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Quantification of hydrates in permafrost sediments using conventional seismic techniques has always

been a major challenge in the study of the climate-driven evolution of gas hydrate-bearing permafrost

sediments due to almost identical acoustic properties of hydrates and ice. In this article, a coupled

geophysical–geothermal scheme is developed, for the first time, to predict hydrate saturation in gas

hydrate-bearing permafrost sediments by utilising their geophysical and geothermal responses.

The scheme includes a geophysical part which interprets the measured elastic wave velocities using a

rock-physics model, coupled with a geothermal part, interpreting the measured effective thermal

conductivity (ETC) using a new pore-scale model. By conducting a series of sensitivity analyses, it is

shown that the ETC model is able to incorporate the effect of the hydrate pore-scale habit and hydrate/

ice-forced heave as well as the effect of unfrozen water saturation under frozen conditions. Given that

the geophysical and geothermal responses depend on the overburden pressure, the elastic wave

velocities and ETC of methane hydrate-bearing permafrost sediment samples were measured at

different effective overburden pressures and the results were provided. These experimental data

together with the results of our recent study on the geophysical and geothermal responses of gas

hydrate-bearing permafrost sediment samples at different hydrate saturations are used to validate the

performance of the coupled scheme. By comparing the predicted saturations with those obtained

experimentally, it is shown that the coupled scheme is able to quantify the saturation of the co-existing

phases with an acceptable accuracy in a wide range of hydrate saturations and at different overburden

pressures.

1. Introduction

Permafrost is any ground that remains at or below 0 1C for at
least two consecutive years.1 It forms a layer with a thickness of
centimetres to kilometres, which is sandwiched between a
seasonally-thawed active layer on top and an unfrozen ground
at the bottom.2 Permafrost underlies almost 25% of the entire
northern hemisphere; it is widespread in the Arctic regions of
Siberia, Canada, Greenland, and Alaska, and also found on the
Tibetan plateau and the floor of the Arctic Ocean.1,3 Permafrost
is a key component of the cryosphere, playing an important role
in global climate, environmental systems, and human activities
in the Arctic regions.4 Presently, the Arctic is warming twice as fast
as the rest of the planet, resulting in a pronounced permafrost
degradation,5 which in turn raises concerns about the integrity of
ecosystems, the sustainability of water resources, and altered
hydrological risks under climate change scenarios.6 These
concerns have attracted increasing attention from the scientific
community and the general public. A combination of field
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studies, remote sensing analyses and accurate modelling
approaches is necessary to understand the potential impacts
associated with the permafrost degradation on the ecosystems
and infrastructures in the Arctic regions (local and regional scale)
as well as the potential enhancement of climatic change through
the emission of greenhouse gases (global scale).7 Several studies
have been carried out so far to model the dynamics of permafrost
sediments exposed to a warming climate, attempting to
characterise their hydrologic alterations and thermal responses
due to the climate-driven thawing.8–10 Accurate modelling of the
future evolution of permafrost in response to the thermal stimuli
and assessment of the hazard potential due to its degradation
require a profound understanding of the internal structure of the
host sediment and its interaction with the co-existing phases in
pore space which typically include ice, unfrozen water, and free
gas.11 In regions where natural gas is supplied from the
subsurface and the thermodynamic conditions are favourable,
gas hydrates may form and co-exist with the other phases, hence
adding further complexities to the interactions.12,13

The physical properties of permafrost are essentially
controlled by the relative contribution of each phase (grains,
ice, unfrozen water, hydrates, and gas) to the bulk sediment,
hence depending on the saturation, and pore-scale spatial
distribution of the various co-existing phases in pore space.14

Moreover, it is essential to account for the complexities associated
with the interaction of the co-existing phases with each other
and the host sediment to be able to predict their geophysical,
geothermal, geomechanical, and hydrologic properties.15

Therefore, it is of the utmost importance to accurately quantify
the saturation of the co-existing phases in permafrost sediments.

Analysis of the geophysical response of permafrost using the
available rock-physics models is a common method to infer the
saturation of the co-existing phases.14,16 The main reason is
that the presence of ice in the pore space with elastic moduli
higher than those of the other co-existing pore fluids (free gas
and unfrozen water) enhances the skeletal stiffness of the host
sediments and results in elevated elastic wave velocities.
Thanks to this feature, seismic techniques have been widely
used in permafrost research to understand the physical
characteristics of ice-bearing sediments at both lab and field
scales.17–22 Some models have also been developed to explain the
evolution of elastic wave velocities under frozen conditions as well
as during the freeze–thaw transition.23,24 However, there is still a
lack of fundamental understanding of the pore-scale phenomena
which influence the physical properties of permafrost, particularly
gas hydrate-bearing permafrost sediments.11 The biggest
challenge is that conventional seismic techniques are unable to
distinguish gas hydrates from ice because they both exhibit
almost identical acoustic properties. Thus, despite its signifi-
cance, the co-existence of gas hydrates and ice has not been
incorporated into the available models yet. It should be noted that
the intrinsic thermal and mechanical properties of ice and natural
gas hydrates, and even their pore-scale distribution in pore space
are markedly different.11,12 Given that the physical properties of a
gas hydrate-bearing permafrost porous sediment depend on the
relative contributions of all co-existing phases (ice, hydrates,

unfrozen water, and gas) to the bulk sediment, prediction of its
evolution in response to climate change is not possible unless the
co-existence and interactions of these phases are well understood
and appropriately incorporated into the predictive models.

In our previous studies, we shed light on the co-existence of
gas hydrates and ice in porous media with particular interest in its
effect on the geophysical, geothermal, and geomechanical properties
of gas hydrate-bearing permafrost sediments. The results of our
triaxial compression tests revealed that gas hydrates and ice
distinctively influence the shearing characteristics and
deformation behaviour of sediments.11 While frozen hydrate-free
sediments experienced a brittle-like failure, hydrate-bearing
sediments exhibited a large dilatation without any rapid failure.
This is because hydrate formation in sediments resulted in a
reduction in the internal friction, while freezing did not. In
addition, it was shown that gas hydrates play a dominant role
in the reinforcement of frozen sediments. Our study on the
geophysical and geothermal responses of gas hydrate-bearing
permafrost sediments at different hydrate saturations confirmed
that the development of hydrate micro-frame structures throughout
the frozen sediment reinforces its stiffness, leading to higher elastic
moduli and, consequently, shifting the elastic wave velocities
toward the elevated values.25 The results also showed that the
amount and pore-scale distribution of unfrozen water control the
evolution of the elastic wave velocities and efficiency of the heat
transfer under frozen conditions, particularly at temperatures close
to the freezing point. Furthermore, we demonstrated that the
effective thermal conductivity (ETC) can be utilised as a distinctive
physical property to account for the unfrozen water content and,
more interestingly, distinguish gas hydrates from ice under frozen
conditions. Eventually, a conceptual pore-scale model was
proposed for gas hydrate-bearing permafrost sediments according
to their geophysical and geothermal responses at different
temperatures.

This work completes our previous studies. For the first time,
a coupled scheme is developed to quantify hydrates in gas
hydrate-bearing permafrost sediments using their geophysical
(P- and S-wave velocities) and geothermal (ETC) responses. The
scheme employs a rock-physics model coupled with a new ETC
model to interpret the geophysical and geothermal responses,
respectively, and is able to work in a wide range of hydrate
saturations and under different PT conditions and overburden
pressures. Prior to our detailed discussion regarding the
performance of the new ETC model and coupled scheme, we
provide insights into the effect of the overburden pressure on
the geophysical and geothermal responses of gas hydrate-
bearing permafrost sediment samples to temperature changes
by measuring and reporting their elastic wave velocities and
ETC at different effective overburden pressures.

2. Experimental section

A detailed description of the materials (pure methane, deionised
water, and natural silica sand), illustration of the experimental
apparatus, and demonstration of the experimental procedure,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 9

/7
/2

02
4 

2:
50

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1CP03086H


This journal is © the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 24249–24264 |  24251

together with the saturation calculation process, can be found in
our recently published articles25,26 and hence not discussed
here for the sake of brevity. It should be noted that a well-
characterised natural silica sand from Fife, Scotland was used as
the porous medium for the experiments (a detailed characterisation
of which can be found elsewhere27) and the test specimens
were made by mixing the natural silica sand and deionised
water at a constant mass ratio. In this work, the elastic wave
velocities and ETC were measured for methane hydrate-bearing
permafrost sediment samples with a constant initial water
content of 14.46 wt.% (initial water saturation of B65% in
the porosity range of 37–39%) and ultimate methane hydrates,
water, and gas saturations of B31%, B40%, and B29%,
respectively. It should be noted that the saturation of the gas
phase in permafrost sediments is typically less than 30%.1

However, it is difficult to make samples with a homogeneous
initial water distribution at lower gas saturations in labora-
tories because there would be much more free water available
to move readily prior to hydrate formation. In particular, at
lower gas saturations, the initial water distribution could be
greatly disturbed during vacuuming (in which the air in the cell
is extracted using a vacuum pump) and gas injection, and when
the sample is left to reach the thermodynamic equilibrium (due
to the gravity). For our natural silica sand sediments, the initial
water content of 14.46 wt.% has been shown to render the
optimum initial saturations, where the water distribution
remains homogeneous during these stages.27–29

The measurements of the P- and S-wave velocities were
conducted using the ultrasonic transmission method. The
method requires accurate measurements of the travel time (t)
of the elastic waves together with the propagation distance
through the specimen (L). Having the inherent travel time (t0)
of a given elastic wave, the velocity (v) is calculated using
eqn (1):

vi ¼
L

ti � ti0
(1)

in which i stands for P and S.
The transient hot wire method was used to measure ETC.

In this method, a needle probe, as a long and thin heating
source, is inserted into the sediment sample and heated with a
constant power. Having the temperature time series data of the
sample during the heating cycle, thermal conductivity can be
obtained using eqn (2):

DT ffi Q

4pl
ln tð Þ 0o to t1 (2)

where l, Q, DT, t, and t1 are the thermal conductivity, applied
heat per unit length of the needle probe, temperature
change, measurement time, and heating time, respectively.
The measurements of the elastic wave velocities and ETC were
carried out at temperatures of 3.0, 0.5, �0.5, and �3.0 1C and
two different effective overburden pressures (POB,eff.) of 6.89
and 10.34 MPa, enabling us to compare the results with those
already reported in our previous study at a POB,eff. of 3.45 MPa
with similar saturations.25

3. Modelling section
3.1. The elastic wave velocity model

In this study, the rock-physics models proposed by Ecker30 were
employed to interpret the geophysical response of the gas
hydrate-bearing permafrost sediment samples. Ecker’s model
works based on the rock-physics model of Dvorkin et al., which
uses the effective medium theory (EMT) to relate the stiffness of
the sediment dry frame to porosity, mineralogy, and effective
pressure, and uses Gassmann’s equation to model the effect of
water saturation.31 In Ecker’s models, the elastic moduli of the
hydrate-free sediment are firstly expressed as a function of
porosity, mineral and fluid moduli, and effective pressure,
and then modified with respect to the presence of gas hydrates.
Depending on its saturation, hydrate could be placed in the
pore-fluid (pore-filling habit, EMT-A), in the sediment frame
(load-bearing habit, EMT-B), or as a grain contact cement
(cementing habit, EMT-C). To date, several studies have used
this model to estimate the amount of gas hydrate from seismic
data due to its reliability compared to the other available
models and also its consistency with in situ wireline log
data.32–37 A detailed discussion regarding the elastic wave
velocity model together with its formulation can be found in
Appendix A.

3.2. The effective thermal conductivity (ETC) model

An innovative physical model was developed in this study to
interpret the geothermal response of gas hydrate-bearing
permafrost sediments. This new model principally works based
on the pore-scale model we recently developed for the prediction
of the ETC of gas hydrate-free sediments under both unfrozen
and frozen conditions.26 We briefly review the basic model here
and demonstrate how it is modified to incorporate the presence
of hydrates in conjunction with the pore-scale associated
phenomena.

The basic model uses a 3D standard unit cell containing two
monosized touching hemispheres (representing sediment
grains) with a simple cubic (SC) packing configuration and a
flat Hertzian contact interface in contact with the static co-
existing fluids under equilibrium conditions in order to predict
ETC at a specific temperature and pore pressure. To do so, four
main steps are followed. First, the 3D standard unit cell is
constructed, as introduced above, and the contact radius (rc)
is calculated according to the Hertz contact equation as a
function of POB,eff.:

rc ¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3p 1� v2
� �
4E

POB;eff:

3

s
(3)

in which r, n, and E are the hemisphere radius, Poisson’s ratio,
and Young’s modulus, respectively. This step is followed by
placing the unit cell in a cubic domain, voxelising the geometry
with an optimum resolution (in terms of the stabilisation of
results and computational cost), and conducting a multi-
component lattice Boltzmann (LB) simulation to establish the
spatial distribution of the co-existing phases (water and gas) in
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the pore space, ensuring that the fluid–fluid and solid–fluid
interactions are accounted for. In this work, a free-energy LBM
implemented in OpenLB38 was used to conduct the LB simulations,
and detailed information regarding the implementation can be
found elsewhere.39 Water, as the wetting phase, forms a film on
the grain surfaces and builds a bridge in the grain contact
region, in contact with the gas phase when the system reaches its
equilibrium. The status value of each voxel, i.e. its volumetric
water content, under equilibrium conditions is then extracted
and used in the next step, where the thermal conductivity of each
voxel is assigned according to its status and a 3D space
renormalisation technique is utilised to find the ETC of the
cubic domain. The final step is to obtain the ETC of the unit cell
from that of the cubic domain by applying a weighted averaging
method. It should be noted that the LB simulations can be
simply conducted in the lattice units as it is not necessary to
have any unit conversion from the physical units to the lattice
units when starting the LB simulation or vice versa when exporting
the simulation results. This is because the extracted volumetric
water contents are essentially unitless. In addition, ETC is an
intensive parameter and hence must not depend on the size of the
physical domain. Therefore, each voxel has a dimension of 1 �
1 � 1 LL3 (LL stands for the lattice length). Further details in this
regard can be found in our published research article.26

In this work, prior to calculating the ETC of the cubic
domain, the spatial distribution of the co-existing phases is
modified in order to incorporate the presence of hydrates and
the pore-scale associated phenomena. The key property for the
implementation of desired modifications is the status value of the
voxels located in the pore space under equilibrium conditions.
The status value of each voxel in the pore space is in fact its local
water saturation; hence it must be a fraction between 0.0
(pure gas) and 1.0 (pure water). These values would be expected
to be 1.0 in the vicinity of the grain surfaces due to their water-wet
characteristics, decrease gradually while approaching the gas–
water interface, and eventually become 0.0 in the gas phase.
The saturation gradient depends on the total water saturation
(which controls the water film thickness formed around the grain
surfaces), interfacial width, and surface tension. Tuning the status
values of the voxels makes it possible to alter the initial gas and
water distributions as well as the gas–water interface and, accord-
ingly, implement the above modifications. Here, for simplicity, we
introduce an auxiliary parameter called ‘‘voxel content (VC)’’
indicating the constituent an individual voxel is occupied by,
which could be 0 (grain), 1 (water), 2 (ice), 3 (hydrates), or 4 (gas).
When the pore space is only filled with water and gas, the gas–
water interface and consequently the saturations could be
modified by conducting a segmentation on the status values with
an appropriate threshold and then assigning VC for each voxel.
However, when more than two phases co-exist in the pore space,
which is the case in this study, the segmentation procedure
becomes more complicated because it involves considering more
threshold values. It is also essential for the segmentation process
to be physically meaningful.

The co-existence of hydrates, water, ice, and gas in the pore
space was incorporated into the ETC model by following a

procedure detailed below and illustrated in Fig. 1, assuming the
saturation of each co-existing phase is known.

i. Gas saturation adjustment. Our experimental studies
indicate that hydrate formation in a partially saturated sediment
sample is associated with a water saturation decrease, implying
that the volume occupied by hydrate crystals is mainly provided
by water.25 As the hydrate density is lower than water, hydrate
formation results in a slight decrease in gas saturation as well.
Therefore, the initial saturations of gas and water and their
spatial distributions are not the same as theirs when hydrates
exist in the pore space. In order to adjust the initial gas and
water distributions exported from the LB simulation results
(Fig. 1(a)) and get new distributions (Fig. 1(b)), segmentation is
carried out on the status values. The threshold value should be
carefully selected to ensure that the new gas saturation is the
same as its known value. Upon completion of the gas saturation
adjustment, the VC of the voxels filled with gas is set to 4.
Depending on the thermal state, the VC of the other voxels is set
to 1 (water) or 2 (ice) temporarily.

ii. Hydrate incorporation. Hydrate formation in porous
media is a stochastic process and most possibly occur in the
gas–water interface.12 Besides, hydrates could exist in the pore
space with different pore-scale habits (see Section 3.1). To fulfil
these concerns, the spatial distribution of hydrates was placed
in the pore space with a Gaussian pattern in the z-direction
(Fig. 1(c)), where the position of the voxels with the water/ice
content (VC: 1 or 2) located in a given xy-plane (having a
specific z-coordinate) is compared with a threshold value
(H(z)) determined by eqn (4):

H zð Þ ¼ N

2
� Ae

�1
2s2 z�N2
� �2

(4)

and their VC is set to 3 (hydrates) if they are farther than the
threshold. In eqn (4), N is the number of voxels in the x-, y-, and
z-directions, determined by the optimum number of stages
required for the renormalisation process. A and s are two
tuning parameters, controlling the hydrate distribution
pattern.

iii. Unfrozen water saturation adjustment (only under frozen
conditions). At sub-zero temperatures, ice forms in larger pores
with a lower capillary pressure first.40,41 Therefore, water in
smaller pores remains unfrozen, critically contributing to the
heat transfer.26 The amount of unfrozen water essentially
depends on the freezing temperature and further freezing
results in a transformation of a higher amount of unfrozen
water to ice,42 hence a lower TCR. In order to incorporate the
presence of unfrozen water on the grain surfaces (Fig. 1(d)),
another segmentation is carried out on the status values of the
voxels with the ice content (VC: 2). Therefore, under frozen
conditions, the pore space would be expected to include all four
co-existing phases (unfrozen water, ice, hydrates, and gas).

iv. Hydrate/ice-forced heave incorporation. The literature on
ice/hydrates in fine-grained sediments has shown that the
hydrate/ice-forced heave could impact the hydrologic and
thermal properties of permafrost sediments.43–45 Our recent
experimental study on the geothermal characteristics of gas
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hydrate-bearing permafrost sediments revealed the significant
influence of the hydrate-forced heave on the efficiency of heat
conduction.25 In particular, at high hydrate saturations,
hydrate crystals could act as coarse grains, pushing apart the
sediment grains, enlarging the sediment pores, and adversely
affecting the heat transfer. The hydrate/ice-forced heave was
incorporated in the model by placing a hollow ‘‘heave disk’’
containing gas with an adjustable thickness (h) and width (w) in
the regions used to be occupied by hydrates (Fig. 1(e)). It should
be noted that the presence of the heave disk increases the gas
saturation (depending on its thickness and width), which
necessitates revisiting the segmentation conducted to adjust
the gas saturation.

The saturations are calculated after the VC of all the voxels is
assigned, followed by assigning a thermal conductivity value for
each individual voxel according to its VC, and eventually
implementing the 3D renormalisation technique to obtain ETC.

3.3. Coupled geophysical–geothermal scheme

The coupled scheme developed for the prediction of hydrate
saturation in gas hydrate-bearing permafrost sediments comprises
two essential geophysical and geothermal parts, which are
responsible for interpretation of the geophysical response

using an elastic wave velocity model and the geothermal
response using an ETC model, respectively. The scheme is
general and works based on two fundamental facts. First, the
geophysical response of the sediments could be used for the
determination of the pore water content under both unfrozen
and frozen conditions due to its different acoustic properties
compared to the other co-existing phases (ice, gas, and
hydrates). Second, the geothermal response of the sediments
assists in distinguishing gas hydrates from ice under frozen
conditions, thanks to their different intrinsic thermal
conductivity.46 Therefore, all elastic wave velocity and ETC
models available in the literature could be employed in the
coupled scheme if they satisfy the abovementioned criteria.
In this study, we employed the elastic wave velocity and ETC
models detailed in Sections 3.1 and 3.2, respectively, because
they are capable of quantifying the saturations and sufficiently
assist with the determination of the dominant hydrate pore-
scale habit.

The procedure followed by the coupled scheme is detailed
below and illustrated in Fig. 2. It includes two main steps in
which the experimentally measured elastic wave velocities and
ETC of a gas hydrate-bearing permafrost sediment at a given
thermal state (unfrozen/frozen) are interpreted in order to

Fig. 1 Pore-scale spatial distribution of the co-existing phases in the pore space of the standard unit cell: (a) initial water and gas distributions exported
from the LB simulation, (b) water and gas distributions after the gas saturation adjustment, (c) water, gas, and hydrate distributions after incorporating
hydrates in the pore space, (d) unfrozen water, gas, hydrate, and ice distributions after incorporating the unfrozen water content in the pore space under
frozen conditions, and (e) hydrate/ice-forced heave incorporation.
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quantify the saturation of co-existing phases and determine the
dominant hydrate pore-scale habit:

i. To begin with, the water, hydrate, and gas saturations (Sw, Sh,
and Sg, respectively) under unfrozen conditions or the unfrozen
water, ice + hydrate, and gas saturations (Suw, Si + Sh, and Sg,
respectively) under frozen conditions are estimated from the
elastic wave velocities by employing an appropriate rock-physics
model and imposing a hard constraint expressed in eqn (5):X

i

Si ¼ 1 (5)

and minimising an objective function provided in eqn (6):

F1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vP;exp : � vP;mod:

vP;exp :

� �2

þ vS; exp : � vS;mod:

vS;exp :

� �2
s

(6)

where vP,exp. and vS,exp. are the experimentally measured P- and S-
wave velocities, and vP,mod. and vS,mod. are the estimated velocities
by the rock-physics model (EMT-A, B, or C), respectively. The first
arrival of the S-wave is usually difficult to accurately determine,
particularly for low hydrate saturations under unfrozen conditions. If
the measured S-wave velocity is not accurate enough, eqn (7) could
be used instead to avoid uncertain minimisations (which might lead

to unrealistic recognition of the hydrate pore-scale habit):

F1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vP;exp : � vP;mod:

vP;exp :

� �2
s

(7)

A suitable initial guess for the saturations could be their
values when there is no hydrate in the system (hydrate-free
case). In lab-scale studies, these saturations are the values prior
to hydrate formation, and in field-scale studies the saturations
recorded in hydrate-free zones could be used.

ii. Under frozen conditions, the estimated saturations from
the previous step are imported to the ETC model and spatial
distribution of the co-existing phases (unfrozen water, gas,
hydrates, and ice) is established in the pore space. This is
followed by predicting ETC and comparing the estimated value
with the experimentally measured ETC. The main goal here is
to minimise another objective function expressed in eqn (8):

F2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ETCexp : � ETCmod:

ETCexp :

� �2
s

(8)

The above objective function should be minimised by tuning
the spatial distribution of the voxels with hydrate content

Fig. 2 Coupled geophysical–geothermal scheme algorithm.
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(adjusting A and s in eqn (4)) as well as incorporating the
hydrate/ice-forced heave in the pore space, consistent with the
saturations obtained in the previous step. It should be clarified
that the second step is not essential to be taken under unfrozen
conditions (because all the saturations are obtained in the first
step). Nevertheless, the ETC model can still be used to provide
further insights regarding the pore-scale associated phenomena
such as the hydrate pore-scale habit and hydrate/ice-forced heave.

4. Results and discussion
4.1. Experimental results

Fig. 3 illustrates the measured values of the elastic wave
velocities and ETC of methane hydrate-bearing permafrost
sediment samples (with constant hydrates, water, and gas
saturations of B31%, B40%, and B29%, respectively) against
POB,eff. under both unfrozen and frozen conditions. The measured
values at a POB,eff. of 3.45 MPa are those already reported in our
recently published article.25 As observed, increasing POB,eff. results
in higher P- and S-wave velocities and also ETC. These behaviours
are expected and could be simply attributed to the dependence
of the sediment stiffness and TCR on POB,eff.. According to the
Hertz–Mindlin contact theory, a higher grain contact area is
expected when POB,eff. increases.47 In addition, it is more likely
that the number of sediment grains in contact with a given grain
increases at higher POB,eff. values, resulting in further stiffening of
the sediment and enhancing the heat transfer via grain–grain and
grain–fluid–grain mechanisms.

The average enhancement rates of the elastic wave velocities
and ETC are provided in Table 1. As can be seen, both the
P- and S-wave velocities become less sensitive to POB,eff. when
the system temperature goes below the freezing point. The
underlying reason for this behaviour is that the transformation
of pore water to ice further stiffens the host sediment, making
it less compressible. Therefore, further freezing, corresponding
to the transformation of more unfrozen water to ice, results in
the elastic wave velocities becoming less compressible and,
accordingly, less sensitive to POB,eff.. The enhancement rate of

ETC, however, is different; it increases remarkably when the
system temperature goes below the freezing point, and further
freezing makes it less sensitive to POB,eff.. Since ice formation
starts at larger pores,40 the pore-scale habit of ice crystals is
pore-filling at temperatures just below the freezing point and it
is less likely for these crystals to be in contact with the sediment
grains. Increasing POB,eff. can make it possible for the ice
crystals to come in contact with the sediment grains and
enhance the heat conduction. Further freezing, however,
changes the pore-scale habit of ice from pore-filling to load-
bearing and/or cementing, where ice crystals bridge/cement
neighbouring grains and have a substantial contribution to the
heat transfer with a less sensitivity to the magnitude of POB,eff..

In our previous study, we showed that the ETC of gas
hydrate-free sediments does not increase monotonously as a
result of freezing and transformation of unfrozen water to ice.26

It was demonstrated that ETC may experience a number of
stages of elevation depending on the pore-scale distribution of
water, which was understood based on the unification of the
thermal conductivity behaviour and soil water retention
mechanisms.48 In this study, we explored how the elastic wave
velocities and ETC of gas hydrate-bearing sediments change
due to the transformation of water to ice. We conducted further
elastic wave velocity and ETC measurements for the hydrate-
bearing sediment sample at temperatures between �0.5 and
�4.0 1C and a constant POB,eff. of 6.89 MPa. The results are
provided in Fig. 4. As observed, there are two stages of elevation
experienced by the P-wave velocity and ETC, very similar to
what was observed in the hydrate-free case. The underlying
reason is that the water saturation after hydrate formation is

Fig. 3 The measured values of the elastic wave velocities and ETC of gas hydrate-bearing permafrost sediment samples versus the effective overburden
pressure under (a) unfrozen and (b) frozen conditions.

Table 1 Average enhancement rates of the elastic wave velocities and
ETC of gas hydrate-bearing permafrost sediment samples

No. Average enhancement rate

Temperature

3.0 1C 0.5 1C �0.5 1C �3.0 1C

1 P-wave velocity, km (s�1 MPa�1) 0.042 0.044 0.027 0.017
2 S-wave velocity, km (s�1 MPa�1) 0.033 0.031 0.030 0.025
3 ETC, W (m�1 K�1 MPa�1) 0.033 0.029 0.050 0.037
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B40% and its distribution could be described by the funicular
retention regime, where water films form around the grains
and may build up a water network. When transformed to ice,
this network may markedly contribute to stiffening of the
sediment skeleton as it joins the hydrate micro-frame structure;
however, it does not affect the ETC as critically as water in small
pores (referred to as the pendular regime). Therefore, when
water in small pores starts to freeze (around �2.0 1C), a
relatively sharp elevation occurs in ETC, while a mild increase
in the P-wave velocity and an almost monotonous increase in
the S-wave velocity are observed.

4.2. Performance of the ETC model

The modifications detailed in Section 3.2 to incorporate the
presence of hydrates into the basic ETC model must be
physically meaningful, making it necessary to analyse the
sensitivity of the new ETC model to the implemented modifications.
Here, we analyse the sensitivity of the ETC model to the saturation

and pore-scale distribution of hydrates and the hydrate/ice-
forced heave under unfrozen/frozen conditions together with
its sensitivity to the unfrozen water saturation under frozen
conditions. Identical initial saturation (Swi) and spatial
distribution were considered for water in the pore space, prior
to applying the modifications on the model for all the sensitivity
analysis cases. To find the spatial distributions of water and gas,
the geometry of the unit cell was set up, followed by creating,
classifying, and initialising mesh (porosity: 0.40, Swi: 0.59,
POB,eff.: 3.45 MPa, N: 128), and finally running the LB simulation
(see Fig. 5). After implementing the desired modifications in the
model, the thermal conductivity value of each voxel was assigned
according to its VC and the ETC of the cubic domain
was obtained by applying the 3D space renormalisation
technique. Constant thermal conductivity values of 6.35 and
0.51 W m�1 K�1 were considered for the voxels with VC values of
0 (grain) and 3 (hydrates), respectively. The temperature-
dependent thermal conductivity data available in our in-house
software were also used for the voxels with VC values of 1 (water),
2 (ice), and 4 (gas). Eventually, the ETC of the unit cell was
calculated from that of the cubic domain by applying the
weighted averaging method.26

4.2.1. Sensitivity to the saturation and pore-scale habit of
hydrates. As mentioned earlier, A and s in eqn (4) are the tuning
parameters for controlling the saturation and distribution
pattern of hydrates in the pore-space; hence, they could be
adjusted to incorporate hydrates into the model with a specific
pore-scale habit. In order to understand the sensitivity of the
ETC model to the saturation and pore-scale habit of hydrates,
ETC was predicted at different hydrate saturations and distribution
patterns by changing A and s. The obtained values were divided by
ETC in the hydrate-free case and are plotted in Fig. 6(a) and (b)
against the hydrate saturation under both unfrozen and frozen
conditions, respectively. As can be seen, as the hydrate saturation
increases in the system, the ETC decreases under both unfrozen
and frozen conditions. This is because the content of a number of
voxels previously filled with water/ice (in the gas–water/ice interface)
is replaced by hydrates, a constituent with a lower intrinsic thermal
conductivity and a higher thermal resistance. This decreasing

Fig. 4 Measured elastic wave velocities and ETC of the hydrate-bearing
sediment sample at temperatures between �0.5 and �4.0 1C and a
constant POB,eff. of 6.89 MPa. Insets show the pore-scale distribution of
unfrozen water under frozen conditions schematically.

Fig. 5 (a) 3D view of the discretised cubic domain and (b) water distribution under equilibrium conditions in the cubic domain at an initial volumetric
saturation of 59%.
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behaviour highly depends on the thermal state as well as the
distribution pattern of hydrates. As can be seen, the impact is more
under the frozen conditions, where the voxels previously filled by
ice are replaced by hydrates with a significantly lower intrinsic
thermal conductivity.

The hydrate distribution at lower A values should be
described by the pore-filling habit (see Fig. 6(c)), where the
voxels containing hydrates are mainly distributed in the gas–
water interface and the content of a limited number of voxels
changes to hydrates as a result of increasing s. In contrast, at
higher A values, the hydrate distribution could be described by
the load-bearing or even cementing habit (see Fig. 6(d)), where
increasing s allows the content of a higher number of voxels to
change to hydrates. These voxels may even come in contact
with the grains and have a greater contribution to the heat
conduction. Therefore, the decrease in the ETC ratio is more
drastic for the cases with a higher A value.

4.2.2. Sensitivity to unfrozen water saturation under frozen
conditions. To understand the sensitivity of the ETC model to
unfrozen water saturation, ETC was predicted at different
unfrozen water and hydrate saturations and the results are

provided in Fig. 7. We also plotted the corresponding
elastic wave velocities using the rock-physics model (EMT-C),
assuming hydrates and ice envelop the grains, which is
reasonable given the considered unfrozen water saturations are
all less than 10%.

According to Fig. 7(a), the value of ETC in both hydrate-free
and hydrate-bearing cases depends upon the saturation and
pore-scale distribution of unfrozen water. The wettability
characteristics of the grain surface necessitate water to be
distributed on the grain surface, particularly in the vicinity of
the grain contact regions, where the capillary pressure is
higher. Similar to our discussion in Section 4.2.1, the satura-
tion and pore-scale habit of hydrates are both significant
factors here: the replacement of ice with hydrates results in a
lower ETC and the pore-filling habit (lower A values) does not
influence the ETC as substantially as the load-bearing and
cementing habits (higher A values). In Fig. 7(b), it can be seen
that both P- and S-wave velocities are sensitive to the unfrozen
water content; however, they are unable to capture the presence
of hydrates given that almost identical elastic moduli are
assumed for hydrates and ice.

Fig. 6 Sensitivity of the ETC model to the saturation and pore-scale habit of hydrates: ETC ratio versus the hydrate saturation under (a) unfrozen
conditions (T: 3 1C, PPore: 3.45 MPa, Sg: 0.40, ETCHydrate-free: 2.319 W m�1 K�1) and (b) frozen conditions (T: �3 1C, PPore: 2.28 MPa, Sg: 0.33, Suw: 0.10,
ETCHydrate-free: 3.571 W m�1 K�1), together with the typical pore-scale distribution of the co-existing phases in the cubic domain under frozen conditions
with (c) A = N/8 and s = 20, and (d) A = N/4 and s = 20.
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4.2.3. Sensitivity to the hydrate/ice-forced heave. We
investigated the sensitivity of the ETC model to the hydrate/
ice-forced heave by placing a heave disk in the model, adjusting
its thickness and width, and eventually predicting ETC under
unfrozen and frozen conditions. The obtained values were then
normalised by the predicted ETC without the heave and are
plotted in Fig. 8 versus the penetration depth. As observed in
Fig. 8, the impact of the heave on the efficiency of the heat
transfer under both unfrozen and frozen conditions mainly
depends on its penetration length and its influence on the
thermal resistance in regions in the vicinity of the grain contact
area. It can be seen that the heave with different thickness
values does not affect ETC at lower penetration depths, in
contrast to the higher depths where the ETC is substantially
influenced. This is because further penetration of the heave is
associated with alteration of the voxel contents from hydrates
and/or ice to gas, the constituent with the lowest intrinsic
thermal conductivity, in regions close to the grain contact area.

4.3. Performance of the coupled scheme

We utilised the experimental results discussed in Section 4.1
together with the experimental data provided in our recently
published article to validate the applicability of the coupled

scheme. The published study was conducted for characterisation
of the geophysical and geothermal responses of gas hydrate-
bearing permafrost sediments, reporting the elastic wave
velocities and ETC of simulated gas hydrate-bearing sediment
samples in a wide range of hydrate saturations and at a constant
POB,eff. of 3.45 MPa.25 The measured properties for the published
study together with the measurement errors are available at
https://doi.org/10.17632/xj4bhkw9sz.1.

The experimentally determined elastic wave velocities and
ETC were imported to the coupled scheme to predict the
saturation of the co-existing phases, as demonstrated in Section
3.3. The predicted saturations were then compared with those
obtained experimentally, enabling us to test the performance of
the coupled scheme. The values of the elastic moduli provided
by Waite et al.46 and the intrinsic thermal conductivity values
presented in Section 4.2 were used in the geophysical
and geothermal parts, respectively. POB,eff. consistent with its
experimental value (3.45, 6.89, or 10.34 MPa) was also
considered when constructing the standard unit cell of the
ETC model. It should be noted that we endeavoured to have a
similar saturation for a given constituent when conducting the
geophysical and geothermal experiments. However, the
experimentally determined saturations were somewhat different,

Fig. 7 Sensitivity of the ETC model to the unfrozen water saturation at different hydrate distribution patterns: (a) ETC versus the hydrate saturation (T:�3 1C, PPore:
2.28 MPa, Sg: 0.33) and (b) predicted P- and S-wave velocities determined by the rock-physics model (EMT-C), showing no sensitivity to the hydrate saturation.

Fig. 8 Sensitivity of the ETC model to the hydrate/ice-forced heave: ETC ratio versus the heave penetration depth under (a) unfrozen conditions (T: 3 1C,
PPore: 3.45 MPa, Sg: 0.40, Sw: 0.00, Sh: 0.60, ETCNo heave: 1.903 W m�1 K�1) and (b) frozen conditions (T: �3 1C, PPore: 2.28 MPa, Sg: 0.40, Suw: 0.08, Sh + Si:
0.52, ETCNo heave: 3.546 W m�1 K�1). LL stands for the lattice length.
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and hence their average values were compared with the
saturations predicted by the coupled scheme. In addition, under
frozen conditions, the predicted unfrozen water saturation was
added to the ice saturation to be compared with the experimental
values because the unfrozen water content was not measured in
the experiments. We chose to employ EMT-B to interpret the
elastic wave velocities under unfrozen conditions because our
experimental results show the evolution of the S-wave velocity
even at low hydrate saturations, which cannot be accounted for by
EMT-A. We also assumed that ice and hydrates coat the grains
under frozen conditions and hence used EMT-C to interpret the
elastic wave velocities.

The experimental and predicted saturations of the co-existing
phases together with the PT conditions are tabulated in Table 2.
The experimental and predicted values of the elastic wave
velocities and ETC are also available in the ESI.1 The relative
deviation of each saturation was calculated using eqn (9):

Rel: deviationjSj %ð Þ ¼ Sj;Predicted � Sj;Experimental

Sj;Experimental

����
����� 100 (9)

Comparing the predicted saturations with the experimentally
determined values in Table 2 evidently shows the reliability and
applicability of the proposed coupled scheme for the prediction
of the hydrate saturation in permafrost sediments. It can be seen
that the relative deviations of the predicted saturations from their
experimental values are generally less than 15% for all constituents

at lower hydrate saturations. Relative deviations higher than 15%
are also observed at higher hydrate saturations or elevated POB,eff..
The accuracy of the saturation predictions highly depends on the
accuracy of the input parameters (the elastic wave velocities and
ETC) and the reliability of the elastic wave velocity and ETC models
employed in the coupled scheme. Hence, the high relative devia-
tions could be due to the fact that the experimentally determined
saturations from the geophysical and geothermal experiments were
averaged and then compared with the predicted saturations. In
other words, the averaged saturations would be expected to be
correlated with the measured elastic wave velocities and ETC with a
lower accuracy. However, some other factors may also contribute to
these deviations, which are discussed below.

At a constant POB,eff. of 3.45 MPa, it is observed that the relative
deviations for all constituents are lower under frozen conditions
compared with those obtained under unfrozen conditions. This
interesting behaviour is expected as the travel time (hence the
velocity) of the elastic waves is clearer to pick under frozen
conditions (where the transformation of pore water to ice
markedly stiffens the host sediment), leading to a lower uncer-
tainty of the measurement. Similarly, when the hydrate saturation
increases under both unfrozen and frozen conditions, it is
expected that the travel time of the elastic waves is identified
more precisely, and the predicted saturations become more
accurate. However, such a behaviour is not observed for the
relative deviations of the water saturation. The main reason for
this is the fact that when the experimentally determined

Table 2 Experimental and predicted saturations of the co-existing phases together with the PT conditions used for testing the performance of the
coupled geophysical–geothermal scheme. The relative deviations have been calculated using eqn (9)

No.

PT conditions

Saturations

Experimental Predicted Relative deviation (%)

POB,eff (MPa) PPore (MPa) T (1C) Sh (�) Sw (�) Sg (�) Sh (�) Sw (�) Si (�) Sg (�) Sh (%) Sw (%) Si (%) Sg (%)

1 3.45 3.57 3.1 0.00 0.58 0.42 0.00 0.54 — 0.46 — 6.9 — 9.5
2 3.45 3.10 0.4 0.00 0.58 0.42 0.00 0.54 — 0.46 — 6.9 — 9.5
3 3.45 2.98 �0.6 0.00 0.63 0.37 0.00 0.43 0.19 0.38 — 1.6 2.7
4 3.45 2.33 �3.1 0.00 0.63 0.37 0.00 0.20 0.42 0.38 — 1.6 2.7
5 3.45 3.40 2.8 0.20 0.44 0.37 0.22 0.42 — 0.36 10.0 4.5 — 2.7
6 3.45 2.70 0.5 0.20 0.44 0.37 0.22 0.42 — 0.36 10.0 4.5 — 2.7
7 3.45 2.44 �0.5 0.20 0.46 0.35 0.21 0.32 0.11 0.36 5.0 6.5 2.9
8 3.45 2.28 �2.9 0.20 0.47 0.33 0.21 0.11 0.34 0.34 5.0 4.3 3.0
9 3.45 3.46 2.9 0.30 0.36 0.35 0.33 0.32 — 0.35 10.0 11.1 — 0.0
10 3.45 2.71 0.5 0.30 0.36 0.35 0.33 0.32 — 0.35 10.0 11.1 — 0.0
11 3.45 2.45 �0.6 0.30 0.39 0.31 0.32 0.26 0.08 0.34 6.7 12.8 9.7
12 3.45 2.26 �3.0 0.30 0.39 0.31 0.32 0.07 0.27 0.34 6.7 12.8 9.7
13 3.45 3.55 3.0 0.42 0.27 0.33 0.40 0.27 — 0.33 4.8 0.0 — 0.0
14 3.45 2.75 0.6 0.42 0.27 0.33 0.40 0.27 — 0.33 4.8 0.0 — 0.0
15 3.45 2.49 �0.5 0.42 0.29 0.30 0.40 0.24 0.05 0.31 4.8 0.0 3.3
16 3.45 2.31 �2.9 0.42 0.29 0.30 0.41 0.05 0.24 0.30 2.4 0.0 0.0
17 3.45 3.47 2.9 0.55 0.17 0.29 0.56 0.20 — 0.24 1.8 17.6 — 17.2
18 3.45 2.75 0.6 0.55 0.17 0.29 0.56 0.20 — 0.24 1.8 17.6 — 17.2
19 3.45 2.50 �0.5 0.55 0.18 0.28 0.55 0.18 0.03 0.24 0.0 16.7 14.3
20 3.45 2.25 �3.0 0.55 0.18 0.28 0.55 0.05 0.17 0.23 0.0 22.2 17.9
21 6.89 3.40 3.1 0.32 0.37 0.32 0.34 0.31 — 0.35 6.3 16.2 — 9.4
22 6.89 2.70 0.5 0.32 0.37 0.32 0.34 0.31 — 0.35 6.3 16.2 — 9.4
23 6.89 2.45 �0.5 0.33 0.40 0.28 0.35 0.26 0.07 0.32 6.1 17.5 14.3
24 6.89 2.30 �3.0 0.33 0.40 0.28 0.35 0.07 0.26 0.32 6.1 17.5 14.3
25 10.34 3.45 3.0 0.31 0.39 0.30 0.34 0.31 — 0.35 9.7 20.5 — 16.7
26 10.34 2.75 0.5 0.31 0.39 0.30 0.34 0.31 — 0.35 9.7 20.5 — 16.7
27 10.34 2.45 �0.5 0.33 0.42 0.26 0.36 0.24 0.08 0.32 9.1 23.8 23.1
28 10.34 2.30 �3.1 0.33 0.42 0.26 0.36 0.07 0.25 0.32 9.1 23.8 23.1
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saturation for a given constituent is low, a small absolute devia-
tion may lead to a high relative deviation (see eqn (9)). This
behaviour could also be related to the modification we proposed
to incorporate the hydrate/ice-forced heave into the ETC model.
We discussed that the presence of the hydrate/ice-forced heave
may significantly impact the thermal properties of the permafrost
sediments; however, there is still a lack of fundamental under-
standing of this phenomenon. For example, it is still unclear (i)
where the heave is mostly possible to occur, (ii) how it extends,
and (iii) which constituent (water or gas) it is filled with. We fitted
a hollow heave disk filled with gas to the ETC model and showed
that this configuration can capture the effect of the heave on ETC
in Section 4.2.3. However, as discussed in Section 3.2, adding the
heave disk necessitates revisiting the segmentation conducted to
adjust the gas saturation, which may cause deviation of the
predicted gas and water saturations from the experimental values.
For example, the performance of the coupled scheme is excellent
at a hydrate saturation of B40% under both unfrozen and frozen
conditions. This means that the effect of the heave disk on ETC
has been captured successfully. However, the relative deviations
for the water saturation are more than 15% high at a hydrate
saturation of B50%, probably due to further extension of the
heave toward the grain contact area, which is not accounted for in
the current ETC model. We believe that further experimental
studies with a focus on the heave characteristics may help with its
more realistic incorporation into the ETC model.

At a constant hydrate saturation of B30%, it is observed that
the relative deviations for the water and gas saturation increase
when POB,eff increases. Interestingly, it can be seen that the gas
saturation is overestimated, while the water saturation is under-
estimated under both unfrozen and frozen conditions. The main
reason underlying this behaviour could be the fact that the
presence of the hydrate/ice forced-heave results in a lower ETC,
which is accounted for by adding a heave disk to the ETC model. As
discussed in Section 3.2, the heave disk is essentially filled with the
gas phase, resulting in an increase for the predicted gas saturation
and a decrease for the water saturation. Another potential reason
for the deviation of the predicted saturations from their experi-
mental values is that the grain–grain heat transfer through the
contact area is incorporated into the ETC model by employing the
Hertz contact equation. Even though the effect of the overburden
pressure is included in this equation, it cannot account for the
cases in which the number of sediment grains in contact with a
given grain increases due to higher POB,eff. values.

5. Conclusion

In this study, a coupled geophysical–geothermal scheme was
developed for the quantification of hydrates in gas hydrate-bearing
permafrost sediments. The scheme comprised two main parts: a
rock-physics model, interpreting the geophysical response (the
elastic wave velocities), and a new ETC model, which interprets
the geothermal response (ETC). Due to its importance, the effect of
POB,eff. on the geophysical and geothermal responses of gas hydrate-
bearing permafrost sediments was experimentally investigated first

by measuring the elastic wave velocities and ETC of methane
hydrate-bearing permafrost sediment samples at different POB,eff..
The results showed that increasing POB,eff. leads to higher elastic
wave velocities and ETC due to the dependence of the sediment
stiffness and TCR on the overburden pressure. Next, we analysed
the sensitivity of the new ETC model to the hydrate presence and
pore-scale habit, unfrozen water saturation (under frozen condi-
tions), and the hydrate/ice-forced heave, and ensured that the
modifications are all incorporated into the model in a physically
meaningful manner. The performance of the coupled scheme was
eventually tested by using the experimental data together with the
available results of our recent experimental study conducted for the
characterisation of the geophysical and geothermal responses of
gas hydrate-bearing permafrost sediments. It was indicated that the
coupled scheme is able to predict the saturation of the co-existing
phases in gas hydrate-bearing permafrost sediment samples with a
good accuracy in a wide range of hydrate saturations and at
different overburden pressures. The scheme was also shown to
be able to predict the unfrozen water content as well as distinguish
hydrates from ice under frozen conditions. The outcome of this
study could be used for the development of large-scale permafrost
monitoring systems and accurate quantification of natural gas
hydrates in cold regions.
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Appendix A

The detailed formulation of Ecker’s models is as follows:

Gas hydrate-free sediments

The bulk and shear moduli of the dry frame of a given gas
hydrate-free sediment (Kdry and Gdry, respectively) are obtained
using eqn (A.1):

fofc:

Kdry ¼
f=fc

KHM þ
4

3
GHM

þ 1� f=fc

K þ 4

3
GHM

2
64

3
75
�1

�4
3
GHM

Gdry ¼
f=fc

GHM þ Z
þ 1� f=fc

Gþ Z

� 	�1
�Z

f � fc:

Kdry ¼
1� fð Þ= 1� fcð Þ

KHM þ
4

3
GHM

þ f� fcð Þ= 1� fcð Þ
4

3
GHM

2
64

3
75
�1

�4
3
GHM

Gdry ¼
1� fð Þ= 1� fcð Þ

GHM þ Z
þ f� fcð Þ= 1� fcð Þ

Z

� 	�1
�Z

(A.1)
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where

Z ¼ GHM

6

9KHM þ 8GHM

KHM þ 2GHM

� 	
(A.2)

and

KHM ¼
G2n2 1� fcð Þ2

18p2 1� nð Þ2
P

" #1
3

GHM ¼
5� 4n
5 2� nð Þ

3G2n2 1� fcð Þ2

2p2 1� nð Þ2
P

" #1
3

(A.3)

In these equations, f is the porosity, fc is the critical
porosity (B40%), n is the average number of contacts per grain
in a bulk unit (B8.5), P is the effective pressure, and n is the
Poisson’s ratio of the sediment grains. K and G are the bulk and
shear moduli of the sediment grains, respectively, calculated
from the moduli of the constituents (Ki and Gi) and their
volumetric fraction (fi) using Hill’s average:

K ¼ 1

2

X
i

fiKi þ
X
i

fi

Ki

 !�12
4

3
5

G ¼ 1

2

X
i

fiGi þ
X
i

fi

Gi

 !�12
4

3
5

(A.4)

Gassmann’s equation can be used to obtain the saturated
bulk and shear moduli (Ksat and Gsat, respectively):

Ksat ¼ K
fKdry � 1þ fð ÞKfKdry=K þ Kf

1� fð ÞKf þ fK � KfKdry=K

Gsat ¼ Gdry

(A.5)

where Kf is the bulk modulus of the pore fluid (pore water
and gas):

Kf ¼
Sw

Kw
þ 1� Sw

Kg

� 	�1
(A.6)

where Sw is the water saturation, and Kw and Kg are the bulk
moduli of water and gas, respectively.

Gas hydrate-bearing sediments
Model A: pore-filling habit

In this case, Kf is modified only to incorporate the presence of
hydrates (with the bulk moduli of Kh and Gh, and saturation of Sh):

Kf ¼
Sw

Kw
þ Sh

Kh
þ 1� Sw � Sh

Kg

� 	�1
(A.7)

Model B: load-bearing habit

In this case, gas hydrates reduce the porosity and alter the
saturated bulk and shear moduli. The reduced porosity (fr) can
be calculated using eqn (A.8):

fr = f(1 � Sh) (A.8)

The elastic moduli of the sediment can be calculated using
Hill’s average:

K ¼ 1

2
fhKh þ 1� fhð ÞKs þ

fh

Kh
þ 1� fh

Ks

� ��1" #

G ¼ fhGh þ 1� fhð ÞGs þ
fh

Gh
þ 1� fh

Gs

� ��1" # (A.9)

where

fh ¼
fSh

1� f 1� Shð Þ (A.10)

and Ks and Gs are the elastic moduli of the original sediment
grains.

Model C: cementing habit

In this case, the porosity decreases and the saturated bulk and
shear moduli are altered. Eqn (A.8) can be used to obtain the
reduced porosity; however, changes in the elastic moduli
should be incorporated based on the cementation theory of
Dvorkin and Nur.49

Kdry ¼
n 1� fcð Þ

6
Kh þ Ghð ÞSn

Gdry ¼
5

3
kdry þ

3n 1� fcð Þ
20

GhSt

(A.11)

where

Sn ¼ An Lnð Þa2 þ Bn Lnð Þaþ Cn Lnð Þ

An Lnð Þ ¼ �0:024153Ln
�1:3646

Bn Lnð Þ ¼ 0:20405Ln
�0:89008

Cn Lnð Þ ¼ 0:00024649Ln
�1:9864

Ln ¼
2Gh

pG
1� nð Þ 1� nhð Þ

1� 2nh

(A.12)

and

St ¼ At Lt; nð Þa2 þ Bt Lt; nð Þaþ Ct Lt; nð Þ

At Lt; nð Þ ¼ �10�2 2:26n2 þ 2:07n þ 2:3
� �

L0:079n2þ0:1754n�1:342
t

Bt Lt; nð Þ ¼ 0:0573n2 þ 0:0937n þ 0:202
� �

L0:0274n2þ0:0529n�0:8765
t

Ct Lt; nð Þ ¼ 10�4 9:654n2 þ 4:945n þ 3:1
� �

L0:01867n2þ0:4011n�1:8186
t

Lt ¼
Gh

pG
(A.13)

Gh and uh are the shear modulus and Poisson’s ratio of pure
hydrates, respectively, and a is the ratio of the radii of cemented
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particles and sediment grains:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Shf

3 1� fð Þ

s
(A.14)

Finally, the P- and S-wave velocities can be calculated using
eqn (A.15):

vP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksat þ

4

3
Gsat

rb

vuuut

vS ¼
ffiffiffiffiffiffiffiffi
Gsat

rb

s (A.15)

where rb stands for the bulk density of the sediment
expressed by

rb ¼ 1� fð Þrs þ f rwSw þ rhSh þ rg 1� Sw � Shð Þ

 �

(A.16)

in which rs, rw, rh, and rg are the grain, pore water, hydrate,
and gas densities, respectively.
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5 IPCC, H.-O. Pörtner, Roberts, C. Debra, V. Masson-
Delmotte, P. Zhai, M. Tignor, E. Poloczanska,
K. Mintenbeck, A. Andrés, M. Nicolai, A. Okem, J. Petzold,
B. Rama and N. M. Weyer, IPCC Special Report on the
Ocean and Cryosphere in a Changing Climate, Eds 2019.

6 O. Aygün, C. Kinnard and S. Campeau, Impacts of Climate
Change on the Hydrology of Northern Midlatitude Cold
Regions, Prog. Phys. Geogr. Earth Environ., 2019, 44(3),
338–375, DOI: 10.1177/0309133319878123.

7 D. Streletskiy, O. Anisimov and A. Vasiliev, Permafrost
Degradation, Snow and Ice-Related Hazards, Risks, and
Disasters, Academic Press, Boston, 2015, pp. 303–344, DOI:
10.1016/B978-0-12-394849-6.00010-X.

8 M. A. Walvoord, C. I. Voss and T. P. Wellman, Influence of
Permafrost Distribution on Groundwater Flow in the Con-
text of Climate-Driven Permafrost Thaw: Example from
Yukon Flats Basin, Alaska, United States, Water Resour.
Res., 2012, 48, W07524, DOI: 10.1029/2011WR011595.

9 S. L. Painter, E. T. Coon, A. L. Atchley, M. Berndt,
R. Garimella, J. D. Moulton, D. Svyatskiy and C. J. Wilson,
Integrated Surface/Subsurface Permafrost Thermal Hydrol-
ogy: Model Formulation and Proof-of-Concept Simulations,
Water Resour. Res., 2016, 52(8), 6062–6077, DOI: 10.1002/
2015WR018427.

10 H. Park; Y. Dibike; F. Su and J. X. Shi, Cold Region Hydro-
logic Models and Applications, Arctic Hydrology, Permafrost
and Ecosystems, Springer, 2021, pp. 763–794, DOI: 10.1007/
978-3-030-50930-9_26.

11 J. Yang, A. Hassanpouryouzband, B. Tohidi, E. Chuvilin,
B. Bukhanov, V. Istomin and A. Cheremisin, Gas Hydrates
in Permafrost: Distinctive Effect of Gas Hydrates and Ice on
the Geomechanical Properties of Simulated Hydrate-
Bearing Permafrost Sediments, J. Geophys. Res.: Solid Earth,
2019, 124(3), 2551–2563, DOI: 10.1029/2018JB016536.

12 A. Hassanpouryouzband, E. Joonaki, M. Vasheghani Fara-
hani, S. Takeya, C. Ruppel, J. Yang, N. J. English,
J. M. Schicks, K. Edlmann, H. Mehrabian, Z. M. Aman and
B. Tohidi, Gas Hydrates in Sustainable Chemistry, Chem. Soc.
Rev., 2020, 49(15), 5225–5309, DOI: 10.1039/c8cs00989a.

13 Y. Zhang and P. Taboada-Serrano, Model for Gas-Hydrate
Equilibrium in Porous Media That Incorporates Pore-Wall
Properties, Phys. Chem. Chem. Phys., 2020, 22(19),
10900–10910, DOI: 10.1039/d0cp01263g.
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