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Mechanisms for upward
migration of methane in
marine sediments

Haotian Liu1,2, Linsen Zhan2 and Hailong Lu2*

1College of Engineering, Peking University, Beijing, China, 2Beijing International Center for Gas
Hydrate, School of Earth and Space Sciences, Peking University, Beijing, China
Methane, a non-negligible component of the global carbon budget, could be

discharged upward through marine sediments to ocean floor by certain

migration mechanisms. Although quite some studies have been conducted,

the mechanisms for methane migration have not been well reviewed yet,

especially in hydrate-bearing sediments. In this study, methane migration

mechanisms are classified into diffusion and advection processes which

include water movement, free gas flow, sediment failures, and recently

developed gas migration through hydrate channels. The occurrence of

natural gas hydrate might affect methane migration in three ways: (1)

reducing the permeability of marine sediments and consequently hindering

the upward movement of methane either in gas or liquid phase, (2) enhancing

the geomechanical strength of marine sediments, which prevents the creation

of new pathways for methane escape by sediment failures, and (3) benefiting

upward methane migration by constructing hydrate channels at the interface

of continuous gas columns. Generally, dissolved methane could hardly break

through the gas hydrate stability zone and sulfate-methane transition zone

because of the high consumption rate for methane in these two zones. For free

methane gas, the capillary force is a strong resistance to free gas flow in porous

sediments. However, whether for dissolved methane or free methane gas,

discharge along pre-existing fractures or failure surfaces might be

considerable. In addition, methane discharge by gas flow through hydrate

channels is still hard to constrain. Finally, based on current research

uncertainties in constraining the methane flux to the ocean, the research

outlook is also addressed. It is suggested that more investigations should be

conducted in three aspects: the flow characteristic of high-permeability

conduits, the quantitative correlations of geomechanical properties and

hydrate distribution, and the occurrence conditions of hydrate channels.

KEYWORDS

diffusion, water movement, free gas flow, sediment failure, hydrate channel,
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1 Introduction

Methane is a potent greenhouse gas with a warming potential

that is ~23 times stronger than carbon dioxide (Stocker, 2014),

and can be generated in marine sediments primarily by

biodegradation of organic matters or thermal decomposition of

organic matters in depth (Reeburgh, 2007; Timmis et al., 2010;

You et al., 2019). The methane would migrate upward through

marine sediments, potentially escaping into ocean or even to

atmosphere (Liu et al., 2019). Considering the vast area of seafloor,

the methane flux across seafloor to the ocean is expected to

account for a non-negligible part of the global carbon budget

(Dickens, 2003; Weber et al., 2019). For example, Ruppel and

Kessler (2017) estimated the global methane flux in the range of

16 to 3200 Tg yr-1 based on an assumption that the dissolved

methane concentration and the aerobic oxidation rate for

methane are both steady. However, it is quite difficult to

constrain the methane flux accurately, considering the spatial

heterogeneity of marine sediments and the difference in

mechanisms for methane transport. That is, different

mechanisms for methane transport might dominate in different

geological settings, contributing unevenly to the methane flux.

The limited data available might also lead to the estimation of the

methane flux with a variance of orders of magnitude over different

regions or even at different spots in the same region (Linke et al.,

1994; Tryon et al., 1999). Moreover, some processes might be

involved with methane, e.g., hydrate formation/degradation

(Ruppel and Waite, 2020), methane dissolution/exsolution

(Sultan et al., 2020), and oxidation of methane (Barnes and

Goldberg, 1976), and they could also exert a certain influence

on upward methane migration, complicating the estimation of the

methane flux. Therefore, it is too arbitrary to obtain the global

methane flux by simply extrapolating from the locally-

representative data in field surveys. To understand methane

migration in marine sediments, clarification on the methane

migration mechanisms is required for constraining the methane

flux from sediments to the ocean.

In this review, the mechanisms for upward methane

migration in gas hydrate systems are summarized, including

diffusion and advection, such as water movement, free gas flow,

sediment failures, and recently developed gas flow through

hydrate channels, with the effects of hydrate formation and

anaerobic oxidation on methane. The contribution of each

mechanism to the methane flux to the ocean is also

qualitatively evaluated. The future research outlook is also

addressed based on current research uncertainties in

constraining the methane flux to the ocean. This review aims

to (1) provide a comprehensive understanding of different

methane migration mechanisms associated with gas hydrate

systems that can cause methane seepage and (2) point out

future research topics that should be strengthened to help

constrain the methane flux to the ocean.
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2 Migration mechanisms

2.1 Upward methane diffusion

Diffusion, one of the most fundamental mechanisms for

mass transfer, is the movement of small particles (e.g., atoms,

ions, molecules) from a region with higher concentration to that

with lower concentration, driven by a gradient in Gibbs free

energy or chemical potential. When one solute distributes

unevenly in bulk water, its steady diffusive flux could be

obtained from Fick’s First Law at the macroscale (Fick, 1855;

Atkins and de Paula, 2021),

J = −D∇ cCH4
aqu (1)

where J is the diffusive flux (nL-2T-1); D is the diffusion

coefficient (L2T-1); cCH4
aqu is the dissolved methane concentration

(nL-3). In water saturated porous media, the matters dissolved

into pore water could also be transferred by diffusion through

throats between grains. Previous studies have indicated that the

diffusive flux in porous media Je could be described

approximately by Je = −De ∇ cCH4
aqu similar to Fick’s First Law

(Perkins and Johnston, 1963). The law is a good tool for

calculating the diffusive methane flux according to the

measured methane concentration profile. For example, Cao

et al. (2021) obtained the diffusive methane flux of five sites in

pockmark areas offshore Fujian province ranging from 2.89 –

15.17 × 10-2 mmol/(m2yr) by Fick’s First Law.

2.1.1 Effective diffusion coefficient
The effective diffusion coefficient De in porous media is

generally lower than the coefficient D in bulk water, since

diffusion in porous media would be weakened by the

tortuosity of the flow paths (Ullman and Aller, 1982). This

means De is dependent on porosity and pore structures (Ullman

and Aller, 1982; Iversen and Jørgensen, 1993), besides pressure,

temperature, and concentration as in bulk water. According to

Iversen and Jørgensen (1993), the effective diffusion coefficient

for methane in marine sediments at 4 °C (near the seafloor

temperature) lies between 10-8 and 10-9 m2s-1, which indicates

that methane diffusion might be an extremely inefficient way for

methane migration in marine sediments.
2.1.2 Concentration gradient of methane
As a consequence of the heterogeneity of methane sources,

pressure, temperature, salinity, and lithology (Handa, 1990;

Ginsburg and Soloviev, 1997; Brereton et al., 1998; Nole et al.,

2016), methane concentration is normally uneven in marine

sediments. In the vertical direction, the effects of pressure and

temperature are preferentially considered, since the geothermal

gradient and the hydrostatic gradient are common in

marine sediments.
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Methane solubility is the maximum concentration of

dissolved methane at a given P-T condition, here regarded as

the reference value of the methane concentration. Methane

solubility could be classified into methane gas solubility and

methane hydrate solubility (You et al., 2019). The former refers

to the dissolved methane concentration when dissolved methane

and free methane gas are at thermodynamic equilibrium. Duan

and Weare (1992) suggested that higher methane gas solubility

can be obtained at lower temperature and higher pressure. On

the other hand, methane hydrate solubility represents the

dissolved methane concentration when dissolved methane and

methane hydrate are at thermodynamic equilibrium. Methane

hydrate solubility increases with temperature and decreases with

pressure (Henry et al., 1999).

The vertical temperature and pressure distributions have

opposite effects on these two methane solubilities, considering
Frontiers in Marine Science 03
that temperature and pressure both increase with depth.

According to previous calculations (Xu and Ruppel, 1999; You

et al., 2019), these two solubilities are both sensitive to

temperature change in geological systems. That says, methane

hydrate solubility increases with depth, while methane gas

solubility slightly decreases with depth, as shown in Figure 1.
2.1.3 Contribution of diffusion
Although the upward-decreasing methane hydrate solubility

provides a driving force for vertical methane diffusion, the

diffusion plays a minor role in transporting methane to the

ocean, especially over long distances (Max, 2003; You and

Flemings, 2021). According to some field surveys conducted in

ocean or lake (Keller and Stallard, 1994; Sauter et al., 2006;

Delsontro et al., 2010), methane diffusion only takes a minor
FIGURE 1

Conceptual profile of dissolved methane concentration and solubility [modified from Xu and Ruppel (1999)]. The two solubility curves intersect
at the base of gas hydrate stability zone (BGHSZ). TGHSZ, top of gas hydrate stability zone; SMI, sulfate-methane interface; TGHZ, top of gas
hydrate zone. Thicknesses of each layer are not to scale.
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part of overall methane discharge across seafloor or lake bottom,

as the result of the low diffusion coefficient and the low

concentration gradient combined. As suggested by Algar et al.

(2011a), a timescale of weeks to months would be taken for

dissolved methane to pass through tens of centimeters thick

sediments based on the Einstein-Smoluchowski equation (Islam,

2004), allowing for the conversion of most dissolved methane

into methane hydrate in the gas hydrate stability zone (GHSZ).

The upward-decreasing methane hydrate solubility means

hydrate formation is even easier in shallower sediments, since

the amount of hydrate formation is dependent on the excessive

dissolved methane concentration over methane solubility

(Ginsburg and Soloviev, 1997), which indicates that GHSZ is a

strong barrier for methane diffusion (Xu and Ruppel, 1999). In

addition, the methane escaping from GHSZ would be oxidized

with sulfate by a process known as sulfate-driven anaerobic

oxidation of methane (SD-AOM): CH4(aq) + SO2−
4 (aq) !

HCO−
3 (aq) + HS–(aq) + H2O, in which the diffusive methane is

usually completely consumed (Barnes and Goldberg, 1976;

Reeburgh, 2007; Dale et al., 2009; James et al., 2016; Egger

et al., 2018; Mau et al., 2020; De La Fuente et al., 2022). For

example, Dale et al. (2008) pointed out that less than 1% of the

upward dissolved methane flux could reach the ocean under the

restriction of SD-AOM. The SD-AOM communities could even

improve their metabolic activities to balance the increase of the

methane flux (Nauhaus et al., 2002). The sediment column in

which SD-AOM occurs is therefore termed as sulfate-methane

transition zone (SMTZ). This means SMTZ is another efficient

barrier for methane migration besides GHSZ. Despite the low

efficiency of diffusion for methane discharge, diffusion is a

universal process for methane migration in marine sediments.

A mud layer could be an effective seal for gas bubble motion, but

cannot arrest the diffusion of dissolved methane according to

previous experiments (Miller, 1980).
2.2 Upward methane advection

Advection is another mechanism for mass transfer by the

bulk motion of fluid. In porous media, fluid flow could be

affected by porosity and pore structures, besides fluid viscosity

and pressure distribution as in free flow. In marine sediments,

the vertical advection of the dissolved or free methane might

cause methane discharge to the ocean. By pathways and methane

phase states, the upward methane advection could be classified

into water movement, free gas flow, sediment failures, and gas

flow through hydrate channels.

2.2.1 Water movement
The upward water movement in marine sediments could be

driven by overpressure gradient, buoyancy, and osmotic

pressure. Regardless of driving force, the methane flux could
Frontiers in Marine Science 04
be obtained by the following equation,

qCH4
= cCH4

aqu qaqu (2)

where qCH4is the upward methane flux (nL-2T-1); qaqu is the

water flux (LT-1), as determined by driving force.
2.2.1.1 Driving force
2.2.1.1.1 Overpressure gradient

In active marine margins, external forces with high

sedimentation rates and compaction would induce vertical

fluid flow with velocities of several millimeters to 1-2 meters

per year (James et al., 2016). The vertical water flux could be

calculated according to Darcy’s Law (Darcy, 1856; Bear, 1988) as

follows,

qaqu = −
k
mw

∂ Pw
∂z

+ rwg
� �

(3)

where qaqu is the water flux (LT
-1); k is the permeability (L2);

mw is the dynamic water viscosity (ML-1T-1); Pw is the water

pressure (ML-1T-2); Pw is the water density (ML-3); g is the

gravitational acceleration (LT-2). The equation shows that the

upward water flux is the function of the permeability and

overpressure gradient ∂Pw/∂z+rwg (i.e., the hydrostatic

pressure gradient subtracted from the fluid pressure gradient).

For example, Dugan and Flemings (2000) suggested that fluid is

expelled laterally and vertically upward with an average Darcy

velocity of 0.5 mm/yr in New Jersey continental slope through

numerical simulation based on Darcy’s Law.

The overpressure gradient could be caused by the external

loading decrease and the internal pressure increase. The external

loading decrease might occur in short-time processes, such as

daily tidal variations (Hsu et al., 2013; Sultan et al., 2020) or in

geologic-timescale activities like iceberg retreating (Dessandier

et al., 2021). Another cause for the genesis of the overpressure

gradient is the increase of pore pressure in sediments, which

could be generated by physical processes [e.g., disequilibrium

compaction in rapid sedimentation (Osborne and Swarbrick,

1997; Dugan and Flemings, 2000; Dugan and Sheahan, 2012),

light fluid migration from depth (Osborne and Swarbrick, 1997),

fluid aquathermal expansion (Bethke, 1986; Mello et al., 1994),

and tectonic movements (Li et al., 2022)], or chemical processes

[e.g., diagenesis and hydrocarbon generation (Bethke, 1986; Ma

et al., 2021)]. For hydrate-bearing sediments, hydrate

dissociation caused by the change of ambient conditions could

also pressurize surrounding water, since gas released from

hydrate dissociation would expand in pores (Xu and

Germanovich, 2006). Additionally, hydrate-bearing sediments

could act as good seals for gas migration (Hornbach et al., 2004;

Ma et al., 2021). For example, Flemings et al. (2003) suggested

that fluid pressure beneath hydrate layers even reaches ~70% of

the lithostatic stress in Blake Ridge.
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Except for those naturally-occurring overpressure, human

activities could also induce localized overpressure. For instance,

overpressure in marine sediments might be induced during

drilling operations or hydrocarbon production processes, since

external fluids are generally injected into marine sediments to

ensure smooth drilling or enhance recovery (Dugan and

Sheahan, 2012). Therefore, gas hydrate must be carefully

developed to avoid man-made large-scale methane leak

(Zhang and Zhai, 2015), although it has been viewed as a

promising energy source (Boswell and Collett, 2011).

2.2.1.1.2 Buoyancy

When less dense water is surrounded by high-density water,

it could rise spontaneously by buoyancy. The water flux could be

calculated as follows,

qaqu = −
k
mw

(Drg) (4)

where Dr is the density difference between the two fluids

(ML-3). For homogeneous sediments, Cardoso and Cartwright

(2016) estimated the velocity of upward fluid flow at 0.15m/yr

and 0.75m/yr for thermal and solute sources, respectively.

In marine sediments, the buoyancy of water phase can be

induced by thermal or solute sources. The former represents the

decrease of water density due to heating, while the latter means

the density change caused by the diffusion of solutes. These two

sources could also occur in gas hydrate formation or dissociation

processes. For instance, heat would be released during hydrate

formation or less dense fresh water would be released during

hydrate dissociation (Cardoso and Cartwright, 2016).

2.2.1.1.3 Osmotic effects

The osmotic effects would cause a flow of water from the

dilute solution to the strong solution through semipermeable

membranes. Cardoso and Cartwright (2016) proposed that

marine sediments could be regarded as a special case of

semipermeable media for methane movement, considering the

strong absorption of marine sediments for methane molecules.

By osmotic pressure, methane-free seawater would move

downward through marine sediments to displace methane-

saturated pore water upward along high-permeability conduits.

Based on field measurements, Cardoso and Cartwright (2016)

gave an estimation of the water flux by considering a balance of

osmotic and viscous forces as follows,

qaqu e 2kf
amw

Po =
2kf
amw

s0c0RT (5)

where kf is the permeability of high-permeability conduits

(L2); Po is the osmotic pressure (ML-1T-2); s0 is the reflection

coefficient (1); c0 is methane solubility (nL-3); R is the universal

gas constant (ML2T-2n-1K-1); T is the temperature (K); a is the

radius of high-permeability conduits (L).
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2.2.1.2 Permeability

The permeability of marine sediments regulates the amount

of water that could pass through the overlying sediments to the

ocean, reflecting the resistance of sediment grains to free flow.

Reagan et al. (2011) suggested that the permeability of marine

sediments is a predominant factor controlling methane

discharge to the ocean by numerical simulation. The

permeability of marine sediments is dependent on porosity,

pore structures, compaction degree, cementing types, clay

content, with extra hydrate saturation Sh and hydrate

morphology for hydrate-bearing sediments (Lijith et al., 2019).

According to field surveys, the permeability of marine sediments

exhibits a great variance of orders of magnitude, ranging from

10-8 m2 for sands to 10-19 m2 for consolidated muds (Max, 2003;

Spinelli et al., 2004). The permeability in hydrate-occurring

continental margins also shows variance. For instance, the

permeability in production interval is just a few mDs (1

mD=10-15 m2) in China’s first production test (Ye et al., 2020),

while it is around 102 mDs at the Nankai Trough (Konno

et al., 2010).

For hydrate-bearing sediments, gas hydrate precipitating in

pores increases the resistance to gas/water flow. At the

macroscale, the extra resistance is reflected by the reduction of

sediment permeability, even by orders of magnitude, as

suggested by previous experiments (Kang et al., 2016). Free

gas accumulations beneath hydrate-bearing sediments, a typical

feature of gas hydrate reservoirs, are widely observed with

bottom simulating reflectors (BSRs) indicating hydrate

reservoirs (Haacke et al., 2007; Hornbach et al., 2012; Li et al.,

2018), which exhibits the seal capacity of hydrate-bearing

sediments. The pore habits, spatial distribution, and hydrate

saturation are expected to be critical factors for the permeability

of hydrate-bearing sediments (Ren et al., 2020). Some widely-

used permeability models are classified into theoretical analyses,

empirical models, and numerical simulation models, as shown in

Table 1. In addition to these prediction models, the actual

permeability of hydrate-bearing sediments was also extensively

measured by direct flow tests (Kumar et al., 2010; Li et al., 2017;

Dai et al., 2019; Shen et al., 2020), numerical simulation

combined with computed tomography (CT) images (Zhang

et al., 2020; Pan et al., 2021; Sun et al., 2021), and in situ

measurements with downhole tools (Fujii et al., 2015). Those

permeability models in Table 1 are often used as the benchmarks

of actual permeability tests. Both the models and the actual

measurements indicate that the permeability decreases with

hydrate saturation, although the decrease rate varies in

different models and measurements.

2.2.1.3 Methane concentration

As mentioned above, methane solubility in pore water

could be classified into methane gas solubility and methane

hydrate solubility. No matter which type of methane
frontiersin.org
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solubility is, it could be predicted accurately according to

existing equations of state (Duan and Weare, 1992; Henry

et al., 1999). Davie et al. (2004) suggested that methane

solubility ranges roughly from 0.05 to 0.2 M (mole per liter)

at depths from 0 to 600 meters below seafloor (mbsf) in

selected sites.
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2.2.1.4 Contribution of water movement

Methane discharge alongside the upward water movement is

expected to be of minor importance, since methane solubility is

small and the driving force would supposedly dissipate over long

migration distance (Max, 2003). Considering that the methane

flux is low, GHSZ and SMTZ are still powerful barriers to
TABLE 1 Prediction models for water permeability in the presence of gas hydrate.

Type Model Formula Fitting
parameter

Reference Remark

Theoretical
analyses

Tokyo k(Sh)=k0(1−Sh)
2 (Masuda

et al., 1997)
Original Tokyo’s model

PCTM k(Sh) = k0½1 − S2h + 2(1 − Sh)
2=lnSh� (Kleinberg

et al., 2003)
PF

k(Sh)=k0(1−Sh)
2 (Kleinberg

et al., 2003)
GC

SCPM k(Sh)=k0(1−Sh)
4 (Dai and

Seol, 2014)
PF

k(Sh)=k0(1−Sh)
2 (Dai and

Seol, 2014)
GC

Empirical
model

Tokyo k(Sh)=k0(1−Sh)
N N (Masuda

et al., 1997)

SDR k(Sh) = Cf4T2
2LM (Kleinberg

et al., 2003)
T2LM is the logarithmic mean value of the T2 distribution

KGM k(Sh) = k0(1 − Sh)
n+2=(1 + S0:5h )2 n (Archie

saturation
exponent)

(Kleinberg
et al., 2003)

PF

k(Sh)=k0(1−Sh)
n+1 (Kleinberg

et al., 2003)
GC

LBNL k(Sh)=k0[(f(Sh)−fc)/(f0−fc)]n n typically
ranging from 2 to
3

(Moridis,
2014)

Numerical
simulation

Modified
KGM

k(Sh)=k0[(1−Sh)
3/(1+2Sh)

2] (Dai and
Seol, 2014)

PNM

Linear
regressions

k(Sh) = k0½
(1 − Sh)

3

(1 + 2:094Sh − 6:691S2h + 6:837S3h)
2 �

(Kang et al.,
2016)

PF; LBM

k(Sh) = k0½
(1 − Sh)

3

(1 − 0:543Sh − 0:148S2h + 1:886S3h)
2 �

(Kang et al.,
2016)

GC; LBM

k(Sh) = t−6cr rcr(1 − Sh)
3 (Hou et al.,

2018)
LBM; tcr is the relative control seepage channel tortuosity;

rcr is the relative control flow channel size
PCTM, parallel capillary tube model.
SCPM, simple cubic packing model.
SDR, Schlumberger-Doll Research model.
KGM, Kozeny grain model.
LBNL, Lawrence Berkeley National Laboratory model.
PF, pore-filling.
GC, grain-coating.
PNM, pore network model.
LBM, Lattice Boltzmann method.
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methane migration (James et al., 2016; You et al., 2019; Ruppel

and Waite, 2020), as in the upward methane diffusion. The

limited literatures also indicate that the real-time fluid flux

across seafloor is low and transient (Tryon et al., 1999; Torres

et al., 2002; Sauter et al., 2006).

However, high water flux might occur if fractures, faults,

scarps, or other high-permeability pathways exist, accompanied

by striking phenomena including cold seeps, mud volcanos, and

pockmarks on the seabed (Ma et al., 2021). Linke et al. (1994)

measured a fluid velocity as high as 105 cm/yr in seep sites, and

calculated a methane flux of 120 mmol/(m2day) on Hydrate

Ridge. Stranne et al. (2019) suggested that fracture flow with

high velocities could weaken the SD-AOM efficiency by

numerical simulation. In addition, polygonal faults developed

in fine-grained sediments weaken the seal capacity of marine

sediments, providing new pathways for upward water migration

(Ma et al., 2021). Berndt (2005) suggested that pipe structures

extending from deep polygonal faults are probably the evidence

of fluid migration along fault planes.

Human activities are also worrying since these activities

might induce more violent increase of fluid pressure than

natural processes. It should be noted that when water pressure

is high enough to overcome the lithostatic stress, sediments

failures (e.g., hydraulic fracturing and fault slips) would occur,

facilitating the upward movement of methane (Hornbach et al.,

2004; Dugan and Sheahan, 2012).

2.2.2 Free gas flow
Methane bubbles would nucleate if the methane

concentration exceeds its solubility. For hydrate-bearing

sediments, hydrate can also dissociate into free methane gas

and water when P-T condition resides out of the gas hydrate

stability zone. These methane bubbles would migrate upward by

buoyancy, with the possibility of reaching the ocean singly or as

a plume. For example, more than 250 gas plumes were observed

emitting from the seafloor of the West Spitsbergen margin above

the upper limit of GHSZ (Graham, 2009). The free gas flow in

porous sediments is composed of three processes: buoyant

movement, capillary trapping, and pressure-driven flow.

2.2.2.1 Buoyant movement

When gas bubbles are small enough or flow space is large

enough (e.g., fractures), these bubbles could move freely without

being deformed by grains in the vertical direction, as methane

gas is still buoyant relative to pore water even at large depth

(Max, 2003). The upward velocity of gas bubbles vb (LT
-1) could

be estimated by the Stoke’s law (Zheng and Yapa, 2000),

vb =
g(rw − rg)d2

18mw
(6)

where rw is the water density (ML-3); pg is the density of gas

bubbles (ML-3); d is the diameter of gas bubbles (L). By the
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equation, the upward velocity of a bubble with a diameter of

5 mm might be as high as 13 m/s (g=9.8 m/s2, mw=10-3 kg/(m·s),

rw-pg ≈ 103 kg/m3).

2.2.2.2 Capillary trapping

Except for that occurring in large space like fractures, the free

buoyant movement is not supposed to last long, since the upward

movement of methane bubbles is accompanied by the expansion of

their volumes with the decrease of the surrounding pressure

(Mahabadi et al., 2018). When growing to sizes greater than

throats, these methane bubbles would be trapped in the pores

(i.e., capillary trapping or residual trapping). Normally, the

buoyancy exerted on methane bubbles is much smaller than the

auxiliary capillary resistance against these bubbles that intend to

pass through throats. Accordingly, the maximum height of gas

column H (L) that overlying sediments can withstand could be

calculated by means of Hunt et al. (1988),

Pg − Pw =
2ycosq

r
= (rw − rg)H (7)

where Pg and Pw are the gas and water pressure (ML-1T-2),

respectively; g is the gas-water interfacial tension (MT-2); q is the
contact angle (1); r is the radius of the narrowest throat (L). The

third term of the equation represents the buoyancy exerted on

the gas column with a height of H. The capillary resistance is

inversely proportional to the radius of throats containing gas-

water interfaces. The equation can be used to evaluate the sealing

capacity of sediments for free gas, e.g., mud with a pore radius of

100 nm can withstand roughly an interconnected gas column of

kilometers high (Max, 2003). Those isolated bubbles are

supposedly stabilized in the pores, which holds promise for

conducting the storage of greenhouse gases in aquifers (Krevor

et al., 2015). In GHSZ, hydrate shells can form at the surface of

these methane bubbles (Jin et al., 2012; Chen et al., 2017; Lei

et al., 2019) and might hinder the upward movement of methane

bubbles, since hydrate shells with certain mechanical strength

could prevent the deformation of these bubbles that intend to

pass through throats, as shown in Figure 2.

However, recent studies indicated that those isolated bubbles

trapped in pores are only stable hydrodynamically not

thermodynamically. Xu et al. (2019) suggested that gravity

induces a vertical chemical potential gradient that could lead

to the upward diffusion between two static bubbles, even with

the same pressure. Yet, the diffusion is slow and might be

negligible unless in a timescale of thousands of years.
2.2.2.3 Pressure-driven flow

When gas supply from depth is abundant, gas accumulates

gradually up to its critical height that could penetrate the

overlying sediments. The capillary resistance exceeds far the

viscous force as gas flow is expected to be very slow, so the most

favorable path is the one that connects the largest throats in
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sediments (Max, 2003). At the macroscale, the gas flux qgas (LT
-

1) could be calculated by Darcy’s Law in multiphase flow

scenarios,

qgas = ½− kkrg
mg

(
∂ Pg
∂ z

+ rgg)� (8)

where krg is the relative permeability of gas phase ranging

from 0 ~ 1; mg is the gas viscosity (ML-1T-1). The pressure

gradient can be induced by the density difference between gas

and water phase. Etiope (2015) suggested that the continuous

gas flow can easily reach the velocities of 10-4 to 100 cm/s

(observed gas velocities) in less than 0.02 mm wide fractures,

faster than the buoyant bubble movement at the same condition.

However, in real marine sediments with complex structure, the

continuous gas flow is limited by the relative permeability of gas

phase krg.
The relative permeability krg, often expressed as the function

of gas saturation Sg, could be affected by the wettability of grains,

pore structures, the ratio of gas viscosity to water viscosity, the

capillary curve, the measurement methods, and hydrate

saturation Sh for hydrate-bearing sediments (Lijith et al.,

2019). The results of Johnson et al. (2011) and Dai et al.
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(2019) indicated that krg in hydrate-bearing sediments is lower

than the water relative permeability krw in a large range of Sg,

since gas is the non-wetting phase at most time in

marine sediments.

Some classical relative permeability models (usually the

function of water saturation Sw) for unsaturated soils are used

for marine sediments, as shown in Table 2. Jang and

Santamarina (2014) suggested Corey’s and van Genuchten’s

models are applicable in hydrate-bearing sediments by

numerical simulation. Several correlations have been invoked

to describe the effects of gas hydrate on empirical parameters

(e.g., nw, ng, Srw) in these relative permeability models based on

numerical simulation, as shown in Table 2, suggesting lower

relat ive permeabil i ty would be obtained at higher

hydrate saturation.

2.2.2.4 Contribution of free gas flow

The free gas flow is expected to be of minor importance for

methane discharge to the ocean, since isolated methane bubbles

would be trapped by the capillary force and consumed gradually

by hydrate formation in GHSZ, and continuous free gas flow

would be limited by low relative permeability for gas phase.
FIGURE 2

Schematics of capillary invasion of free gas bubbles and resistance from hydrate cover to capillary invasion in gas hydrate stability zone
[modified from Fauria and Rempel (2011)]. Thicknesses of each layer are not to scale.
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However, if high-permeability conduits are present in

marine sediments, the capillary force can drive gas (non-

wetting phase) from marine sediments to these conduits,

because the capillary force is minor in open space (Bethke

et al., 1991). When these methane bubbles pass through

GHSZ, hydrate shells might form at water-gas interfaces

(Warzinski et al., 2014). Yet, there is limited knowledge

about the competition between the fast movement of gas

bubbles and hydrate formation. The effects of SD-AOM on

methane bubbles are limited, since microbes can only access

dissolved methane (James et al., 2016; De La Fuente et al.,

2022). However, Regnier et al. (2011) suggested that if pore

water reaches methane-undersaturated under the influence of

the methane consumption of SD-AOM, part of the free

methane gas could re-dissolve and contribute to the flux of

dissolved methane accessible to microbes. These methane

bubbles could migrate along high-permeability conduits with

a high velocity, potentially move across seafloor, and form gas

plumes in the water column (Römer et al., 2019). Seabed

features linked to gas release, such as pockmarks, mud

volcanoes, and cold seeps, reflect gas migration along sub-

seabed high-permeability conduits (Sultan et al., 2020). The

free gas movement along high-permeability conduits is seen as

a dominant methane transport mechanism (Saunders et al.,

1999). For example, Torres et al. (2002) observed methane

bubbles escaping from subsurface conduits at a velocity of ~1

m/s on Hydrate Ridge.

2.2.3 Sediment failures
Although overpressure is a critical driving force for the

upward migration of water or gas phase, the increase of fluid

pressure Pf (gas or water pressure) might lead to sediment

failures due to the decrease of effective stress s’ (= s - Pf,

assuming Biot’s coefficient a =1). Once sediments fail, these

failures provide new pathways for methane escape and could be
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classified into fracture initiation, fault slips, and large-scale

submarine landslides according to scale.

Hydrate-bearing sediments can generally resist the

occurrence of sediment failures due to the enhancement of gas

hydrate on sediment strength. The enhancement from gas

hydrate has been widely observed in multiple types of

sediments including coarse-grained (Ebinuma et al., 2005;

Masui et al., 2005; Yun et al., 2007) or fine-grained sediments

(Yun et al., 2007), in laboratory tests (Winters et al., 2007; Yun

et al., 2007; Miyazaki et al., 2011), and in in-situ measurements

(Yun et al., 2006; Sultan et al., 2007), as listed in Table 3.

Generally, gas hydrate exists in the form of cementation by

interconnecting grains or pore occupation by bearing load, and

thus enhances geomechanical strength of sediments (Waite

et al., 2009; Lijith et al., 2019; Wu et al., 2020). The effects of

gas hydrate could be described from the perspective of hydrate

saturation and hydrate morphology. The strength, cohesion (C),

stiffness (E), and Poisson’s ratio (v) of sediments increase with

hydrate saturation, while the internal friction angleF s generally

insensitive to hydrate saturation (Waite et al., 2009; Lijith et al.,

2019; Wu et al., 2020), with several corresponding empirical

models listed in Table 4. With respect to the effects of hydrate

morphology on the strength of marine sediments, cementing

hydrate might have a more striking effect on mechanical

properties than pore-filling hydrate, as suggested by previous

experiments or numerical simulation (Ebinuma et al., 2005;

Masui et al., 2005; Ding et al., 2022). However, the models

considering the effects of hydrate morphology are currently rare

and should be developed in the future.

2.2.3.1 Fracture initiation

A number of geophysical data indicated that fractures

develop commonly in marine sediments (Krabbenhoeft

et al., 2013; Plaza-Faverola et al., 2015; Elger et al., 2018; Ma

et al., 2021). Except for those interpreted by tectonic activities,
TABLE 2 Relative permeability models applied in marine sediments and corresponding correlations for fitting parameters.

Model Formula �S Fitting parame-
ters

Reference Correlations for fitting parame-
ters

Van
Genuchten

krw = �S0:5½1 − (1 − �S1=m)m�2 �S = (Sw − Srw)=(Swmax − Srw) Srw Swmax m (Van Genuchten,
1980)

m = m0(1 − 0:19Sh)

Srw = 0:1 + 0:17Sh

Swmax = 1 − 0:7Sh

8>><>>:
(Mahabadi et al., 2016)

Modified
Stone

krw=[(Sw−Srw)/(1−Srw)]
nw Srw nw ng (Stone, 1970)

nw = 2:4   avg :

ng = S0:38h =1:35

(
(Mahabadi and Jang, 2014)

krg=[(Sg−Srg)/(1−Srw)]
ng nw = 3:0 e 3:5

ng = 2 + 2:6Sh

Srw = 0:1 + 0:17Sh

8>><>>:
(Mahabadi et al., 2016)

Corey krw = �S4 �S = (Sw − Srw)=(1 − Srg − Srw) (Corey, 1954)

krg = (1 − �S)2(1 − �S2)
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most fractures might be associated with overpressure (Daigle

and Dugan, 2010; Elger et al., 2018). It should be noted that

when gas and liquid phase coexists in marine sediments, gas is

always the phase initiating fractures, since the gas phase has

higher pressure than the water phase in water-wetting marine

sediments (Daigle et al., 2020). If the internal pressure of gas
Frontiers in Marine Science 10
bubbles exceeds their surrounding stress, these bubbles would

expand by displacing neighboring grains, with new pathways

generated. In a passive margin (i.e., the vertical maximum

principal stress s1 and the horizontal minimum principal

stress s3), these secondary fractures would open horizontally

and propagate vertically (Daigle et al., 2020), and even evolve
TABLE 4 Several correlations of geomechanical properties and Sh.

Geomechanical
parameters

Definition Empirical cor-
relations with

Sh

Reference Description

C The component of shear
strength of sediments.

C=a+b(Sh)
2 (Song et al., 2014; Liu et al., 2018; Lijith et al., 2019) The cohesion C of hydrate-bearing

sediments increases with Sh.

Ф Reflecting the internal friction
between grains during
shearing.

(Waite et al., 2009; Song et al., 2014; Liu et al., 2018;
Lijith et al., 2019)

The internal friction angle Ф has
no clear dependence on Sh.

E The extent to which sediments
resists deformation.

E=s 0
3 = a + bS2:5h (Yun et al., 2007; Miyazaki et al., 2011; Song et al.,

2014; Liu et al., 2018; Lijith et al., 2019; Ding et al.,
2022)

The stiffness E of hydrate-bearing
sediments increases significantly
with Sh.

v The ratio between lateral
strain and axial strain

0.1~0.3 (Miyazaki et al., 2011) The effects of Sh on Poisson’s ratio
are not noticeable.
Note that Lijith et al. (2019) obtained the empirical correlations listed above only by fitting current available data. More experiments need to be conducted to confirm these correlations.
TABLE 3 Summary of experimental or numerical tests on geomechanical properties of hydrate-bearing sediments.

Hydrate
type

Sample types Method Key findings Reference

CH4 Artificial sandy
sediments

Triaxial tests • The shear strength and stiffness of sediments are increased prominently even by a small
amount of gas hydrate.
• The modes of hydrate occurrence have an important effect on the strength characteristics
of the hydrate-saturated specimens.

(Ebinuma
et al., 2005)

CH4 Toyoura sand Triaxial tests • The proportional correlation between the shear strength and hydrate saturation degree is
obtained.

(Masui
et al., 2005)

CH4 Natural sediments
from the Mackenzie
Delta;
Ottawa sand;
Clayey silt

Triaxial tests • The magnitude of the increase of shear strength is related to hydrate saturation and hydrate
cementation characteristics.

(Winters
et al., 2007)

CH4 Toyoura sand;
silica sand

Triaxial tests • The strength and stiffness of hydrate-bearing sediments increase with hydrate saturation
and with the effective confining pressure.
• The effect of hydrate saturation on Poisson’s ratio is minor.

(Miyazaki
et al., 2011)

CH4 Clayey sediments Triaxial tests • The strength of the sediments is reduced by hydrate dissociation, and the strength tended
to decrease further at the lower confining pressures.
• The decrease in strength was mainly affected by the reduction of cohesive force.

(Song et al.,
2014)

CO2 Sand;
Silt

Direct shear • Stress state and hydrate saturation are dominant factors controlling both the stiffness and
the strength of hydrate-bearing sediments.
• Hydrate contributes mainly the cohesion of hydrate-bearing sediments. The cohesion
increases with hydrate saturation.
• The internal friction angle has no clear dependence on hydrate saturation.

(Liu et al.,
2018)

Discrete
element
method
(DEM);
Biaxial tests

• The shear strength and secant modulus (stiffness) of hydrate-bearing sediments increase
with hydrate saturation regardless of the hydrate morphology.
• The shear strength is slightly but the secant modulus (stiffness) is significantly influenced
by hydrate morphology. The cementing type of hydrate-bearing sediments exhibits the largest
secant modulus.

(Ding et al.,
2022)

Tetrahydrofuran Sand;
Crushed silt;
Precipitated silt;
Kaolinite

Triaxial tests • The stress-strain behavior of hydrate-bearing sediments is dependent of particle size,
confining pressure, and hydrate saturation.
• The peak strength of the samples increases nonlinearly with hydrate saturation.
• Hydrate-bearing sediments exhibit high stiffness at low strains.

(Yun et al.,
2007)
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into pipe structures if overpressure is high enough (Elger et al.,

2018; Chen et al., 2021).

Previous studies suggested that there exists a critical size

Vr (L3) for gas bubbles in marine sediments by likening

marine sediments to linear elastic media (Boudreau et al.,

2005; Barry et al., 2010; Algar et al., 2011b; Algar et al.,

2011b; Algar et al., 2011a). When reaching their critical sizes,

gas bubbles would move upward continuously with the crack

propagating vertically. The Vr(L
3) could be calculated as

follows (Algar et al., 2011a),

Vr =
16(1 − v2)rsga4r

3E
(9)

where v is Poisson’s ratio (1); E is Young’s modulus (ML-1T-

2); rs is the bulk density of sediments (ML-3); ar is the critical

half-length of crack (L), which could be calculated as follows

(Algar et al., 2011a),

ar = (
3KIC

ffiffiffiffi
p

p
10rsg

)2=3 (10)

where KIC is the tensile fracture toughness (ML-1/2T-2),

inversely proportional to porosity of marine sediments

reported by Johnson et al. (2012). Algar et al. (2011a)

suggested that the spontaneous rise velocities of gas bubbles
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in soft sediments are on the order of centimeters per second

based on numerical simulation.

Yet, at the macroscale, the mathematical models considering

such spontaneous rise of gas bubbles are rare currently. Some

researchers employed a simpler tensile failure criterion to

consider the fracturing process (Scandella et al., 2011; Jin

et al., 2015; Stranne et al., 2017; Liu et al., 2019; Daigle et al.,

2020), as shown in Figure 3,

Pf > s3 + Tor − T > s 0 (11)

where Pf is the fluid pressure (ML-1T-2); s3 is the minimum

principal stress (ML-1T-2), normally horizontal stress in passivemargin

(Dugan and Sheahan, 2012; Daigle et al., 2020) (ML-1T-2); T is the

tensile strength (ML-1T-2); s’(= s -Pf) is the effective stress (ML-1T-2).

The results obtained based on the assumption of tensile failure

reproduce the episodic fashion of gas release in nature (Scandella

et al., 2011; Stranne et al., 2017). In fact, the occurrence of fracture

initiation is related to not only the magnitude of overpressure, but

burial depth and stress state (Fauria and Rempel, 2011), clay content

(Terzariol et al., 2021), and hydrate saturation. It should be noted

that fine-grained sediments cannot guarantee their seal capacity for

free gas, since free gas would crack the sediments before reaching the

entry pressure, considering that the entry pressure might be higher

than its geomechanical strength in fine-grained sediments.
FIGURE 3

Illustration of pressure buildup in marine sediments [modified from Scandella et al. (2011)]. Sediments would be fractured if pore pressure
reaches critical stress.
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2.2.3.2 Fault slips

Fault slips, essentially shear failures, refer to the phenomena

that the hanging wall and foot wall slip along fault planes. Fault

slips could therefore be predicted by Mohr-Coulomb (MC)

criterion, as shown in Figure 4,

tf = C + s 0
ntan F (12)

where tf is the shear stress at failure (ML-1T-2); C is the

cohesion force (ML-1T-2), which is near zero for weak-cementing

or non-cementing faults; s´n is the normal effective stress (ML-

1T-2); Ф is the friction angle.

Fault slips could be caused by some abrupt activities such as

earthquakes (Ostanin et al., 2013), or slow pressure buildup of

gas phase (Hornbach et al., 2004). Hornbach et al. (2004)

proposed a model to calculate the critical gas pressure that
Frontiers in Marine Science 12
could trigger fault slips,

Pf =
(sh + sv)=2 + ½(sh − sv)=2�(cos2q − sin2q=m) + C=m

a
(13)

where sh and sv are the total horizontal stress and vertical

stress (ML-1T-2), respectively; q is the fault/fracture angle; m is

the coefficient of sliding friction; a is Biot’s coefficient.
2.2.3.3 Submarine landslides

Submarine landslides, essentially shear failures of marine

sediments, refer to the downward and outward movement of

slope-forming materials along one or several surfaces (Hampton

et al., 1996). On a slope scale, landslides are one kind of large-

scale seafloor destabilization (Talling et al., 2014). Landslides are
FIGURE 4

Illustration of the occurrence of fault slips, given the fault cohesion is near zero. The process of the gradual buildup of overpressure represent
certain scenarios, such as slow gas accumulation beneath hydrate-bearing layers. The increase of overpressure lowers the effective stress and
moves the Mohr’s circle to the left [modified from Hornbach et al. (2004)]. s´n is the effective normal stress; s´v and s´h are the effective
vertical stress and the effective horizontal stress, respectively; t is the shear stress; q is the fault angle.
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violent ways for methane release, the amount of which is

regulated by the amount of free gas beneath sliding surfaces.

The safety factor FS was proposed to predict potential submarine

landslides of slopes,

FS =
½(sv − rf gz)cos2q − u*� + C

(sv − rf gz)cosqsinq
tanff (14)

where q is the seafloor angle; ff is the internal angle of

friction; u* is overpressure (Pf - rfgz, ML-1T-2). The equation

provides a relation between the magnitude of overpressure and

the potential of slope failures (landslides occur when FS< 1).

Silver and Dugan (2020) employed the equation to investigate

the influence of clay content on submarine slope failure through

laboratory experiment and numerical simulation.

Landslides could be caused by the weight increase of

overlying water, rapid sedimentation, fluid flow, cyclic wave

loading, and earthquakes (Hampton et al., 1996). On continental

margins, the dissociation of gas hydrate could also potentially

trigger submarine landslides, since hydrate dissociation lowers

the geomechanical strength of marine sediments and the

released gas reduces the effective stress of marine sediments

(e.g., the Storegga slides offshore of Norway reported in Paull

et al. (1991) and the Cape Fear slides on the South Carolina

continental rise reported in Paull et al. (1996)), as illustrated

by Figure 5.

2.2.3.4 Contribution of sediment failures

The methane discharge alongside these sediment failures is

expected to be great, since methane escape accompanied by

abrupt pressure release is violent in short time. For example,
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fault slips have been invoked to explain large-scale methane

release in paleo-ocean (Hornbach et al., 2004). The methane

discharge associated with sediment failures is supposedly

episodic most time (Stranne et al., 2017), since pressure

buildup is much slower than pressure release. These dynamic

processes should be considered in future work for constraining

the methane flux to the ocean.
2.2.4 Gas flow through hydrate channels
Based on the phenomena that hydrate covers would form

rapidly at the surface of methane bubbles in GHSZ, a new

mechanism for methane migration was proposed recently.

When gas supply is continuously abundant, hydrate films

forming at water-gas interfaces construct tube-like hydrate

channels for gas flow (Fu et al., 2020; Meyer et al., 2020),

which is termed as the crustal fingering (Fu et al., 2020). Mass

transfer across hydrate films is dependent on the diffusion

through the films, since hydrate channels separate methane

gas from water physically. Given that the diffusion coefficient

of methane through hydrate films is as low as 10−14 to 10−17 m2/s

(Davies et al., 2010), the hydrate channels could construct new

pathways for gas flow. These tube-like hydrate channels have

been observed in experiments (Katsuki et al., 2007; Jin et al.,

2012), numerical simulation (Fu et al., 2018; Fu et al., 2020), and

field surveys (Fu et al., 2021). Meyer et al. (2018) proposed a

schematic hydrate formation model associated with hydrate

channels to explain the reason why the measured hydrate

saturation was much lower than that predicted, as shown in

Figure 6. Meyer et al. (2020) derived a corresponding

mathematical formula of hydrate growth rate RCH4 (nL
-3T-1),
FIGURE 5

Schematic of submarine landslide caused by gas hydrate dissociation [modified from Dickens (2003)].
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RCH4 =
9(1 − j)2s2g
jSHr2grainMm

Dm(Cmg − Cmw) (15)

Where j is the porosity (1); rgrain is the median grain radius

(L); Mm is the molecular weight of methane (Mn-1); Dm is the

diffusion coefficient of methane through hydrate films (L2T-1);

Cmg and Cmw are the methane concentrations in methane

hydrate in contact with free gas and water (ML-3), respectively.

The recently-recognized mechanism challenges the concept

of the seal capacity of hydrate-bearing sediments, since the

hydrate channels could protect gas from being consumed and

facilitate upward methane migration.

2.2.4.1 Contribution of gas flow through
hydrate channels

The hydrate formation rate obtained from the hydrate

channel growth model is much slower than that predicted by

traditional kinetic equations of hydrate formation proposed by

Kim et al. (1987), so this new hydrate formation model could

partly explain how methane gas moves through GHSZ.

Although the hydrate channels have been observed at

seafloor (Fu et al., 2021), more experiments are required to

confirm the occurrence of long-distance hydrate channels in

the course of methane gas migration through porous

sediments. It is still little understood at which condition the

channel-assisted gas movement would dominate methane

migration, although Fu et al. (2020) suggested that the rate

and frequency of gas supply determine whether vertical

hydrate channels could occur.
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To our current knowledge, we infer that this mechanism

might be dominant in the case that gas supply from depth is

abundant and continuous. If the long-distance hydrate channels

can be constructed, free methane gas might migrate from depth

to seafloor. However, it is still hard to constrain how much

methane could escape to the ocean through hydrate channels. If

the channel-assisted gas movement is proved a widespread

mechanism, the effects of hydrate channels need to be

incorporated into the macroscopic simulation in future work,

which could help constrain the methane flux to the ocean

more accurately.
3 Discussion

These mechanisms for methane migration shown in Figure 7

might occur at the same time or in succession. For example,

O’hara et al. (1995) suggested water flow could also be driven by

the movement of gas bubbles. Fauria and Rempel (2011)

observed a transition of the migration mechanism of free gas

from capillary invasion at bottom sediments to sediment

frac tur ing at top sediments even within a s ing le

invasion episode.

Previous researchers proposed several migration

mechanisms to explain the methane source of hydrate

formation, e.g., local methane diffusion (Malinverno, 2010),

short-range advective migration (Nole et al., 2016), and long-

range fluid advection and free gas flow (Wei et al., 2022).
FIGURE 6

Schematic of gas flow through a hydrate channel [modified from Meyer et al. (2020)].
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Considering these mechanisms associated with hydrate

formation, our study unifies gas hydrate systems, methane

migration, and methane seepage. Compared with previous

study (James et al., 2016), this study incorporates some

mechanisms not mentioned before, such as sediment failures

and gas flow through hydrate channels. Here, we provide a

comprehensive understanding of different methane migration

mechanisms associated with gas hydrate systems that can cause

methane seepage.

In gas hydrate systems, in addition to the methane

consumption caused by hydrate formation, the presence of gas

hydrate could affect methane migration in three ways,
Fron
• preventing upward methane migration through water/

gas flow by reducing the permeability of marine

sediments;
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• preventing upward methane migration through

sediment failures by enhancing the geomechanical

strength of marine sediments;

• benefiting upward methane migration by constructing

hydrate channels at the interface of continuous gas

columns.
Among these effects, there is an obvious contradiction. The

effect of gas hydrate depends on hydrate morphology, methane

phase state, and sediment type. The first effect generally occurs

in coarse-grained sediments in which gas hydrate occupies pore

space without completely blocking flow space for water or

methane gas. The second effect commonly occurs in less

permeable sediments, typically fine-grained sediments or

sediments with hydrate clog where the flow resistance of fluid

is higher than critical failure stress. The third effect reflects the
FIGURE 7

A comprehensive illustration of various mechanisms for methane migration [modified from Ma et al. (2021)].
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dynamic process of hydrate growth, requiring the involvement

of methane gas.
4 Conclusions and outlook

As discussed above, methane generated in marine sediments

might move upward to the ocean by certain mechanisms. These

mechanisms for methane transport could be classified into

diffusion and advection which includes water movement, free

gas flow, sediment fai lures , and gas flow through

hydrate channels.
Fron
• Diffusion is one of the most fundamental mechanisms

for methane migration. The diffusive methane flux can

be calculated by Fick’s law involved with the effective

methane diffusion coefficient and the dissolved methane

concentration gradient. Due to the high consumption

rate for methane in the gas hydrate stability zone and

sulfate-methane transition zone, dissolved methane

could hardly escape to the ocean by means of diffusion.

• Water movement or free gas flow are closely related to

the permeability of marine sediments and the

overpressure gradient of gas or liquid phase. Generally,

the gas hydrate stability zone and sulfate-methane

transition zone could still capture most of the

dissolved methane so that few methane could reach

the overlying water column by water movement. For

free methane gas, marine sediments can hold isolated

gas bubbles stably by the capillary force. However, the

existence of high-permeability conduits might benefit

water and gas migration and thus lead to a higher

methane flux to the ocean.

• Sediment failures can generate new pathways for

methane escape, acting as another non-negligible

mechanism for methane migration. The failure modes

include fracture initiation, fault slips, and submarine

landslides. The methane discharge alongside sediment
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failure is episodic sometime, since gas/water pressure

buildup is generally much slower than pressure release.

• Gas flow through hydrate channels is one recently-

recognized mechanism that can partly explain how

methane gas moves through the gas hydrate stability

zone, challenging the concept of the seal capacity of

hydra te -bear ing sed iments . However , more

investigation is necessary to have a full understanding

about the contribution of hydrate channels to the

methane flux to the ocean.
As summarized in Table 5, dissolved methane from depth

would be depleted in GHSZ and SMTZ and free methane would

be arrested by capillary trapping. However, methane migration

along preexisting fractures or sediment failure surfaces, might be

considerable, since the velocity of methane movement exceeds

far the rate of methane consumption (i.e., hydrate formation and

methane oxidation). In addition, methane migration through

hydrate channels might be ignored by previous researchers.

Although advances have been made about the methane

migration mechanisms through marine sediments, further

theoretical and experimental studies are necessary to have a

better understanding in the following aspects,
(1) Considering that high-permeability conduits in

sediments are important pathways for methane

seepage, their seepage properties for gas and water

flow (e.g., permeability, relative permeability, and

capillary curve) are critical inputs for the estimation of

the methane flux at the macroscale. However, the studies

on seepage properties of these conduits are currently

scarce. More experiments should be conducted to clarify

the flow characteristics of high-permeability conduits

quantitatively.

(2) The geomechanical properties of marine sediments are

critical parameters for predicting the occurrence of

sediment failures that are important ways for methane

release. Although hydrate-bearing sediments exhibit
TABLE 5 Summary of mechanisms for methane transport.

Mass trans-
fer type

Migration
mechanism

Methane state Are there new pathways
generated?

Pathways Main resistance to
methane transport

Methane flux
to ocean

Diffusion Methane diffusion Dissolved methane N Sediments GHSZ and SMTZ Low

Advection Water movement Dissolved methane N Sediments GHSZ and SMTZ Low

N Faults High

Free gas flow Free methane N Sediments GHSZ and
Capillary trapping

Low

N Faults High

Sediment failures Dissolved methane/
Free methane

Y Failure
surfaces

High

Crustal fingering Free methane Y Hydrate
channels

Uncertain
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Fron
enhanced geomechanical propert ies , re l iable

constitutive models describing the hydrate effect are

still rare. More investigations should be focused on the

quantitative correlations of geomechanical properties

and hydrate distribution including hydrate saturation

and morphology.

(3) As a recently-recognized mechanism, gas flow through

hydrate channels might constitute a part of the methane

flux to the ocean. However, the occurrence of hydrate

channels in the course of methane transport is still little

known. More experiments should be conducted to

confirm the occurrence conditions of hydrate channels.
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