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Abstract

Gas hydrate dynamics and the fluid flow systems from two active pockmarks along Vestnesa Ridge (offshore west Svalbard)
were investigated through the pore fluid geochemistry obtained during the 2016 MARUM-MeBo 70 drilling cruise. Based on
the pore water chloride concentration profiles from Lunde and Lomvi pockmarks, we estimated up to 47% pore space occupied
by gas hydrate in the sediments shallower than 11.5 mbsf. These gas hydrates were formed during periods of gaseous methane
seepage, but are now in a state of dynamic equilibrium sustained by a relatively low methane supply at present. We detect a
saline formation pore fluid around nine meters below seafloor from one of the seepage sites in Lunde pockmark. This formation
pore fluid has elevated dissolved chloride concentrations and B/CI ratios, higher 30 and 8D isotopic signatures of water and
lower 8B signatures, which collectively hint to a high temperature modification of this fluid at great depths. By integrating our
findings with the previous work from Vestnesa Ridge, we show that the variable fluid phases (gaseous vs. aqueous fluid) and

migration pathways are controlled by the sediment properties, such as buried carbonate crusts, and the state of fluid reservoirs.
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Key Points:

e Up to 47% of gas hydrates from active pockmarks are currently at a dynamic equilibrium
state sustained by relatively low methane fluxes.

e We document the migration of a saline formation fluid whose composition is modified by
hydrate formation dynamics.

e We propose an evolution model for the Lunde pockmark and emphasize the role of
buried seep carbonates in diverting fluids.
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Abstract

Gas hydrate dynamics and the fluid flow systems from two active pockmarks along Vestnesa
Ridge (offshore west Svalbard) were investigated through the pore fluid geochemistry obtained
during the 2016 MARUM-MeBo 70 drilling cruise. Based on the pore water chloride concentration
profiles from Lunde and Lomvi pockmarks, we estimated up to 47% pore space occupied by gas
hydrate in the sediments shallower than 11.5 mbsf. These gas hydrates were formed during periods
of gaseous methane seepage, but are now in a state of dynamic equilibrium sustained by a relatively
low methane supply at present. We detect a saline formation pore fluid around nine meters below
seafloor from one of the seepage sites in Lunde pockmark. This formation pore fluid has elevated
dissolved chloride concentrations and B/Cl ratios, higher 5'80 and 8D isotopic signatures of water
and lower 8B signatures, which collectively hint to a high temperature modification of this fluid
at great depths. By integrating our findings with the previous work from Vestnesa Ridge, we show
that the variable fluid phases (gaseous vs. aqueous fluid) and migration pathways are controlled
by the sediment properties, such as buried carbonate crusts, and the state of fluid reservoirs.

1 Introduction

Pockmarks are seafloor manifestations of sub-surface fluid discharge (Hovland et al. 2002,
Hovland and Svensen 2006). The presence of pockmarks has been reported from a large depth
range comprising continental shelf (Hovland et al. 2002) to deep sea regions (Ondréas et al. 2005,
Sahling et al. 2008, Marcon et al. 2014, Sultan et al. 2014). Pockmarks in association with deep
water gas hydrate system (~1200 meters water depth) have also been long recognized along
Vestnesa Ridge off the west Svalbard margin (Vogt et al. 1994, Vogt et al. 1999). The Vestnesa
pockmarks have been recently studied for their sub-surface fluid plumbing systems (Biinz et al.
2012, Knies et al. 2018), history of tectonic stress (Plaza-Faverola et al. 2015, Plaza-Faverola and
Keiding 2019), controls of gas hydrate stability zone (Plaza-Faverola et al. 2017), as well as likely
sources of light hydrocarbons and the biogeochemical consequence of fluid flow through fractures
(Hong et al. 2016, Yao et al. 2019, Pape et al. 2020). Fluids fueling the Vestnesa pockmarks
migrate along chimney-like conduits that are vertical zones characterized by brecciation/fracturing
of the sediment that result in scattering of the seismic signal (Plaza-Faverola et al. 2015). These
conduits have developed under tectonic stress and served as the main pathways for persistent fluid
migration since the Pleistocene (Plaza-Faverola et al. 2015, Knies et al. 2018, Plaza-Faverola and
Keiding 2019). However, it is not clear how the composition of this long-lasting fluid system
evolves during the history of pockmarks along the Vestnesa Ridge as ground truth observations
beyond a few meters subsurface are not yet available along the ridge. Specifically, substantial
knowledge gaps exist in the geochemical composition of fluids as well as the interplay between
pockmark evolution, near-seafloor gas hydrate dynamics and fluid migration at a meter-scale. Such
a lack of information hinders the evaluation of the present model about pockmark evolution from
Vestnesa Ridge.

Here, we report pore fluid composition (concentrations of dissolved chloride and boron) and
isotopic ratios (8!30-H20, §D-H20, and 5!!'B) obtained from sediments recovered during the 2016
MARUM-MeBo drilling campaign (cruise MSM57-1/-2) from Lunde and Lomvi pockmarks
(Bohrmann et al. 2017), two of the most active pockmarks in terms of seafloor gas emissions along
Vestnesa Ridge (Blnz et al. 2012). Because pore fluid chloride is a conservative tracer whose
concentrations is unaffected by biogeochemical activities, downcore chloride concentration
profiles have been widely used to infer the in-situ production and consumption of water (such as
due to gas hydrate dissociation and formation) as well as physical mixing of water from different
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sources (Kastner et al. 1991, Torres et al. 2011, Kim et al. 2013a, Kim et al. 2016, Wallmann et
al. 2018, Hong et al. 2019). Especially, positive chloride concentration anomalies could occur
when gas hydrate is actively forming and expelling chloride at a rate much faster than chloride
diffusion, which results in the accumulation of chloride in the pore fluid (Ussler and Paull 2001).
Such anomalies have been successfully applied to infer formation conditions and quantify the rates
of gas hydrate formation (Ussler and Paull 2001, Haeckel et al. 2004, Milkov et al. 2004, Torres
et al. 2004, Tomaru et al. 2006, Torres et al. 2011, Peszynska et al. 2016, Hong and Peszynska
2018).

To further differentiate the various processes in the pore fluid, 80 and 8D signatures of
water serve as additional constraints (Kastner et al. 1991, Martin et al. 1996, Hong et al. 2019,
Chen et al. 2020). Different diagenetic processes, such as authigenic clay transformation, ion
filtration as well as gas hydrate formation and decomposition, result in variable degrees of
fractionation on 880 and 5D of water (Kastner et al. 1991, Maekawa et al. 1995). Dissolved boron,
a minor constituent in the pore fluid but abundant in various silicate minerals (see the review by
Marschall 2018 and references therein), is an excellent tracer for water-rock interactions. The
diagenetic reactions that involves silicate minerals (such as clays) releases abundant dissolved
boron with low §!B values due to the large isotopic fractionation associated with boron desorption
under medium to high temperatures (Palmer et al. 1987, Spivack et al. 1987, You et al. 1995, James
and Palmer 2000). Repeated observations of these distinct 3*'B signatures in pore fluid have
proven the applicability of the boron proxy to evaluate the origin of fluids generated at greater
depths (You et al. 1995, You et al. 1996, Deyhle and Kopf 2001, Kopf and Deyhle 2002, Hlpers
et al. 2016). With the information of pore fluid geochemistry from a sediment depth down to 60
meters below seafloor (mbsf), we intend to address the interaction between fluid migration, gas
hydrate dynamics and pockmark evolution from the most active pockmarks along Vestnesa Ridge.
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2 Materials and Methods

2.1 Drilling/coring sites during cruise MSM57-1/-2

The sediment cores studied herein (Tab. 1) were collected during cruise MSM57-1/-2
onboard ‘RV MARIA S. MERIAN’ with the seafloor drill rig MARUM-MeBo70 (Freudenthal
and Wefer 2013). Coring positions were guided by high resolution bathymetry data (Fig. 1b)
collected during a cruise 1606 onboard R/V G.O. Sars a few months before the MSM57 cruise.
We combined the results from gravity cores taken close to MeBo drill sites to obtain a better
coverage in the uppermost few meters of the sediments (Tab. 1). The three locations investigated
from Lunde pockmark include a non-seepage site from the central depression of the pockmark
(GeoB21601-1 & GeoB21605-1 & GeoB21610-1) and two sites with high methane fluxes (SW
seepage site: GeoB21621-1 & GeoB21637-1 and SE seepage site: GeoB21619-1) (Fig. 1a). As a
comparison to the Lunde pockmark, we also report results from two gravity cores recovered from
the seepage area of Lomvi pockmark (GeoB21623-1 & GeoB21624-1). In addition, a low methane
flux site (GeoB21606-1 & GeoB21613-1) that is outside any pockmark footprint is included as a
reference (Fig. 1a). Gas hydrates were only recovered from the seepage sites of both pockmarks
(Fig. 1b).

2.2 Pore water sampling and analyses

The procedures for sediment core handling are detailed in Bohrmann et al. (2017). Briefly,
sectioning of the sediment cores and sampling for pore water were done at an ambient temperature
of ~10 °C. Before splitting into halves, the surfaces of the core liners were scanned with infrared
radiation (IR) camera (see Pape et al. 2020) to detect negative thermal anomalies that can be caused
by the endothermic gas hydrate dissociation (Trehu et al. 2004). We sampled 2-3 cm sections from
the working halve of the gravity cores and 8-10 cm from the working halve of the MeBo cores for
pore water extraction by using the GEOMAR argon-gas squeezers. In average, it took 30 to 45
minutes to squeeze 5-10 ml of pore water. Squeezing was performed in a +4 °C refrigerated room.
Gas pressure was monitored and never exceeded five bars during the squeezing. Water from
completed dissociated gas hydrate, as indicated by the dissipating temperature anomalies, was
sampled with acid-washed rhizons and syringes (Seeberg-Elverfeldt et al. 2005) and treated
identical to other pore water samples. Three gravity cores were dedicated to recover intact gas
hydrate. The gas hydrate samples were preserved within liquid nitrogen for storage at MARUM.
Centimeter-sized gas hydrate subsamples were later left to dissociate at room temperature to obtain
water samples from gas hydrate for analyses of cation concentrations and stable boron isotopic
signatures. The hydrate-bound water was filtered with 0.2 um disposable in-line syringe filters and
preserved with acid-washed vials.

After extraction, pore water was divided into sub-samples for further analysis. Shipboard
analyses of dissolved chloride concentrations ([CI]) were conducted through titration with silver
nitrate as documented in Bohrmann et al. (2017). For the analyses of stable oxygen and hydrogen
isotopes of water (8*80-H20 and 8D-H20, hereafter as §'0 and 8D throughout the text), pore
water sub-samples were filled into 2 ml glass vials without headspace. Sub-samples for cations
were acidified with 10 ul of concentrated reagent grade nitric acid. Separated acid-washed 1.5 ml
Eppendorf vials were used for the analyses of stable isotopes of boron (5'!B) in the pore fluid. No
nitric acid was added to these sub-samples. 680 and 8D signatures were determined with a Delta
plus XP isotope ratio mass spectrometer (Thermo Fisher Scientific) as detailed in Wallmann et al.
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(2018). These values are reported against the Vienna Standard Mean Ocean Water (V-SMOW)
standard. For analysis of 3''B in pore water, 10 pl of non-acidified samples was put through boron-
specific anionic exchange resin Amberlite IRA 743 (Kiss 1988, Yoshimura et al. 1998) to isolate
2-10 ng of boron, following the protocol described by Foster (2008). Analyses of the isotopic ratios
were performed with a Neptune multicollector inductively coupled plasma-mass spectrometer
(MC-ICPMS) at the St Andrews Isotope Geochemistry (STAIG) Laboratory of the University of
St. Andrews following methods detailed previously (Rae et al. 2011, Foster et al. 2013, Rae et al.
2018) with long-term reproducibility of 0.2%. (2c). Values are reported against the NIST 951
standard.

2.3 Quantification of gas hydrate abundance from pore water chloride concentration
profiles

During core recovery, dissociation of gas hydrate releases fresh water into the ambient pore
space. Such process results in lower [Cl] as compared to the background [CI] within the hydrate-
bearing sediments (Matsumoto 2000, Ussler and Paull 2001, Hesse 2003, Torres et al. 2004,
Tomaru et al. 2006, Kim et al. 2013a). Through calculating the difference, we can estimate gas
hydrate saturation (Sh in Figs. 2i, 2n and 2t and Tab. 2). Defining the background profile of [CI] is
critical as the water samples containing or adjacent to gas hydrate are inevitably affected by gas
hydrate dissociation. We used the [CI] from sediment samples without any sign of hydrate presence
(e.g., no IR anomaly and visual observation) to establish the background [CI] profiles. Such an
exercise was applied to the seepage sites in the Lomvi and Lunde pockmarks (Tab. 2). For the
three gravity cores with less than 5-meter of recovery (GeoB21619-1: Lunde SE seepage site;
GeoB21623-1, GeoB21624-1: Lomvi pockmark), we fit the downcore [CI] with linear regressions
and extrapolated to the depth range where gas hydrates were recovered. We fit the [CI] from
hydrate-free samples of Lunde SW seepage site with a 4" order polynomial regression to
interpolate the background [CI] for the two hydrate-bearing intervals. The percentages of gas
hydrate in the pore space (Sn) from these cores at various depths were calculated according to:

Bx([Cops—[Cl]fir)

x 100
Cl] fie+BX%([Cllops—[Cl] Fit)

Sh (% pore space) = [

where [Cl]sit is the interpolated or extrapolated chloride concentration while [Cl]obs is the observed
chloride concentrations (Tab. 2). Factor £ (1.257) is a dimensionless constant that accounts for the
density change during hydrate dissociation (Malinverno et al. 2008).

3 Results

3.1 Downcore distribution of gas hydrate from the seepage sites in Lunde and Lomvi
pockmarks

The hydrate-bearing intervals for all the sediment cores investigated were determined by
shipboard visual inspection, thermal anomalies with IR measurements, and later confirmed by the
freshening observed from pore fluid composition. Much shallower gas hydrate occurrences were
documented from Lunde SW seepage site by Pape et al. (2020) with a depth of 0.45 mbsf reported
for the gravity core GeoB21609-1. This core is however not investigated for pore fluid
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geochemistry. For the two MeBo cores recovered from Lunde SW seepage site, gas hydrates were
observed exclusively from two depth intervals: 5.80 to 8.28 mbsf and 10.29 to 11.54 mbsf. Gas
hydrates were recovered below 3.30 mbsf from the gravity core in Lunde SE seepage site. Three
thin layers of gas hydrates between 1.54 mbsf and 2.62 mbsf were recovered by two gravity cores
from Lomvi pockmark. Gas hydrate saturations calculated from [CI] in the Lunde SW and SE
seepage sites as well as the Lomvi seepage site range from <1% to 47% of the pore space (Tab.
2).

3.2 Downcore variation in pore water composition

Illustrations of pore water data from all cores investigated in this study were compiled based
on their locations (Fig. 2). We report the downcore concentration profiles of dissolved sulfate and
chloride as well as pore water B/ClI ratios, §'B, 8*80, and 8D to investigate the sources of fluid
and gas hydrate dynamics. Downcore methane and sulfate concentrations were reported by Pape
et al. (2020). Dissolved sulfate concentrations decrease rapidly towards the sulfate-methane-
transition (SMT) which is defined by the shallowest depth where significant amount of methane
can be detected and sulfate concentrations drop to a sub-millimolar (mM) level (Figs. 2a, 2e, 2h,
2m and 2s). SMT depths range from ca. 10 mbsf at the reference site, 2.5 mbsf in the non-seepage
site and less than one mbsf for the two seepage sites (Fig. 2). A few mM sulfate can still be
observed in the deeper sediments, which may be due to the contamination by seawater during core
handling and pore water sampling (Bohrmann et al. 2017, Pape et al. 2020).

We report pore water B/CI ratios, instead of absolute concentrations of dissolved B, to
correct for the effect of gas hydrate dissolution and formation. Pore water B/ClI ratio profiles from
the reference site and the non-seepage site in Lunde pockmark exhibit downcore decreasing trends
in general (Figs. 2c & 2g). In the Lunde SE seepage site, pore water B/CI ratios are fairly constant
with depth except for the two measurements from the hydrate-bearing interval (3.35 to 4.73 mbsf,
Fig. 2I). In the Lunde SW seepage site, pore water B/ClI ratios slightly decrease with depth above
four mbsf and increase from the two hydrate-bearing horizons (5.80 to 8.28 mbsf and 10.29 to
11.54 mbsf, Fig. 2q). From the Lomvi pockmark, pore water B/CI ratios decrease with depth for
the uppermost three meters of sediments. Only the two samples from 2.56 and 2.62 mbsf show
anomalously high pore water B/ClI ratios (Fig. 2w).

The 8B in pore water were measured for samples from the reference and Lunde SW
seepage sites as well as from Lomvi pockmark sites. The §''B profile from the reference site shows
a slight decreasing trend from the expected seawater value of +39.61 %o at seafloor to +37.0 %o at
five mbsf and an increase with depth to +41.0 %0 between five mbsf and the bottom of the core
(ca. 60 mbsf) with a few fluctuations in between (Fig. 2d). From the Lunde SW seepage site, the
5B values also slightly decrease from the expected seawater value at seafloor to +37.0 %o at four
mbsf (Fig. 2r). The values increase to +39.5 %o at 15.11 mbsf with low values (+35.0 %o to +37.5
%o) within the intervals where gas hydrates were recovered (Fig. 2r). A slight decrease in §''B
values with depth (from +39.0%o to +37.0%0) was observed from the four available measurements
in the top 2.62 meters in the Lomvi pockmark cores (Fig. 2x). The two gas hydrate samples have
511B values of +26.5%o and +30.3%. that are significantly lower than all the values from pore fluid
samples investigated.
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3.3 Pore water chloride concentrations and stable O and H isotopes of water

Downcore [CI] at the Lunde reference and the non-seepage sites show small variations
ranging between 540 and 560 mM (Figs. 2b & 2f). Larger variations in the [CI] (424.1 to 890.7
mM) were observed from the Lunde SW and SE seepage sites as well as from Lomvi seepage site
(Figs. 2i, 2n and 2t and Tab. 2). The [CI] at the Lunde SE seepage site show a gradual increase in
the uppermost three meters of sediments from 572.4 mM to 618.8 mM. In the hydrate-bearing
sediments below three mbsf, [CI] fluctuate between 376.4 mM and 608.9 mM. The [CI] profile
from the Lunde SW seepage site shows a more complicated structure. The range of [CI] from the
hydrate-free sediments for the uppermost six meters of sediments is fairly narrow (575.4 mM to
591.3 mM) with a pronounced downcore increase observed from ca. 6 mbsf to 15.11 mbsf (528.8
mM to 890.7 mM, respectively). For the samples taken from the two hydrate-bearing intervals of
the site, [CI] fluctuate between 424.1 mM and 607.8 mM. At Lomvi seepage site, [CI] show a
general downcore increasing trend with anomalously low values down to 541.8 mM in the three
sediment horizons where gas hydrates were recovered (1.54, 2.38, and 2.62 mbsf; Fig. 2t & Tab.
2).

5180 and 8D were analyzed for seepage sites in the Lunde and Lomvi pockmarks. At the
Lunde SE seepage site, the values of both isotopes decrease slightly with depth from 0.19%o. to
0.02 %o for 5180 and -0.06%o to -0.51%o for 8D within the uppermost three meters of hydrate-free
sediments (Figs. 2] & 2k). Water samples taken from the hydrate-bearing samples deeper than 3.35
mbsf at this site have values up to 1.1 and 7.9%o for !0 and 8D, respectively (Figs. 2j & 2k). At
the Lunde SW seepage site, the downcore §'80 and 3D profiles also exhibit complex structures
with relatively little fluctuation in values above six mbsf and high values observed in the two
hydrate-bearing intervals (Figs. 20 & 2p). Between six and 10 mbsf the isotopic values gradually
increase with depth in the hydrate-free sediments and decrease towards lower values (0.25%o for
580 and 1.80%o for SD) in the deepest three samples (14.74 to 15.12 mbsf: Figs. 20 & 2p). In
general, there are relatively smaller changes in both 30 and SD signatures from the Lomvi
seepage site. Only one sample at 2.38 mbsf show slightly higher 520 (0.5%0) and SD values
(2.4%0) as compared to values for bottom seawater (Figs. 2u & 2v).

4 Discussion

4.1 Pore water source inferred from chloride concentration, 880 and 8D

We investigate the sources of water and processes that contribute to the observed changes in
fluid composition from the Lunde seepage sites by studying the profiles of [CI], §'80 and 8D. We
compare our data ([Cl]obs, 3*3Qobs and 8Dobs) with the values from assigned references ([Cl]ref,
5180rer and SDrer) to investigate the effect of fluid mixing and gas hydrate dynamics (Fig. 3). We
chose two sets of reference composition: modern seawater (Lunde SE seepage site) and the
composition of a sample from 8.78 mbsf (Lunde SW seepage site) for reasons discussed below.

Following the approach developed by Tomaru et al. (2006), we defined the normalized
chloride concentrations, f, as the ratios between observed and reference dissolved chloride
concentrations (i.e., [Cl]obs/[Cl]ref) (Fig. 3). The f values reflect the mixing of fluids with different
[CI]. The f values larger than one indicate consumption of fresh water through processes such as
gas hydrate formation, while values smaller than one refer to fresh water addition through
processes such as gas hydrate decomposition. We also defined parameters that describe the
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differences between observed and reference isotopic signatures of water as A3*80 (= 5®Qobs -
5180rer) and ASD (= SDobs - 8Dref) (Fig. 3). Gas hydrate formation is known to preferentially
concentrate 180 and 2H in the hydrate lattice and result in lower §'80 and SD values in the residual
fluids following experimentally determined isotopic fractionation factors (c.o=1.0023 to 1.0034
and an=1.014 to 1.024; Maekawa (2004)). During gas hydrate decomposition, the release of 8O-
and 2H-enriched fresh water from hydrate lattice results in higher §'80 and 8D values of the pore
water.

All the data from the Lunde SE seepage site can be well explained when modern seawater
values ([Cl]rer: 574 mM; 880 rer: +0.2%o; D rer: —0.06%0) Were chosen as the reference (Figs. 3a
& 3b). The data from hydrate-bearing samples can be explained as the buried seawater modified
by gas hydrate dissociation during core recovery. The downcore increase in [Cl]obs (Up to 633 mM)
from the hydrate-free samples at this site may hint to ongoing gas hydrate formation. However,
this inference is only marginally supported by the 80obs and SDobs Signatures as the pore water
sample from 2.53 mbsf, where the deepest hydrate-free sediment sample were obtained, are only
slightly depleted in 80 and 2H. In addition, §¥Q0abs and SDobs signatures from samples deeper than
2.53 mbsf were affected by hydrate dissociation during core recovery and thus cannot be used to
infer any likely formation of gas hydrate.

In contrast, the changes in §'®0obs and 8Dobs from the Lunde SW seepage sites cannot be
explained with hydrate dynamics if the composition of modern seawater is assigned as the
reference (Suppl. Fig. 1). Instead, the data can be better fitted when the composition of the sample
from 8.78 mbsf is used as the reference ([Cl]rer: 616 MM, §'80ref: +0.60 %o, SDref: +3.76 %o) (Figs.
3¢ & 3d). This composition hints to the presence of a saline formation fluid that, when compared
to modern seawater, it has higher [CI] by 42 mM as well as higher 30 and 8D values by 0.40%o
and 3.76%o, respectively. Between seafloor and 5.80 mbsf, [CI], 880 and 8D reflect mixing
between this saline formation water and modern bottom seawater (Figs. 3¢ & 3d). Between 5.80
and 11.54 mbsf, this saline formation water was modified by gas hydrate dissociation during core
recovery (Figs. 3¢ & 3d) which results in AS*®0 and ASD values up to 1%o and 7%o, respectively.
Below 11.54 mbsf, the enrichment in chloride concentrations up to 890 mM as well as §'Q0obs and
dDobs Similar to modern seawater values can be best explained by the saline formation water
modified by active gas hydrate formation, even though there is no gas hydrate recovered (Figs. 3c
& 3d).

We propose that this saline formation water originated from old evaporated seawater that
was buried with the formation at great depths. Though not without uncertainties, this explanation
is supported by the overall similar Br/Cl ratios between our pore fluid samples and seawater
(Suppl. Fig. 2). An alternative explanation for the high [CI], 80 and 8D of the proposed saline
fluid is the residual fluids after clay ion filtration, which leads to the enrichments of anion as well
as high 880 and 8D values (Phillips and Bentley 1987). This explanation however fails to explain
why the same saline formation water is not observed from other sites investigated (e.g., Lunde
non-seep and reference sites, Fig. 2) which should all be situated in a similar clay mineral
composition. Authigenic clay formation is also known to result in residual fluids with high [CI]
(Kastner et al. 1991, Sheppard and Gilg 1996, Dahlmann and De Lange 2003). This explanation
can however be ruled out as clay formation fractionates 80 and 8D in opposite directions
(Kastner et al. 1991, Sheppard and Gilg 1996, Dahlmann and De Lange 2003) and cannot explain
the high values in both 880 and SD of this saline formation fluid from Lunde SW seepage site.
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4.2 Modes of gas hydrate formation controlled by methane supply

We estimated Sh up to 35% pore space from the two hydrate-bearing horizons in the Lunde
SW seepage site based on the [CI] (Fig. 2n and Tab. 2). At Lunde SE seepage site and Lomvi
seepage site the maximum Sh is 47% and 13%, respectively (Figs. 2i, 2t and Tab. 2). Our estimation
is much higher than those derived from waveform inversion modeling of ocean-bottom seismic
(OBS) (0-2 % pore space in the first 50 meters of sediments from Singhroha et al. 2019), but
similar to the estimation based on controlled source electromagnetic (CSEM) (ca. 30 % pore space;
Goswami et al. 2017) from Vestnesa Ridge. We acknowledge that part of the differences can be
attributed to the different methods used (geophysical vs. geochemical), different geophysical
scales focused by these methods, and the locations where these measurements were performed
(i.e., ridge crest vs. flank) with the OBS stations located outside the pockmark footprint and the
CSEM transmitter being towed along the ridge. Nonetheless, while the OBS estimation may
represent a gas hydrate distribution under a diffusive flow system (Singhroha et al. 2019), our
results and the CSEM estimation likely represent the saturation from the chimney where gas
hydrate formation is actively sustained by focused gaseous methane supplied through fractures.
We however noted that these geophysical methods are not able to differentiate free gas from gas
hydrate (Singhroha et al. 2020). Direct comparison of hydrate saturation may be problematic.

We are able to differentiate the status of gas hydrate deposits, namely active formation versus
dynamic equilibrium under ambient pressure and temperature conditions, based on the [CI] data.
It has been shown from Hydrate Ridge, Cascadia Margin (NE Pacific Ocean), and Ulleung Basin
(Sea of Japan or East Sea) that positive chloride concentration anomalies are not necessarily
associated with all hydrate deposits (see Hong and Peszynska 2018 for a review of data from these
locations). When hydrate formation slows down, deposits of gas hydrate can reach a status of
dynamic equilibrium. In other words, there is no net gain or loss of gas hydrate under such status
as hydrate formation is as fast as its dissolution. The supply of methane is only high enough to
maintain the dissolved methane concentration at a saturation level and compensate for methane
loss via diffusion and microbial consumption (e.g., anaerobic oxidation of methane, Boetius et al.
2000), but too low to support additional hydrate formation. Dissolved chloride that is expelled
during an early stage of active formation slowly diffuses away under the dynamic equilibrium.

Hong and Peszynska (2018) applied a kinetic model on the data obtained from 10DP
Site1328 (Cascadia margin). They showed that gas hydrate deposits that are not associated with
positive chloride concentration anomalies could be explained by either a slow formation or
periodically fast formation with a prolonged relaxation period. In the former explanation, the rates
of hydrate formation would be only slightly higher than that under dynamic equilibrium which
takes a time scale of 250,000 years (250 thousand years or 250 kyr) to form 40% of gas hydrate.
The dissolved chloride that expelled during hydrate formation has sufficient time to diffuse away
and results in no accumulation of chloride in the pore water. For the periodically fast formation
with a prolonged relaxation period, massive gas hydrate can form in a very short period of time
(200 years for 40% of gas hydrate) sustained by pulses of methane gas supply. The rapid formation
is followed by a prolonged relaxation stage (40 kyr for the gas hydrates at 233 mbsf from 10DP
Site1328) that allows sufficient time for the large positive chloride concentration anomalies to
diffuse away.

The absence of positive [CI] anomalies associated with the two hydrate-bearing sediment
layers from Lunde SW seepage site (Fig. 2n) suggests that these gas hydrate deposits were likely
not actively forming at the time of investigation. The temporal constraints obtained from U-Th
dating of seep carbonates from the SW seepage site allow us to further differentiate the two hydrate
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formation modes from this site. The U-Th ages allow to reconstruct two major past seepage events
at Lunde SW seepage site; 40-50 thousand years ago (ka) (determined from 5-10 mbsf at MeBo
drill site GeoB21616-1) and 133-160 ka (determined from >15 mbsf from MeBo drill site
GeoB21637-1) (Himmler et al. 2019). Formation of seep carbonates during defined intervals was
interpreted to reflect variable methane fluxes with ubiquitous carbonate precipitation tracking
episodes of intensive seepage. Based on these carbonate age inferences, the event-driven rapid
hydrate formation is a more likely scenario as the slow hydrate formation requires a minimum
formation time that exceeds the ages of seep carbonates and hosting formation (i.e., 250 kyr to
built-up 40% of gas hydrates as estimated by Hong and Peszynsk (2018)). As the gas hydrate
recovered from the Lunde SW seepage site is notably shallower (<11.54 mbsf; Tab. 2) than that at
IODP Site1328, the length of time required for the positive chloride concentration anomalies to
mix with seawater is expected to be significantly shorter than 40 kyr from this site. To form gas
hydrate within a few centuries under the periodically fast hydrate formation condition, a large
upward flux of methane gas is required, a conclusion supported by previous studies (Haeckel et al.
2004, Torres et al. 2004, Liu and Flemings 2006, Sultan et al. 2014, Hong et al. 2018), and by the
bubble fabric in the gas hydrate pieces recovered (Fig. 1¢c) (Bohrmann et al. 1998, Sultan et al.
2014).

4.3 Migration of the deep water inferred from stable boron isotopic signatures

In the previous sections, we show that [CI], 'O and 8D signatures from
Lunde SW seepage site can be best explained by a saline formation fluid mixed with modern
seawater and modified by gas hydrate dynamics. We propose that such a saline formation fluid
originated from much greater depths and its flow conduit was intercepted at the SW seepage site,
an inference supported by the B/CI molar ratios and §''B of pore water.

In the hydrate-free sediments from the Lunde SW seepage and reference sites, pore water
samples have lower B/Cl ratios (down to 6x10™* mol/mol, Figs. 2¢ & 2q) and 5!'B signatures (+38
to +40 %o, Figs. 2d & 2r) as compared to the seawater values. Pore fluids in these sediments are
not influenced by any deep-rooted fluids but were affected by a combination of local diagenetic
processes. For example, Hupers et al. (2016) interpreted the low pore water boron concentrations
and 3B signatures observed from Nankai Trough as the results of combined effect from volcanic
ash alteration and NHa-induced boron desorption from clay surface. Though there is no volcanic
ash reported from Vestnesa Ridge, we expect a similar combination of processes to occur and
explain the observed profiles. The co-occurrence of high pore water B/CI ratios (up to 8x10*
mol/mol or 43% higher than that of bottom seawater ratio) and 5B as low as +35.0%o in the pore
fluid observed from the hydrate-bearing samples in SW seepage site indicates a deep-rooted fluid
that has received boron desorbed from clay surface under sufficiently high temperature (Palmer et
al. 1987). Similar boron signals have been observed along the decollement fault from several
accretionary prism systems and used to infer deep fluid migrating (You et al. 1995).

Low 8B values (+15.6 to +22.9%0) were also reported for seep carbonates (Deyhle et al.
2003). Carbonate dissolution or re-crystallization may therefore release boron with low §''B
values into the pore water. However, the low B/Ca ratios observed from the seep carbonates
recovered from Vestnesa Ridge (in the range of 29.7 to 167.0 umole/mole; Deyhle et al. 2003)
make this process unlikely to explain the elevated B/Ca ratios observed in pore water (Fig. 4). In
addition, there is no sign of significant calcium carbonate dissolution from the SW seepage site
based on the absence of downcore variation in Ca/Cl ratios below the SMT (Suppl. Fig. 2).
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Kopf et al. (2000) suggested that water from gas hydrate decomposition is depleted in ''B
(511B = +30.6%0) and may cause low &'B values in the pore fluid. This hypothesis was challenged
by later studies (Teichert et al. 2005, Hupers et al. 2016) that suggested a limited effect of gas
hydrate dissociation on !B of the pore fluid. We evaluate this hypothesis by considering a binary
mixing between modern seawater and a gas hydrate end member represented by one of our gas
hydrate samples with a 8''B value of +26.5%. (Fig. 4). While the §'!B value of the other gas
hydrate sample (+30.3%0) can be explained by the mixing of bottom seawater and our assigned
gas hydrate end member, the mixing trend fails to explain the values for other pore fluid samples
(Fig. 4). It is apparent that pore water B/Ca ratios are insensitive to mixing with water released
from dissociating gas hydrate as this solution is characterized by low calcium and boron
concentrations (0.4 to 0.7 mM for calcium and 31.3 to 49.5 uM for boron). For example, a ca. 34%
mixing with the gas hydrate end member is able to explain the lowest §''B value observed from
our pore fluid samples (Fig. 4) even though the resulting B/Ca ratios are only 3.4% higher than the
modern seawater B/Ca ratio. We can therefore exclude the influence of gas hydrate dissociation
on the pore fluid boron signals and conclude that both §''B and pore water B/Ca ratios indicate a
deep-rooted fluid under modification of high temperature diagenesis.

4.4 Interaction between fluid flow, shallow gas hydrate dynamics and local geology from
Lunde pockmark

We integrate our fluid geochemical findings with previous studies from the Lunde pockmark
and propose an evolution model for the fluid pumping systems (Fig. 5). Based on the high
resolution 3-D P-cable seismic data, Plaza-Faverola et al. (2015) documented a buried
pockmark/seep carbonates at the horizon coinciding with the major seismic reflection H50 (Fig.
5) which was estimated to be ca. 60-65 mbsf and 200-300 ka old, based on the average
sedimentation rates extrapolated from the nearby Ocean Drilling Program (ODP) Sites 914 & 911
(Knies et al. 2014, Mattingsdal et al. 2014). This buried pockmark/carbonate intervals are located
within the main fluid channel referred to as gas chimneys that are ca. 500 m in diameter for the
ones associated with Lunde and Lomvi pockmarks (Plaza-Faverola et al. 2015). The internal
structure of a gas chimney is highly complex with fractures and zones of high density material
(e.g., hydrates, carbonates) influencing the migration pathway of ascending fluids (e.g., Pape et
al., 2020). The geochemical signatures observed from Lunde pockmark lead us to infer that
ascending fluids may have been directed towards the southwest of the main pockmark depression
(i.e., the SW seepage site), and likely also towards the SE part of the pockmark (i.e., SE seepage
site) (Fig. 5c), a mechanism that has been proposed previously (Aharon et al. 1997, Gay et al.
2011, Pape et al. 2011, Sultan et al. 2014). We propose that while part of the ascending gaseous
methane is sequestrated by gas hydrates in the shallow sediments of the seepage sites, a fraction
of the gaseous methane escapes to the water column forming small seafloor pits within the main
pockmark structure, as persistently documented during multi-year on-site investigations (Bunz et
al. 2012, Smith et al. 2014).

The accumulation of gaseous methane, under unique circumstances, may result in over-
pressurized mini fractures in the shallow sediments as documented by Yao et al. (2019). The
gaseous methane also constantly replenishes the dissolved methane pool in the fractures and pore
space which fuels microbial sulfate reduction through anaerobic methane oxidation (Boetius et al.
2000) as reflected by the large isotopic fractionation in dissolved inorganic carbon (Pape et al.
2020). The carbonate alkalinity produced during the microbial process promotes the precipitation
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of seep carbonates, an evident process from pore fluid calcium profiles (Supp. Fig. 1 and Hong et
al. 2016), seismic profiles (Plaza-Faverola et al. 2015 and as illustrated in Fig. 6), the occurrence
of seep carbonates in several stratigraphic intervals (Himmler et al. 2019 and Fig. 1) and
microfossil investigations (Consolaro et al. 2014, Ambrose et al. 2015, Sztybor and Rasmussen
2016, Schneider et al. 2017, Sztybor and Rasmussen 2017, Schneider et al. 2018, Dessandier et al.
2020). We speculate that the relatively well lithified sediment intervals containing abundant seep
carbonate cements, in return, also influence the direction of the flow by acting as self-sealed sub-
systems that fluids can bypass as new pulses of pore-fluid pressure builds up. For example, the
pore fluid profiles from the non-seepage site drilled at the major depression of Lunde pockmark
show only low to moderate methane flux (Fig. 2 and quantification from Pape et al. 2020) since
the fluid may be diverted by the buried carbonate intervals (Fig. 5a). Similarly, even though the
gas hydrates recovered from SW seepage sites were formed during a period with intensive gaseous
methane supply (as reflected by the bubble fabric in Fig. 1b and illustrated in Fig. 5a), their
currently dynamic equilibrium suggests a decrease in gas supply likely as a result of pore space
blockage by carbonate-cemented sediments (Figs. 1¢ & 5b). A similar conclusion has been made
through numerical modeling (Luff et al. 2004, Luff et al. 2005) and the investigations of seep
carbonates texture along the Norwegian margin (Hovland et al. 2002, Mazzini et al. 2003). Despite
the partly blocked fluid conduit, the same fluid conduit still connects to a deep sourced aqueous
fluid, as reflected by the presence of saline formation water and boron anomalies (Fig. 5c).

5 Conclusions

Through the investigation of pore fluid geochemistry from Vestnesa Ridge, we reach the

following conclusions:

1) Gas hydrates occupying up to 47% pore space were recovered in the sediments shallower
than 11.5 mbsf from both Lomvi and Lunde pockmarks.

2) Atthe Lunde SW seepage site, a saline formation water with high [CI], 510 and 8D is
identified from the same intervals where gas hydrates were recovered. These saline
formation fluids have high B/CI ratios and low 8B values, suggesting their deep-
sourced origin. This deep fluid likely migrates along the same conduits that were used
by free gas methane, which stimulated the formation of gas hydrates recovered from this
location.

3) The absence of positive chloride concentration anomalies (i.e., smooth concentration
profiles) associated with gas hydrate deposits recovered from Lunde SW seepage site
suggests that they were not actively formed at the time of recovery. They have likely
formed during past seepage events tens to hundred thousand years ago as determined via
U-Th dating of seep carbonates in a previous study. Such a time scale suggests that the
hydrates were formed during brief periods of strong methane gas supply and hints to an
even greater methane supply in the past compared to the present.

4) We propose that the migration pathways for fluids have been gradually blocked by seep
carbonates formed during the seepage events. This might have impeded fluid migration
and reduced the rate of gas hydrate formation. This process may explain the low to
moderate methane flux from the non-seepage site and the dynamic equilibrium state of
the gas hydrate recovered from the SW seepage site from the Lunde pockmark.

12



492

493
494
495
496
497
498
499
500
501

Acknowledgments, Samples, and Data

We acknowledge the crews and captain from R/V ‘MARIA S. MERIAN’ as well as the MeBo
team and the cruise participants during cruise MSM57-1/-2. Cruise MSM57-1/-2 was funded by
the German Research Foundation (DFG), the Research Center / Excellence Cluster “The Ocean in
the Earth System” at MARUM-Center for Marine and Environmental Sciences, University of
Bremen and funds from CAGE. This work is partly supported by the Research Council of Norway
(RCN) through Petromaks2-NORCRUST (project number 255150) and the Centre of Excellence
funding scheme for CAGE (project number 2232259). The pore fluid data reported can be found
from the Data Center PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.918039).

13


https://doi.pangaea.de/10.1594/PANGAEA.918039

502

503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

References

Aharon, P., H. P. Schwarcz and H. H. Roberts (1997). "Radiometric dating of submarine hydrocarbon seeps in the
Gulf of Mexico." Geological Society of America Bulletin 109(5): 568-579.

Ambrose, W. G., G. Panieri, A. Schneider, A. Plaza-Faverola, M. L. Carroll, E. K. Astrdom, W. L. Locke and J.
Carroll (2015). "Bivalve shell horizons in seafloor pockmarks of the last glacial-interglacial transition: a thousand
years of methane emissions in the Arctic Ocean." Geochemistry, Geophysics, Geosystems.

Boetius, A., K. Ravenschlag, C. J. Schubert, D. Rickert, F. Widdel, A. Gieseke, R. Amann, B. B. Jorgensen, U.
Witte and O. Pfannkuche (2000). "A marine microbial consortium apparently mediating anaerobic oxidation of
methane.” Nature 407(6804): 623-626.

Bohrmann, G., F. Ahrlich, M. Bergenthal, S. Biinz, R. DuBmann, C. Ferreira, T. Freudenthal, S. Fréhlich, K.
Hamann, W.-L. Hong, C.-W. Hsu, J. Johnson, K. Kaszemeik, A. Kausche, T. Klein, M. Lange, A. Lepland, J.
Malnati, S. Meckel, B. Meyer-Schack, K. Noorlander, G. Panieri, T. Pape, M. Reuter, M. Riedel, U. Rosiak, C.
Schmidt, W. Schmidt, C. Seiter, G. Spagnoli, A. Stachowski, N. Stange, K. Wallmann, P. Wintersteller, D. Wunsch
and H. Yao (2017). R/V MARIA S. MERIAN Cruise Report MSM57, Gas Hydrate Dynamics at the Continental
Margin of Svalbard, Reykjavik — Longyearbyen — Reykjavik, 29 July — 07 September 2016. Berichte, MARUM —
Zentrum far Marine Umweltwissenschaften, Fachbereich Geowissenschaften, Universitdt Bremen. Bremen.
Bohrmann, G., J. Greinert, E. Suess and M. Torres (1998). "Authigenic carbonates from the Cascadia subduction
zone and their relation to gas hydrate stability.” Geology 26(7): 647-650.

Biinz, S., S. Polyanov, S. Vadakkepuliyambatta, C. Consolaro and J. Mienert (2012). "Active gas venting through
hydrate-bearing sediments on the Vestnesa Ridge, offshore W-Svalbard.”" Marine Geology 332-334: 189-197.
Biinz, S., S. Polyanov, S. Vadakkepuliyambatta, C. Consolaro and J. Mienert (2012). "Active gas venting through
hydrate-bearing sediments on the Vestnesa Ridge, offshore W-Svalbard." Marine Geology 332-334(0): 189-197.
Chen, N.-C., T. F. Yang, W.-L. Hong, T.-L. Yu, I.-T. Lin, P.-L. Wang, S. Lin, C.-C. Su, C.-C. Shen and Y. Wang
(2020). "Discharge of deeply rooted fluids from submarine mud volcanism in the Taiwan accretionary prism."
Scientific Reports 10(1): 1-12.

Consolaro, C., T. L. Rasmussen, G. Panieri, J. Mienert, S. Biinz and K. Sztybor (2014). "Carbon isotope (613C)
excursions suggest times of major methane release during the last 14 ka in Fram Strait, the deep-water gateway to
the Arctic.” Climate of the Past 10(5): 4191-4227.

Déhlmann, A. and G. De Lange (2003). "Fluid—sediment interactions at Eastern Mediterranean mud volcanoes: a
stable isotope study from ODP Leg 160." Earth And Planetary Science Letters 212(3-4): 377-391.

Dessandier, P.-A., C. Borrelli, H. Yao, S. Sauer, W.-L. Hong and G. Panieri (2020). "Foraminiferal & 18 O reveals
gas hydrate dissociation in Arctic and North Atlantic Ocean sediments.” Geo-Marine Letters: 1-17.

Deyhle, A. and A. Kopf (2001). "Deep fluids and ancient pore waters at the backstop: Stable isotope systematics (B,
C, O) of mud-volcano deposits on the Mediterranean Ridge accretionary wedge." Geology 29(11): 1031-1034.
Deyhle, A., A. J. Kopf and G. Aloisi (2003). "Boron and boron isotopes as tracers for diagenetic reactions and depth
of mobilization, using muds and authigenic carbonates from eastern Mediterranean mud volcanoes." Geological
Society, London, Special Publications 216(1): 491-503.

Foster, G. (2008). "Seawater pH, pCO2 and [CO2- 3] variations in the Caribbean Sea over the last 130 kyr: A boron
isotope and B/Ca study of planktic foraminifera." Earth And Planetary Science L etters 271(1-4): 254-266.

Foster, G. L., B. Honisch, G. Paris, G. S. Dwyer, J. W. Rae, T. Elliott, J. Gaillardet, N. G. Hemming, P. Louvat and
A. Vengosh (2013). "Interlaboratory comparison of boron isotope analyses of boric acid, seawater and marine
CaCO03 by MC-ICPMS and NTIMS." Chemical Geology 358: 1-14.

Freudenthal, T. and G. Wefer (2013). "Drilling cores on the sea floor with the remote-controlled sea floor drilling rig
MeBo." Geoscientific Instrumentation, Methods and Data Systems 2(2): 329-337.

Gay, A., Y. Takano, W. P. Gilhooly, IlI, C. Berndt, K. Heeschen, N. Suzuki, S. Saegusa, F. Nakagawa, U. Tsunogai,
S. Y. Jiang and M. Lopez (2011). "Geophysical and geochemical evidence of large scale fluid flow within shallow
sediments in the eastern Gulf of Mexico, offshore Louisiana." Geofluids 11(1): 34-47.

Goswami, B. K., K. A. Weitemeyer, S. Blnz, T. A. Minshull, G. K. Westbrook, S. Ker and M. C. Sinha (2017).
"Variations in pockmark composition at the Vestnesa Ridge: Insights from marine controlled source electromagnetic
and seismic data." Geochemistry, Geophysics, Geosystems 18(3): 1111-1125.

Haeckel, M., E. Suess, K. Wallmann and D. Rickert (2004). "Rising methane gas bubbles form massive hydrate
layers at the seafloor." Geochimica et Cosmochimica Acta 68(21): 4335-4345.

Hesse, R. (2003). "Pore water anomalies of submarine gas-hydrate zones as tool to assess hydrate abundance and
distribution in the subsurface - What have we learned in the past decade?" Earth-Science Reviews 61(1-2): 149-179.

14



556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609

Himmler, T., D. Sahy, T. Martma, G. Bohrmann, A. Plaza-Faverola, S. Biinz, D. J. Condon, J. Knies and A. Lepland
(2019). "A 160,000-year-old history of tectonically controlled methane seepage in the Arctic." Science Advances
5(8): eaaw1450.

Hong, W.-L., A. Lepland, T. Himmler, J.-H. Kim, S. Chand, D. Sahy, E. A. Solomon, J. W. Rae, T. Martma and S.-
I. Nam (2019). "Discharge of meteoric water in the eastern Norwegian Sea since the last glacial period."
Geophysical Research Letters.

Hong, W.-L. and M. Peszynska (2018). Geochemical Aspects. Gas Hydrates 2. L. Ruffine, D. Broseta and A.
Desmedt, John Wiley & Sons, Inc. 2: 219-241.

Hong, W.-L., M. E. Torres, A. Portnov, M. Waage, B. Haley and A. Lepland (2018). "Variations in gas and water
pulses at an Arctic seep: fluid sources and methane transport.” Geophysical Research L etters 45.

Hong, W. L., S. Sauer, G. Panieri, W. G. Ambrose, R. H. James, A. Plaza-Faverola and A. Schneider (2016).
"Removal of methane through hydrological, microbial, and geochemical processes in the shallow sediments of
pockmarks along eastern Vestnesa Ridge (Svalbard).” Limnology and Oceanography 61(S1).

Hovland, M., J. V. Gardner and A. G. Judd (2002). "The significance of pockmarks to understanding fluid flow
processes and geohazards." Geofluids 2(2): 127-136.

Hovland, M. and H. Svensen (2006). "Submarine pingoes: Indicators of shallow gas hydrates in a pockmark at
Nyegga, Norwegian Sea." Marine Geology 228(1-4): 15-23.

Hupers, A., S. A. Kasemann, A. J. Kopf, A. Meixner, T. Toki, R. Shinjo, C. G. Wheat and C.-F. You (2016). "Fluid
flow and water—rock interaction across the active Nankai Trough subduction zone forearc revealed by boron isotope
geochemistry." Geochimica Et Cosmochimica Acta 193: 100-118.

James, R. H. and M. R. Palmer (2000). "Marine geochemical cycles of the alkali elements and boron: the role of
sediments.” Geochimica Et Cosmochimica Acta 64(18): 3111-3122.

Kastner, M., H. Elderfield and J. B. Martin (1991). "Fluids in Convergent Margins: What do We Know about their
Composition, Origin, Role in Diagenesis and Importance for Oceanic Chemical Fluxes?" Philosophical
Transactions: Physical Sciences and Engineering 335(1638): 243-259.

Kim, J.-H., M. E. Torres, W.-L. Hong, J. Choi, M. Riedel, J. J. Bahk and S.-H. Kim (2013a). "Pore fluid chemistry
from the Second Gas Hydrate Drilling Expedition in the Ulleung Basin (UBGHZ2): Source, mechanisms and
consequences of fluid freshening in the central part of the Ulleung Basin, East Sea." Marine and Petroleum Geology
47:99-112.

Kim, J. H., M. E. Torres, B. A. Haley, J. S. Ryu, M. H. Park, W. L. Hong and J. Choi (2016). "Marine silicate
weathering in the anoxic sediment of the Ulleung Basin: Evidence and consequences." Geochemistry, Geophysics,
Geosystems 17(8): 3437-3453.

Kiss, E. (1988). "lon-exchange separation and spectrophotometric determination of boron in geological materials."
Analytica Chimica Acta 211: 243-256.

Knies, J., M. Daszinnies, A. Plaza-Faverola, S. Chand, @. Sylta, S. Biinz, J. E. Johnson, R. Mattingsdal and J.
Mienert (2018). "Modelling persistent methane seepage offshore western Svalbard since early Pleistocene." Marine
and Petroleum Geology 91: 800-811.

Knies, J., R. Mattingsdal, K. Fabian, K. Grgsfjeld, S. Baranwal, K. Husum, S. De Schepper, C. Vogt, N. Andersen
and J. Matthiessen (2014). "Effect of early Pliocene uplift on late Pliocene cooling in the Arctic—Atlantic gateway."
Earth and Planetary Science Letters 387: 132-144.

Kopf, A. and A. Deyhle (2002). "Back to the roots: boron geochemistry of mud volcanoes and its implications for
mobilization depth and global B cycling." Chemical Geology 192(3-4): 195-210.

Kopf, A., A. Deyhle and E. Zuleger (2000). "Evidence for deep fluid circulation and gas hydrate dissociation using
boron and boron isotopes of pore fluids in forearc sediments from Costa Rica (ODP Leg 170)." Marine Geology
167(1): 1-28.

Liu, X. L. and P. B. Flemings (2006). "Passing gas through the hydrate stability zone at southern Hydrate Ridge,
offshore Oregon." Earth And Planetary Science Letters 241(1-2): 211-226.

Luff, R., J. Greinert, K. Wallmann, I. Klaucke and E. Suess (2005). "Simulation of long-term feedbacks from
authigenic carbonate crust formation at cold vent sites.” Chemical Geology 216(1-2): 157-174.

Luff, R., K. Wallmann and G. Aloisi (2004). "Numerical modeling of carbonate crust formation at cold vent sites:
significance for fluid and methane budgets and chemosynthetic biological communities.” Earth And Planetary
Science Letters 221(1-4): 337-353.

Maekawa, T. (2004). "Experimental study on isotopic fractionation in water during gas hydrate formation."
Geochemical Journal 38(2): 129-138.

15



610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664

Maekawa, T., S. Itoh, S. Sakata, S. Igari and N. Imai (1995). "PRESSURE AND TEMPERATURE CONDITIONS
FOR METHANE HYDRATE DISSOCIATION IN SODIUM-CHLORIDE SOLUTIONS." Geochemical Journal
29(5): 325-329.

Malinverno, A., M. Kastner, M. E. Torres and U. G. Wortmann (2008). "Gas hydrate occurrence from pore water
chlorinity and downhole logs in a transect across the northern Cascadia margin (Integrated Ocean Drilling Program
Expedition 311)." Journal of Geophysical Research-Solid Earth 113(B8).

Marcon, Y., H. Ondréas, H. Sahling, G. Bohrmann and K. Olu (2014). "Fluid flow regimes and growth of a giant
pockmark." Geology 42(1): 63-66.

Marschall, H. R. (2018). Boron isotopes in the ocean floor realm and the mantle. Boron Isotopes, Springer: 189-215.
Martin, J. B., M. Kastner, P. Henry, X. LePichon and S. Lallement (1996). “"Chemical and isotopic evidence for
sources of fluids in a mud volcano field seaward of the Barbados accretionary wedge." Journal of Geophysical
Research-Solid Earth 101(B9): 20325-20345.

Matsumoto, R. (2000). "Methane hydrate estimates from the chloride and oxygen isotopic anomalies - Examples
from the Blake Ridge and Nankai trough sediments.” Gas Hydrates: Challenges for the Future 912: 39-50.
Mattingsdal, R., J. Knies, K. Andreassen, K. Fabian, K. Husum, K. Grgsfjeld and S. De Schepper (2014). "A new 6
Myr stratigraphic framework for the Atlantic—Arctic Gateway." Quaternary Science Reviews 92: 170-178.
Mazzini, A., R. Jonk, D. Duranti, J. Parnell, B. Cronin and A. Hurst (2003). "Fluid escape from reservoirs:
implications fromcold seeps, fractures and injected sands Part i. The fluid flow system." Journal of Geochemical
Exploration 78: 293-296.

Milkov, A. V., G. R. Dickens, G. E. Claypool, Y. J. Lee, W. S. Borowski, M. E. Torres, W. Y. Xu, H. Tomaru, A.
M. Trehu and P. Schultheiss (2004). "Co-existence of gas hydrate, free gas, and brine within the regional gas
hydrate stability zone at Hydrate Ridge (Oregon margin): evidence from prolonged degassing of a pressurized core."”
Earth And Planetary Science Letters 222(3-4): 829-843.

Ondréas, H., K. Olu, Y. Fouquet, J. Charlou, A. Gay, B. Dennielou, J. Donval, A. Fifis, T. Nadalig and P. Cochonat
(2005). "ROV study of a giant pockmark on the Gabon continental margin." Geo-Marine Letters 25(5): 281-292.
Palmer, M., A. Spivack and J. Edmond (1987). "Temperature and pH controls over isotopic fractionation during
adsorption of boron on marine clay.” Geochimica Et Cosmochimica Acta 51(9): 2319-2323.

Pape, T., A. Bahr, S. A. Klapp, F. Abegg and G. Bohrmann (2011). "High-intensity gas seepage causes rafting of
shallow gas hydrates in the southeastern Black Sea." Earth and Planetary Science Letters 307(1-2): 35-46.

Pape, T., S. Bunz, W. L. Hong, M. E. Torres, M. Riedel, G. Panieri, A. Lepland, C. W. Hsu, P. Wintersteller, K.
Wallmann, C. Schmidt, H. Yao and G. Bohrmann (2020). "Origin and transformation of light hydrocarbons
ascending at an active pockmark on Vestnesa Ridge, Arctic Ocean." Journal of Geophysical Research-Solid Earth.
Peszynska, M., W.-L. Hong, M. E. Torres and J.-H. Kim (2016). "Methane Hydrate Formation in Ulleung Basin
Under Conditions of Variable Salinity: Reduced Model and Experiments.” Transport in Porous Media: 1-27.
Phillips, F. M. and H. W. Bentley (1987). "Isotopic fractionation during ion filtration: 1. Theory." Geochimica Et
Cosmochimica Acta 51(3): 683-695.

Plaza-Faverola, A., S. Biinz, J. E. Johnson, S. Chand, J. Knies, J. Mienert and P. Franek (2015). "Role of tectonic
stress in seepage evolution along the gas hydrate-charged Vestnesa Ridge, Fram Strait." Geophysical Research
Letters 42(3): 2014GL062474.

Plaza-Faverola, A. and M. Keiding (2019). "Correlation between tectonic stress regimes and methane seepage on the
western Svalbard margin."

Plaza-Faverola, A., S. Vadakkepuliyambatta, W.-L. Hong, J. Mienert, S. Biinz, S. Chand and J. Greinert (2017).
"Bottom-simulating reflector dynamics at Arctic thermogenic gas provinces: An example from Vestnesa Ridge,
offshore west Svalbard." Journal of Geophysical Research: Solid Earth 122(6): 4089-4105.

Rae, J. W., A. Burke, L. Robinson, J. Adkins, T. Chen, C. Cole, R. Greenop, T. Li, E. Littley and D. Nita (2018).
"CO 2 storage and release in the deep Southern Ocean on millennial to centennial timescales." Nature 562(7728):
569-573.

Rae, J. W., G. L. Foster, D. N. Schmidt and T. Elliott (2011). "Boron isotopes and B/Ca in benthic foraminifera:
proxies for the deep ocean carbonate system." Earth And Planetary Science Letters 302(3-4): 403-413.

Sahling, H., G. Bohrmann, V. Spiess, J. Bialas, M. Breitzke, M. lvanov, S. Kasten, S. Krastel and R. Schneider
(2008). "Pockmarks in the Northern Congo Fan area, SW Africa: Complex seafloor features shaped by fluid flow."
Marine Geology 249(3-4): 206-225.

Schneider, A., A. Crémiére, G. Panieri, A. Lepland and J. Knies (2017). "Diagenetic alteration of benthic
foraminifera from a methane seep site on Vestnesa Ridge (NW Svalbard)." Deep Sea Research Part I:
Oceanographic Research Papers 123: 22-34.

16



665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720

Schneider, A., G. Panieri, A. Lepland, C. Consolaro, A. Crémiere, M. Forwick, J. E. Johnson, A. Plaza-Faverola, S.
Sauer and J. Knies (2018). "Methane seepage at Vestnesa Ridge (NW Svalbard) since the Last Glacial Maximum."
Quaternary Science Reviews 193: 98-117.

Seeberg-Elverfeldt, J., M. Schliiter, T. Feseker and M. Koélling (2005). "Rhizon sampling of porewaters near the
sediment-water interface of aquatic systems." Limnology and Oceanography: Methods 3(8): 361-371.

Sheppard, S. and H. Gilg (1996). "Stable isotope geochemistry of clay minerals." Clay Minerals 31(1): 1-24.
Singhroha, S., S. Biinz, A. Plaza-Faverola and S. Chand (2020). "Detection of Gas Hydrates in Faults Using
Azimuthal Seismic Velocity Analysis, Vestnesa Ridge, W-Svalbard Margin." Journal of Geophysical Research:
Solid Earth 125(2): €2019JB017949.

Singhroha, S., S. Chand and S. Biinz (2019). "Constraints on Gas Hydrate Distribution and Morphology in Vestnesa
Ridge, Western Svalbard Margin, Using Multicomponent Ocean-Bottom Seismic Data." Journal of Geophysical
Research: Solid Earth 124(5): 4343-4364.

Smith, A. J., J. Mienert, S. Bunz and J. Greinert (2014). "Thermogenic methane injection via bubble transport into
the upper Arctic Ocean from the hydrate-charged Vestnesa Ridge, Svalbard.” Geochemistry Geophysics Geosystems
15(5): 1945-1959.

Spivack, A. J., M. R. Palmer and J. M. Edmond (1987). "The sedimentary cycle of the boron isotopes." Geochimica
Et Cosmochimica Acta 51(7): 1939-1949.

Sultan, N., G. Bohrmann, L. Ruffine, T. Pape, V. Riboulot, J. L. Colliat, A. De Prunele, B. Dennielou, S. Garziglia
and T. Himmler (2014). "Pockmark formation and evolution in deep water Nigeria: Rapid hydrate growth versus
slow hydrate dissolution.” Journal of Geophysical Research: Solid Earth 119(4): 2679-2694.

Sztybor, K. and T. L. Rasmussen (2016). "Diagenetic disturbances of marine sedimentary records from methane-
influenced environments in the Fram Strait as indications of variation in seep intensity during the last 35 000 years."
Boreas: n/a-n/a.

Sztybor, K. and T. L. Rasmussen (2017). "Late glacial and deglacial palaeoceanographic changes at Vestnesa Ridge,
Fram Strait: Methane seep versus non-seep environments.” Palaeogeography, Palaeoclimatology, Palaeoecology
476: 77-89.

Teichert, B. M. A., M. E. Torres, G. Bohrmann and A. Eisenhauer (2005). "Fluid sources, fluid pathways and
diagenetic reactions across an accretionary prism revealed by Sr and B geochemistry." Earth And Planetary Science
Letters 239(1-2): 106-121.

Tomaru, H., M. E. Torres, R. Matsumoto and W. S. Borowski (2006). "Effect of massive gas hydrate formation on
the water isotopic fractionation of the gas hydrate system at Hydrate Ridge, Cascadia margin, offshore Oregon."
Geochemistry Geophysics Geosystems 7.

Torres, M. E., J.-H. Kim, J.-Y. Choi, B.-J. Ryu, J.-J. Bahk, M. Riedel, T. Collett, W.-L. Hong and M. Kastner
(2011). Occurrence of High Salinity Fluids Associated with Massive Near-seafloor Gas Hydrate Deposits. 7th
International Conference on Gas Hydrates. Edinburgh, Scotland, United Kingdom.

Torres, M. E., K. Wallmann, A. M. Trehu, G. Bohrmann, W. S. Borowski and H. Tomaru (2004). "Gas hydrate
growth, methane transport, and chloride enrichment at the southern summit of Hydrate Ridge, Cascadia margin off
Oregon." Earth and Planetary Science Letters 226(1-2): 225-241.

Trehu, A. M., P. E. Long, M. E. Torres, G. Bohrmann, F. R. Rack, T. S. Collett, D. S. Goldberg, A. V. Milkov, M.
Riedel, P. Schultheiss, N. L. Bangs, S. R. Barr, W. S. Borowski, G. E. Claypool, M. E. Delwiche, G. R. Dickens, E.
Gracia, G. Guerin, M. Holland, J. E. Johnson, Y. J. Lee, C. S. Liu, X. Su, B. Teichert, H. Tomaru, M. Vanneste, M.
Watanabe and J. L. Weinberger (2004). "Three-dimensional distribution of gas hydrate beneath southern Hydrate
Ridge: constraints from ODP Leg 204." Earth And Planetary Science Letters 222(3-4): 845-862.

Ussler, W. and C. K. Paull (2001). lon Exclusion Associated with Marine Gas Hydrate Deposits. Natural Gas
Hydrates: Occurrence, Distribution, and Detection, American Geophysical Union: 41-51.

Vogt, P., J. Gardner, K. Crane, E. Sundvor, F. Bowles and G. Cherkashev (1999). "Ground-truthing 11-to 12-kHz
side-scan sonar imagery in the Norwegia—Greenland Sea: Part I: Pockmarks on the Vestnesa Ridge and Storegga
slide margin." Geo-Marine Letters 19(1-2): 97-110.

Vogt, P. R, K. Crane, E. Sundvor, M. D. Max and S. L. Pfirman (1994). "Methane-generated (?) pockmarks on
young, thickly sedimented oceanic crust in the Arctic: Vestnesa ridge, Fram strait." Geology 22(3): 255-258.
Wallmann, K., M. Riedel, W. L. Hong, H. Patton, A. Hubbard, T. Pape, C. W. Hsu, C. Schmidt, J. E. Johnson, M. E.
Torres, K. Andreassen, C. Berndt and G. Bohrmann (2018). "Gas hydrate dissociation off Svalbard induced by
isostatic rebound rather than global warming." Nature communications 9(1): 83.

Yao, H., W. L. Hong, G. Panieri, S. Sauer, M. E. Torres, M. F. Lehmann, F. Grindger and H. Niemann (2019).
"Fracture-controlled fluid transport supports microbial methane-oxidizing communities at Vestnesa Ridge."
Biogeosciences 16(10): 2221-2232.

17



721
722
723
724
725
726
727
728
729
730
731
732

733

Yoshimura, K., Y. Miyazaki, F. Ota, S. Matsuoka and H. Sakashita (1998). "Complexation of boric acid with the N-
methyl-D-glucamine group in solution and in crosslinked polymer."” Journal of the Chemical Society, Faraday
Transactions 94(5): 683-689.

You, C.-F., P. Castillo, J. Gieskes, L. Chan and A. Spivack (1996). "Trace element behavior in hydrothermal
experiments: Implications for fluid processes at shallow depths in subduction zones." Earth And Planetary Science
Letters 140(1-4): 41-52.

You, C.-F., L. Chan, A. Spivack and J. Gieskes (1995). "Lithium, boron, and their isotopes in sediments and pore
waters of Ocean Drilling Program Site 808, Nankai Trough: implications for fluid expulsion in accretionary prisms."
Geology 23(1): 37-40.

You, C., A. Spivack, J. Gieskes, R. Rosenbauer and J. Bischoff (1995). "Experimental study of boron geochemistry:
implications for fluid processes in subduction zones." Geochimica Et Cosmochimica Acta 59(12): 2435-2442.

18



734  Tablel

735  Specifics of sediment cores investigated in this study. Refer to Bohrmann et al. (2017) and Pape
736 etal. (2020) for exact positions. Additional data on the sediment cores are made available through
737 the PANGAEA data publisher (https://www.pangaea.de/).

Site Core code Tool Cored/Drilled Depth
[GeoBXXXXX-X] [mbsf]
Reference Site 21606-1 GC-3 5.84
21613-1 MeBo-126 62.50
Lunde pockmark 21601-1 GC-1 5.77
non-seepage site 21605-1 GC-2 7.65
21610-1 MeBo-125 22.80
Lunde pockmark 21621-1 MeBo-128 7.75
SW seepage site 21637-1 MeBo0-138 23.95
Lunde pockmark | 51619 1 GC-9 478
SE seepage site
Lomvi pockmark 21623-1 GC-11 1.55
21624-1 GC-12 2.62
738
739
740
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Table 2

Estimation of gas hydrate saturation (Sn in % pore space) from pore fluid chloride

concentrations.

Depth  [Cllobs [Cl]it  Sh Depth  [Cllobs [Cl]fit  Sh

Core#  mbsf) (mM) (mM) (%) | C°®F  (mbsh) (mM) (mM) (%)

SE seepage: 3.35 6335 6348 <1 | SWseepage: | 580 4296 5842 31

GeoB21619-1 | 3,51 512.3 637.8 24 | GeoB21637-1 | 6.28 4541 587.1 27

361 5912 6397 9 6.42 471.0 5881 24

390 376.4 645.1 47 6.54 5209 5891 14

400 6089 6470 7 6.90 5149 5921 16

434 4838 6533 31 711 5439 5941 10

443 490.7 655.0 30 738 5559 5968 9

453 4759 6569 32 8.28 5349 6083 15

463 4178 6587 42 10.29 456.6 648.3 35

473 537.0 660.6 22 10.88 584.8 664.4 15

LomVI-_ 238 5525 5939 13 11.29 5569 6774 21
seepage:

GeoB21624-1 | 2.62 578.8 597.3 4 11.54 607.8 6858 14

GeoB21623-1 | 154 541.8 580.0 8 | GeoB21621-1 | 6.51 4241 5889 32
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Figure 1

Location maps, seismic data, and core photos from the investigated pockmarks along Vestnesa
Ridge. (a) An overview map for Vestnesa Ridge with detailed bathymetry from Lunde and Lomvi
pockmarks (see Tab. 1 for core details). The locations of the three study sites from Lunde
pockmark (non-seepage, SW seepage, and SE seepage) and the reference site are indicated. (b)
High resolution bathymetry of the Lunde pockmark with a NE-SW-trending seismic line across
the pockmark shown in (d). (c) Photographs of carbonate-cemented sediments and gas hydrates
with bubble fabric recovered from the Lunde SW and SE seepage sites. (d) A seismic profile
showing the sub-surface structure of the Lunde pockmark. The dashed white boxes showing
roughly the penetration of the drilling from Lunde non-seepage and SW seepage sites. The high
reflectance in the seismic data was interpreted as buried carbonate cemented sediment strata
(Plaza-Faverola et al. 2015) which is confirmed by the presence of authigenic carbonate formations
in the drilled cores that are the results of past methane seepage activities (Himmler et al. 2019).

(b) Lunde |
i < non-seepage
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Figure 2

Pore fluid profiles of sulfate, methane, chloride ([CI]), !0, 8D, B/Cl ratio, and §*'B in MeBo and
gravity cores from the investigated sites in Lunde and Lomvi pockmarks. The abundance of gas
hydrate (in % of pore space) was estimated from [CI] and plotted as horizontal bars along with the
chloride concentration profile (see text for detail). The gaps in the geochemical profiles are due to
poor recovery of sediments within those intervals. Note the different depth scales for the various
sites.

22



Reference site

a) 0 b ) c d a*
(a) _'++‘++M()_ |3 ©] O
10— 9 -] b =] ot - -
0o 4 : B ~ -
{ % : . .
20 3 . . — o - o
2 o 4 - i Y |
£ 1 ¢ b e *° .
Z30— e = |
a 4 e 1 1 1
S0 - B =
i ‘ ® 216131 - ! 1 % 1 .
50 | + 216061 | —| e | -
4 @ CH,conc. 4 4 % d i
60— : e e S
0 8 16 24 32 400 600 800 4x10°  8x10°  10° 34 36 38 40 42
SO,- and CH, (mM) Cl- (mM) B/CI (mol/mol) 3B (%o)
Lunde non-seepage site
(e)° X
4 4
ﬁ 8 —f v
E A 1 v 1 &
%12 -1 —_ —
8 1 v 216101 . .
16— Y | + 216011 7 B
1 o | ® 216051 1 .
20 — @ CH,conc. | =
R L T
0 8 16 24 32 400 600 800 ax10*  8x10*  10°
SO, and CH, (mM) CI- (mM) B/CI (mol/mol)
Lunde SE seepage site
(h)o 1~ o1 ® 3 () T e (K)o (1) .
18 . 1 . e 1 re 1 o
1 ’ — . -1 = — e — .
° '. . ] o ] e | .
o e ° 4 ° o . .
173 oo ° _ ° e e =] .
.gz 1 e® . o o .
=9 .’. 4 ° 1 red . - .
Bl ° | - 3l =
8" lg o ° 1 Ry Bio Hol ,
® 216191 O lo1 tol N =
48 o GH = —H  ted — 1ol .
4 % @ CH, conc. 1 M% 1 qu! =1 1 ':,
5 4T LN LN PR L L B L
0 8 16 24 32 400 600 800 4 0 4 8 12 0 04 08 12 164x10° 8x10°  10°
S0~ and CH, (mM) CI- (mM) 3D (%) 5%0 (%) B/CI (mol/mol)
0 20 40 60
Sh (%)

Lunde SW seepage site

e A L LI | OTH  PTENe @] L% T
1 ® 216371 | | = T 7 1
4 — f. + 216211 | i -1 J’; — +f - e
= |ge|OocH 1 1 e | g 1 ey, | ot
2 t' @ CH, conc. ﬁ_ ﬁ }g@ 008:,% -
E g v . — lod _ ‘. == . - -
Z B :5 e o) - lof .
3 I — - 1 e Hod A - o s o 1 e e
- 2. B T 1 gl | e 1 3
] P30 | ®eq 1 2 1 . 1 ot 1 -
16 —| - - - - -
L T LA L R T LB B e B T
0 8 16 24 32 400 600 800 2024681012 0 04 08 12 164x10° 8x10° 10° 34 36 38 40 42
S0,? and CH, (mM) CI- (mM) 8D (%eo) 580 (%o) B/CI (mol/mol) 5B (%)
0 10 20 30 40
Lomvi- seepage site W
(s)o + () F (u) i+ (VI T w) % (x) +
- . + 4 * - H:H ~ i * 4 .+
14 % * _ 3 - G2l . S5 0: - +
L3 + o + +
e 1.8 1= o* y 1 * ¢ *F R
= 2 " "
.éZ % B ¥ o B & 7 ®
s % T od' 1 '*%‘?4 Tl »&e‘ 4 3:2 ] 1 +
B3] _ 4 3 = .
8" ] ] ]
® 216231 ]
41| + 216241 - — - ) |
1] o GH , 4 1 J
Lt e e T T — T
0 8 16 24 32 400 600 800 4 0 4 8 12 0 04 08 12 164x10* 8x10* 10° 34 36 38 40 42
SO~ (mM) CI- (mM) 8D (%o) %0 (%e) B/CI (mol/mol) 5B (%o)
T T
0 20 40 60
771 Sh (%)

23



772
773
774
775
776
777
778
779
780
781
782
783
784

785

Figure 3

Normalized chloride concentration (f) versus differences in 8Os (Figs. 3a & 3c) and 8Dobs (Figs.
3b & 3d) relative to the assigned reference composition (A8*80 and ASD) (GH=gas hydrate). For
the Lunde SE seepage site (Figs. 3a & 3b), we chose modern seawater composition as the reference
([Cl]ret = 574 MM, 8*80rer = +0.20%o, dDref = -0.06%o0). Most of the data from hydrate-bearing
samples can be explained by the expected fractionation factors («) for gas hydrate dissociation and
formation determined from laboratory (e.g., Maekawa 2004). For the Lunde SW seepage site (Figs.
3c & 3d), we chose the composition from a sample at 8.78 mbsf as the reference ([Cl]rer = 616
MM, 880rer = +0.60%o, SDref = +3.76%0) as modern seawater composition fails to explain the
distribution of data (see Suppl. Fig. 1). We propose that the values of sample at 8.78 mbsf represent
the composition of a saline formation fluid that, in addition of mixing with local bottom seawater
(red dash lines), was modified by hydrate formation at greater depths and gas hydrate dissociation

during core recovery.
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Figure 4

A mixing diagram between local bottom seawater (open green square) and water from gas hydrate
as represented by the composition of one of two gas hydrate samples analyzed (open black square).
Compositions of pore fluid (cross, solid triangle, and circle) and seep carbonates (blue square).
Both gas hydrate dissociation and see carbonates dissolution cannot explain the observed boron
signatures from pore fluid. This observation supports the inference that the pore fluid boron
signatures reflect in-situ signal from the deeply-buried fluid source.
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Figure 5

A conceptual evolution model for the fluid pumping system of Lunde pockmark that integrates
seismic interpretation, U-Th ages of seep carbonates and the pore fluid geochemistry. (a) When
the main fluid channel was blocked by the buried pockmarks/seep carbonate observed from the
seismic profile (corresponds to the H50 horizon in Fig. 1d), a deflected fluid conduit was created.
Gaseous methane was diverted and forced to flow along this conduit, which triggered active
formation of gas hydrate that was recovered during the cruise. (b) The fluid conduit was gradually
blocked by the authigenic carbonate cementation, which also decreases the gas discharge on the
seafloor. (c) At the present day, the dynamic equilibrium status of the gas hydrates from the SW
seepage site suggests a halt of gaseous supply, likely due to the complete blockage by the carbonate
cemented sediments that were recovered during drilling (Fig. 1c). The saline formation water is
still able to migrate along the same fluid conduit used by gaseous methane in the past. Signs of
active hydrate formation can be observed in the pore fluid from the bottom of the soft sediments
recovered at SW seepage site. This hints to an active formation of gas hydrate in the lateral or
horizontal adjacent sediments. Age data of seep carbonates that are associated with previous
methane seepage events were determined by the U-Th method (Himmler et al. 2019) while the age
of H50 horizon was determined by local sedimentation rates (Knies et al. 2014, Mattingsdal et al.
2014).

26



815

(b)

SW seepage

(a)

SW seepage 6

Buried pockmarks/
seep carbonates
(ca. 60-65 mbsf)

Buried pockmarks/
seep carbonates
(ca. 60-65 mbsf)

Main fluid

channel Main fluid

6. 6.. channel

SW seepage

. non-seepage

MDAC concretions

fractured MDAC
concretions

MDAC nodules

massive gas hydrate

gas hydrate nodules

gaseous methane

Main fluid g o
channel e s

27



