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Present-day activity of cold seeps in the ocean is evident from direct observations of methane
emanating from the seafloor, the presence of chemosynthetic organisms, or the quantification
of high gas concentrations in sediment pore waters and the water column. Verifying past cold
seep activity and biogeochemical characteristics is more challenging but may be
reconstructed from proxy records of authigenic seep carbonates. Here, we investigated
the lipid-biomarker inventory, carbonate mineralogy, and stable carbon and oxygen isotope
compositions of seep-associated carbonates from two active Arctic methane seeps, located
to the northwest (Vestnesa Ridge; ~1,200 m water depth) and south (Storfijordrenna; ~380 m
water depth) offshore Svalbard. The aragonite-dominated mineralogy of all but one carbonate
sample indicate precipitation close to the seafloor in an environment characterized by high
rates of sulfate-dependent anaerobic oxidation of methane (AOM). In contrast, Mg-calcite rich
nodules sampled in sediments of Storfiordrenna appear to have formed at the sulfate-
methane-transition zone degper within the sediment at lower rates of AOM. AOM activity at
the time of carbonate precipitation is indicated by the '°C-depleted isotope signature of the
carbonates [-20 to —30%. Vienna Pee Dee Belemnite (VPDB)), as well as high concentrations
of '®C-depleted lipid biomarkers diagnostic for anaerobic methanotrophic archaea (archaeol
and sn2-hydroxyarchaeol) and sulfate-reducing bacteria (iso and anteiso-C15:0 fatty acids) in
the carbonates. We also found '*C-depleted lipid biomarkers (diploptene and a 4a-methyl
sterol) that are diagnostic for bacteria mediating aerobic oxidation of methane (MOx). This
suggests that the spatial separation between AOM and MOXx zones was relatively narrow at
the time of carbonate formation, as is typical for high methane-flux regimes. The seep-
associated carbonates also displayed relatively high §'80 values (4.5-5%. VVPDB), indicating
the presence of '®0-enriched fluids during precipitation, possibly derived from destabilized
methane gas hydrates. Based on the combined isotopic evidence, we suggest that all the
seep carbonates resulted from the anaerobic oxidation of methane during intense methane
seepage. The seepage likely was associated to gas hydrates destabilization, which led to the
methane ebullition from the seafloor into the water column.
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INTRODUCTION

Marine sediments contain large quantities of methane in the form
of free- or dissolved gas, or gas hydrate. While the benthic methane
reservoir is relatively stable at present, concern exists that a warmer
future ocean will facilitate higher methane emission rates from the
seafloor to the water column and potentially to the atmosphere
(Kennet, 2000; Dickens, 2003). Gas hydrates are particularly
susceptible to dissociation if bottom water heat efficiently
penetrates into the seafloor (MacDonald et al., 1994; Dickens
et al., 1995; Kennett, 2000; Dickens, 2003). In the Arctic Ocean,
climate change causes atmospheric temperatures to increase much
faster than in lower latitudes (IPCC, 2013; Bintanja, 2018). Bottom-
water warming may thus be more severe in the Arctic. It may
render Arctic gas hydrate deposits in sediments in shallow waters
particularly vulnerable to destabilization. Knowledge of the
emission history of Arctic seeps is thus crucial in order to
understand how environmental parameters have affected
methane emissions in the past, and in order to estimate how
these will modulate methane emission in the future.

Past methane seepage can be deciphered from relicts of
microbial communities that are dependent on methane, which
are recorded in authigenic seep carbonates (e.g., Peckmann and
Thiel, 2004). At present, most methane in ocean sediments is
consumed through the microbially mediated sulfate-dependent
anaerobic oxidation of methane-AOM (e.g., Reeburgh, 2007):

CH, + SO; HS™ + HCO;- + H,0 (1)

The oxidation of methane coupled to the reduction of sulfate
forms a zone in sediments, where both methane and sulfate are
both consumed and this zone is known as the sulfate-methane
transition zone (SMTZ). AOM is mediated by anaerobic
methanotrophic  archaea  (ANME), typically forming
syntrophic partnerships with sulfate-reducing bacteria (SRB;
Knittel and Boetius, 2009). Methane bypassing the AOM filter
can then be oxidized by aerobic methanotrophic bacteria (MOB)
at the seafloor or in the water column (Niemann et al., 2006;
Knief, 2015; James et al., 2016). At highly active gas seeps, the
spatial distance between these activity horizons in the sediments,
one that is dominated by AOM and the other one by MOx, can be
at the centimeter or even millimeter scale (Niemann et al., 2006;
Elvert and Niemann, 2008). The AOM end-products HS™ and
HCO:;- result in increased alkalinity in the sediment pore waters,
which facilitates precipitation of authigenic carbonates. The
precipitating carbonates can then encase the methanotrophic
communities that were present in the sediments at the time of
their precipitation. Molecular fossils such as lipid biomarkers of
aerobic and anaerobic methanotrophic microbes are typically
PC-depleted because AOM, as well as MOx, strongly
discriminate against methane containing the heavy isotope
C. Lipids of these communities have a high preservation
potential in seep carbonates (Peckmann et al., 1999; Niemann
et al., 2005; Birgel et al., 2008; Birgel et al. 2011), thus allowing to
reconstruct past microbial communities at the seep site (Niemann
and Elvert, 2008).

Carbonates can form nodules, slabs, crusts, chimneys and
sometimes massive pavements at cold seeps (Aloisi et al., 2000;
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Reitner et al., 2005; Krause et al., 2017). Seep carbonates are
preserved at the seafloor or within sediments even after the
methane flux has diminished and thus constitute a geological
record of past seepage (e.g., Peckmann and Thiel, 2004; Feng
et al,, 2010; Crémiere et al., 2016a; Sauer et al., 2017). The
mineralogy and isotopic signatures of seep carbonates, as well
as its lipid biomarker inventory, can provide information on the
environmental conditions and microbial communities during
past seepage episodes, and potential changes of the ascending
fluids over time (Argentino et al., 2019).

Because of the carbon isotope effects associated with AOM
and the usually '’C depleted signature of the methane
substrate, seep carbonates typically display low §'°C values
reflecting the incorporation of predominantly methane-
derived carbon (Peckmann et al., 1999; Aloisi et al., 2000;
Crémieére et al., 2016b; Yao et al.,, 2020). In contrast, the
carbonate O-isotope ratios are influenced by the fluid
source water; thus, the §'®0 values of carbonates have been
used as a proxy to determine the origin of fluids with
differential '®O-signatures, e.g., gas hydrate derived water,
water from clay dehydration, or seawater (Bohrmann et al.,
1998; Aloisi et al., 2000; Han and Aizenberg, 2003; Feng et al.,
2014; Dessandier et al., 2020). Finally, the mineralogy of seep
carbonates (aragonite vs. calcite or dolomite) indicates
whether they were formed close to the seafloor (aragonite)
or rather in the deeper sediments (calcite/high-Mg and calcite/
dolomite) (Bohrmann et al., 1998; Aloisi et al., 2000; Haas
et al., 2010).

In this study, we investigated seep carbonates sampled from
the seafloor and sediment cores obtained at two active seep sites
in the Arctic Ocean with underlying gas hydrates: 1) the
deepwater Vestnesa Ridge (~1,200 m water depth) and the 2)
Storfjordenna gas hydrate mound in shallower waters (~380 m
water depth; Table 1; Figure 1) (Biinz et al., 2012; Panieri et al.,
2017; Serov et al., 2017). Macroscopic images of the studied
carbonates are shown in Figure 2. We studied the carbonate
geochemistry to elucidate the history of hydrocarbon seepage at
these systems and to reveal potential factors influencing the fluid
discharge for the different settings in the past. We used
carbonate-C and -O isotope ratio measurements to constrain
the carbon sources and to assess the possible influence of seawater
and/or fluid from gas hydrates during carbonate precipitation.
Seep carbonate-associated lipid biomarkers were analyzed to
determine the microbial communities that were present at the
time of carbonate precipitation. In this context, one of the prime
objectives was to compare the isotope- and lipid biomarker-
geochemical imprint of carbonates formed at the seafloor vs.
those formed in deeper sediments, in order to find potential links
between carbonate formation, methanotrophic communities and
differential methane-seepage activity.

STUDY AREA

Vestnesa Ridge (~1,200 m water depth) is a NW-SE trending
sediment drift off NW Svalbard. The eastern ridge segment is
characterized by numerous pockmarks actively releasing methane
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TABLE 1 | List of studied seep carbonates, sample locations, and remarks describing the samples and where they were collected.

Name Sample ID Location Water Coordinates
depth
(m)

S-1 HH1029 Storfiordrenna 378 76.1069°N

15.9679°E

S-2 HH1077 Storfiordrenna 378 76.1070°N

15.9694°E

S-3 1520GC Storfiordrenna 380 76.1,057°N

15.9661°E

V-1 P1606002 Vestnesa Ridge 1,204 79.0026°N
69213°E

V-2 P1606011 Vestnesa Ridge 1,207 79.0076°N
6.8993°E

V-3 P1606012 Vestnesa Ridge 1,207 79.0077°N
68992°E

V-4 GeoB21616-1- Vestnesa Ridge 1,210 79.0069°N
2R-1E 69041°E

Remarks

ROV-sampled seabed crust

ROV-sampled seabed crust

Weakly lithified carbonate nodules, sampled with a gravity core at depth of 282 cmbsf
ROV-sampled seabed crust (PO02 in Figure 1)

ROV-sampled seabed crust (PO11 in Figure 1)

ROV-sampled seabed crust (PO12 in Figure 1)

Cored crust sampled from MeBo core 127 at sediment depth of ~590-595 cmbsf (MeBo
127 in Figure 1)

GC, gravity core; ROV, remotely operated underwater vehicle; cmbsf, centimetres below seafioor.

FIGURE 1 | (A) Overview of sampling locations at Vestnesa Ridge off NW Svalbard,
from ArcGIS). (B,C) Detailed bathymetry maps and respective seep carbonate sample locations.

and Storfjordrenna gas hydrate mound in the NW Barents Sea (Arctic base map

of a mixed microbial/thermogenic origin from the seafloor (e.g.,
Panieri et al, 2017; Pape et al, 2020). Previous investigations
showed that the pockmarks cluster along sub-vertical faults
(Plaza-Faverola et al,, 2015). These investigations also suggest
that seepage has likely been ongoing since the early Pleistocene
(Knies et al., 2018).

Storfjordrenna is a trough-mouth fan south of Svalbard, NW
Barents Sea, and the bathymetry (~380 m water depth) was highly
influenced by the repeated growth and retreat of grounding
glaciers. In contrast to Vestnesa Ridge, Storfjordenna was
affected directly by the pressure release after the retreat of the

grounded Scandinavian Ice Sheet during the last deglaciation,
causing the destabilization of gas hydrate, which in turn led to the
formation of seabed gas hydrate mounds, so-called gas hydrate
pingos, that are up to 500 m in diameter and 10 m in height
(Serov et al., 2017). Methane release from several seafloor
mounds was observed previously, and shallow gas hydrates
were recovered from several mounds, including the one
studied here. The gas hydrate system of Storfjordrenna
probably has existed since ~30,000 years BP (Serov et al,
2017), and comprises both active and inactive mounds,
reflecting the spatio-temporal heterogeneity with regards to
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HH 1029 B

FIGURE 2 | Macroscopic photographs of the investigated seep carbonates [(A-C): Storfiordrenna gas hydrate mound; (D-G): Vestnesa Ridge)]; samples
(A,B,D-G) are epoxy-impregnated cut slabs. (A,B,D-G) Porous intraformational breccias composed of rounded, dark gray microcrystalline aragonite cemented
sediment clasts cemented by mm-to cm-thick whitish void-filing aragonite (adapted from Himmler et al., 2019). (C) Light gray microcrystalline Mg-calcite cemented
sediment nodules. (E-G) with sporadic pebble-sized glaciogenic debris and bioclasts (gastropod and bivalve shell fragments).

HH 1077

GeoB21616-1-2R-1E

methane transport and fluid seepage (Hong et al., 2017; 2018; Sen
et al,, 2018a; Yao et al., 2020).

MATERIALS AND METHODS

Sample Collection

At Vestnesa Ridge, seafloor samples (V-1, V-2, and V-3) were
collected with the ROV Agir 6000 during the R/V G.O. Sars
cruise P1606 in 2016. The core sample (V-4) was retrieved
during the cruise with R/V Maria S. Merian, expedition MSM
57, with the deep-sea drill rig MARUM-MeBo 70 in 2016. The
carbonate specimen analyzed here was recovered from core
MeBo 127 (V-4) at a sediment depth of ~ 5 m (Himmler et al,,
2019). At the Strofjordrenna mound, seep carbonates were
sampled from the seafloor (S-1 and S-2, Table 1) using the
ROV by NTNU AMOS (Norwegian University of Science and
Technology, Centre for Autonomous Marine Operations and
Systems), and from the subsurface, using gravity coring (S-3)
during expedition CAGE 15-6 on board of R/V Helmer Hanssen
in 2016.

Carbonate Carbon and Oxygen Isotopes
Subsamples for stable carbon and oxygen isotope ratio analyses of

samples S1, S2, and V1-V3 were obtained from freshly cut
surfaces with a hand-held microdrill. Carbonate powders were
treated at 70°C with anhydrous phosphoric acid in a GasBench II
preparation line connected to a Thermo Scientific Delta V
Advantage isotope ratio mass spectrometer (Thermo Fisher
Scientific) at the Tallinn University of Technology (TUT),
Estonia (Himmler et al., 2019). For stable carbon and oxygen
isotopes of samples S-3 and V-4, subsamples were pulverized
using an agate mortar, and the sample powders were placed in
Thermo Scientific vials and flushed with helium gas. Afterward,
five drops of anhydrous phosphoric acid were added manually.
After equilibration (>3 h at 50°C), the liberated gas was analyzed
on a Gasbench IT and MAT253 Isotope Ratio Mass Spectrometer
at UiT.

The §"°C and §'0 values are reported in per mill (%o) relative
to the Vienna Pee Dee Belemnite (VPDB) standard.
Normalization to the VPDB for carbon and oxygen isotope
ratios was done using in-house standards. Analytical precision
was estimated based on replicate measurements of samples and
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standards (e.g., NBS-19, NBS-18), and was better than 0.1%o for
8"°C and §'%0 analyses with the MAT253 IRMS and better than
0.2%o for analyses of drilled samples with the Delta V Advantage.

Theoretical §'®0O-fluid values were calculated using the
fractionation factor-temperature relationship after Kim et al.
(2007) (Eq. 2), and Grossman and Ku (1986) (Eq. 3),
assuming O-isotope equilibrium with the ambient water
during carbonate formation:

103
10001 aragonite—water — 17.88 —_— 31.14 2
1 Baragonite-a X T (Kelvin) )
19.7 -t (°C
8" O (SMOW) = 8" Oy (PDB) ~ 27 LLE) 3

Mineralogy and Petrography

Mineralogical compositions were determined by X-ray
diffraction (XRD) on homogenized bulk-rock powders. All
samples were analyzed on a Bruker D8 Advance X-ray
diffractometer (Cu Ka radiation in 3-75° 20 range; Sauer
et al, 2017). Quantitative data were obtained with the
Rietveld algorithm-based code, Topas-5, provided by
Bruker. A displacement correction of the spectrum was
applied relative to the main quartz peak, and the Mg
content in calcite was quantified based the single peak
displacement (calcite d;o4) in the diffraction pattern to
estimate the amount of MgCO3; mol% (mole percentage vs.
the total carbonate content) in the analyzed samples
(Goldsmith et al., 1958).

Petrographic thin sections (~30 pm thick; 6.5 cm x 5 cm) of
ROV-sampled and the cored seep carbonate crust samples were
prepared from epoxy-fixed cut slabs. Thin sections have been
examined with transmitted polarized light microscopy using a
Zeiss Axioplan2 equipped with an AxioCam ERc 5s digital
camera. Single images were stitched together using the tiles
tool of the Zeiss ZEN blue software.

Lipid Biomarkers

Seep carbonates were crushed into centimetre-sized chips and
thoroughly washed with deionized (DI) water. Similarly, loose
sediment was removed from the weakly lithified carbonate
nodules by washing with DL The cleaned chips and nodules
were placed with sanitized stainless-steel tweezers into a glass
beaker before slowly adding 37% HCI to dissolve the carbonate
matrix (Niemann et al., 2005). The resulting solution was extracted
with organic solvents, and lipids were analyzed according to
previously reported protocols (Elvert et al, 2003) with
modification for alcohol derivatization and instrument setup
(Niemann et al, 2005; Blees et al, 2014). Briefly, a total lipid
extract (TLE) was obtained by four-step solvent extraction with
decreasing polarity of the carbonate solution: dichloromethane
(DCM)/methanol (MeOH) 1:2; DCM/MeOH 2:1; and two times
DCM. The TLE was then saponified with 12% KOH in MeOH for
3h at 80°C. A neutral fraction was extracted with hexane before
methylation with BF;/MeOH of the fatty acids, yielding fatty acid
methyl esters (FAMEs) for gas-chromatographic (GC) analysis.
Concentrations of the different fractions were examined using a

Seep Carbonate in the Arctic

GC (Thermo Scientific TRACETM Ultra, Rxi-5ms column) with
flame ionization detection (FID). Identification of individual
compounds after GC was achieved by quadrupole mass
spectrometry (GC-MS) (Thermo Scientific DSQ II). Compound-
specific stable carbon isotope ratios were determined using an
isotope ratio mass spectrometry (IRMS) unit (Thermo Scientific
Delta V Advantage) coupled to a GC setup with the same
specification as outlined above. Concentrations and stable carbon
isotope ratios were calibrated/normalized using internal standards.
Compounds specific stable carbon isotope compositions are
reported as §'°C in %o relative to VPDB, and have an analytical
error of less than +1.5%o.

RESULTS

Carbonate Mineralogy, Petrography and
Stable Carbon and Oxygen Isotopes

Aragonite and magnesium calcite dominated the carbonate
mineralogy of the seafloor samples from both Storfjordrenna
(S1-S2) and Vestnesa Ridge (V1-V3). The in-core sample from
Storfjordrenna (S-3) was comprised mainly of high-Mg-calcite,
whereas the MeBo core sample (V-4) from 590 to 595 cmbsf was
mostly aragonitic. Quartz and plagioclase were the main non-
carbonate minerals in the samples (Table 2).

The seabed-sampled carbonate crusts comprised porous
intraformational breccias of microcrystalline carbonate-cemented
sediment clasts. Cement consists of mm-to cm-thick aragonite
(Figure 2). Carbonates sampled from the shallow subsurface (S-
3) comprised gray Mg-calcite-cemented, irregular shaped nodules
(~2 cm in diameter; Figure 2). Clotted and peloidal fabrics, as well as
cemented tubes of siboglinid tube worms are common in the
Storfiordrenna crusts (Figures 3A,B; Sen et al, 2018b). The
carbonates contained a few mollusc-shell fragments (bivalves and
gastropods) (Figure 3C-F). The carbonate-cemented sediment clasts
of the breccias contained abundant silt to fine-sand sized siliciclastic
grains, mostly quartz and feldspar. Fine grained cryptocrystalline
aragonite was abundant in the cored sample (V-4), enclosing
microcrystalline aragonite-cemented sediment.

The carbonate §"°C values ranged from —36 to —20%o, and
the 8'%0 values from 4 to 7%o (Figure 4). The dashed lines in
Figure 4 represent the calculated theoretical §'®O of aragonite
formed in isotopic equilibrium with sea water according to Eqs.
2 and 3 (aragonite-1 and -2), respectively, and assuming
ambient seawater temperatures (—1.5 and 1.9°C) and 880
(0%o) at the two study sites. The 80 values of the
investigated seep carbonates were all above the calculated
values for aragonite-1 and -2.

Lipid Biomarker Inventory

Lipid contents and compound-specific §'*C values are listed in
Table 3. In the fatty-acid fraction of all samples, we found iso-
and anteiso-C15:0 fatty acids with low §'*C-values in the range of
—-60 to —100%o. Similarly, the isoprenoid glycerol diethers
archaeol and sn2-hydroxyarchaeol were detected in the alcohol
fractions of all samples with 8'>C-values of —83 to —109%o. The
irregular isoprenoid hydrocarbon crocetane was not detectable in
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FIGURE 3 | Representative photomicrographs (stitched tiles) of the seep carbonate crusts. (A) Microcrystalline aragonite-cemented sediment (Mic) clasts with
abundant silt-sized quartz, gastropod fragment(G), and abundant clotted micrite clasts and peloids cemented by botryoidal and fibrous aragonite (Ara); arrows point to
cemented tube worm tubes; cross-polarized light, pore space (P) appears dark [sample HH 1029 (S-1)] (B) Porous (P) microcrystalline aragonite-cemented sediment
(Mic) with abundant silt-sized quartz (lower image half) and cm-thick aragonite cement (Ara) with abundant clotted micrite inclusions and multiple thin dark
bandings; arrow points to tube worm [parallel-polarized light, pore space appears bright; HH 1077(S-2)]. (C) Microcrystalline aragonite-cemented sediment (Mic) clasts
with abundant silt-sized quartz cemented by botryoidal aragonite (Ara); note a bivalve shell fragment (B); cross-polarized light, pore space (P) appears dark [P1606002(V-
1)]. (D) Microcrystalline aragonite-cemented sediment (Mic) with abundant silt to fine sand sized quartz; not quartzite pebble (lower left) and bivalve shell (B); pores and
fractures are lined with botryoidal and fibrous aragonite (Ara); cross-polarized light, pore space (P) appears dark [P1606011(V-2)]. (E) Microcrystalline aragonite-
cemented sediment (Mic) with abundant silt-sized quartz and fracture-filling botryoidal aragonite (Ara); cross-polarized light [P1606012(V-3)]. (F) Microcrystalline
aragonite cemented sediment (Mic) with abundant silt-sized quartz and bivalve fragment (B) surrounded by cryptocrystalline aragonite (Cra) and botryoidal aragonite
(Ara); cross-polarized light, pore space (P) appears dark [GeoB21616-1-2R-1 E (V-4)]. (C-F) adapted from Himmler et al. (2019).

the cored nodule carbonate from Storfjordrenna 1520GC (S-3),
and we only found minor amounts in the seafloor crust from
Vestnesa (V-3). The irregular isoprenoid hydrocarbon
2,6,10,15,19-pentamethyleicosane (PMI) was present in all
samples, but concentrations in V-1 and V-2 were low (0.05
and 0.03 ug/g carbonate). The §'°C-values of the isoprenoid
hydrocarbons were always below —91%eo.

Typical MOx-related lipids such as a 4a-methyl sterol and
diplotene were also present in all samples, with 8'°C values of
about —50%o. We found substantially lower isotope signatures in
these compounds only in the Vestnesa core carbonate (V-4; 4a-
methyl sterol: —108%o, Diploptene: —79%o).

DISCUSSION

Lipid Biomarker Constrains on Microbial
Communities During Carbonate

Precipitation

AOM Communities

At cold seeps, a substantial fraction of the uprising methane is
consumed in sediments by anaerobic methane-oxidizing archaea
(ANME-1, -2, -3), often in association with sulfate-reducing
partner bacteria of the DSS and DSB clade (Knittel and
Boetius, 2009; Milucka et al, 2012; Wegener et al, 2015;
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FIGURE 4 | Carbonate stable carbon and oxygen isotope compositions

in (A). Vestnesa Ridge and (B) Storfiordrenna. The dashed lines indicate the
theoretical 680 values of aragonite-1 (Kim et al., 2007), aragonite-2
(Grossman and Ku, 1986) expected for precipitation in equilibrium with
bottom water temperature, according to Egs. 2 and 3, respectively. For
Vestnesa, two different temperatures were assumed based on the
reconstructed temperature from foraminifera (Dessandier et al., 2019).

Griindger et al,, 2019). Methane bypassing the AOM filter and
reaching oxic sediments at the seafloor or the water column then
can be consumed by methanotrophic bacteria (MOB) which
mediate the aerobic oxidation of methane (MOx; Niemann
et al., 2006; Reeburgh, 2007; Steinle et al., 2015). Specific lipid
biomarkers can be used to identify the dominant microbes
involved in AOM and MOx (Elvert and Niemann, 2008;
Niemann and Elvert, 2008), and to differentiate between the
two main modes of methane oxidation. Lipids of
(methanotrophic) microbes are encased in the carbonate
matrix at the time of mineral precipitation. Lipids can hence
be used to assess the biogeochemical environment. (Blumenberg
et al, 2004; Niemann and Elvert, 2008; Birgel et al., 2011;
Himmler et al., 2015).

Diagnostic archaeal and bacterial lipids detected here were
strongly depleted in '°C, providing conclusive evidence for the
occurrence of microbial communities performing AOM
(Niemann and Elvert, 2008), as well as MOx (Elvert and
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Niemann, 2008). Overall, the lipid biomarker inventory
characterized by low sn2-hydroxyarchaeol/archaeol ratios <0.3
and an aiCl5:0/iC15:0 FA ratio of 0.1-1.2 was similar to
carbonates from other seep sites, including the Congo Fan
(Feng et al, 2010), the Gulf of Mexico (Birgel et al., 2011;
Feng et al., 2014), and the South China Sea (Guan et al,
2016). In contrast, quite different ANME- and SRB-related
lipids were found at other seep sites (e.g., with a much higher
sn2-hydroxyarchaeol/archaeol ratio > 1; Niemann et al.,, 2005;
Niemann et al., 2006; Guan et al., 2019). This difference in lipid
contents is most likely related to different types of
microorganisms that become encased in the carbonate
precipitates (Niemann and Elvert, 2008).

Indeed, ANME-1/DSS, ANME-2/DSS, and ANME-3/DBB
consortia can be distinguished based on their lipid biomarker
and isotopic fingerprints (Niemann and Elvert, 2008). For
example, ANME-2/DSS consortia are characterized by the
presence of crocetane, while PMIs with four and five double
bonds without any higher saturated homologs were only found in
ANME-3. Both ANME-2 and -3 are characterized by an elevated
(typically >1.1) sn2-hydroxyarchaeol (OH-ar) to archaeol (OH-
ar/ar) ratio, which distinguishes them from ANME-1/DSS
(Niemann and Elvert, 2008). Accordingly, the low OH-ar/ar
ratios of 0.1-0.3 (Table 3) suggest the presence of ANME-1/
DSS. However, we also observed high concentrations of crocetane
in all carbonates except for S-3 and V-3. Crocetane is
abundant in ANME-2, but is typically only found in minor
amounts, or not at all, in ANME-1 (Niemann and Elvert, 2008
and reference therein). Its absence, while not conclusively
diagnostic, is consistent with an ANME-1/DSS dominated seep
environments (Haas et al., 2010). ANME-1 microbes at some
ancient seeps have been identified in a similar manner
(Peckmann et al., 2009; Natalicchio et al, 2015). We argue
that the lower stability of sn2-hydroxyarchaeol can explain our
finding of low OH-ar/ar ratios (in the presence of elevated
crocetane concentrations), i.e., sn2-hydroxyarchaeol loses its
hydroxyl group during (early) diagenesis so that the sn2-
hydroxyarchaeol to archaeol ratio decreases. Furthermore, the
saturated hydrocarbon crocetane is probably more stable, such
that its presence in our carbonate samples indicates that the AOM
community at the time of precipitation was either ANME-2
dominated or comprising a mixture of ANME-2 and ANME-
1. Only carbonate S-3 did not contain detectable amounts of
crocetane, pointing to ANME-1 as the dominant AOM microbes
in this sample. Carbonate sample S-3 also contained a higher
proportion of Mg-calcite, suggesting a lower methane flux at the
time of precipitation (see Discussion in the following section).
This is also consistent with a prevalence of ANME-1, which often
dominates low methane flux sites (Knittel et al., 2005; Griindger
etal,, 2019). It was shown previously that the dominant microbial
community in relatively deep sediments (70 cmbsf) at the
Storfijordrenna seeps was ANME-1/Seep-SRB1 (Griindger
et al, 2019), which is consistent with the lipid biomarker
signature of the Mg-calcite dominated nodular seep carbonate
(S3) recovered from 282 cmbsf. However, we also found
signatures typical for MOx communities in this carbonate (see
section MOx-Communities below), which raises the question of
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TABLE 2 | Mineralogical compositions (weight-%) of the carbonates.

Name Sample Aragonite Mg- Dolomite Quartz Plagioclase
ID calcite

S-1 HH1029 55 23 10 3

S-2 HH1077 75 10 7 2

S-3 1520GC 60 1 23 4

V-1 P1606002 61 11 Trace 12 5

V-2 P1606011 40 2 23 11

V-3 P1606012 70

V-4 MeBo 127 77 2 10 4

Mag-calcite, magnesium-calcite.

whether the carbonate was indeed precipitated in deep anoxic
sediments.

3C-depleted, terminally branched ai-C15:0 and i-C15:0 fatty
acids are diagnostic biomarkers for SR partner bacteria (Niemann
and Elvert, 2008). The ratio of ai-C15:0/i-C15:0 of ~1 in all
samples points to ANME-2 associated SEEP-SRB1 or
Desulfobulbus associated to ANME-3. However, we could not
find the fatty acid cyC17:0w5,6, which is typically indicative of the
ANME-2 associated SRB, nor-C17:1w6 which is diagnostic for
the ANME-3 partner SRB (Niemann and Elvert, 2008 and
reference therein). Nevertheless, with respect to the probable
prevalence of ANME-2 in the studied systems (except sample S3),
we suggest that the fatty acid pattern is rather indicative of the
ANME-2 associated SEEP-SRBI.

MOx-Communities

The seep carbonates contained high abundances of '*C-depleted
diplotene and 4a-methyl sterol (compound Ib in Elvert and
Niemann, 2008), respectively, which were suggested as
characteristic markers for Type I MOB (Elvert and Niemann,
2008). MOx is a strictly aerobic process usually occuring at the
seafloor or in the water column, where both dissolved oxygen and
methane are available. To the best of our knowledge, only a few
indications exists from fresh water environments that some
MOB-type microbes can use alternative electron acceptors
such as nitrate or sulfate (van Grinsven et al., 2020a; van
Grinsven et al., 2020b). But the environmental significance of
these modes of methane oxidation, in particular in marine
systems, is unclear. Both, the seafloor and core samples at
Vestnesa Ridge (V1-V4) contained diplotene and the 4a-
methyl sterol with a substantial to moderate '*C-depletion
(—108 to —45%o), similar to what has been observed in some
of the modern seep carbonates (Birgel et al., 2011; Himmler et al.,
2015; Guan et al., 2016) and in surface sediments of active cold
seeps (Elvert and Niemann, 2008). Following those findings, we
propose that their presence in seep carbonates indicates less
reducing, or intermittent microaerophilic, conditions during
carbonate precipitation (Birgel et al., 2011). The co-encasing of
both AOM and MOx-derived lipids strongly suggests that the
spatial distance between AOM and MOx zones must have been
very small. Such conditions are typically found in present-day
systems where the methane flux rates are very high, preventing
sulfate from penetrating deeper into the seafloor and thus limiting
AOM to the sediment surface (Niemann et al., 2006; Losekann
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et al,, 2007; Lee et al., 2019). We argue that the co-occurrence of
AOM- and MOB-derived lipids furthermore demonstrates that,
at the time of carbonate precipitation, the system must have
vented vigorously, releasing substantial amounts of methane into
the water column. Sedimentary MOx communities typically
occur when methane bypasses the AOM filter in deeper
sediments (Niemann et al., 2006; Birgel et al, 2011; Steinle
et al,, 2016). MOx alone is typically less effective compared to
AOM with regards to preventing methane emissions from the
seafloor because MOx demands oxygen, which restricts MOx
communities often to a thin layer at the sediment surface. Hence,
sedimentary MOX can only retain a rather limited fraction of
benthic methane, in particular when the overall methane flux is
high. In contrast, in systems characterized by low methane fluxes,
methane is typically consumed in deeper sediment layers, within
a well-defined SMTZ (Knittel and Boetius, 2009), so that MOB
communities generally do not develop at the sediment surface.
Thus, we interpret our biomarker-based finding that both aerobic
and anaerobic methanotrophs were encapsulated in the same
carbonate matrix reflecting past periods of high methane flux.
These high-flux periods could have also been related to a non-
steady state of methane flux with a not fully-developed AOM
community, or episodic pulses of high methane fluxes that bypass
the AOM barrier and reach oxic surface sediments (Yao et al.,
2019).

Our biomarker findings are also consistent with the
mineralogical composition of the carbonate samples. Highest
hopanoid contents were found in the aragonite-dominated
core carbonate in Vestnesa (V-4), with ANME-2/DSS most
likely as the dominant consortia. Together, the geochemical
and mineralogical evidence suggest that carbonates retrieved
from the sediment cores in Vestnesa were precipitated very
close to the seafloor (Himmler et al., 2019), i.e., a favourable
environment for MOx. Nevertheless, at this point, we cannot
sufficiently explain the presence of MOB-diagnostic hopanoids in
sample S-3 from Storfjordrenna. All evidence (other than the
presence of isotopically depleted MOB lipids in the carbonate),
point to the S-3 carbonate precipitation in deeper sediment layers,
and a persistent anoxic environment that would not support
MOB community development. Possibly, the Mg-calcite
dominated carbonate nodule precipitated in reduced sediments
that were still close enough to the redox-transition zone to also
encase MOx-related lipids. Alternatively, it may have formed in
deeper sediments, and subsequently exposed to a more oxic
environment and overprinted by a second layer of MOB-
derived lipids before burial in deeper sediments.

Carbonate §'*C and §'20 Indicate Gas
Hydrate Dissociation During Precipitation

Sampled carbonates from the seabed and core samples from both
Storfjordrenna and Vestnesa display very negative 8'>C values
(Figure 2). The observed 8'3C values (—36 to —20%o) fall into the
typical 8"°C range for methane seep carbonates (Lein, 2004;
Naehr et al., 2007). Seep-carbonate 8'°C reflects a mixture of
different carbon sources including dissolved inorganic carbon
(DIC) from seawater, oxidized organic matter, and residual DIC
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affected by methanogenesis in addition to DIC derived from

= 7'2 g 8’? 8| ‘Oo—: $ § 'c? 5;: U:I) AOM (e.g., Peckmann and Thiel, 2004). AOM produces very low-
; 8"°C DIC carbon isotope signatures because the organisms
& § . preferentially utilize an already '>C-depleted carbon source
8 g \;‘g epBoe feTI. N (1‘.e., . n}ethane) 'for 13blomas.s production, 'and‘ add1t1ggally
2/g28 Sorocs S-cor discriminate against “C during methane oxidation (Whiticar,
§ 8 1999; Holler et al., 2009). The methane source at both sampling
locations represents a mixture of thermogenic and microbial
£z 59885 $o3 origins, with 8'°C values of —48%o at Storfjordrenna (Serov
&l e = N et al, 2017), and —54%o0 at Vestnesa (Panieri et al., 2017),
2 c respectively. Porewater DIC §"°C at Storfjordrenna is about
ol ) ~28%o, and —32%o at Vestnesa Ridge. The average §"°C value
3 *E 2 28358 2880~ of organic carbon from the investigated Storfjordrenna gas
a|§=g ve°cecee ee-° °° hydrate mound is —26%o (Supplementary Table S1), and
8 ° around —25%o (Sauer et al., 2020) at Vestnesa. Mineralization
of organic carbon produces DIC with almost the same
_ ez g % rc\’l §| § g 5 §| §I carbon isotope composition (Presley and Kaplan, 1968). Given
Nz', that the observed carbonate 8'>C values (=36 to —20%o) best
-5 _ match the pore water DIC §'°C values, and are generally
2 ] m% lower than those expected for DIC produced from organic
8l€vs IS628 =58y° o ineralizati

t/§28 53553 Soso- matter remineralization, we conclude that the carbonates have
5 8 g incorporated a higher portion of methane-derived porewater
© T DIC, compared to carbon from sedimentary organic matter or

0= e & o ° seawater-derived carbon.
= % E TReEY %9 § Information on the oxygen isotopic composition of the fluid
2> § (from which the carbonates precipitated) can be deduced from
8 é T § seep carbonate §'*0O-values (e.g., Greinert et al., 2001; Naehr
8 £2 g BEL2Y =88uo9 3 et al., 2007). In turn, the '®O-signature of the ambient water
o §3§ eeeee o9 = can be used to constrain the environmental setting of
S ° % carbonate precipitation. Assuming that aragonite formed in
= isotopic equilibrium with bottom water at temperatures that
£z 8883 9¢ § are similar to those today, and assuming a §'*0-value of 0%
s ° 2 (V-SMOW) for the seawater, the theoretical §'®O aragonite
:”*-)' s g values would be 3.8 (Eq. 2) - 4.3%o (Eq. 3) in Storfjordrenna,
o % :g ; and 3.8 (Eq. 2)-4.9%o (Eq. 3) at Vestnesa Ridge. Remarkably,
§£35 Y3358 2s8g3 o < the measured carbonate §'*O-values are substantially higher

. L9029 ococococ o co9@° = y nig

8 §v§ S than these calculated equilibrium values (Figure 4). The
g © g higher §'®0 values of the authigenic carbonates suggest the
2 o= vcooEr «8o g:? incorporation of O-atoms from an '*0-enriched fluid during
g % TYeTT v 9 2 carbonate precipitation. Such '®O-enriched fluid might
g ® o originate from gas hydrate dissociation (Hesse and
v K § 5 g Harrison, 1981; Ussler and Paull, 1995), clay mineral
é 2L oF 592933 989 m« 3 dehydration (Hesse, 2003), or deep-sourced fluids modified
£ I § 28 S55555 S-oo- 7 s by mineral-water interactions (Giggenbach, 1992). The lipid
(é § S %; and mineralogy data suggest that most of our samples (except
2 ; S-3) were fo?sned close to the seafloor, yet the observed
2 £z 83 2 8¢ 355 & carbonate §°O values clearly do not support O
£ = ©= ' 3 incorporation from average seawater and suggest that
g % s E; O-isotope exchange with '®*O-rich fluids overprinted the
- S| % o é seawater 8'°0O-signal of about 0%o. Discerning a fluid source
¥ T/t \E’L_§ § § ,8_ g § § § 'g N9 g (e.g., gas hydrate vs. mineral dewatering) based on the
§ T|g~T g g carbonate §'®0 values alone is ambiguous. Yet, considering
° 8 3 that gas hydrates are present in shallow sediments at both
ﬁ . B § sampling sites (Panieri et al., 2017; Ser?;r et al., 2017), it seems
o < & 2 58 &3 % g reasonable that at least some of the ~“O-enrichment of the
a bo 2588238 FPT 8 carbonate can be attributed to O-atom incorporation from
= Txx5386680x22%5 © fluids derived from gas hydrate dissociation (Greinert et al.,
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2001; Naehr et al., 2007), as assumed from '®0-enrichment in
foraminifera shells in the same region (Dessandier et al., 2019).

Seep Carbonate Mineralogy

All carbonates recovered from Vestnesa Ridge (at the seafloor and
in the core; V1-V4) as well as Storfjordrenna carbonates S1 and
S2 are predominantly composed of aragonite, whereas the
nodular carbonate from Storfjordrenna (S-3) was mostly Mg-
calcite. This difference in seep carbonate mineralogy has been
observed previously (Bohrmann et al, 1998; Crémiere et al.,
2016b), and was attributed to the formation environment
(Burton, 1993; Mazzini et al, 2004). At seeps, carbonate
precipitation occurs when the fluids become oversaturated
with AOM-produced bicarbonate and if the required dissolved
cations (ie, Ca**, Sr**, Mg®") are available. More precisely,
formation of aragonite is favored over Mg-calcite at high-
sulfate and low-sulfide concentrations (Burton, 1993; Bayon
et al., 2007). Therefore, aragonite-dominated seep carbonates
are expected to form closer to the seafloor because of the
higher sulfate concentration in seawater, as sulfate is generally
depleted in deeper sediments (Bohrmann et al., 1998; Aloisi et al.,
2000; Feng et al., 2014; Crémiere et al., 2016b). Precipitation of
aragonite at the seafloor is consistent with our findings of co-
occuring AOM and MOx-derived lipids in the carbonates, which
also indicate precipitation close the sea floor. The Mg-calcite rich
sample from Storfjordrenna, on the other hand, indicates a
formation at a relatively low methane flux in deeper sediments.

SUMMARY AND CONCLUSION

In this study, seep-carbonate samples from two active Arctic gas
hydrate sites, Vestnesa Ridge and Storfjordrenna gas hydrate
mounds, were investigated. The carbonate carbon and oxygen
isotope ratios, carbonate mineralogy, and lipid biomarker
inventories indicate where, and under which environmental
conditions, the carbonates were formed originally. The
3C-depleted carbon and '®*O-enriched isotope signatures of all
carbonates reflect methane carbon incorporation (via AOM), and
a precipitation environment where carbonates are formed in
isotopic equilibrium with porewater affected by gas hydrate
dissociation. '*C-depleted biomarkers in all samples reveal the
presence of ANME-2/DSS microbial consortia at the time of
carbonate precipitation and their entombment in the authigenic
carbonate matrix. Furthermore, the recovery of lipids in the
mostly aragonitic carbonates, which typically originate from
aerobic methanotrophs, indicates the close proximity of anoxic
and oxic methane oxidation zones in the shallow sediments,
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