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Abstract: Experimental and field observations evidence the effects of capillarity in narrow pores on
inhibiting the thermodynamic stability of gas hydrates and controlling their saturation. Thus, precise
estimates of the gas hydrate global inventory require models that accurately describe gas hydrate
stability in sediments. Here, an equilibrium model for hydrate formation in sediments that accounts
for capillary inhibition effects is developed and validated against experimental data. Analogous to
water freezing in pores, the model assumes that hydrate formation is controlled by the sediment
pore size distribution and the balance of capillary forces at the hydrate–liquid interface. To build the
formulation, we first derive the Clausius–Clapeyron equation for the thermodynamic equilibrium of
methane and water chemical potentials. Then, this equation is combined with the van Genuchten’s
capillary pressure to relate the thermodynamic properties of the system to the sediment pore size
distribution and hydrate saturation. The model examines the influence of the sediment pore size
distribution on hydrate saturation through the simulation of hydrate formation in sand, silt, and
clays, under equilibrium conditions and without mass transfer limitations. The results show that at
pressure–temperature conditions typically found in the seabed, capillary effects in very fine-grained
clays can limit the maximum hydrate saturation below 20% of the host sediment porosity.

Keywords: capillary effects; methane hydrate stability; formation inhibition; hydrate pore saturation;
numerical modelling; thermodynamics

1. Introduction

Gas hydrates are naturally occurring crystalline compounds that contain low molecu-
lar weight gases (commonly methane) in excess of saturation, within a lattice of hydrogen-
bonded water molecules. Whether gas hydrates exist as a stable phase in nature depends,
i.a., on the system’s pressure (P), temperature (T), and salinity (S); gas abundance and water
activity; and the pore size distribution of the host sediment [1]. In particular, gas hydrates
forming in confined pores are affected by capillary effects, which may disturb their thermo-
dynamic stability. Several experimental tests, e.g., [2–7], and theoretical models, e.g., [8–10],
have examined the control exerted by capillarity on the stability of hydrates. Their results
suggest that in narrow pores (i.e., pore diameters < 100 nm), capillary pressure decreases
the pore water activity and increases the gas solubility, therefore inhibiting the stability
of the hydrate phase and hindering its formation. At the pore scale, this inhibition effect
translates into a shift of the hydrate phase boundary (i.e., P-T equilibrium conditions for
gas hydrate formation) towards lower temperatures and/or higher pressures than those
predicted in bulk conditions (i.e., no sediment structure), with the same shift direction as
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that from adding a chemical inhibitor such as salt (Figure 1). Field observations in sites
such as the Cascadia margin (offshore Vancouver–Oregon), Kumano Basin (offshore Japan),
or the Blake Ridge (offshore Carolina) also evidence the influence of the sediment pore size
distribution at controlling gas hydrate stability beneath the seafloor. The discrepancies ob-
served in these sites between the depth of the bottom simulating reflector (BSR), indicating
the actual base of the gas hydrate stability zone (GHSZ), and its theoretically predicted
depth under bulk conditions have been in part attributed to capillary effects [8,11,12].

Figure 1. Effect of capillary pressure at shifting the equilibrium Pressure-Temperature (P-T) condi-
tions for methane hydrate stability in narrow pores. For comparison purposes, grey dotted lines
show a similar effect on the hydrate phase boundary caused by an increase of salinity (S) using
Tishchenko’s formulation [13]. Experimental data from methane hydrate dissociation tests performed
by [5,6,14–18]. Figure modified from [5].

A detailed understanding of the factors controlling the stability of gas hydrates in
sediments, such as capillary pressure, is key to precisely estimate the thickness of the GHSZ
and the total amount of gas hydrates within a reservoir. In particular, an accurate assess-
ment of gas hydrate saturation in sediments plays a key role in predicting the potential
impact of gas hydrate in climate [19,20], ocean chemistry [21], and slope instability [22],
as well as in the development of strategies for gas hydrate exploitation as an energy sup-
ply [23]. Current techniques employed to measure in situ gas hydrate saturations are
generally based on either elastic properties or electrical resistivity of the porous medium
and may yield uncertain values of gas hydrate saturation due to their high dependence
on empirical correlations and/or poorly constrained physical parameters, e.g., [24,25].
To better understand the relation between gas hydrate saturation and distribution and the
physical properties of the hosting sediment, several fluid flow models have been developed
over the last two decades, e.g., [22,26–31]. These models account for capillary effects on
the thermodynamic stability of gas hydrates through the decrease in water activity with
decreasing the pore size of the sediment. However, most of those use a mean pore radius
to characterize the pore size distribution of the porous medium and therefore ignore the
complex pore networks characterizing natural sediments, e.g., [32,33].

To date, only a few models have considered capillary effects for a continuous pore size
distribution of the sediment when simulating gas hydrate stability. For instance, Klauda
and Sandler (2001) [27] multiply the activity of water in a pore of a given radius by an
appropriate pore size probability density function integrated over all pore sizes of the
sediment. Alternatively, Henry et al. (1999) [9] and Liu and Flemings (2011) [28] use
the soil water retention curve expression (WRC) to link the capillary pressure and the
gas hydrate saturation.
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Here, we develop a new equilibrium formulation to model methane hydrate formation
in sediments that accounts for capillary inhibition effects through the WRC of the hosting
sediment. The formulation builds on the model presented by Nishimura et al. (2009) [34]
to simulate the behaviour of water freezing in soils. Here, we assume that analogous
to water freezing behaviour in pores, methane hydrate formation is controlled by the
sediment pore size distribution and the capillary forces developed at the fluid–solid in-
terface. To build our formulation, we first derive the Clausius–Clapeyron equation for
the thermodynamic equilibrium of methane and water chemical potentials in hydrate
systems. Then, this equation is combined with the van Genuchten’s capillary pressure
to relate the thermodynamic properties of the system to the host sediment pore size dis-
tribution and hydrate saturation. Finally, the formulation is implemented on the finite
element simulator Code_Bright extended to methane hydrate systems [35]. In this paper,
the Clausius–Clapeyron equation for the methane hydrate system is validated against
experimental data at predicting the P-T conditions required to form and dissociate methane
hydrates in narrow pores. Then, the model is applied to simulate methane hydrate forma-
tion in sand, silt, and clays (with different contents of fines), under equilibrium conditions
and without mass transfer limitations. This is, to the best of our knowledge, the first
attempt to compare quantitatively the effect of the host sediment pore size distribution on
inhibiting the maximum methane hydrate saturation expected in natural sediments at a
given P-T-S combination due to capillary effects. The results show that at thermodynamic
conditions typically found at the seabed, capillary effects can limit the maximum hydrate
saturation found in fine and very fine-grained sediments to approximately 60 to 20% of the
host sediment porosity, respectively.

Our model establishes sediment pore size distribution as a proxy for hydrate sat-
uration. This could allow constraining better global scale estimations of the maximum
inventory of methane stored in hydrates, in which hydrate saturations are usually assumed
independent on capillary effects related to the sediment type hosting the hydrates. Fur-
thermore, in a regional scale, our model allows providing an initial quick estimation of the
potential methane stored in a given hydrate reservoir without the need for a full set of mass
and energy balance equations, as the formulation presented here only requires information
about the pressure, temperature and salinity of the system and the pore size distribution
of the host sediment. Hence, our model can be used to complement geophysical-based
approaches for hydrate saturation estimation. Finally, the use of the van Genuchten’s
model in our formulation, which is a standard model used in well-established numerical
simulators for hydrate–bearing sediments to compute the gas–liquid capillary pressure,
e.g., [36], can facilitate the implementation of our formulation in such codes. Thus, offering
the opportunity to enhance their ability to predict the maximum hydrate saturation that
any lithology can have accounting for capillary effects on hydrate formation.

2. Equilibrium Model for Gas Hydrate Formation in Pores

Given the similarity between gas hydrate formation/dissociation and ice freezing/melting
processes [8], we adapt the formulation developed by Nishimura et al. (2009) [34] to couple
the thermal, hydraulic, and mechanical processes interacting during freezing and thawing
of pore water in sediments, in order to build an equilibrium model for methane hydrate
phase change in pores. Important differences between methane hydrate and ice, mainly
the need of methane gas to form methane hydrates (unlike air in ice), are considered by
assuming dissolved methane concentrations at or above saturation value. The following
subsections describe the model assumptions, derive the thermodynamic equilibrium of the
g-h-l (g, gas; h, hydrate; l, liquid) three-phase system, and couple it with the van Genuchten
model [37].

2.1. Phase Distribution in Pores

Methane hydrate-bearing sediments are represented here as a multicomponent and
multiphase porous system formed by three different components, mineral grains (gr),
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methane (m), and water (w), which can be partitioned among four possible phases: solid
matrix (s), hydrate (h), gas (g), and liquid (l). Note that chemical inhibitors, such as salt,
are not considered as components of the system, but their effect on inhibiting the stability
of methane hydrates is accounted for in the expression used to determine the methane
hydrate phase boundary in bulk conditions (see Section 2.3.1).

The mineral grains form the solid continuum that provides the skeletal structure to
the porous medium. Within the pores, methane hydrate can grow as a solid phase. The
gas phase is a mono-component phase of methane, and the liquid phase consists of liquid
water saturated with dissolved methane. The mineral surface is assumed to be hydrophilic
so that the pore liquid is the wetting phase. Similar to ice [34], the hydrate is considered to
behave as a completely non-wetting phase with γhl < γgl and γhg = γgl + γhl [8], where
γ is the surface tension between the phases indicated in the subscripts. As a result, the
equilibrium distribution of phases in pores is arranged so that water forms a continuous
film on the mineral grain [38–40] and the hydrate crystal [41].

2.2. Methane Hydrate Thermodynamic Equilibrium

The Gibbs–Duhem equation is a thermodynamic relationship expressing changes in
the chemical potential of a component, or a mixture of components, in terms of changes in
the temperature and pressure of the system, so that

0 = −SdT + VdP−
α̂

∑
α=1

Nαdµα (1)

where Nα is the number of moles of component α; dµα is the infinitesimal increase of the
chemical potential of this component; α̂ is the total number of components of the system;
S and V are the specific entropy and volume, respectively; P is the pressure; and T is the
absolute temperature of the system. All nomenclature used in this formulation is listed
and described in Table A1 (see Appendix A).

In the same manner as in [34], the Gibbs–Duhem equation is written here for each of
the phases considered in the system. Thus, for the hydrate phase, this relation reads

0 = −ShdT + VhdPh − Nh
wdµh

w − Nh
mdµh

m (2)

Dividing Equation (2) by the moles of hydrate
(

Nh) and considering the stoichiometry

of the component
(

nh = Nh
w

Nh and Nh
m = Nh

)
, this equation can be rewritten as

0 = −shdT + vhdPh − nhdµh
w − dµh

m (3)

where sh and vh are the molar entropy and volume of the methane hydrate phase, respec-
tively, and nh is the hydration number. Similarly, by considering temperature equilibrium
between all phases, for the liquid phase, this relation reads

0 = −sldT + vldPl − (1− xl
m)dµl

w − xl
mdµl

m (4)

where
(

xl
m = Nl

m
Nl

w+Nl
m

)
and

(
1− xl

m
)

are the molar fraction of the methane and water
components in the liquid phase, respectively. Finally, the Gibbs–Duhem relation for the gas
phase is obtained as

0 = −sgdT + vgdPg − dµ
g
m (5)

where dµ
g
m can be isolated as

dµ
g
m = −sgdT + vgdPg (6)
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2.3. Clausius–Clapeyron Equation for the Methane-Water System

The thermodynamic equilibrium suggests that changes to the chemical potential of
each component of the system in any of the coexisting phases should be equal at constant
P-T conditions. Thus, under equilibrium conditions, it is assumed that:

dµh
w = dµl

w (7)

dµh
m = dµl

m = dµ
g
m (8)

Accordingly, under equilibrium conditions, Equation (4) reads:

0 = −sldT + vldPl − (1− xl
m)dµh

w + xl
m
(
sgdT − vgdPg

)
(9)

from which dµh
w can be isolated as :

dµh
w = − 1(

1− xl
m
) (sldT − vldPl

)
+

xl
m(

1− xl
m
) (sgdT − vgdPg

)
(10)

Replacing Equations (6) and (10) in Equation (3), and rearranging terms, the following
expression of the Clausius–Clapeyron equation for the methane–water system can be
obtained (see Appendix B):

dPh =
1
vh

(
ΩlvldPl + ΩgvgdPg −

lh
T

dT
)

(11)

with:

vh =
Mh
ρh

(12)

Ωl =

(
nh(

1− xl
m
)) =

Nl
w + Nl

m
Nh (13)

Ωg =

(
1− nh(xl

m)(
1− xl

m
)) = 1− Nl

m
Nh (14)

lh =
(

Ωlsl + Ωgsg − sh
)

T (15)

where Mh is the methane hydrate molar mass (0.124 kg/mol), and ρh is the methane hydrate
mass density

(
ρh = 0.91ρl

)
, considering a liquid density (ρl) that is dependent on the

system temperature. The terms Ωl and Ωg are used to simplify the mathematical expression
and refer to the molar relation between gas hydrate and liquid hydrate phases, respectively.
Finally, lh is the molar latent heat of methane hydrate dissociation (53.2 KJ/mol, after [14])
and is considered constant over the P-T conditions examined in this work.

2.3.1. Capillary Pressure at the Methane Hydrate–Liquid Interface

The differential Equation (11) can be integrated as:

Ph − Ph0 =
1
vh

(
Ωlvl(Pl − Pl0) + Ωgvg(Pg − Pg0)− lhln

(
T
T0

))
(16)

where Ph0 , Pl0 , Pg0 , and T0 are considered unknown reference values for methane hydrate,
liquid and gas pressures, and temperature, respectively.

Considering an arbitrary state characterized by null hydrate saturation
(
Sh = 0

)
,

Ph = Pl and Pg > Pl (i.e., arbitrary state on top of the phase boundary in Figure 2) and
assuming Ph0 = Pl0 , Equation (16) can be written as:
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Pl − Pl0 =
1
vh

(
Ωlvl(Pl − Pl0) + Ωgvg(Pg − Pg0)− lhln

(
Teq(bulk)

T0

))
(17)

where Teq(bulk)
is determined by the intersection of Pg with the methane hydrate phase

boundary in bulk conditions (Figure 2).
From Equation (17), the term Pl0 can be isolated as:

Pl0 = Pl −
(

Ωgvg

vh −
(
Ωlvl

))(Pg − Pg0) +
lh

vh −
(
Ωlvl

) ln

(
Teq(bulk)

T0

)
(18)

Replacing Pl0 , which is assumed equal to Ph0 , in Equation (16), and rearranging terms,
the pressure at the hydrate phase can be obtained as a function of the liquid pressure and
the absolute temperature of the system (see Appendix C):

Ph = Pl −
lh
vh ln

(
T

Teq(bulk)

)
(19)

Passing the term Pl to the left side of Equation (19), the capillary pressure at the
methane hydrate–liquid interface can be expressed as:

Pc(hl) = −
lh
vh ln

(
T

Teq(bulk)

)
(20)

Figure 2. Phase stability diagram for the methane hydrate system. The grey area shows the P-T
combinations at which methane hydrates are stable considering bulk conditions. The red circle
indicates the arbitrary thermodynamic state used to derive the present formulation (Equation (18))
and that is characterized by no hydrate saturation (Sh = 0) and dissolved methane concentrations
above saturation.

2.4. Capillary Effects and Equilibrium Pressure Relation

In bulk conditions and for a given temperature and salinity, the hydrate equilibrium
pore pressure (Peq), which describes the hydrate phase boundary and guarantees the
stability of the hydrate phase, can be expressed empirically as (after [42]):
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Peq = exp

(
40.234− 8860

Teq(bulk)+0.55St

)
(21)

where 0.55 is assumed as the slope of the temperature salinity curve, and St is the salinity
expressed in %.

To incorporate the inhibition effects of capillary pressure in the computation of Peq,
we modify Equation (21) by adding the term4Teq, which corresponds to the equilibrium
temperature (Teq) depression observed in narrow pores due to capillary pressure:

Peq = exp

(
40.234− 8870

Teq(bulk)+4Teq+0.55St

)
(22)

where4Teq is derived from the Clausius–Clapeyron equation (Equation (20)) as:

4Teq = Teq(bulk)

(
1− exp

(
−

Pc(hl)v
h

lh

))
(23)

Note that the value of 8860 (K) in Equation (21) is modified here to 8870 (K) to
better adjust the experimental data measured in bulk conditions in the range of pressures
examined in the following sections.

2.5. Capillary Effects and Methane Hydrate Saturation Relation

The sediment WRC describes the relationship between the capillary pressure devel-
oped at the gas–liquid interface

(
Pc(gl) = Pg − Pl

)
and the liquid content existing in the

pores. This function is inherently determined by pore scale characteristics of the sediment,
e.g., [43,44], and can be obtained experimentally from mercury intrusion porosimetry tests.
WRCs measured experimentally can be fitted with functions of two or three parameters
including the non-wetting phase entry pressure (P0, minimum pressure required for the
non-wetting phase to invade a pore saturated with a wetting phase) and shape parameters
(e.g., m) that capture changes in the effective liquid saturation (Se) with changes in Pc(gl) .
The van Genuchten model [37] (Equation (24)) has been extensively used in the literature
to fit the shape of WRCs:

Se =

[
1 +

(
Pc(gl)

P0

) 1
1−m
]−m

(24)

Due to the similarity between water freezing/thawing and water air drying/wetting
behaviours in sediments, the role of the WRC in controlling liquid–solid transformations in
frozen soils has been widely investigated, e.g., [45–47]. Nishimura et al. (2009) [34] uses the
van Genuchten model [37] to represent the capillary curve relating the amount of unfrozen
water (1− Si) and the capillary pressure developed at the ice–liquid interface, so that:

(1− Si) =

[
1 +

(
Pi − Pl

P0

) 1
1−m
]−m

(25)

where Si is the ice saturation in pores, and Pi is the ice pressure described by the Clausius–
Clapeyron equation derived from the equilibrium of the chemical potential of water be-
tween ice and liquid phases.

Following the approach of [34], we use the capillary pressure developed at the
hydrate–liquid interface (Equation (20)) to estimate methane hydrate saturation (Sh) in
pores as follows:
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(1− Sh) =

[
1 +

(− lh
vh ln

(
T

Teq(bulk)

)
P0

) 1
1−m
]−m

(26)

3. Results and Discussion

In this section, the ability of the Clausius–Clapeyron equation at capturing variations
in the methane hydrate equilibrium temperature during hydrate phase transformations
in narrow pores is validated against experimental data. The data used for the validation
correspond to the P-T combinations observed experimentally during hydrate formation
and dissociation tests performed in synthetic samples of 30.6, 15.8, and 9.2 nm nominal
pore diameters. These data have been selected because of their wide use in the literature
to evidence the effects of capillarity on inhibiting methane hydrate stability in pores, as
well as to validate the performance of similar formulations to that presented here, e.g., [5].
In addition, this section presents several thermo-hydraulic tests that are performed to
simulate hydrate formation in sand, silt, and clayey sediments (with different percentages
of fines). The simulations examine the influence of the host sediment pore size distribution
on inhibiting methane hydrate stability and controlling its saturation. Note that our
simulations do not consider phase change kinetics or mass transfer limitations; therefore,
capillarity is the only factor limiting methane hydrate formation in pores.

3.1. Hydrate Stability in Discrete Pores

If a cylindrical liquid-saturated pore with radius r is filled with methane hydrates, the
capillary pressure developed at the hydrate–liquid interface can be computed using the
Young–Laplace equation as:

Pc(hl) = −
FγhlcosΘhl

r
(27)

where F is the shape factor of the solid–liquid interface (considered 1 for methane hydrate
dissociation and 2 for formation, after [48]), γhl is the interfacial energy per unit area
(32 mJ/m2, after [14]), and Θhl is the contact angle between the methane hydrate interface
and the grain surface (Θhl = Θil = 180◦, after [8]).

In this section, Equation (27) is used to estimate the Pc(hl) required experimentally
to dissociate methane hydrate in narrow pores of 30.6, 15.8, and 9.2 nm nominal pore
diameters (Figure 3). Then, Equations (22) and (23) are used to determine the equilibrium
pressure corresponding to those pore sizes.

Figure 3 compares the phase boundaries or Peq − Teq combinations predicted by our
model for methane hydrate stability in narrow pores against experimental data. Our
results agree with the experimental data within the pressure range of 14 to 4 MPa, which
covers a sensible pressure range for natural marine environments with methane hydrates.
These results validate the Clausius–Clapeyron expression derived here (Equation (20)) at
capturing the depression of the methane hydrate equilibrium temperature due to capillary
effects. Note that the misfit between the expression adopted to characterize the hydrate
phase boundary in bulk conditions (Equation (21)) below 4 MPa prevents capturing the
experimental results at such low pressures. Nevertheless, our model (Equation (23)) is
indeed valid, in principle, for pressures below this 4 MPa.
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Figure 3. Comparison between the experimental methane hydrate P-T data obtained from dissocia-
tion tests performed in synthetic pores with diameters ranging from 9.2 to 30.6 nm and the predicted
phase boundaries using the current model. Experimental data from [5,14–17]. Figure modified
from [5].

Hydrate Phase Change Hysteresis Loop

Numerous studies show hysteresis between the freezing point (on cooling) and melt-
ing point (on heating) of liquids in confined pores, e.g., [49–51].

Hysteresis loops have also been observed in experimental tests of methane hydrate
formation/dissociation in pores (Figure 4). This effect has been commonly attributed to the
difference in the methane hydrate–liquid interface curvature during the melting/freezing
processes. To validate the ability of our formulation at capturing hysteresis, the F parameter
in Equation (27) is assumed to vary from 1 to 2 for hydrate dissociation and formation,
respectively [48,52]. In Figure 4, the inflection point of the experimental curves (horizontal
grey dashed line) indicates the peak of hydrate dissociation/formation in pores with sizes
around the mean pore size of the distribution (i.e., 30.6 nm). In the case of methane hydrate
dissociation (F = 1), the model predicts similar Peq − Teq conditions to that observed
experimentally around the inflection point. However, for methane hydrate formation
(theoretically characterized by F = 2), the model slightly overestimates the temperature
depression required at equilibrium. The experimental temperature for hydrate formation
could be better fitted by the model either by assuming F = 1.7 or by setting γhl = 27 mJ/m2

rather than 32 mJ/m2, which corresponds to the specific surface energy of ice–water
interface [8] and is also generally adopted to simulate methane hydrate formation in pores,
e.g., [9,26].
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Figure 4. Comparison between the experimental methane hydrate P-T data obtained from methane
hydrate formation and dissociation tests performed in synthetic silica with a mean pore diameter of
30.6 nm and the predicted phase boundaries using the current model (note that shape factors F = 2
and F = 1.7 are used to simulate hydrate formation, while F = 1 is used for hydrate dissociation).
Figure modified from [2].

3.2. Modelling Hydrate Formation in Natural Sediments

Several experimental studies and geophysical core logging data evidence a link be-
tween methane hydrate saturation in pores and the particle size and clay content of the
hosting sediment, e.g., [53,54]. They show that coarse-grained sediments generally host
larger hydrate saturations than fine-grained sediments, e.g., [55,56]. In this section, four
different WRCs characterizing the pore size distribution of natural sand, silt, and clays
(with a distinct fraction of fines) (Figure 5) are used to examine capillary effects on inhibit-
ing methane hydrate formation in pores and controlling its maximum saturation. Note that
the WRCs are corrected in this study by a factor of 0.44 (γhl = 0.44γgl) to account for the
differences between the surface tension at the gas–liquid interface (γgl = 72 mJ/m2), which
is used to transform the mercury porosimetry data into WRCs, and that at the methane
hydrate–liquid interface (γhl = 32 mJ/m2).

Figure 5. Typical water retention curves (WRCs) for sand, silt, and clays, reported by [57,58] and fitted
using the van Genuchten model [37]. In bold lines, WRCs derived from mercury porosimetry data
(Sl vs. Pcgl); in dashed lines, these same WRCs corrected for hydrate intrusion in pores (Sl vs. Pchl).
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For the simulations we use the version of Code_Bright extended to methane hydrate
systems [35]. These simulations consider an axisymmetric computational domain of
10 cm × 2.5 cm. The hydrate formation is simulated via thermal cooling, which is imposed
as a boundary condition on the top, base, and right-hand side of the computational domain.
These boundary conditions are kept until a homogeneous temperature of 277 K is reached
in the whole domain. Model parameters used in the simulation are listed in Table 1 and
Figure 5.

Table 1. Test conditions adopted in the simulations. The fitting parameters for the water retention curves (WRCs) appear in
Figure 5. Note that permeability and porosity are not changed regardless of the hosting sediment as equilibrium conditions
are imposed.

Temperature Liquid Pressure Gas Pressure Porosity Intrinsic
Permeability Salinity

289 K→ 277 K 13 MPa 13 MPa 0.4 1 × 10−13 m2 35‰

Figure 6b presents the evolution of hydrate saturation in pores for each of the sed-
iments tested with decreasing the system temperature. The results show that capillary
effects in sand are negligible on inhibiting methane hydrate formation. The low entry
pressure of the WRC characterizing these sediments allows reaching 100% of hydrate
saturation in pores as soon as the thermodynamic conditions of the system reach the bulk
methane hydrate phase boundary. Capillary effects only start to be slightly noticeable in
silts, which even at the end of the simulation (277 K), are not fully saturated in hydrates
(open green circle in Figure 6b). However, capillary inhibition is particularly efficient in
fine-grain sediments. At the end of the simulation, the maximum saturation in clays is
limited above 70% of the host sediment porosity (open blue circle in Figure 6b). This value
reduces below 50% with increasing the content of fine particles (open orange circle in
Figure 6b). Thus, our model predicts that even under ideal conditions for hydrate forma-
tion (i.e., disregarding inhibition effects caused by chemical kinetics, lack of methane and
water availability, fracture generation, etc.), and for a range of P-T-S conditions typically
found in the seabed, fine grained sediments cannot be fully saturated in hydrates because
of capillary effects.

Figure 6 also examines the effects of capillary pressure at a specific P-T-S combination
(red cross in Figure 6a), previously used by [59] to characterize the thermodynamic state
of stable MHBS found in the Eastern Nankai Trough, Japan. The geological formation of
interest at this location is characterized by inter bedding of clayey and sandy units, where
the clays show null content of hydrate [60]. Our model predicts that at this particular P-T-S
condition, pore size distribution in clays alone can already inhibit more than 40 or 80% of
the hydrate saturation in pores (filled blue and orange circles in Figure 6b, respectively). If
accounting for other competing processes governing the formation of methane hydrate
in natural environments (which have been ignored in this study to isolate the effects of
pore size distribution), a complete inhibition of hydrate stability in these sediments could
be expected.
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Figure 6. (a) Thermal cooling path followed to simulate hydrate formation. (b) Effect of the sediment
pore size distribution on inhibiting hydrate stability and controlling hydrate saturation in pores.

4. Conclusions

A new equilibrium model for methane hydrate stability in porous media is presented
here to examine the importance of the capillary pressure developed at the hydrate–liquid
interface on inhibiting hydrate formation in pores and controlling its saturation. Capillary
effects in the thermodynamic equilibrium of methane hydrates are accounted for in the
formulation through the Clausius–Clapeyron equation of the methane–water system. This
equation is derived from the equilibrium of methane and water chemical potentials and
captures the depression of the equilibrium temperature observed experimentally during
hydrate formation/dissociation tests performed in narrow pores. The Clausius–Clapeyron
equation is also combined here with the van Genuchten’s capillary pressure to relate cap-
illary effects in porous media with hydrate saturation. The formulation is tested here at
simulating hydrate formation in different sediment types (ranging from sand to clays with
a different fraction of fines) under equilibrium conditions and without mass transfer limita-
tions. Although the hypothetical conditions considered here to simulate the formation of
hydrate in the porous media are unlikely in natural environments, they allow us to isolate
the effect of the sediment pore size distribution on inhibiting hydrate formation. The simu-
lations evidence that under favourable conditions for hydrate formation, capillary effects
are negligible in sand and almost negligible in silty sediments. In contrast, they exert a key
control in the stability of methane hydrates and its saturation in fine-grained sediments.
In particular, our results show that at thermodynamic conditions typically found in the
seabed, capillary pressure can reduce the maximum hydrate saturation expected in clays
with a high content of fines below 20% of the host sediment porosity. This supports field
and experimental observations on fine-grained sediments generally having low hydrate
saturations under favourable thermodynamic and methane transport conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

P Pressure
T Temperature
S Salinity
GHSZ Gas Hydrate Stability Zone
WRC Water Retention Curve
s Solid Matrix
g Gas Phase
h Hydrate Phase
l Liquid Phase
gr Mineral Grains
m Methane
w Water

Appendix A

Table A1. Description of the nomenclature used in the formulation. Symbols are listed in the order
of their appearance within the text.

Symbols

S Specific entropy
d Infinitesimal increment
T Absolute temperature
V Specific volume
P System pressure
α̂ Total number of components
N Number of moles
µ Chemical potential
n Hydration number
Pβ Phase pressure
s Molar entropy
v Molar volume
x Molar fraction
Ω Symbol used to grouping terms
lh Molar latent heat of dissociation
M Molar mass
ρβ Phase density
Pβ0 Unknown phase reference pressure
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Table A1. Cont.

Symbols

T0 Unknown reference temperature
Sβ Phase saturation
Teq(bulk)

Equilibrium temperature in bulk conditions
Pc(β−β)

Capillary pressure between phases in subscripts
Peq Equilibrium pore pressure
St Salinity
4Teq Depression of Teq
Se Effective liquid saturation
P0 Non-wetting phase entry pressure
m WRC shape parameter
Sβ Phase saturation
F Shape factor of the solid–liquid interface
γ(β−β) Inter-facial energy between phases in subscripts
Θ(β−β) Contact angle between phases in subscripts
r Pore radius

Subscripts and Superscripts

α Specific component
h Hydrate phase
w Water component
m Methane component
l Liquid phase
g Gas phase

Appendix B

Replacing Equations (6) and (10) in Equation (3), the following is obtained:

0 = −shdT + vhdPh +
nh

(1− xl
m)

(
sldT − vldPl

)
− nhxl

m
(1− xl

m)(
sgdT − vgdPg

)
+ sgdT − vgdPg

(A1)

Rearranging Equation (A1), we obtain

0 = vhdPh −
(

sh −
(

nh

(1− xl
m)

)
sl −

(
1− nh(xl

m)

(1− xl
m)

)
sg

)
dT

−
(

nh

(1− xl
m)

)
vldPl −

(
1− nh(xl

m)

(1− xl
m)

)
vgdPg

(A2)

Using the terms Ωl and Ωg, Equation (A2) reduces to

0 = vhdPh +

(
Ωlsl + Ωgsg − sh

)
dT −ΩlvldPl −ΩgvgdPg (A3)

where
(
Ωlsl + Ωgsg − sh) is equal to lh

T .
Finally, isolating Ph from Equation (A3), the Clausius–Clapeyron equation for the

methane–water system is obtained as

dPh =
1
vh

(
ΩlvgdPl + ΩgvldPg −

lh
T

dT
)

(A4)
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Appendix C

To simplify Equation (18), the terms Υl and Υg are defined as

Υl =
Ωlvl

vl (A5)

Υg =
Ωgvg

vh (A6)

so that the Pl0 expression reduces to

Pl0 = Pl −
(

Υg

(1− Υl)

)
(Pg − Pg0) +

lh
vh(1− Υl)

ln

(
Teq(bulk)

T0

)
(A7)

Replacing Pl0 in Equation (17), the following is obtained:

Ph −
(

Pl −
(

Υg

(1− Υl)

)
(Pg − Pg0) +

lh
vh(1− Υl)

ln

(
Teq(bulk)

T0

))
=

Υl

((
Υg

(1− Υl)

)
(Pg − Pg0)−

Lh
vh(1− Υl)

ln

(
Teq(bulk)

T0

))

+Υg(Pg − Pg0)−
lh
vh ln

( T
T0

)
(A8)

Examining individually the terms of Equation (A8) related to (Pg − Pg0),(
Υg

(1− Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1− Υl)

)
(Pg − Pg0) + Υg(Pg − Pg0) (A9)

or (
Υg

(1− Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1− Υl)
+ Υg

)
(Pg − Pg0) (A10)

Developing the right side of the equation,(
Υg

(1− Υl)

)
(Pg − Pg0) =

(
ΥgΥl

(1− Υl)
+

Υg(1− Υl)

(1− Υl)

)
(Pg − Pg0) (A11)

where both terms of the equation are self-cancelling, and so Equation (A8) can be rewritten as

Ph − Pl −
lh

vh(1− Υl)
ln

(
Teq(bulk)

T0

)
= − Υl lh

vh(1− Υl)
ln

(
Teq(bulk)

T0

)

− lh
vh ln

( T
T0

) (A12)

Isolating Ph and simplifying terms related to the temperature, the following is obtained:

Ph = Pl +
lh

vh(1− Υl)
ln

(
Teq(bulk)

T0

)

− Υl lh
vh(1− Υl)

ln

(
Teq(bulk)

T0

)
− lh

vh ln
( T

T0

) (A13)
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Ph = Pl +

(
1

vh(1− Υl)
− Υl

vh(1− Υl)

)
︸ ︷︷ ︸

1/vh

lhln

(
Teq(bulk)

T0

)

− lh
vh ln

( T
T0

) (A14)

Ph = Pl −
lh
vh ln

((
T
T0

)
−
(

Teq(bulk)

T0

))
(A15)

Finally, subtracting the logarithms, the reference temperature (T0) disappears from
the expression and the methane hydrate pressure reads as follows:

Ph = Pl −
lh
vh ln

(
T

Teq(bulk)

)
(A16)
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