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Abstract Pockmarks are morphological depressions commonly observed in ocean and lake floors.
Pockmarks form by fluid (typically gas) seepage thorough a sealing sedimentary layer, deforming and breaching
the layer. The seepage‐induced sediment deformation mechanisms, and their links to the resulting pockmarks
morphology, are not well understood. To bridge this gap, we conduct laboratory experiments in which gas seeps
through a granular (sand) reservoir, overlaid by a (clay) seal, both submerged under water. We find that gas rises
through the reservoir and accumulates at the seal base. Once sufficient gas over‐pressure is achieved, gas
deforms the seal, and finally escapes via either: (a) doming of the seal followed by dome breaching via
fracturing; (b) brittle faulting, delineating a plug, which is lifted by the gas seeping through the bounding faults;
or (c) plastic deformation by bubbles ascending through the seal. The preferred mechanism is found to depend
on the seal thickness and stiffness: in stiff seals, a transition from doming and fracturing to brittle faulting occurs
as the thickness increases, whereas bubble rise is preferred in the most compliant, thickest seals. Seepage can
also occur by mixed modes, such as bubbles rising in faults. Repeated seepage events suspend the sediment at
the surface and create pockmarks. We present a quantitative analysis that explains the tendency for the various
modes of deformation observed experimentally. Finally, we connect simple theoretical arguments with field
observations, highlighting similarities and differences that bound the applicability of laboratory experiments to
natural pockmarks.

Plain Language Summary Pockmarks are pit‐like depressions common in ocean and lake floors,
formed by gas seepage through underlying sediments. Despite relevance to both fossil fuel exploration and
global warming, the mechanisms by which pockmarks evolve remain elusive. We conduct simple laboratory
experiments in which we inject air into a layer of glass beads (”reservoir”) overlain by a layer of clay (”seal”), all
submerged underwater in a transparent box. We find that gas rises through the sand and accumulates at the base
of the clay. Then, gas pressure rises until it suffices to deform the clay and escape, forming a pockmark. This
occurs by one of three mechanisms, depending on clay thickness and stiffness: (a) heaving of a dome which then
fractures in thin clay layers; (b) faulting in thick, stiff clays; and (c) bubbles ascend in thick, soft clays. Pipe‐like
focused gas conduits connecting the clay bottom to the pockmark are created by the rise of a “trains” of bubbles
that weaken their path. These pathways can also initiate in faults. Repeated seepage events push the clay
particles, suspending them in water to create a pockmark. Our findings agree with field observations, improving
our understanding of natural pockmark formation.

1. Introduction
Gas seepage from oceanic and lacustrine sediments is globally prevalent, forming geological structures such as
pockmarks, vents, and mud volcanoes along the continental margins at many locations (de Mahiques et al., 2017;
Dupré et al., 2010; Hovland et al., 2005; King & MacLean, 1970; Krämer et al., 2017; Pilcher & Argent, 2007;
Riedel et al., 2020; Schattner et al., 2012; Skarke et al., 2014; Sultan et al., 2010; Q. Sun et al., 2012). Oceanic gas
seeps introduce large quantities of methane into the water body, up to ∼65 Tg/yr from continental shelves alone
(Hovland et al., 1993; Skarke et al., 2014). Methane venting affects ocean acidification, de‐oxygenation, and thus
the global climate (Archer et al., 2009; Hornbach et al., 2004; McGinnis et al., 2006; Svensen et al., 2004). In
particular, methane, a highly potent greenhouse gas, has a crucial role in the global carbon cycle and has been
proposed as the cause of past episodes of climate change (e.g., Archer et al., 2009; Dickens, 2003; Westbrook
et al., 2009). Furthermore, many seeps originate from oil and gas reservoirs as well as methane hydrate deposits,
and thus can serve to indicate their location (Abrams, 2005). All these make understanding of gas seeps an
important topic (Berndt, 2005).
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Gas seepage from the seafloor occurs via two main mechanisms: (a) diffuse (non‐focused) capillary invasion
through the sediment pores (especially in coarse‐grained sediments); or (b) focused preferential flow paths, along
pre‐existing faults and cracks or “pipes” opened by deformation induced by the fluids themselves as they migrate
(Jain & Juanes, 2009; Fauria & Rempel, 2011; Holtzman et al., 2012; Z. Sun & Santamarina, 2019). The latter
typically release large amounts of gas in an episodic and/or cyclic manner (Hovland et al., 2002, 2010), and are
associated with pockmarks as well as vents and mud volcanoes. Pockmarks (PMs) are of particular importance
due to their abundance as well as their role as markers for gas‐induced sediment deformation and breaching which
leads to seepage (King & MacLean, 1970; Schattner et al., 2016). Despite the importance of PMs as the surficial
manifestation of the gas seepage, the mechanisms and the consequent spatiotemporal signature of the seeps
remain elusive (Hovland et al., 2010). Here, we use laboratory experiments and theoretical analysis to explore the
links between gas‐induced sediment deformation, seepage, pockmark formation and their spatiotemporal
evolution.

1.1. Field Observations of Pockmarks and Gas Pipes

Pockmarks are depressions within the surface of oceanic and lacustrine sediments, where their formation
mechanism is believed to be tightly linked to the fluid seepage mechanism feeding them (King &MacLean, 1970;
Schattner et al., 2016). PM diameters can range between meters and hundreds of meters. They are widespread in
continental shelves (Schattner et al., 2012, 2016), slopes (Bøe et al., 1998; Gay et al., 2006; Pilcher &
Argent, 2007), the deep abyss (Camerlenghi et al., 1995; A. G. Judd, 2003), deep‐sea fans (Bayon et al., 2009;
Loncke & Mascle, 2004), lakes, bays, estuaries (García‐Gil, 2003) and fjords (Forwick et al., 2009; Hovland
et al., 2002). Within seismic cross‐sections, PMs are often associated with feeding pipes of incoherent signature,
which suggest gas presence or liquefied or disturbed sediments (e.g., Cartwright & Santamarina, 2015).

Field observations suggest that the morphology, spatial distribution, and temporal characteristics of PMs are
controlled by the geological context in which they are formed (Pilcher & Argent, 2007). Their presence and
morphology are tightly linked to the fluid escape mechanisms that feed them (Cartwright et al., 2007). Pockmarks
can be generally categorized according to their morphology into two types (Figure 1): (a) conical depressions
termed “Type‐1”; and (b) shallower, more irregular and distorted “Type‐2” pockmarks (Riboulot et al., 2016). In
Type‐1, the sediment in the center of the structure is completely removed or in suspension, while the pockmark
walls retain an angle of repose; this suggests that the sediment underwent a more granular or plastic deformation
(Cathles et al., 2010). In contrast, in Type‐2 pockmarks both the original strata and the disrupting faults are easily
recognized, suggesting a more solid‐like or brittle deformation. The significant difference in the structure of the
two types suggests a different formation mechanism, such as the origin of the emitted gas: Type‐1 usually
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Figure 1. Geometrical characteristics of the two types of pockmarks: (a) Type‐1 pockmarks are circular depression,
associated with a gas pipe; (b) Type‐2 pockmarks are irregular and distorted depressions. The schematic depicts only the
active gas pipe, embedded within a much wider disturbed zone which also includes dormant pipes, reflecting the history of
gas seepage.
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originates from deeper oil and gas reservoirs (Cathles et al., 2010), whereas Type‐2 has been associated with near‐
surface gas hydrate layers (Riboulot et al., 2016). Although Type‐2 pockmarks are found in many sites (Dillon
et al., 1998; Macelloni et al., 2012; Riboulot et al., 2016; Simonetti et al., 2013; Sultan et al., 2010) they are far
less common than Type‐1.

1.2. Potential Formation Mechanisms of Pipes and Pockmarks

Several mechanisms have been proposed for the formation of fluid escape features and their associated pockmark
structures (Cartwright & Santamarina, 2015):

1. Hydraulic fracturing: this mechanism assumes fluid overpressure within or under a brittle sediment layer. If
the fluid pressure rises, it may fracture the overlying seal, propagating a network of hydraulic fractures toward
the surface. The connected fractures form a breccia pipe. Growth in this case is suggested to culminate in
explosive venting, leaving a dent at the surface (Davies et al., 2012; Løseth et al., 2011; Moss & Cart-
wright, 2010; Plaza‐Faverola et al., 2010, 2011). We note that this mechanism of pipe formation and seepage
by hydraulic fracturing is not supported by laboratory experiments.

2. Capillary barriers forming a flat piston: in this mechanism, proposed by Cathles et al. (2010), gas rises in a
water‐saturated reservoir and accumulates at its top, capped by an overlying low permeability seal. Since the
seal is water‐saturated and has a much smaller grain size than the underlying reservoir, the gas‐water interface
at the base of the seal forms a “capillary barrier” (Morel‐Seytoux, 1993) which resists both the ascent of gas
and the descent of water. As gas pressure rises it will plastically deform the seal, forming an upward‐
propagating capillary barrier that acts as a flat‐roofed gas “piston.” The invasion and upward propagation
of the piston requires liquefaction of the sediment in front of it (Ramos et al., 2015; Varas et al., 2011). Cathles
et al. (2010) estimated that once the piston ascends halfway to the surface its ascent accelerates, and once the
piston gets close to the seafloor a PM of width similar to the piston forms rapidly. Although in our experiments
(below) we do observe the formation of pistons at the reservoir‐seal interface, they do not propagate toward the
surface, as predicted by Cathles et al. (2010). (Nor are we aware of any previous experiments in which a piston
ascends.)

3. Erosive fluidization: sediment fluidization occurs when pressure gradients exerted by pore fluids on sediment
grains (“seepage forces”) exceed the lithostatic stress that holds the grains in place. Seepage induced fluid-
ization has been suggested to form PMs and mud volcanoes (Brown, 1990; Nermoen et al., 2010). Within this
mechanism, one can include also the “pore‐fluid escape” mechanism that occurs during compaction‐induced
dewatering (Böttner et al., 2019; Harrington, 1985). Cone‐shaped structures, which widen toward the surface,
such as the Type‐1 PMs and the associated feeding pipe in Figure 1a, are often observed in the field (Riboulot
et al., 2016). Similar cone‐shaped structures have been shown experimentally to form under a high upwards
fluid flux through submerged grain layers (Ramos et al., 2015; Varas et al., 2009, 2011). Such seepage‐driven
pipe formation may explain why pipes have a minimum distance between them, set by a lateral drainage
distance from the overpressurized gas zone (Moss & Cartwright, 2010). If near‐surface sediment is fluidized,
grains may be ejected to the water column and deposited on the PM crater shoulders (Varas et al., 2009). Such
sediment ejection in natural PMs is indicated by sonar data from the North Sea indicating massive plumes of
suspended sediments above pockmarks (A. Judd & Hovland, 2009). Despite the supporting morphological
field evidence, this mechanism remains controversial as it was argued that the initiation of seepage‐induced
fluidization requires high fluid seepage velocity (i.e., a jet) that cannot be initiated in layered sediments
(Cartwright & Santamarina, 2015).

4. Decompaction: Two‐phase systems consisting of grains and a liquid (with no gas) have shown the spontaneous
formation of high permeability fluid escape pipes, forming by decompaction of the granular matrix at the tip of
upwelling bubbles (”solitons”) comprising buoyant fluids (Räss et al., 2018). When rising pipes reach the
surface they form pockmarks. This process requires non‐linear rheology of the sediments and has not yet been
observed experimentally.

5. Flow along existing fractures: gas utilizes existing high permeability faults and fractures to escape from depth
(Berndt et al., 2003; Hustoft et al., 2007; Lawal et al., 2023). This process, comprising gas ascent in “pockets,”
followed by the collapse of fluid‐filled cavities or conduits, (also evident in some of our experiments described
below), was used to explain observed microseismic events below the Marmara sea (Tary et al., 2012).

6. Gas hydrate dissociation and volume loss: This mechanism considers a large body of gas hydrates that ac-
cumulates under, and initially inflates (forming a dome), an overlying layer of low permeability sediments. If
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the hydrates dissociate due to changes in temperature or pressure, the region may collapse, creating an irregular
crater (Riboulot et al., 2016). This is hypothesized as the mechanism forming Type‐2 PMs and based on
seismic data of pockmarks from the Niger Delta where gas hydrates are abundant. We point out that free gas,
even with no gas hydrate source, can also form a dome in soft sediments simply by buoyancy, as observed in
offshore New Zealand (Koch et al., 2015), such that the consequent emergence of gas seeps and dome failure
can produce Type‐2 PMs, as will be shown in the experimental results below.

Finally, we note that while the focus of this work is PM formation by gas seepage, other mechanisms may lead to
similar structures: from bottom currents (Klaucke et al., 2018) to feeding of vertebrates (Schneider von Deimling
et al., 2023). The ability of these mechanisms to produce pockmark morphology remains a topic of controversy
(Schneider von Deimling et al., 2023).

1.3. Nature of Seepage Through Natural Pockmarks

Continuous measurements of pockmark activity in the field are rare, thus the mode of activity of most PMs is
uncertain. Observations suggest both continuous seepage (Hovland & Sommerville, 1985; A. Judd & Hov-
land, 2009) and episodic activity (Field & Jennings, 1987; Franchi et al., 2017; Goff, 2019; Hasiotis et al., 1996;
Jedari‐Eyvazi et al., 2023; Soter, 1999) exist at different PM locations. Linke et al. (1999) measured many orders
of magnitude variability in seepage rates at the Cascadia accretionary complex. Hovland et al. (2002) suggest that
most PMs exhibit dormancy as a quiescent period between activities. In some cases, fluctuations in gas fluxes
have been observed on a semi‐daily basis, often correlated with tides (Schneider von Deimling et al., 2010), or
seasonally in response to changes in water temperature (Ferré et al., 2020). However, in other cases, the source of
these fluctuations remains uncertain.

1.4. Experimental and Numerical Simulations of Pockmarks and Pipes

Laboratory experiments can aid in determining which mechanisms control the sediment breaching and associated
seepage and PM formation, at different conditions. Experiments can also improve understanding of the temporal
and spatial evolution of PMs by providing higher resolution, continuous, and more detailed measurements (e.g.,
optical) than in the field. For instance, seismic reflections include large spatial uncertainty regarding the active
pipe geometry, due to past seepage events weakening the adjacent sediment (R. Maia et al., 2016). Temporal
resolution is also limited by scarcity of repeated measurements over time in most field sites, whereas continuous
observations are easily obtained in the laboratory.

Previous experimental studies of gas‐related sediment breaching and PM formation mainly used a homogeneous
granular medium (i.e., a single water‐saturated granular layer), injecting gas at its bottom (Fauria &
Rempel, 2011; Nermoen et al., 2010; Poryles et al., 2016; Ramos et al., 2015; Varas et al., 2009, 2011). For such
settings, Varas et al. (2009) showed that if the injection rate is low enough, gas bubbles can ascend through the
granular layer intermittently (one at a time). The zone through which the bubbles pass is fluidized, creating a
cone‐shaped fluidized pipe, where the wide part of the cone defines the crater near the surface (i.e., a Type 1 PM).
The transition from capillary gas seepage (at high effective stress) to fracture and Type‐1 PM formation (at low
effective stress) has been reproduced in laboratory experiments by injecting gas into submersed unconsolidated
coarse‐grained sediments, and tuning the level of overpressure (and by this the level of effective stress) (Fauria &
Rempel, 2011). Investigating further the influence of effective stress on deformation mode, considering the
general process of gas seepage from sediments (not specifically PM formation), Z. Sun and Santamarina (2019)
found that gas ascends in bubbles when the imposed confining stress is low, while it produces gas‐transmitting
fractures at higher confinement.

Fewer studies considered layering with a low permeability barrier. Mazzini et al. (2008) injected gas at the bottom
of a 2D cell filled with porous granular media overlaid by a thin layer of clay. Gas accumulated beneath the clay
until a critical overpressure was reached, leading to (a) doming at the interface between the two layers and (b)
lateral migration of the gas along the interface. Further gas injection led to dome fracturing and gas escape. Barry
et al. (2012) considered similar layered settings, showing that thin‐plate elasticity theory can predict the flexure
and doming of the sediment layer versus the applied gas pressure. Specifically, the authors link gas overpressure
to dome geometry and material intrinsic mechanical properties (Equation 1 in Ugural (1999)). Barry et al. (2012)
found that a small deflection can already cause sediment fracture in natural domes, which may indicate why
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pockmarks readily form in fine‐grained sediments. It was hypothesized that
doming represents an early phase of pockmark formation (A. Judd &
Hovland, 2009).

1.5. This Study: Open Questions and Our Approach

The above‐noted studies advance the understanding of coupled gas‐seepage
and sediment deformation, and consequent PM formation. Yet, to date,
there is no experimental exploration of the entire PM formation process—
from its initiation, for example, formation of gas conduits from the reser-
voir, to gas‐induced sediment breaching, PM formation, and gas seepage. In
particular, we identify the following open questions: What are the mechanical
conditions for PM formation? How does PM morphology evolve with time?
Is seepage through the PM episodic or continuous? How do PMs tap gas from
deeply buried reservoirs? How are different PM morphologies created? What
determines the size of a PM? What is the geometrical and mechanical
connection between a PM and its feeding pipes?

In this paper, we present a simple experimental setup, that allows us to
examine the deformation mechanisms and PM evolution under various set-
tings. Our experimental data, which are in good agreement with theory,
explain the formation process of preferential seepage pathways and the
episodic, multi‐stage, nature of PM generation, and shed light on how
different sediment breaching mechanisms result in different types of PMs.
Finally, we compare our results to field observations of pockmarks, pre-
senting a simple theoretical analysis that exposes differences and similarities
between laboratory and field settings and helps evaluate the applicability of

laboratory experiments to natural pockmarks. We discuss the implications of the different spatiotemporal scales,
and the intricate codependency between the characteristic spatial and temporal scales.

2. Experimental Setup: Table‐Top Pockmarks
We model submarine gas seepage using a rectangular, quasi‐2D transparent Plexiglas cell (15 × 20 × 0.3 cm).
Filled with two water‐saturated granular layers of significantly different grain size and hence permeability, acting
as a reservoir overlaid by a seal (Figure 2). All layers are submerged in water. Air is injected through a point at the
center beneath the bottom layer by a syringe pump. Images of the injected gas‐induced sediment deformation
during the experiments are captured using a high‐resolution monochrome camera at 10 Hz. The injected air
pressure was measured and recorded at 1 Hz at the syringe end. Experiments ran until a stable pockmark was
achieved. A clear PM structure was usually formed within 30–60 min, however run‐time in most of the exper-
iments did not exceed 75 min, a technical limitation set by the storage capacity. To test the scalability of the
experiments, namely the dependence of our results on the system size, a few experiments were repeated with a
larger cell (52 × 26 × 0.3 cm), recording images at 5 Hz.

The bottom (“reservoir”) layer consists of tightly packed glass beads (RETSCH; diameter range 0.75–1 mm). To
ensure a uniform and repeatable packing, after pouring the beads, as they start submerging, the cell was shaken
vertically by hand until the beads interlocked and the granular matrix became jammed. The overlaying (“seal”)
layer consists of natural kaolinite clay (Sigma‐Aldrich) poured into the cell in suspension (fluidized in water), left
to settle for either 3 or 6 weeks, to test the effect of the degree of consolidation and seal rigidity. Between the sand
and the clay layers, we placed a thin (∼1 mm) layer of 0.1–0.2 mm glass beads (RETSCH), to prevent downward
leaching of the fine clay into the coarse reservoir layer. To ensures that the overpressure that develops in the cell is
due to gas overpressure alone, as well as to avoid hydraulic fracturing of the clay by highly pressurized water
trapped beneath the low‐permeability clay, we install narrow partitions at both sides of the experimental cell.
These side partitions allow the water to drain freely releasing water, while preventing gas flow and depressur-
ization. This procedure ensures that the overpressure that develops in the cell is due to gas overpressure alone.

We conducted 24 individual experiments varying the thickness of clay layers (6 values; note that the sand layer
thickness was also varied but this parameter is not important), clay settlement duration (2 values), and cell size (2

Figure 2. Schematics of the experimental setting: A quasi two‐dimensional
(2D) cell (thickness d = 0.3 cm) made of a Plexiglas transparent box,
containing a thin layer of low‐permeability granular media (clay) overlaying
a more permeable reservoir layer (glass beads), both saturated with water.
Gas (here, air) is injected using a syringe pump (where gas pressure is
recorded) from a point through the lower face of the cell. Time‐lapse images
track the sediment deformation. Partitions at sides are used to allow free
water drainage (wide arrows), ensuring that overpressure is due to the gas
only (avoiding hydrofracturing). We use 2 experimental cell widths, W, 15
and 50 cm.
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values). The experimental setting as well as the emerging deformation mode and pockmark type of each
experiment are summarized in Table 1, where the experimental parameters and their values are listed in Text S2 in
Supporting Information S1. The repeatability of the experiments was verified based on two sets of runs with
similar initial experimental conditions. Indeed, each set resulted in similar deformation modes (4B, 5A, and 5B;
5C and 5D, see Table 1). However, the specific details of the sediment deformation patterns and pressure at failure
slightly differed, as expected due to unavoidable randomness in packing. We classify the PM type visually ac-
cording to its geometry at the end of the experiment: (a) Type‐1—regular, conical, U‐shaped depressions that are
empty of sediments; and (b) Type‐2—irregular depressions hosting faulted and deformed sediment.

3. Experimental Results
3.1. Modes of Seal Breaching and Gas Seepage

In all experiments, we observed similar stages of gas seepage: (a) gas ascended through the (sand) reservoir and
accumulated under the overlaying seal (clay) layer; (b) pressure progressively builds up with the continuous gas
injection and accumulation, until the threshold for seal failure is met (Figure 3); (c) the gas then seeps upwards
and finally a pockmark is formed. However, the seal failuremode, which depends on clay layer thickness, hc, and
duration of clay settlement before injecting the gas, ts (controlling its rigidity), differed among experiments,
ranging from (a) doming, where the sealing layer bends and later breaches, allowing the escape of ascending gas
throughMode I fractures; to (b) brittle, where ascending gas pressure induced shear (Mode II) faults which served
as pathways for gas escape; to (c) plastic, where gas bubbles buoyantly rose through liquefied sediments.

Table 1
Summary of Experimental Conditions and Results

Test #a Clay (cm) Sand (cm) Water (cm) Settle time, ts (weeks) Failure modea Pockmark type Run time (min.)

4A 0.7 5.0 5.3 3 D 2 60

3A 0.9 5.1 6.3 3 D 2 58

4B 0.9 7.0 5.2 3 P 1 52

5A 0.9 7.0 5.2 3 D + P 1 30

5B 0.9 7.0 5.2 3 D + P 1 30

3E* 1.0 5.0 5.2 3 P 1 60

2A 1.4 7.5 6.1 3 P 1 60

2B 1.4 7.1 5.6 3 D + B 2 33

3B 1.6 4.8 5.4 3 P 1 22

4C 1.6 7.0 5.2 3 P 1 57

2E* 1.6 5.0 16.9 3 P 1 43

2C 2.2 7.0 5.0 3 B + P 1 56

2D 3.8 7.0 5.2 3 P 1 43

3C 3.8 4.9 5.3 3 P 1 54

4D 5.0 5.0 5.3 3 P 1 54

4E* 10.0 6.8 5.2 3 P 1 130

1A 0.7 7.0 6.4 6 D 2 40

1B 1.2 7.1 5.9 6 D + P 2 45

5E* 1.7 5.0 16.8 6 D 2 60

1C 1.8 6.7 5.2 6 B 1 35

1E* 2.0 7.2 10.3 6 B 2 66

5C 2.2 5.4 5.5 6 B 1 73

5D 2.2 5.3 5.5 6 B 1 83

1D 2.5 5.5 6.5 6 B + P 1 60
a* = Wide experimental cell (W = 50 cm); in all other cases we use W = 15 cm. aD = Doming; B = Brittle; P = Plastic.
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Figure 3.
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Doming was the dominant mechanism in experiments where the clay was thinner and/or more rigid, and pro-
gressed according to the following stages (e.g., experiment #1A in Figure 3 and Movies S1 and S2): (a) pressure
build up in the interlayer gas pocket; (b) the overlying clay layer bends to form a dome; (c) the dome fractures by
Mode I (opening) fractures and breaches; (d) gas enters the fractures of the breached dome, widening them and
seeps through; (e) The dome is deflated, causing clay blocks to collapse inward; (f) gas continues to seep
episodically through the gaps between the clay blocks, progressively disintegrating and eroding them, resulting in
suspension of clay particles. Eventually, a shallow crater is created hosting collapse blocks, namely a Type‐2
pockmark. In most cases, stages a–c take several minutes. Complete deflation and internal collapse of the
dome (stages e–f) require multiple gas seepage episodes. Blocks tend to interlock and can be rotated and dis-
placed, such that a subsequent breaching of the dome and collapse requires an additional gas pressure buildup.

Brittle deformationwas the dominant mechanism in experiments with intermediate thickness, rigid clay layer, and
was observed to evolve in the following manner (e.g., experiment #5D, Figure 3 and Movie S3): (a) pressure
builds up to a critical point (see pressure evolution in Text S1 in Supporting Information S1); (b) gas invades the
clay layer by displacing and compressing it to create a “piston” at the base of the clay layer, in agreement with the
prediction in Cathles et al. (2010). A cavity (gas bubble) starts to form within the clay, creating a mound at the top
of the clay layer; (c) the gas bubble continues to grow, mostly upwards, and two sub‐vertical faults appear (more
noticeable at the top part of the clay), defining a free block (plug); (d) the gas uplifts the clay block, in a piston‐like
motion; (e) then, gas seeps through one of the faults, along which the clay disintegrates and liquefies; (f) with
continued seepage, the plug disintegrates entirely and a U‐shaped Type‐1 PM forms.

Plastic deformation of the clay was dominant in experiments in which the sealing layer was relatively thick, for
example, #2D (Figure 3) and #4E (Figure 4), and in which the clay had less time to solidify. Deformation
generally evolved in the following manner (experiment # 2D in Figure 3 and Movies S4 and S5): similar to the
case of the brittle deformation, (a) gas invaded the clay layer by displacing it to create a “piston” (Figure 4), after
which (b) a bubble starts to grow within the clay at the edge of the piston (Figure 4a), forming a mound at the top
of the clay layer. Then, (c) the bubble detached from the main gas reservoir at the sand‐clay boundary and
migrated upwards, distorting the clay (Figure 4a); (d) the bubble continued to migrate upwards toward the top of
the clay layer, while the clay rearranges around the bubble; (e) the bubble erupted at the top of clay layer, dragging
and suspending clay particles (Figure 4b); (f) after a series of repeated episodes of bubble eruption a significant
amount of clay was removed such that a noticeable U‐shaped crater that is, Type‐1 PM formed, resembling the
one formed by the plug‐like brittle deformation. This stream of individual bubbles progressively weakened the
clay to create a damage zone (pipe) within it, serving as a conduit for further bubble migration (Figure 4c).
Bubbles continuously suspend clay from the pipe such that with time the outline of the damaged pathway or pipe
becomes noticeable (Figure 4d). The migration of the bubble through the clay layer (stages b‐e) occurred within
∼5–10 s, depending on the clay layer thickness (Figures 4a and 4b).

We also observed mixed deformation modes: (a) doming/brittle deformation mode when a fault‐bounded plug
was developed in a dome (e.g., #2B); (b) doming/plastic deformation when ascending gas bubbles seep through
the breached dome (e.g., #5A and 5B); and (c) brittle/plastic when an existing fault, serves as a conduit for packets
of gas to escape as elongated (non‐spherical) bubbles (#1D, cf. Figure 5).

3.2. Pockmark Formation and Episodic Seepage

Our experiments show that following the initial seal breaching, gas does not flow continuously upwards, unlike in
ordinary percolation. Instead, flow pathway and pockmarks developed progressively during episodic seepage

Figure 3. Snapshots showing the main stages of gas escape through a seal (gas accumulation at the seal‐reservoir interface, seal breaching, gas seepage through the seal,
and pockmark initiation) in three representative experiments of increasing clay layer thickness hc (see Table 1 for details). The three experiments exemplify the three
main deformation mechanism: (Left column) Doming (experiment #1A, hc = 0.7 cm) is initiated by gas accumulation at the seal‐reservoir interface. When the
accumulated gas causes large enough dome deflection, the dome is breached by Mode‐I (open) fracturing, leading to the development of a Type‐2 pockmark (see also
Movie S1); (Middle column) Brittle deformation (#5D, hc= 2.2 cm). Gas accumulation at the reservoir‐seal interface produces a mound in the seal, followed byMode‐II
sub‐vertical faulting. Seepage then occurs through these shear faults, bounding an uplifted plug, leading to the development of a Type I pockmark (see also Movie S3);
(Right column) Plastic deformation (#2D, hc = 3.8 cm), shows gas transmitted to the surface by ascending gas bubbles, leading to the development of a Type‐1
pockmark (see alsoMovie S4). In each snapshot (only shown is the central part of the cell) the lower part (dark gray) is the top of the sand layer, and the middle part (light
gray) is the clay (seal) layer which is overlaid by water (black). Rows I–VI correspond to progressive deformation stages since injection started (I); time (min:sec) since
injection shown in upper left corner.
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events. The intermittent nature of the deformation and seepage is also evident from the pressure temporal vari-
ations: gas pressure fluctuated in association with the evolution of the PM (cf. Text S1 in Supporting Informa-
tion S1). We emphasize that the gas pressure measured in the inlet (syringe) is not associated with the gas pocket
pressure after its detachement from the main gas reservoir and advancement into the seal layer. The evolution of
PMmorphology versus number of seepage events N for each of the main deformation modes is shown in Figure 6.

3.2.1. Type‐2 Pockmarks

In cases where the seal was initially deformed into a dome‐shaped structure (that later collapsed), a complete
Type‐2 PM depression developed as a result of a sequential seepage through the debris of the collapsed dome
(Figure 6 #1A, N= 7–25). Type‐2 PM seeps did not always occur from the same breach between adjacent blocks:
gas was able to seep from different locations within the same PM, depending on the PM size and the number of
blocks. Type‐2 PMs either form from a wide dome that disintegrated into multiple blocks, or from small adjacent
domes that merged into a single large PM (Figure 6 #1B). As seepage continued, the blocks within Type‐2 PMs
were observed in some cases to gradually disintegrate, whereas in other cases PM morphology remained rela-
tively unchanged.

Figure 4. Experimental snapshots showing the development of a plastically failing PM, with a feeding pipe (Experiment #4E;
see Table 1 and Movie S5): (a) a piston forms with a bubble rising from its edges; (b) bubbles escape from the surface,
ejecting suspended material to the water, creating a surface depression (c) bubbles initially escape from both sides of the
piston, and the whole area above the piston is disturbed; (d) sequential bubble ascent creates a pipe bordering the piston;
(e) episodic bubble rise through the pipe removes more material at the crater, whose borders are defined by the disturbed
area; and (f) continuous development of the Type I pockmark by the collapse of the walls via faulting, interspersed by bubble
escape, leading to widening of the disturbed area. The active episodes are interspersed by quiescent periods (Movie S5). Each
snapshot shows the central part of the experimental cell. The lower part (black) is the top of the sand layer, and the middle
part (light gray) is the clay layer which is overlaid by water (black). Time (minutes:seconds) since the start of gas flow is
marked at the lower left corner of each snapshot.
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3.2.2. Type‐1 Pockmarks

When the seal breached in a brittle or plastic manner, gas bubbles ascended through a Mode II fault or through the
bulk sediment, with each seepage event deepening an erosive crater toward the development of a complete Type‐1
PM. For instance, in experiments #1C and #2D in Figure 6, the first event (N = 1) is seen to only slightly modify
the topography, where as seepage continues clay is progressively removed from the PM zone by its suspension
into the water column, making the PM shoulders clearly evident (N = 7; see also Figure 4b). Further events
(N = 7–15) make the clay below the pockmark along the seepage route looser such that it remains in suspension,
until finally (N = 25 in Figure 6), most of the clay is removed all the way down to the sand layer, creating a cone‐
shaped Type‐1 PM. This makes the gas pipe and PM geometry interrelated: as the pockmark gets deeper it erodes
and shortens the pipe that feeds it.

In early stages, Type‐1 PMs initially deepen at a relatively uniform rate, that is, depth D increased linearly with N
(Figure 7a), irrespective of clay layer thickness hc. The deepening rate accelerated onceD ∼ 0.2–0.3hc, especially
for thicker clay layers. Eventually, the PM traverses the entire clay layer, D ≈ hc. Occasionally, PM depth de-
creases (Figure 7a) due to suspended sediment or sediment from the PM rim that is falling back to the PM. The
PM width L progressively increased with seepage cycles, via collapse of the PM walls (Figure 7b; Movie S4).
This collapse was episodic, that is not every seepage event that caused widening of the PM also resulted in
collapse and deepening (Figure 7c); collapse and deepening only occurred once the PM walls reached a critical
angle. This is probably due to the hysteresis arising from the difference between static and dynamic angles of
friction in granular media, that is, in sediments (Perrin et al., 2019; Volfson et al., 2003).

In many experiments, the seepage location changed with time, creating several PMs (#1B in Figure 6 and
Movie S3). The number of seepage locations was inversely proportional to the clay thickness, irrespective of the
type of seepage mechanism and domain size. When PMs were close to each other they merged to form a single
wide PM. While our thin, quasi‐2D experimental domain promotes PM merging by limiting the seepage location
to a narrow line (vs. a surface in 3D domains), field observations of PM merger (Schattner et al., 2016) suggests
that this is a viable mechanism also in more complex, 3D domains.

Figure 5. Experiment #1D shows a fracture and gas‐filled, elongated, bubbles ascending through it. For clarity, each experimental image (top row) is accompanied by a
schematic reconstruction (bottom row). The clay layer appears in white (red in the schematic), between the bottom reservoir layer in gray (yellow) and water above in
black (turquoise). Bubbles appear in gray/black (yellow). Time (minutes:seconds) since the start of gas flow is marked at the upper right corner of each snapshot.
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3.3. Experimental Phase Diagram of Pockmark Formation

The experimentally observed deformation mechanisms and resulting structures as a function of the clay layer
properties—clay thickness, hc, and settling time, ts, is presented as a phase diagram in Figure 8 (see details of the
experimental settings in Table 1). This diagram demonstrates the dependence of the deformation mode on the clay
properties: (a) Domes occurred only in very thin layers (hc < 1 cm) in the narrower experimental boxes
(W = 15 cm; used for most experiments), and at a wider range of clay thickness (hc < 2 cm) in the wider cells
(W= 50 cm); (b) Brittle deformation was dominant in thicker and stiffer layers (that settled longer, ts= 6 weeks);
and (c) Plastic deformation (by bubble migration) was observed in thicker, softer (ts = 3 weeks) clays.

Figure 6. Experimental snapshots of pockmark development as a function of the number of seepage events, N, in four selected experiments with increasing clay
thickness, hc, exhibiting a transition in deformation mechanisms and final PM type. In each snapshot, the lower part (dark gray to black) shows the top of the sand layer,
and the middle part (light gray) shows the clay (seal) layer which is overlaid by water (black). (i) Experiment #1A (hc= 0.7 cm): Doming and breaching by the fracturing
of the dome and development of Type‐2 pockmark; (ii) #1B (hc = 1.2 cm): Doming and breaching by the fracturing of a first dome, which is followed by the
development of a second dome, its breaching and eventually development of a single Type‐2 pockmark; (iii) #1C (hc = 1.8 cm): Breaching by faulting, plug uplift, and
development of Type‐1 pockmark; (iv) #2D (hc = 3.8 cm): Breaching by plastic deformation (liquefaction) around ascending gas bubble and development of Type‐
1 PM.
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4. Theoretical Prediction of Deformation Mechanisms
This section provides a predictive quantitative analysis of the mechanisms for seal deformation and breaching
observed experimentally: doming, brittle, and plastic deformation. The parameters and the values used for the
calculations are provided in Text S3 in Supporting Information S1. In our experiments, the gas injected into the
bottom of the coarse grained (reservoir) layer, rises through it and accumulates under the overlaying clay. Due to
the large capillary pressure required to invade the small pores in the clay, gas remains trapped as a gas pocket, also
serving as a “capillary barrier” which blocks the upwards flow of water (Morel‐Seytoux, 1993). The gas over-
pressure driving the deformation, ΔP(z) = Pg(z) − Pw(z), is defined as the difference between the pressure of the
gas pocket and of the water at height z, Pg(z), and Pw(z), respectively. In computing it, we assume hydrostatic
pressure distribution in the water column, as the side valves in our setup enable rapid release of water pressure to
maintain hydrostatic conditions (Figure 2). We stress that, even in a fully hydrostatically balanced system,
buoyancy forces can create overpressure (Osborne & Swarbrick, 1997). To illustrate this, consider a gas pocket of
height hg disconnected from the syringe (Figure 2). At the base of the gas pocket, the gas pressure is equal to that
in water‐saturated (gas‐free) regions at a similar depth. Inside the gas pocket, the pressure decreases with
elevation as − ρgghg, that is, more gradually than in the water phase (Pw decreases as − ρwghg), where ρw and ρg are
the density of water and gas respectively, and g is the gravitational acceleration. This implies that the gas
overpressure at the bottom of the clay is proportional to the height of the gas pocket, ΔP = (ρw − ρg)ghg. As the
volume of the trapped gas pocket increases and hg grows, ΔP at the top of the pocket increases until it suffices to
deform the seal. It is possible that in our experiments there was a connected gas pathway from the syringe to the
base of the seal; this could not be deduced from image analysis. In such a case, gas overpressure would exceed that
arising from buoyancy (hydrostatic) forces alone.

The stress in the clay is computed assuming lithostatic distribution, that is, that the clay grains support their own
weight plus the weight of the water, σv,lit = ρchcg + ρwhwg, where ρc is the saturated clay density, hc is the clay
thickness, and hw is the water depth from the surface to the top of the clay layer (Figure 2). Thus, the effective
stress at the bottom of the saturated clay layer is

σ′v = (ρc − ρw) hcg. (1)

Clay deformation in our experiments occurs much faster relative to the flow and pressure relaxation of water in
the clay, such that we consider undrained conditions (in contrast to the assumption in Cathles et al. (2010)). This
can be justified by scaling: we observe clay deformation within seconds—the time for a bubble to traverse the clay
layer by deforming it (e.g., see Figure 3, right column). The timescale for the flow across the layer can be
evaluated from Darcy's law. We note that clay permeability can span a large range, 10− 20 − 10− 14 m2, (Chapuis &
Aubertin, 2003; Neuzil, 1994); using the higher value of 10− 14 m2 provides the lower bound for the flow
timescale. The gas pressure difference between the bottom and the top of the clay was not measured; we use
instead the upper bound for gas pressure in the experiments, ∼2 kPa (Figure S1 in Supporting Information S1).
Assuming porosity of 0.1 and hc = 10 cm, provides an upper limit of ∼1 μm/s for the velocity of water drainage

Figure 7. Quantitative analysis of the evolution of pockmark geometry versus the number of seepage events, N, for experiments showing different deformation modes:
brittle in #1C and plastic in #3C, #2D, #4E. (a) Pockmark depth, D, normalized by the clay layer thickness, hc; (b) Pockmark width, L, normalized by its initial value,
L0 = L(N = 1); (c) Pockmark aspect ratio D/L.
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from the clay, corresponding to ∼105 s (across a distance of hc = 10 cm),4 orders of magnitude longer than the
time of deformation. This justifies our undrained assumption.

In the Sections below, we derive theoretical expressions for the conditions required for each mode of clay
deformation, relying on the “critical state soil mechanics” theory (Wood, 1991). Details and parameter values are

Figure 8. Experimental phase diagram of deformation mechanisms versus settings in terms of clay thickness, hc, and settling time, ts. Final pockmark geometry is shown
for 14 experiments, including (top row) the experiment number (left), “W” if the wider (50 cm) cell was used, hc (right), and the time elapsed since seepage initiation (hh:
min), below. The diagram is divided into PM Type‐2 domain and Type‐1 domain, where the boundary is marked by a dashed line. The axes are not up to scale, that is,
snapshot locations are relative: higher indicates larger hc, and left and right correspond to ts is 3 or 6 weeks, respectively. Snapshots are color‐coded by formation
mechanism (see the phase triangle): doming (in red); brittle plug development and seepage through fractures (yellow); plastic deformation by bubbles (blue); mixed
doming/plastic mode (purple); mixed doming/brittle (orange); mixed brittle/plastic (green).
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provided in Text S2 in Supporting Information S1, relying on the following literature: Ouyang andMayne (2018),
Atkinson (2017), Xu et al. (2018), Marcuson and Wahls (1972), Mukabi and Hossain (2011), Ishihara (1996),
Chapman and Godin (2001), Snieder and Beukel (2004), and Athanasopoulos (1993).

4.1. Dome Breached by Fracturing

Consider an elastic dome, breached by a fracture when deflection becomes large enough (as in experiments # 1A,
5E, 4A, 3A in Figure 8). The conditions for this mechanism are evaluated using analytical expressions from the
three‐point beam flexure theory (Bower, 2009). This theory computes the deformation of a rectangular beam
loaded at its middle while supported at its edges. Beam failure occurs when the strain at its outer (curved) edge
exceeds its tensional strength. This scenario is used as an approximation for our quasi‐2D experiments, where the
gas pushes the clay seal from below approximately at its center (experiment #1A in Figure 3, and # 1E, 5E in
Figure 8). The pressure required to fracture in tension a beam (dome) of length a (Figure 9a) by a pressure ΔPdome

is (Bower, 2009)

ΔPdome =
2
3
hc

2 (σ′v + T0)

Wa
(2)

where T0 is the clay tensional strength and W is the cell width.

4.2. Brittle Deformation

Brittle failure occurs in our experiments via formation of a block bordered by faults (”plug”), for example, see
experiment # 5D in Figure 3 and #1E, 1C, 5C in Figure 8. The first step in creating a plug is the formation of a gas
“piston” (see elaborated discussion in Section 4.3.1). In brittle layers, upward piston motion produces sub‐vertical
side faults that delineate the plug. The plug is then lifted by frictional sliding along the faults (#1A, 1C, 5C in
Figure 8). The fractures surrounding the plug—which is often tilted—act as gas escape pathways.

The gas overpressure required to induce faulting that creates and lifts a plug, ΔPplug, must overcome two forces:
one to create faulting in the clay layer, Ffrac, and another to slide the plug upwards on the 2 faults delineating it,
Fslid.

ΔPplug = max(Ffrac,Fslid)/Ab. (3)

Here Ab = dl is the area of the plug base, d is the spacing between the plexiglass walls, and l is plug length
(Figure 9b). The shear force required to create a fault is related to the gas pressure via Ffrac = AbΔPfrac, which in
turn can be obtained from the criterion for fracturing of clay by shear (Marchi et al., 2014),

ΔPfrac = σ′3 + ncu = σ′v + ncu. (4)

Here n is an empirical coefficient of order unity (Atkinson et al., 1994). In Equation 4 and the calculations
hereafter, we assume σ′3 ≈ σ′v. The undrained shear strength of clay is (Equation 8 in Mayne (2001))

cu = 0.5σ′v sin(ϕ)(OCR)γ, (5)

where ϕ is the undrained friction angle,OCR is the overconsolidation ratio, and σ′v is the effective stress, given by
Equation 1 for clay seal base. The exponent γ is found empirically (Z. Sun & Santamarina, 2019). For the selection
of parameter values, including ϕ, n, γ and OCR, see Text S2 and Table S1 in Supporting Information S1.

The sliding force Fslid in Equation 3 is computed as the sum of the following forces: (a) frictional resistance to the
sliding of the plug against its two bordering faults (assumed to be sub‐vertical), 2σ′v μchcd; (b) frictional resistance
with the cell walls, 2σ′v μwhcl; and (c) the force to lift the plug weight, σ′vAb:

Fslid = σ′v (2μwhcl + 2μchcd + dl) (6)
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where μc and μw are the clay‐clay and clay‐wall friction coefficients, respectively (see Text S2 in Supporting
Information S1). Substituting Ffrac and Fslid into Equation 3 provides the critical pressure for brittle deformation,

ΔPplug = max[σ′v + ncu,σ′v(2μw
hc

d
+ 2μc

hc

l
+ 1)]. (7)

4.3. Plastic Deformation

The third possible mode of seal failure is the creation of a cavity by plastic deformation (9C). This cavity may
form by the rise of either a “piston” or a gas bubble (Figure 4a). In thin clays (#4C, 2E, 3B in Figure 8) bubbles are
created at the bottom or middle of the clay layer. In thicker clays bubbles are often generated from tips of a flat
piston (Cathles et al., 2010) that first yields into the clay (Figure 4; Figure 8 #4C, 4D). The conditions for the
different stages of plastic deformation are computed below.

Figure 9. Characteristic length scales used in the analysis of the different seal breaching and deformation modes: (a) gas
pocket forming a dome (dome width: a); (b) faults creating a plug (of base length l and thickness d), lifted by a gas pocket;
(c) gas bubble (of radius r) rising within the clay.
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4.3.1. Piston Formation

In some of the experiments with thick seals, a “piston” developed above the large gas pocket pushing into the clay
seal. The piston, shaped by the capillary forces associated with interfacial tension, has a relatively flat top and
limited width. Cathles et al. (2010) hypothesized (a) the development of such a piston; (b) that the piston di-
mensions depend on the pore size distribution; and (c) the rising piston will liquefy the sediments above it,
allowing it to accelerate upwards. Our experiments indeed demonstrate that in some cases a piston is created, and
our calculations below predict that it will liquefy the clay above it. However, we do not observe an acceleration of
the piston; instead, we observe that the piston comes to a halt, and the trapped gas escapes via bubbles emanating
from its edges (Figure 4). Bubble formation at the edges is aided by stress concentration at the sharp edges of the
piston.

4.3.2. Bubble and Cavity Formation

The pressure required to form a gas‐filled cavity (bubble or piston) in the clay is

ΔPcavity = σ′v + 1.3cu[1 + ln(
E

2cu(1 + ν)
)], (8)

where E and ν are Young's modulus and Poisson ratio of the clay (Z. Sun & Santamarina, 2019). Equation 8
implies that ΔPcavity always exceeds the liquefaction threshold, σ′v + cu, supporting the hypothesis that clay will
be liquefied around the cavity. Liquefaction allowing bubbles to ascend by pushing the clay in front of them was
observed experimentally by Varas et al. (2011); Ramos et al. (2015). Furthermore, as both σ′v and cu are pro-
portional to clay thickness hc (Equations 1 and 5), Equation 8 suggests that the pressure of the bubble or piston
also increases with hc, as confirmed by our experimental data (Figure S2 in Supporting Information S1).

4.3.3. Bubble Ascent

A gas bubble will continuously grow in place until the buoyancy force overcomes the drag force, allowing it to
ascend (Figure 10). Bubble ascent requires an additional force (beyond that required for bubble formation and
liquefaction) to overcome the drag force resisting the bubble motion within the clay. The drag force is estimated
here via dimensional analysis,

Fd = kcuπr2, (9)

where r is bubble radius and k is an empirical parameter. The buoyancy force acting to lift the bubble is computed
from the weight of the submerged clay it displaced, of volume similar to that of the bubble, 4/3πr3:

Fb = (ρc − ρw)
4
3
πr3. (10)

Figure 10. Four stages of bubble migration in clay (experiment #2D): (i) Gas invasion, (ii) bubble vertical growth and
detachment, (iii) rounded bubble migration, (iv) bubble flattening due to its movement upwards. In each snapshot, the lower
part (dark gray) shows the top of the sand layer, and the middle part (light gray) shows the clay (seal) layer which is overlaid
by water (black). The time elapsed since seepage initiation (hh:mm) appears in the upper left corner.
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Once the bubble reaches a critical radius, Fb = Fd, and it starts to rise. The critical bubble radius to overcome the
drag is computed from the above together with Equation 5,

rc =
3kcu

4(ρc − ρw)
≈ 0.13kghc(OCR)γ . (11)

The factor 0.13 in Equation 11 arises from substituting into Equation 5 the definition of σ′v from Equation 1,
together with ϕ = 20° (Table S1 in Supporting Information S1). Equation 11 predicts a dependence between the
critical bubble size and layer thickness hc, in agreement with our experimental observations (Figure S2 in
Supporting Information S1). We note that Equation 11 relies on the assumption of a spherical bubble, whereas in
many cases bubbles were distorted during ascent, for example, see Figures 5 and 10. This, together with the
limited number of experimental data points, prevented a reliable estimate of k from our data.

4.3.4. Pipe and Pockmark Formation by Bubble Ascent

Bubbles ascend while liquefying the sediment in front of them. This leaves a record of the gas passage in the form
of a liquefied pathway within the clay (Figure 4), providing an easier pathway for subsequent bubble ascent (by
reducing both ϕ and OCR, and hence cu, cf. Equation 5). Repeated occurrence of this mechanism creates a
localized gas pipe (Figures 4d and 4e), of a width that is correlated with the bubble dimensions. Each escaping
bubble also deepens the crater (Figures 4e and 47a). As the crater walls repeatedly collapse by faulting and sliding
(Figure 7b), it forms a pockmark (Figure 4f) of increasingly larger depth to width ratio (Figure 7c). In some cases
when fractures form, they serve as pipes for venting elongated bubbles (that fit the fracture width, cf. #1D in
Figure 5), a mixed brittle/plastic deformation mode (e.g., #2C in Figure 8).

4.4. Transition Between Failure Mechanisms

Following a gas pocket buildup at the base of the clay seal, gas escapes in our experiments by either (a) fracturing
an elastic dome; (b) brittle deformation, as a plug delineated by faulting; or (c) plastically, by ascending bubbles.
The dominant failure mechanism is the one requiring the least gas overpressure (e.g., Z. Sun & Santamar-
ina, 2019), which we compute from Equations 2, 7, and 8. This dominant overpressure and the corresponding
mechanism is shown in Figures 11a and 11b for two clay consolidation states, OCR = 0.5 (a; representing short
settling time of ts= 3 weeks) andOCR= 1 (b; ts= 6 weeks). These lowOCR values are representative of the loose
state of our system, which compacted under its own weight only. As expected, the failure pressure mostly in-
creases with increasing clay thickness hc. For loosely compacted clays (Figure 11a), the mode of preferred failure
transitions from dome to bubble at hc ≃ 1 cm. For stiffer, more consolidated layers (Figure 11b), the mode of
failure transitions from doming to brittle faulting at hc ≃ 0.7 cm, and from faulting to bubbles (plastic) at
hc ≃ 2 cm.

A phase diagram showing the expected mode of failure as a function ofOCR and clay thickness hc is presented in
Figure 11c. Values of OCR > 1 are of practical interest as in nature there are larger stresses that produce greater
consolidation. Figure 11c shows that domes are predicted to be the preferred deformation mode for very thin
layers (here hc < 1 cm). For thicker layers, the mode of failure transitions with increasing hc, first to brittle faulting
creating a plug, and then to plastic: for soft clay (OCR = 0.5), layers thicker than 1 cm will degas by bubbles. In
more rigid clays (OCR= 1) layers of intermediate thickness (here 1 ≤ hc ≤ 2.25 cm) will degas by lifting a faulted
plug, while clays with hc > 2.25 cm will still degas by bubbles. As the clay compacts more (larger OCR), the
transition from brittle to plastic occurs at increasingly larger hc.

5. Discussion
5.1. Theory of Seal Deformation Applied to Experimental Results

Our experiments show that the mode of deformation controls the eventual PM type: Domes lead to Type‐2 PM
while brittle and plastic deformation create a Type‐1 PM; for example, see Figures 6 and 8. Our analysis
(Figure 11c) suggests that the mode of deformation and thus the eventual PM type co‐depend on two experimental
parameters: clay thickness hc and settling time ts. The time ts controls the degree of consolidation (as measured by
the OCR), thus affecting the clay elastic modulus (Equation S2 in Supporting Information S1) and shear strength
cu (Equation 5). ts also affects the tensile strength, T0 (Equation 2). Seal thickness hc also affects all modes of
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failure, appearing directly or indirectly in all failure conditions (Equations 2, 3 and 8). In this way both hc and ts
affect the strength for dome breach, and brittle and plastic failure. The theoretical phase diagram (Figure 11c) is in
general in good agreement with the experimental data (phase diagram in Figure 8). Both the experiments and the
theory suggest that doming would dominate for the thinnest layers, plastic deformation by bubble ascent for the
thickest layers, and brittle faulting more dominant for intermediate layer thickness, with faulting in stiffer, more
settled layers. A corresponding transition from Type‐2 to Type‐1 PM is seen experimentally and predicted
theoretically. The experiments also support the theoretical prediction that the critical clay thickness (hc) value at
the transition between Type‐2 to Type‐1 PM increases with the system size (width of the experimental cell); for
example, in Figure 8 experiment #5E (wider cell) is deformed by doming whereas #1C (narrower cell, nearly
identical hc) produces faulting.

Despite the overall agreement between our experimental data and theory, the theoretical critical pressure in
Figures 11a and 11b cannot be directly validated by our experiments. This is because once the gas pocket detaches
from the inlet (syringe) and ascends (see e.g. Movie S1), its pressure is no longer associated with that of the
reservoir (inlet, where we measure the pressure, cf. Figure S1 in Supporting Information S1). Instead, we could
estimate bounds: the inlet pressure provides an upper bound, whereas (ρw − ρg)ghg provides a lower bound, where
hg is the height of the detached gas pocket. The theoretical values in Figures 11a and 11b,∼100–1,000 Pa, are well
within the bounds evaluated from our experiments.

Figure 11. Calculated gas overpressure required to activate each of the 3 failure modes of the seal in our experiments (solid
lines; Equation 2 in red, Equation 7 in green, and Equation 8 in blue), and expected PM types, as function of clay layer
thickness hc, for two different representative consolidation degrees: (a) OCR = 0.5; and (b) OCR = 1. The dominant
deformation mode is set by the mechanism requiring the minimal value of ΔP (dotted black lines). (c) Theoretical phase
diagram for the preferred (minimal ΔP) deformation mode, as function of clay layer thickness and OCR value, adding more
OCR values in addition to those shown in (a, b).
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5.2. Theory of Seal Deformation Applied to Field Conditions

The application of the theoretically predicted deformation mechanisms to
field conditions and scales requires (a) extending the calculations from 2D to
3D; (b) considering thicker seal layers, that is, hc of 1–1,000 m (Koch
et al., 2015; Moss & Cartwright, 2010); and (c) higher stresses. The ex-
pressions predicting the critical overpressure for the various deformation
modes, provided below, are plotted versus clay thickness hc in Figure 12.

Doming in 3D corresponds to an overpressure of Barry et al. (2012) and Koch
et al. (2015),

ΔPdome3D =
8
3

E
1 − ν

hcwmax

a4
(
2hc

2

1 + ν
+ wmax

2) + σ′v (12)

where wmax is the dome maximum vertical deflection, and a is its lateral
dimension. To compute the pressure in Equation 12 we use the parameter
values for a/hc, wmax/a and E from Koch et al. (2015), as discussed in Text S3
in Supporting Information S1. We note that this computation is poorly con-
strained by field observations due to the large uncertainty (wide bounds) in
the values of the governing parameters a, wmax (Barry et al., 2012) and E
(Koch et al., 2015). In addition, doming does not imply the mode of seal
breaching, and therefore the above does not provide a critical overpressure for
seepage.

Brittle deformation due to overpressure in field settings will either involve
opening (Mode I failure) of pre‐existing faults or fractures, or the creation
of new faults (hydrofractures), through which gas will seep. “Plug‐lifting”
along faults, observed in some of our experiments, is not expected to occur

in the field, as it is due to the small dimension of our experimental cell and our 2D settings. To lift a plug
requires that the force exerted by the gas overpressure, exceeds the weight of the plug plus friction force on
all four surfaces bounding the plug. Yet, these forces (stress times area) increase with system scale.
Transmitting gas via an opening‐mode pulse (i.e., rising penny‐shaped bubbles (Boudreau et al., 2005)) only
require stress to locally exceed a threshold. Thus, gas transmission through field‐scale faults is expected to
occur in rising disk‐like bubbles, as observed in the gas‐injection‐into‐gelatin experiments of Boudreau (2012)
and Boudreau et al. (2005), and also in some of our thick‐seal experiments, for example, Figure 5. To open a
pre‐exiting fracture the gas overpressure must exceed the effective confining stress, whereas to form and open
a new hydrofracture requires an even higher overpressure (cf. Equation 4), see Figure 12.

A bubble can rise buoyantly in fractures once its buoyancy force exceeds the drag force, where the critical bubble
size depends on its shape and size, and on layer thickness (Section 4.3.3). Extending our computations relying on
the assumption of a spherical bubble (Equation 11) is beyond the scope of this paper.

Note that once one gas bubble ascends through a fault or fracture it decompacts the sediment in its pathway,
locally reducing its strength (Equation 5), which in turn favors future gas ascent within this route, localizing it into
a gas pipe.

Plastic deformation by bubbles forming in intact sediment (without fracturing) in the field is expected to require
the same overpressure as in the experiments (Equation 8), see Figure 12 (blue line).

Capillary invasion was not discussed in relation to our experiments, due to the prohibitively high capillary entry
pressures in the fine clay we used as seal. The gas overpressure required to push it into water‐filled pore throats of
size r is

ΔPcap =
2γgw
r

(13)

Figure 12. Calculated overpressure required to initiate deformation under
field conditions. Doming (solid green line; Equation 12) and opening of
existing faults and fractures (red stars; ΔP = σ′v) require nearly the same
overpressure, and are the two favored deformation modes. Hydrofracking, that
is, opening new fractures, requires only slightly higher overpressure (solid red
line; Equation 4). Gas Bubbles rising freely in the sediment (blue line;
Equation 8) are unlikely since they require much higher pressure than the brittle
modes. Ignoring compaction, capillary invasion pressure is constant with depth
(horizontal dashed line; Equation 13 with r = 0.03 μm). This phase diagram
predicts that (until at least 1 km depth) gas overpressure will create domes and
escape by bubbles opening pre‐existing fractures, if such exist. Otherwise,
domes will form, followed by hydrofracking and gas ascent in bubbles through
them.
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where γgw = 0.072 N/m is gas‐water surface tension. The pore sizes in natural clays span a wide range which is
hard to constrain. Here, for simplicity we assume a constant radius with depth, using a value of r = 0.03 μm,
measured as the dominant pore size in unconfined shale (Makhnenko et al., 2017), providing an overpressure of
ΔPcap ∼ 4.8 MPa (horizontal dashed line in Figure 12). If r decreases with confinement (depth) ΔPcap will grow.

The mode of sediment failure that will be preferred is the one requiring the least pressure. Our theoretical analysis
(Figure 12) suggests that doming will constitute the initial stage of many PMs; this agrees with the common
interpretation of field‐observed domes (Barry et al., 2012; A. Judd&Hovland, 2009; Koch et al., 2015). However,
deformation by doming in early stages does not imply that doming will continue to be the dominant mode of
deformation during further seal breaching and gas seepage. Following initial doming, our theoretical analysis
(Figure 12) predicts gas escape by opening pre‐existing faults and fractures (as seen experimentally, cf. Figure 5).
Without pre‐existing faults, hydro‐fracturing is expected to occur, at slightly higher over‐pressure. In domes, the
overpressure required to fracture/fault the dome will be lowered relative to those required to fracture a flat seal,
due to the extensional fiber stresses exerted by the dome flexure (for calculation of these stresses see Turcotte and
Schubert (2014), Section 3.12), but we do not further pursue this calculation due to the very variable elastic
modulus value.

Following conduit opening, gas bubbles will rise once reaching a critical radius, set by layer thickness and bubble
geometry, leaving an elongated weakened pipe‐like structure behind. We do not expect bubbles to rise freely in
undisturbed sediment, due to the large pressure required, which is much higher than that to create a hydrofracture.
Once bubbles (rising in either faults or fractures) reach the seal surface, they may create a PM via “erosive
fluidization” (Cartwright & Santamarina, 2015): gas eruption ejects sediments to the shoulder of a PM, eroding
the surface and creating a depression (e.g., Figures 5 and 4). This PM formation process constitutes a combination
of several different mechanisms for gas transport to the surface that were discussed earlier. We emphasize that our
experiments indicate that fluidization and associated erosion do not require a fluid jet (as suggested by Cartwright
and Santamarina (2015)).

5.3. Implications From Table‐Top Experiments and Theory to Natural Pockmarks

Linking between table‐top laboratory experiments and field observations of pockmarks is challenging due to the
different spatial and temporal scales. PM formation involves multiple scales in time—e.g. long quiescent periods
of gas pressure buildup versus short periods in which gas seeps and pressure drops, and in space—e.g. PM depth,
width, and dimensions of gas pipe and the disturbed zone around it. Furthermore, these are interrelated: the spatial
scales evolve in time, such that for example, older pockmarks tend to be larger than younger ones (Andresen
et al., 2021). In addition, in the field, PMs are often not isolated, but rather interact and depend on each other.
Nonetheless, the mechanisms and trends observed in table‐top experiments are qualitatively comparable to field
observations.

Our experiments provide novel and unique data of the entire process of gas seepage from the reservoir to the
surface (sea floor), that is, the initial pressure‐induced seal failure followed by the passage of gas through the seal,
and finally the formation of PMs at the surface, where gas seeps out (Figure 6). The deformation mechanisms
forming the PMs differ between experimental and field conditions: In experiments either brittle failure or ascent
of relatively spherical bubbles in liquefied clay can occur (depending on experimental setting), whereas in the
field brittle deformation is expected to dominate, with elongated bubbles rising through fractures or faults. The
observations in the field regarding the role of faulting are equivocal: while some (e.g., Crutchley et al. (2021))
suggest that gas preferentially rises through vertical fractures instead of through pre‐existing faults, others show
that pre‐exiting faults control gas escape (Hustoft et al., 2009). The mechanisms of seal breaching and bubble
ascent (Figure 3) control not only the manner by which the gas seeps out to the surface but also the sediment
suspension in the water column, the episodic nature of the seepage, and the eventual PM shape (Figure 6).

5.3.1. Gas Migration Through the Sediment

Based on analysis of fluid escape pipes morphology and their geological context using seismic sections, Løseth
et al. (2011) and Cartwright and Santamarina (2015) concluded that pipes play a critical role in providing leakage
pathways for trapped hydrocarbons through overlying seals. Løseth et al. (2011) suggested hydro‐fracturing of the
seal as the main mechanism for breaching and pipe formation. In contrast, Cartwright and Santamarina (2015)
excluded over‐pressurized fluid related processes (such as hydraulic fracturing, erosional fluidization and
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capillary invasions) as the dominant mechanism forming pipes; instead, Cartwright and Santamarina (2015)
suggested localized collapse due to volume loss and syn‐sedimentary flow localization as possible mechanisms
for pipe growth, where initiation might be controlled by the above over‐pressurized fluid related mechanism. Our
experiments support a combination of the processes suggested by Cartwright and Santamarina (2015) and Løseth
et al. (2011). In our experiments we observe that during the initial stage escape features (bubbles, faults, domes)
form by high pore pressure. After the initial weakened zone forms, pipes develop as disrupted zones by repeated
material degradation (Figures 3 and 4). Pipes direct gas seepage from the reservoir, through the seal to the seafloor
(Figure 4), in agreement with field data in Løseth et al. (2011) showing pipes traversing throughout the seal all the
way to the seafloor. Our experimental observations also agree with the model suggested by Løseth et al. (2011):
overpressure buildup and release via pipes, and the formation of a mound at the pipe upper terminus, resulting in
ejection of fluidized sediment close to the surface (rather than from depth). Our experiments also agree with the
common hypothesis (Cartwright and Santamarina (2015) and elsewhere) relating the termination of pipes at the
seafloor to PMs.

Another finding in our experiments that is relevant to field conditions is our observation of a mixed seepage
mechanism, in which bubble pulses rise along brittle fractures (Figure 5). Like the vertical gas pipes, the fractures
or faults become liquefied pipes after bubbles traverse them, promoting transport of further bubble trains in these
pipes. Our theoretical analysis indicates that this gas escape mode would be ubiquitous in nature, in agreement
with Z. Sun and Santamarina (2019). This theoretical prediction is supported by field data in the form of micro‐
seismic events in soft sediments, attributed to bubble rise and escape via faults (Tary et al., 2012).

We note the ambiguity between the main PM components: It is difficult to identify in nature the exact location and
geometry of the active gas pipe, as it located within a larger disturbed zone which also includes dormant pipes that
have closed, leaving the sediment around them looser. This is obvious from for example, seismic reflections
showing a disturbed zone (e.g.,∼100 m in R. Maia et al. (2016)) which is much wider than the active pipe. A wide
disturbed zone, relict of older gas pathways, is also seen in our experiments (e.g., Figure 4). Further complexity
arises from the interactions between the pipe and PM geometry evolution, namely the deepening of the PM on the
expense of shortening of the pipe.

In terms of bubble geometry, our experiments show that the rising bubbles are flattened into disk shapes
(Figure 5), similar to the reports in natural sediments by Marcon et al. (2021), and to the Boudreau et al. (2005)
experiments of gas injection into gelatin. Furthermore, bubble disk radii were seen in our experiments to correlate
with pipe widths, as seen in Figures 4d and 5 (Note that the final localized pipe width may be much narrower than
the initially disturbed zone width, as shown in Figure 4d). Thus, pipe widths are expected to grow with bubble
radii, which in turn increase with seal layer thickness (experimental observation showing increasing of bubble
radius with clay thickness are presented in Figure S2 in Supporting Information S1). Hence, we expect the
experimentally observed ∼cm‐scale pipes to scale up to 10–100 m in natural sediments, as observed in the field
(Cartwright & Santamarina, 2015; Crutchley et al., 2021). The elongated bubble shape implies that bubble rise
can happen at lower bubble volumes than that predicted by Equation 11, as the drag force which resists the bubble
migration is proportional to the cross‐section in the direction of motion. As the confinement imposed by litho-
static stress reduces with the bubble height within the sediment, near the sediment surface the bubbles may resume
their spherical shapes (Z. Sun & Santamarina, 2019).

5.3.2. Pockmark Geometry

Our experimental observation of a transition from Type 2 to Type 1 PMs as seal thickness, hc, increases, also
correlates with deepening of PMs, that is, experimental Type 2 PMs are generally shallower (smaller PM depth,
D) than Type 1 PMs. This agrees with trends observed in the field, where D also increases with hc (e.g., Figure 10
of Brothers et al., 2012) and Type 2 PMs are often observed to be shallower than Type 1 PMs (Riboulot
et al., 2016). We speculate that the transition between the PM types may arise from fracture spacing: layer
thickness controls fracture spacing (Wu & Pollard, 1995), and thus thin layers will break into smaller blocks
delineated by more closely spaced fractures, which in turn would favor creation of the complex, Type 2 PMs (e.g.,
experiment #1B in Figure 6). In contrast, large fracture spacing in thick layers would favor creation of simpler
Type‐1 p.m. with seepage from only a few, widely spaced fractures. Another feature we observed experimentally,
which was also observed in the field, is that Type I PMs retain a relatively equidimensional depression shape
(Figure 5), despite the rise of elongated bubbled, as seen by Crutchley et al. (2021); Hsu et al. (2021); Marcon
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et al. (2021). However, in cases where doming collapse led to clay breaching, seepage from multiple points
between semi‐rigid clay blocks resulted in Type‐2 pockmarks with uneven depression (Figures 6 and 8).

Our observation of increasing pockmark depth D with time, until it traverses the entire clay layer (i.e.,
approaching the clay thickness hc) (#2D in Figure 6), is in general agreement with field observations, for example,
Andresen et al. (2021), which relates PM deepening to gas seepage events, as a consequence of sea level drops. In
addition, Brothers et al. (2012) show varying pockmark depth related to the same hosting layer thickness (their
Figure 10). A potential explanation is that the field data convolves different stages of PM development, since the
depth (and thus D/hc) changes with the number of events N (as we observed experimentally, cf. Figure 13). We
also found a progressive increase in Type 1 PM width, L, by wall collapse (Figure 7b), in qualitative agreement
with field observations of PM slopes steeper than the angle of repose, which suggest that these are active PMs,
with temporarily non‐stable slopes (Webb et al., 2009). The PM walls observed in our experiments are steeper
than in the field (angle of ∼10o (e.g., Andrews et al., 2010; Rogers et al., 2006; Schattner et al., 2016)).
Furthermore, the increase in PM aspect ratio (depth vs. width; Figure 7c) differs from the relatively constant ratio
observed in the field (Gontz, 2002), which is often used to deduce PM geometry from measurement of one of its
dimensions (Brothers et al., 2012). These discrepancies could be due to reduced friction in the field following
multiple seepage events and material degradation at long times in nature (vs. the short time of our experiments), as
well as the artifact of additional frictional resistance (between the clay and the plexiglass walls) in our quasi‐2D
setup.

5.4. Temporal Evolution of Gas Escape

We observe episodic gas escape, with long quiescent periods interspersed by gas bubble ascent (either by
deforming plastically the seal, or through fractures). Each seepage event is accompanied by an abrupt change in
PM geometry, and weakening of the flow path (into a pipe). Similar episodic venting was seen in a north sea PM,
from which gas flaring was observed in one expedition but not a few years later (Hustoft et al., 2009). Long
quiescent period of over a decade with no PM geometry change was observed by Brothers et al. (2011), implying
that it would be extremely hard to observe the short episodic venting during such periods. However, since pre-
vious work suggests that stress perturbations accelerate bubble escape from sediments (Katsman, 2019), it is not
surprising that most observations of episodic gas emission from PMs, follow stress perturbations, for example, by
earthquakes and storms (Christodoulou et al., 2023; Field & Jennings, 1987; Gontz et al., 2001; Hasiotis
et al., 1996; Soter, 1999). Based on our experimental observations, we hypothesize that episodicity often char-
acterizes gas seepage from PMs: each seepage event, which also deforms the PM, reflects something akin to a

Figure 13. Comparing the pockmark depth D against clay thickness hc between our experiments (triangles) and field
observations (gray dots). To compare between the laboratory and field scale, we normalize both D and hc by the maximal
thickness hc(max). The value of hc(max) was 45 m for the field data, and 0.1 m for experiments (the value obtained in #4E). Also
shown is the evolution ofD/hc(max) with number of seepage eventsN (legend) for the 3 presented experiments: #1C (brittle), #
2D and # 4E (both plastic deformation); see also Figure 7. Field data is from 3066 pockmarks offshore Maine, US (modified
from Brothers et al. (2012); the pink line shows a linear trend for this population (R2 = 0.60)).
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magmatic eruption in a volcano: enough gas overpressure must be accumulated to overcome the overlying layer
resistance to deformation and open a fracture, akin to dike opening by magma. Opening allows gas escape, which
then drops the pressure until it again accumulates to cause another eruption. Finally, we note that magmatic
eruptions and mud volcanoes can also occur in a continuous manner (Fallahi et al., 2017; Hidalgo et al., 2015;
Kelemen & Aharonov, 1998), which, according to the above analogy, suggests a possibility of continuous gas
seepage, which we did not observe in our experiments.

6. Conclusions
To understand submarine gas seeps and the associated surface deformation creating pockmarks, we developed an
experimental model system composed of a reservoir (glass beads representing a sandy sediment) overlaid by a
deformable seal (clay layer). We find that gas rises continuously through the reservoir and accumulates in a
spatially limited zone at the base of the seal, due to the high capillary threshold of the fine‐grained clay limiting
gas invasion into it. Over time, sufficient gas overpressure accumulates to deform the clay and seep through it.
Gas seepage was found to occur by either (a) doming of the seal and breaching of the dome by fracturing, resulting
in disordered, Type‐2, pockmarks; (b) brittle deformation that creates faults, through which the gas seeps; or (c)
plastic deformation by gas bubbles ascending through the seal; both (b) and (c) form Type‐1 (cone shaped)
pockmarks, in thicker, more compliant layers. We also observe cases where gas seeps as elongated bubbles in
faults, representing mixed deformation mode. The conditions where these deformation modes govern, especially
in terms of layer thickness and consolidation of the layer (determining its stiffness), were computed theoretically.
We find that seepage is often assisted by a positive feedback mechanism: pipe‐like preferential conduits are

Figure 14. Schematic illustration summarizing the stages of pockmark formation expected in the field, based on theoretical
insights from our experiments. (a) Gas accumulates at the top of the reservoir below the seal. Due to overpressure
development the seal is deformed by doming, then gas seeps to the sea‐floor thought the seal in one of the following seal
breaching mechanisms: (b) Breaching of the seal by tensional fracturing. Then development of Type 2 pockmark;
(c) pressure induced faults (as a consequence of brittle deformation of the seal). In this mechanism, sediment is eroded from
the sea‐floor and is suspended into the water by the seeping gas (sediment particles are presented as dots), progressively
creating a morphological depression (Type 1 pockmark); (d) Eventually, after repeated material degradation (through the
pressure induced faults presented in c), localized gas pipe through the seal is created.
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created by the rise of trains of bubbles, that liquefy and weaken these conduits. Faults can serve as the starting
point for such pathways.

We use our table‐top experiments to predict natural seepage and deformation by theoretically extrapolating our
finding to field conditions. This analysis suggest that the initial stage of seal deformation by gas overpressure will
create a dome (Figures 14a and 14b). Seepage is expected to happen by breaching of the dome by mode I fractures
leading to Type‐2 pockmark in thin clay layers, and by creation of hydrofractures or by flow through existing
faults that eventually form Type‐1 pockmark in thicker clay layers (Figure 14c). We hypothesize that as seen
experimentally, episodic release of gas bubbles will form preferential conduits (“pipes”) by locally weakening the
clay in their passage, as well as progressively enlarging (in depth and width) a pockmark at the surface
(Figure 14d).

In conclusion, our findings, which are in overall good agreement with field data, improve our understanding of
natural pockmark formation. They also expose challenges in linking between laboratory and field observations,
and the need for further field data at higher spatiotemporal resolution, complemented by more controlled labo-
ratory tests.

Data Availability Statement
All data used to generate the figures and conclusions in the paper are available in Vaknin et al. (2024).
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