe. The sample was transferred into a glass vial
prepared with 5 mL of 1 M NaOH to stop microbial activity, sealed with

Fig. 2. Seafloor imagery and gas hydrates at Hakon Mosby Mud Volcano. (a) HMMV is an active seepage area with widespread seafloor chemosynthesis-based
communities, including Beggiatoa mats and frenulate siboglinid tubeworms. Imagery collected during expedition CAGE21-1 (Biinz and Panieri, 2022). (b) Large
bacterial mats from HMMV. (c) Gas hydrates at the bottom of gravity core 367-GC observed during research expedition CAGE20-3.
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a rubber septum and aluminum crimp cap, shaken and then stored
upside-down at 4 °C.

3.2. Sediment logging

High-resolution (1 mm) magnetic susceptibility and porosity mea-
surements were conducted on whole-core sections of 367-GC and 369-
GC using a GEOTEK Multi Sensor Core Logger (MSCL) hosted at the
Geology Laboratory (UiT). X-Ray fluorescence core logging was con-
ducted on cores 367-GC and 369-GC using an Avaatech XRF Core
Scanner at 1 cm steps. Datasets were acquired in multiple runs at
different currents, voltages and filters: 10 kV, 1 mA, no filter; 30 kV, 2
mA, Pd-thick filter; 50 kV, 2 mA, Cu-filter. The measuring time varied
for every run:10 s (10 kV) and 20 s (30 kV and 50 kV). For this study, we
report the calcium and barium counts normalized to titanium to correct
for the matrix effect and transformed to log ratios to enable peak
amplitude comparisons. Ln(Ca/Ti) and In(Ba/Ti) profiles were
smoothed by applying an unweighted sliding-average algorithm to
suppress false peaks caused by random noise.

3.3. Sediment carbon-nitrogen systematics (6136(,,9 515Nd) C/N) and
methane-derived carbonate isotope geochemistry (5'>C and 5'80)

Sediment samples for carbon and nitrogen geochemistry were
collected from cores split into half (every cm from 367-GC and every 5
cm from 369-GC). Approximately 0.3 g of dry sediments were weighed
in 10 mL Eppendorf tubes and treated with 5 ml 6 N HCl to remove the
carbonate component. Samples were rinsed five times with distilled
water and let to dry out in the oven at 50 °C. Analyses were conducted at
the Stable Isotope Laboratory-SIL at the Centre for Arctic Gas Hydrate,
Environment and Climate (CAGE) located at the UiT-The Arctic Uni-
versity of Norway, in Tromsg, Norway, using a Thermo-Fisher MAT253
Isotope Ratio Mass Spectrometer (IRMS) coupled to a Flash HT Plus
Elemental Analyzer. The §'3C and 5!°N values of decarbonated material
were determined by normalization to international standards, Vienna
Pee Dee Belemnite, VPDB (5'3C) and Air-N (8'°N), by three in-house
standards. The analysis of duplicate samples throughout the session
yielded an average repeatability (1SD; N = 6) for TOC, TN, §'>C and
8'5N of 0.1 + 0.3%, 0.01 + 0.03%, 0.4 £ 1.7%o, and 0.4 + 1.1%,
respectively. The C/N atomic ratio was calculated using the atomic mass
weighted ratio of TOC and TN as C/N = (TOC/12.011)/(TN/14.007).
The proportions of marine and terrestrial organic matter and AOM-
related biomass in bulk sedimentary organic matter were calculated
using the ISOCONC1 _01.xls is Microsoft Excel 2000™ spreadsheet
openly available from the United States Environmental Protection
Agency (EPA). Methane-derived authigenic carbonates were hand-
picked from dry sediment samples, and their carbon and oxygen iso-
topic composition was determined on a MAT 253 IRMS. Data are re-
ported in %o notation relative to VPDB. The analytical error was better
than 0.1%o (1SD) for both carbon and oxygen.

3.4. Pore fluid analyses

The carbon isotopic composition of dissolved inorganic carbon (DIC)
in cores 367-GC and 369-GC was measured at the Stable Isotope
Laboratory-SIL (UiT) using a Thermo Scientific MAT253 IRMS (Thermo
Fischer Scientific, U.S.A.) coupled to a Gasbench II. Three in-house
calcite standards were used for normalization to VPDB and provided
analytical precision of 0.1%0 (1SD; N = 5). Sulfate concentration was
measured via ion chromatography at TosLab AS in Tromsg, Norway,
following the NS-EN ISO 10304-1 method. Gas in the sediment was
measured in headspace samples. We collected 5 ml of bulk sediment
from different stratigraphic intervals and the material was transferred
into 20 ml serum vials containing and 5 ml of 1 M NaOH. The vials were
sealed with a septum and an aluminum crimp cap and stored at 4 °C.
Methane concentration was measured using a ThermoScientific Trace
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1310 gas chromatograph at the Stable Isotope Laboratory-SIL (UiT).
Methane isotope composition in the headspace gas sample was sepa-
rated on a Restek MXT Molsieve 5 A gas chromatography column and
measured using a Nu Horizon (Nu Instruments Ltd., UK) at IFE, Institute
for Energy Technology (Oslo, Norway). Calibration was done with in-
house standards calibrated with the international standards USGS
NGS-2 and USGS NGS-3. Precision on 5'3C of methane was estimated as
0.5%0 VPDB (1SD).

4. Results and discussion
4.1. Sediment biogeochemistry

The sediment cores collected from the HMMV (367-GC) and back-
ground area (369-GC) show high variability in the magnitude of sub-
surface fluxes and biogeochemical processes. In marine sediments, AOM
occurs in a redox interval referred to as the sulfate-methane transition
zone (SMTZ), situated at the interception of methane and sulfate con-
centration profiles and located at various depths beneath the seafloor
ranging from 0.5 m in shelf settings to >150 m in abyssal regions (Egger
et al,, 2018). In seepage-impacted sediments, the SMTZ can be as
shallow as a few cm (Argentino et al., 2022; Argentino et al., 2021;
Fischeretal., 2012; Lee et al., 2019), and AOM rates are several orders of
magnitude higher than in background sediments (Lee et al., 2019;
Marlow et al., 2014). Reference core 369-GC does not show evidence of
a present-day SMTZ down to a depth of 350 cm (Fig. 3a). Sulfate con-
centrations and 613CDIC values decrease down-core with minimum
values of 14 mM and — 16.2%o, respectively. Methane has been found in
trace amounts, ranging from 1.3 to 5.1 pM. Such patterns are typical of
the sulfate reduction zone of marine sediments, where organic matter
decomposition coupled with sulfate reduction is the dominant biogeo-
chemical process controlling pore water sulfate and DIC gradients. The
XRF dataset defines three lithological units separated by sharp Ba and Ca
gradients (Fig. 3a) and associated with different porosity and magnetic
susceptibility (Supplementary Fig. 1). There is no sedimentological
indication for mass flow deposits in the X-ray logs (Fig. 3a). Therefore,
these units reflect in-situ deposition, and their geochemical composition
is related to changes in productivity. Overall, these observations indi-
cate that core 369-GC is not affected by methane oxidation and can be
used as a reference for the hydrate-bearing core.

Gravity core 367-GC intercepted a gas hydrate-rich layer at ca. 67 cm
below the seafloor (Fig. 2c). The sediment becomes stiffer and drier close
to the top of the hydrate layer, interpreted to reflect absorption of water
molecules during gas hydrate formation and associated with a pro-
gressive decrease in porosity (Supplementary Fig. 1). A headspace gas
sample collected at the base of the core yielded a §'3Ccus value of
—52.3%o, close to the values of around —60%o previously reported from
HMMV (Lein et al., 1999; Pape et al., 2011). Methane concentration at
30 cm depth is 2.0 mM, three orders of magnitude higher than in the
reference core. The sulfate profile of core 367-GC exhibits a concave-up
shape (Fig. 3b) suggesting non-steady state conditions induced by an
increase in methane flux (Schulz, 2006). Sulfate is fully consumed at
around 50 cm depth, marking the position of the modern SMTZ. The
carbon isotopic composition of DIC reaches a minimum 8'3C value of
—31.2%o at the same depth (Fig. 3b, Supplementary Table 1), indicating
a contribution from methane-derived carbon released by AOM into the
pore water. Higher 5'3Cpc values below the SMTZ cannot be explained
by isotopic fractionation related to hydrate formation, since that process
only involves the hydrogen isotopes leaving the carbon isotopic
composition of hydrate-bound molecules and residual gas unaltered
(Hachikubo et al., 2007). Therefore, we ascribe the observed trend as
due to the presence of residual C-enriched DIC related to methano-
genesis (Whiticar, 1999). Two concretions of authigenic carbonate from
the 60-61 cm and 64-65 cm intervals (Fig. 3b) yielded 5'3C values of
—31.8%0 and — 31.6%o and 5120 values of 6.1%o and 5.8%, respectively,
which are typical of methane-derived authigenic carbonates (MDAC)
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incorporating variable amounts of '3C-depleted carbon released by
AOM. The carbon and oxygen values are respectively higher and lower
than the values of methane-derived carbonates reported in a previous
study from Hakon Mosby Mud Volcano, —29.6%o < 8'3C < —28.4%o and
4.3%0 < 880 < 5.4%0 (Milkov et al., 2004), possibly reflecting the
proximity to hydrate in core 367-GC. The data presented in Fig. 3b agree
with MDAC formation at a paleo-SMTZ. The XRF peaks in calcium at 61
cm depth are therefore ascribed to the presence of MDACs. Interestingly,
the isotopic composition of carbonate minerals is close to the measured
5'3Cpic value at 50 cm depth. Thus the carbonates probably formed
before the upward shift of the SMTZ started a few tens to hundreds of
years ago (Kasten et al., 2003). The current SMTZ coincides with a small
bulge in In(Ca/Ti), coinciding with ongoing MDAC formation. The
modeled oxygen isotope composition of carbonate forming in equilib-
rium with modern bottom waters (~0% SMOW; BWT = —1 °C)(Lein
et al., 1999; Milkov et al., 2004) is 4.2%o for aragonite (Kim et al., 2007)
and 5.2%o for high-Mg calcite (Friedman and O’Neil, 1986). The 5'%0
values of the studied carbonates are higher than the calculated theo-
retical values, indicating a significant contribution of isotopically-heavy
water from gas hydrate dissociation (Davidson et al., 1983). XRF data
reveal barium enrichments with peaks at around 35 cm and 60 cm depth

(Fig. 2b). Barium is common in seepage-affected sediments, forming
diagenetic fronts at the top of the SMTZ (Riedinger et al., 2006). For core
367-GC, the prominent peak at 35 cm is interpreted to reflect the current
SMTZ, whereas an increase of contents within the MDAC interval rep-
resents a remnant of the paleo-SMTZ.

4.2. Evidence of nitrogen uptake by AOM consortia

The carbon-nitrogen systematics (C/N ratios, 613C0rg, 5'°Ng) of
sediment cores was used to characterize the background sedimentary
organic matter composition (marine vs terrestrial) and to identify post-
depositional diagenetic signals related to AOM-derived microbial
biomass. Marine-derived organic matter is typically characterized by
513C values between —23%0 and — 16%. (Emerson and Hedges, 1988;
Meyers, 1994), 55N values as high as 7%o (Wada, 1980), and C/N ratios
between 4 and 10 (Meyers, 1994). In contrast, terrestrial organic matter
is typified by lower 8'3C values ranging between —28%o and — 26%o
(Emerson and Hedges, 1988; Meyers, 1994), lower 51°N values (Kienast
etal., 2005), and C/N ratios higher than 20 (Emerson and Hedges, 1988;
Meyers, 1994). The accumulation of AOM-derived biomass in marine
sediments depends on the overall methane flux and sulfate availability,
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as well as the stability of the SMTZ at a particular depth (Hinrichs et al.,
2000). Therefore, significant shifts in bulk 613C0rg of marine sediments
linked to methanotrophic biomass are expected in sediment samples
collected from modern or past SMTZs in methane seepage areas.
Extreme '3C depletion with 613C0rg as low as ca. -60%o has been
discovered in the geological record of the early Earth (Eigenbrode and
Freeman, 2006) and attributed to globally widespread methanotrophy,
indicating the potential use of this parameter as a proxy for AOM in
sediments as old as 2 Ga. In modern MDAC, bulk 613COrg values are as
low as —81%o (Feng et al., 2021), consistent with a total organic carbon
composition dominated by methanotrophic biomass. On the other hand,
the univocal recognition of an AOM-related 613Corg signal in modern
bulk sediment samples is scarcely reported in the literature, as it is
generally associated with small shifts of 1-3%o (Argentino et al., 2021;
Lee et al., 2018; Miao et al., 2022) or it is masked by isotopic signals of
other carbon sources (Li et al., 2022).

Here, we measured 613C0rg values as negative as —42.0%o (60 cm) in
sediments directly overlying the gas hydrate-bearing interval (Fig. 3b,
Supplementary Table 2). Reference core 369-GC shows a relatively
constant downcore 613C0rg composition with a mean value of —24.2 +
0.6%o (1SD; n = 73)(Fig. 3a, Supplementary Table 2), indicating the
predominance of marine and terrestrial sources. The low 613C0rg values
measured in the sediment layer containing MDAC cannot be produced
by a mixture of marine and terrestrial organic matter but only by
considering an AOM-related contribution (Fig. 4a). We confidently
interpret this 13C0,g—depleted interval at 55-67 cm as related to high
contents of methanotrophic biomass. The same value was measured in a
short (20 cm) sediment core from the oxygen minimum zone off
Pakistan (Yoshinaga et al., 2015) and ascribed to AOM-associated
biomass based on total lipid extract and DNA analyses. In core 367,
the gas hydrate layer favored protracted and intense sulfate-driven AOM
in the overlying SMTZ, leading to the accumulation of high amounts of
13C-depleted biomass in the sediment (Elvert et al., 2005). The genera-
tion of this remarkable isotopic depletion in the sediment was likely
facilitated by low sedimentation rates, which ultimately control the
period of time during which AOM activity takes place in a certain depth
interval. The negative excursion in the carbon isotope profile of core
367-GC at 14-16 cm depth (613Corg = —37.5%0) is also consistent with
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AOM and a shallow paleo-SMTZ linked to the past hydrate dynamics. A
613C0rg value of —32.3%o has been found in gas hydrate-bearing sedi-
ments at Bullseye vent (SMTZ depth < 1 m), offshore Vancouver Island,
Canada (Pohlman et al., 2013), whereas only a 1%. drop and relatively
high 8'3C value (—24.4%0), was measured at a deeper gas hydrate-
associated SMTZ at 170 m below the seafloor (Xiong et al., 2020). The
variability in 613C0rg values in gas hydrate-bearing sediments in this
study, therefore, seems to be controlled by the proximity of the SMTZ to
the gas hydrate source, methane fluxes and longevity of the SMTZ at a
certain depth, with values increasing with distance from hydrate. The
sediment interval at 34-47 cm depth also shows depleted isotopic sig-
natures (613C0rg as negative as —31.8%o0) compared to adjacent sediment
intervals and the background sediment of core 369-GC (Fig. 3). The
negative excursion at this depth is less well-defined than the sharp peaks
observed at 15 cm and 60 cm but is still easily recognizable in the overall
constant downward trend. The 34-47 cm depth interval is bioturbated
(Fig. 3b). Microbial mats and tubeworm habitats are widespread at
Hé&kon Mosby Mud Volcano today (Figs. 2a, b)(Biinz and Panieri, 2022);
faunal distribution reflects the dynamic energy fluxes related to sub-
surface AOM. The observed bioturbation was probably created by seep
fauna inhabiting a paleo-seafloor and fixing methane-derived carbon.
The nitrogen isotopic composition of total nitrogen was measured on
decarbonated material (TNg), and it is hereafter assumed to reflect
organic nitrogen based on the close-to-zero-intercept of TNq4 versus total
organic carbon (TOC) (Supplementary Fig. 2). This assumption let us
consider bulk sediment TNgq values as mixtures of different organic
sources. In reference core 369-GC, the nitrogen isotope profile displays a
negative peak centered at 46 cm depth, accompanied by an opposing
trend in the C/N atomic ratio (Fig. 3a). This interval corresponds to a
laminated lithological unit consisting of fine-grained turbidites,
explaining the observed geochemical patterns caused by enhanced
terrestrial input of organic matter with lower 5'3C and 8'°N values and
low nitrogen contents (Meyers, 1994). Unlike the reference core, the
nitrogen isotope composition shows remarkable downcore variation in
the gas hydrate-bearing core 367-GC, with 5'°N values between 1.2%o
and 5.2%o. The downcore 8'°N profile matches the 613C0rg profile
(Fig. 3b). Methanotrophic consortia are known to have the capability of
fixing nitrogen and assimilate ammonium, which leads to '3C- and 1°N-
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Fig. 4. Concentration-weighed stable isotope mixing models to distinguish the contribution of AOM-derived biomass (ANME-SRB) and bulk sedimentary organic
matter. The mixing area (colored) within which the mixed samples plot is defined by the binary mixing lines between the two adjacent end-members. Crosses indicate
10% mixing increments. The dashed lines indicate MOM-TOM mixing proportions with 10% increments, and the bold line is 50% MOM - 50% TOM. (a) 815Nd Vs
813Corg diagram showing that the reference core samples (369-GC) fall on the MOM-TOM mixing line, whereas the samples of the gas hydrate-bearing core (367-GC)
follow the mixing trends defined by variable contributions of ANME-SRB biomass. (b) 613Corg vs C/N plot illustrating the carbon isotopic difference between 367-GC
samples (values as negative as —42.0%o) and 369-GC samples (on the MOM-TOM mixing line). (c) 5!°Ng4 vs C/N diagram displaying lower isotopic values for the 367-

GC core samples.
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depleted biomass (Dekas et al., 2018; Dekas et al., 2014; Dekas et al.,
2009; Orphan et al., 2009), and prominent negative 815Ny excursions
were observed within the sulfate-methane transition in the South China
Sea (Hu et al., 2020), putting forward the idea of an isotopic fingerprint
of nitrogen uptake by ANME. Marine nitrogen uptake from diazotrophy
is associated with modest isotopic fractionation leading to §'°N values of
organic matter of approximately —2 to 0%o (Altabet, 2007; Montoya,
2008), and ammonium assimilation can produce similarly low bulk §!°N
values (Yamanaka et al., 2015). The isotopic signature of microbial ni-
trogen uptake in the sediment can be diluted by terrestrial inputs
(Emerson and Hedges, 1988; Meyers, 1997; Wada, 1980), but the lack of
an inverse correlation with C/N ratios in core 367-GC leads us to exclude
that terrestrial sources are generating the observed nitrogen isotopic
values. Therefore, the strict association of low 8!°N values with §'3C
values lower than —35%o indicates that this isotopically-light nitrogen
signal is related to the presence of biomass of methanotrophic consortia.

We estimated the contribution of AOM to the bulk sedimentary C-N
composition by developing concentration-weighed stable isotope mix-
ing models for 515Ng vs 613C0rg (Fig. 4a), 813C0rg vs C/N ratio (Fig. 4b),
and 615Nd vs C/N ratio (Fig. 4c). We generated a three end-member
scenario including marine, terrestrial, and AOM-related biomass as the
dominant organic fractions in the sediment. We are aware that diverse
nitrogen fixation communities not relying on sulfate-dependent anaer-
obic oxidation of methane might be present, but at seeps methano-
trophic nitrogen fixers are predominant (Dong et al., 2022), and can
make up as many as 94% of the total cells in the sediment (Boetius et al.,
2000; Knittel et al., 2005). The selection of end-member values of
613C0rg, 615Nd, and C/N for marine and terrestrial organic matter took
advantage of published datasets for surface sediments of the Barents Sea
(Knies et al., 2007; Knies and Martinez, 2009) and was slightly adjusted
to fit the composition of the reference core 369-GC (Supplementary
Fig. 3): marine organic matter 613C0rg = —20%o, 5'°Ng = 7%o, C/N = 6;
terrestrial organic matter <‘313C0rg = —25%o, SlsNd =1%o, C/N = 25. The
5'3C composition of ANME-SRB consortia is heterogeneous as they can
incorporate various proportions of methane-derived carbon leading to
bulk 613C0rg values ~8'3Cpjc to over 30 %o lower than the values of
methane (House et al., 2009). We decided to adopt a 613C0rg value of
—80%o, approximating the lowest value measured in methane-derived
carbonates from the Gulf of Mexico and the South China Sea (Feng
etal., 2021) and compatible with the methane composition measured in
core 367-GC. Although this assumption might not reflect the real end-
member composition at this site, it does not affect the qualitative
interpretation of the models. An end-member isotopic value higher or
lower than the one used for our mixing models would lead to larger or
smaller ANME-SRB contributions, respectively. Regarding the 8'°Ng
composition of the ANME-SRB end-member, we selected a value of —2%
as we found that more negative end-member values would fail to
describe the variability in our datasets (the lowest values of the samples
would plot off the diagram). Such value agrees with the range of values
reported by Montoya (2008) for diazatrophy. We assumed an average
microbial C/N value of 4.5 (Madigan et al., 2017). The preferential
removal of nitrogen-rich compounds during early diagenesis can alter
the elemental and isotopic composition of sedimentary organic matter,
toward higher C/N and lower 613C0rg and 8'°N (Altabet, 2005; Leh-
mann, 2002). Our models are not affected by post-depositional remi-
neralization processes as the two investigated cores do not show such
common patterns of variations.

On the 8Ny vs 613Corg plot, reference core samples fall on the
mixing line of marine (MOM) and terrestrial (TOM) end-member
organic matter, indicating negligible AOM influence (Fig. 4a). Samples
from core 367-GC plot away from the MOM-TOM mixing line, reflecting
variable mixing of MOM-TOM and AOM-derived biomass (ANME-SRB).
Specifically, the §!°N4 and 613Corg composition of most samples can be
explained by admixture of 0-50% TOM, 50-100% MOM, and 0-50%
ANME-SRB biomass. The contribution of ANME-SRB biomass is also
evident from the §'3Corg vs C/N and §'°Ng vs C/N plots, with 367-GC
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sediment samples showing the lowest 5'°Ng values and lowest C/N ra-
tios (Figs. 4b, ¢). The models suggests that the most 13C-depleted sample
(—42.0%0) comprises 45.2% MOM, 5.7% TOM, and 49.1% ANME-SRB
biomass. The latter value is higher than the amounts of AOM-derived
carbon found in two seep locations in the South China Sea, showing
AOM contributions up to 6.4% of the total sedimentary organic carbon
(cf. Li et al., 2023). The uncertainty related to our selected end-member
613Corg value for ANME-SRB cannot explain this difference, since a
613C0rg = —120.0%0 would result in a contribution of 40.5%. Therefore,
it is likely that the high value in our study is due to the longer stability of
the SMTZ at this stratigraphic interval in core 367-GC and/or relatively
low marine productivity (Li et al., 2023). The amount of carbon and
nitrogen derived from ANME-SRB biomass in that sample corresponds to
0.27% (TOC = 0.56%) and 0.030% (TNg = 0.061%), respectively. We
attempted to provide a time constraint for AOM activity by assuming (1)
all nitrogen in ANME-SRB biomass derives from nitrogen fixation, (2) a
constant nitrogen fixation rate of 114 pmol Ny g4 h™! for ANME-SRB
consortia (Dekas et al., 2018), (3) continuous supply of dinitrogen via
diffusion, (4) negligible diagenetic nitrogen loss, and (5) a gram of dry
sediment contains 0.00218 mol nitrogen (0.061 wt%). Based on these
assumptions, it would take approximately 2183 years to produce the
observed geochemical anomaly. We are aware that this estimate is
affected by significant uncertainties, but it provides a tentative first-
order estimation of the duration of AOM, which is consistent with the
precipitation of cm-sized MDAC concretions (Luff et al., 2004) and
barite front formation (Feng et al., 2019) observed in the same strati-
graphic interval. The rate of nitrogen incorporation via ammonium
assimilation is three orders of magnitude higher than for diazotrophy
(Siegert et al., 2013), and would yield values inconsistent with the time
constraints imposed by the other geochemical proxies for AOM in the
same interval. In seep-impacted sediments off the western coast of the
United States, diazotrophy accounted for up to 30% of the total nitrogen
requirement in ex-situ experiments, with the remaining fraction pro-
vided by ammonium assimilation (Dekas et al., 2018). In this study, no
pore fluid nitrogen species (NOs, NHJ, N,) were measured, hampering
any quantification of nitrogen fluxes in the SMTZ. Although it remains
unclear which source dominated the uptake of inorganic nitrogen in the
investigated gas-hydrate bearing sediment, the stable isotopic signals
(613C0rg, 615Nd) associated with methane-derived carbonates provided
clear in-situ evidence for significant nitrogen assimilation.

4.3. Rethinking the role of methane seeps in the global nitrogen cycle

The relative balance between nitrogen sources, i.e. nitrogen fixation,
and losses via denitrification, anaerobic ammonium oxidation (anam-
mox), and sediment burial regulates the long-term oceanic nitrogen
budget, directly affecting marine productivity and Earth’s climate
(Altabet, 2007; Gruber and Galloway, 2008). The sedimentary nitrogen
isotope composition (5!°N) of organic matter has been widely used to
reconstruct the past marine nitrogen cycle over centennial to geological
time scales (Gruber and Galloway, 2008). The application of this proxy
mainly relies on the large isotopic fractionation associated with water
column denitrification (¢ ~20-30%o) as opposed to the negligible effect
for sedimentary denitrification and nitrogen fixation (Sigman and Cas-
ciotti, 2001), with the average oceanic 8'°N signature controlled by the
former process under steady-state conditions. Geological periods
marked by high denitrification rates, recorded in the sedimentary record
of organic nitrogen (5!°N), correspond to peaks in atmospheric carbon
dioxide, suggesting a potential contribution of denitrification to past
climate change over glacial-interglacial periods (Altabet, 2007; Gruber
and Galloway, 2008). Today’s oceanic nitrogen budget seems to be
imbalanced, with deficit estimates ranging from —183 to —62 Tg N y !
(Codispoti et al., 2001). However, there are still large uncertainties on
fluxes associated with sources and sinks, hindering a profound under-
standing of nitrogen cycling and predictions of future responses to
anthropogenic perturbations (Altabet, 2007; Gruber and Galloway,
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2008).

Nitrogen cycling at methane seeps remains largely unconstrained.
Here, we showed that the light §'°N composition of bulk decarbonated
sediments in combination with low 513C0rg values can be used as a proxy
for AOM-driven nitrogen assimilation. Such a pattern was recognized in
a sediment interval directly overlying a gas hydrate-rich layer, sug-
gesting that high intensity and longevity of methane oxidation are
prerequisites for a detectable accumulation of °N-depleted ANME-SRB
biomass, in line with experimental observations (Dekas et al., 2014).
Our interpretation is not only supported by experimental evidence for
the capacity of AOM consortia to incorporate nitrogen (Dekas et al.,
2016; Dekas et al., 2009; Metcalfe et al., 2021; Miyazaki et al., 2009;
Orphan et al., 2009; Pernthaler et al., 2008), but also by incubation
studies on seep sediments collected from Mound 12 mud volcano
offshore Costa Rica reporting narrow peaks in nitrogen fixation rates at
sediment depths corresponding to an increased abundance of AOM
consortia (Dekas et al., 2014). Therefore, the new evidence for this
process from the environment validates the relevance of ex-situ micro-
biological investigations and carries important biogeochemical impli-
cations. First, this discovery expands the distribution of marine nitrogen
uptake to the sedimentary subsurface. It confirms the need for more
accurate quantification of the nitrogen sinks in seep-impacted sediments
(Dekas et al., 2014). Second, the new findings confirm the efficiency of a
comprehensive geochemical approach to explore AOM-related nitrogen
cycle in sediments and the geological record. The large 5!°N offset of
—4.2 %o observed in gas-hydrate bearing sediment of Hikon Mosby Mud
Volcano resembles negative excursions of up to —5 %o in sediments from
the Haima seeps of the South China Sea (Hu et al., 2020), which were
interpreted as evidence of AOM-driven nitrogen uptake. Methane seeps
and gas hydrate-bearing sediments are widespread along continental
margins (Pinero et al., 2013) and may represent a hitherto unaccounted
key element of the marine nitrogen cycle. Future larger-scale in-
vestigations in gas hydrate-bearing regions will be critical to quantify
nitrogen fluxes, eventually closing the gap in global deep-sea nitrogen
budgets. Such studies shall include the characterization of the nitrogen
geochemistry of pore fluids as well as the application of compound-
specific nitrogen isotope analysis of amino acids (Ohkouchi et al.,
2017) for the development of fine-tuned nitrogen isotope-based
biogeochemical proxies of AOM-driven diazotrophy and ammonium
assimilation in modern and ancient marine sediments.

5. Conclusions

Methanotrophic communities inhabiting seep environments are able
to assimilate and share inorganic nitrogen, but definitive geochemical
evidence under in-situ conditions is still missing, limiting our under-
standing of nitrogen cycling in these peculiar environments and of their
contribution to the global nitrogen cycle.

Here we report evidence from hydrate-bearing sediments for nitro-
gen uptake based on sediment and pore fluid geochemistry of two
gravity cores collected from Hékon Mosby Mud Volcano, SW Barents
Sea. Gravity core 367-GC intercepted a shallow gas hydrate layer at 67
cm below the seafloor, whereas core 369-GC was collected in a back-
ground area 16 km away from the outer volcanic rim not affected by
seepage. XRF data of core 367-GC indicated the presence of a carbonate-
rich interval above the gas hydrate layer. The isotopic composition
(6'3C, 5'80) of two small carbonate concretions isolated from that in-
terval yielded 8'3C values of —31.8%o and — 31.6%o, and §'80 values of
6.1%o and 5.8%o, indicating the incorporation of methane-derived car-
bon and isotopically heavy oxygen released from the underlying gas
hydrate. Today’s sulfate-methane transition is located ~30 cm above
this interval, reflecting a recent increase in methane flux from the un-
derlying gas hydrate layer. The carbonate-rich interval strikingly
matches with low §'°C values of organic matter, as low as —42.0 %o, and
low 8'°N values of the bulk decarbonated sediment (1.2 %o). Using stable
isotope mixing models including marine, terrestrial, and AOM-derived
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biomass end-member compositions, we demonstrate the uptake of
inorganic nitrogen in association with AOM in two stratigraphic in-
tervals corresponding to paleo sulfate-methane transition zones in the
hydrate bearing core. AOM-derived biomass contributes to up to 49.1 wt
% of the bulk sediment organic matter. The comprehensive isotopic
approach presented in this study can be used to explore the AOM-related
nitrogen cycle in both modern settings and the geological record.
Overall, this discovery calls for a reassessment of the role of methane
seeps in the marine nitrogen cycle and emphasizes the importance of
conducting more extensive studies in regions with gas hydrates to better
understand the nitrogen sources and fluxes in the sediment, ultimately
leading to a more comprehensive understanding of deep-sea nitrogen
budgets.
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