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ABSTRACT

We present a semi—automated method for extracting faults and other planar features from
two high—resolution seismic volumes in the eastern Fram Strait. We assess seismic data quality
and resolution prior to structural interpretation to determine the appropriate processing
workflow. This workflow, designed for high-resolution data sets, identifies meter—scale (>3—4
m) faults and other planar features, picked up by subtle changes in the curvature and
discontinuities of seismic reflections, to investigate their relationship with fluid migration in the
shallow subsurface. Although evidence exists for Holocene (< ~8 Ka) fault-associated gas
seepage, structures in both volumes are presently sealing. We assess structures based on those
that have measurable throw (faults) and those that do not (planar features). Structures lacking
measurable throw are significant because they appear to represent fluid flow pathways. This
technique enhances the analysis of the geometries of the mapped structures, facilitating the
interpretation of meter—scale fault throws and the orientations of planar features. We provide
insights into the evolution of structures previously linked to episodes of fluid migration and gas
leakage at the Vestnesa Ridge. We infer zones of dilation (i.e., opening) at locations where faults
or networks of planar features interact and investigate how these structures influence localized
uplift and shallowing of the interface between free—gas and gas hydrate (i.e., the bottom—

simulating reflection).

INTRODUCTION
Understanding fluid migration in the subsurface commonly requires knowledge about the
structures (i.e., faults and networks of planar features) through which the fluids may migrate.

Vital information can be provided by seismic data, which are prone to problems related to both



seismic resolution and interpreter bias. Methods that improve the interpretation of high—
resolution (HR) seismic data can therefore help with the understanding of fluid flow in the near—
surface (i.e., ~200 m below the seafloor (mbsf)). Here, an existing automated fault extraction
method (see Appendix A, Table A—1 for definitions of terms) is applied to high-resolution P—
Cable 3D (HR3D) seismic data to improve the interpretation of faults and planar features, and
thereby improve the understanding of gas leakage. Manual interpretation alone would be worse
at identifying faults and planar features because the data sets contain faults with offsets just
above the seismic resolution and other structures that may be faults with throws just below the
seismic resolution.

Methods involving manual interpretation of structures in 3D seismic data are challenging
and time—consuming, and human bias is introduced through selective fault mapping (e.g., Bond
et al., 2007; Bond 2015). Fault interpretation using 3D seismic data traditionally involves
generation of fault surfaces by linking two—dimensional fault sticks picked on seismic sections
and time— or depth—slices (e.g., Faleide et al., 2021). The resulting interpolated fault surface is
often an inaccurate representation of the fault geometry and requires validation (Godefroy et al.,
2018). To reduce uncertainty, empiric geologic rules are generally used in fault modeling for
quality control. For example, Freeman et al. (2010) validate fault geometry by using a
displacement model that assumes maximum displacement in the center of a fault and a linear
decrease in displacement towards the fault tips (Godefroy et al., 2018). The interaction and
linkage of fault segments means, however, that the maximum displacement point need not be at
the center of a fault, and the displacement profile does not change smoothly to the tips (e.g.,
Peacock and Sanderson, 1991). The approach here, using an automated method, is not only

useful for faults with throws below conventional seismic resolution (typically ~15 m) but also



other ambiguous features close to the seismic resolution, where measuring maximum
displacement is not achieved. It is assumed that high “fault likelihood” (defined in Appendix A,
Table A—1) represents the maximum displacement and the decrease towards the fault tips results
in a disappearance in the fault, as displacement decreases below the resolution of the data set.
Semi—automatic methods and automatic fault recognition methods are now common practice
(e.g., Acunia—Uribe et al., 2021; Wang et al., 2022) to reduce the workload of manual
interpretation and to avoid selective fault mapping.

The resolution and quality of the seismic data are key factors in fault mapping. Parts of
faults, including fault tips and splays, are commonly below seismic detection levels (e.g., Faleide
et al., 2021). The P—Cable seismic system (Planke et al., 2009), as used in this study, samples the
data at high spatial (e.g., 6.25 m) and vertical (3—5 m) resolutions, focusing on a near offset
range (50—150 m) to achieve the highest resolution. We have used machine learning (ML) to
improve the structural analysis of the seismic data, involving automatic recognition of structures
required for the interpretation.

The central theme of this work is the fluid migration system at the Vestnesa Ridge, an
Arctic gas—charged deep marine sedimentary ridge, where gas leakage appears to be influenced
by layer—bound deformed sediments (e.g., Cooke et al., 2023). Additional research is necessary,
however, to understand how the deformed sedimentary units are interconnected. In this work,
automatically extracted faults with meter—scale throws and planar features are assessed
individually in terms of “fault plane” (defined in Appendix A, Table A—1) size and orientation
(i.e., strike and dip). We also evaluate how these structures interact with nearby gas leakage
features and how they may be influenced by the bathymetry and depth to the base of the gas

hydrate stability zone, below which free gas is present. Even the absence of structures, such as



unresolved tips or seismic disturbances that obscure fault plane identification, provide useful
information about the relationship between these structures and gas leakage.

This study provides a workflow for high-resolution structural interpretation in the near—
surface and where gas hydrate and fluid migration result in disturbances to the seismic data.
Vertical fluid migration structures are referred to here as “gas chimneys” (larger >100 m width)
and “pipes” (smaller <100 m width). These are commonly related to present—day/paleo structural
features linked to fluid release, including pockmarks (<60 — >600 m diameter), localized
overpressure features (inferred from seismic data), and methane—derived authigenic carbonates
(i.e., mounds; Himmler et al., 2019).

The main aim of the study is to illustrate how ML can be used to contribute to the
standardization of semi—automatic meter—scale structural interpretation of the sub—seafloor,
where manual methods are not suitable, thereby improving both the interpretation of structures

and the understanding of controls on gas leakage.

GEOLOGIC SETTING

The Vestnesa Ridge

The Vestnesa Ridge is a 100 km long and 3—5 km wide contourite drift in the eastern
Fram Strait at water depths between 1200-1700 m (Figure 1b). It comprises an eastern segment,
characterized by a narrow crest, oriented NW—SE, and parallel to the Molloy Transform Fault
(e.g., Eiken and Hinz 1993; Ritzmann et al., 2012). The central portion of the Ridge forms a
plateau as it bends towards the west, striking ~NESE-WNW towards the Molloy Ridge. Towards

the far west, it strikes NW-SE, parallel to the eastern segment. The Ridge lies between the ultra—



slow, obliquely spreading, Molloy and Knipovich Ridges (Figure 1b). Asymmetric discontinuous
spreading segments oriented ~N—S to NE-SW at the northernmost extension of the Mid—Atlantic
Ridge System are documented in magnetic data (i.e., the Knipovich Ridge; Dumais et al., 2020).
Contourite deposits several km thick (>5 km in places) occur in the study area (Eiken and Hinz
1993; Crane et al., 2001; Vanneste et al., 2005; Osti et al., 2019), decreasing in thickness to
hundreds of meters towards the Knipovich Transform Fault and the Molloy Transform Fault

(Breivik et al., 1999; Ritzmann et al., 2004; Biinz et al., 2012).

Chronostratigraphy

The focus of this study is in the upper ~200 m of the sedimentary sequence, defined by
the stratigraphic unit Yermak Plateau (YP)-3 (< ~2.7 Ma; Eiken and Hinz, 1993). It is
characterized by alternating bioturbated fine—grained and ice-rafted debris—rich deposits, and
laminated silty turbidites (e.g., Howe et al., 2008; Jessen et al., 2010; Consolaro et al., 2015;
Sztybor and Rasmussen, 2017). This sequence thins from the central bend of the Ridge, where
the YP-3 isopach is ~0.6 seconds TWT (Eiken and Hinz, 1993) (~600 m sedimentary package
thickness) towards the western flank of the Ridge, where the YP-3 isopach is closer to ~0.4

seconds TWT (equivalent to ~400 m).

The 3D seismic data sets we use for this study were collected at the eastern and the
western flanks of the YP—3 depocenter. They are located: (1) at the central bend of the Ridge,
termed transition east-west i.e., “TEW—volume”; and (2) at the western segment of the Ridge

i.e., “West—volume” (Figure 1).

Fluid flow system



A deep marine (>1000 m water depth) gas hydrate system (~140-200 m thick) is present
along the entire Vestnesa Ridge (e.g., Biinz et al., 2012; Plaza—Faverola et al., 2017; Singhroha
et al., 2019). This system is characterized by a well-defined bottom—simulating reflection (BSR)
which delineates the boundary between gas hydrate bearing sediment and the underlying free gas
trapped at the crest of the Vestnesa Ridge (Plaza—Faverola et al., 2017). Bottom water
temperatures are approximately —0.5 °C and hydrostatic pressures at the BSR depth are around
14 MPa (Plaza—Faverola et al., 2017; Ramachandran et al., 2022). The presence of a <100 m
thick free gas zone underneath the BSR has been documented based on low velocity and low
resistivity anomalies (e.g., Hustoft et al., 2009; Petersen et al., 2010; Goswami et al., 2015;
Singhroha et al., 2019). The BSR is characterized by anomalously high amplitudes and a phase
reversal with respect to the seafloor polarity, indicating the presence of free gas trapped beneath
gas hydrate—bearing strata (e.g., Figure 1f). The high amplitudes are commonly found at points
where the BSR cross—cuts reflections at locations here termed “BSR-ridges” (also referred to in
the literature as “BSR uplift” with associated high amplitude anomalies; e.g., Zhang et al., 2022).
“BSR-high” is used here to describe the shallowest isochron depths between the seafloor and the
BSR. HR3D seismic data reveal multi—stage buried (i.e., covered by younger sediments)
pockmarks at both the eastern (excluded from this study) and western segments of the Vestnesa
Ridge, indicating that recurrent seepage events have occurred recently (i.e., 8 Ka; Consolaro et
al., 2015) and episodically along the entire Vestnesa Ridge (Plaza—Faverola et al., 2015; Knies et
al., 2018; Himmler et al., 2019). Pockmarks are seafloor expressions of focused fluid flow,
identified as gas chimneys and pipes in subsurface seismic data (Petersen et al., 2010; Biinz et

al., 2012).



Evidence from seismic data for fracture—controlled seepage has been documented (Plaza—
Faverola et al., 2015; Singhroha et al., 2020; Cooke et al., 2023). At present, seepage is restricted
to the eastern segment of the Vestnesa Ridge (Figure 1f, Hustoft et al., 2009; Biinz et al., 2012)
and is not recorded in the west (Plaza—Faverola et al., 2015). In the central bend (TEW—volume)
of the Vestnesa Ridge, pockmarks are referred to as inactive or dormant (e.g., Cooke et al.,
2023), although there is evidence for the presence of gas tens of meters below the seafloor (e.g.,
Sultan et al., 2020).

The relationship between gas chimneys/pipes and faults has been studied at the Vestnesa
Ridge through the detection of gas hydrates in fractures (Singhroha et al., 2020), by documenting
the variation in the morphology of gas chimneys through time and by describing their spatial
relation to faults (Plaza—Faverola et al., 2015; Cooke et al., 2023).

Faults currently behave differently in the west of the Vestnesa Ridge compared to the
eastern segment. Previous work emphasizes that advection (defined by fluid flow along faults
that may act at greater depths, and at active chimneys) is the primary driver of fluid flow through
the system at the eastern segment, while advection has probably been replaced with diffusive
flow through the sediments at the bend of the ridge and towards the west, where the Ridge
becomes more like a plateau (Plaza—Faverola et al., 2023). It is likely that the near—surface
sediments are overpressured where fluid flow occurs by diffusion (Sultan et al., 2020). In this
paper, we present maps of structures at the central ridge bend, and far west of the Vestnesa

Ridge, where the structures are considered in this work as episodically sealed.



DATA

Two high—resolution 3D (HR3D) P-Cable surveys are used in this study (Planke et al.,
2009). These are the TEW— (~2 x 7 km) and West— (1.3 x 9 km) volumes (Biinz, 2022). The data
were acquired and processed on board the R/V Helmer Hanssen in 2018 during the Centre for
Arctic Gas Hydrate, Environment and Climate (CAGE) cruise 18—4 (Biinz, 2022). Seismic
velocity models derived from ocean bottom seismometer (OBS) data (Petersen et al., 2010) were
used to convert the seismic data into the depth domain. Further information on data acquisition
and onboard pre—processing sequence is given by Biinz (2022) (also refer to Supplementary
Tables S—1 and S-2). The vertical resolution is between ~3—4 m at the seafloor, calculated as A/4
using a water velocity of 1,480 m/s and dominant frequencies of 120 Hz (TEW—volume) and 100
Hz (West—volume) (Supplementary Figure S—1). The lateral resolution of the 3D seismic
volumes is defined by the spatial sampling (i.e., hydrophones separated by 3.125 m and a bin
size of 6.25 x 6.25 m used for increasing trace fold). Every seismic trace represents energy
averaged within the Fresnel Zone (FZ) (i.e., at the seafloor the FZ is ~85 m and ~100 m for the
TEW- and West—volumes respectively). With a shooting rate of 4-5 seconds and a ship speed of
4-5 knots, however, we ensure that new energy is produced every 8—10 m. With a 3.125 m
spacing between recorders, we can efficiently generate a source-receiver image point every ~1.5
m. Random noise levels are measured by subtracting a dip—steered median filter with a step out
of 1 from the original data. This gives a signal to noise ratio (S/N) of 6 in the TEW—-volume and

10 in the West—volume, indicating high quality seismic data in both volumes.

The data volumes are tied to available chronological markers derived from ODP wells

(911A and 910C) on the Yermak Plateau, north of the Vestnesa Ridge (Hustoft et al., 2009;



10

Mattingsdal et al., 2014; Plaza-Faverola et al., 2017; Knies et al., 2018). A high-resolution 2D
seismic line (Figure 1f) was used in this study to correlate chronostratigraphic markers for both
seismic volumes, using results from previous work (Plaza—Faverola et al., 2015, 2017;

Alexandropoulou et al., 2021; Dessandier et al., 2021; Cooke et al., 2023).

METHODS AND WORKFLOWS

To interpret faults and other planar features, we utilized seismic data, employing
advanced processing and analysis techniques to accurately delineate fault geometry and assess
subsurface characteristics. A fault is typically defined by its displacement type (i.e., normal,
reverse, strike—slip or oblique—slip; Anderson 1905), which relies on the fault having a
measurable shear displacement. In this study, we refer to structures as being “faults” only where
shear displacement is observed, and “planar feature” where no measurable shear displacement is

observed (defined in Appendix A, Table A—1).

To enhance the accuracy and efficiency of fault identification, we implemented
automated fault extraction techniques, to systematically detect and map structures within the
seismic data set. Automated fault extractions have previously been achieved through
discontinuity attributes such as edge—detection methods (e.g., Lisle 1994; Bahorich and Farmer,
1995; Marfurt et al., 1999; Roberts 2001), and through such algorithms as ant—tracking (Pedersen
et al., 2002) or (the original) fault likelihood (Hale, 2013). Here we use ML fault likelihood,
(e.g., de Groot et al., 2023) which is more suited to fluid flow interpretation than the original

fault likelihood algorithm because the ML method does not display radial artefacts where
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seismic traces are missing or where there are seismic disturbances such as chimneys
(Supplementary Figure S-2).

Research using synthetic data sets to train ML models, as used here, is at an early stage
(e.g., Wuetal., 2019). The ML method is the U-Net (“U-shaped” encoder—decoder “Network”
architecture), first introduced in biomedicine by Ronneberger et al. (2015) and since incorporated
into geophysical software. U-Net is a convolution type of Neural Network (CNN), used to
improve automatic fault and fracture interpretation, as described by Wu et al. (2019). Here, we
implement the 3D U-Net ML model, trained on simulated data, to predict the locations of
synthetic faults and successfully tested on real 3D seismic data without the need for re—training

(Wu et al., 2019; de Groot et al., 2023).

The automatically extracted structures are manually interpreted as faults if throw is
observed, rendering the overall approach for data analysis semi—automatic. A selection of (~20)
representative fault planes (selected according to whether they intersect seismic surfaces) are
manually selected from each data set to systematically reduce numbers (entire volume number is
~200) and facilitate further analyses of fault plane evolution. The interpretation enables us to
consider the implications for fluid flow of the fault and planar feature networks, including their
interconnectivity (defined in Appendix A, Table A—1, and refer to Peacock et al., 2016). Many of
the structures are, however, at the limits of the resolution, i.e., the structure is identified, but the
displacement is probably below the resolution of the data sets. This means that the entire network
has not been imaged. Scholz and Cowie (1990) demonstrate that patterns of fault displacement
follow a consistent scaling relationship and indicate self—similar behavior across different scales

of faulting (i.e., power—law scaling). This suggests that even though smaller faults may not be
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fully resolved in the seismic data, the power—law scaling relationship means that these

unresolved displacements contribute to the overall fault network and total strain.

3D U-Net Machine Learning fault prediction

The implementation of the ML 3D U—Net on our two HR3D seismic volumes allowed for
more detailed analyses and interpretation of fault and planar feature networks. We use the term
“fault detection” in this section because “fault” is a common broad term in geophysical software
that is used for the detection of planar features (which can include artefacts). The output seismic
data using the ML 3D U—Net in this study is referred to as the “Machine Learning Fault
Likelihood” (MLFL) volume (defined in Appendix A, Table A—1). Detection of faults is an
image segmentation task, where a 3D seismic image is labeled with ones on faults and zeros
elsewhere (Di et al., 2018; Li et al., 2019; Wu et al., 2019; An et al., 2021). Here the model
transforms a block of seismic data (128 x 128 x 128 samples) into a similar—size block of fault
likelihood. In the application phase the output blocks are overlapping and blended in the
overlap—zones. We discovered qualitatively that the ML version of the fault likelihood volume
significantly improved the quality of the fault detection and reduced artefacts. Our observations
confirm the findings of Wu et al (2019); not only is the ML 3D U-Net more computationally
efficient than the original fault likelihood algorithm (Hale et al., 2013), which we initially tested
and rejected (Supplementary Figure S—2), but it also tends to generate fewer artefacts. The U—
Net model takes six minutes to predict faults in seismic volume with 320 x 1120 x 398 samples.
Calculating the original fault likelihood is less computationally efficient (52 minutes) because it
involves scanning through all possible combinations of fault strikes and dips to determine the

maximum fault likelihoods, followed by the application of a thinning algorithm.
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The performance of the ML 3D U—Net is highly dependent on the quality of the input
data, and optimal data conditioning prior to fault extraction is important to reduce the
enhancement of artefacts and to interpret clearer and more continuous faults (Chopra and
Marfurt 2013; de Groot et al., 2021; Chen et al., 2022). Sail line artefacts were removed using
fractional statics applied pre—stack (Bilinz 2022) and residual statics post—stack (Cooke et al.,
2023). We also applied an edge—preserving smoothing filter to the post—stack volume data sets
(e.g., Luo et al., 2002; AlBinHassan et al., 2006) prior to running the 3D U—Net model to
sharpen fault edges (Figure 2). Data conditioning after static correction (here using edge—
preserving smoothing), however, commonly re—introduces sail line artefacts because of the
sharpening of edges which is necessary prior to the application of the fault likelihood algorithm.
HR3D data volumes that have significant static correction problems (frequently encountered
when data are collected in rough seas) are more likely to have re—introduced sail line artefacts
because of greater difficulties when initially removing them. The West—volume is affected more
by re—introduced sail line artefacts than the TEW—volume, with artefacts particularly visible in

the shallow horizons.

Extraction of fault planes

The fault extraction algorithm requires an input volume with three components: “fault
likelihood”, “fault dip” and “fault strike” (defined in Appendix A, Table A—1, Figure 2 for the
workflow). We must first compute the missing components: fault dip and fault strike because the
3D U—Net fault prediction model only predicts fault likelihood itself. Next, the fault extraction
algorithm automatically creates a set of fault grids, referred to as “gridded surfaces” (Figure 2,

Supplementary Figure S—3). The user controls the minimum size of the gridded surfaces and has
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options to select and merge the surfaces for saving as fault planes. The gridded surfaces are
merged to create smooth fault planes when dealing with relatively big faults in lower resolution
data sets. In this study, merging is avoided because the variations in azimuth and dip are
important from one related gridded surface to the next. A change in fault orientation is better
represented by keeping the gridded surfaces separate, providing a more reliable result than

averaging the fault plane values.

Gas chimneys

The chimneys were extracted using the seismic attribute “semblance” (i.e., seismic
reflection continuity, e.g., Figure 3). The highly continuous background seismic data were
rendered transparent to expose the chimneys selected in the study. Selected gas chimneys from
the zones of interest were categorized based on whether they: 1) reach the present—day seafloor,
2) reached the seafloor in the past (i.e., paleo seafloor) or 3) have never reached the seafloor. In

the latter case, it is not possible to determine when the gas chimney was active.

Chronostratigraphic marker selection

Chronostratigraphic markers dating from within the last ~1.5 million years (Ma) are used:
HO0.3 (~0.1 Ma), H1 (~0.2 Ma), H2 (~0.4 Ma), H2.25 (~1 Ma) and H3 (~1.5 Ma) (Cooke et al.,
2023). The markers estimate respective (burial) ages of extracted fault planes (Figure 4). Some
of the structures intersect multiple horizons and are categorized according to chronostratigraphic
zones (oldest to youngest) defined by the age identities. The categories are Y—1 (Yellow), G-2
(Green), B-3 (Blue), O—4 (Orange), and P-5 (Pink), which intersect at least horizon H3, H2.25,

H2, H1 and HO.3 respectively (Figure 4, Supplementary Tables S—3, and S—4). Note that some
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fault planes are interpreted to intersect only one horizon while others intersect more than one.
Only the features that intersect the horizons are considered and the throw on each fault plane is
assessed. The fault planes that are situated between the chronostratigraphic horizons without
intersecting them, and those that are located beneath the oldest horizon (i.e., those beneath the
BSR in the West—volume) are excluded from the study. This reduces the number of fault planes
from 198 (for each volume) at the semi—automatic fault plane extraction stage (Supplementary
Figure S-3) to 23 for the TEW—volume and 26 for the West—volume, showing that many of the

features were comparatively small and/or largely beneath the deepest horizon (H3).

Fault selection

After automatically extracting the fault planes and assigning an age identity, they were
manually checked and categorized into those that have measurable throws and those that do not,
to verify the ML 3D U—Net method (Supplementary Tables S—5 and S—6). Fault plane dip (°
from the horizontal) and azimuth (° clockwise from north) are also documented (Supplementary
Tables S—7 and S—8). The process involves creating composite lines from the HR3D volume that
each cross—cut the structures to enable the manual estimation of meter—scale throw. Automating
fault offsets was not possible because the throw values are so small (<3—15 m). Those features
with fault likelihood values closest to 1 (i.e., the highest likelihood) are likely to have an offset
visible in the vertical seismic (e.g., fault plane 8b in the West—volume—(e), and fault plane /0 in
the center of the TEW-volume, Figure 5). The fault plane is described as a “planar feature”
where the throw is difficult to measure (e.g., fault plane 5 in the West—volume—(e), and fault
plane 9a in the TEW-volume—(e), Figure 5). In the latter two examples, seismic reflections

crossing the planar feature are mostly bending and it is the curvature of the reflection that
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verifies the fault plane. These structures are interpreted to have throws at or slightly below the
limit of the seismic resolution. Manual interpretation of faults from seismic data typically relies
on the interpreter identifying throws. In this work, we apply the MLFL method to extract all
possible fault planes, including those where fault throw is not visually identifiable to the
interpreter in the profiles. Networks of planar features, reveal interconnected structures that may
only have a few meters of throw, yet could play an equally important role in facilitating fluid

migration.

RESULTS AND INTERPRETATION

Although it is important that any description of brittle geological structures should start
with the type of fault or fracture (e.g., Peacock and Sanderson, 2018), the resolution and quality
of the seismic data commonly makes this impossible. For example, it is often not possible to
resolve faults with throws of less than about 15 m (e.g., Pickering et al., 1997), strike—slip
displacements may not create throws, and other types of structures can occur. Here, the
minimum “most—resolvable” (i.e., >4 m) fault throw is 6 m (fault planes 29b, 14g, 8d) found in
the West—volume data set. Many of the fault planes extracted in the TEW—volume are smaller
than the West—volume and not identified as faults, possibly because they have throws that are
below the limit of resolution as explained above. The West—volume has a higher number (per
unit area) of fault planes with throws well within data resolution (6—10 m) than those in the
TEW-volume where only one fault plane exists with “most—resolvable” throw (15 m) (see Table
1), which is not explained by resolution differences, but by differences in the geologic structures

in the two seismic volumes.
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The high—-resolution depth—converted 3D seismic volumes provide detailed structural
information of the subsurface. Fault planes larger than ~3—4 m (in height) and ~6 m (in width)
are effectively imaged in the 3D seismic data sets. The MLFL volume detects planar features
marked by subtle bends and/or discontinuities in the reflections (almost not perceivable with the
naked eye on the original seismic data) (Figure 5). These subtle discontinuities are often
associated with structures indicating a throw of <3—4 m (vertical resolution). Here each MLFL

extracted fault plane is categorized for effective interpretation of the structures (Table 1).

Notable differences exist between the east (“TEW—-volume—(e)”) and west (“TEW—
volume—(w)”’) of the TEW—volume data set (Figure 6a). The fault planes, intersect multiple
horizons in the TEW-volume—(e), indicating they have a larger surface area (Figure 4d). In the
TEW-volume—(w) area, however, the fault planes intersect single horizons (i.e., B-3, O—4, and
P-5) and have a smaller vertical extent (Figure 4c). By contrast, the vertical extent of fault planes
in the West—volume data set, remains relatively consistent across both the “West—volume—(w)”

and “West—volume—(e)” areas (Figures 4e, f).

Fault and planar feature network characteristics

The semi—automatic fault extraction reveals geometric differences between structures
imaged at the TEW— and the West—volumes of the Vestnesa Ridge. The two seismic data sets
have marginal differences in quality and resolution (differing in S/N ratio and by ~1 m vertical
resolution at the seafloor) yet our approach provides meter—scale fault throw and planar feature
interactions in both data sets and the interpretations have implications for the spatial and

temporal evolution of sub seabed fluid migration in the region.
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TEW—volume

There are four “fault zones” (FZ; defined in Appendix A, Table A—1) in the TEW survey,

one in the central area (FZ1), and three fault zones in the east (FZ2—4) (Figure 6b), these
probably having normal or oblique—normal displacements. FZ1 divides the TEW—volume into
the TEW—volume—(w) and TEW—volume—(e) areas and is oriented approximately N—S. FZ2 and
FZ3 both have ~NE-SW strike and FZ4 runs perpendicular to (i.e., ~\NW-SE), and is bound by,
FZ2 and FZ3. Rose plots were created using Allmendinger (2020) software to analyze the input
planes. The length of the rose petals are scaled by area with 10° bin size. The analysis of 23
planes in the TEW—volume (see Supplementary Figure S—4) reveals a smaller average petal
length (0.13), representing the occurrences of azimuth measurements per bin, than the West—
volume (0.68), indicating a higher variability in fault orientation. The largest petal length is
oriented ~NNW-SSE, in alignment with FZ1 and FZ4, while the smaller petal lengths are
oriented ~NE—SW, in alignment with FZ2 and FZ3. Fault plane /0 (with ~15 m throw), and fault
planes 1, 5a, 29c in the TEW—volume (Figure 7d) have a strike range of 153—-161°, which lies

within the maximum value range of the rose diagram (17% of the population). An interpretation

summary of the TEW—volume is provided (Appendix A, Table A-2).

West—volume

There are four fault zones (FZ5, FZ6, FZ7 and FZ8) in the West—volume (Figure 6d),
these probably having normal or oblique—normal slip. FZ5 has the largest fault throw (~10 m) in

the “West—volume—(e)” and shows elongated pockmarks at the surface (Figures 6d and 8f). FZ7
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contains the largest faults in the “West—volume—(w)”, with throws of up to 7 m. FZ6 and FZ8 are
less well-defined, with throws that are at the lower limit of the resolution (e.g., fault planes 325,
29¢). Some planar features found at the edge of the survey are imaged only in the attribute
volumes and fault planes are not extracted, for example beneath the small, elongated pockmark
“C-1” indicated in the West—volume—(w) (Figure 8f). Many of the fault planes exist below the
deepest horizon (H3) towards the western flank of the Ridge (Figure 1f, Supplementary Figure
S—3). We note that it is possible that these structures may be as young as the youngest sediments

but may not have propagated to higher levels.

There are three distinct strike orientations: ~NW—-SE, ENW-WSE, and ~E-W
(Supplementary Figure S—5). The most prominent orientation is ~NW-SE, with a strike range of
151-160° (27% of the population) and similarly aligned to FZ5 and FZ6 (Figure 8d). Faults
striking ~E—W (in approximate alignment with FZ7), are prominent in the west of the Vestnesa
Ridge and also occur in the TEW—volume—(e) (e.g., fault planes 52a, 61f, 50b) with a strike

range of 78-92°. An interpretation summary of the West—volume is provided (Appendix A,

Table A-3).

Distribution of structures and fluid flow features

Here, selected sets of interacting fault planes and isolated fault tips are identified in each
volume (Figures 6b, d). Additional examples, illustrating common types of fault plane
interactions within fault networks, defining types of fault plane interaction (such as abutting,
stepping; Peacock et al., 2017) are provided (Supplementary Figure S—6). We compare the
distribution of the interacting fault planes with the locations of fluid flow features, including

pockmarks and gas chimneys (Figures 6b, d, 7e, 8f).
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Characterizing pockmarks and gas chimneys

Pockmarks are key indicators of focused fluid flow and seepage and allow us to infer
syn— and post—fault fluid migration (e.g., Waage et al., 2020). Pockmarks are prevalent across
the two survey areas, both buried (i.e., paleo) and at the seafloor, with various sizes and shapes
occurring. They are automatically extracted from the seafloor and from horizon H1, using a rule—
based GIS methodology (Patton et al., 2015b; Cooke et al., 2023). Some seafloor pockmarks are
more rounded, while many are elongated, oriented in the direction of the fault plane with which
they are spatially related (see Supplementary Tables S—9 to S—13 and Figures S—7 to S—11 for
pockmark characteristics). The more rounded pockmarks (~150 m diameter) may or may not be
associated with the main fault zones (i.e., implying migration along or around faults) and could
indicate fluid flow related to the BSR cross—cutting the dipping stratigraphy. These pockmarks
appear in chains aligned with the bathymetric contours, indicating updip fluid migration (Figure

7e “arc”, discussed later).

In this study, gas chimneys are defined by whether the vertical seismic perturbation (i.e.,
characteristic of the chimney or fluid conduit) reaches the seafloor (i.e., they are “emergent”) or
whether they stop at depth and fluid does not reach the seafloor (i.e., they are “blind”). Those
that may have reached the seafloor in the past, and were then covered by sediments, are referred
to as “buried”. The oldest blind chimney interpreted in this study persists for ~ 1 million years
(FZ4) offering insight into the longevity of gas chimneys here and their influence on seismic

data.

Pockmarks and chimneys linked to fault plane interaction
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Most of the pockmarks are observed at the seafloor above fault plane segments and/or
where two segments interact (Figures 6b, d, 7e, 8f, 9d, 10d). This indicates that most recent fluid

flow activity occurred along or around the faults.

Pockmarks often occur at fault plane intersections, presumably where fluid is focused and
possibly where pore pressure is higher and where dilation occurs (i.e., “dilational zones”;
Gartrell et al., 2003). This implies that fault plane intersections are where the gas flow is
channelized, long lived and/or rapid enough to create distinct chimneys and pockmarks (e.g.,

Gartrell et al., 2004; Ligtenberg, 2005; Michie and Braathen, 2024).

Seafloor pockmarks also commonly occur at a distance away from the mapped tips of
fault planes, such as 4a, 29¢ (Figures 6a, b, 7c—¢). Note that the resolution limitation may result
in the under—representation of the fault plane length (Figure 9c), so pockmarks may well occur at

the actual tip of the fault plane rather than at the mapped tip.

Four fault plane segments along FZ6 illustrate the superposition of the structure (Figures
4, and 8a—f). The oldest fault plane segment (Y—1) is oriented NW—-SE and interacts with the ~E—
W striking younger fault plane (G-2), followed by an interaction with the youngest antithetic
fault planes O—4 and P-5 (Figure 4a—b). The related group of fault planes provide an example of
linkage between fault planes with different orientations, referred to here as fault profile
irregularities by Ligtenberg (2005). Such fault profile irregularities may influence the
development of weak locations in the fault zone (Ligtenberg, 2005). The imaging of such small

irregularities would not be achieved in conventional (lower resolution) seismic.
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A ~290 m wide x 620 m long fault—oriented pockmark occurs at the seafloor, with its
maximum depth below sea level located at the end of fault plane /0g at H3 (Figure 8e—f).
Another example, illustrating structural evolution, occurs in the West—volume, between fault
planes /4g, 14c and 15 (Figure 8a—f). The fault planes document a strike rotation through time,
from ENE-WSW at the depth of horizons H3 and H2.25 to ~E-W at the depth of horizon H2. A
~90 m wide x 125 m long pockmark (“C—7”) is present at the seafloor at the intersection of fault

planes /4g and /4c (Figure 8e—f).

Seafloor pockmarks in the West—volume are largely restricted to the eastern section of
the survey (e.g., West—volume—(e); Figure 6d) and appear to be spatially-related to fault planes.
It is here that the BSR dips upwards and cross—cuts the stratigraphy, forming ~N-S oriented high
amplitude ridges that appear as seismic artefacts. The fault planes identified as seismic artefacts,
extending over the entire width of the survey, were excluded from the analysis. The seismic
artefacts are visible in the fault likelihood volume horizon map (Figure 8e) at the lowermost

horizon (H3), with high amplitude ridges striking parallel to FZ5 and FZ6.

Pockmarks and chimneys related to BSR—ridges and BSR—highs

Gas leakage and therefore pockmarks can occur without visible faults (e.g., Heggland,
2005). The seafloor pockmarks may not necessarily be attributed to fault zones but to locations
of high pressure at the free—gas—gas hydrate interface (i.e., at the BSR) where migration can
occur without fracturing (i.e., membrane seal failure; Bonto et al., 2021). Gas leakage tends to be
concentrated where there are BSR—highs, or where the BSR cross—cuts the stratigraphy (i.e.,
BSR-ridges; Figure 11b—d). West of FZ1 in the TEW—volume, a series of approximately

rounded seafloor pockmarks are aligned parallel to the bathymetry (Figures 6b and 7e). It is
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interpreted that the chimneys identified here (“C-W1”, “C-W2”, “C-W3”; Figure 6b) might be
formed by a different fluid flow mechanism, and not fracture-related (distinct from those
exhibiting an elongated, fault—oriented morphology). Flow through sediments is probably caused

by fluid pressures exceeding the capillary entry pressure, which does not promote fracturing.

There are fewer seafloor pockmarks (per unit area) in the West—volume than the TEW—
volume, and the number of pockmarks associated with fault planes is proportionately greater
(Appendix A, Table A—4). As mentioned earlier, there appears to be a spatial relationship
between the fault zones (FZ5 and FZ6) and the BSR—ridges. Fluid migration associated with the
BSR occurring at FZ5 and FZ6, is likely associated with fracturing and, the orientations of the
fault planes are in alignment with the maximum azimuth (Supplementary Figure S—5). Also
noted is that the pockmarks are in alignment with the isopach contour for the shallowing YP-3
sedimentary basin (Figure 1c¢). In addition, in the West—volume—(w), the pockmarks related to
the fault planes (/4c, 14g and 32b, 29c) are considerably smaller here than the TEW—volume

(Figures 7, 8).

Chimney characteristics

Examples of blind, buried, and emergent chimneys are observed between FZ2 and FZ3 in
the TEW—volume (Figure 12) and between FZ7 and FZ8 in the West—volume (Figure 13). The
variation in chimney geometries suggests interactions between the fault zones. A paleo
pockmark with a diameter of ~300 m is present in the West—volume (Figure 13b), while the
buried chimneys in the TEW—volume lack associated paleo pockmarks. In the West—volume,
after the formation of the paleo pockmark (Figure 13, point “Y”), the buried chimney continued

to develop upwards for approximately 0.6 million years (as estimated between horizons H2.25
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and H1) before becoming blind (Figure 13c). The chimneys in both volumes exhibit changes in
shape, with a wider and more rounded form near the lowermost horizon, transitioning to a
narrower and elongated (or sometimes absent) form near the seafloor, suggesting variations in
intensity through time or control by sediment properties that may be prone to fracturing. The
emergent chimney “C—E2”, in the TEW—volume, is wide beneath the BSR, narrows between
horizons H2.25 and H1, then widens again at around H0.3, before narrowing once more between
HO0.3 and the seafloor (Figure 12b, ¢). Chimney “C—E2” is elongated in a NW-SE direction at
the seafloor (Supplementary Figure S—7) and similarly, in the West—volume, chimney “C-1",
becomes narrower and more elongated at the seafloor (Supplementary Figure S—9). Another
observation is the reduction in size (width) of buried chimneys “C-3" and “C—4” as they
approach the paleo pockmark at horizon H3 (Figure 13c). We interpret a re-widening of
chimney “C—4” after the pockmark is buried at horizon H2.25 (Figure 13c). Additionally, fault—
related chimneys may have experienced restricted flow. An example from the TEW—volume,
shows blind chimneys between horizons H2.25 and H1 where paleo pockmarks are not visible
(Figure 12, point “Y”). Alternatively, it is possible that paleo pockmarks were eroded, causing

the chimneys to terminate at unconformities where pockmarks have been removed.

DISCUSSION

The method employed in this study has uncovered details in the seismic data sets that
have improved the analyses of interconnected fault/planar structures and fluid flow features.
Seismic data have been used in other regions to identify structures related to fluid flow (e.g.,

Ligtenberg 2005; Moss and Cartwright, 2010; Cartwright and Santamarina, 2015) but rarely

using high-resolution data in the near—surface.
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The interaction of low displacement structures imaged in the fault likelihood volume
(Figures 7 and 8) within or around the fault zones may be responsible for controlling fluid flow
seepage. There are, however, limits to what we can see in seismic data and interpretations of
fault interaction are largely inferred. We use the term “distributed gas leakage zone” (defined in
Appendix A, Table A—1), introduced here, based on the term “distributed fault damage zone”
where deformation is more intense than the region background level (e.g., Kim et al., 2004;
McGinnis et al., 2016; Peacock et al., 2017). Distributed fault damage may be below the
resolution of the seismic data set, with activity only marked by gas chimneys (i.e., distributed gas
leakage zone; Supplementary Figure S—10). Relatively high densities of fault planes exist in each
MLFL volume, supporting the idea that there is a relationship between distributed gas leakage
and distributed damage zones. Two possible distributed gas leakage zones are identified in this
study based on clusters of gas chimneys between the fault zones (Figures 9, 10, Appendix B,

Table B-1).

Fault damage zones associated with “transfer zones” (defined in Appendix A, Table A—1)

have been shown to influence fluid flow (e.g., Fossen and Hurich, 2005; Rotevatn et al., 2007).
Evidence for fluid flow in a zone of gas leakage is observed in the breached transfer zone (i.e.
FZ4; Figure 9). A pattern of faults and planar features, referred to as “box—faults” (Griftiths,
1980; defined in Appendix A, Table A—1), is most distinctly seen at the horizons corresponding
to the sedimentary layers dated between ~1 to 0.4 Ma (Figures 7 and 9). Fault planes / and 5a
are examples of structures interpreted as partially imaged box—faults within the transfer zone
(Figure 11b). These fault planes illustrate “unresolved” structures classified as planar features.

Fault planes / and ja are just about detectable in the shallowest horizon (H0.3) extraction
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(Figure 9a) and associated planar features in the breaching transfer zone are imaged most clearly

in the deeper horizons (H2, H2.25; Figure 9).

“Deformation bands” (defined in Appendix A, Table A—1) could have developed within
distributed gas leakage zones, though it is not possible to prove in seismic data. They can act as
conduits or baffles to fluid flow (e.g., Fossen and Bale, 2007; Kolyukhin et al., 2010; Michie and
Braathen, 2023) and joints may develop in carbonate—cemented sediments (Barnicoat et al.,
2009). Methane—derived authigenic carbonates found in the study area (dated to ~20-5 Ka, ~50—
40 Ka and ~160-133 Ka; Himmler et al., 2019) are proposed at deformed intervals (i.e., at ~130
Ka and probably deeper, at ~1 Ma; Cooke et al., 2023). Joint formation in carbonate—rich
sediments, results in high permeability fracture networks (Barnicoat et al., 2009), which may be
expressed in the seismic by chimney widening (Figure 12c, see Appendix B “Venting periods

linked to glacial cycles” for further details).

Stratigraphic layering (e.g., Smart et al., 2023) can control the type of damage around
faults, and fluids might be dispersed away via thief layers (Barnicoat et al., 2009). Layers
containing clay-rich sediments can behave in a ductile way during burial and form effective
seals (e.g., Downey, 1984), leading to overpressured fluid compartments. Such conditions may
develop where there is an abrupt change in lithology, for example at the boundary between a
thick fine—grained interbed and thin layers of sand, with different layers having differing
coefficients of internal friction (e.g., Downey, 1984). The clay seal units could be breached
episodically and form overpressure in overlying sediments, resulting in structures such as
pseudo—diapirs (which must be distinguished from typical shale diapirism, i.e., deep—seated

shales). Pseudo—diapirs form when shales start to move at near—surface depth almost
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immediately after deposition (Magara, 1978), and they are relatively soft and mobile, separated
by intervals of non—extruded sediments. We use the term “honeycomb” to describe the inferred
hexagonal pattern created by the mobilization of sediment captured in higher-resolution seismic
data in the TEW—volume (Figure 9a). The pattern indicates an undulating surface of small (<20—
50 m width and ~3-5 m in the vertical) fluid flow features, interpreted as buried pockmarks,
carbonate mounds and/or overpressured features, possibly related to faults that are below the

resolution of the data set.

After the extraction of fault planes with meter—scale throws, we can observe the
superposition of faults and planar structures to determine their sequence of development. When
fault segments get close enough, they start to interact (e.g., Fossen and Rotevatn, 2016). Zones of
fault interaction can occur on scales of millimeters to tens of km, with strain or displacement
being transferred from one fault to another (e.g., Larsen, 1988; Fossen and Rotevatn, 2016).
Geometries and displacement profiles can be used to determine fault interaction (e.g., Peacock
and Sanderson, 1991), but the displacements are too small in the study area, so fault interaction

is inferred based on gas leakage.

Fluid flow is linked to pressurized free gas beneath the BSR (marking the base of the gas
hydrate stability zone). The BSR mostly runs parallel to the seafloor and can cross—cut the
seismic stratigraphy. Chimneys and pipes form above places where the BSR is found to cross—
cut the seismic stratigraphy. The volume of gas that builds up beneath the BSR generally varies
along the base of the gas hydrate stability zone, influenced by spatial changes in geothermal
gradient and both lateral and vertical changes of gas compositions and concentrations (e.g.,

Plaza—Faverola et al., 2017; Singhroha et al., 2019). Emergent chimneys and fault—oriented
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pockmarks exist where the BSR cross—cuts the stratigraphic layers (e.g., FZ5 and FZ6), forming
a deformation ridge or front that lies parallel to the fault zones. We suggest that there is a
relationship between the BSR and fault planes relating to the breached transfer zone (see
Appendix B, Table B—1). Lastly, significant phase—reversed high amplitude reflections are
documented in the seismic at locations where the BSR intersects with dipping stratigraphy,
downdip of the BSR-high. Pipes frequently occur above these BSR—cross—cutting zones (Figure
11d), consistent with observations of overpressure—driven leakage in petroleum systems (e.g.,
Foschi and Cartwright, 2020). These findings emphasize the intricate relationship between
geologic structures and fluid migration, providing valuable insights for understanding both

natural gas hydrate and petroleum systems.

CONCLUSIONS

A pre—trained fault prediction machine learning model is tested on two high—resolution
3D seismic data sets. The process is semi—automated, meaning that the automatically extracted
fault planes for each volume are selected based on their age and on whether there is a visible
throw (i.e., a fault) or not (i.e., planar feature). Many of the faults recorded are close to the limit
of seismic resolution, with it not being possible to measure throws below ~3—4 m. The planar
features may be faults, as indicated by curvature and subtle discontinuities in the seismic

reflections.

The two data sets reveal small differences in quality and resolution, thereby influencing
the imaging of structures and fluid flow features. Despite these differences, both data sets were

interpreted and compared, with an emphasis on: (1) fault interaction and deformation associated
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with fault zones; (2) gas chimney classification; and (3) the influence of the BSR on the

formation of faults/planar features, and fluid flow. The main results are as follows:

o Channelized fluid flow and the formation of gas chimneys appear to be controlled by fault
interaction and linkage, which are interpreted to have created networks of planar features
and dilational zones. Pockmarks commonly occur at fault intersections or at the tips of
faults.

o The faults that were once fluid migration pathways, by evidence of seafloor pockmarks and
emergent paleo gas chimneys, have become sealed because there being no evidence of
present—day gas release in the study areas. Paleo gas chimneys studied within the
distributed gas leakage zones indicate where fluid flow was released in the past (i.e.,
buried/eroded pockmarks), and when fluid did not emerge at the paleo seafloor (i.e., blind
chimneys).

. It is not possible to extract all the planar features using the method outlined in this paper
because many will be below the seismic resolution. Those that fall below the resolution
limits of the seismic data sets (~3—4 m) and are too small to be automatically extracted, are
observed only in map view as high likelihood in the machine learning fault likelihood and
semblance volume horizons.

o Some gas leakage may have occurred at locations above the BSR-ridges (i.e., where the
BSR cross—cuts the dipping stratigraphy) and at BSR-highs (i.e., in places of shallowest
burial of the BSR), rather than at fault plane intersections. Free gas is concentrated in such

areas where there is alignment with the Ridge bathymetry and/or the YP-3 contours.
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The method outlined in this work offers significant advantages in understanding gas
leakage, particularly when high-resolution seismic data are available and where leakage is
controlled by faults with throws of only a few meters. The approach improves the extraction of
faults with meter—scale throws and networks of planar features, using advanced imaging
techniques, otherwise overlooked in manual seismic interpretation. The level of detail is crucial
when assessing potential gas leakage pathways as even minor faults can act as conduits for gas
migration. Our analyses provide new insights into gas leakage and suggest that even fault
networks with sub—meter displacements are likely to play an important role in fluid migration in

the subsurface.
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APPENDIX A

Table A—1. Definition of structural and seismic interpretation terms

Table A-2. Interpretation summary of the TEW—volume

Table A-3. Interpretation summary of the West—volume

Table A—4. Seafloor pockmarks and predicted fluid flow mechanisms for each seismic

volume

APPENDIX B

Table B—1. Structural interpretation summary of the TEW—volume and West—volume

Venting periods linked to glacial cycles

The variations in chimney width observed at distinct intervals appear to align with and
precede major venting periods at ~0.2 Ma, and ~0.4 Ma, documented from the mid—Norwegian
margin and suggested to be associated with glacial-interglacial transitions (Plaza—Faverola et al.,
2011), where fracture density is recorded as high (Cooke et al., 2023). A link between major
methane seepage events before and after 130 Ka and glacial cycles is also inferred from

integrated data analyses in the South China Sea (Deng et al., 2021).
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The venting period occurring between ~1.5 Ma (H3) and ~0.4 Ma (H2) might have been
substantial enough to deplete the gas in the volumes studied here. Consequently, the
replenishment of gas may not have been sufficient for the chimney to remain active, leaving
behind upward domed remobilized sediments (Figure 13b). Gas may be depleted below the
buried chimneys but actively charged for the emergent chimneys that have continued above ~0.2

Ma (H1) and have reached the present—day seafloor (i.e., Figures 12 and 13).
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Figure 1. (A) Overview of the study area in the eastern Fram Strait. (B) Location of the
areas along the Vestnesa Ridge investigated with 3D seismic data (red boxes). HR2D transect
(white line) used in Plaza—Faverola et al., 2015, 2017. (C) Ridge bathymetry contours (black
lines) and isopach contours (blue lines) of depth (seconds TWT) to the base of the Yermak
Plateau stratigraphic marker (YP-3; adapted from Eiken and Hinz, 1993). (D) and (E) 3D
seismic bathymetry (10 m x 10 m). (F) The HR2D seismic line providing a regional stratigraphic
framework above the gas hydrate stability zone (i.e., above the bottom—simulating reflection

(BSR) (modified after Plaza—Faverola et al., 2017).
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Figure 2. Seismic processing and attribute workflow. The original input seismic volume
is preconditioned with residual statics and edge—preserved smoothing. After the preconditioning
steps, the volume is input into the Machine Learning (ML) 3D U—Net to create a Machine
Learning Fault Likelihood (MLFL) volume output. The fault dip and fault strike components
from the original fault likelihood are used in the MLFL attribute calculation to create a gridded
surface volume. Selected gridded surfaces are extracted as fault planes and merged with other

volume attributes.
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Figure 3. Subset of the Machine Learning Fault Likelihood (MLFL) volume merged with
the semblance volume below the seafloor. The seismic attribute volumes are calculated from the
original (A) West—volume, and (B) TEW—volume. The dashed blue line represents the bottom—

simulating reflection (BSR) and where the BSR cross—cuts above the seismic stratigraphy. The

gas hydrate stability zone (GHSZ) lies above the BSR and free gas is below.
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Figure 4. An example of fault plane extractions from the West—volume showing the
profile irregularities of a fault (A) in 2D view with intersecting seismic section and (B) 3D view
with surface horizons. The fault planes are color—coded according to assigned zones (oldest to
youngest burial: yellow, green, orange and pink respectively). The fault planes are extracted
because they intersect the horizons used in the interpretation (i.e., H0.3, H1, H2, H2.25 and H3).
Note horizon H3 is used only in the West—volume because this horizon dips beneath the bottom—
simulating reflection (BSR) in the TEW—volume. The age zones (C) to (F) show how many

horizons are intersected by the fault planes.
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Figure 5. (A) Data examples in the West—volume, and (B) TEW—volume, show fault
planes that are classified as (1) faults i.e., “most-resolvable” or (2) having throws at or slightly
below the resolution of the data set i.e., “less—resolvable”. (3) Fault planes are detected by subtle
curvature and showing no throw “least-resolvable”. (4) Fault planes are classed as

“unresolvable” or “ambiguous” when they become difficult to see by eye in the seismic section.
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Figure 6. Map view of the extracted fault planes in the TEW—volume (A) and West—
volume (C) with approximate throw (extension) direction marked by the arrows perpendicular to
the faults. The fault planes are color—coded according to age zones as in Figure 4. The divide
between the east and the west of each survey is marked by thin arbitrary red lines. Fault zones
and chimneys are outlined respectively, and points of interaction and isolated fault plane tips
interpreted (B) and (D). Structures labeled with queries are not associated with extracted fault
planes (C-W1, C—-W2, C-W3, C-E3) or are within zones of disturbed seismic or at the edge of

the survey (C—E4 (B) and C-1 and C-6 (D)).
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Figure 7. (A) — (D) TEW—volume, Machine Learning Fault Likelihood (MLFL) volume
horizon surfaces H0.3 to H2.25 (~0.1-1 Ma). Fault zones (FZ1-4) are indicated. Intersecting
(color—coded) fault planes to horizons are displayed at each respective horizon, blended with the
transparent MLFL horizons. The stereonet pole plots represent faults (with throw; circles) and
fault planes (no throw; squares). (E) Extracted pockmarks from two (10 m x 10 m) surfaces
(seafloor and H1) using a rule—based GIS methodology (Patton et al., 2015b) are combined with
fault plane extractions. The chimney artefacts and pockmarks in the west of the volume (C—W1,

C—W2 and C-W3; Figure 6b), are arranged in an arc following the bathymetric contours.
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Figure 8. (A) — (E) West—volume, Machine Learning Fault Likelihood (MLFL) volume

horizon surfaces HO.3 to H3 (~0.1-1.5 Ma). Note sail line artefacts (A) and “BSR-ridges” (E);

(also see Figures 3a and 11c¢, d). Intersecting (color—coded) fault planes to horizons are displayed

at each respective horizon blended with the transparent MLFL horizons. The stereonet pole plots

represent faults (with throw; circles) and fault planes (no throw; squares). (F) Extracted

pockmarks from two (10 x 10 m) surfaces (seafloor and H1) using a rule-based GIS

methodology (Patton et al., 2015b) are combined with fault plane extractions and pockmarks C—

1, C-6 (Figure 6) and C—7 are labeled.
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Figure 9. (A) TEW—volume, coherency at horizon H0.3 within the distributed gas

leakage zone. Small—scale (~20—50 m) depressions inform a “honeycomb” pattern. (B)

Coherency at horizon H2.25. Fault zone FZ4 is imaged well at horizon H2.25 and the box fault

pattern is partially imaged. Chimneys C-E1, C—E2 and C—E3 are wider at (B) and narrower at

Coherency horizon H2 (C). (D) Machine Learning Fault Likelihood (MLFL) at horizon H2.

Example of interacting planar features below the resolution of the data set (dashed blue filled

oval) and fault related chimney C—E4 (pink circle) at the intersection point (blue filled circle)

between FZ3 and FZ4 (see also Figure 11a). Other fault related chimneys and intersection points



between planar features are interpreted. The partially imaged box fault pattern is interpolated

using the planar features imaged in the MLFL at horizon H2.
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Figure 10. (A) West—volume, coherency at horizon H0.3 within the distributed gas

leakage zone reveals artefacts (see also Figure 8a). Chimneys (displayed deeper in the volume)
are absent in the shallowest horizon H0.3 except for the elongated depressions (C—1 and C—

6). (B) Coherency at horizon H2. Chimneys C—4 and C-5 are less defined. Isolated fault planes
15 and /4c exhibit a change in strike between horizons. (C) Coherency horizon at H2.25. Of the

six chimneys (C—1 to C-6), those with bold outlined boxes are further illustrated (Figure 13). (D)
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Attribute volume blend of Machine Learning Fault Likelihood (MLFL) and semblance at horizon
H3 indicating fault-related chimneys (pink circles) and example of planar features at or below
the limit of resolution (dashed blue filled oval). Breach is interpreted between fault planes 325
and 29b (see also Figure 13a) and transfer zone between fault planes 32b and /4c¢. Intersection

points between planar features are interpreted (blue filled circles).
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Figure 11. (A) TEW—volume horizon isopach between H2 and the seafloor and between
the BSR reflection and the seafloor (transparent). The “BSR—high” lies directly beneath the fault

zone (FZ) interaction (i.e., T-junction between FZ3 and FZ4), where the chimney at this junction
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distorts the seismic imaging. (B) Section A—A’ intersects fault planes / and 5a: within fault zone
FZ4. “BSR—crosscuts” are highlighted (white filled circles) and the ends of extracted fault planes
(1 and 5a) are marked (yellow filled circles). (C) Cross—line (XL) 1609, displays the cross—over
points (bullseyes) where H3 cross—cuts the BSR (see artefacts in Figure 8¢) and deepens towards
the west. (D) Section B-B’ displays examples of phase-reversed high amplitude anomalies (see
Figure 13b) terminating at the BSR and pipes above. The colored (yellow, orange, and pink)
filled circles mark the ends of the extracted fault planes (thin lines) intersecting the seismic. Note

the absence of high amplitudes at the BSR within the region of the chimney.



63

(A) N emergent
A seafloor
rounded elongated /
pockmark pockmarks

intersect BSR

"highly deformed"
- (Cooke et al., 2023)
4
Y

Figure 12. (A) TEW—volume, 3D view of the coherency chimneys (C—E1, C-E2, C-E4)
within the distributed gas leakage zone. The chimneys are color—defined according to whether
they are “blind” (light brown) or “emergent” (black and gray). (B) Section (X—Y-Z) displays the

original seismic, blended with the chimneys and two buried “paleo pockmarks” (dashed black
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lines). Note the thickening of chimney C—E2 between the BSR and horizon H2.25 and again at
horizon H0.3. The blue polygons define “highly deformed” units (after Cooke et al., 2023) and

coincide with chimney widening (C).
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Figure 13. (A) West—volume, 3D view of the coherency chimneys (C-1, C-3, C—4, C-6)
within the distributed gas leakage zone and fault planes (29b, 32b and /4c) intersect coherency
horizon H3. The chimneys are grouped into types: 1) “emergent” chimneys (C—1 and C—6); 2)
“buried” and “blind” (at point “Y”’). The interaction between fault planes 29b and 32b (open

dashed blue circle) is indicated. (B) — (C) Section (W-X-Y-Z) intersects seafloor pockmarks
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and chimneys at C—1 and C—6 and paleo pockmarks at “Y”. A “BSR-high” occurs beneath C-1
at “X” and high amplitudes below the BSR are phase-reversed. Note upward doming seismic

reflections located directly above the BSR (between points Y and Z).

LIST OF TABLES

Table 1. Fault planes by category
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APPENDIX A

Table A—1. Definition of structural and seismic interpretation terms

Structural term

Definition and key references

Box—faults

A network of faults developed between two overstepping normal
faults, described in the East African Rift by Griffiths (1980)

Deformation band

mmb-scale tabular zones of localized but non-discrete strain,
typically involving grain reorganization, cataclasis and/or
dissolution or precipitation (e.g., Peacock et al., 2016)

Distributed gas leakage
zone

We introduce the term in this study to refer to where gas is
leaking but does not appear to be strongly channelized by faults
interpreted in the seismic data. The definition is based on an
observation rather than interpretation.

Fault

Price (1966) defines a fault as “a plane of fracture which exhibits
obvious signs of differential movement of the rock mass on
either side of the plane. Faults are therefore planes of shear
failure”. Faults tend to be zones of deformation, consisting of
multiple slip surfaces, subsidiary fractures and perhaps
deformation bands (e.g., Fossen, 2010). In the context of
seismic, a fault is a planar feature event with a visible offset
between reflection events on either side.

Fault dip and strike

Any planar feature can be described by dip and strike to
determine its orientation. Fault strike is the azimuth across the
plane, and fault dip is the angle of inclination measured
downward from the horizontal (e.g., Fossen, 2010).

Fault extraction

As defined in this study, an automated process by which seismic
faults are extracted from a “fault likelihood” volume. The
extracted faults are represented as grids, which are called fault
“gridded surfaces”. The gridded surfaces can be transformed into
“fault planes”, the common name (format) for faults in seismic
data.

Fault likelihood

A volume that gives at every seismic sample position on a scale
of 0 to 1, the likeliness of this position being located at a fault.
The original fault likelihood attribute by Hale (2013), outputs
three components: fault likelihood, dip of fault likelihood, and
strike (azimuth) of fault likelihood.

Fault plane

In a structural interpretation context, the fault plane is a surface
along which there has been displacement. As defined in the
study, a fault plane in seismic interpretation software is a plane
that is created/visualized on—the—fly and is generated by fault
sticks (e.g., Zhang and Lou, 2020). In this study faults and
planar features are interpreted from fault planes.




68

Fault stick

A set of vertical or horizontal lines representing a fault plane
(e.g., Zhang and Lou, 2020).

Fault zone

A system of related fault segments that interact and link and are
restricted to a relatively narrow band or volume (e.g., Peacock et
al., 2016).

Fault network

A system of linked and interacting faults, more diffuse than a
fault zone (Peacock et al., 2000).

Fracture

Fractures include dikes, faults, joints and veins. Fracture appears
to be synonymous with discontinuity (Priest and Hudson, 1976,
1981 from Peacock et al., 2000). A fracture in a seismic context
is a planar event without a visible offset between reflection
events on either side.

Gridded surface

As defined in this study, a gridded surface refers to a grid of
points belonging to the same fault. Also defined in the literature
as “fault surface patch” (e.g., Zhang and Lou, 2020)

Machine Learning Fault
Likelihood (MLFL)

As defined in this study, a machine learning model predicts fault
likelihood (scale 0 to 1). It does not predict fault dip and fault
strike (azimuth). To apply a thinning algorithm, or to
automatically extract faults from MLFL, these missing
components need to be computed first. This is done by applying
the original fault likelihood algorithm on a “flipped” MLFL (1
minus MLFL).

Planar feature

As defined in this study, a structure in seismic data observed in
the MLFL volume as a discontinuity which does not have a
throw because it is probably below the resolution of the data set.

Transfer zone

A transfer zone is formed between two stepping faults with
interacting tips (e.g., Peacock et al., 2000). The transfer zone
may contain several faults and smaller structures, which cross—
cut and breach the transfer zone (e.g., Morley et al., 1990)
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TEW-volume—(w) Central TEW-volume—(e)
Fault zones (FZ) — FZ1 FZ2 and FZ3
Structural -No throw is observed, -FZ1 strikes -FZ2 and FZ3 strike
characteristics except for fault plane 4a ~N-S. NE-SW, and FZ4 is
(throw is at the limit of the -The largest perpendicular to and
resolution ~ <3 m). fault throw is bound by FZ2 and
-Planar features are ~15 m at fault FZ3.
interpreted where no throw is  plane /0, while -The interpreted box—
observed (e.g.,41c, 64c, 12b,  all other faults faults within the
57). are at or below distributed gas leakage
-Many of the fault planes are  the limit of zone have ~N-S and
ambiguous (i.e., unresolved) resolution (~<3  ~NNW-SSE strike
m). orientations.
-Fault and planar
feature networks
within the distributed
gas leakage zone
appear unresolved or
at the limit of the
resolution (~ <3m).
Pockmark presence -Possible chimneys not -Seafloor -Seafloor pockmarks

and fault-related/fault
independent fluid flow
indications

related to faults, observed to
follow the depth contours of
the seafloor.

-Pockmarks located above

fault planes (e.g., 4a, 48) (i.c.,

at horizons H1, H2.25)

indicate that the structures act

as conduits for long term
fluid flow (Fig. 7e).

-Fault planes (e.g., 12b, 57,
64a and ¢, 41c and 44)
intersect chimneys (Fig. 7b,
c,d, e).

pockmarks are
present where
fault planes are
interacting (e.g.,
8a—3a, and 10)
(Fig. 7b).

are located at the tips
of fault planes (e.g.,
29c, 4a, 6a).
-Seafloor pockmarks
exist at a distance
away from the tips of
the fault planes (e.g.,
29¢) (Fig. 7d, e).

Fault interaction (i.e.,
abutting, stepping,
individual vertical
linkage of fault planes,
and transfer structures)

-Interacting fault plane
examples (e.g., 12b, 57, Sa,
48 and 41c, 64c) at horizon
H2 (Fig. 7c).

-Some fault planes exhibit a
change in strike, between
horizons (e.g., 56 and 64a—
64c), between horizons
H2.25 and H2 (Fig. 7c—d).

-Interacting fault
plane examples
(e.g., 10, 3a and
8a) at horizon
H2 (Fig. 7c).

-Individual fault planes
(e.g., 29a, and 29¢)
have the same strike at
horizons H2.25 and H1
(Fig. 7b, d).

-Fault planes (e.g., /,
Sa, 52a, 48, 61f, 29¢)
located between FZ2
and FZ3 are probably
influenced by transfer
structures.
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Table A-3. Interpretation summary of the West—volume

West—volume—(w)

West—volume—(e)

Fault zones (FZ) FZ7 and 8 FZ5 and 6
Structural -FZ7 strikes ~\NW-SE and FZ§ -FZ5 and 6 strike ~\NNW-SSE.
characteristics strikes ~NNE—SW. -Fault throws are larger than in the

-Fault throws are larger than in the
TEW-—volume. Fault planes in the
West—volume—(w) (e.g., /4c, 14g)
have the largest throws (i.e., 6 and 7
m), while all others are at the limit of
the resolution ~ <4 m.

-Fault zones FZ5-8 are separated into
segments, some of which range in
strike from 139-97° strike (e.g., 34c
and 32b) (Fig. 8a—f).

TEW-volume. Fault planes (e.g.,
8f, 8b, 8d) have the largest throws,
while all others are at the limit of
the resolution ~ <4 m, or are
ambiguous (e.g., 95, 50b, 10f).
-Segments from FZ5 and FZ6
have comparable orientations
(~NW-SE-WNW-ESE) to FZ1 in
the TEW—volume and to FZ8 in
the West—volume—(w) (e.g., fault
plane 34c).

Pockmark presence and
fault-related fluid flow
indications

-Fewer pockmarks exist in the West—
volume—(w) compared to the TEW—
volume—(w). They are more rounded
at the intersection of fault planes
(e.g., 14g and 14c).

-Some buried chimneys, and buried
pockmarks exist between FZ7 and
FZ8 (Fig. 10).

-Emergent chimneys follow the
largest fault-related seafloor
pockmark orientation (i.e., ~NW-—
SE).

-Large (~200-500 m) fault—
oriented pockmarks exist at the
seafloor, oriented ~NW-SE to
WNW-ESE.

-The most distinct (i.e., largest)
fault planes are the oldest faults,
oriented NNW-SSE to NW-SE
(e.g., 11a, 10g, 10f, 8d, 8b, &, 5
and 50b) (Fig. 8e).

Fault interaction (i.e.,
abutting, stepping,
individual vertical
linkage of fault planes,
and transfer structures)

-The ENE-WSW fault plane
segments between FZ7 and FZ8 (i.e.,
32b, 29b, ¢) (Fig. 8c—f), do not show
pockmarks in alignment with the fault
orientations at the seafloor. Rather,
pockmarks adjacent to fault planes
(32b and 29b) are observed in a
~NW-SE orientation (Fig. 8f).

-An example of superposition of fault
planes /4g, 14c and 15 (Fig. 8 a—f).
The oldest fault plane segment, 14g
connects with a younger fault plane
segment /4c above which, fault plane
15 has rotated at a shallower horizon,
from NE-SW to ~ E-W.

-The NW-SE oriented and
WNW-ESE fault plane segments
at FZ5 and FZ6 contain the largest
seafloor pockmarks where
segments have interacted (Fig. 8f).
-An example of fault interaction at
FZ7 (Fig. 4) provides the
evolution of a fault system.
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-A distributed gas leakage zone is
interpreted between FZ7 and FZ8.

Table A—4. Seafloor pockmarks and predicted fluid flow mechanisms for each seismic

volume

TEW-volume

West—volume

Seafloor pockmark count and
identification

12 total (C—W1, C—W2,
C-W3, C-E1, C-E2, C-
E4; Figure 6, 6 blue
polygons unlabeled west
of “C—W” pockmarks;
Supplementary Figure S—
7)

8 total (C—-1 and C-6;
Figure 6, 6 blue polygons
labeled 1-6;
Supplementary Figure S—
8)

Surface area/pockmarks per unit
area

14.15 km*/ 0.85

12.42 km?/ 0.64

Pockmarks per unit area related to
fault planes only (or unknown
source)

0.49 (7 total: C-E1, 6
unlabeled; Supplementary
Figure S—7)

0.24 (3 total: C—1 and C—
6; 1 labeled (i.e., 1);
Supplementary Figure S—
8)

Pockmarks per unit area related to
BSR where fluid migration occurs

0.35 (5 total: C—W1, C—
W2, C-W3, C-E2, C-
E4); Supplementary
Figure S—7

0.40 (5 total: labeled 2—6;
Supplementary Figure S—
8)
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APPENDIX B

Table B—1. Structural interpretation summary of the TEW—volume and West—volume

TEW-volume

Distributed gas leakage zone

Distributed gas leakage in the TEW—volume is interpreted
between FZ2 and FZ3, an area that also shows paleo gas
leakage, indicating later sealing of the structures.

There are blind or buried chimneys that do not emerge at the
seafloor in both of the distributed gas leakage zones (Figures
12 and 13). There are relatively few pockmarks in these
areas, and those that do exist are relatively smaller than
pockmarks elsewhere in the study areas (Supplementary
Figures S—7, S—8, and S—11).

Chimneys

Blind chimneys within the TEW—volume exhibit their
maximum width at ~1 Ma, followed by a decrease in
thickness continuing until ~0.4 Ma, and subsequently, a
further reduction in thickness until ~0.2 Ma, where the
emergent chimney widens a second time (Figure 12), which
may imply a lithological control.

Fault interaction

The shallowest BSR burial aligns with the strike of FZ4,
which cross—cuts FZ3 and continues in an E-W direction
towards FZ2 (Figures 3b and 11a). The shallow depth to the
BSR is most probably influenced by a transfer zone (see
section “Transfer zones™). Seismic imaging in the zone of
fault interaction (i.e., between fault planes 48 and 6a; Figure
11a) is compromised by gas chimney “C—E4” (Figure 12;
Supplementary Figure S—7), thereby affecting interpretation
(Figures 6a—b). The arrangement of pockmarks labeled as
“C-E1”, “C-E2”, “C-E3” (Figures 6b, and 9), aligned
parallel to and situated approximately ~0.5 km away from
the center of FZ3, may indicate gas migration could occur
along or around breaching faults in the transfer zone.
Several types of fault interactions appear to occur in the
TEW-volume, including relay ramps (i.e., a type of transfer
zone) (e.g., Larsen 1988; Peacock and Sanderson 1991) and
potential box—faults (e.g., Griffiths 1980), and these appear
to influence fluid leakage. Fluid leakage is also known to be
possible where faults interact (e.g., Gartrell et al., 2004;
Ligtenberg, 2005; Michie and Braathen, 2023). Fault
interactions like those in the TEW—volume are not observed
in the West—volume. The lack of similarity between the two
volumes is more likely attributed to geological differences
rather than data quality.

Fault interaction appears to influence fluid flow in the
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TEW-volume—(e) area more than in the TEW—volume—(w),
given the abundance of closely spaced fault zones imaged
(FZ1-4) with highly varied orientations of the fault planes
(Supplementary Figure S—4). As a result, more chimneys
and pockmarks exist in the TEW—volume—(e). The
interacting fault planes within fault zones probably
contribute to fluid release facilitated by dilation (e.g.,
Gartrell, 2005). This means that fluid flow may not follow
along the entire length of each fault but is channelized at
points, where there may be sub—resolution structures such as
fault steps or bends. For example, dilation is likely to have
occurred where fault planes 3a, /0 and 8a intersect at a
triple—point at FZ1 (Figure 7c, e). The transfer zone
observed along the strike of FZ4 (Figures 6b, 7e, 9) is
unique to the TEW—volume—(e).

Transfer zone

A possible example of a transfer zone occurs in the TEW—
volume—(e) area, with <1-2 km between stepping fault zones FZ2
and FZ3. The two parallel fault zones are NE-SW striking, and
connected by the breaching FZ4, which is nearly perpendicular to
FZ2 and FZ3 (Figures 7, 9, 11a).

The gas hydrate—free gas
interface (BSR) and influences
on fluid flow

The irregular—shaped pockmarks and chimneys in the TEW—
volume—(e) (e.g., C—E2 and C—E4) indicate that the BSR—high at
FZ4 may have been influenced by the breached transfer zone. The
migration of gas updip, from beneath the BSR in the TEW—
volume—(w) area, also appears to be influential over the pattern of
emergent chimneys and pockmarks (C -W1, C -W2 and C -W3),
and are arranged in an arc following the bathymetric contours.
Fault planes were not extracted and therefore no evidence of fault
interaction was found within the chimneys in the TEW—volume—
(w). The chimneys there are more rounded than those in the
TEW-volume—(e) where pockmarks are irregularly shaped.

BSR depth

The BSR is situated above the lowermost interpreted horizon (H3)

West—volume

Distributed gas leakage zone

There is an area of distributed paleo gas leakage in the
West—volume between FZ7 and FZ8, indicated by a
relatively high density of fault planes in the machine
learning fault likelihood volume horizon slices and buried
fluid flow features; of these, the buried fluid flow features
are more convincing than the high density of fault planes
(e.g., H3; Figure 8e).

Extractions of fault planes are lacking in the distributed gas
leakage zone in the West—volume (Supplementary Figure S—
3, 1.e., “gridded surface absence”), despite the area showing
a high likelihood of such features in the machine learning
fault likelihood volume (Figure 8e). It is possible that the
anomalies associated with sail line artefacts, prominent in
the shallow horizons (i.e., H0.3 and H1), may obscure the
imaging of the distributed gas leakage zone there.
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Chimneys

The buried chimney (“Y”) in the West—volume shows a
paleo pockmark between horizons H3 and H2 corresponding
to the period ~1.5-0.4 Ma (Figure 13). The chimney is
narrow above the paleo pockmark and a pockmark absence
is noted above this part of the chimney (i.e., it has become
blind between the period ~0.4—0.2 Ma).

Fault interaction

Fault interactions like those in the TEW—volume are not
observed in the West—volume. The lack of similarity
between the two volumes is more likely attributed to
geological differences rather than data quality.

The relatively small pockmark (90 m width x 125 m length)
on the seafloor at FZ7 is positioned at the intersection
between fault planes 14g and 14¢ (Figure 8e, f).

Gas hydrate—free gas interface
(BSR) and influences on fluid
flow

The association observed between the BSR-ridges (Figure 8) and
the alignment of fault planes within FZ5 and FZ6 suggests a
relationship between the BSR and the faults. The gas chimneys
located here probably originate from and are rooted beneath the
BSR (e.g., Auguy et al., 2017). Furthermore, the chimneys in the
West—volume—(e), are elongated in the orientation of the (NNW-—
SSE) BSR-ridges (Figure 8f).

BSR depth

The BSR lies below H3 in the east of the volume, then increases
in thickness (i.e., depth) towards the west.
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Supplementary Tables

TEW-volume

Survey configuration

Ship’s speed: 4kn + 0.3 knots

Gun system: Two mini-GI (30/30 inch?® and 15/15 inch®)

Shooting pressure: ~170-180 bar

Shooting interval: 6 sec

Recording window: 3.5 sec

Recording delay: 0 sec

Sampling interval: 0.25 milliseconds (ms)

3D survey line number count: 31

Streamer depth: 1.5 m (streamer depth increased from line 25 after losing buoyancy on
the cross-cable of the P-cable system).

Volume dimensions

In-line range: 2 - 328 - 1; Total: 327

Cross-line range: 445 - 1551 - 1; Total: 1107

Z range (m): 1191.000 - 1520.130 - 0.207; Total: 1591
Inl/Crl bin size: 6.25 / 6.25 (m/line)

Area: 14.15 (km?)

In-line orientation: 125.06° clockwise from N

Table S—-1. High—resolution 3D seismic survey configurations and volume dimensions for
the TEW—volume.



West—volume

Survey configuration

Ship’s speed: 4kn = 0.3 knot

Gun system: Two mini-GI (30/30 inch?® and 15/15 inch®)
Shooting pressure: ~170-180 bar

Shooting interval: 6 sec

Recording window: 3.5 sec

Recording delay: 0 sec

Sampling interval: 0.25 milliseconds (ms)

Survey line number count: 23

Streamer depth: 1.5 m

Volume dimensions

In-line range: 8 - 225 - 1; Total: 218

Cross-line range: 223 - 1681 - 1; Total: 1459

Z range (m): 1370.000 — 1811.258 - 0.293; Total: 1507
Inl/Crl bin size: 6.25 / 6.25 (m/line)

Area: 12.42 (km?)

In-line orientation: 121.80° clockwise from N

Table S-2. High—resolution 3D seismic survey configurations and volume dimensions for the
West—volume.
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HO0.3 H1 H2 H2.25
(~0.1 Ma) (~0.2 Ma) (~0.4 Ma) (~1 Ma)
8a 8a 41c 64a
64c 56
12b 4a
57 3a
56 10
8a | 522 |
4a 1
3a Sa
10 61f
29c¢
26¢
1 50b
S5a 6a

Table S-3. Fault plane age burial zones (arbitrarily defined) for the TEW—volume (groups: Y—I
= yellow, G—2 = green, B-3 = blue, O—4 = orange, P-5 = pink).

HO.3 H1 H2 H2.25 H3
(~0.1 Ma) (~0.2 Ma) (~0.4 Ma) (~1 Ma) (~1.5 Ma)

15 15 34c 34c 44
61 11b 34e 32b 34c
9c 29¢ 29¢ 34d
15 l4c 32b

5 5 11la 49a 29b
9a l4c

5 l4g

50b 8f

8b

8&d

10g

10f

Table S—4. Fault plane age burial zones (arbitrarily defined) for the West—volume (groups: Y—I
= yellow, G—2 = green, B-3 = blue, O—4 = orange, P-5 = pink).



Horizon Fault Age | Size Dip Throw (m) Feature
plane zone' | (S/ | direction (mostly at limit of | associated with
M/ resolution <3m) structure
L)
HO0.3 8a P-5 M SW <3
H1 8a P-5 M SW <3
44 04 S ? no (distorted) CHY* (pull
9a 04 S NW <3 up) / edge*
1 Y-1 L SW <3 (N*
29a 04 S SW <3
H2 41c B-3 S - no PM* (above)
64c B-3 S - no
12b B-3 S - no PM (above)
57 B-3 S - no CHY
56 G2 S - no
8a P-5 L SW <3
4a Y-1 L SW <3 CHY /PM
3a G2 M - no (above)
10 G2 M SW 15
9a 04 M NwW <3 CHY / FZ*
52a 04 L Nw <3
1 Y-1 L ? <3(?7)
S5a Y-1 L SW <3(?7)
48 04 M NE <3
63a 04 S SW <3 CHY (pull up)
H2.25 64a G2 M - no
56 G2 S - no
4a Y-1 L SW <3
3a G2 M - no
10 G2 M SW 15 CHY /FZ
52a 04 L NwW <3
1 Y-1 L SW <3(?7)
S5a Y-1 L ? <3(?
61f B-3 S SE <3
29c¢ B-3 S NE <3
26¢ B-3 S NwW <3
50b B-3 M ? <3
6a B-3 M NwW <3(

Table S-5. Characteristics of fault planes with throw values in the TEW—volume (*PM =
pockmark, CHY = chimney, edge = edge of survey, (?) = at resolution limit, FZ = within fault
zone, “no” = no throw measured, "refer to Table S-3).



Horizon Fault Age Size Dip Throw (m) Feature
plane zone' | (S/M | direction (mostly at limit of associated with
/L) resolution <4 m) structure
HO.3 15 P-5 S SW <4
61 P-5 S NE <4
9¢ P-5 S SW <4 PM*
9b 04 S SW no (distorted) PM
5 P-5 M SW <4 PM
H1 15 P-5 S SW <4
11b P-5 S NE <4 CHY*
85 04 S S <4
9b 04 M SW no (distorted) PM
5 P-5 M SW <4 PM
118 04 S SW <4
H2 34c B-3 L SW <4
34e B-3 S SW <4
29c¢ B-3 M S <4
15 P-5 S SW <4
lla B-3 S NE <4
9b 04 M SW no (distorted) PM
5 P-5 M SW <4
50b B-3 S SW no (distorted) PM
H2.25 34c B-3 L SW <4
32b G2 L S <4
29c¢ B-3 M S <4
l4c G2 L S/SE 7
49a G2 S SW <4 AA* - PM
9a G2 M SW <4 PM (above)
H3 44 Y-1 S SE <4
34c B-3 L SW <4
34d Y-1 S S <4 CHY
32b G2 L S <4
29b Y-1 S S 6
l4c G2 L S 7
l4g Y-1 S SE 6
8f Y-1 S SW 7 PM (above)
8b Y-1 S SW 10 PM (above)
8d Y-1 S SW 6 PM (above)
10g Y-1 S SW <4
10f Y-1 S SW no (distorted) PM (above)




Table S—6. Characteristics of fault planes with throw values in the West—volume (* PM =
pockmark, CHY = chimney, AA = amplitude anomaly, “no” = no throw measured, "refer to
Table S—4).
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Horizon Fault plane Age zone' Azimuth (A) Dip (2)
HO0.3 8a P-5 24 63
H1 8a P-5 24 63

44 04 4 63
9a 04 67 62
1 Y-1 157 58
29a 04 154 52
H2 41c B-3 167 54
64c B-3 124 63
12b B-3 156 54
57 B-3 92 46
56 G2 131 50
8a P-5 24 63
4a Y-1 7 57
3a G2 35 56
10 G2 161 49
9a 04 67 62
52a 04 78 57
1 Y-1 157 58
S5a Y- 153 59
48 04 129 61
63a 04 136 59
H2.25 64a G2 112 43
56 G2 131 50
4a Y-1 7 57
3a G2 35 56
10 G2 161 49
52a 04 78 57
1 Y-1 157 58
S5a Y-1 153 59
61f B-3 86 58
29c¢ B-3 154 60
26¢ B-3 51 53
50b B-3 92 61
6a B-3 38 53

Table S-7. Fault plane dip (° from horizontal) and azimuth (° clockwise from north) and

assigned age zone ("refer to Table S-3) in the TEW—volume.
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Horizon Fault plane Age zone' Azimuth (A) Dip (2)

HO0.3 15 P-5 114 52
61 P-5 129 48

9c P-5 161 46

9b 04 155 47

5 P-5 157 55

H1 15 P-5 114 52
11b P-5 130 56

85 04 93 60

9b 04 155 47

5 P-5 157 55

118 04 104 61

H2 34c B-3 139 58
34e B-3 128 41

29¢ B-3 114 48

15 P-5 114 52

11a B-3 130 56

9b 04 155 47

5 P-5 157 55

50b B-3 174 63

H2.25 34c B-3 139 58
32b G-2 97 56

29c B-3 114 48

l4c G-2 96 55

49a G-2 152 64

9a G-2 152 62

H3 44 Y-1 113 59
34c B-3 139 58

34d Y-1 146 45

32b G-2 97 56

29b Y-1 110 49

l4c G-2 96 55

l4g Y-1 85 62

8f Y-1 149 52

8b Y-1 157 55

8d Y-1 152 48

10g Y-1 153 62

10f Y-1 169 44

Table S-8. Fault plane dip (° from horizontal) and azimuth (° clockwise from north) and

assigned age zone ("refer to Table S—4) in the West—volume.
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Chimney | Pockmark | Width (m) | Length Ratio (W: | Surface area | Orientation
ID ID (m) L) (m?) (deg)
C-W1 1 170 216 0.79 26201 157
CcC-wW2 |5 168 189 0.89 25039 177
C-W3 |3 135 209 0.65 18650 165
C-E1 15 201 210 0.96 33895 0
C-E2 13 107 144 0.74 10454 115
C-E4 14 208 285 0.73 47430 134

Table S—9. Pockmark characteristics for horizon SF in the TEW—volume—(e) and TEW—-volume—
(w).

Chimney | Pockmark | Width (m) | Length Ratio (W: | Surface area | Orientation
ID ID (m) L) (m?) (deg)
C-W3 |1 60 85 0.70 3228 42
C-E1 16 204 231 0.88 38966 157
C-E2 13 181 260 0.70 35841 178
C-E3 11 156 217 0.72 24326 10
C-E4 14 220 426 0.52 76836 29

Table S-10. (Paleo) Pockmark characteristics for horizon HI in the TEW—volume—(e) and
TEW—volume—(w).

Chimney | Pockmark | Width (m) | Length Ratio Surface area | Orientation
ID ID (m) (W:L) | (m? (deg)
C-7 1 91 125 0.72 7437 136

— 2 149 232 0.64 21567 12

- 3 159 494 0.32 43971 164

- 4 289 616 0.47 104232 159

- 5 149 170 0.87 18934 0

- 6 193 506 0.38 55573 173

Table S—11. Pockmark characteristics for horizon SF in the West—volume—(e) and West—volume—

(w).
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Chimney Pockmark | Width (m) | Length Ratio Surface area | Orientation
ID ID (m) (W:L) | (m) (deg)
C-1 1 68 144 0.47 4243 21
- 4 141 171 0.82 17666 135
- 5 147 228 0.64 22203 157
- 3 120 167 0.72 13496 147
- 2 184 276 0.67 35163 175

Table S—-12. (Paleo) Pockmark characteristics for horizon HI in the West—volume—(e) and West—

volume—(w).
Chimney | Pockmark | Width (m) Length Ratio Surface area | Orientation
ID ID (m) (W: L) (m?) (deg)

- 1 147 210 0.70 19977 0

C-5 4 303 431 0.70 95858 80

- 2 196 252 0.78 35516 47

C-3 5 209 333 0.63 44157 45

CH4 6 167 345 0.48 37006 135

Table S—13. (Paleo) Pockmark characteristics for horizon H3 in the West—volume—(w).
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Figure S-1. Amplitude spectra for the TEW—volume (purple line) and the West—volume (blue
line). The dominant frequencies are ~120 Hz and ~100 Hz respectively.
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Figure S-2. Comparing the two different fault likelihood volumes using TEW—volume/horizon
H2 as an example. (A) “original” fault likelihood with computational time of 52 minutes. (B)
ML fault likelihood volume (used in the study) with computational time of six minutes.
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gridded
surface
absence

high number of
gridded surfaces
below BSR

Figure S-3. Gridded surface volume displaying all 198 fault planes for each high-resolution 3D
volume, viewed together with the BSR (semi—transparent black surface), and seafloor (semi—
transparent colored horizon). (A) Fault planes are less evenly distributed in the West—volume. A
high density of gridded surfaces occurs below the BSR surface in the west of the West—volume as
the seafloor deepens, and the thickness of sediments reduces towards the flank of the Ridge.
There are fewer extractions above the BSR surface than below in the center of the volume (i.e.,
labeled “gridded surface absence”). (B) The fault planes are more evenly distributed in the
TEW—volume and there are proportionately more gridded surfaces above the BSR.
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Rose diagram, Stereonet Pole Plots and Kamb contours

The stereonets (which are lower hemisphere projections) were created using R. W. Allmendinger
(2020) software “Stereonet v. 11”. The planar features are displayed as poles to planes. The
Kamb (1959) method was used for contouring. This method uses a variable area counting circle
depending on the number of data points. The rose plot is the analysis of the input planes (AZ)
with petals parallel to the strike direction. The petals are scaled by area with 10° bin size.

(A) (B)

FZ1 and FZ4

Kamb contours in (C) FZ2

Standard Deviations

Max value = 17.4%
between 151° and

160°

Mean Vec = 330.4°

e fault (15) 647"
Average Length =
O ambiguous (8) 03 FZ1 and FZ4

Figure S—4. (A) TEW—volume contoured pole plot. The poles are defined by those that are faults
(black circles) and those that are ambiguous features (open red circles and annotated). The
purpose of the contoured plot is to show where the fault planes are clustered. The ambiguous
poles are within the range of the fault planes indicating that the structures are probably related.
(B) Non-contoured pole plot for all fault planes. (C) Rose plot showing the maximum petal value
between 151° and 160°, which aligns with the fault zones (FZ) FZI and FZ4. The contoured pole
and rose plots are annotated with fault zones. The largest petals (scaled by area) are in the
orientation of FZ1/FZ4 (NNW-SSE) and FZ2 (NE-SW).
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Kamb contours in

Standard Deviations Max value = 26.9%

between 151° and FZ7
160°
Mean Vec = 317.4°

N
® fault (23) +09.9° FZ8
; N=26 |Average Length =
SSanibigransif] 068 FZ5 and FZ6

Figure §-5. (A) West—volume contoured pole plot. The poles are defined by those that are faults
(black circles) and those that are ambiguous features (open red circles and annotated). The
purpose of the pole plot is to show where the fault planes are clustered. There are fewer
ambiguous features in the West—volume as compared with the TEW—volume and they lie within
the contours. The orientations of fault zones (FZ) FZ5, FZ6 and FZ8 lie within the highest
clustering of poles in NNW-SSE and NW-SE orientation. (B) Non-contoured pole plot for all
fault planes. (C) Rose plot showing the largest petals (scaled by area) between 151° and 160°,
which is consistent with the results from the TEW—volume. The orientation NNW-SSE (FZ5 and
FZ6) is dominant among all fault planes.



Fault plane interaction classification
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Figure S—6. Fault plane interaction classification (after Peacock et al., 2017) with examples

from the study.
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Figure S-7. TEW-volume survey area showing extracted pockmarks/depressions from 2
surfaces: seafloor (SF) and HI1 (10 x 10 m). Refer to Supplementary Table S—9 for pockmark
characteristics for the SF surface in the TEW—volume-(w) (C—W1, C—W2 and C-W3) and TEW-
volume-(e) (C—-E1, C-E2 and C—E4); and Supplementary Table S—10 for paleo pockmark
characteristics for surface HI in the TEW—volume—-(w) (C-W3) and TEW—volume-(e) (C-E1,
C-E2, C-E3 and C-E4). Note: There are no pockmark extractions at HI for chimneys C-W1
and C-W?2, and there is no pockmark extraction for C—E3 at the SF. Gray filled diamonds
represent the maximum depth for all the pockmark extractions for surfaces SF and H1.
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Figure S-8. West-volume survey area showing extracted pockmarks/depressions from the
seafloor surface (SF) (10 x 10 m). Refer to Supplementary Table S—11 for pockmark
characteristics in the West—volume—-(w) area (1) (i.e., C-7) and West—volume-(e) area (2—6).
Gray filled diamonds represent maximum depth for all the pockmark extractions for surfaces SF,

HI and H3.



93

N , N
T, o *
° o ¢ <> N
[+
©
o .
° . 2@
Pockmarks/ S -
depressions e o4
point of 4 2
¢ maximum depth e 28
(surfaces SF, H1 ‘ < T
O and H3) . ‘
FZ6 e,
 H1 FZ5 ™~

Figure §-9. West-volume survey area showing extracted paleo pockmarks/depressions from
surface HI (10 x 10 m). Refer to Supplementary Table S—12 for paleo pockmark characteristics
in the West—volume—-(w) area (1) (i.e., C—1) and West—volume-(e) area (2-5). Gray filled
diamonds represent maximum depth for all the pockmark extractions for the seafloor, HI and H3
surfaces.
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Figure S-10. West-volume survey area showing extracted paleo pockmarks/depressions from
H3 surface (10 x 10 m). Refer to Supplementary Table S—13 for pockmark characteristics in the
West—volume-(w) area (1, 2, 4- 6) within the distributed gas leakage zone between fault zones
FZ7 and FZ8. Gray filled diamonds represent the maximum depth for all the pockmark
extractions for the seafloor, HIl and H3 surfaces.
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Figure S-11. West-volume survey area showing extracted pockmarks/depressions from 2 (10 x

10 m) surfaces. seafloor (SF) and H3. A 2 x 2 m surface was created to test the minimum

pockmark extraction revealing smaller seafloor pockmarks (encircled in red). In fault zone FZ8

the red circle shows a small pockmark intersecting the composite seismic line (dashed black

line). Gray filled diamonds represent the maximum depth for the pockmark extractions for the SF

and H3 surfaces, and the red filled diamonds represent the maximum depth for the 2 x 2 m

surface seafloor pockmarks. Pockmark widths for the 2 x 2 m surfaces are between 65 and 90 m.
Figure 8f displays faults interacting beneath the pockmark (encircled in red) at the center of the
survey (C-7). Figure 13 displays the emergent chimneys and seafloor pockmarks (C—6 and C-1,

i.e., at points “W” and “X” respectively) elongated in the same orientation as the fault zones

FZ5 and FZ6.



