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Abstract. Methane seepage occurs across the western Sval-
bard margin at water depths ranging from <300 m, landward
from the shelf break, to > 1000 m in regions just a few kilo-
metres from the mid-ocean ridges in the Fram Strait. The
mechanisms controlling seepage remain elusive. The Vest-
nesa sedimentary ridge, located on oceanic crust at a depth
of 1000-1700 m, hosts a perennial gas hydrate and associated
free gas system. The restriction of the occurrence of acoustic
flares to the eastern segment of the sedimentary ridge, despite
the presence of pockmarks along the entire ridge, indicates a
spatial variation in seepage activity. This variation coincides
with a change in the faulting pattern as well as in the charac-
teristics of the fluid flow features. Due to the position of the
Vestnesa Ridge with respect to the Molloy and Knipovich
mid-ocean ridges, it has been suggested that seepage along
the ridge has a tectonic control. We modelled the tectonic
stress regime due to oblique spreading along the Molloy and
Knipovich ridges to investigate whether spatial variations in
the tectonic regime along the Vestnesa Ridge are plausible.
The model predicts a zone of tensile stress that extends north-
ward from the Knipovich Ridge and encompasses the zone of
acoustic flares on the eastern Vestnesa Ridge. In this zone the
orientation of the maximum principal stress is parallel to pre-
existing faults. The model predicts a strike-slip stress regime
in regions with pockmarks where acoustic flares have not
been documented. If a certain degree of coupling is assumed
between deep crustal and near-surface deformation, it is pos-
sible that ridge-push forces have influenced seepage activity
in the region by interacting with the pore-pressure regime
at the base of the gas hydrate stability zone. More abundant
seepage on the eastern Vestnesa Ridge at present may be

facilitated by the dilation of faults and fractures favourably
oriented with respect to the stress field. A modified state of
stress in the past, due to more significant glacial stress for in-
stance, may explain vigorous seepage activity along the en-
tire Vestnesa Ridge. The contribution of other mechanisms to
the state of stress (i.e. sedimentary loading and lithospheric
flexure) remain to be investigated. Our study provides a first-
order assessment of how tectonic stresses may be influencing
the kinematics of near-surface faults and associated seepage
activity offshore of the western Svalbard margin.

1 Introduction

Hundreds of gigatonnes of carbon are stored as gas hy-
drates and shallow gas reservoirs in continental margins (e.g.
Hunter et al., 2013). The release of these carbons over geo-
logical time, a phenomenon known as methane seepage, is
an important contribution to the global carbon cycle. Un-
derstanding and quantifying seepage has important implica-
tions for ocean acidification, deep-sea ecology, and global
climate. Periods of massive methane release from gas hydrate
systems (e.g. Dickens, 2011) or from large volcanic basins
like that in the mid-Norwegian margin (e.g. Svensen et al.,
2004) have been linked to global warming events such as the
Palaeocene—Eocene thermal maximum. In addition, methane
seepage and near-seafloor gas migration have implications
for geohazards, as pore-fluid pressure destabilization is one
factor associated with the triggering of submarine landslides
(e.g. DeVore and Sawyer, 2016; Urlaub et al., 2015). It is
well known that seepage at continental margins has been oc-
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Figure 1. (a) International Bathymetric Chart of the Arctic Ocean
(IBCAO) showing the geometry of mid-ocean ridges offshore of the
western Svalbard margin. (b) High-resolution bathymetry along the
Vestnesa Ridge (UiT, R/V Helmer Hanssen multi-beam system).
Seafloor pockmarks are observed along the entire ridge, but acous-
tic flares are restricted to the eastern segment. PKF refers to Prins
Karls Forland, STF refers to the Spitsbergen Transform Fault, MR
refers to Molloy Ridge, MTF refers to the Molloy Transform Fault,
KR refers to Knipovich Ridge, COT is the continental-oceanic tran-

sition (Engen et al., 2008), and the ice-sheet extent is represented by
the dashed line (Patton et al., 2016).

curring episodically for millions of years (e.g. Judd and Hov-
land, 2009), but there is a poor understanding of what forces
1t.

Present-day seepage is identified as acoustic flares in the
water column that commonly originate at seafloor depres-
sions (e.g. Chand et al., 2012; Salomatin and Yusupov, 2011;
Skarke et al., 2014; Smith et al., 2014; Westbrook et al.,
2009), while authigenic carbonate mounds are used as in-
dicators of longer-term seepage activity (e.g. Judd and Hov-
land, 2009). Seepage at the theoretical upstream termination
of the gas hydrate stability zone (GHSZ) (i.e. coinciding with
the shelf edge) at different continental margins, has been ex-
plained by temperature driven gas hydrate dissociation (e.g.
Skarke et al., 2014; Westbrook et al., 2009). On formerly
glaciated regions off Svalbard and in the Barents Sea, active
seepage has been explained by gas hydrate dissociation ei-
ther due to pressure changes resulting from the retreat of the
ice sheet (e.g. Portnov et al., 2016; Andreassen et al., 2017)
or to post-glacial uplift (Wallmann et al., 2018).

Across the western Svalbard margin, active seepage ex-
tends beyond the shelf break and the region formerly cov-
ered by ice. As a matter of fact, active seepage sites have
been identified from inside Isfjorden (Roy et al., 2014) to
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water depths of ~ 1200 m (Smith et al., 2014), where the
Vestnesa Ridge hosts a perennially stable gas hydrate sys-
tem > 50 km seaward from the ice-sheet grounding line. The
Vestnesa Ridge is a NW-SE oriented contourite deposit lo-
cated between the northward termination of the Knipovich
Ridge and the eastern flank of the Molloy spreading ridge
in the Fram Strait (Fig. 1). Seafloor pockmarks along the
Vestnesa Ridge, first documented by Vogt et al. (1994), exist
along the entire ridge. However, acoustic flares have been ob-
served to originate exclusively at large pockmarks located on
the eastern part of the sedimentary ridge (Figs. 2, 3). Thus,
a clear increase in seepage activity towards the easternmost
part of the ridge is evident from multiple-year water-column
acoustic surveys (Petersen et al., 2010; Biinz et al., 2012;
Plaza-Faverola et al., 2017; Smith et al., 2014). In this pa-
per, we use the terminology “active” and “inactive” to differ-
entiate between sites with and without documented acoustic
flares. Even though methane advection and methanogenesis
are likely to be active processes along the entire Vestnesa
Ridge, the presence of inactive pockmarks adjacent to a zone
of active seepage raises questions regarding what controls
temporal and spatial variations in seepage activity along the
ridge.

Plaza-Faverola et al. (2015) documented seismic differ-
ences in the orientation and type of faulting along the ridge
and showed a link between the distribution of gas chim-
neys and faults. They hypothesized that seepage activity may
be explained by spatial variation in the tectonic stress field
across the margin (Plaza-Faverola et al., 2015). However, the
state of stress across Arctic passive margins has not been in-
vestigated. The total state of stress at formerly glaciated con-
tinental margins can be the result of diverse factors includ-
ing bathymetry and sub-surface density contrasts, subsidence
due to glacial or sedimentary loading and lithospheric cool-
ing, in addition to ridge-push forces (Fejerskov and Lind-
holm, 2000; Lindholm et al., 2000; Olesen et al., 2013; Stein
et al., 1989; Grunnaleite et al., 2009).

The interaction between the above-mentioned factors ren-
ders modelling of the total state of stress a complex prob-
lem that has not yet been tackled. In this study, we focus
exclusively on the potential contribution of oblique spread-
ing at the Molloy and the Knipovich ridges to the total state
of stress along the Vestnesa Ridge and undertake a quali-
tative analysis of how stress generated by mid-ocean ridge
spreading may influence near-surface faulting and associ-
ated seepage activity. The study of the effect of ridge-push
forces on near-surface deformation across the western Sval-
bard margin contributes to the current debate about neo-
tectonism and stress field variations across passive margins
(Olesen et al., 2013; Salomon et al., 2015). It also has impli-
cations for understanding the mechanisms that control seep-
age at continental margins globally. Splay-faults are found
to drive fluid migration at subduction margins and to sus-
tain shallow gas accumulations and seepage (e.g. Plaza-
Faverola et al., 2016; Minshull and White, 1989; Moore and
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Vrolijk, 1992; Crutchley et al., 2013); furthermore, the rela-
tionship between fault kinematics and fluid migration, in par-
ticular, has been documented at accretionary margins where
earthquake-induced seafloor seepage has been observed (e.g.
Geersen et al., 2016). So far, information about the present-
day stress regime in the Fram Strait has been limited to large-
scale lithospheric density models (Schiffer et al., 2018) and
a number of stress vectors from earthquake focal mecha-
nisms along the mid-Atlantic plate boundary (Heidbach et
al., 2016). Our study provides a first-order assessment of how
stresses from slow spreading mid-ocean ridges may be influ-
encing the kinematics of near-surface faults and associated
seepage activity across an Arctic passive margin.

2 Structural and stratigraphic setting

In the Fram Strait, sedimentary basins are within tens of kilo-
metres from ultra-slow spreading Arctic mid-ocean ridges
(Fig. 1). The opening of the Fram Strait was initiated 33 Myr
ago and evolved as a result of slow spreading of the Mol-
loy and Knipovich ridges (Engen et al., 2008). An important
transpressional event deformed the sedimentary sequences
off western Svalbard, resulting in folds and thrust belts, dur-
ing the Paleocene—Eocene dextral movement of Spitsbergen
with respect to Greenland. Transpression stopped in the early
Oligocene when the tectonic regime became dominated by
extension (Myhre and Eldholm, 1988). The circulation of
deep water masses through the Fram Strait started during the
Miocene, ca. 17-10 Myr ago (Jakobsson et al., 2007; Ehlers
and Jokat, 2009), and established the environmental condi-
tions for the evolution of bottom current-driven sedimentary
drifts (Eiken and Hinz, 1993; Johnson et al., 2015). It has
been suggested that the opening of the northern Norwegian—
Greenland Sea was initiated by the northward propagation of
the Knipovich Ridge into the ancient Spitsbergen shear zone
(Crane et al., 1991).

The continental crust beneath the western coast of Sval-
bard thins towards the Hornsund Fault zone indicating ex-
tension following the opening of the Greenland Sea (Faleide
et al.,, 1991). Late Miocene and Pliocene sedimentation,
driven by bottom currents, resulted in the formation of the
ca. 100 km long Vestnesa Ridge between the shelf break off
western Svalbard and oceanic crust highs at the eastern flank
of the Molloy mid-ocean ridge (Eiken and Hinz, 1993; Vogt
et al., 1994). The sedimentary ridge is oriented parallel to the
Molloy Transform Fault and its crest experiences a change in
morphology from narrow on the eastern segment to broader
on the western Vestnesa Ridge segment (Fig. 2). The exact
location of the continental-ocean transition remains uncer-
tain (Eldholm et al., 1987), but it is inferred to be near the
transition from the eastern to the western segments (Engen et
al., 2008).
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Figure 2. Composite figure with bathymetry and variance maps
from 3-D seismic data along the eastern and the western Vestnesa
Ridge segments (modified from Plaza-Faverola et al., 2015). The
orientation of the maximum compressive horizontal stress (o) and
minimum horizontal stress (o},) predicted by the model are pro-
jected for comparison with the orientation of fault segments. No-
tice the favourable orientation for opening to fluids on the eastern
Vestnesa Ridge segment. Two 2-D seismic transects (A—A’ — Biinz
et al., 2012 and B-B’ — Johnson et al., 2015) illustrate the morpho-
logical difference of the crest of the Vestnesa Ridge (i.e. narrow
vs. extended) which are believed to be determined by bottom cur-
rent dominated deposition and erosion (Eiken and Hinz, 1993). BSR
refers to bottom simulating reflector.

The total sedimentary thickness along the Vestnesa Ridge
remains unconstrained. Based on one available regional seis-
mic profile it can be inferred that the ridge is > 5 km thick in
places (Eiken and Hinz, 1993). It has been divided into three
main stratigraphic units (Eiken and Hinz, 1993; Hustoft,
2009): the deepest sequence, YPI1, consists of syn-rift and
post-rift sediments deposited directly on the oceanic crust;
YP2 consists of contourites; and YP3, corresponding to the
onset of Pleistocene glaciations (ca. 2.7 Myr ago) (Mattings-
dal et al., 2014), is dominated by glaciomarine contourites
and a mix of turbidites in regions close to the shelf break. The
effect of ice-sheet dynamics on the western Svalbard margin
(Patton et al., 2016; Knies et al., 2009) has influenced the
stratigraphy, and most likely the morphology, of the Vest-
nesa Ridge and adjacent sedimentary basins. In this Arctic
region, glaciations are believed to have started even earlier
than 5Myr ago. The local intensification of glaciations is
inferred to have started ca. 2.7 Myr ago (e.g. Faleide et al.,
1996; Mattingsdal et al., 2014). Strong climatic fluctuations
characterized by intercalating colder, intense glaciations with
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warmer and longer interglacials, dominated the last ca. 1 Myr
(e.g. Jansen et al., 1990; Jansen and Sjgholm, 1991).

3 Seismic data

Faults and fluid flow related features along the Vestnesa
Ridge are described by several authors (Biinz et al., 2012;
Hustoft, 2009; Petersen et al., 2010; Plaza-Faverola et al.,
2015, 2017). Two 3-D high-resolution seismic data sets ac-
quired on the western and the eastern regions of Vestnesa
Ridge (Fig. 2), respectively, and one 2-D seismic line ac-
quired along the entire Vestnesa Ridge extent have been par-
ticularly useful in the description of the structures along the
ridge (Fig. 2). These data have been previously used for the
investigation of the bottom simulating reflection dynamics
(i.e. the seismic indicator of the base of the gas hydrate stabil-
ity zone) (Plaza-Faverola et al., 2017) and documentation of
gas chimneys and faults in the region (Petersen et al., 2010;
Plaza-Faverola et al., 2015; Biinz et al., 2012). The 3-D seis-
mic data were acquired on board R/V Helmer Hanssen us-
ing the high-resolution P-Cable system (Planke et al., 2009).
The 2-D lines were also collected connecting four stream-
ers from the P-Cable system for 2-D acquisition. Final lat-
eral resolution of the 3-D data sets is given by a bin size
of 6.25 x 6.25m?2, and the vertical resolution is >3 m with
a dominant frequency of 130 Hz. Details about acquisition
and processing can be found in Petersen et al. (2010) and
Plaza-Faverola et al. (2015). For the 2-D survey the domi-
nant frequency was ~ 80 Hz resulting in a vertical resolution
>4.5 m (assumed as A /4 with an acoustic velocity in water of
1469 ms—! given by CTD data; Plaza-Faverola et al., 2017).

4 The modelling approach

The modelling carried out in this study deals exclusively with
tectonic stress due to ridge push. We use the approach by Kei-
ding et al. (2009) based on the analytical solutions derived
by Okada (1985), to model the plate motion and tectonic
stress field due to spreading along the Molloy and Knipovich
ridges.

The Okada model and our derivation of the stress field
from it is described in more detail in Appendix A. The Mol-
loy and Knipovich ridges are modelled as rectangular planes
with opening and transform motion in a flat Earth model
with elastic, homogeneous, isotropic rheology (Fig. Al in
Appendix). Each rectangular plane is defined by 10 model
parameters used to approximate the location, geometry, and
deformation of the spreading ridges (Okada, 1985; see Sup-
plement Table S1). The locations of the two spreading ridges
were constrained from bathymetry maps (Fig. 1). The two
spreading ridges are assumed to have continuous, symmet-
ric deformation below the brittle—ductile transition, with a
half spreading rate of 7 mm yr~! and a spreading direction of
N125°E, according to recent plate motion models (DeMets
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et al., 2010). Because the spreading direction is not perpen-
dicular to the trends of the spreading ridges, this results in
both opening and right-lateral motion; that is, oblique spread-
ing on the Molloy and Knipovich ridges. The Molloy Trans-
form Fault, which connects the two spreading ridges, trends
N133°E; thus, a spreading direction of N125° E implies ex-
tension across the transform zone. We use a depth of 10 km
for the brittle—ductile transition and 900 km for the lower
boundary of the deforming planes, to avoid boundary effects.
For the elastic rheology, we assume typical crustal values of
Poisson’s ratio = 0.25 and shear modulus = 30 GPa (Turcotte
and Schubert, 2002). We perform sensitivity tests for realis-
tic variations in (1) model geometry, (2) spreading direction,
(3) depth of the brittle—ductile transition, and (4) Poisson’s
ratio (Supplement). Variations in shear modulus, e.g. reflect-
ing differences in elastic parameters of crust and sediments,
would not influence the results, because we do not consider
the magnitude of the stresses.

Asymmetric spreading has been postulated for the
Knipovich Ridge based on heat flow data (Crane et al., 1991),
and for other ultra-slow spreading ridges based on magnetic
data (e.g. Gaina et al., 2015). However, the evidence for
asymmetry along the Knipovich Ridge remains inconclusive
and debatable in terms, for example, of the relative speeds
suggested for the North American (faster) and the Eurasian
(slower) plates (Crane et al., 1991; Morgan, 1981; Vogt et al.,
1994). This reflects that the magnetic data currently available
from the western Svalbard margin is not of a quality that al-
lows for an assessment of possible asymmetry of the spread-
ing in the Fram Strait (Nasuti and Olesen, 2014). Thus, sym-
metry is conveniently assumed for the purpose of the present
study.

We focus on the stress field in the upper part of the
crust (where the GHSZ is) and characterize the stress regime
based on the relationship between the horizontal and verti-
cal stresses. We refer to the stresses as oy (vertical stress),
oy (maximum horizontal stress), and oy, (minimum horizon-
tal stress), where compressive stress is positive (Zoback and
Zoback, 2002). A tensile stress regime (oy > oy > oy) favours
the opening of steep faults that can provide pathways for
fluids. Favourable orientation of stresses with respect to ex-
isting faults and/or pore-fluid pressures increasing beyond
hydrostatic pressures are additional conditions that lead to
the opening for fluids under strike-slip (oyg> oy >o0y) and
compressive (oy >op > oy) regimes (e.g. Grauls and Baleix,
1994).
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5 Results

5.1 Predicted type and orientation of stress fields due
to oblique spreading at the Molloy and the
Knipovich ridges

The model predicts zones of tensile stress near the spreading
ridges, and strike-slip at larger distances from the ridges. An
unexpected pattern of tensile stress arises from the northward
termination and the southward termination of the Knipovich
and Molloy ridges respectively (Fig. 3). The zone of tensile
stress that extends northward from the Knipovich Ridge, en-
compasses the eastern part of the Vestnesa Ridge. The west-
ern Vestnesa Ridge, in comparison, lies entirely in a zone of
strike-slip stress (Fig. 3). The sensitivity tests show that the
tensile stress zone is a robust feature of the model, meaning
that variations in the parameters result in a change of the ex-
tent and shape of the tensile zone but the zone remains in
place (Supplement). It appears that the tensile zone is a re-
sult of the interference of the stress from the two spreading
ridges. To illustrate this, we ran the model for the Molloy
Ridge and the Knipovich Ridge independently. In the model
with Knipovich Ridge alone, a large tensile zone extends
north-east from the ridge’s northern end, covering only the
easternmost corner of Vestnesa Ridge (Fig. 4). Under the in-
fluence of the strike-slip field from the Molloy Ridge, this
zone is deflected and split into two lobes, one of which ex-
tends to the eastern Vestnesa Ridge segment.

To investigate the geometric relationship between the pre-
dicted stress field and mapped faults, we calculated the orien-
tations of maximum compressive horizontal stress (Lund and
Townend, 2007). The maximum horizontal stresses (op) ap-
proximately align with the spreading axes within the tensile
regime and are perpendicular to the axes within the strike-slip
regime (Fig. 3). Spreading along the Molloy Ridge causes
a NW-SE orientation of the maximum compressive stress
along most of the Vestnesa Ridge, except for the eastern seg-
ment where the influence of the Knipovich Ridge results in a
rotation of the stress towards the E-W (Fig. 3).

The simplifying assumptions involved in our model im-
ply that the calculated stresses in the upper crust are uncon-
strained to a certain degree. However, the predicted stress di-
rections are in general agreement with other models of plate
tectonic forces (e.g. Golke and Coblentz, 1996; Naliboff et
al., 2012). In addition, Arnadéttir et al. (2009) demonstrated
that the deformation field from the complex plate boundary
in Iceland could be modelled using Okada’s model. More im-
portantly, a comparison of the predicted strike-slip and ten-
sile stress fields from plate spreading and observed earth-
quake focal mechanisms shows an excellent agreement, both
with regards to stress regime and the orientation of the max-
imum compressive stress. The earthquake focal mechanisms
are mostly normal along the spreading ridges and strike-slip
along the transform faults, and the focal mechanism pres-
sure axes align nicely with the predicted directions of max-
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Figure 3. Modelled upper crustal tectonic stress field (blue — ten-
sile and green — strike-slip regime) and stress orientations, due to
oblique spreading at the Molloy Ridge (MR) and the Knipovich
Ridge (KR). The outline of a seismic line (Plaza-Faverola et al.,
2017) is projected as a reference for the crest of the Vestnesa
Ridge. Red lines are faults, yellow dots are seeps, and white cir-
cles are pockmarks where no acoustic flares have been documented.
STF refers to the Spitsbergen Transform Fault, and MTF refers to
the Molloy Transform Fault. The focal mechanisms are from the
ISC online bulletin (http://www.isc.ac.uk, last access: December
2016).

Figure 4. Stress field resulting from model runs with Molloy Ridge
and Knipovich Ridge, respectively: tensile stress field (blue); strike-
slip stress field (green).

imum compressive stress (Fig. 3). The good agreement be-
tween Okada’s model and other modelling approaches as
well as between the resulting stresses and focal mechanisms
in the area indicates that the model, despite the simplicity
of its assumptions, provides a correct first-order prediction
of the orientation and type of the stress field in the upper
crust (other possible sources of stress in the region will be
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discussed in more detail in Sect. 6.1). The degree to which
the crustal stresses are transferred to the sedimentary succes-
sions of the Vestnesa Ridge remains an open question. For
compacted stratigraphic formations in the Norwegian Sea,
a comparison of shallow in situ stress measurements and
deeper observations from earthquake focal mechanisms in-
dicates that the stress field is homogeneous in direction over
a large depth range (Fejerskov and Lindholm, 2000). How-
ever, for an overburden constituted of Quaternary sediments
the stress coupling between the crust and the near-surface
depends on the shear strength of the sediments. The upper
200 m of hemipelagic sediment along the Vestnesa Ridge are
relatively young (<2 Myr old) and the degree of sediment
consolidation remains uninvestigated. Nevertheless, the fact
that a large number of faults extend several hundred metres
through the sediments suggests that the compaction of the
sediments has been large enough to build up some amount of
shear strength. Geotechnical studies from different continen-
tal margins indicate that deep marine sediments can experi-
ence high compressibility due to homogeneity in the grain
structure (i.e. large areas made of a single type of sediment),
providing favourable conditions for shear failure (Urlaub et
al., 2015; DeVore and Sawyer, 2016). Therefore, we consider
it possible that the upper sedimentary column along the Vest-
nesa Ridge has been deformed by tectonic stress.

5.2 Distribution of faults and seepage activity along the
Vestnesa Ridge with respect to modelled tectonic
stress

High-resolution 3-D seismic data collected on the eastern
Vestnesa Ridge revealed sub-seabed NW-SE oriented, near-
vertical faults with a small normal throw (< 10 m; Fig. 5). In
this part of the Vestnesa Ridge, gas chimneys and seafloor
pockmarks are ca. 500 m in diameter. On structural maps ex-
tracted along surfaces within the GHSZ gas chimneys project
over fault planes or at the intersection between fractures
(Figs. 2 and 3c). A set of N-S to NNE-SSE trending faults
outcrop at the seafloor in a narrow zone between the Vestnesa
Ridge and the northern termination of the Knipovich Ridge
(Figs. 1 and 2). These faults have been suggested to indicate
ongoing northward propagation of the Knipovich rift system
(Crane et al., 2001; Vanneste et al., 2005). The NW-SE ori-
ented sub-seabed faults and fractures at the crest of the Vest-
nesa Ridge could be genetically associated with these out-
cropping faults (Plaza-Faverola et al., 2015; Fig. 2).

Most of the outcropping N—S to NNE-SSE oriented faults
north of the Knipovich Ridge and the sub-seafloor NW-
SE oriented faults on the eastern Vestnesa Ridge are lo-
cated within the zone of modelled tensile regime that extends
northward from the Knipovich Ridge (Fig. 3). The orien-
tation of oy rotates from being perpendicular to the Mol-
loy Ridge near sub-seafloor faults at the eastern Vestnesa
Ridge, to being more perpendicular to the Knipovich Ridge
in places within the tensile zone (Fig. 3). Interestingly, doc-
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Figure 5. Integrated seismic and bathymetry image of the gas hy-
drate system along the Vestnesa Ridge. (a) Outcropping N-S ori-
ented fault located at the transition from the region where acous-
tic flares have been documented to the region where no flares have
been observed; (b) gas chimneys with associated acoustic flare and
inferred high pore-fluid pressure (Pf) zone at the base of the gas
hydrate stability zone; (c¢) gas chimney associated with faults and
faults extending to near-surface strata without being associated with
chimneys. The same variance map as in Fig. 2 is projected at the
depth where the map was extracted along a surface interpreted on
the 3-D seismic volume. Green patches represent interpreted zones
of buried authigenic carbonate that can activate a self-sealing mech-
anism leading to hydrofracturing and chimney development (Plaza-
Faverola et al., 2015).

umented acoustic flares along the Vestnesa Ridge are also
located within the zone of modelled tensile stress regime
(Fig. 3). The match between the extent of the modelled ten-
sile regime and the active region of pockmarks is not ex-
act: pockmarks with acoustic flares exist a few kilometres
westward from the termination of the tensile zone (Fig. 3).
However, the agreement is striking from a regional point of
view. Some of the outcropping faults north of the Knipovich
Ridge and south of the Molloy transform fault appear to be
located outside the modelled tensile zone (Figs. 3, S1-S4 in
the Supplement). Inactive pockmarks (i.e. no acoustic flares
have been observed during several visits to the area) are vis-
ible on high-resolution bathymetry maps over these faulted
regions (Dumke et al., 2016; Hustoft et al., 2009; Johnson et
al., 2015; Waghorn et al., 2018).

In a similar high-resolution 3-D seismic data set from the
western Vestnesa Ridge the faults have different character-
istics compared to those of the eastern segment. In this part
of the ridge gas chimneys are narrower, buried pockmarks
are stacked more vertically than the chimneys towards the
east, and it is possible to recognize more faults reaching the
present-day seafloor (Plaza-Faverola et al., 2015). Fault seg-
ments are more randomly oriented with a tendency toward
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WNW-ESE and E-W orientations (Fig. 2). These structures
coincide with a modelled strike-slip stress regime with oy
oriented nearly perpendicular to the Molloy Ridge (Fig. 3).

6 Discussion

The striking coincidence between the spatial variation in
modelled stress regimes and the pattern of faulting and seep-
age activity along the Vestnesa Ridge leads to the discussion
of whether tectonic stresses resulting from plate spreading at
the Molloy and the Knipovich ridges have the potential to in-
fluence near-surface deformation and fluid dynamics in the
study area. We first discuss the modelling results in the con-
text of the total state of stress across passive margins and the
extent to which regional stresses can influence near-surface
deformation. Assuming that tectonic stress can potentially
influence near-surface deformation, we then discuss the ef-
fect that the modelled stress fields would have on pre-existing
faults and associated fluid migration. Finally, we propose a
model to explain seepage evolution along the Vestnesa Ridge
coupled to stress field variations. We close the discussion
with a note on the implications of the present study with
respect to understanding near-surface fluid dynamics across
passive margins globally.

6.1 Modelled stress in the context of the state of stress
along the Vestnesa Ridge

In this study we focused exclusively on modelling the type
and orientation of stresses potentially generated by spreading
at the Molloy and Knipovich ridges. Other sources of stress
have been disregarded thus far. Hence, the modelled stress
field documented in this study cannot be considered as a rep-
resentation of the total stress field in the region. Modelling
studies from Atlantic-type passive margins, suggest that from
all the possible sources of stress across passive margins (i.e.
sediment loading, glacial flexure, spatial density contrasts,
and ridge push as well as basal drag forces) sediment load-
ing (assuming elastic deformation) appears to be the mecha-
nism with the potential to generate the largest magnitudes of
stresses across passive margins (Stein et al., 1989; Turcotte
et al., 1977). However, stress information derived from seis-
mological and in situ data (Fjeldskaar and Amantov, 2018;
Grunnaleite et al., 2009; Lindholm et al., 2000; Olesen et al.,
2013) and palaeo-stress field analyses based on dip and az-
imuth of fault planes (Salomon et al., 2015) point towards
the dominant effect of ridge-push forces on the state of stress
across passive continental margins. Given the proximity of
the Vestnesa Ridge to the Molloy and the Knipovich ridges
(Fig. 1), we argue that tectonic stress from spreading could
be an important factor, perhaps even a dominant factor, con-
trolling near-surface deformation along the Vestnesa Ridge.
The contemporary stress field across the western Sval-
bard passive margin is presumably the result of an inter-
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action between large-scale tectonic stress mechanisms (i.e.
ridge push, basal drag) overprinted by regional (i.e. density
contrasts, glacial related flexure, sediment loading) and lo-
cal (e.g. topography, pore-fluid pressure variations, faulting)
mechanisms. In the concrete case of the Vestnesa Ridge, a
change in the faulting pattern, the distribution of shallow gas
and gas hydrates, and differences in the topographic charac-
teristics of the ridge crest (Figs. 2 and 5), are all factors likely
to induce local changes in the degree of compaction and in
near-surface stress. We discuss how local stress-generating
mechanisms may interact with tectonic forcing to control
fluid dynamics and seepage in the following sections.

The Vestnesa sedimentary Ridge sits over relatively young
oceanic crust, <19 Myr old (Eiken and Hinz, 1993; Hus-
toft et al., 2009). The oceanic—continental transition is not
well constrained but its inferred location crosses the Vest-
nesa Ridge at its easternmost end (Engen et al., 2008; Hus-
toft et al., 2009). This is a zone prone to flexural subsidence
due to cooling during the evolution of the margin, and the
oceanic crust may have experienced syn-sedimentary subsi-
dence focused around the oceanic—continental transition, as
suggested for Atlantic passive margins (Turcotte et al., 1977).
However, syn-sedimentary subsidence would result in N-S
oriented faults (i.e. reflecting the main direction of major rift
systems during basin evolution) (Faleide et al., 1991, 1996).
Although one N-S oriented fault outcrops in bathymetry data
at the transition from the eastern to the western Vestnesa
Ridge segments (Fig. 5a), most of the sub-seabed faults and
associated fluid migration features in the 3-D seismic data
are NW-SE to E-W oriented (Figs. 1 and 2).

The weight of the contourite ridge over the oceanic crust
may have generated additional stress on the Vestnesa Ridge.
Sedimentation rates on the Vestnesa Ridge have been mod-
erate, and are estimated to have fluctuated between 0.1 and
0.6mmyear~! since the onset of glaciations 2.7 Myr ago
(Plaza-Faverola et al., 2017; Knies et al., 2018; Mattings-
dal et al., 2014). The lithology of the upper sediment along
the ridge appears dominated by soft fine-grained hemipelagic
clayey silt with variable concentrations of ice-rafted debris
(Sztybor and Rasmussen, 2017a). Together, sedimentation
rates and a high clay content would provide an ideal set-
ting for under-compaction due to increased pore-fluid pres-
sure (e.g. Fertl, 1976; Buchan and Smith, 1999). High pore-
fluid pressure would lead to a decrease in the effective stress
and favour shearing (Grauls and Baleix, 1994). Whether sed-
imentation rates allowed stress to build up through the up-
per strata faster than they caused relaxation at the crust (i.e.
as expected for sedimentation rates larger than 1 mm year™!;
Stein et al., 1989), as well as what the role of gas hydrates
and authigenic carbonate on the compaction history of the
sediment has been remains to be investigated.

Glacial isostasy results in significant stresses associated
with flexure of the lithosphere as the ice sheet advances
or retreats. Present uplift rates are highest at the centre of
the formerly glaciated region where the ice thickness was
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at its maximum (Fjeldskaar and Amantov, 2018). Modelled
present-day uplift rates at the periphery of the Barents Sea ice
sheet ranges from 0 to —1 mm year™!, depending on the ice-
sheet model used in the calculation (Auriac et al., 2016). This
compares to an uplift rate of up to 9 mm year~! at the centre
of the ice sheet (Auriac et al., 2016; Patton et al., 2016). Mod-
elled glacial stresses induced by the Fennoscandian ice sheet
on the mid-Norwegian margin are close to zero at present day
(Lund et al., 2009; Steffen et al., 2006). By analogy, present-
day stress along the Vestnesa Ridge — located ~ 60 km from
the shelf break — may be insignificant. It is likely that glacial
stresses as far off as the Vestnesa Ridge had a more signifi-
cant effect in the past, as further discussed in Sect. 6.3 and
6.4.

Finally, ridge-push forcing has the potential to be a dom-
inant factor on the state of stress across the western Sval-
bard margin as observed for Norwegian margins (Fejerskov
and Lindholm, 2000; Lindholm et al., 2000). Specifically,
the Vestnesa Ridge has the particularity that it is located
within the expected range of maximum influence of ridge-
push forces on the stress regime (Fejerskov and Lindholm,
2000) and that forces from two spreading ridges influence it
from different directions (i.e. the Molloy Ridge from the west
and the Knipovich Ridge from the south-east). The intrigu-
ing stress pattern appears to be caused by the interaction of
the stress generated by the two spreading ridges, as described
above (Sect. 5.1).

6.2 Effect of the modelled stress fields on pre-existing
faults and present-day seepage

Bearing in mind that several factors contribute to the to-
tal state of stress at different scales across passive margins
we assume that an influence on near-surface deformation by
mid-ocean ridge stresses is plausible and discuss their po-
tential effect on seepage activity. Depending on the tectonic
regime, the permeability through faults and fractures may
be enhanced or inhibited (e.g. Sibson, 1994; Hillis, 2001;
Faulkner et al., 2010). Thus, spatial and temporal variations
in the tectonic stress regime may control the transient release
of gas from the seafloor over geological time as documented,
for example, for CO, analogues in the Colorado Plateau (e.g.
Jung et al., 2014).

A gas hydrate system is well developed and shallow gas
accumulates at the base of the GHSZ along the entire Vest-
nesa Ridge (Plaza-Faverola et al., 2017). Thermogenic gas
accumulations at the base of the GHSZ (Fig. 5) are struc-
turally controlled (i.e. the gas migrates towards the crest of
the sedimentary ridge) and together with microbial methane
this gas sustains present-day seepage activity (Biinz et al.,
2012; Plaza-Faverola et al., 2017; Knies et al., 2018). How-
ever, seepage is focused and restricted. Some of the mecha-
nisms commonly invoked to explain seepage activity across
passive margins include climate related gas hydrate dissoci-
ation, tidal or seasonal sea-level changes, and pressure in-
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creases in shallow reservoirs due to fast sedimentation (e.g.
Biinz et al., 2003; Hustoft et al., 2010; Karstens et al., 2018;
Riboulot et al., 2014; Skarke et al., 2014; Berndt et al., 2014;
Wallmann et al., 2018; Westbrook et al., 2009; Franek et al.,
2017). While all of these mechanisms may influence seepage
systems as deep as the Vestnesa Ridge (> 1000 m deep; as
discussed further in Sect. 6.3), they offer no explanation as to
why seepage activity is more substantial within chimney sites
proximal to or at fault planes and why seepage is at a mini-
mum or stopped elsewhere along the ridge (Figs. 2, 5). Over-
all, the pattern of seepage activity along the Vestnesa Ridge
is strikingly consistent with the modelled tectonic stress field
pattern. Acoustic flares have been documented to originate
from < 10 m broad zones (Panieri et al., 2017) within pock-
marks located exclusively along faults. We suggest that these
faults are favourably oriented with respect to a tectonic oy
(Fig. 2) and that opening of fault segments favourably ori-
ented with respect to the stress field is one controlling factor
of present-day seepage.

Present-day seepage activity is less pronounced towards
the western Vestnesa Ridge. Despite available gas trapped
at the base of the GHSZ (Fig. 5) the faults are generally less
favourably oriented for tensile opening (i.e. NW—-SE oriented
oy) and are under a strike-slip regime (Fig. 2). The clus-
ter of larger scale N-S to NNW-SSE trending extensional
faults that outcrop at the southern slope of the Vestnesa Ridge
(Figs. 1 and 2) also coincides with the zone of predicted ten-
sile stress (Fig. 3). However, the modelled maximum com-
pressive stress in this area is generally oblique to the fault
planes, making these faults less open for gas. Interestingly,
this is also a zone of pockmarks where acoustic flares have
not been observed (e.g. Johnson et al., 2015; Hustoft et al.,
2009; Vanneste et al., 2005). A set of N-S oriented structures
south of the Molloy Transform Fault and a train of pock-
marks at the crest of a ridge west of the Knipovich Ridge axis
are located under a strike-slip regime with N-S oriented oy
(Fig. 3). Although gas accumulations and gas hydrates have
been identified at the crest of this ridge, acoustic flares have
not been documented so far (Johnson et al., 2015; Waghorn
et al., 2018). We suggest that the N-S trending faults in this
region may be impermeable to fluids despite a parallel oy,
if the stress regime is transpressive. Transpression has been
documented at different stages of the opening of the Fram
Strait (Jokat et al., 2016; Myhre and Eldholm, 1988); thus,
it is a plausible tectonic mechanism for holding the gas from
escaping. Ongoing studies will shed light on the structural
evolution of this near-surface system.

The bathymetry of the southern flank of the Vestnesa
Ridge deepens from 1200 to 1600 m along the crest of the
Vestnesa Ridge to ca. 2000 m near the Molloy Transform
Fault (Fig. 1). Thus, the additional effect of gravitational
stress on near-surface deformation and seepage in the re-
gion cannot be ruled out. In particular, although the faults at
the steep slope north of the Knipovich Ridge have been sug-
gested to reflect the northward propagation of the Knipovich
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Ridge rift system (Crane et al., 2001; Vanneste et al., 2005),
it is likely that their formation was influenced by gravita-
tional stresses. Small-scale slumps at the slope (Figs. 1 and
2) could also be evidence of gravitational forcing at the steep
southern flank of the Vestnesa Ridge. However, sub-seabed
faults on the eastern Vestnesa Ridge dip towards the north-
east (Fig. 5¢), suggesting that gravitational forcing is not nec-
essarily influencing the behaviour of faults and current seep-
age activity on the eastern Vestnesa Ridge.

6.3 Seepage evolution coupled with stress field
variations

The seepage system along the Vestnesa Ridge has been
highly dynamic over geological time. Both microbial and
thermogenic gas contribute to the gas hydrate and seep-
age system (Hong et al., 2016; Panieri et al., 2017; Plaza-
Faverola et al., 2017; Smith et al., 2014). Reservoir mod-
elling shows that source rock deposited north of the Mol-
loy Transform Fault potentially started to generate thermo-
genic gas 6 Myr ago and that migrating fluids reached the
Vestnesa Ridge crest at the active seepage site ca. 2 Myr ago
(Knies et al., 2018). Seepage has been occurring, episodi-
cally, at least since the onset of the Pleistocene glaciations di-
rectly through faults, and a deformation typical of gas chim-
neys (i.e. where periodicity is evidenced by buried pock-
marks and authigenic carbonate crusts) seems to have started
later (Plaza-Faverola et al., 2015). However, the periodicity
of seepage events documented since the Last Glacial Max-
imum seems to indistinctively correlate with glacials or in-
terglacials (Consolaro et al., 2015; Schneider et al., 2018a;
Sztybor and Rasmussen, 2017b). One transient event was
dated to ca. 17 000 years based on the presence of a ~ 1000-
year old methane-dependent bivalve community possibly
sustained by a gas pulse through a fault or chimney (Am-
brose et al., 2015). A tectonic control on the evolution of
near-surface fluid flow systems and seepage along the Vest-
nesa Ridge is an explanation that reconciles the numerous
cross-disciplinary observations in the area.

The spatial relation between gas chimneys at the crest of
the ridge and fault planes (Figs. 2 and 5c¢) (Biinz et al., 2012;
Plaza-Faverola et al., 2015) is intriguing and raises the ques-
tion of whether the faulting was posterior to brecciation (frac-
turing) of the strata during chimney formation. Gas chimneys
form by hydrofracturing generated at a zone of over-pressure
in a reservoir (e.g. Karstens and Berndt, 2015; Hustoft et
al., 2010 and references therein; Davies et al., 2012). From
the mechanical point of view the tensile faults at the east-
ern Vestnesa Ridge would not be a favourable setting for the
generation of hydrofracturing and chimney formation right
through fault planes as observed in seismic data (Figs. 2,
5c). For gas chimneys to be the youngest features fault seg-
ments would have to become tight and impermeable at cer-
tain periods of time, allowing pore-fluid pressure, e.g. at the
free gas zone beneath the GHSZ, to build up (Fig. 5); this

www.solid-earth.net/10/79/2019/

is a plausible scenario. The faults may get locally plugged
with gas hydrates and authigenic carbonate and activate a
self-sealing mechanism similar to that suggested for chim-
neys at other margins (e.g. Hovland, 2002). A model of gas
hydrate-sealed faults and an increased free gas zone under-
neath, has been suggested to explain seismic attenuation and
velocities from an ocean bottom seismic experiment over the
gas hydrate system north of the Knipovich Ridge (Madrus-
sani et al., 2010). Nevertheless, where gas chimneys do not
disturb the seismic response, fault planes are observed to ex-
tend near the seafloor (Fig. 5c). This observation suggests
that the latest faulting periods may have broken through al-
ready brecciated regions connecting gas chimneys that were
already in place. Both cases are consistent with the fact that
acoustic flares and seepage bubbles are restricted to focused
weakness zones (Panieri et al., 2017). We suggest that an
interaction between pore-fluid pressure at the base of the
GHSZ and tectonic stress has led to local stress field varia-
tions and controlled seepage evolution. Opening of fractures
is facilitated if the minimum horizontal stress is smaller than
the pore-fluid pressure (pr), meaning that the minimum ef-
fective stress is negative (o] = op—pr<0) (e.g. Grauls and
Baleix, 1994). Secondary permeability may increase due to
the formation of tension fractures near damaged fault zones
(Faulkner et al., 2010). Cycles of negative minimum effective
stress and the subsequent increase in secondary permeability
in a tensile stress regime can be achieved particularly easily
in the near-surface region and would provide an explanation
for the development of chimneys coupled to near-surface tec-
tonic deformation. A constant input of thermogenic gas from
an Eocene reservoir since at least ca. 2 Myr ago would have
contributed to localized pore-fluid pressure increases (Knies
et al., 2018).

Geophysical and palaeontological data indicate that there
was once more prominent seepage and active chimney devel-
opment on the western Vestnesa Ridge segment (e.g. Conso-
laro et al., 2015; Plaza-Faverola et al., 2015; Schneider et al.,
2018b). An interaction between pore-fluid pressure and tec-
tonic stress would explain variations in the amount of seep-
age activity over geological time. Following the same expla-
nation as for present-day seepage, the negative o} condition
could have been attained anywhere along the Vestnesa Ridge
in the past due to pore-fluid pressure increases at the base
of the GHSZ or due to favourable stress conditions. Dur-
ing glacial periods, flexural stresses should have been signif-
icantly higher than at present day (Lund and Schmidt, 2011).
According to recent models of glacial isostasy by the Barents
Sea ice sheet during the last glacial maximum, the Vestnesa
Ridge was located in a zone where subsidence could have
been in the order of tens of metres (Patton et al., 2016). At
other times, before and after glacial maximums, the Vestnesa
Ridge was possibly located within the isostatic forebulge.

In general, it is expected that glacial-induced maximum
horizontal stresses (o7y) would be dominantly oriented paral-
lel to the shelf break (Bjorn Lund, personal communication,
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Present

Abundant seepage

Free gas

Figure 6. Conceptual model of the evolution of seepage coupled
with faulting and spatial variations in the stress regime (tensile is
represented using blue, and strike-slip is represented using green)
along the Vestnesa Ridge, offshore of the western Svalbard mar-
gin. At present day, tensile stress from mid-ocean ridge spreading
(blue solid line) favours seepage exclusively on the eastern segment
of the Vestnesa Ridge. Seepage on the western Vestnesa Ridge and
other regions may have been induced repeatedly since the onset of
glaciations 2.7 Myr ago (Mattingsdal et al., 2014), due to tensional
flexural stresses (dashed blue line) in the isostatic forebulge around
the time of glacial maximums; GHSZ refers to the gas hydrate sta-
bility zone. The dashed black line follows the bottom simulating
reflector which represents the base of the GHSZ.

2018; Lund et al., 2009), meaning that they would be ori-
ented N-S in the area of the Vestnesa Ridge (Fig. 1). Such
stress orientation would not favour opening for fluids along
pre-exiting NW-SE oriented faults associated with seepage
activity at present (i.e. N—S oriented faults would be the more
vulnerable for opening). However, it is possible that the re-
peated waxing and waning of the ice sheet caused a cyclic
modulation of the stress field (varying magnitude and orien-
tation), influenced the dynamics of gas accumulations, and
favourably oriented faults along the Vestnesa Ridge in the
past. Past glacial stresses may then provide an alternative ex-
planation for seepage along the entire Vestnesa Ridge extent
at given periods of time (Fig. 6). This explanation is in line
with the correlation between seepage and glacial-interglacial
events postulated for different continental margins e.g., for
chimneys off the mid-Norwegian margin (Plaza-Faverola et
al., 2011), the Gulf of Lion (Riboulot et al., 2014), and
also along the Vestnesa Ridge (Plaza-Faverola et al., 2015;
Schneider et al., 2018b).

A temporal variation in the stress field along the Vestnesa
Ridge is also caused by its location on a constantly grow-
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— Present
— =4 Myr
after present

Figure 7. Stress field as in Fig. 3 showing the location of the Vest-
nesa Ridge at present and 4 Myr after present, assuming a con-
stant spreading velocity of 7 mm yr_1 in the N125° E direction. The
same outline as in Fig. 3 is used as reference for the crest of the
Vestnesa Ridge. Yellow and white dots represent pockmarks with
and without documented acoustic flares, respectively.

ing plate. As the oceanic plate grows, the Vestnesa Ridge
moves eastward with respect to the Molloy and Knipovich
ridges, causing a westward shift in the regional stress field
on the Vestnesa Ridge (Fig. 7). In future, the eastern Vest-
nesa Ridge may temporarily move out of the tensile zone,
while the western Vestnesa Ridge moves into it (Fig. 7). This
suggests that a negative effective stress and subsequent ac-
tive seepage may reappear and “reactivate” pockmarks to the
west of the currently active seepage zone.

6.4 Implications for the understanding of near-surface
deformation across passive margins

Our study is a first step in the investigation of the effect of re-
gional stress on the dynamics of near-surface fluid flow sys-
tems across passive margins. Analytical modelling of spread-
ing at the Molloy and the Knipovich ridges shows that com-
plex stress fields may arise from the interaction of the dynam-
ics at plate boundaries and exert an effect across passive mar-
gins. Although the Vestnesa Ridge is a unique case study due
to its remarkable proximity to the Arctic mid-ocean ridges,
stresses generated by plate tectonic forces are expected to
extend for thousands of kilometres (Fejerskov and Lindholm,
2000). Across a single passive margin a range of regional and
local factors may result in spatial stress field variations that
can explain the focusing of gas seepage at specific regions.
For instance, the pervasive seepage zone west of Prins Karls
Forland (PKF) on the western Svalbard margin (Fig. 1) could
be under a stress regime that has been influenced by glacial
rebound at a larger degree than at the Vestnesa Ridge area
over geological time. Wallmann et al. (2018) suggested that
post glacial uplift led to gas hydrate dissociation after the
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Last Glacial Maximum and that such gas continues to sus-
tain seepage off PKF. Previously, several other studies have
argued for a gas hydrate control on seepage in this region
(e.g. Berndt et al., 2014; Portnov et al., 2016; Westbrook
et al., 2009). As no gas hydrates have been found despite
deep drilling (Riedel et al., 2018), the gas hydrate hypothe-
ses remain debatable. The influence of regional stresses on
sub-seabed faults suspected to underlay the seepage system
(e.g. Mau et al., 2017) and shallow gas reservoirs (Knies
et al., 2018) provides an alternative and previously uncon-
templated explanation for seepage in this area. The interac-
tions between tectonic stress regimes and pore-fluid pressure
we propose for explaining seepage evolution along the Vest-
nesa Ridge may be applicable to seepage systems along other
passive margins, in particular along Atlantic passive mar-
gins where leakage from hydrocarbon reservoirs is promi-
nent (e.g. the mid-Norwegian margin, the Barents Sea, the
North Sea, the north-east Greenland margin, the Mediter-
ranean and even the Scotia Plate between Argentina and
Antarctica) (e.g. Andreassen et al., 2017; Biinz et al., 2003;
Hovland and Sommerville, 1985; Riboulot et al., 2014; So-
moza et al., 2014; Vis, 2017). The Vestnesa Ridge case study
adds a new perspective to the current debate regarding the in-
activity of passive margins (Fejerskov and Lindholm, 2000;
Fjeldskaar and Amantov, 2018; Lindholm et al., 2000; Ole-
sen et al., 2013; Stein et al., 1989).

7 Conclusions

Analytical modelling of the stress field generated by oblique
spreading at the Molloy and Knipovich ridges in the Fram
Strait, suggests that spatial variations in the tectonic stress
regime along the Vestnesa Ridge are plausible. Thus, mid-
ocean ridge spreading may be an important factor control-
ling faulting and seepage distribution in the region. Other
important sources of stress such as gravitational forcing and
lithospheric bending, which contribute to the actual state of
stress off Svalbard, are not considered in the modelling exer-
cise presented here. Hence, we cannot quantitatively assess
whether ridge push has a dominant effect on seepage activ-
ity. However, provided a certain degree of coupling exists
between crustal and near-surface deformation, it is plausible
that stresses from plate spreading may affect the behaviour
of Quaternary faults along the Vestnesa Ridge and exert a
certain control on seepage. Our study supports a tectonic ex-
planation for the observed seepage pattern in the region. The
influence of rifting at the Knipovich Ridge, dominantly on
the eastern Vestnesa Ridge, may be the key to understand-
ing the focusing of present-day seepage activity along the
ridge. The opening of faults and fractures favourably ori-
ented with respect to principal stresses combined with a di-
minished effective stress in a tensile stress regime facilitates
the release of gas from zones of relatively high pore-fluid
pressure at the base of the gas hydrate stability zone. Mul-
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tiple seepage events along the entire extent of the Vestnesa
Ridge, may have been induced by additional sources of stress
likely associated with glacial isostasy. Future reactivation of
currently dormant pockmarks or an increase in seepage ac-
tivity is likely to follow the gradual westward propagation of
the tensile stress zone on the Vestnesa Ridge as the Eurasian
Plate drifts towards the south-east. Despite the simplifying
assumptions of the analytical model approach implemented
here, this study provides a first assessment of how important
understanding the state of stress is for reconstructing seepage
activity along passive margins.

8 Outlook

The effect of glacial stresses over the fluid flow system off
western Svalbard will be further tested (at least for the We-
ichselian period) by implementing Lund et al. (2011) models
using newly constrained Barents Sea ice-sheet models (e.g.
Patton et al., 2016). Additional sources of stress related to to-
pography/bathymetry should also be further investigated to
gain a comprehensive assessment of the effect of the total
stress field on near-surface fluid migration in the region.

Data availability. Replication data for the paper are stored at the
UiT Open Research data base (https://doi.org/10.18710/QXQCUI,
DataverseNO, V1). Please contact the authors for questions and ad-
ditional requests.
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Appendix A: Model description

We use the analytical formulations of Okada (1985) for a fi-
nite rectangular dislocation source in elastic homogeneous
isotropic half-space (Fig. Al). The dislocation source can be
used to approximate deformation along planar surfaces, such
as volcanic dykes (e.g. Wright et al., 2006), sills (e.g. Ped-
ersen and Sigmundsson, 2004), faults (e.g. Massonet et al.,
1993), and spreading ridges (e.g. Keiding et al., 2009). More
than one dislocation can be combined to obtain more com-
plex geometry of the source or varying deformation along a
planar source. The deformation of the source can be defined
as either lateral shear (strike-slip for faults), vertical shear
(dip-slip at faults), or tensile opening.

The Okada model assumes flat Earth without inhomo-
geneities. While the flat-Earth assumption is usually ade-
quate for regional studies (e.g. Wolf, 1984), the lateral in-
homogeneities can sometimes cause a considerable effect on
the deformation field (e.g. Okada, 1985). However, the dis-
location model is useful as a first approximation of the prob-
lem.

At mid-ocean ridges, deformation is driven by the contin-
uous spreading caused by gravitational stress due to the el-
evation of the ridges, but also basal drag and possibly slab
pull. Deformation occurs continuously in the ductile part of
the crust. Meanwhile, elastic strain builds in the upper, brit-
tle part of the crust. To model this setting, the upper bound-
ary of the dislocation source must be located at the depth of
the brittle—ductile transition zone. The lower boundary of the
source is set to some arbitrary large depth to avoid boundary
effects.

The Okada model provides the displacements uy, uy, and
u, (or velocities if deformation is time-dependent) at defined
grid points at the surface and sub-surface. It also provides
strain (or strain rates) defined as

1
&ij =§(”i,j+uj,i)- (A1)

The stress field can then be calculated from the predicted
strain rates. In homogeneous isotropic media, stress is related
to strain as follows:
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Figure A1l. Extract of the model showing the location of the dislo-
cation sources (light green) for the Molloy and Knipovich ridges.
Note that the model is an infinite half-space, i.e. it has no lateral or
lower boundary.

0ij = Adijépk + 2ueij, (A2)

where §;; is the Kronecker delta, A is Lamé’s first parameter,
and p is the shear modulus. Lamé’s first parameter does not
have a physical meaning but is related to the shear modulus
and Poisson’s ratio (v) as A = %

The absolute values of stress are generally difficult to
model (e.g. Hergert and Heidbach, 2011), and is not pos-
sible with our analytical model. However, the model pro-
vides us with the orientations and relative magnitudes of
the stresses. Therefore, we know the relative magnitudes be-
tween the vertical stress (oy), maximum horizontal stress
(oy), and minimum horizontal stress (op); from this, the
stress regime can be defined as either tensile (o, > oy > op),
strike-slip (og > oy >0y), or compressive (ofg > oy, > oy).
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