
1.  Introduction
Fluid and gas flow in shallow marine sediment play a key role in the Earth System by modulating the chemical 
exchange between the seafloor and the water column (Boetius et al., 2000; Berndt, 2005; A. G. Judd, 2003; A. 
Judd & Hovland, 2007; Whiticar, 2002; Talukder, 2012). Abrupt fluid emissions are also a geohazard to marine 
infrastructures (Kopp et al., 2021; Sills & Wheeler, 1992) such as wind parks (Lundsten et al., 2019; Velenturf 
et al., 2021) and offshore cables, which accommodate over 95% of intercontinental data traffic (Carter, 2010). A 
manifestation of fluid and gas flow are pockmarks, which are semicircular depressions on the seafloor (Dando 
et al., 1991; Hovland & Sommerville, 1985; Hovland et al., 2002; A. Judd et al., 1994). They have diameters rang-
ing from a few meters up to over a kilometer, and depths from tens of centimeters to several meters (A. Judd & 
Hovland, 2007). Since their discovery in the 1970s (King & McLean, 1970), pockmarks have been in the focus of 
scientific investigations as they may indicate the release of greenhouse gases such as methane from marine sedi-
ments (Berndt, 2005; Boetius et al., 2000; Dando et al., 1991; Hovland et al., 2002). The increasing availability of 
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high-resolution bathymetric data has revealed their worldwide abundance and importance (Böttner et al., 2019; 
Feldens et al., 2016; Hoffmann et al., 2020; A. Judd & Hovland, 2007; Krämer et al., 2017).

The formation of pockmarks has been primarily attributed to the release of hydrocarbons from overpressured gas 
reservoirs beneath the seafloor (Berndt, 2005; Böttner et al., 2019; Brothers et al., 2012; Feldens et al., 2016; 
A. Judd & Hovland, 2007; A. Judd et al., 1994). In this scenario, a pockmark forms when the gas overpressure 
exceeds the tensile failure envelope leading to gas escape and subsequent sediment erosion at the seafloor. Fluid 
escape itself can take place as continuous seepage flow (Böttner et  al., 2019; Dumke et  al., 2014), episodic/
pulsed flow (von Deimling et al., 2011; Hoffmann et al., 2020), single blow-out events (Andreassen et al., 2017; 
Løseth et al., 2011) or a combination of those, for example, where blow-out events are followed by continuous 
seepage (Leifer & Judd, 2015; von Deimling et al., 2015). The type of flow can vary depending on the subsurface 
pressure, stress states, and lithological conditions. Therefore, the activity of a fluid-escape structure may exhibit 
temporal variability, which may be cyclic over both short time scales such as tidal cycles (Boles et al., 2001; 
Rollet et  al.,  2006; Römer et  al.,  2016; Sultan et  al.,  2020) or longer-term sea level changes (Plaza-Faverola 
et al., 2011; Riboulot et al., 2014).

There is emerging evidence that pockmarks can also form spontaneously forced by major storms associated with 
significant wave heights. Krämer et al. have presented hydro-acoustic data from the south-eastern North Sea that 
shows abundant and very densely spaced pockmarks (Figures 1a and 1b. These pockmarks were not reported 
previously from the area and appear to have formed over 3 months during storm events in the fall of 2015 (Krämer 
et al., 2017). These pockmarks vanished during calmer weather conditions, possibly through residual sediment 
transport in response to tidal forcing. In 2018, expedition AL512 found no remaining traces of the pockmark field 
(Karstens et al., 2018). In March 2021, again numerous pockmarks could be found in the region during expedition 
MSM99/2 (Schmidt et al., 2021).

Linking pockmarks to hydro-mechanical processes in the sub-seafloor remains notoriously difficult. It requires 
constraining how gas is mobilized toward the seafloor and which sedimentary processes “make” the morphological 

Figure 1.  (a) Bathymetric map of working area in the North Sea. (b) Overview map showing working area in the 
southeastern North Sea. (c) Detailed bathymetric map showing Pockmarks on the seafloor of the Helgoland Reef (data from 
Krämer, 2017).
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pockmark in response to gas and fluid venting. Here we focus on the first problem. One plausible formation 
scenario of the aforementioned pockmarks in the North Sea is that storm wave-induced pressure changes mobi-
lized shallow gas accumulations within the sediments (Krämer et al., 2017) by either inducing tensile failure or 
helping the gas to overcome its capillary seal. A direct implication of this is that these wave-induced pockmarks 
may be proxies for shallow gas pockets, which has major ramifications for offshore drilling and planning of 
seafloor installations.

Large scale shallow gas accumulations have, however, not been reported from this area. Only minor very shallow 
(<50 m) gas accumulations were proposed by (Krämer et al., 2017). How these fluids can overcome capillary 
barrier (or induce tensile failure) by short-term pressure changes remains enigmatic. This suggests that there 
may be an alternative mechanism that does not rely on pre-existing gas accumulations. A careful analysis of a 
comprehensive compositional multiphasic subsurface model for gas transport has lead us to consider the possibil-
ity that the dominant gas source for wave-induced pockmark formation could be related to pressure sensitive gas 
phase instabilities. This mechanism relies on local gas solubility being proportional to pore-pressure. Therefore, 
changes in pore-pressure will change the local gas solubility, and under the right conditions, the gas solubility 
may become low enough to trigger a localized spontaneous exsolution of the dissolved gases, resulting in a free 
gas phase that is highly unstable (i.e., susceptible to spontaneous phase transitions) under the rapidly oscillating 
pore-pressure states. The presence of highly compressible gas is known to effectively damp pressure variations 
(Helmig, 1997; Smeulders & van Dongen, 1997), which raises the intriguing possibility that wave-induced gas 
exsolution and dissolution may by asymmetric, leading to the appearance of a persistent gas phase that may rise 
to make a pockmark.

In this manuscript, we first test the feasibility of the “conventional” scenario that wave-induced pressure changes 
can mobilize a pre-existing gas pocket. In a second step, we explore the alternative mechanism of spontaneous 
appearance of free gas phase due to pressure sensitive phase instabilities under high-frequency pressure changes, 
that is, storm forcings.

2.  Testing the Hypotheses
2.1.  Seafloor Observations

Figures 1a and 1b shows the study area north of Helgoland in the south-eastern North Sea, the so-called Helgo-
land Reef area. Here, a series of storms in the Fall 2015 resulted in the emergence of a pockmark field (Krämer 
et al., 2017). The pockmarks are described as elliptical depressions of 10–20 m in horizontal extent with depth of 
∼20 cm (Figure 1c). Bathymetric maps show a large spatial heterogeneity in pockmark density: Some areas have 
up to ∼1,200 pockmarks per km 2, while directly adjacent areas show almost no pockmarks (Krämer et al., 2017). 
The average water depth in the area is about 25–40 m and sediments mainly consist of fine-to medium-grained 
sands. The amount of finer-grained sediments increases in the paleo-river beds of Eider and Elbe. The area is 
mostly flat and the sea floor is affected by tidal currents forming wave ripples. The storm season in 2015, during 
which the pockmarks appeared, had a series of large storms in November. These storms were found to have had 
significant wave heights exceeding 7 m with periods from 8 to 12 s and lengths between 96 and 177 m. Such wave 
heights may have perturbed the effective stress state of the top 3.5–7 m, yet no direct seismic or hydro-acoustic 
evidence exists for shallow gas pockets within these surface sediments (Krämer et al., 2017). Nevertheless, the 
area is known to host sediments with significant organic carbon contents, so any gas present is likely of microbial 
origin. Methane concentrations in the pockmark field were ∼30.4 μM, almost one order of magnitude higher 
compared to areas with no pockmarks (Krämer et al., 2017).

2.2.  Mathematical and Computational Model

We use a novel multi-physics simulator (Gupta et al., 2020), based on a compositional multiphase subsurface 
transport model framework, to test the feasibility of two different physical mechanisms of wave-induced gas 
mobilization that could lead to pockmark formation: (a) Mobilization of a pre-existing free gas pocket, and (b) 
formation of a persistent free gas phase due to pressure sensitive phase instabilities. The primary objective of this 
study is to test the source of the elusive free gas that could have lead to the formation of the observed pockmarks. 
Therefore, we consider it to be sufficient to limit the mathematical model to fluid flow processes and ignore the 
poro-mechanical coupling. Therefore, the model considers a coupled two-phase two-component fluid system. 
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Flow in the subsurface is assumed to follow Darcy's law, and feedbacks between the effective compressibility of 
the multi-phase system and the pressure state are fully resolved. The model also considers the capillary pressure 
effects at the gas-water phase interfaces, parameterized using a standard Brooks-Corey model. It is important to 
note, that unlike the long range gas migration in marine sediments, where the advective Darcy flow is typically 
the dominant driver of gas flow, here, in the presence of rapid and short range pressure changes, the diffusive 
capillary flow (see explanation following Equation 4) and the diffusive Fickian transport appear to be equally, if 
not more, important. Gas can be dissolved in the pore fluids or, if concentrations exceed the solubility limit, form 
a free gas phase. The gas-water phase changes are modeled on the assumption of vapor-liquid-equilibrium (VLE). 
The resulting variational inequalities are imposed as a set of nonlinear complementary constraints, which provide 
a consistent transition between single and two phase (fluid and gas) models (see Equations 7–11). The consistent 
treatment of phase transitions is, infact, one of the most powerful features of this model, without which the phase 
instabilities cannot be reliably simulated. In this study, we consider methane as the gas phase and use an appropri-
ate equation-of-state (Kossel et al., 2013). Note, that also other gases such as nitrogen and carbon dioxide could 
contribute but are not further considered here. Thermal effects and salinity effects are also ignored for simplicity.

For completeness, the model equations and the numerical solution scheme are summarized below.

2.2.1.  Model Equations

We consider a homogenized REV (Representative Elementary control-Volume) composed of two distinct mobile 
phases (also referred as “fluids”): An aqueous phase (subscript “w”) and a gaseous phase (subscript “g”). For 
simplicity, we assume only a single gas in the system (methane in this study), and account for miscibility of the 
phases. Therefore, the gaseous phase is composed of gas and water vapor, while the aqueous phase is composed 
of liquid water and dissolved gas. The gas components in both phases are denoted with superscript “G” and the 
water components are denoted with the superscript “H.” For further simplicity, we assume a constant salinity in 
the aqueous phase and ignore any thermal effects. The component-wise mass conservation for this system can 
be expressed as,

∀𝜅𝜅 = 𝐺𝐺𝐺𝐺𝐺 ∶

∑

𝛼𝛼=𝑔𝑔𝑔𝑔𝑔

𝜕𝜕𝑡𝑡𝜙𝜙𝜙𝜙𝛼𝛼𝑆𝑆𝛼𝛼𝜒𝜒
𝜅𝜅
𝛼𝛼 +

∑

𝛼𝛼=𝑔𝑔𝑔𝑔𝑔

∇ ⋅ 𝜌𝜌𝛼𝛼𝜒𝜒
𝜅𝜅
𝛼𝛼 𝐯𝐯𝛼𝛼 +

∑

𝛼𝛼=𝑔𝑔𝑔𝑔𝑔

∇ ⋅ 𝜙𝜙𝜙𝜙𝛼𝛼𝑆𝑆𝛼𝛼𝐉𝐉
𝜅𝜅
𝛼𝛼 = 𝑓𝑓𝜅𝜅

� (1)

where, ϕ is the porosity, ρα is the pressure dependent phase density, Sα is the phase saturation s.t.,
∑

𝛼𝛼=𝑔𝑔𝑔𝑔𝑔

𝑆𝑆𝛼𝛼 = 1.� (2)

The variables vα denote the phase-wise Darcy velocity fields,

∀𝛼𝛼 = 𝑔𝑔𝑔𝑔𝑔 ∶ 𝐯𝐯𝛼𝛼 = −𝐊𝐊
𝑘𝑘𝑟𝑟𝑟𝑟𝑟

𝜇𝜇𝛼𝛼

(∇𝑃𝑃𝛼𝛼 + 𝜌𝜌𝛼𝛼𝐠𝐠)� (3)

where, K is a second order permeability tensor, kr,α is the relative phase permeability, μα is the dynamic phase 
viscosity, and Pα is the phase pore-pressure. We parameterize the capillary pressure across the gas-water phase 
interface as well as the relative phase permeabilities using the Brooks-Corey model,

𝑃𝑃𝑔𝑔 − 𝑃𝑃𝑤𝑤∶=𝑃𝑃𝑐𝑐 (𝑆𝑆𝑤𝑤) = 𝑃𝑃0𝑆𝑆
−

1

𝜆𝜆
𝑤𝑤𝑤𝑤𝑤

� (4)

𝑘𝑘𝑟𝑟𝑟𝑟𝑟 = 𝑆𝑆
2+3𝜆𝜆

𝜆𝜆
𝑤𝑤𝑤𝑤𝑤 & 𝑘𝑘𝑟𝑟𝑟𝑟𝑟 = (1 − 𝑆𝑆𝑤𝑤𝑤𝑤𝑤)

2

(

1 − 𝑆𝑆
2+𝜆𝜆

𝜆𝜆
𝑤𝑤𝑤𝑤𝑤

)

.� (5)

P0 denotes the gas entry pressure and λ is a material parameter. 𝐴𝐴 𝐴𝐴𝑤𝑤𝑤𝑤𝑤 =
𝑆𝑆𝑤𝑤−𝑆𝑆𝑤𝑤𝑤𝑤𝑤

1−𝑆𝑆𝑔𝑔𝑔𝑔𝑔−𝑆𝑆𝑤𝑤𝑤𝑤𝑤

 is the effective water saturation 
with residual gas and water saturations Sg,r and Sw,r. Note, that the capillary pressure introduces an additional 
diffusive flux for gas transport (𝐴𝐴 ∇𝑃𝑃𝑔𝑔 = ∇𝑃𝑃𝑤𝑤 + 𝜕𝜕𝑆𝑆𝑤𝑤𝑃𝑃𝑐𝑐∇𝑆𝑆𝑤𝑤 , where ∇Sw exhibits diffusive characteristics).

The variables 𝐴𝐴 𝐉𝐉𝜅𝜅𝛼𝛼 denote the Fickian diffusion of components κ through any phase α, s.t.,

∀𝛼𝛼 = 𝑔𝑔𝑔𝑔𝑔 & ∀𝜅𝜅 = 𝐺𝐺𝐺𝐺𝐺 ∶ 𝐉𝐉
𝜅𝜅
𝛼𝛼 = −𝜏𝜏𝐃𝐃𝛼𝛼∇𝜒𝜒

𝜅𝜅
𝛼𝛼� (6)
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where, τ is the tortuosity of the sediment matrix and Dα is a second order binary diffusion tensor. Additionally, 
the summation conditions 𝐴𝐴

∑

𝜅𝜅=𝐺𝐺𝐺𝐺𝐺

𝐉𝐉𝜅𝜅𝛼𝛼 = 0 hold ∀α.

The variable f κ is the volumetric source term for each component κ = G, H. Within the context of this study, we 
assume f κ = 0.

Finally, 𝐴𝐴 𝐴𝐴𝜅𝜅
𝛼𝛼  are the mole fractions of the components κ = G, H in the phase α = g, w. If both phases are present, 

gas and water are assumed to exist in a state of a vapor-liquid equilibrium (VLE), s.t.,

∀𝛼𝛼 = 𝑔𝑔𝑔𝑔𝑔 ∶ 𝜓𝜓𝛼𝛼∶=1 −

∑

𝜅𝜅=𝐺𝐺𝐺𝐺𝐺

𝜒𝜒𝜅𝜅
𝛼𝛼 = 0 𝑖𝑖𝑖𝑖 𝑖𝑖𝛼𝛼 > 0.� (7)

The VLE is modeled using the Henry's (Equation 8) and the Raoult's (Equation 9) laws,

𝜒𝜒𝐺𝐺
𝑤𝑤 = 𝐻𝐻𝐺𝐺

𝑤𝑤𝑃𝑃𝑔𝑔𝜒𝜒
𝐺𝐺
𝑔𝑔� (8)

𝜒𝜒𝐻𝐻
𝑔𝑔 𝑃𝑃𝑔𝑔 = 𝜒𝜒𝐻𝐻

𝑤𝑤 𝑃𝑃𝐻𝐻
𝑠𝑠𝑠𝑠𝑠𝑠� (9)

where, 𝐴𝐴 𝐴𝐴𝐺𝐺
𝑤𝑤 is the pressure dependent solubility coefficient of dissolved gas (i.e., component G in w phase), and 

𝐴𝐴 𝐴𝐴𝐻𝐻
𝑠𝑠𝑠𝑠𝑠𝑠

 is the saturation vapor pressure of water vapor (i.e., component H in g phase). From Equations 7–9, it is clear 
that in a two-phase system, all mole fractions are known a priori as functions of local thermodynamic state (i.e., 
gas pressure, in this model). These known mole fractions at VLE are commonly referred as “equilibrium” mole 
fractions (denoted as 𝐴𝐴 𝐴𝐴𝜅𝜅

𝛼𝛼𝛼𝛼𝛼𝛼𝛼 ∀𝛼𝛼𝛼 𝛼𝛼 ). In other words, in a two-phase system, all mole fractions are dependent varia-
bles and the phase saturations are the independently transported quantities.

If, however, any of the phases disappear, the VLE condition does not hold, leading to a set of variational inequal-
ities s.t.,

∀𝛼𝛼 = 𝑔𝑔𝑔𝑔𝑔 ∶ 𝜓𝜓𝛼𝛼 > 0 𝑖𝑖𝑖𝑖 𝑖𝑖𝛼𝛼 = 0.� (10)

Equation 10 implies that in a single phase system (e.g., water-only, or gas-only), the solute (i.e., dissolved gas 
in case of water-only system, and water-vapor in case of gas-only) exists in an under-saturated state, that is, the 
solute mole fraction remains below the equilibrium value (also called “maximum solubility”, or simply, “solu-
bility”) corresponding to the local thermodynamic state. The phase saturations degenerate, meaning that the 
saturation of the vanishing phase is zero while that of the persisting phase is unity. Therefore, in a single phase 
system, the solute in the persisting phase is transported independently, while the mole fractions of components in 
the vanishing phase become indeterminate.

Equations 7 and 10 together form a Kharush-Kuhn-Tucker type constraints,

∀𝛼𝛼 = 𝑔𝑔𝑔𝑔𝑔 ∶ 𝑆𝑆𝛼𝛼𝜓𝜓𝛼𝛼 = 0.� (11)

Equation  11 governs the consistent distribution of phase-states and phase transitions from single-phase to 
two-phase systems and vice versa.

Finally, note, that the material properties like phase densities, viscosities, solubility coefficient and saturation 
vapor pressure, in general, also depend strongly on the temperature, but under the isothermal assumption, this 
dependence is ignored in this study.

2.2.2.  Numerical Scheme

The model Equations 1 and 11 together form a PDAE (partial differential algebraic) system of four governing 
equations, which is closed by conditions 2 and 3. We solve for the following primary variables: Pw, Sg, 𝐴𝐴 𝐴𝐴𝐺𝐺

𝑤𝑤 and 𝐴𝐴 𝐴𝐴𝐻𝐻
𝑔𝑔  .

The numerical scheme is based on a fully upwinded cell-centered finite volumes method for spatial discretization 
and an implicit Euler method for temporal discretization. It is capable of solving in 1D, 2D and 3D. The scheme 
is implemented in DUNE-PDELab (version 2.8) (Bastian et al., 2010) based on C++. For the linearization of the 
system of governing PDEs, we have implemented a semi-smooth Newton solver which can handle the gas-water 
phase transitions and appearing and disappearing phases in a mathematically consistent manner. We use a highly 
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optimized SuperLU (Demmel et  al.,  1999) linear solver for our 1D calcu-
lations (which are performed in sequential mode), and a built-in Algebraic 
Multi-Grid solver for 2D calculations (which are performed in OpenMPI 
parallel mode).

The computations for this study were performed on the high-performance 
computing cluster at Kiel University (CAU). Further details of our numerical 
scheme can be found in (Gupta et al., 2020).

2.3.  Pressure Sensitive Gas Phase Instability

The gas solubility typically depends on pressure and temperature (Kossel 
et al., 2013). As the North Sea water masses are generally well mixed during 
the stormy winter season, significant changes in bottom water temperatures 
are unlikely during individual storm events. In addition, any seafloor temper-
ature perturbation would only propagate approximately 20 cm into the sedi-
ments throughout a 12  hr storm event, depending on diffusivity, which is 
typically in the order of 10 −6 m 2/s. On the other hand, pressure changes prop-
agate to much larger sediment depths (Yang et al., 2015). Therefore, in this 
modeling study we only focus on the pressure dependence of solubility and 
ignore the thermal feedbacks.

At higher pore-pressure, more gas can dissolve, and vice versa. Conse-
quently, the gas-water phase states are strongly coupled and highly sensi-
tive to changes in pressure. In any infinitesimal volume, a sufficiently large 

positive perturbation of local pressure (i.e., pressure increase) can lead to dissolution of the available free gas 
within  this volume due to increased solubility. In the extreme case, this can lead to disappearance of the free gas 
phase locally (meaning, that the system goes from two-phase to single-phase state). Conversely, a sufficiently 
large negative perturbation of local pressure (i.e., pressure decrease) can lead to the exsolution of dissolved gas 
due to reduced solubility. In the case of a single-phase system, this will lead to spontaneous appearance of free 
gas locally (meaning, the system goes from single-phase to two-phase state governed by the second law of ther-
modynamics (Sherwood & Dalby, 2018), where the notion of “spontaneity” is closely related to change in Gibbs 
free energy (ΔG) such that a process occurs spontaneously if ΔG < 0, and proceeds until equilibrium is achieved 
(i.e., ΔG = 0)). This local, spontaneous, and hysteretic appearance and disappearance of free gas due to changes 
in pressure is referred as pressure sensitive gas phase instability.

Furthermore, it is well known from multi-phase transport models (Helmig, 1997) that with increasing free gas, 
the effective pore fluid compressibility also increases, which damps the propagation of seafloor pressure changes 
into the sub-seafloor. This feedback has an interesting consequence in the form of an asymmetric pore pressure 
evolution which may lead to the appearance of a “persistent” free gas phase in response to periodic seafloor 
pressure changes. Note that this “asymmetry” is not an imposed property and does not refer to any actual asym-
metry in the parameterization of material or phase properties. Rather, it is an “emergent” trait that manifests as a 
result of appearance/disappearance of free-gas phase. In very simple terms, when reduced pore pressure during 
a given storm wave period leads to gas exsolution, the newly exsolved free gas damps the pore-pressure changes 
in the next wave period, thereby, leading to an “asymmetry” in the pore-pressure responses. The longer the storm 
duration, the more damped the system will become, and at some point a fixed state may be achieved. We do not 
impose any kind of artificial asymmetries in the properties controlling the dissolution and exsolution processes 
(like asymmetric dissolution and exsolution rates, etc.). Rather, the asymmetry emerges despite using completely 
reversible (i.e., symmetric) VLE constraints.

2.4.  Model Setup for Numerical Studies

In order to test the guiding hypotheses, we formulate an idealized 1D setting, as shown in Figure 2, where a perfect 
sinusoidal storm forcing with an amplitude A and time-period T is imposed on the average sea water column of 
height H. The computational domain starts from the seafloor at z = 0 and extends up-to a depth of z = zdomain. 
Note that all numerical results in this manuscript are plotted along the “depth” below the seafloor. In all runs the 

Figure 2.  Model configuration for 1D scenarios with pre-existing free gas 
pocket.
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storm parameters were set as: Amplitude A = 10 m and time-period T = 12 s. 
The effects of the storm appear as instantaneous pressure changes on the sea 
floor. Other relevant parameters were set as: Sediment and barrier porosity 
ϕ = 50%, sediment entry pressure 𝐴𝐴 𝐴𝐴0|Ω0

= 5 kPa, and barrier entry pressure 
𝐴𝐴 𝐴𝐴0|Ω𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

= 30 kPa.

In model runs with a pre-existing free gas pocket (FGP), identified as ΩFGP 
in Figure 2, we assume that the FGP is located at a certain depth zFGP below 
the sea floor, and has a thickness of ΔzFGP and gas saturation of Sg,FGP. The 
FGP can only persist at this shallow depth before the storm if there exists 
some kind of a capillary barrier inhibiting the rapid upward migration of the 
free gas. This barrier can, in principle, be quite thin, but should be free of 
any fractures or other preferential flow paths. The most important property 
of this barrier is its high entry pressure, irrespective of its permeability and 
porosity. We consider an ideal barrier of thickness of 𝐴𝐴 Δ𝑧𝑧𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 (≪ Δ𝑧𝑧𝐹𝐹𝐹𝐹𝐹𝐹 ) , 
identified as Ωbarrier. For simplicity, the background sediment Ω0 is assumed 
to be completely homogeneous and isotropic, and the effects of compaction 
on the porosity are ignored. Furthermore, the hydraulic properties of the 
background sediment and the barrier are assumed to be identical except for 
the entry pressure. It is clear that the likelihood of gas mobilization depends 
inversely on the height of the capillary barrier. For arbitrarily high capillary 
barriers, no practical storm forcing will be able to mobilize any volume of 
free gas. On the contrary, for arbitrarily low barriers, the persistence of a 
stable FGP can not be guaranteed. In our setting, the capillary barrier is just 
high enough to seal up to 80% gas saturation in the absence of any storm forc-
ing, which gives a tenable lower bound. In this sense, we treat the capillary 
barrier as only an “indirect” control. If a given storm can mobilize gas out 
of the FGP for such a barrier with some realistic combination of the control 
parameters, then we can regard pre-existing free gas pockets as a plausible 
gas source for the formation of pockmarks which have been linked with 
storm-events, especially in shallow waters. In these set of runs, we explore 
how water depth, permeability, and geometry as well as saturations within 
the FGP affect the numerical solution, and identify whether and under what 
conditions a storm can mobilize free gas past the capillary barrier.

In a second set of runs, we investigate the possible spontaneous appearance 
of a free gas phase due to the pressure sensitivity of gas solubility and the 
resulting phase instabilities due to the rapid storm-induced pressure changes. 
In addition to water depth and permeability, we also systematically vary the 
dissolved gas fraction and explore under which conditions a “persistent” free 
gas phase forms.

In all scenarios we considered a computational domain of depth zdomain = 25 m 
discretized into 250 finite volume cells, and chose a fixed time step size of 2 s 
for the numerical simulation of each scenario. The total duration of the storm 
was chosen as 10 hr.

The input parameters for all simulated scenarios are summarized in Table 1 
for an easy reference.

3.  Results
3.1.  Reference Model

The pressure solution for a reference sediment column subjected to the 
synthetic storm is shown in Figure  3. In the absence of a free gas phase, 
pressure oscillates around the hydrostatic value throughout the storm. It is 

Parameter Unit Value

1D scenarios (with FGP and capillary barrier)

  Storm parameters

    Amplitude (A) m 10

    Time-period (T) sec. 12

  Average height of sea-water column (H) m 𝐴𝐴 {25, 40, 60} 

  Depth of computational domain 𝐴𝐴 (𝑧𝑧𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) m 25

  Sediment properties

    Entry pressure 𝐴𝐴
(

𝑃𝑃0|Ω0

)

Pa 5,000

    Porosity 𝐴𝐴
(

𝜙𝜙|Ω0

)

- 0.50

    Permeability 𝐴𝐴
(

𝐾𝐾|Ω0

)

m 2𝐴𝐴
{

10−10, 10−12, 10−14
}

 

  Capillary barrier properties

    Entry pressure 𝐴𝐴
(

𝑃𝑃0|Ω𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

)

Pa 30,000

    Porosity 𝐴𝐴
(

𝜙𝜙|Ω𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

)

- 0.50

    Permeability 𝐴𝐴
(

𝐾𝐾|Ω𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

)

m 2𝐴𝐴
{

10−10, 10−12, 10−14
}

 

  Free-gas pocket (FGP)

    Depth below seafloor 𝐴𝐴 (𝑧𝑧𝐹𝐹𝐹𝐹𝐹𝐹 ) m 𝐴𝐴 {2, 5, 10} 

    Initial gas saturation 𝐴𝐴
(

𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

)

-𝐴𝐴 {0.10, 0.30, 0.50} 

    Entry pressure 𝐴𝐴
(

𝑃𝑃0|Ω𝐹𝐹𝐹𝐹𝐹𝐹

)

Pa 30,000

    Porosity 𝐴𝐴
(

𝜙𝜙|Ω𝐹𝐹𝐹𝐹𝐹𝐹

)

- 0.50

    Permeability 𝐴𝐴
(

𝐾𝐾|Ω𝐹𝐹𝐹𝐹𝐹𝐹

)

m 2𝐴𝐴
{

10−10, 10−12, 10−14
}

 

1D scenarios (without FGP and capillary barrier)

  Storm parameters

    Amplitude (A) m 10

    Time-period (T) sec. 12

    Avg. height of sea-water column (H) m 𝐴𝐴 {25, 40, 60} 

    Depth of computational domain 𝐴𝐴 (𝑧𝑧𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) m 25

  Sediment properties

    entry pressure 𝐴𝐴 (𝑃𝑃0) Pa 5,000

    porosity 𝐴𝐴 (𝜙𝜙) - 0.50

    permeability 𝐴𝐴 (𝐾𝐾) m 2𝐴𝐴
{

10−10, 10−12, 10−14
}

 

    Initial dissolved gas fraction 𝐴𝐴 (𝑛𝑛) % 𝐴𝐴 {60, 90} 

2D scenarios (without FGP and capillary barrier)

  Storm parameters

    Amplitude (A) m 10

    Time-period (T) sec. 12

    Wave-length (λ) m 150

  Average height of sea-water column (H) m 𝐴𝐴 {25, 40, 60} 

  Depth of computational domain 𝐴𝐴 (𝑧𝑧𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) m 25

  Sediment properties

    Entry pressure 𝐴𝐴 (𝑃𝑃0) Pa 5,000

Table 1 
Summary of Input Parameters for the Simulated Scenarios
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noteworthy that the depth up to which the effect of the storm propagates 
depends strongly on the permeability 𝐴𝐴 (𝐾𝐾) of the sediment. For K = 10 −14m 2, 
the depth of propagation is barely around 1m but increases for increasing K, 
and for K = 10 −10m 2 the storm propagates through the whole domain (and 
deeper). Note that the depth to which the periodic seafloor pressure oscilla-
tion propagates, is independent of water depth, yet does depend on frequency. 
However, we have not further investigated differing storm parameters. The 
gray lines in Figure  3 outline potential pressure variations in the subsur-
face; the actual pressure variations are strongly affected by the multi-phase 
phenomena that occur between the aqueous and the gaseous phase, as we will 
show below.

3.2.  Mobilization of Pre-Existing Gas

In order to assess the likelihood and possible controlling mechanisms of gas mobilization from shallow accu-
mulations during a storm, we have explored a wide parameter range. Each combination of the following control 
parameters was simulated: 𝐴𝐴 𝐴𝐴 [𝑚𝑚] = {25, 40, 60} , 𝐴𝐴 𝐴𝐴

[

𝑚𝑚2
]

=
{

10−10, 10−12, 10−14
}

 , 𝐴𝐴 𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹 [𝑚𝑚] = {2, 5, 10} , and 
𝐴𝐴 𝐴𝐴𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 [%] = {10, 30, 50} ; leading to a total of 81 scenarios.

Figure 4 illustrates the system behavior in the pre-existing FGP case. The free gas phase in the FGP damps the 
pore pressure change due to its very high compressibility, as evidenced by the virtual absence of time-dependent 
pressure variations beneath the FGP (e.g., see Pg profile in Figures 4a and 4d). So, at the FGP-barrier interface, 
the pore pressure in the barrier remains greater than or equal to the pore pressure in the FGP. Note that the 
pressure jump at the top and bottom boundaries of the free gas zone result from the capillary pressure offset. 
The scenarios with low permeability (K = 10 −14 m 2—not shown) are most unremarkable because the effect of 
the  storm forcing does not propagate down to the depth of the FGP. The barrier remains undisturbed and no free 
gas is mobilized.

For scenarios with moderate K = 10 −12m 2, the storm propagates up to the depth of the capillary barrier for all zFGP 
and H under consideration, but the pressure change is not large enough to break the barrier (Figures 4a–4c). All 
that is happening is that some dissolved methane appears within the capillary seal (Figure 4b) and that the free 
gas progressively accumulates beneath the capillary seal (Figure 4c)–without ever overcoming it.

All scenarios with high K = 10 −10m 2 lead to free gas phase above the seal, including cases with very low initial 
gas saturation of Sg,FGP = 10% (Figure 4f). However, this free gas does not migrate all the way to the sea-floor, 
even for very high initial gas saturation of Sg,FGP = 50% (Figures 4g–4i). Within the explored parameter space, 
only runs with moderate (K = 10 −12m 2) to high (K = 10 −10m 2) and very shallow gas pockets (<2 m depth) result 
in free gas close to the seafloor (not shown).

In all simulations, the gas pressure in the capillary barrier remains higher than the pressure in the FGP (meaning, 
that the barrier is never breached), yet some free gas escapes past the barrier. To explain this, we focus on the first 
few minutes of the storm. For each storm wave, the growing wave height increases pore pressure (with a phase 
shift and amplitude that depends on permeability and depth; see also Figure 3), which increases gas solubility 
(due to its pressure dependence; see Figures 4b and 4e) and results in the dissolution of free gas into the aqueous 
phase. During the waning phase of a wave, the decreasing pressure has the opposite effect: Solubility decreases 
and free gas forms. This results in a pressure state that drives water with high dissolved gas concentrations out 
of the free gas pocket. The large jump in gas pressure across the sealing structure then causes free gas to appear 
above the gas pocket, again as a result of decreased solubility at lower pressure. Because gas concentrations in 
pore fluids within the FGP are always at the solubility limit (due to VLE), the described mechanism is asymmet-
ric and can be thought of as a one-way valve that episodically leaks gas from the gas pocket through the seal into 
the sediments above. This mechanism of gas mobilization past the capillary barrier is principally driven by the 
pressure sensitive gas phase instability, and not the lowering of the capillary barrier. The appearance of a free gas 
phase above the seal also has a secondary effect: It provides a feedback to the pressure response in the next storm 
wave due to its high compressibility. With each successive storm wave, the pressure response dampens and less 
free gas appears, which can asymptotically lead to a stationary free gas phase, as observed in our scenarios with 
high K = 10 −10m 2.

Table 1 
Continued

Parameter Unit Value

    Porosity 𝐴𝐴 (𝜙𝜙) - 0.50

    Permeability 𝐴𝐴 (𝐾𝐾) m 2𝐴𝐴
{

10−10, 10−12, 10−14
}

 

  Initial dissolved gas fraction 𝐴𝐴 (𝑛𝑛) % 𝐴𝐴 {70, 80, 90} 
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These observations are the pivotal point of our study as they show that the storm waves cannot mobilize the free 
gas from a buried gas pocket if it is sealed by a capillary barrier, even if the sediment permeability is otherwise 
very high. Instead, we discover that even if the capillary seal remains unbreached, some gas can appear outside 
of the FGP due to the mechanism of pressure sensitive phase instability. More importantly, this free gas does 
not escape from the FGP (as previously proposed), but rather, is formed outside the FGP through the process of 
exsolution from pore water. However, this newly exsolved free gas does not reach the seafloor, and rather reaches 
an asymptotic steady state at some depth from the seafloor. Hence a pockmark formation is unlikely through this 
process. Therefore, this particular result leads us to formulate an alternative hypothesis, which we elaborate in 
the following section.

3.3.  Spontaneous Appearance of Free Gas

The above simulations have shown that the pressure dependence of gas solubility is the dominant trigger for the 
mobilization of free gas past a capillary barrier. However, the presence of free gas above the barrier changes 
the subsequent pore-pressure evolution and ultimately restricts the upward migration of the mobilized free gas. 
These observations lead us to consider the possibility that a pre-existing buried FGP may not be the primary gas 
source  for the emergence of storm-induced pockmarks. Instead, a free gas phase could have appeared spontane-
ously out of the dissolved gases during a storm due to pressure sensitive gas phase instability.

The spontaneous appearance of free gas depends on the sediment permeability, the initial amount of dissolved 
gas, and the pressure sensitivity of gas solubility (i.e., the slope of solubility vs. pressure curve). Permeability 
controls the pressure response and the advective fluxes, while the pressure sensitivity of gas solubility determines 
to what extent the pressure changes can suppress and enhance the gas solubility. If the pressure sensitivity of gas 
solubility is high, then free gas appears for lower amounts of initial dissolved gas, and vice versa. The functional 
dependence of gas solubility on pressure also means that the pressure sensitivity of gas solubility may be differ-
ent for different hydrostatic pressure ranges. The presence of a buried FGP may “aid” the process of pockmarks 
formation to some extent by acting as an additional gas reservoir, but it is neither the primary gas source nor a 
pre-requisite for storm-induced pockmark formation in shallow waters.

To demonstrate this mechanism, we refer back to the idealized 1D setting. We consider the same storm forcing 
(with parameters A = 10 m and T = 12 s) and same background sediment Ω0, but we remove the gas pocket 
ΩFGP and the capillary barrier Ωbarrier. An additional controlling parameter here is dissolved gas fraction 𝐴𝐴 𝐴𝐴 [%] . In 
total, we simulated 18 scenarios for this setting choosing all combinations of the following control parameters: 

𝐴𝐴 𝐴𝐴 [𝑚𝑚] = {25, 40, 60} , 𝐴𝐴 𝐴𝐴
[

𝑚𝑚2
]

=
{

10−10, 10−12, 10−14
}

 , and 𝐴𝐴 𝐴𝐴 [%] = {60, 90} ; while keeping the domain size, its 
discretization, and storm parameters the same as above.

Figure 3.  Range of pressure changes due to the imposed storm forcing (A = 10 m, T = 12 s) in the absence of any free gas in the domain for the 25 m water depth 
case. The skin-depth to which the pressure perturbation propagates increases with permeability. Colored curves correspond to the initial situation (t = 0 s) and the zero 
crossings following a wave crest (t = 6 s) and a wave trough (t = 12 s); gray curves illustrates the different states over a 2π cycle.
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Figure 4.  Gas pressure 𝐴𝐴
(

𝑃𝑃𝑔𝑔

)

 , saturation 𝐴𝐴
(

𝑆𝑆𝑔𝑔

)

 , and concentration in aq. phase 𝐴𝐴
(

𝜒𝜒𝑔𝑔

)

 for selected scenarios with a pre-existing free gas pocket (FGP). For a moderate 
permeability (K = 10 −12m 2), waves do affect the free gas pocket but no gas is mobilized (a–c). Free gas is mobilized past the capillary barrier for high permeability 
(K = 10 −10m 2) but does not reach the seafloor (d–f), even for very high initial gas saturations (g–i).
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For scenarios with low n ≤ 60%, the pressure changes affect gas solubility 𝐴𝐴

(

𝜒𝜒𝐺𝐺
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

)

 but the dissolved gas concen-
tration remains well below the gas solubility, even for high K scenarios (not shown). In contrast, for scenarios 
with very high dissolved methane fraction (e.g., n = 90%), the pressure changes (e.g., Figures 5a and 5d) suppress 
gas solubility below the dissolved gas concentration (e.g., Figures 5b and 5e) and lead to gas exsolution near 
the surface (e.g., Figures 5c and 5f). In turn, due to high compressibility of the resulting free gas, the pressure 
solution also differs compared to that of the reference sediments. The pressure response is damped over time as 
more and more free gas appears. The saturation and depth of the free gas layer depend strongly on the sediment 
permeability. It is important to note that gas compressibility plays an important role in the “persistence” of the 
spontaneously formed free gas. If we were to ignore the compressibility effects, the free gas would alternatingly 
appear and disappear throughout the storm, and a stable free gas phase would not persist. The compressibility 
of the free gas makes the process irreversible by progressively damping the pressure response during each storm 
cycle, with the net effect that for each wave more gas appears than that disappears.

In our simulations, we get a gas layer of about 3 m for K = 10 −10m 2 (Figure 5f) but only about a few centimeters 
for K = 10 −12m 2 (Figure 5c). For scenarios with K = 10 −14m 2, no free gas is formed. Absolute water depth also 
has an influence: for higher H, the gas phase appears with a delay. The controlling mechanism is how the pres-
sure sensitivity of the gas solubility curve varies with hydrostatic pressure. Ultimately, there is a minimum n for 

Figure 5.  Gas pressure 𝐴𝐴
(

𝑃𝑃𝑔𝑔

)

 , saturation 𝐴𝐴
(

𝑆𝑆𝑔𝑔

)

 , and dissolved gas concentration 𝐴𝐴
(

𝜒𝜒𝑔𝑔

)

 for selected scenarios without any pre-existing ress gas pocket (FGP).
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any given combination of H and K for which a persisting free gas phase can 
form near the sea floor. For our control parameters, the minimum n values 
are listed in Table 2.

3.4.  Impact of Lateral Gradients on Spontaneous Appearance of 
Free Gas

The above 1D results show that free gas can spontaneously appear, and 
even persist, in the upper sediment layers due to the storm induced pressure 
changes, without any pre-existing buried free gas pockets. However, the 1D 
setting gives a somewhat incomplete picture because a storm is not a standing 

wave, but rather a traveling wave. A storm forcing creates strong lateral gradients in the sediment which cannot be 
neglected. In 1D, pressure oscillates around the hydrostatic value, and gas exsolves and dissolves following these 
pressure changes. In 2D, there is additional transport of the dissolved and the free gas along the lateral pressure 
gradients. Therefore, it is possible that in some scenarios free gas phase appears and disappears locally with very 
little or no lateral advection, leading to patchy pools of non-persistent free gas with low Sg, while in other scenar-
ios the lateral advection is large enough to allow the appearance and growth of a persisting gas layer spanning 
across the full length of the domain (along the sea floor).

We, therefore, also test our hypothesis for a 2D setting where we impose a sinusoidal storm forcing with an ampli-
tude A = 10 m, time period T = 12 s and wave length λ = 150 m. Similar to the 1D setting, we assume that the 
sediment is homogeneous and isotropic, and the domain contains no buried free gas pockets and capillary barri-
ers. Again, we chose the following control parameters: 𝐴𝐴 𝐴𝐴 [𝑚𝑚] = {25, 40, 60} , 𝐴𝐴 𝐴𝐴

[

𝑚𝑚2
]

=
{

10−10, 10−12, 10−14
}

 , and 
𝐴𝐴 𝐴𝐴 [%] = {70, 80, 90} . In total, 27 scenarios were simulated. For numerical simulation, we chose a computational 

domain with a depth of zdomain = 8 m and length of Xdomain = λ, and the left and right boundaries of the domain are 
assumed periodic. The upper half of the sediment was discretized with a uniform orthogonal mesh with quadrilat-
eral cells of size 1 × 0.1 m. The lower half was discretized with an aspect ratio of 1.1 along the depth. Time step 
size of 2 s was used for each scenario, and the total storm duration was set as 10 hr.

The free gas phase appears in local pools and continues to spread laterally to form a continuous free gas phase 
which eventually spans the entire length of the domain. Similar to the 1D setting, as the storm progresses, the 
pressure response damps along the sediment depth due to gas compressibility. Furthermore, due to the lateral 
transport of free gas, the pressure response also shows progressive damping laterally, along the tailing end of 
each traveling storm-wave. This leads to an asymmetric distribution of free gas phase, with patchy pockets of 
possibly unstable free gas very close to the seafloor. In Figure 6, a rather prominent free gas layer (with maxi-
mum gas saturation of over 6% and depth of nearly 2 m) forms over time due to high transport fluxes (both lateral 
and vertical) owing to high sediment permeability (K = 10 −10m 2). In contrast, in the equivalent 1D setting, even 
with high n = 90%, the maximum Sg was only about 3% and the depth was about 3 m. appearance of a persisting 
gas phase strongly depends on the sediment permeability (which controls the transport fluxes). For moderate 
permeability (K = 10 −12m 2), a very thin persisting gas layer forms, but for low permeability (K = 10 −14m 2) small 
amount of free gas appears and disappears locally, but no persisting gas layer forms (not shown). It is also worth 
noting that for the scenarios with H = 40 m, absolutely no free gas phase appears at any time for n = 70%; and 
for the scenarios with H = 60 m, no free gas phase appears for n = 70% and n = 80%. This is consistent with the 
minimum n values listed in Table 2.

3.5.  Potential Impact of Evolving Permeability Fields

This study focuses primarily on the elusive gas source in the storm-related pockmark filed of North Sea, and does 
not address the question about how the physical pockmark structures actually form. These structures likely form 
due to complex elasto-(plasto-)dynamic interactions between the sediment and the high-frequency storm waves, 
a study of which lies beyond the scope of this manuscript.

Nonetheless, irrespective of the exact mechanisms leading to the formation of these physical structures, we can 
demonstrate within the scope of our model framework their potential impact on the subsurface transport processes 
and the phase instabilities. The high frequency pressure changes potentially alter the porosity-permeability char-
acteristics of the sediment through mechanical feedbacks, which are, for instance, known to form pipe-like fluid 

K = 10 −10m 2 K = 10 −12m 2 K = 10 −14m 2

H = 25 m 61% 62% 67%

H = 40 m 76% 76% 79%

H = 60 m 84% 84% 86%

Table 2 
Minimum Value of Dissolved Methane Fraction n (Upto Nearest Whole 
Number) for Which Free Gas Phase Appears in Our 1D and 2D Scenarios 
Without Pre-Existing FGP
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pathways in 3-D simulations of compaction-driven fluid flow (Räss et al., 2018). It is likely that the gas build 
up and the rapidly oscillating pore pressures increase the permeability in the upper sediment layers and aid the 
appearance of free gas. Furthermore, due to the lateral pressure gradients, it is also likely that the evolution of the 
permeability field shows a periodic heterogeneity along the sea floor.

To show a simplified evolution of permeability during major storms we introduce a functional relationship 
between the porosity and pressure change of the following form,

𝑑𝑑𝑑𝑑 = 𝐶𝐶 𝐶𝐶𝑃𝑃� (12)

where, 𝐴𝐴 𝑃𝑃∶=
∑

𝛼𝛼=𝑔𝑔𝑔𝑔𝑔

𝑆𝑆𝛼𝛼𝑃𝑃𝛼𝛼 .

Here, dϕ is the change in porosity and 𝐴𝐴 𝐴𝐴𝑃𝑃  is the change in effective pore pressure. C is the sediment compressibil-
ity. Here we assume a constant C, but in a realistic poro-mechanical setting, C resolves the mechanical coupling 
conditions and is, therefore, highly non-linear. Equation  12 is highly simplified and lacks detailed mass and 
momentum conservation for the sediment phase. It is, nonetheless, a useful qualitative indicator of the impacts of 
the pressure changes on the hydraulic properties of the sediment. We further relate the permeability with porosity 
through a power law (Civan, 2001),

𝐾𝐾 = 𝛾𝛾𝛾𝛾0

(

𝜙𝜙

1 − 𝜙𝜙

)𝛽𝛽

� (13)

where, γ is a proportionality constant, K0 is the permeability of unperturbed sediment, and β is the exponent of 
the power law.

Figure 6.  Appearance and evolution of a storm induced “persisting” free gas phase. Figure shows gas saturation Sg and dissolved methane concentration χg at different 
time instants for the case with H = 25 m, n = 70%, and K = 10 −10m 2.
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An example simulation for the scenario with a moderate permeability K0 = 10 −12m 2 (Figure 7) illustrates how a 
simple evolution of permeability field can enhance the free gas layer and periodic high permeability structures 
can emerge along the sea floor. These high permeability features localize around the peaks of the storm forcing 
and reflect the inherent time scale of the surface-waves ↔ bottom-water ↔ pore-water interactions. This example 
clearly does not resolve the mechanics of the formation of the actual pockmarks, but provides useful insights 
into the admissible parameter space for the appearance of a persisting gas phase. In particular, this example 
demonstrates that the mechanical feedbacks could relax the constraints on the permissible permeability fields 
and enhance the appearance of persisting free gas phase even in sediments with moderate permeabilities, there-
fore, enhancing the likelihood of this mechanism. Furthermore, there is a distinct possibility that the mechanical 
feedbacks may be strong enough to introduce preferential flow paths that run deep enough to support a violent 
gas ascent of the otherwise quasi-stationary free gas mobilized out of a pre-existing FGP.  This introduces a 
subtle, but very important, distinction between the role of mechanical feedbacks on the plausible gas sources. 
For pre-existing FGP, the formation of appropriate preferential flow-paths is a “necessary” condition, thereby, 
contracting the admissible parameter space; while for spontaneous appearance of free gas, the mechanical feed-
backs expand the admissible parameter space.

Figure 7.  Impact of evolving permeability field due to pressure perturbations. Here, H = 25 m, n = 70%, and K = 10 −12m 2. 
The figure shows following profiles at time t = 4 hr: (a) Free gas layer with constant permeability field, (b) free gas layer with 
pressure dependent permeability evolution, and (c) permeability field (zoomed to upper 2 m of the computational domain) 
where periodic high permeability structures emerge along the sea floor. For parameterization of Equations 12 and 13, we 
chose ϕ0 = 50%, β = 6, 𝐴𝐴 𝐴𝐴 =

(

𝜙𝜙0

1−𝜙𝜙0

)𝛽𝛽

 , and C = 1.1e−10 Pa −1 for 𝐴𝐴 𝐴𝐴𝑃𝑃 𝑃 0 and C = 1.0e−10 Pa −1 for 𝐴𝐴 𝐴𝐴𝑃𝑃 𝑃 0 . This relationship 
is highly simplified and lacks detailed mass and momentum conservation for the sediment phase, but is, nonetheless, a useful 
qualitative indicator of impacts of pressure changes on the hydraulic properties.
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4.  Discussion
Understanding pockmark formation involves at least two aspects: The gas source, and the surface manifestation 
(i.e., mechanical crater) with its feeding system connecting the gas source with shallower strata (e.g., pipe-like 
conduit at depth). We analyzed, under idealized conditions, the question of the plausible gas sources. Our mode-
ling results show that, even for a barely stable pre-existing FGP (i.e., FGP sealed by a weak capillary barrier) 
available at some accessible shallow depth, the mobilization of free gas through a simple pumping mechanism 
is not feasible, as the gas damps the transmission of the storm induced pressure changes. This is consistent and 
re-confirms findings of previous poro-elastic studies of the pressure response in marine sediments to periodic 
loading (Okusa, 1985; Van Der Kamp & Gale, 1983; Wang & Davis, 1996). These studies had shown, mainly 
for tidal forcing, that a layer with reduced fluid/gas bulk modulus will damp any seafloor pressure variations and 
reduce the penetration depth. Here, building on those studies, we show that one consequence of this damping is 
that free gas cannot realistically overcome the capillary barrier through rapidly alternating advective pore-fluid 
fluxes alone. Even if the free gas overcomes the capillary barrier due to gas phase instabilities, it tends to find 
a quasi-stationary state instead of ascending all the way to the sea floor. In addition we would like to stress that 
trapping shallow gas at just a few meters below the seafloor over long durations is problematic, and not observed 
in the study area (Karstens et al., 2018; Krämer et al., 2017). The poro-elastic effective stress at such shallow 
depth is close to the brittle yield stress, so that already small amounts of overpressure, resulting from trapped 
buoyant gas, might result in seal failure.

Our findings rather point to a different mechanism. For sufficiently high dissolved gas concentrations, depending 
on the pressure sensitivity of gas solubility, free gas can spontaneously form in the vicinity of the seafloor due 
to the pressure sensitive phase instabilities. Such a free gas phase may or may not be persistent, and can exist 
stably only during the storm. This phenomena is likely largely confined to the upper sediment layers. The source 
of the observed free gas is, therefore, primarily the dissolved gas, which spontaneously changes its phase due to 
the storm induced pressure perturbations. This gas source is independent of any pre-existing FGPs, and appears 
to provide a simpler, yet robust, explanation for free gas in storm induced pockmarks, especially in the absence of 
evidence for such shallow pre-existing gas. In general, however, both these gas sources are not mutually exclusive 
(i.e., they can occur simultaneously), and the underlying physics for both is related to the mechanism of pressure 
sensitive phase instabilities. It is possible that in some settings, both gas sources may be present simultaneously. 
In such scenarios, the appearance of the persisting free gas phase will greatly enhance because the pre-existing 
FGP will act as an additional gas reservoir.

For the Helgoland case study, the proposed mechanism appears to be particularly relevant, as none of the existing 
sub-bottom profiler transects across the area showed any gas pockets in shallow sediments (Karstens et al., 2018; 
Krämer et al., 2017). However, our results show that it requires a minimum gas saturation of about 60% within 
the affected pore fluids. The methane gas concentration in the south-eastern North Sea in Pockmark area is 
about 10 times higher than for background sediments (Krämer et al., 2017), but far below full saturation (Kossel 
et al., 2013). Hence, a formation of pockmarks by pure methane seems unlikely in the south-eastern North Sea. 
However, it is plausible that a combination of other dissolved gases together act as a possible gas source. These 
dissolved gases could be CO2, O2 or N2, some of which show even a greater sensitivity of solubility to pressure 
changes (Kossel et al., 2013). Saturations of these gases can be, in general, much closer to full saturation, but 
penetration depths of dissolved O2 or N2 are only at cm scale (Neubacher et al., 2013). Furthermore, dissolved 
gas concentrations can vary significantly on the Helgoland Reef due to different sediment compositions. The 
Helgoland Reef is traversed by the organic-rich paleo-river deltas of Elbe and Eider, their side arms, and multiple 
glacial tunnel valleys (Figge, 1980; Lohrberg, Schwarzer, et al., 2020; Lutz et al., 2009). It is likely that dissolved 
gas concentrations are higher in the paleo-river beds due to a higher organic matter decomposition (Zhang 
et al., 2019). Furthermore, differences of the dissolved gas concentrations could explain the spatial distribution of 
pockmarks in the region. Moreover, the permeability of the south-eastern North Sea is, in general, high, based on 
sediment composition of mainly fine to medium grain sand (Neumann et al., 2017). Based on numerical models 
(Neumann et al., 2017), the permeability of surface sediments in the North Sea can also exhibit local variability 
due to different sedimentation regimes of the background sediments and the paleo-river deltas of Elbe and Eider. 
The area where pockmarks occurred in 2015 is characterized by a heterogeneous distribution of permeability. 
In principle, the permeabilities here can be high, up to (K = 10 −10) (Neumann et al., 2017). In summary, the 
proposed mechanism could work on the Helgoland reef, but the gas source(s) and the permeability distribution, 
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and their effects on pockmark formation remain speculative as the necessary data to parameterize and validate 
the model is missing for this region.

In general, the process of spontaneous appearance of free gas is likely to occur in shallow marine settings such 
as shelf regions around the globe. About 50% of shelf areas (<65 m water depths) are covered by sand or gravel 
(Hall, 2002) and meet, therefore, the pre-requisite of high permeability sediments. A similar process has been 
observed offshore Svalbard (Sultan et al., 2020). Here, exsolution/dissolution during pressure changes of tides 
has been observed. Although the pressure changes are much slower and no pockmarks occurred, the process is 
likely based on the here-described mechanism.

Finally, our findings also suggest that pockmarks may not always be proxies for overpressured shallow gas. 
Instead, especially in shallow water environments, the ebullition of greenhouse gases from marine sediments 
in response to long-term variations in seafloor pressure due to for example, tidal currents or seiches (Lohrberg, 
Schmale, et al., 2020) and short-term variations due to for example, high waves (Krämer et al., 2017) may repre-
sent additional gas sources. Therefore, global greenhouse gas budgets based on the mere existence of pockmarks 
without a careful investigation of the source and character of fluids released at the seafloor may lead to mislead-
ing results. Furthermore, the spontaneous gas exsolution from pore fluids due to periodic pressure changes at the 
seafloor could be a potentially significant gas source, which has so far remained unaccounted for in the global 
gas budgets.

5.  Conclusion
Overall, we offer an explanation for a plausible gas source for storm-induced pockmark formation in shallow 
marine settings. In contrast to previously suggested processes, our proposed mechanism does not require a 
pre-existing gas phase or overpressurization of the subsurface. Pressure changes by waves are not only the trigger 
for fluid/gas migration but also the catalyst for appearance of free gas. Although the released gas volume of a 
single pockmark may be rather small, the overall worldwide contribution of released greenhouse gases from this 
mechanism can be significant. The detection of the pockmarks requires a repeated high resolution mapping of 
target areas and additional careful identification of involved fluids. The absence of these data sets and vanishing 
of the pockmarks in calm weather conditions can explain why they remain elusive in other areas to date. For the 
North Sea, expedition MSM99/2 in 2021 carried out this repeated survey (Schmidt et al., 2021), where numer-
ous pockmarks could be found. The data will be analyzed and used to verify our hypothesis for further studies. 
A corollary of the mechanism described here is that seafloor fluid escape structures are not always proxies for 
overpressured shallow gas and that spontaneous gas exsolution due to periodic seafloor pressure changes are 
additional gas sources which may have non-negligible contribution to global gas budgets.

Data Availability Statement
Version 2.8 of the C++ based “DUNE-PDElab” toolbox was used for the implementation of the numerical 
scheme described in Section 2.2.2. This version is preserved at https://gitlab.dune-project.org/pdelab/dune-pde-
lab and developed openly at https://www.dune-project.org/. The source code for the model and test scenarios 
presented in this manuscript is available on GitHub (https://git.geomar.de/shubhangi-gupta/spontaneousgasevo-
lution.git) and archived in Zenodo (Gupta, 2022).
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