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Abstract Gas transport through sediments to the seabed and seepage occurs via advection through pores,
faults, and fractures, and as solubility driven gas diffusion. The pore pressure gradient is a key factor in these
processes. Yet, in situ measurements for quantitative studies of fluid dynamics and sediment deformation in
deep ocean environments remain scarce. In this study, we integrate piezometer data, geotechnical tests, and
sediment core analyses to study the pressure regime that controls gas transport along the Vestnesa Ridge in
the eastern Fram Strait. The data show a progressive westward decrease in induced pore pressure (i.e., from

c. 180 to c. 50 kPa) upon piezometer penetration and undrained shear strength of the sediments, interpreted

as a decrease in sediment stiffness. In addition, the data suggest that the upper c. 6 m of sediments may be
mechanically damaged due to variations in gas diffusion rates and exsolution. Background pore pressures are
mostly at hydrostatic conditions, but localized excess pore pressures (i.e., up to 10 kPa) exist and point toward
external controls. When analyzed in conjunction with observations from geophysical data and sediment core
analyses, the pore pressure data suggest a spatial change from an advection dominated to a diffusion dominated
fluid flow system, influenced by the behavior of sedimentary faults. Understanding gas transport mechanisms
and their effect on fine-grained sediments of deep ocean settings is critical for constraining gas hydrate
inventories, seepage phenomena and sub-seabed sediment deformations and instabilities.

Plain Language Summary Seafloor methane seepage occurs persistently in response to pressure
changes. The scarcity of sub-seabed pressure data limits our understanding of the mechanisms of methane
release. Here we document observations from 4 days monitoring of pressure and temperature within the upper
10 m of sediment at a seepage site in the Fram Strait. The survey extends for 60 km between the continental
shelf off west-Svalbard and the mid-ocean ridge. The data show that the geothermal gradient increases and that
sub-seabed sediments become softer and more susceptible to deformation as they approach the mid-ocean ridge.
When analyzed in conjunction with cross-disciplinary data it seems plausible that the changes in sediment
properties are associated with an increase in the amount of dissolved methane transported to the seafloor. We
suggest that changes in the geological setting have resulted in the locking of fractures that would otherwise
allow the release of trapped methane to the ocean. Trapped gas in the sediment pores is pumped by tides and
causes damages beneath the seafloor. This study is an important step in understanding the mechanisms involved
in the transport of methane into the ocean, with implications for climate research, assessment of geological
hazards and alternative energy resources.

1. Introduction

Fine-grained marine sediments along continental slopes and rises are saturated with gas rich fluids. The mech-
anisms of gas transport from the source toward the seafloor influence the sediment geomechanical properties
as well as gas hydrate accumulations and seepage dynamics (e.g., Clennell et al., 2000; Liu & Flemings, 2006;
Fleischer et al., 2001; Hong et al., 2019; VanderBeek & Rempel, 2018). Free gas can be transported by advection
through coarse grained layers (capillary invasion) or through permeable conduits like faults and fractures (Jain
& Juanes, 2009; Terzariol et al., 2021). Gas is transported primarily by diffusion, a process driven by changes
in dissolved gas concentrations within the pore space (e.g., Gupta et al., 2021; VanderBeek & Rempel, 2018
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and references therein). Diffusive free-gas flow may affect the hydro-mechanical properties of the sediments
without impacting the seabed morphology. Sediment strength and free-gas dynamics have a coupled relation-
ship. While sediment properties control gas nucleation and migration (Boudreau et al., 2005; Johnson et al., 2002;
Sills et al., 1991; Terzariol et al., 2021; Zhou & Katsman, 2022), gas exsolution/dissolution and expansion/
compression (Sobkowicz & Morgenstern, 1984) may alter the properties of the host sediments (e.g., elastic and
mechanical properties (Barry et al., 2010; Boudreau, 2012)), its compressibility (Blouin et al., 2019; Puzrin
etal., 2011; Thomas, 1987) and its shear strength (Hight & Leroueil, 2003; Lunne et al., 2001; Sultan et al., 2012;
Wheeler, 1988).

A critical factor driving gas migration toward the sub-seabed and into the ocean is the pore pressure gradi-
ent which highly affects the strength and mechanical response of the sediment to regional and local forcing
(e.g., Bolton & Maltman, 1998). The relation between pore pressures and in situ principal stresses generated by
tectonic forcing determines the fluid flow regime through the sediments. Excess pore pressures (i.e., pressures
above hydrostatic pressure) lead to shearing if the background tectonic stress regime is transpressive, or to tensile
fracturing under an extensional stress regime (Bolton & Maltman, 1998; Grauls & Baleix, 1994). Excess pore
pressures in fine-grained marine strata contribute to marine sediment instabilities and sub-seafloor fluid migra-
tion processes (e.g., Dugan & Sheahan, 2012; Taleb et al., 2018). The generation of sub-seabed excess pore pres-
sures is a consequence of low permeabilities which hinder pore pressure release as the sediments deform under
the effect of for example, rapid burial, glacio-tectonic stress, gravitational slumping, and gas hydrate decompo-
sition (e.g., Locat & Lee, 2002).

It is often assumed that the upper tens of meters of the sediment column is always in hydrostatic equilibrium
(i.e., that pore pressures are balanced with the hydrostatic pressure). However, the use of piezometers since the
1970s reveals that pore pressures can be several tens of kPa above hydrostatic pressures in the shallow strata
(e.g., Christian et al., 1993; Dugan & Sheahan, 2012; and references therein). This finding was further developed
through numerous piezometer studies for the assessment of sediment stability but also for the understanding of
gas hydrate and seepage dynamics at continental margins (e.g., Christian et al., 1993; Dugan & Sheahan, 2012;
Sultan & Lafuerza, 2013; Taleb et al., 2018). There has been a particular focus on quantifying sediment proper-
ties in sand dominated settings where hydrates are highly concentrated and have economical potential. However,
in situ measurements for constraining quantitative studies of fluid dynamics and sediment deformation at deep
marine (i.e., fine-grained sediment) gas hydrate and seepage systems remains scarce. Gas hydrate formation and
destabilization in fine-grained sediment is most often associated with fracture-controlled sub-seabed fluid migra-
tion and have therefore implications for slope stability (e.g., Vanneste et al., 2014).

The Vestnesa sedimentary ridge in the eastern Fram Strait consists of fine-grained sediment deposited mostly
over oceanic crust (Eiken & Hinz, 1993). It hosts a gas hydrate and seepage system that extends for >60 km
across the continental rise and slope. Gas migration through near-vertical faults piercing through the gas hydrate
stability zone (GHSZ) and seepage, have led to the formation of seafloor depressions known as pockmarks.
Among hundreds of pockmarks along the sedimentary ridge, gas bubbles in sonar data are only observed from
a few pockmarks on the eastern half of the ridge (Biinz et al., 2012; Hustoft et al., 2009). The interpretation of
faults and structures along the ridge from gravity maps and seismic data has led to the hypothesis that the evolu-
tion of gas seepage along the ridge is closely linked to fault kinematics (Plaza-Faverola et al., 2015). Tectonic
and glacial stress modeling, conducted to test this hypothesis, strongly suggest that temporal and spatial varia-
tions in the stress regime along the margin may explain the change in seepage activity through geological time
(Plaza-Faverola & Keiding, 2019; Vachon et al., 2022). Despite a significant number of cross-disciplinary studies
about gas hydrate and seepage dynamics in this Arctic region, no in situ constraints on sediment hydro-mechanical
properties were available.

Here we present the first in situ hydromechanical measurements from the Vestnesa Ridge in the eastern Fram
Strait. We integrate piezometer data with geophysical, geotechnical, and sedimentological data, to gain an insight
into the petrophysical properties of the sediments that characterize the gas hydrate and seepage system. The study
reveals a pattern of spatial variations in sediment stiffness and the presence of localized excess pore pressure
layers that are seemingly unrelated to lithology. We discuss the observations in the context of cross-disciplinary
evidence for fault-controlled gas seepage in the region. The parameters documented here will help constrain fluid
flow and gas hydrate models in the Arctic. More widely, the data and analyses presented here are important for
the quantitative understanding of fluid migration, gas hydrate dynamics, sediment stability and seepage phenom-
ena in fine-grained deep marine environments.
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2. Geological Setting of the Vestnesa Ridge Seepage System

Vestnesa Ridge was created by persistent transport of sediment through strong bottom currents (i.e., associated
with the West Spitsbergen Current (WSC)) (Eiken & Hinz, 1993). Spatial changes in seafloor morphology, fault
characteristics and seepage evolution lead to the distinction between the eastern and the western Vestnesa Ridge
segments (Plaza-Faverola et al., 2015; Schneider et al., 2018; Sztybor & Rasmussen, 2017). The eastern segment
has a narrow (i.e., less than 3 km wide) crest with up to 500 m wide pockmarks aligned along the crest, whilst
the western segment is characterized by a >10 km wide crest where smaller scale pockmarks (100-300 m in
diameter) are more randomly distributed. Only six pockmarks on the eastern segment release gas bubbles suffi-
ciently large and often to be seen as gas flares in sonar data (e.g., Biinz et al., 2012; Hustoft et al., 2009; Smith
et al., 2014). Besides evidence from petrophysical, paleontological and geophysical data for the presence of meth-
ane in sub-seafloor sediment and the occurrence of major methane seepage events (e.g., Consolaro et al., 2015;
Plaza-Faverola et al., 2015; Sultan et al., 2020) methane release through the pockmarks on the western segment
has not been detected despite numerous annual surveys.

Seabed pockmarks at the eastern segment are clearly connected to vertical pathways that are in turn associated
with sedimentary faults (Plaza-Faverola et al., 2015; Singhroha et al., 2020). Toward the western segment there is
a large variety of sizes and density of fluid escape features and only some of the pockmarks are aligned with fault
lineaments at the seafloor (Petersen et al., 2010; Plaza-Faverola et al., 2015). A well-developed deep marine gas
hydrate and associated free gas reservoir exists along the entire Vestnesa Ridge. It is clearly characterized by a
continuous bottom simulating reflection (BSR; marking the base of the hydrate zone), high amplitude-low veloc-
ity layers and resistivity anomalies, confirming the presence of a free gas column beneath the BSR (Goswami
et al., 2015; Hustoft et al., 2009; Petersen et al., 2010; Plaza-Faverola et al., 2017; Singhroha et al., 2016, 2019).

Despite uncertainties on the exact location of the continental-oceanic transition (COT) it is known that the Vest-
nesa Ridge developed dominantly over oceanic crust since the Fram Strait started opening (i.e., 19 Ma ago)
(Engen et al., 2008). The chronology of the ridge is limited to the extrapolation of sedimentary markers from
ocean drilling program (ODP) sites on the Yermak Plateau and south of the Molloy transform fault (MTF) (Eiken
& Hinz, 1993; Knies et al., 2014; Mattingsdal et al., 2014). The Miocene succession is poorly constrained. The
sedimentary thickness at the eastern Vestnesa Ridge segment is around 5 km (Knies et al., 2018) but the thickness
toward the western Vestnesa Ridge segment remains uncertain. Nevertheless, key Plio-Pleistocene time-lines
(e.g., indicating the onset of glaciations at c. 2.7 Ma and subsequent glacial intensifications in the region) are well
defined along the entire Vestnesa Ridge (Alexandropoulou et al., 2021; Eiken & Hinz, 1993; Kanies et al., 2018;
Plaza-Faverola et al., 2017). The youngest late Pleistocene and Holocene sedimentary successions are fairly
well constrained from numerous sediment cores analyzed along the margin (Schneider et al., 2018; Sztybor &
Rasmussen, 2017).

The accumulation of free gas beneath the GHSZ is sustained by both in situ microbial gas generation and ther-
mogenic gas that migrated along sedimentary faults (Daszinnies et al., 2021; Hong et al., 2021; Pape et al., 2020;
Plaza-Faverola et al., 2017). High resolution imaging of sedimentary faults has been possible only through the
upper 300 m of sediment due to strong seismic attenuation within gas bearing layers beneath the base of the
GHSZ along the Vestnesa Ridge crest (Biinz et al., 2012; Singhroha et al., 2016). The Vestnesa Ridge is situated
at the rim of a basin bounded by the oblique spreading Molloy and Knipovich ridges and their associated Spits-
bergen and Molloy transform faults (Figure 1). In addition to ridge push forces, the Vestnesa Ridge is subjected
to topographically controlled gravitational stress in places and to glacio-tectonic stress due to isostatic adjustment
(Vachon et al., 2022).

The piezometer stations were strategically placed to constrain the pore pressure regime at distinct zones along
the Vestnesa Ridge and to explore the effect of regional forcing on these pressures (Figure 1): station Pzm4E is
at the continental slope near the eastern end of the Vestnesa Ridge; Pzm4W is at the northern rim of a pockmark
with active methane release on the eastern Vestnesa Ridge segment; Pzm12E is at the foot wall of a N-S oriented
outcropping fault at the transition from the eastern to the western Vestnesa Ridge segments; Pzm12W is at the
hanging wall of the same N-S oriented fault; and Pzm5 is just a few kilometers east from the western termination
of the Vestnesa Ridge onto the flank of the Molloy Ridge and next to a cluster of seemingly relict pockmarks
(Figure 1). Site 5 and 12 are particularly interesting because they are located at the flanks of a sedimentary
depocenter which implies enhanced up-dip fluid migration from the free gas zone beneath the base of the GHSZ.
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Figure 1. Map of the region showing the piezometer (Pzm) and calypso core (C) transect along Vestnesa Ridge (VR).

The piezometer transect extends for about 60 km along the sedimentary drift. The shaded area corresponds to the mapped
bottom simulating reflection (BSR). The VR starts north of the Knipovich ridge (KR) termination, and it is bounded by the
Spitsbergen Transform Fault (STF) to the north and the Molloy Transform Fault (MTF) to the south. The piezometer (Pzm)
sites and calypso cores discussed in this study are from 4 sub-areas along the Vestnesa Ridge.

3. Data and Methods
3.1. Geophysical Surveying

Piezometer logs as well as petrophysical logs from calypso cores were correlated with chirp data and available
high-resolution seismic data. The chirp data were collected with a Kongsberg SBP300 Sub-bottom profiler on
board R/V Kronprins Haakon. The maximum penetration is c. 100 m and trace spacing is c. 10 m (vessel speed c.
5 knot and ping rate 4 s). The regional 2D seismic data used for discussing the results in relation to the gas hydrate
and free gas system along the Vestnesa Ridge has a spatial resolution of 6.25 m and a vertical resolution of ~5 m at
the seafloor (e.g., Plaza-Faverola et al., 2017). Both chirp and seismic profiles were depth converted using veloc-
ity constraints from ocean bottom seismic studies along the ridge (Petersen et al., 2010; Singhroha et al., 2019).
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Table 1

List of Samples From Calypso Cores Available for the Study

CAGE19-3-KH-04
CAGE19-3-KH-12
CAGE19-3-KH-05

Calypso core site Site number (super stations)  Core ID Lat Long Water depth (m) BWT C°  BSR depth (mbsf)  Sample depth (m)
C-4 78.9967 6.9635 1,194 —0.15 190.00 6.13
C-12 79.1285 6.1285 1,234 —-0.40 170.00 6.60
C-5 79.1427 5.2749 1,321 —-0.70 160 5.41

Note. BWT = bottom water temperatures (Knies & Vadakkepuliyambatta, 2019; Plaza-Faverola, 2020); BSR = bottom simulating reflection (Plaza-Faverola et al., 2017).

3.2. Calypso Core Logging, Description and Lab Testing

Calypso cores were taken for correlation with piezometer data using a Calypso Giant Piston Corer operated by the
Norwegian Institute for Marine Research and the University of Bergen (Knies and Vadakkepuliyambatta, 2019;
Figure 1; Table 1). We collected calypso cores at 3 stations along the Vestnesa Ridge (Table 1). Density, P-wave
velocity and magnetic susceptibility (MS) logs on the unsplit sections were measured using a multi sensor core
logger (MSCL) at UiT — The Arctic University of Norway in Tromsg. Undrained shear strength, S, was measured
at the base of each section using a pocket torvane with an accuracy of +0.54 kPa (1 graduation).

Oedometer tests (i.e., a test to study sediment compaction by measuring the deformation/strain of a sample in
response to an applied load/stress) were conducted at wholearound sub-samples from 1 depth interval within
the upper 7 m along each core using a constant rate of strain (CRS; ASTM, 2006) at the labs by the Norwegian
Geotechnical Institute (NGI). In addition, oedometer tests with incremental loading according to the ASTM
D-2435 method (ASTM, 2004) were performed on 10 samples at Ifremer at approximately every 2-m through
the upper 9 m of core from superstations 5 and 12. Sediment classification tests (i.e., for water content, grain
sizes and plasticity) were conducted on the samples sent to NGI to provide constraints on clay and silt content
(2-63 pm) (Table 1).

The open cores were visually logged and scanned with an Avaatech XRF core scan for high-resolution digital
photographs. The upper 9 m of the calypso cores were subsampled in 1-cm thick slices at 10 cm intervals in cores
C-4 and C-12. Core C-5 was subsampled every 20 cm, except between 4 and 5 m depth where the sampling was
performed every 10 cm (i.e., this core is being primarily used for other studies within paleo-oceanography). The
textural characteristics of the sediments were determined through wet sieving at 63 pm to separate the mud frac-
tion (clay and silt) from the fractions coarser than 63 microns (sand, gravel and pebbles) (Figure 2).

3.3. Piezometer Data Acquisition and Processing

In situ excess pore pressure (P) and temperature (T) were measured at five stations (Table 2) between water
depths of ~1,120 and ~1,330 m along the Vestnesa Ridge (Figure 1). The measurements were done using Ifrem-
er's piezometer (Sultan et al., 2010) which consists of a sediment lance of 60 mm diameter that carries sensors for
measuring pressures exceeding the hydrostatic pressure (i.e., excess pore pressures) and temperatures. Differen-
tial pore pressure sensors are mounted in the piezometer with an outer membrane subjected to the sediment pore
pressure and inner membrane exposed to the hydrostatic pressure. In this way, the sensors are not sensitive to the
hydrostatic pressure and water depths. Pressure sensors are zeroed before penetration in the sediment.

The lance was ballasted with lead weights (up to 1,000 kg), was driven to the seafloor from the rear of the ship
with a Dyneema ® cable (strong rope) and it was left on the seafloor to record autonomously from the ship for
2-4 days. The lance penetrated 8-9 m in soft clayey material (Table 2). The recovery was done through a rope
attached to a surface buoy. The piezometer pressure and temperature sensors have an accuracy of +0.5 kPa and
0.05°C, respectively.

Immediately after penetration of the sediment by the piezometer, pore pressures and temperatures peak, followed
by a progressive decay toward equilibrium. These initial data peaks are due to the compression and shear of
surrounding sediment under undrained conditions (Burns & Mayne, 2002). Generally, it takes a few hours for
the temperature to reach the equilibrium. The equilibrium temperatures are used in this study to determine the
thermal gradients at the piezometer locations.

For sites with low-permeability sediment, long-term dissipation tests (several weeks) are needed to reach
in situ equilibrium pore-water pressure (Au,,), which would be hardly affordable for offshore operations.
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Figure 2. Sedimentological logs (photos, radiographs and synthetic lithological log), magnetic susceptibility (MS), and
grain size distribution (> and <63 microns) along the upper 9 m of the calypso cores from stations 05, 12, and 04 (from west
to east). An additional core from the Bellsund Drift (south east from the VR) is included to support the chronostratigraphy
and to highlight the regionality of the correlation. Major paleo-climatic events have been correlated based on documented
multi-proxies analyses from the region (Caricchi et al., 2019; Jessen et al., 2010; Jessen & Rasmussen, 2019; Lucchi
et al., 2013; Schneider et al., 2018; Sztybor & Rasmussen, 2017).
Consequently, short-term/partial dissipation tests are usually performed and Au,, is predicted from partial
measurements. For our analyses, we used a cavity expansion approach (Sultan & Lafuerza, 2013) to simulate
the pore water dissipation process after the piezometer deployment. The differential equations and numerical
method used in this approach are detailed in Supporting Information S1 (Text S3). The dissipation curve
depends on the hydro-mechanical properties of the sediment and is mainly modulated by the hydraulic diffu-
sivity (C,) and the rigidity index (I,) through the ratio C,/+/I,. The dissipation curve is also affected by the
PLAZA-FAVEROLA ET AL. 6 of 21
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Table 2
Summary of Piezometer Stations
Simplified Number of  Penetration Water Recording period
name Station name sensors depth (m) Coordinates depth (m) (Time UTC)
Pzm5 KH19-05-PZM2 9Pand9T 9.92 79.143°N-5.274°E 1,330 26/10/2019 - 12:11

31/10/2019 - 2:08

PzmI12W KH20-12-PZM1 8Pand9T 8.64 79.120°N-6.1348°E 1,234 20/10/2020 18:22

23/10/2020 19:52
Pzm12E KH20-12-PZM2 8P and9T 8.64 79.11245°N-6.201733°E 1,228 23/10/2020 23:00
27/10/2020 10:17

Pzm4W KH20-04-PZM1 8Pand9T 8.64 79.00475°N-6.9353°E 1,207 21/10/2020 19:45
24/10/2020 19:09
Pzm4E KH20-04-PZM2 8Pand9T 8.64 78.88152°N-7.4766°E 1,127 25/10/2020 02:06

27/10/2020 18:46

Note. The data were collected during two scientific expeditions on board R/V Kronprins Haakon (Knies &
Vadakkepuliyambatta, 2019; Plaza-Faverola, 2020). From west to east the piezometer (Pzm) stations are named 5, 12W,
12E, 4W and 4E. The numbers correspond to super-stations where Calypso cores were also recovered in the 2019 expedition.

initial excess pore pressure generated after the piezometer installation (Au,) which was shown to be strongly
dependent on the stiffness and the undrained shear strength (or undrained cohesion), S, of the affected sedi-
ments (Burns & Mayne, 1998). In this study, we use the pore pressure dissipation tests to derive Ch/\/l_,. and
Au,,. The Au, is obtained directly from the piezometer pore-pressure data and is used as an indicator of the
stiffness of the sediment.

4. Results
4.1. Sedimentological Properties

The sediment cores recovered a lithostratigraphic sequence already well described in other areas in the eastern
Fram Strait. They show a consistent pattern in magnetic susceptibility (MS), lithology, and color of the sediments
as described in 11 cores from the western Svalbard margin spanning the last 30 ky (Jessen et al., 2010): a dark
unsorted layer of low MS consisting of coarse material of black and brown shales dating 24 ky and a laminated
clay layer of low MS dating c. 15 ky (Figure 2). The pattern of MS typical for the western margin has later
been shown to be consistent both at Vestnesa Ridge (e.g., Howe et al., 2008; Consolaro et al., 2015; Sztybor
& Rasmussen, 2017), southwest of Svalbard (Caricchi et al., 2019; Lucchi et al., 2013, 2015) and north of
Svalbard (Chauhan et al., 2016). The event Meltwater Pulse MWP-1A documented in (e.g., Lucchi et al., 2013)
is also recognized as dark, finely laminated sediments of low MS. The recognition of these stratigraphically
well-constrained and wide-spread marker-beds associated with major paleo-climatic events, were used as a base
to constrain the age models and to correlate the sediment cores. Further correlation refinements based on the
MS trend show the following main paleo-climatic events in cores C-4, C-12 and C-5 (Figure 2): the cold 8.2 ky
event, the 29 ky MIS 3-2 boundary, and the 60-57 ky event (Heinrich event H6; inferred in core C-4).

The sediment sequences at Vestnesa Ridge thus consist of alternating bioturbated fine-grained and ice rafted
debris (IRD) rich deposits associated with bottom current transport and iceberg release of detritus, respec-
tively; and laminated sediments coupled with massive IRD intervals associated with deglaciations at the MIS
4-3 and MIS 2-1 transitions (e.g., Caricchi et al., 2019; Consolaro et al., 2015; Jessen et al., 2010; Jessen &
Rasmussen, 2015; Lucchi et al., 2013; Lucchi et al., 2015; Sztybor & Rasmussen, 2017) (Figure 2).

The correlation among cores outlined generally increasing sedimentation rates as we move westwards from the
location of core C-4 toward the location of core C-5 with the exception of the stratigraphic interval located
between the base of the laminated layer and the base of the 24 ky event, corresponding to the Late Weichselian
glaciation, during which the sedimentation rate increased eastwards (i.e., proximal source of glacigenic sedi-
ments) (Figure 2).
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Table 3 Piezometer station Pzm4W is a few meters west from C-4 (Figure 1). One

Summary of Geotechnical Data Obtained From Oedometer (CRS and

Incremental Loading) and Index Tests

aspect we find in the literature that makes this area different from the other
sites (Pzm5, Pzm12W, Pzm12E, Pzm4E) is the lack of the Holocene time
interval in sediment cores, linked to patterns of non-deposition by the

Clay
Depth content C, Oedometer west-Spitsbergen bottom currents (Elverhgi et al., 1995; Howe et al., 2008;
Core (m) Ip (%) (x1077 m%s) Ce test Jessen et al., 2010; Schneider et al., 2018; Sztybor & Rasmussen, 2017).
C-5 541 41 64 02 055 CRS Fewer stratigraphic studies have been conducted as we move westward along
Cs 1628 44 s4 04 0.63 the V.estne‘sa Rldge. However, the ‘upper 5—.6 m of sedlme.nts aré general.ly
described in the literature as dominantly silty-clayey hemipelagic deposits
C-12 6.60 42 58 0.4 0.47 - . L. . .
with intervals characterized by laminations, and dropstones at time intervals
c-12 1459 21 59 04 050 that correspond to key glacial events (e.g., the last glacial maximum LGM)
C-4 6.13 42 49 0.4 0.67 (Schneider et al., 2018; Sztybor & Rasmussen, 2017).
c4 14000 42 52 0.3 053 The grain size analyses available from the 3 Calypso cores also indicate that
C-5 080 - - 0.14 1.04  Incremental  the upper 9 m of sediment are dominantly silty clay (i.., >80% grain sizes
C-5 230 - - 0.18 0.90 loading <63 u) along the 40 km transect between these three sites (Figure 2). The
C5 310 - B} 0.07 0.61 distribution of the grain size fraction >63 pm, is mostly associated with the
Cs 550 - ) 0.09 047 presef‘nce of IR.D and glamgemc sedlmenF input from the shelf. Des;?lte the
proximal location of site C-4 to the continental shelf compared to site C-5
C-5 8.60 - - 0.15 0.59 . . . . . .
(i.e., proximal to the mid-ocean ridge) (Figure 1), the content of fraction
C-5 940 - . 0.1 0.44 >63 um does not show a progressive spatial change along the three sampled
C-12 0.84 - = 0.02 0.80 sites (Figure 2). Intervals with >10% coarser sediment (>63 pm) are present
C-12 230 - - 0.07 0.58 at various depths at all the sites, indicating that there is not a progressive
C-12 550 - B} 0.05 0.45 trend of grain size decrease as the Vestnesa Ridge gets deeper.
C-12 9.40 = = 0.40 0.36 Bulk wet density logs obtained from MSCL logging of the three cores C-4,

C-12, and C-5 show a slight westward decrease in density from being around

1.5 g/lem® at C-4 and as low as 1.2 g/cm? at C-5 within the upper 3 m. This is

directly reflected on the calculation of effective stress assuming hydrostatic
equilibrium along the Vestnesa Ridge. This upper 3 m interval at C-5 is also characterized by anomalously low
P-wave velocities from the MSCL (i.e., as low as 1,300 m/s), suggesting increased void space (e.g., cracks) or the
presence of gas within the sediment pores. Average P-wave velocities also show a very gentle westward decrease
between 1,500 and 1,550 m/s. Other deeper intervals (e.g., between 5 and 15 m in cores C-5 and C-12) show
velocities as low as 1,200 m/s (Figures S6-S8 in Supporting Information S1).

4.2. Geotechnical Constraints

The geotechnical parameters obtained from the oedometer tests (CRS and incremental loading) and the index
tests are presented in Table 3 (Figures S1-S5 in Supporting Information S1). The plasticity index (Ip) determined
from six samples (Table 3) did not show any important change among the samples (except for sample C-12 at
14.59 mbsf). While the percentage of clay (grain sizes <2 pm) measured at the lab shows a westward increase
from 32%-49% at C-4 to 54%-64% at C-5, the I doesn't reflect any significant westward trend (Table 3). It is
important to notice that the depth of the samples from different cores does not correspond to the same chrono-
logical interval.

The vertical hydraulic diffusivities determined at the in situ effective stress conditions (C,) from oedometer
tests indicate that there are no westward changes when moving from C-4 to C-5. However, an important vertical
fluctuation can be observed at C-5 and C-12. The compressibility indices (Cc) derived from the incremental and
CRS oedometer tests are shown in Table 3 (Figures S3—S5 in Supporting Information S1) and indicate once again
no trend from west to east (C-5 vs. C-12 in Table 3) but a decrease in Cc was observed with increasing depth
(Table 3). This trend is well marked through the upper 2 m of sediments.

4.3. In Situ Piezometer Measurements

Temperatures measured around 0.5 m above the seabed at sites Pzm12W, Pzm12E, Pzm4W, and Pzm4E (Figure 3)
are almost constant throughout the monitoring period, except for small disturbances at discrete intervals and
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Figure 3. Sensor data from piezometer sites (from west to east): Pzm5, Pzm12W, Pzm12E, Pzm4W, and Pzm4E. The plots show temperature and pore pressure versus
time. The data from Pzmb5 is discussed in Sultan et al. (2020). The different colors indicate the sensor depths below the seabed. Sensor depths are between 0.79 mbsf
(blue curve) and 9.44 mbsf (red curve) for Pzm5 and between 0.79 mbsf (blue curve) and 8.64 mbsf (red curve) for the rest of the stations. The figure legend for
Pzm12E, Pzm4W and Pzm4E is similar to the legend of Pzm12W. The dashed area indicates the data shown in Figure S15 in Supporting Information S1.

periods (Figure 3). The temperature within the sediments decayed to reach the in situ equilibrium temperature in
approximately 4-6 hr (Figure 3).

Despite the relative long monitoring period (2.7—4.6 days), most of the pressure dissipation curves did not reach the
equilibrium pressure (Au,,). The low hydraulic diffusivity of the sediment seems to prevent a fast dissipation of the
induced pore pressure. Nevertheless, for the majority of the curves, the dissipation was in a sufficiently advanced state
to allow a derivation of Au,, by using the cavity expansion approach (Figures S9-S13 in Supporting Information SI).

Temperature gradients as well as hydro-mechanical properties (i.e., hydraulic diffusivity, maximum penetration
pressure, equilibrium pressure) were derived from sensor data at the five piezometer stations (Figure 4). These
properties allow constraining sediment stiffness and the degree of excess pore pressures along the Vestnesa Ridge.

4.3.1. Thermal Gradients

The in situ temperatures (T,,) were calculated as an average of temperature values recorded 24 hr after the piezom-
eter installation. The thermal gradients were calculated from the linear part of the T, -depth data (Figure 4a) and
they show a gradual westward increase from 85°C/km at site Pzm4E to 98°C/km at site Pzm5 (Figure 4a). This
is consistent with the reported increase in geothermal gradient as the sedimentary basin approaches the Molloy
Ridge (e.g., Crane et al., 1988). The deviation of the temperature recorded by the shallowest sensors from the
linear thermal gradients (Figure 4a) could be explained by local seabed temperature changes.

4.3.2. Hydro-Mechanical Properties
4.3.2.1. Hydraulic Diffusivity

The pressure data suggest that the hydraulic diffusivities <Ch / \/1_, ) do not evolve monotonically with depth.

For instance, for site Pzm12W (Figure 3), the excess pore pressure recorded by the two deepest sensors (at 7.84
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and 8.64 mbsf) showed a faster decay with respect to the two shallowest sensors (7.04 and 6.24 mbsf). The same
phenomenon can be observed on some of the other sites (Figure 3).

4.3.2.2. Maximum Pressure After Penetration

The maximum pore pressure after penetration (Au,) generally increases with depth for a given lithology under a
classical evolution regime of sediment stiffness (Burns & Mayne, 2002). The Au, versus depth profiles, for the
five studied sites, shows no linear increase with depth as is usually expected for normally consolidated homoge-
neous soils (Skempton, 1964; Velde, 1996). For instance, at sites Pzm5 and Pzm4W (Figure 3), the highest Au,
values were measured at 8.64 mbsf and 7.04 mbsf respectively, and not at the level of the deepest sensors (9.44
mbsf for Pzm5 and 8.64 mbsf for Pzm4W). The background Au, increases progressively with depth (i.e., with
values between 7 and 78 kPa at the westernmost site Pzm5 and reaching values between 14 and 128 kPa at the
easternmost station Pzm4E; Figure 3). However, between 6 and 8 mbsf, Au, increase abruptly for all the sites
(i.e., reaching values of up to 180 kPa at the easternmost station, Pzm4E). This anomalous evolution of Au; is
more accentuated for site Pzm5. Here, the data show a decrease of Au, between 4 and 5 mbsf (i.e., significantly
lower than at other sites) and a sudden increase between 8 and 9 mbsf (Figure 4d). Sites Pzm12W and Pzm12E
(Figure 4d) confirm the non-linear trend with a sudden change in Aui-depth slope between 6 and 7.5 mbsf.

The undrained shear strength measured using the torvane shows a similar trend in the S -depth profile when
compared to the Au;-depth profile (e.g., C-12; Figure 4e). For the two sites, Pzm4W and Pzm4E, the Au;-depth
slope changes again between 6 and 7.5 mbsf. The plasticity index values obtained for all the sites at one sample
at c. 6 mbsf are included for comparison (Figure 4c). The small range of variation in Ip for all the sites (41-42)
suggest that, at least at the depth of the samples, there are no significant lateral changes in the clay plasticity along
the 60 km long transect.

Finally, pore pressure dissipation was locally disturbed by sudden variations in pressure at certain sites, particu-
larly at sites Pzm5 and Pzm12w (Figure 4). In agreement with observations from other piezometer studies, this
mainly corresponds to the presence of free gas partially saturating the sediment, which makes the pore pressure
regime sensitive to tidal cycles (e.g., Sultan et al., 2020).

4.3.2.3. Equilibrium Pressure

The Au,, was calculated for 35 piezometer P-sensors (Figures S9-S13 in Supporting Information S1). For each set
of pressure-data, Au,, values were retrieved after three runs (Figure 4b). Only piezometers Pzm12W and Pzm12E
showed excess pore pressures beyond the instrumental resolution and method uncertainties (i.e., overpressures
between 5 and 15 kPa; Figure 4d). Between 5 and 10 mbsf Pzm4w and Pzm5 show excess pore pressures just
under c. 2.5 kPa (Figure 4d) that should be interpreted with caution because these are within the experimental and
calculation errors. The pressure dissipation function C,/ \/1_, is primarily influenced by the hydraulic diffusivity
(i.e., directly proportional to C,) and to a lesser degree by the stiffness of the sediment (inversely proportional to
the square root of the plasticity index 1,). C,/+/1, values vary slightly, between 108 and 10~7 m?s for sites Pzm5,
Pzm4E and Pzm4W (Figure 4c). However, C), /\/I_, values for Pzm12W and Pzm12E vary significantly with
depth, with calculated values between 1071 and 10=® m?/s (Figure 4c). The lowest dissipation ratio correlates
well with the highest Aueq (Figures 4b and 4c) at site Pzm12W. Oedometer tests (CRS and incremental loading)
were used to determine the vertical hydraulic diffusivities (C, ) at the estimated in situ effective stress (¢’ ;) at
hydrostatic equilibrium. Although the comparison between C, and C ; is not accurate due to the difference in
dissipation conditions between the laboratory (i.e., vertical dissipation through disturbed samples) and in situ
measurements (i.e., mostly horizontally through intact sediments), a qualitative comparison shows consistency
between the two trends (C,/ \/I_, vs. depth and C,,, vs. depth). For instance, oedometer tests confirm that vertical
hydraulic diffusivities barely vary with depth for sites Pzm5, Pzm4E and Pzm4W (Figure 4c) whilst an important
change in C, with depth is observed at sites Pzm12W and Pzm12E (Figure 4c).

Figure 4. Thermal gradient and hydro-mechanical properties (vertically from west to east): Pzm5, Pzm12W, Pzm12E, Pzm4W and Pzm4E. (a) Temperature at
equilibrium vs. depth are used to calculate the in situ thermal gradient. (b) Equilibrium pore pressure Au,, and (¢) Cy/ \/l_, are derived by modeling the pore pressure
decay curve (Figures S9-S13 in Supporting Information S1). (d) Pore pressure after penetration (Au,) is obtained from the in situ pore pressure measurements.
Geotechnical properties including the hydraulic diffusivity (C,,), the plasticity index (I ) and (e) the undrained shear strength (S ) are obtained from laboratory testing.
Gray dashed areas correspond to sensors where the calculation of the Au,, and Cj,/+/I, was not possible to achieve. The penetration rate of the 5 piezometers was
approximately 0.3 m/s. T, P and Su sensor accuracies are shown as error bars. The lower and upper limits of the parameters (C,/ \/I_, and Au, ) derived from the
piezometer measurements are also indicated.
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Figure 5. Summary of pore-pressure and temperature data for all the piezometer stations. (a) Temperature and (b) Auy,
versus depth derived from the piezometer sensor data. (c) Vertical effective stress (¢’,,) versus depth assuming hydrostatic
conditions, estimated from the measured y-density on calypso cores (C-5, C-12, and C-4 in Figure 1). (d) Au,, versus depth
obtained by back calculation using the piezometer pore-pressure sensor data. T and P sensor accuracies are shown as error
bars. The lower and upper limits of the Au,, derived from the piezometer measurements are also indicated.

5. Discussion

The in situ pressure and temperature data as well as the sedimentological and geotechnical analyses lead to
several main observations concerning the hydro-mechanical properties of the upper sedimentary layers along the
Vestnesa Ridge. We discuss the processes that reconcile cross-disciplinary results from the area and the implica-
tions that the newly documented data have for the understanding of gas transport and sub-seabed deformation of
fine-grained sedimentary systems.

5.1. Spatial Variations in Sub-Seabed Sediment Stiffness

A combination of in situ pore pressure measurements and geotechnical lab measurements confirmed that the stiff-
ness of the sediment can be inferred from Au, (Burns & Mayne, 2002; Sultan & Lafuerza, 2013). By comparing
Au, to measured S at sites Pzm5, Pzm12W, and Pzm4W, the data show a link between the maximum pressure
generated during lance penetration and the undrained shear strengths of the sediment (Figure 4) allowing us to
infer variations in sediment stiffness.

A change in sediment stiffness in the vertical profiles is inferred from a non-progressive increase in Au, evident
from all the piezometer stations between 5 and 9 m (e.g., Ay, increases from 48.64 kPa at 4.69 m to 75.01 at
6.24 m for Pzm12E; Figure 5b), together with a faster increase in S, from around 6 m (most evident from Pzm5
and Pzm12E data; Figure 4e).

Sediment stiffness seems to change also spatially, decreasing westwards along the Vestnesa Ridge (i.e., Au; decreases
progressively from Pzm4E to PzmS5; Figure 5b). The undrained shear strength data is less robust and not available for
all the sites. However, a relative westward decrease is also evident through the upper 5 m by comparing values for cores
C-4, C-12, and C-5 (Figure 4e). Calculated effective stress assuming hydrostatic equilibrium conditions (¢’,,) also
shows a westward decrease (e.g., 6’ at 10 mbsfis c. 42 kPa at the location of C-4 and c. 37 kPa at C-5; Figure 5c¢). This
is not surprising because sediment densities from the calypso cores (i.e., used for the calculation) decrease westward
(Figures S1 and S2 in Supporting Information S1). What is interesting from this calculation is that the relative westward
decrease in ¢’ (around 11%) is not comparable to the decrease in sediment stiffness (i.e., inferred from Au, values)
from the eastern to the westernmost piezometer stations, which can be >200% at discrete sedimentary intervals (e.g.,
at c. 7 m; Figure 5b). This suggests that we are facing a process that is slightly modifying the y-density (i.e., decreasing
the effective stress under hydrostatic equilibrium progressively toward the mid-ocean ridge) and that is simultaneously
changing more drastically the structure and the strength of the sediment (Figure 5d).
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Hereafter we discuss the processes that may explain the inferred spatial variations in sediment stiffness and meas-
ured decrease in sediment densities.

5.2. Possible Processes Affecting Sediment Stiffness
5.2.1. Lithology and Consolidation State

For a homogeneous and normally consolidated sediment, the stiffness is expected to increase linearly with depth
(Skempton, 1957). The data do not indicate a linear and homogeneous increase in sediment stiffness, but rather abrupt
vertical changes and a trend of stiffness decrease as the Vestnesa Ridge gets deeper. A decrease in stiffness could
be controlled by a change either in lithology or in the consolidation history. In a sedimentary setting with an input
exclusively from the shelf, the sediment particles would become progressively finer at more distal areas from the
shelf. However, the analyses of cores along the Vestnesa Ridge do not show a progressive decrease in grain sizes as
the ridge gets deeper (i.e., the sediments are >80% silt and clay, with a slight westward increase in clay, with sporadic
intervals characterized by 10%—20% coarser grains associated with major climatic events of ice-rafting; Figure 2).

The cores show that the Vestnesa Ridge predominantly receives sediments transported by the WSC that enters
deeper waters and forms depocenters. These depocenters shift spatially on glacial-interglacial time scales. During
ice sheet advance and retreat sediment depocenters move closer to the ice terminus on the continental margin
(site 4) although coarser glacigenic material has been deposited all along the ridge, reaching also site 5, closer
to the mid-ocean ridge. This, together with a random input of sediments (i.e., IRD) from icebergs (Eiken &
Hinz, 1993; Nielsen et al., 2007), breaks the pattern of progressive more distal decrease in grain size along the
Vestnesa Ridge (Figure 2). During the last interglacial (i.e., the Holocene) the sedimentation is mainly driven
by the deep component of the WSC shifting the depocenter to the deeper part of the Vestnesa Ridge (site 5),
generating expanded sequences characterized by low density. The proximal, shallower area (C-4) is affected by
the more vigorous, shallow component of the WSC causing sediment by-pass or substrate erosion responsible for
condensed sequences or the lack of the Holocene record.

The stratigraphic correlation across all the sites with the chirp data show that the apparent lack of Holocene affects
primarily the pockmark area where Pzm4W is located and to some extent the area around Pzm4E (Figure 6).
Piezometer Pzm4W penetrated the oldest sediment. This implies that the trend of westward decrease in stiffness
picked up by the Piezometer is not associated with a progressive westward change in clay content within the
same depositional time span. Also, despite this age difference in the otherwise continuous chrono-stratigraphic
transect, a significant change in lithology along the ridge is not evident from the (limited) plasticity index values
from lab tests (Figure 4c) nor from grain size analyses. Thus, the stratigraphic information and geotechnical data
does not support a lithological explanation for the westward progressive decrease in stiffness and for an abrupt
change in stiffness vertically.

ODP global data show that compaction in clayey sediments in deep marine environments within the upper 500 m
is not controlled by sediment age (Velde, 1996). This means that there is no dominant chemical or diagenetic
compaction, but that physical compaction dominates (i.e., namely by the accommodation of grains upon deposi-
tion by bottom currents in the case of this Arctic setting). Moreover, background in situ pore pressure data show
hydrostatic conditions (Aueq = 0 or within the instrumental and calculation errors of +2.5 kPa) for almost all the
P-sensors (i.e., except for two sensor depths at Pzm12W and Pzm12E - Figure 5c¢), indicating that the penetrated
sediment is dominantly normally or over-consolidated along the entire transect. However, the undrained shear
strength (S,) profiles (Figure 4) show the absence of a gradient over the upper 6 m, pointing toward a disturbed
rather than over-consolidated sedimentary interval.

Among the factors influencing compaction (e.g., sedimentation rate, sediment structure and type of clay) we
think that changes in the sediment structures explain the pressures obtained upon piezometer penetration. The
inferred westward decrease in sediment stiffness through the upper 6 m along the ridge (Figures 4 and 5b) is
associated with a process i.e., affecting in particular the western Vestnesa Ridge segment.

5.2.2. Gas-Hydrate Distribution and Dissolution

The spatial variation in the thickness of the GHSZ along the Vestnesa Ridge makes us reflect on the effect of
the thermal regime from mid-ocean ridge spreading on gas transport and hydrate stability. The increase in the
geothermal gradient as the sedimentary ridge approaches the Molloy Ridge results in a temperature-controlled
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along the Vestnesa Ridge in the Fram Strait. BSR = bottom simulating reflection; (b) Overview of the spatial distribution of Calypso cores (C-05, 12 and 04) and
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decrease in the GHSZ (i.e., the BSR gets shallower from c. 200 mbsf at site 4 to c. 160 mbsf at the west-
ernmost end of the BSR despite the increase in water depth (Plaza-Faverola et al., 2017)). All the piezometer
sites (Figure 5a) registered this thermal effect (i.e., consistent with regional heat flow measurements by Crane
et al. (1988)). Gas hydrate samples have previously been retrieved exclusively from the upper 2—4 m in sediment
cores taken from active seepage pits. These samples show that hydrates form in thin flake-like layers in small
fractures or as cm scale gas nodules (e.g., Panieri et al., 2017; Sultan et al., 2020).

A westward decrease in gas-hydrate saturation could explain the inferred decrease in sediment stiffness (Lei
& Santamarina, 2019; Taleb et al., 2018; Waite et al., 2009; Yoneda et al., 2017). Alternatively, it could be the
process of hydrate decomposition rather than the relative decrease in gas hydrate concentrations that is affect-
ing the stiffness and the undrained cohesion of the host sediments. Hydrate decomposition may take place by
dissolution (Zhang & Xu, 2003) within the GHSZ if it is the result of chemical instability (e.g., low methane
concentration in the surrounding seawater). In this case, gas hydrate becomes a mixture of water and dissolved
gas and is expected to alter the stiffness and the undrained cohesion of the host sediments (Sultan, 2007). The
gas-hydrate dissolution process may explain the observed degradation of the stiffness of the host sediment as
we move westward along the Vestnesa Ridge. This implies a stop or decrease in the input of gas into the system
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toward the western part of the ridge at a given period of time, to cause such a dissolution. However, this process
does not explain why the surface sediment (<6 mbsf) is the most impacted. Dissolution is expected to alter the
sediments regardless the effective stress and therefore the depth within the sedimentary column. Nonetheless, it
is not possible to infer a pattern of spatial distribution of hydrates from the pore pressure sensor data (mainly Au,)
and the cores; no evidence of gas hydrates within the investigated depths (i.e., gas hydrate layers would yield Au;
values well above the ones reported here (Taleb et al., 2018)).

5.2.3. Free Gas Expansion and Exsolution

Another process that is well known to affect the stiffness and undrained cohesion of clayey sediments is the persistent
input of gassy fluids into the porous medium. Several authors have already shown how a few percent of gas satura-
tion is enough to damage the sediment structure and highly affect its shear strength with little effect on its density
(Hight & Leroueil, 2003; Lunne et al., 2001; Sultan et al., 2012; Wheeler, 1988; Zhu et al., 2021). Sultan et al. (2012)
showed that the effect of gas expansion is more pronounced at low mean effective stress (i.e., within the upper sedi-
ments) and their experimental data on plastic fine-grained sediment demonstrate that the presence of free gas in the
upper shallow soft sediment may alter its shear strength significantly. The change in behavior observed from above
and below the 6-7 m depth interval may correspond to a threshold in the effective stress at hydrostatic condition
(25-35 kPa) where the free-gas expansion and compression can alter the structure of the sediment.

The westward decrease in the GHSZ thickness has implications for the rate of gas diffusion from the free gas
zone beneath the BSR toward the seafloor. For a given gas concentration in the free gas zone, more dissolved gas
will reach the seabed via diffusion at shallower BSR depths and higher temperatures (Figure 7). The methane
solubility at the BSR level at both sites Pzm5 and Pzm4W is expected to be between 123 and 126 mM (Figure
S14 in Supporting Information S1). The solubility was calculated using the approach by Spivey et al. (2004) for
the temperature and pressure conditions at the base of the BSR (Figure S14 in Supporting Information S1). For
Pzm5 (depth = 170 mbsf; T = —1.05°C; salinity = 34.5 g/L), the methane solubility would be 123 mM while
for Pzm4w, (depth = 200 mbsf; T = —0.95°C; salinity = 34.5 g/L), the methane solubility would be 126 mM.
Assuming a permanent diffusion regime and dissolved methane concentrations lower than the methane satu-
ration, the dissolved methane gradient would be ~0.61 mM/m at site Pzm4W and 20% higher at site Pzm5
(0.75 mM/m; Figure 7; Figure S14 in Supporting Information S1).

The presence of occluded free gas bubbles and dissolved gas migrating vertically via diffusion within the western
Vestnesa Ridge segment could explain the stiffness degradation. The slow nucleation and relatively slow vertical
migration of these gas bubbles by diffusion with respect to the high frequency of currents, tides and temperature
change cycles will subject the gassy sediments to cyclic loading that may degrade its structure and stiffness (e.g.,
Katsman et al., 2013; Barry et al., 2010). The exact evolution of gas bubbles within the surficial sediment cannot
be resolved with the data we report here (e.g., the stiffness damage by bubbles is not evident from the texture of
the sediment cores in the XRF images; Figure 2). However, experimental and theoretical studies on bubble growth
in fine-grained sediment show that the gas pressure, the grain size and the connectivity between micro-structures
of the hosting sediment determine the way gas is transported toward the surface. For clayey material, gas can only
migrate through fractures and discontinuities (Jain & Juanes, 2009; Katsman et al., 2013). Small, poorly intercon-
nected pore throats will however promote internal gas bubble growth, coalescence and eventually occlusion inside
the sediment, preventing gas flux from the seabed and favoring internal sediment swelling (Johnson et al., 2019).

We envision that enhanced swelling and internal bubble growth is dominant toward site 5 (the westernmost site).
PzmS5 pore pressure data (pressure pulses in Figure 3) suggest that the shallowest sediment (<5.49 mbsf) tends to
trap occluded free gas bubbles and respond the most to tidal cycles (Sultan et al., 2020). During less than 5 days of
data recording, the shallow sediments at the location of Pzm5 were submitted to 11 cycles of gas expansion/exso-
lution/compression. This long-term gas expansion/compression cycles have likely affected its stiffness (Figure 3;
Figure S15 in Supporting Information S1). The formation of hydrate lenses episodically during gas expansion
and exsolution cannot be excluded since the sediment interval is within the GHSZ. In this case, the coupling
between free-gas expansion/exsolution and hydrate formation/dissolution would be the factor at the origin of the
degradation of the sediment stiffness.

The geophysical data supports the notion of gas in the sediment. The interval that is seemingly less stiff (upper
6—7 m) is particularly well defined for the westernmost site 5 where it correlates with distinct transparent facies
(i.e., the acoustic energy recorded appears attenuated) in the chirp data (Figure 6¢). A transparent seismic facies
and lack of strong amplitude reflections indicate more absorption of acoustic waves in the higher frequency
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spectrum and less acoustic impedance contrasts. Such effect on the amount of energy absorbance can be caused
by the lack of sediment structure but also due to the presence of low-density (e.g., gas rich) fluids in the sediment
(e.g., Anderson & Bryant, 1990; Ruppel et al., 2005).

Assuming that the westward decrease in stiffness is associated with a westward increase in the amount of gas diffused
toward the surficial sediments, the question that arises is what geological mechanisms explain such a spatial variation
in sub-seabed gas transport along the c. 60 km long sedimentary ridge. We address this question in the next section by
discussing the observations from piezometer stations in relation to cross-disciplinary data available from the region.

5.3. Implications for Understanding Deformation Processes, Gas Hydrate Dynamics and Seepage
Evolution at Deep Ocean Basins

When placed into the geological context of the eastern Fram Strait, the analyses and interpretation of in situ
pressure and temperature data advance the discussion of the effect of glacial dynamics and tectonic forcing on the
evolution of gas hydrates and seepage systems (Figure 7).

Seismic characterization and basin modeling show: (a) that seafloor pockmarks are associated with faults and
fracture-controlled gas leakage from the free gas zone beneath the BSR which receives gas input from thermo-
genic reservoirs along the entire Vestnesa Ridge (Daszinnies et al., 2021; Plaza-Faverola et al., 2017); and (b)
that there are spatial changes in the azimuths of faults and sizes of associated seabed pockmarks (Plaza-Faverola
et al., 2015). We therefore deliberate on the potential connection between the inferred changes in sediment stiff-
ness, gas transport modes and the properties of faults.

The restricted distribution of acoustic flares in the east (Biinz et al., 2012; Hustoft et al., 2009; Plaza-Faverola
et al., 2017) and the presence of wide spread methane-related pockmarks without acoustic flares in parts of the
system (e.g., Consolaro et al., 2015; Vogt et al., 1994) forms the basis for arguing that the mode of gas transfer to
the seafloor has experienced changes (diffusive vs. advective) in time and space. Fault-controlled gas advection
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was a widespread dominant mechanism along the entire sedimentary ridge but ceased toward the western Vest-
nesa Ridge segment shortly after the LGM (i.e., the latest methane emission events documented here date to 14-8
ky BP; Consolaro et al., 2015). Since then, gas transfer to the sub-surface occurs predominantly via diffusion.
Both, diffusion and free gas advection, are processes still active at the eastern segment (Figure 7).

We argue that the response of sub-seabed faults and fractures to a dynamic stress regime determined by the
simultaneous effect of glacial processes (tectonic and sedimentary) and oblique mid-ocean ridge spreading is
likely the cause of the inferred spatiotemporal changes. On one hand, glacial isostatic rebound has exerted a
temporal control on gas advection by regulating the opening and closing of fractures at the base of the GHSZ via
slight changes in effective stresses (e.g., Grauls & Baleix, 1994). On the other hand, spatial changes in the tecton-
ostratigraphic stress regime have preconditioned the crust and the critically overpressured gas hydrate system
(Ramachandran et al., 2022) to fracture (or not) under evolving glacial stresses.

In such a shallow sedimentary setting, the instantaneous pressure needed to shut leaking tensile fractures may
closely match the fracture re-opening pressure when considering multiple cycles of leakage (e.g., Grauls &
Baleix, 1994; Jain & Juanes, 2009; Noél et al., 2019; Sano et al., 2005; Sibson, 1994). Therefore, a small change in
minimum horizontal stresses can make the shift between closing and re-opening pressures. Glacial stress models
for the Fram Strait show that during the LGM glacial stresses at the peripheral forebulge were tensile (i.e., mini-
mum horizontal stress c. —10 MPa; Vachon et al. (2022)). We infer that tensile glacio-tectonic stresses during the
beginning of the deglaciation were favorable for reactivating near vertical-shallow faults (Steffen et al., 2014) and
promoting gas advection toward the GHSZ. A shift toward negative effective stresses at the critically pressured
free gas zone beneath the GHSZ would provide the condition for tensile fracturing and associated gas advection
along the entire ridge. However, since the LGM, glacial stresses have been evolving into slightly less tensile to
positive (i.e., minimum horizontal stress c. —6 MPa; Vachon et al. (2022)). At a critical time, glacial stresses were
no longer suitable to trigger and maintain gas advection through tensile fractures in areas under larger background
principal stresses (e.g., a strike-slip stress regime is inferred westward; Plaza-Faverola & Keiding, 2019) where
larger pore pressures would have been required to overcome the hydro-fracturing criteria (e.g., Sibson, 1994;
Sano et al., 2005; Daszinnies et al., 2021). At present day, the glacial stress regime is presumably less suitable to
trigger widespread fault reactivation and tensile fracturing but just suitable for altering favorably oriented faults
(e.g., Steffen et al., 2014) in the part of the system that is under a tensile tectonic stress regime (Figure 7).

This hydromechanical model reconciles petrophysical, geophysical and geological observations from this gas
hydrate and seepage system (Figure 7) and provides a possible explanation for spatiotemporal changes in gas
transport modes through the GHSZ (i.e., dominance of diffusive gas flow over fracture driven or capillary inva-
sion flow at present day in parts of the margin) and associated sediment deformation influenced by the regional
stress regime. The model also provides an explanation for a correlation between paleo methane seepage events
and glacial cycles documented by several authors based on sedimentary proxies (e.g., Himmler et al., 2019;
Schneider et al., 2018; Dessandier et al., 2021; Consolaro et al., 2015).

Contrary to what is widely assumed (i.e., that sub-seabed deformation and fracture criteria are exclusively
controlled by vertical stress) cross-disciplinary observations from this Arctic margin together with in situ moni-
toring of sub-seabed pressures and temperatures (this study) provide evidence for an indirect control of the
regional stress regime (and associated horizontal forcing) on seepage evolution across rifted margins. Although
the data presented here are site specific, similar seemingly inactive seafloor seepage systems associated with
small scale shear structures can be observed at the Hikurangi margin in a convergent setting (Plaza-Faverola
et al., 2014), suggesting that localized temporal variations in horizontal forcing is an important factor controlling
the spatiotemporal evolution of seepage at all type of continental/oceanic margins.

The hydromechanical parameters and relationships documented for this Arctic setting, should contribute to
constrain numerical simulations of deformation processes and sediment instabilities in open ocean environments
where the role of gas hydrate and associated gas reservoirs on slope stability and sliding is consistently inferred
and remains highly intriguing (Elger et al., 2018; Vanneste et al., 2014).

6. Conclusions

The integration of piezometer data, with geotechnical and stratigraphic analyses from sediment cores along the
Vestnesa Ridge in the eastern Fram Strait, shows that there is a c. 6 m thick sediment interval beneath the
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seabed that is characterized by low stiffness and poor undrained cohesion. The alteration of the sediment stiffness
increases westward, from the continental slope toward the mid-ocean ridge, without a distinct correlation with
lithological, chronostratigraphic or consolidation state changes. We suggest this degradation of stiffness is linked
to the form of gas transport and sub-surface gas exsolution in response to sea-level fluctuations. The effect of gas
hydrate dissolution on the documented stiffness is a mechanism that cannot be ruled out.

Overall, the background pressure regime within the upper 10 m along the entire sedimentary ridge is at hydrostatic
equilibrium. However, localized excess pore pressures exist at given structural and sedimentological conditions.

When these observations are placed into the geological context of the region, it can be inferred that:

¢ The amount of gas that reaches the upper few meters in the sedimentary column via diffusion increases west-
ward, as the depth of the BSR decreases due to higher temperatures from the mid-ocean ridge.

e A few meters thick sediment interval with low stiffness and increased gas exsolution exists, that is highly
sensitive to the effect of sea-level changes and cyclic sediment loading. These processes work as a pump on
gassy sediments and damages the sediment structure, favoring internal gas bubble expansion/contraction and
preventing methane flux into the water column.

¢ The fluid flow regime from the base of the gas hydrate stability zone has evolved from being dominantly
advective in the past, along the entire sedimentary ridge, to be dominated by gas diffusion toward the western
segment. Such change in the fluid flow regime is associated with fault responses to a dynamic stress regime.
The gas hydrate system is critically pressured. A tensile background tectonic stress regime has pre-conditioned
the system for fault reactivation, tensile fracturing and gas advection induced by stresses from glacial isostacy
through the deglaciation periods. The present-day glacial stress regime is no longer suitable to sustain gas
advection in a zone where oblique mid-ocean ridge spreading results in a more strike-slip stress regime.

As far as we are aware of, this is the first attempt to monitor the pore pressure regime across a continental
slope and continental rise transect, in particular at an Arctic margin where gas hydrates, seafloor seepage and
sub-seabed deformation are highly influenced by sedimentary, oceanographic and glacio-tectonic processes. The
use of a multidisciplinary approach at this Arctic setting provides valuable insights into the coupling between
fluid flow, near surface sedimentary deformation and regional forcing at oceanic and continental margins. The
study is the first of its kind and will help constraining numerical simulations as well as improving our understand-
ing of pre-conditioning criteria for offshore sediment instabilities.

Data Availability Statement
The data is deposited in DataverseNO, UiT's open research data base (https://doi.org/10.18710/GUX208).
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