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Abstract. We report a rare observation of a mini-fracture
in near-surface sediments (30 cm below the seafloor) visual-
ized using a rotational scanning X-ray of a core recovered
from the Lomvi pockmark, Vestnesa Ridge, west of Sval-
bard (1200 m water depth). Porewater geochemistry and lipid
biomarker signatures revealed clear differences in the geo-
chemical and biogeochemical regimes of this core compared
with two additional unfractured cores recovered from pock-
mark sites at Vestnesa Ridge, which we attribute to differ-
ential methane transport mechanisms. In the sediment core
featuring the shallow mini-fracture at pockmark Lomvi, we
observed high concentrations of both methane and sulfate
throughout the core in tandem with moderately elevated val-
ues for total alkalinity, '*C-depleted dissolved inorganic car-
bon (DIC), and '3C-depleted lipid biomarkers (diagnostic
for the slow-growing microbial communities mediating the
anaerobic oxidation of methane with sulfate — AOM). In a
separate unfractured core, recovered from the same pock-
mark about 80 m away from the fractured core, we observed
complete sulfate depletion in the top centimeters of the sedi-
ment and much more pronounced signatures of AOM than
in the fractured core. Our data indicate a gas advection-
dominated transport mode in both cores, facilitating methane
migration into sulfate-rich surface sediments. However, the
moderate expression of AOM signals suggest a rather re-

cent onset of gas migration at the site of the fractured core,
while the geochemical evidence for a well-established AOM
community at the second coring site suggest that gas migra-
tion has been going on for a longer period of time. A third
core recovered from another pockmark along the Vestnesa
Ridge Lunde pockmark was dominated by diffusive trans-
port with only weak geochemical and biogeochemical evi-
dence for AOM. Our study highlights that advective fluid and
gas transport supported by mini-fractures can be important in
modulating methane dynamics in surface sediments.

1 Introduction

Large-scale fractures are commonly observed on seismic
profiles (Tobin et al., 2001; Weinberger and Brown, 2006;
Plaza-Faverola et al., 2015) and can provide increased sed-
iment permeability and conduits for fluid and gas transport.
Macro-fractures were often observed in association with cold
seep systems, where methane-rich fluids from greater sedi-
ment depth reach shallow sediments and may even be trans-
ported across the sediment—water interface (Berndt et al.,
2014; Sahling et al., 2014). Prominent examples of fracture-
controlled fluid migration at cold seep systems include loca-
tions such as Hydrate Ridge (Torres et al., 2002; Weinberger
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and Brown, 2006; Briggs et al., 2011), Blake Ridge (Ege-
berg and Dickens, 1999), and the recently documented Stor-
fjordrenna gas hydrate mounds in the Barents Sea (Hong et
al., 2017b, 2018; Waage et al., 2019). Seepage at these lo-
cations can sustain high biomass levels of chemosynthetic
communities that either directly oxidize methane or metabo-
lize products of methane oxidation, such as sulfide (Boetius
and Suess, 2004; Niemann et al., 2013). Fractures visible
on seismic profiles often exceed 10 m in length (Gabrielsen
et al., 1998). However, surface sediments may also feature
smaller-scale, branched fracture networks (hereafter referred
to as mini-fractures) which propagate from macro-fractures
as the fluid pressure increases (Friedman, 1975; Briggs et al.,
2011; Anders et al., 2014).

The role of small-scale fracture networks in routing
methane upwards into the near-surface sediments is not well
understood. In particular, the biogeochemical effects of mini-
fractures in sediments with methane-dependent microbial
communities is poorly constrained but is important for our
understanding of how fracture networks influence microbial
dynamics. Geochemically, fractures facilitate migration of
deep fluids that are laden with electron donors from deeper
sediments, which can then be used by sedimentary microbes
as metabolic or bioenergetics substrates. To date, such mini-
fractures have either been detected by X-ray images of cores
under pressure (Riedel et al., 2006), or by the presence of
macroscopic biofilms lining subseafloor fractures (Briggs et
al., 2011). These biofilms were usually present at the sulfate—
methane transition zone (SMTZ), where methane is oxi-
dized by a consortium of anaerobic methanotrophic archaea
(ANME) and sulfate-reducing bacteria (SRB) mediating the
anaerobic oxidation of methane (AOM) with sulfate as the
terminal electron acceptor (Knittel and Boetius, 2009):

CHy4 + SO2~ — HCOj +HS™ + H,0. (R1)

In contrast to large-scale transport pathways, mini-fractures
are difficult to detect as they cannot be resolved with seismic
tools (Emery and Myers, 1996; Gabrielsen et al., 1998) and
may thus play an underappreciated but potentially important
role in sediment methane dynamics, and the efficiency of the
benthic microbial methane filter.

In this study, we report on the presence of a mini-fracture
in the near-surface sediments of the active pockmark Lomvi,
located on Vestnesa Ridge (79° N, 6° E), west of the Sval-
bard archipelago. Using an interdisciplinary approach that
combines geochemical and organic geochemical methods,
we investigate the effects that such mini-fractures may im-
pose on benthic methane dynamics and associated micro-
bial communities. Our data show that mini-fractures can pro-
vide conduits for advective gas migration fostering AOM, but
the moderate expression of AOM-associated biogeochemical
signals along the mini-fracture at the Lomvi pockmark sug-
gest a rather recent opening of this particular fracture.
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2 Material and methods
2.1 Study sites

Vestnesa Ridge is NW-SE trending, ~ 100 km long, and cov-
ered with ~ 1km thick contourite drifted sediments. Vest-
nesa Ridge features numerous pockmark structures (see a
more detailed description of the geological setting in Plaza-
Faverola et al., 2015, and Panieri et al., 2017). This ridge is
part of a submarine gas-hydrate system on the west Svalbard
margin (1200 m water depth), where fluid and gas migration
from deep hydrocarbon reservoirs towards the seafloor has
potentially been ongoing since the early Pleistocene (Knies
et al., 2018). Past investigations have shown that the ridge
actively releases methane gas from the seafloor along the
eastern segment of the structure (Biinz et al., 2012; Smith et
al., 2014; Plaza-Faverola et al., 2015; Panieri et al., 2017),
and seismic data suggest that seepage is related to inten-
sive seabed faulting and rifting (Plaza-Faverola et al., 2015).
The eastern part of Vestnesa Ridge features the pockmarks
Lunde and Lomvi (Fig. 1), both belonging to the most active
structures known in the area (Biinz et al., 2012; Panieri et
al., 2017). Pockmarks are morphological expressions of fluid
and/or gas eruptions from sediments, and are commonly ob-
served in active hydrocarbon systems (Hovland et al., 2002).
Pockmarks can be prominent in the seafloor bathymetry,
ranging in shape from circular, crater-like edifices to “push-
down” sediment features (Hovland et al., 2002). Enhanced
reflections and “push-down” features observed in the seis-
mic transects of Lunde and Lomvi were interpreted as chim-
ney structures containing free gas, which originate from be-
neath the bottom of the gas-hydrate stability zone (Biinz et
al., 2012; Smith et al., 2014). Excessive pore pressure at the
summit of this gas column fractured the sediments and led to
the presence of free gas in the hydrate stability zone (Wein-
berger and Brown, 2006; Biinz et al., 2012).

2.2 Sample collection

We investigated three sediment cores from Vestnesa Ridge:
two were collected by a multicorer (MC) during cruise
CAGE15-2 with R/V Helmer Hanssen in 2015 (core Lomvi
893MC and core Lunde 886MC), and an additional push core
(core Lomvi 008PC) was recovered with the remotely oper-
ated vehicle (ROV) Zgir about 80 m away from core Lomvi
893MC during the P1606 cruise with R/V G.O. Sars in 2016
(Table 1). The MC system used during cruise CAGE15-2
can collect up to six parallel cores during every deployment,
and a MISO (Multidisciplinary Instrumentation in Support of
Oceanography, Woods Hole Oceanographic Institution) tow-
cam was attached to the MC frame, allowing targeted video-
controlled sampling (Panieri et al., 2015, 2017). Among
the six cores, one was subsampled for porewater analyses,
and two adjacent cores were used for lipid biomarker and
headspace gas analyses, respectively. The cores for porewater
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Figure 1. Regional multibeam bathymetric map of Vestnesa Ridge
showing the Lunde and Lomvi pockmarks and sampling locations.
Locations of multicores and push cores used in this paper are de-
noted as stars.

extraction were used for X-ray analysis. Core Lomvi §893MC
was collected at a site with bacterial mats around outcropping
carbonate crusts at the Lomvi pockmark, whereas core Lunde
886MC was collected at a soft sediment site with patchy bac-
terial mats and tubeworms at the Lunde pockmark (Figs. 1
and 2). The push core Lomvi 008PC was recovered from a
large patch of bacterial mat at the Lomvi pockmark. This
core was only sampled for the analysis of porewater and lipid
biomarkers (limited sample material impeded the analysis of
the gas composition from Lomvi 008PC).

Immediately upon recovery, we subsampled the cores
for subsequent gas, porewater, and biomarker analyses. De-
tails on headspace sampling and gas analysis in the mul-
ticores were described in Panieri et al. (2017) and refer-
ences therein. Briefly, 5SmL of bulk sediments were sam-
pled into a 20 mL headspace glass vial, containing 5 mL of
IM NaOH and two glass beads. The gas analysis was per-
formed with a ThermoScientific Trace 1310 gas chromato-
graph (GC) equipped with a TG-BOND alumnia (NaySO4)
column (30m x 0.53 mm x 10 um). The methane headspace
samples were obtained on a parallel core as the fractured
core in the same set of the multicorer frame. Porewater was
extracted at ambient temperature (ca. —1°C), at a resolu-
tion of 2 cm, with either 10cm (Lomvi 893MC and Lunde
886MC) or 5 cm rhizon samplers (Lomvi 008PC) attached to
acid-cleaned syringes (Seeberg-Elverfeldt et al., 2005). Rhi-
zon membranes were soaked in Milli-Q water before use.
The first 0.5 mL of the recovered porewater was discarded
to avoid dilution or contamination with residual Milli-Q wa-
ter in the rhizons. Sediment samples for biomarker analyses
were collected on board with a methanol pre-cleaned spat-
ula at a resolution of 2 cm, wrapped in aluminum foil and
subsequently stored frozen at —20°C until analysis. Intact
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sediment cores were kept at 4 °C for further X-ray analysis
in onshore laboratories using a Geotek MSCL-XCT at UiT.

2.3 Porewater analyses

Total alkalinity (TA) was measured on board using the Gran
titration method (Grasshoff et al., 1999) within a few hours
after the syringes were disconnected from the rhizon sam-
plers. The HCI titrant (0.012 M) was checked daily on board
with local surface seawater and 10 mM of borax to verify
the acid concentration. The pH meter of the titrator was cal-
ibrated with pH standard solutions (pH of 4, 7, and 11) both
before and during the cruise. Porewater aliquots (2 mL) for
sulfate analysis were preserved with 3 mL zinc acetate solu-
tion (23 mM) to precipitate the dissolved sulfide (Gieske et
al., 1991; Grasshoff et al., 1999) for CAGE 15-2 samples.
All sulfate analyses were performed using a Dionex ICS-
1100 Ion Chromatograph equipped with a Dionex IonPac
AS23 column at the Geological Survey of Norway (NGU)
(Sauer et al., 2016). For sulfide concentration measurements,
the precipitated zinc sulfide was quantified in the onshore
geology laboratory at UiT with a spectrophotometric method
(Cline, 1969) using a UV-1280 UV-vis Spectrophotometer
(Shimadzu). The amount of zinc acetate added to samples
from core 008PC was too low to precipitate all dissolved sul-
fide; thus the measured sulfide concentrations are minimum
values. For the subsequent measurement of §'3C of dissolved
inorganic carbon (DIC), 2mL aliquots of porewater were
fixed on board with saturated HgCl, (27 mM final concentra-
tion) (Grasshoff et al., 1999). The §'3C DIC of CAGE 15-2
samples (Bernhard and Panieri, 2018) were analyzed using a
Finnigan DELTA-Plus mass spectrometer coupled to a Gas-
Bench II as described in Torres et al. (2005). The §!3C DIC in
pore waters of core Lomvi 008PC was determined from the
CO», liberated from the water after acidification with phos-
phoric acid. Measurements were carried out at EAWAG (The
Swiss Federal Institute of Aquatic Science and Technology)
using an IRMS (Isotope Ratio Mass Spectrometer, Isoprime)
equipped with a Gilson 222XL Liquid Handler and a Multi-
flow unit (Isoprime). The standard deviation of the §'3C DIC
measurements from repeated measurements of standards was
40.1%o (1o, n = 27). The stable carbon isotope values for
DIC are reported in the conventional § notation in per mill
(%o) relative to V-PDB (Vienna Pee Dee Belemnite).

2.4 Lipid extraction, quantification, identification, and
determination of compound-specific stable carbon
isotope composition

Lipid biomarkers were extracted and analyzed according to
previously reported protocols (Elvert et al., 2003) with modi-
fication for alcohol derivatization (Niemann et al., 2005) and
instrument setup (Blees et al., 2014; Steinle et al., 2018).
Briefly, a total lipid extract (TLE) was obtained by ultra-
sonication of ~ 20 g wet sediment samples in four extraction
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Table 1. Information on coring stations, coring coordinates, seafloor habitat information, and analyses performed at each site. DIC: dissolved
inorganic carbon; TA: total alkalinity; conc.: concentration; NA — not available.

Pockmark (cruise)  Lomvi Lomvi Lunde
(CAGE15-2) (P1606) (CAGEI15-2)

Core Lomvi 893MC Lomvi 008PC Lunde 886MC

Coordinates 79°0.180' N 79°0.162' N 79°0.366' N
6°55.434'E 6°55.488'E 6°54.030'E

Habitat bacterial mats and carbonate crusts  bacterial mats tubeworms

Methane methane headspace NA methane headspace

sulfate, sulfide, TA, § 3¢ pic
conc. and §13C

Porewater analyses
Lipid biomarkers

sulfate, sulfide, TA, s13¢ pIC
conc. and §13C

sulfate, sulfide, TA, s13¢c pIC
conc. and 813C

Figure 2. Still images of the seafloor before launching of the multicorer at coring site Lomvi 893MC (a) and coring site Lunde 886MC (c),
as well as during ROV guided push coring at coring site Lomvi 008PC (b). Coring site Lomvi 893MC (a) and 008PC feature bacterial mats
and reduced, black sediments, while the coring site Lunde 886MC (c) is characterized by soft sediments with tubeworms and small patchy
bacterial mats. Green laser points (a, ¢) are 20 cm apart and the diameter of the push core (b) is 8.5 cm.

steps with solvents of decreasing polarity: dichloromethane
(DCM) / methanol (MeOH) 1:2; DCM/MeOH 2:1; and
DCM for the last two extraction steps. The TLE was then
saponified, and a neutral lipid fraction was extracted prior
to methylation of the remaining polar fraction (comprising
free fatty acids) to yield fatty acid methyl esters (FAMEs) for
chromatographic analysis. Double bond positions of FAMEs
were determined by analyzing dimethyl-disulfide adducts
(Nichols et al., 1986; Moss and Lambert-Fair, 1989). The
neutral fraction was further separated into hydrocarbons, ke-
tones, and alcohols, the latter of which was derivatized to
form trimethylsilyl adducts for analysis.

Individual lipid compounds were analyzed using a GC
(Thermo Scientific TRACE™ Ultra), equipped with a cap-
illary column (Rxi-5ms, 50 m, 0.2 mm ID, 0.33 um df), us-
ing helium gas as a carrier gas at a constant flow rate of
1 mL min~!. The initial oven temperature was set to 50 °C,
held for 2min and then increased to 140°C at a rate of
10°C min~!, held for 1 min, then further increased to 300 °C
at 4°Cmin~!. The final hold time was 63 min to analyze
FAMES or 160 min to analyze larger (i.e., high boiling point)
lipids in the hydrocarbon and alcohol fractions. Concentra-
tions were determined by flame-ionization detection (FID)
against internal standards. Unknown compounds were iden-
tified with a quadrupole mass spectrometry unit (Thermo Sci-
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entific DSQ II) at the chromatography periphery. Similarly,
compound-specific stable carbon isotope ratios were deter-
mined using a magnetic sector isotope ratio mass spectrom-
etry unit (Thermo Scientific Delta V Advantage) coupled to
a gas chromatography setup with the above-outlined specifi-
cation. §'3C values are reported with an analytical error of
+1 %o.

3 Results and discussion

3.1 Sediment X-ray imaging and porewater
geochemistry

Our detailed X-ray imaging of cores retrieved from loca-
tions of known methane seepage in Vestnesa Ridge revealed
a mini-fracture in the core Lomvi 893MC in the top 30 cm
(Fig. 3) but not in any other core. However, it is important
to note that X-ray imaging can only confirm the presence of
a fracture while the size or expansion of the original frac-
ture cannot be resolved. Upon recovery, core Lomvi 893MC
showed extensive gas ebullition. Thus it is possible that the
fracture expanded during core retrieval because of pressure-
induced volume changes in sedimentary gases. Nevertheless,
our analyses revealed a substantial increase in methane con-
centrations in the upper section of the core (Fig. 4), which is

www.biogeosciences.net/16/2221/2019/
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Figure 3. X-ray images of core Lomvi 893MC. The different rota-
tional planes show a whitish X-ray transparency extending through-
out the core. This zone is interpreted as a zone of weakness facili-
tating fluid and gas migration in situ. The void probably became gas
filled after core recovery. A rotational video of this core is available
in the Supplement.
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an uncommon observation in marine settings where methane
originates at greater sediment depth (i.e., methane concentra-
tions typically increase downcore). We argue that the higher
concentration at the surface of the core directly indicates
an advective (fracture controlled) influx of methane into the
top sediment section at the coring side of the core Lomvi
893MC. Typically, high methane concentrations in marine
sediments lead to elevated rates of AOM, which in return
lead to sulfate depletion and sulfide production, and thus the
development of a sulfate methane transition zone (SMTZ).
Furthermore, excess production of DIC during AOM leads to
elevated sediment TA and low 8'3C DIC values. The marked
methane increase at coring site Lomvi 893MC was not par-
alleled by changes in other parameters, which are commonly
associated with AOM (Fig. 4a). Rather, the smooth porewa-
ter profiles of sulfate, sulfide, TA, and 813C of DIC in this
core seem typical for locations with low methane input, as
often found in settings characterized by diffusive transport
regimes (Treude et al., 2003; Egger et al., 2018; Niemann et
al., 2009). We attribute this apparently contradictory obser-
vation of enhanced methane concentrations on the one hand
and the rather “inconspicuous” signals for AOM activity on
the other to a recent genesis of the fracture (see additional
discussion below). To further investigate the changes asso-
ciated with the highly heterogeneous nature of the methane
dynamics in this region, we compared this first core with two
additional cores from contrasting settings at Vestnesa Ridge.

The push core Lomvi 008PC retrieved from an active vent-
ing site (ca. 80 m to the SE of core Lomvi 893MC) at the
Lomvi pockmark showed sulfate depletion within the first
Scmb.s.f. (below the sea floor) (Fig. 4b), indicating a high
methane flux and a shallow SMTZ (Reeburgh, 2007). This
shallow SMTZ is comparable to those typically observed at
locations of high methane flux, such as the Beggiatoa fields
at Hydrate Ridge (Treude et al., 2003), the Gulf of Mexico
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(Ussler and Paull, 2008), or Haakon Mosby Mud Volcano
(Niemann et al., 2006a, b). At these high-flux sites, AOM
rates have been estimated to be on the order of several mil-
limoles per square meter per day. A third core (core Lunde
886MC) was retrieved from a soft-sediment site character-
ized by the extensive occurrence of tubeworms and bacterial
mats (Fig. 2) at the adjacent active Lunde Pockmark. Sulfate
concentrations in this core showed only a moderate decrease
with sediment depth and traces of methane were detected in
the upper 20 cm of the core (Fig. 4c). These data are consis-
tent with observations of low sulfide concentrations and TA.
Together, our results indicate a substantially lower methane
flux and efficient methane retention through AOM in sedi-
ments at this coring site, similar to previous findings from
seep sites characterized by macrofauna-inducing bioventila-
tion (e.g., Niemann et al., 2006a, b; Levin et al., 2016). Al-
though core Lunde 886MC is located in a diffusive system,
the convex shape of the sulfate concentration profile along
with increasing methane concentration at the bottom suggest
non-steady-state conditions. The convex shape of the sulfate
profile can be related to an ongoing increase in methane flux
(Fischer et al., 2013; Hong et al., 2017b). It may also be
related to the intrusion of seawater into the shallower sed-
iments, which can be induced by bioventilation, and/or as-
cending methane bubbles from the sub-seafloor (Haeckel et
al., 2007; Hong et al., 2016). Our visual investigations of
the seafloor revealed the presence of tubeworms but there
are a few bivalves; therefore bioventilation would be mod-
erate. Methane concentration in the upper sediment section
was very low, and we did not observe methane bubbles em-
anating from the seafloor at the coring site. We thus assume
that moderate bio-irrigation and a recent increase in the dif-
fusive methane flux at the coring site (Lunde 886MC) can
explain the non-steady-state sulfate and methane profiles in
the Lunde pockmark core.

3.2 Methanotrophic community development

To further investigate the role of the detected mini-fracture
in core Lomvi 893MC on the biogeochemistry and micro-
bial community, we investigated archaeal and bacterial lipid
biomarkers and their associated stable carbon isotope signa-
tures that are diagnostic for AOM communities (Niemann
and Elvert, 2008, and references therein). ANMEs typi-
cally produce a suite of glycerol ether lipids comprising iso-
prenoidal alkyl moieties that may also occur as free hydrocar-
bons in environmental samples. We found the isoprenoidal
dialkyl glycerol diethers archaeol and sn2-hydroxyarchaeol
in all three cores (Fig. 4a—c). Furthermore, the '>C-depleted
signatures of these compounds provide evidence that their
source organisms mediate sulfate-dependent AOM. Indeed,
ANME biomass is characterized by a strongly '*C-depleted
isotope composition because the metabolized methane is typ-
ically '3C-depleted, and AOM is associated with a strong
kinetic isotope effect (Whiticar, 1999). The sulfate-reducing

Biogeosciences, 16, 2221-2232, 2019



2226

(a) Lomvi 893 MC ®)

H. Yao et al.: Fracture-controlled fluid transport supports microbial methane-oxidizing communities

Lomvi 008 PC (c) Lunde 886 MC

sn2-hydroyarchaeol (®, pg g™)

sn2-hydroxyarchaeol (®, pg g™")

sn2-hydroxyarchaeol @ , pgg')

Archaeol (@, ng g™ Archaeol &, %o) Archaeol (@, pgg?) Archaeol (A, %o) Archaeol (. p.g.,g.,‘) Archaeol (&, %o )
0 1 2 3 -100 75  -50 0 1 2 3 -100 -75 §00 I -100 -75 50
0- 1 I 1 " " L 1 1 1
T 10
<
“
= 20
£
g
30 ‘g |
404 T T r
0 5 10 15
Methane (®, mM) Methane (0 , mM)
Sulfate (, mM) Sulfate (, mM) Sulfate (@, mM)
510152025 0 5 10 15 20 25 0 5 10 15 20 25
T 10
&2
‘A-l
S 20 -
- _ 3
9
Y
Q / }
012 3 4510 20 —100 50 012 345 10 20 -100 -75 5001234510 20 -100 -75 -50
Cl6:105c @, pgg')  Cl6: lu)Sc(A %)  Clelosc@,ugg')  Cl6:loSc(a, %)  Cle:lo5c@,ngg')  Cl6:losc(a, %)
cyC17:005,6 (@, ng g') cyC17:005,6 (@, png g') cyC17:005,6 (@, pg g')
32 DIC @. %) 51 DIC (&, %) 5" DIC (&, %)
45 35 25 - 45 35 25 -15 -5 45 35 25 -15 5
0 0 0 ! ; L ;
o
o
g 107 104 105
2
e s
2 207 204 2034
<
Z
= 307 304 301
40 40 v —— v 40
10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
0 5 10 15 0 3 10 0 5 10 15

Total alkalinity (4, meq L)
Sulfide (x, mM)

15
Total alkalinity (4, meq L)
Sulfide (x, mM)

Total alkalinity ( A, meq L)
Sulfide (x, mM)

Figure 4. Biogeochemical profiles of archaeal (sn2-hydroxyarchaeol, archaeol) and bacterial lipid biomarkers (fatty acids C16: lw5c,
cyC17 : OwS, 6), methane, and pore water constituents (sulfate, sulfide, DIC, and total alkalinity) in the three cores: Lomvi 893MC (a),

Lomvi 008PC (b) and Lunde 886MC (c).

partner bacteria involved in AOM produce characteristic fatty
acids (C16: lw5c, and cyC17 : Ow5, 6) which we observed
at relatively high concentrations (Fig. 4a—c). As these bac-
teria incorporate '3C-depleted DIC produced by the anaero-
bic methanotrophs (Wegener et al., 2008), their stable carbon
isotope signature was also depleted in '>C. The biomarker
data are consistent with an active AOM microbial population
at all Vestnesa Ridge sites.

Our data also show, however, clear differences in the abun-
dance of AOM-derived lipids at the three investigated coring

Biogeosciences, 16, 2221-2232, 2019

sites (Fig. 4a—c). To highlight these differences, we calcu-
lated average concentrations and the isotopic depletion of ar-
chaeol and fatty acid C16: lw5c (i.e., typical ANME and
associated SRB lipids) relative to source methane (Ad 3¢
values) and compared these values to a non-seeping refer-
ence site south of Svalbard (Yao et al., 2017) and a known
high methane flux site at Hydrate Ridge (Elvert et al., 2005)
(Fig. 5). We chose Hydrate Ridge as the high flux compari-
son site because the only other observation of a mini-fracture
was documented from that location (Briggs et al., 2011). We

www.biogeosciences.net/16/2221/2019/
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Figure 5. Average lipid biomarker concentrations and isotopic differences to source methane of the archaeal lipid archaeol (AS13C) (a, b)
and the bacterial fatty acid C16: 1w5c (¢, d). Cores Lomvi 893MC (averaged from 0-35 cm), Lomvi 008PC (averaged from 0-33 cm), and
Lunde 886MC (averaged from 0-38 cm) are compared to a high flux site at Hydrate Ridge (Elvert et al., 2005) and a core from a non-seeping
site south of Svalbard (1522GC, 76.107° N, 15.957° E, averaged from 0-350 cm; Yao et al., 2017).

found the lowest concentrations of the diagnostic lipids at
the non-seeping reference site, followed by the core Lunde
886MC, the core Lomvi 893MC, the core Lomvi 008PC,
and finally the Hydrate Ridge core. The substantially higher
concentration of AOM-derived lipids at the Lomvi (particu-
lar in core Lomvi 008PC) compared to the Lunde site (core
Lunde 886MC) is consistent with the geochemical signals of
AOM (e.g., sulfate, sulfide, § 13C of DIC) in the respective
cores. The differences in concentrations of diagnostic lipids
suggest a high standing stock of AOM communities in core
Lomvi 008PC, and a much lower one in the other two cores.
AOM communities grow very slowly, with doubling times
of several months (Nauhaus et al., 2007; Zhang et al., 2011;
Timmers et al., 2015). A sudden increase in methane flux and
methane concentrations in the sulfate-rich sediments, which
comprise only a small initial standing stock of AOM mi-
croorganisms, may eventually lead to elevated AOM activity,
but with a significant lag time of several months to years. Our
biomarker data suggest that the methanotrophic community
at coring site Lomvi 893MC was not well developed, indi-
cating that the increase in methane concentrations at that site
occurred rather recently, probably less than a few years prior
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to our sampling campaign. We found a more mature AOM
community at the site Lomvi 008PC. Similarly, the previ-
ous findings of biofilms associated with the mini-fracture at
Hydrate Ridge (Briggs et al., 2011) indicate a more mature
AOM community at this site. This suggests that the methane
flux was higher at these sites for a longer period of time, al-
lowing for the establishment of the slow-growing AOM com-
munity.

Because of the spatial dynamics of venting at the Lomvi
pockmark in Vestnesa Ridge (Bohrmann et al., 2017; Hong
et al., 2017a, b; Panieri et al., 2017), it is likely that the
biomarker results reflect the cumulative history of micro-
bial AOM activity, rather than solely the most recent situa-
tion. Nonetheless, we observed a general decrease in § B3C of
both bacterial and archaeal lipids in horizons of present-day
sulfate depletion, indicating a higher contribution of AOM-
derived compounds to the lipid pool. Such a decrease in 8'3C
was apparent at ~ 10cmb.s.f. in Lomvi 893MC where sul-
fide started to accumulate, at ~ 5cmb.s.f. in core Lomvi
008PC where sulfate was depleted, and at 10-15cmb.s.f. in
Lunde 886MC where methane began to increase downcore
(Fig. 4). At these depths, the ratios of sn2-hydroxyarchaeol

Biogeosciences, 16, 2221-2232, 2019



2228

(a) ‘@ (b)
e ®

H. Yao et al.: Fracture-controlled fluid transport supports microbial methane-oxidizing communities

(c)

. Methanotropic
archaea (ANME)

. Sulfate-reducing
bacteria (SRB)

@ c.

28mM omM
I
Sulfate concentration
(28 mMto 0 mM)

Figure 6. Schematic illustration of different methane transport modes in the study area (big bubble and circle sizes highlight high methane
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to archaeol were 0.98 (core Lomvi 893MC), 0.37 (core
Lomvi 008PC), and 0.26 (core Lunde 886MC), indicat-
ing that ANME-1 is likely to be a key AOM organism
at all the investigated coring sites (Niemann and Elvert,
2008). The known SRB types associated with ANME-1
and ANME-2 belong to the Deltaproteobacteria, Desulfos-
arcina/Desulfococcus clade Seep-SRB1, which typically dis-
play distinct ratios of the fatty acids C16 : 1wSc relative to
isoC15 : 0. In systems dominated by Seep-SRB1 associated
with ANME-1 this value is commonly < 2, while it is > 2
in systems where Seep-SRB-1 is associated with ANME-
2 (Niemann and Elvert, 2008). At all coring locations, this
biomarker ratio was > 2 (3.2, core Lomvi 893MC; 5.4, core
Lomvi 008PC; 7.9, core Lunde 886MC), which is indicative
of an SRB eco-type associated with ANME-2 rather than
ANME-1. At this point, we can only speculate about these
contradicting lipid patterns, and additional DNA-based tools
would be needed to further identify the key AOM microbes
at the investigated sites.

The '3C values of lipids from AOM communities are
mainly influenced by isotope fractionation during AOM and
the 8!3C value of the carbon sourced from methane (Sum-
mons et al., 1994; Riou et al., 2010), though other environ-
mental parameters such as substrate availability and tempera-
ture are also known to influence lipid §'>C signals. §'°C CHy4
values are typically low and the additional isotope fractiona-
tion during AOM results in AOM-derived lipid, with §'3C
values < —50%o. Our reference site showed 8'3C values
of archaeal and bacterial lipids that were not conspicuously
depleted. This indicates a low or negligible standing stock
of AOM microbes at this site. Here, archaeal and bacterial
lipids likely originated from processes other than AOM (e.g.,
organic matter degradation by heterotrophs). At site Lomvi
893MC, the §13C values of archaeal and bacterial lipids were
not as negative as at the other three sites. The differences
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in the 8!3C signature of archaeol with respect to the source
methane (§'3C CH, = —57.8 %o in core Lomvi 893MC and
—62.9 %o in core Lunde 886MC; Panieri et al., 2017), were
slightly lower in core Lomvi 893MC than in core Lunde
886MC (Fig. 5a). This may reflect an overprint by lipids
that are not related to AOM, which supports our assumption
that the mini-fracture in core Lomvi 893MC and the associ-
ated AOM community developed rather recently. We do not
know the source methane 8'>C value for core Lomvi 008PC,
but, assuming a uniform source methane value of —55 %o for
the whole Lomvi pockmark area, the highest A8'3C values
were observed at Lomvi 008PC (Fig. 5). Together with the
biomarker evidence for a significant AOM community and
the rapid depletion of sulfate in this core, this indicates that
AOM biomass (and probably AOM activity) is more domi-
nant at the Lomvi 008PC coring site than at the other two
investigated sites. Although the AOM community seemed
lower at Lunde 886MC, the AS!3C values were similar to the
ones observed at Lomvi 008PC. This suggests that here, de-
spite the lower methane flux, AOM communities also domi-
nated the overall microbial community.

4 Summary and conclusion

At the Lomvi pockmark, we found evidence for advective
methane transport, with an indication for different onsets of
gas seepage at the different coring sites, while at the cor-
ing site at the Lunde pockmark, methane transport is domi-
nated by diffusion (Fig. 6). Together with the porewater geo-
chemical constraints, the distribution of '3C-depleted lipid
biomarkers underscores that the pockmark methane biogeo-
chemistry is differentially affected by the advective vs. dif-
fusive transport regimes. Our data show that high stand-
ing stocks of AOM communities thrive in surface sediments
where methane concentrations are high, while in sediments
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where methane availability is limited, only a comparably
low AOM biomass developed. The co-occurrence of a well-
developed AOM standing stock and high CH4 concentra-
tions, however, cannot be considered a universal rule. De-
spite high methane concentrations in sediments featuring a
mini-fracture, sediments contained a comparably low stand-
ing stock of AOM communities, and geochemical signals for
AOM activity were rather subtle. Methane transport through
mini-fractures is advective and fractures thus represent im-
portant conduits for methane, facilitating the development of
an active AOM community. Yet a high biomass of the slow-
growing AOM communities require that advective transport
has proceeded for an extended period of time after the onset
of sediment fracturing (i.e., the development of AOM com-
munities temporally lags behind). Our data suggest that the
mini-fracture detected here opened rather recently, whereas
methane transport at the other coring sites probably started
much earlier. Mini-fractures are rarely recognized because
they are below the resolution of seismic imaging tools and
their detection is mostly incidental. Our study clearly high-
lights their relevance for benthic methane dynamics and adds
to the very limited knowledge on the potential contribution of
fracture networks to benthic carbon cycling.
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