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climate-driven evolution of gas
hydrate-bearing permafrost sediments:
implications for prediction of environmental
impacts and security of energy in cold regions†

Mehrdad Vasheghani Farahani, a Aliakbar Hassanpouryouzband, ab

Jinhai Yang *a and Bahman Tohidia

The present study investigates the evolution of gas hydrate-bearing permafrost sediments against the

environmental temperature change. The elastic wave velocities and effective thermal conductivity (ETC)

of simulated gas hydrate-bearing sediment samples were measured at a typical range of temperature in

permafrost and wide range of hydrate saturation. The experimental results reveal the influence of several

complex and interdependent pore-scale factors on the elastic wave velocities and ETC. It was observed

that the geophysical and geothermal properties of the system are essentially governed by the thermal

state, saturation and more significantly, pore-scale distribution of the co-existing phases. In particular,

unfrozen water content substantially controls the heat transfer at sub-zero temperatures close to the

freezing point. A conceptual pore-scale model was also proposed to describe the pore-scale distribution

of each phase in a typical gas hydrate-bearing permafrost sediment. This study underpins necessity of

distinguishing ice from gas hydrates in frozen sediments, and its outcome is essential to be considered

not only for development of large-scale permafrost monitoring systems, bus also accurate quantification

of natural gas hydrate as a potential sustainable energy resource in cold regions.
1. Introduction

Gas hydrates are ice-like crystalline nonstoichiometric
compounds comprised of suitably sized gas molecules,
predominantly methane, enclosed within a solid lattice of water
molecules.1,2 They form where there is a sufficient supply of
water and gas at favorable thermodynamic conditions of high
pressure and low temperature.3 Huge volumes of natural gas
hydrates are deposited along the continental shelf and slope
regions, and in permafrost areas, inland seas and freshwater
lakes.4 Given their remarkable gas storage capacity and abun-
dant occurrence in nature, gas hydrate-bearing sediments are
potentially regarded as low carbon energy resources in the near
future.5,6 Tremendous research effort has been conducted so far
to tackle technical and economic hurdles in order to develop
commercially viable and environmentally friendly exploitation
techniques.7–9 Furthermore, injection of CO2 or CO2-contained
mixtures into gas hydrate-bearing sediments is a promising and
efficient technique for simultaneous methane recovery and
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direct capture and storage of CO2.10–14 From a different
perspective, however, gas hydrate-bearing sediments play an
important role in the global carbon cycle inuencing the Earth's
climate,15 as methane is 20–30 times more potent as a green-
house gas than CO2.16 Ocean and atmospheric warming may
disturb the thermal stability of hydrates, resulting in hydrate
dissociation and methane release into the marine environment
and overlying sediments.17 Methane and methane-derived
carbon may eventually reach the atmosphere and exacerbate
the greenhouse effect. This, in turn, could impend further
temperature rise which drives releasing the enormous reserves
of methane, leading to a circular reaction which would accel-
erate global warming.18 Nevertheless, methane release from
hydrate-bearing sediments is believed to be slow and chronic
rather than catastrophic at present, because of several miti-
gating factors such as the depth and thickness of the hydrate
stability zone, strong sediment and water column sinks and
inability of methane bubbles seeped into the seaoor to reach
the atmosphere.17,19 Global warming together with seasonal
changes and anthropogenic activities, however, could be still
unfavorable given gas hydrate stability is extremely sensitive to
temperature.20 Gas hydrate dissociation may substantially alter
physical properties of the host sediment, particularly its
geothermal and mechanical characteristics, resulting in serious
geohazards such as sediment deformation and slides and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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submarine slope failure in continental margins.16 It may also
cause wellbore instability during drilling and casing
deformation/collapse during production through gas hydrate-
bearing zones.21 In regions underlain by ice-rich permafrost,
ice thawing and hydrate dissociation could induce settlement of
the ground surface and severely damage human
infrastructure.22

Ice and gas hydrates both have similar elastic moduli.23

Therefore, the presence of hydrates enhances the skeletal
stiffness of the host sediment and consequently, results in
higher elastic wave velocities.24 This feature has led a tremen-
dous number of eld-scale studies, mainly aiming at mapping
and quantifying gas hydrates in oceanic and terrestrial sedi-
ments using seismic techniques, a detailed review in this regard
can be found elsewhere.2 Given the conventional exploration
techniques primarily rely on the evolution of geophysical
response of gas hydrate-bearing sediments, considerable work
has been conducted in laboratory to investigate the pore-scale
processes accompanying hydrate formation in porous media
in order to understand how hydrates alter the skeletal proper-
ties of the host sediment and inuence the magnitude of the
compressional (P) and shear (S) wave velocities.25 Various
empirical and physics-based methods have been also developed
to establish a relationship between the elastic wave velocities
and hydrate saturation, and thereby predict the physical prop-
erties of gas hydrate-bearing sediments.26 However, there is still
lack of fundamental knowledge regarding the pore-scale
phenomena inuencing the physical properties of permafrost,
particularly gas hydrate-bearing permafrost sediments
compared to merely frozen or hydrate-bearing unfrozen sedi-
ments.20 The biggest challenge is that the seismic techniques
fail to distinguish gas hydrates from ice due to their similar
acoustic properties. In addition, it is not possible to mark
permafrost-associated gas hydrates since bottom simulating
reectors (BSRs) are not likely to occur in permafrost
settings.17,27

Thermal evolution of permafrost is governed by coupled
thermal-hydrological processes on the surface and in the
subsurface.28 Thus, the performance of permafrost modeling
approaches in different applications such as permafrost
proneness modeling and freezing soil evolution modeling
essentially depends on the thermal and hydraulic conductivities
tted to the model. These physical properties depend not only
on the saturations of the co-existing phases, but also their pore-
scale distribution and interfacial effects.2 In our recently pub-
lished study, we have shown that the heat transfer in unsatu-
rated porous medium is a complex phenomenon affected by
several important pore-scale mechanisms. In particular, we
discussed how the effective thermal conductivity (ETC) is
inuenced by the co-existence of ice, unfrozen water, and gas at
frozen conditions.29 It should be noted that the presence of
different minerals (silt, clay, .) and their interaction with pore
water inuence not only the physical properties of the host
sediment, but also the pore-scale distribution of the co-existing
phases in pore space,40 particularly at frozen conditions, where
the unfrozen water content occupying small pores critically
contributes to the heat tranfer.29 The presence of hydrates adds
© 2021 The Author(s). Published by the Royal Society of Chemistry
further complexities, which is required to be well understood
and accounted for in both lab- and eld-scale studies; other-
wise, the prediction of the thermal response of gas hydrate-
bearing permafrost sediments would be erroneous. Interest-
ingly, ETC is the physical property which could be sufficiently
used to describe the unique features of gas hydrate-bearing
permafrost sediments and particularly, distinguishing gas
hydrates and ice from each other at frozen conditions. The
reason is that (i) ETC depends on the intrinsic thermal
conductivity and volume fraction of each individual constituent
as well as the pressure, temperature, porosity, and grain
packing structure30 and (ii) the intrinsic thermal conductivity of
gas hydrates is almost four times lower than that of ice.31

Although ETC of gas hydrate-bearing sediments has been
extensively investigated at unfrozen conditions, little work has
been carried out at frozen conditions to the best of our knowl-
edge.32–35 There is also another challenge when investigating the
thermal response of natural gas hydrate-bearing sediments:
how to distinguish methane hydrates from water despite their
quite similar intrinsic thermal conductivity values.23

In this article, we report experimental measurements of the
elastic wave velocities and ETC of methane hydrate-bearing
permafrost sediment samples at a typical range of tempera-
ture in permafrost and different hydrate saturations (up to
60%). The primary aim is to develop a profound understanding
of the pore-scale phenomena inuencing the climate-driven
evolution of gas hydrate-bearing permafrost sediments. Our
particular interest is on the co-existence of hydrates, ice,
unfrozen water, and free gas at different sub-zero temperatures
to explain how they contribute to the evolution of the acoustic
and thermal properties of the host sediment. A conceptual pore-
scale model will be also developed to describe gas hydrate-
bearing permafrost sediments at both unfrozen and frozen
conditions based on their measured elastic waves and ETC.
Ultimately, a detailed discussion will be provided regarding the
potential contribution of this study on the prediction of the
environmental impacts and energy security in cold regions.
2. Experimental section
2.1. Materials

Research-grade methane and N2 with certied purities of
99.995 vol% were supplied by BOC Limited. Deionized water
was produced using an Integral Water Purication System
(ELGA DV 25). A well-characterized silica sand from Fife, Scot-
land was used as the porous media. The silica sand has
a density (rs) of 2.64 g cm�3, particle sizes ranging from 1.2 to
600 mm, and a mean diameter of 256.5 mm.36
2.2. Experimental apparatus

Two high-pressure cylindrical cell setups were employed to
conduct the experiments. The schematic diagram of the setup
used for the measurement of the elastic wave velocities is
depicted in Fig. 1. The conguration is the same for the other
apparatus except the cell is equipped with a needle probe for
measurement of ETC (see ref. 29). Each setup consists of a high-
RSC Adv., 2021, 11, 14334–14346 | 14335
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Fig. 1 Schematic diagram of the high-pressure setup used for measurement of the elastic wave velocities. The configuration for the setup used
for measurement of ETC is the same except a needle probe is mounted on the fixed endcap of the cell instead of the ultrasonic transducers.
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pressure 316 stainless steel cell (maximum working pressure of
�42 MPa, inner diameter of 75 mm and inner length of 150
mm), movable piston, pressure/temperature maintaining unit
and data measurement and acquisition unit. The movable
piston was installed at one end of the cell and driven by the
hydraulic pressure exerted behind by a Quizix pump (SP-5200,
Vindum Engineering Inc., USA) with dual cylinders to keep
specimen compacted at a desired effective overburden pressure.
A linear variable differential transmitter (LVDT) was also
mounted on the piston rod to determine its position, enabling
us to calculate the instantaneous volume hence the porosity of
the specimen. The cell is surrounded by an integral cooling
jacket connected to a cryostat to maintain the system temper-
ature at a desired value. A platinum-resistance thermometer
with a precision of �0.1 �C (Pt100, TC Ltd) was also coated in
the cell to measure the system temperature. Two calibrated
Druck pressure transducers with an accuracy of�0.05 MPa were
used to measure the pore and overburden pressures, respec-
tively. As shown in Fig. 1, the cell has two ports, one at the side
for the gas injection and the other one at the xed endcap
connected to the pressure transducer to measure the pore
pressure. The pore pressure, temperature, overburden pressure,
and piston displacement were continuously monitored at
regular time intervals and recorded using a data acquisition
module (LabVIEW soware, National Instruments).
2.3. Experimental procedure

Each test specimen was made by mixing the silica sand and
deionized water at a predetermined mass ratio of 14.46 wt%,
rendering an initial water saturation of nearly 60%. The cell was
then lled with the partially saturated specimen and vacuumed
14336 | RSC Adv., 2021, 11, 14334–14346
aer adjusting the piston level to control the volume. When
loading the cell, the specimen was regularly tamped to achieve
a uniform compaction. Thereaer, a hydraulic pressure of
3.45 MPa was applied behind the piston initially with the hand
pump and maintained using the Quizix pump to further
compact the specimen. The effective overburden pressure of
3.45 MPa is a typical value for sediments in permafrost with
a porosity of 0.38–0.40 (see ref. 26). The system was then le at
20 �C for at least 12 hours to reach the thermodynamic equi-
librium. Methane was then injected until the pore pressure
reached the desired value while keeping the effective over-
burden pressure constant (N2 was injected for the hydrate-free
case). The system was le again for at least 12 hours at this
condition until the pressure and temperature of the system
became stable and no piston movement was observed. Even-
tually, the temperature was set to 3.0 �C (T1) to form hydrates.
Aer the system reached the equilibrium thermodynamic
conditions, the specimen underwent the elastic wave velocities
or ETC measurement. Then the system temperature decreased
to 0.5 (T2), �0.5 (T3), �3.0 (T4) and �9.0 �C (T5) in steps and the
measurements were carried out at both unfrozen and frozen
conditions. It should be noted that there was no elastic wave
velocity measurement below �3.0 �C due to the working
temperature limit of the ultrasonic transducers. When
unloading the cell, three samples were taken from different
portions and their water saturation was measured to examine
the homogeneity of the system throughout the measurements.

The P- and S-wave velocities were measured using a pair of
combined ultrasonic transducers (Panametrics, central
frequency: 1 MHz) embedded into the xed endcap and piston,
respectively. A pulser-receiver (Panametrics, 5077PR) was
employed to send the signals from the transmitting transducer
© 2021 The Author(s). Published by the Royal Society of Chemistry
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to the receiving one. The waveforms were visualized and
recorded using a DSO oscilloscope that was connected to a PC
for analysis. The elastic wave velocities were measured using the
ultrasonic transmission method which requires accurate
measurements of the travel time (t) of the elastic waves together
with the propagation distance through the specimen (L).25

Having the inherent travel time (t0) of both P- and S-waves, the
velocity (v) could be calculated according to eqn (1):

vi ¼ L

ti � t0i
(1)

where i stands for P and S.
Transient hot wire method was employed for the ETC

measurements. In this method, the needle probe, as a long and
thin heating source, is inserted into the specimen, heated with
a constant power (via applying certain current and voltage to the
probe), and the temperature rise inside the source is recorded
versus time. Thermal conductivity is obtained via analyzing the
temperature time series data during the heating cycle using eqn
(2):

DT y
Q

4pl
lnðtÞ 0\t\t1 (2)

in which l, Q, DT, t, and t1 are the thermal conductivity, applied
heat per unit length of the needle probe, temperature change,
measuring time, and heating time.29 A detailed discussion
regarding the test method can be found elsewhere.29,37 The ETC
measurements were carried out using a calibrated purpose-built
needle probe (TP08, Hukseux, The Netherlands) which can
accurately measure the thermal conductivity at elevated pres-
sures in compliance with the ASTM D5334-14 standard.37 The
thermal conductivity data were recorded in a measurement and
control unit connected to a PC. It should be noted that the
measurements were repeated to eliminate the experimental
data contingencies. The total heat to the specimen was also
adjusted by setting the heating duration to impose a small
temperature gradient hence avoid any phase change around the
needle probe.

The experimental errors of the elastic wave velocities and
ETC measurements were reported together with the experi-
mental data. The procedure followed for estimation of the
experimental measurement errors was also detailed in ESI.†
Table 1 Parameters used for the saturation calculations

No. Parameter Value Unit

1 Wg 16.04 g mol�1

2 Ww 18.02 g mol�1

3 rw 1.00 g cm�3

4 ri 0.92 g cm�3
2.4. Saturation calculations

The instantaneous porosity (f) of the specimen was determined
according to eqn (3):

f ¼ 1� ms

Vbrs
(3)

where ms and rs are the mass and density of the dry silica sand
particles, respectively and Vb is the bulk volume calculated
according to the diameter (D) and instantaneous length of the
specimen (l). The volumes of hydrate (Vh), water (Vw), and gas
(Vg) were also calculated as follows:

Vh ¼ Whnh

rh
(4)
© 2021 The Author(s). Published by the Royal Society of Chemistry
Vw ¼ Ww

rw
ðnw;initial � nhgÞ (5)

Vg ¼ V g

�
ng;initial � nh

�
(6)

Wh, Ww, rh and rw stand for the molecular weights and
densities of methane hydrate and water, and �Vg is the methane
specic volume. Wh is calculated by eqn (7):

Wh ¼ Wg þ gWw (7)

where g is the hydration number and Wg is the molecular
weight of methane. ng,initial and nw,initial are the numbers of
moles of the methane injected and initial water content. It
should be noted that water was assumed completely frozen at
sub-zero temperatures hence rw was substituted by the ice
density (ri) in eqn (5) to account for the volume expansion due
to the transformation of pore water to ice. Table 1 presents the
values of the parameters used in eqn (4)–(7).

Values of rh, g and �Vg were also determined for each indi-
vidual data point using our in-house PVT modelling soware38

and are available in ESI.† Having the instantaneous pore
volume (Vp¼ fVb), eqn (8) could be solved to obtain the number
of moles of methane hydrate (nh):

Vp ¼ Vh þ Vw þ Vg (8)

The instantaneous volume of each phase was then calculated
using eqn (4)–(6). The volumetric saturation of hydrate (Sh),
water (Sw), and gas (Sg) were found using eqn (9):

Si ¼ Vi

Vp

i : h; w; g (9)

3. Results and discussion
3.1. Analysis of the evolution of the elastic wave velocities

Fig. 2 illustrates the measured elastic wave velocities of the
hydrate-free and hydrate-bearing permafrost sediment samples
versus the system temperature at different hydrate saturations.
At unfrozen conditions, the presence of hydrates results in
higher P- and S-wave velocities whereas the pore uids (free gas
and water) cannot exhibit such a signicant inuence. This is
expected because the bulk modulus of the pore uids is mark-
edly lower than that of methane hydrates and their shear
modulus is zero (S-wave cannot propagate through uids).23

Moreover, the presence of hydrates stiffens the host sediments,
leading to higher elastic wave velocities. It can also be seen that
RSC Adv., 2021, 11, 14334–14346 | 14337
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Fig. 2 (a) P-wave and (b) S-wave velocities against the system temperature.

Fig. 3 Variations in (a) P-wave and (b) S-wave velocities with the system temperature.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
24

 7
:0

0:
34

 P
M

. 
 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
the system temperature generally has no strong effect on the
elastic wave velocities. When the system temperature goes
below the freezing point, transformation of a portion of pore
water to ice leads to a drastic increase in the elastic wave
velocities, which in contrast to the unfrozen conditions, is
inuenced by the system temperature. The underlying reason is
that the amount of the unfrozen water content is essentially
controlled by the system temperature.39 Therefore, further
freezing results in more transformation to ice hence higher
elastic wave velocities.

The presence of hydrates at frozen conditions, even at low
saturations, results in shiing the P- and S-wave velocities
toward elevated values, away from those of the hydrate-free case
(see gray arrows in Fig. 2). Such behavior might make no sense
at rst glance since an identical initial water content was
considered for all experiments and water at frozen conditions
must have been either trapped in the hydrate crystals, trans-
formed to ice, or remained unfrozen, depending on the
temperature and hydrate saturation. Therefore, the elastic wave
velocities of the hydrate-free and hydrate-bearing sediment
samples would have been expected to be relatively close at
frozen conditions, which is in contrast with what observed in
Fig. 2. This interesting behavior could be attributed to the effect
of development of hydrate micro-frame structures throughout
the specimen.We observed similar behavior in our recent study,
where the distinctive effect of gas hydrates and ice on the
14338 | RSC Adv., 2021, 11, 14334–14346
geomechanical properties of hydrate-bearing and hydrate-free
permafrost sediments was investigated.20 The hydrate micro-
frame structures may develop in partially saturated sediments,
where pore water forms a lm around the sediment grains,
depending on their mineralogy and wettability characteristics,
and builds up a water network.40 In such a porous medium, ice
is expected to form in the large pores due to the cryosuction41

and cement the sediment grains mainly at the vicinity of their
contact regions.20 However, hydrate is expected to nucleate at
the gas–water interface throughout the system,42 making the
methane gas bubbles formerly surrounded by pore water to
gas-lled or solid methane hydrate bars. Local growth and
extension of these hydrate bars may create the hydrate micro-
frame structure, reinforcing the stiffness of the host sedi-
ment, leading to higher elastic moduli and consequently,
shiing the elastic wave velocities toward the elevated values.

Fig. 3 shows the absolute variations in the measured elastic
wave velocities of the hydrate-free and hydrate-bearing perma-
frost sediment samples (jviTj � vi

Tj+1j, i: P/S, j: 1, 2, 3). It is
observed that the increase in the elastic wave velocities from 0.5
to�0.5 �C is higher in the hydrate-free sediment sample than in
the hydrate-bearing ones. The underlying reason is the fact that
there is a higher amount of water available to get frozen at the
hydrate-free case, particularly at the large pores where the ice
nucleation occurs rst in due to the cryosuction.41 In addition,
gas hydrate tends to start nucleating at these large pores where
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01518d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
24

 7
:0

0:
34

 P
M

. 
 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
more nucleation sites with gas–water interface are available20,26

hence there would be relatively less water available in the large
pores to contribute toward increasing the elastic wave velocities
of hydrate-bearing sediments when the system temperature
goes below the freezing point. Even though this effect might not
be clear enough when investigating the variations in P-wave
velocity solely as unfrozen water still contributes to the P-wave
velocity values, the variations in S-wave velocity could assist
with as S-wave can only be inuenced by the sedimentary matrix
of sand particles, ice and methane hydrates.

3.2. Analysis of the evolution of the effective thermal
conductivity

Fig. 4 presents the measured ETC values of the hydrate-free and
hydrate-bearing permafrost sediment samples versus the system
temperature at different hydrate saturations. At unfrozen
conditions, it can be seen that the measured values at 0.5 �C are
slightly lower than those at 3.0 �C for all hydrate saturations,
mainly due to the fact that the intrinsic thermal conductivity of
all constituents is positively correlated with temperature,1,2,43,44

hence the lower the system temperature, the lower the intrinsic
thermal conductivity. In addition, the convective heat transfer
mechanism in the pore uids could diminish at lower
temperatures. When the system temperature goes below the
freezing point, transformation of a portion of pore water to ice
results in an increase in ETC. Even though the intrinsic thermal
conductivity of ice is almost four times greater than that of
water, it is observed that the increase in the ETC values is not
dramatic at �0.5 �C. This behavior could be attributed to the
cryosuction, which results in the critical pathways essentially
controlling the intergranular heat transfer in the system to be
still occupied by unfrozen water.41,45 In fact, there are ice crystals
in the system, however, they still have no well-developed
network hence the heat transfer is curtailed due to the high
thermal contact resistance (TCR). Further freezing to �3.0 �C,
however, leads to transformation of a higher amount of
unfrozen water to ice, and consequently, lower TCR and more
efficient heat conduction. We also observed a slight decrease in
the ETC values at �9.0 �C, which could be attributed to the ice-
Fig. 4 (a) Measured ETC values against the system temperature, (b) typic
clay content. The retention regime of capillary is expected at higher wat

© 2021 The Author(s). Published by the Royal Society of Chemistry
forced heave.34 It should be noted that the transformation of
pore water to ice for the hydrate-free case was associated with
a volume expansion, resulting in a less than 1.0 MPa increase in
the pore pressure (see ESI†). However, the dependence of ETC
on the pore pressure is not strong,29 hence we would not expect
a measurable effect originating from the pore pressure on ETC
of the gas hydrate-free sediment sample when a portion of pore
water gets frozen. For the gas hydrate-bearing cases, the pore
pressure of the system is essentially controlled by the methane
hydrate phase boundary, hence we would not expect any pore
pressure increase when the system temperature goes below the
freezing point.

We performed further ETC measurements for the hydrate-
free sediment sample at temperatures between �0.5 and
�3.0 �C to explore how ETC changes as a result of the water
transformation to ice. As observed in Fig. 4a, ETC of the spec-
imen does not increase monotonously and experiences two
stages of the elevation. Such behavior could be understood
based on unication of the thermal conductivity behavior and
soil water retention mechanisms.40 According to our recent
experimental study on ETC of hydrate-free partially saturated
sediments, the volumetric water saturation of 58% means that
the water distribution in our sediment samples could be
described by the funicular retention regime (see Fig. 4b).29 In
this regime, water lms form around the sediment grains and
build up a water network. Water in this network does not
inuence ETC as critically as water in the small pores (referred
as the pendular regime). Therefore, it would not be expected
that ice crystals formed from pore water in the funicular regime
have a huge contribution to the ETC elevation.

3.3. Effect of the saturation and pore-scale habit of hydrates

The experimental results clearly demonstrate that the evolution
of the geophysical response of gas hydrate-bearing permafrost
sediment samples at both unfrozen and frozen conditions
essentially depends on the saturation and pore-scale habit of
hydrates. At unfrozen conditions, it can be seen in Fig. 2 that the
presence of hydrates at saturations less than 0.31 does not
signicantly affect the elastic wave velocities because the
al pore-scale distribution of water in an unsaturated sediment without
er saturations.40
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dominant pore-scale habit of hydrates is expected to be pore-
lling.23 However, as the hydrate saturation increases, domi-
nance of the pore-scale habit changes toward load-bearing,
hence the hydrate contribution to the skeletal stiffness
becomes signicant, leading to a higher elevation in the elastic
wave velocities. Another interesting observation is that P-wave
velocity is somewhat more sensitive to the thermodynamic
conditions than S-wave velocity at higher hydrate saturations
(see Table 2 and gray arrows in Fig. 3). Such a behavior could be
attributed to the sensitivity of the elastic bulk moduli of the
pore uids to the thermodynamic conditions at different
hydrate saturations. First, it is a given that S-wave propagates
only through the solid contents (i.e. sand particles and
hydrates) whose elastic moduli are almost not sensitive to
temperature, while the propagation of P-wave is inuenced by
the pore uids in addition to the solid matrix.23 Moreover,
changes in the saturation of different phases in the sediment
samples show that the volume occupied by hydrates is provided
primarily by pore water (see ESI†). Therefore, at higher hydrate
saturations, pore water would be replaced by hydrates and the
contribution of the pore uids to the P-wave velocity value
become dominated by free gas, the constituent with the most
sensitive elastic bulk modulus to the thermodynamic condi-
tions.46 However, we believe further investigation with more
accurate ultrasonic transducers is necessary to understand this
behavior, particularly at low hydrate saturations with domi-
nance of water in the pore uid contribution to the P-wave
velocity.

At frozen conditions, the elastic wave velocities exhibit no
consistent trend as a function of the hydrate saturation which
evidently indicates why the conventional seismic techniques
cannot quantify gas hydrates in permafrost. It should also be
noted that the elastic wave velocities are slightly higher for the
sediments with more hydrate saturations at �0.5 �C, which
could be attributed to the effect of the unfrozen water content.
As discussed earlier, there would be less water available to get
frozen for sediment samples with higher hydrate saturations.

As previously discussed, ETC could assist with distinguish-
ing ice from gas hydrates; however, the heat transfer in porous
media is a complex phenomenon governed by several pore-scale
mechanisms and the interaction of different co-existing phases
adds further complexities.47 It is observed that ETC decreases as
the hydrate saturation increases at both unfrozen and frozen
conditions. At unfrozen conditions, such behavior could be
attributed to three main factors: (i) the intrinsic thermal
conductivity of methane hydrates is slightly lower than that of
water,48,49 (ii) the heat transfer in the hydrate–gas interface is
less efficient than in water–gas interface due to the fact that the
Table 2 Absolute variations in the measured elastic wave velocities
from 3.0 to 0.5 �C

Absolute variation (km s�1)

Sh (—)

0.00 0.09 0.20 0.31 0.44 0.59

Variation in P-wave 0.003 0.008 0.021 0.012 0.010 0.068
Variation in S-wave 0.002 0.001 0.006 0.005 0.017 0.050

14340 | RSC Adv., 2021, 11, 14334–14346
mass transfer in a uid–uid interface may facilitate the energy
transfer,29 (iii) the sand particles could be rearranged by
hydrates at higher saturations where the dominant pore-scale
habit is load-bearing and the hydrate crystals could push
apart the sediment grains, a phenomenon known as hydrate-
forced heave, which could result in enlarging the sediment
pores and increasing TCR.5 At frozen conditions, it is observed
that ETC decreases when the hydrate saturation increases
because less water is available to turn into ice at higher hydrate
saturations. This behavior can also be seen when investigating
the evolution of the ETC values from�0.5 to�3.0 �C, the higher
the hydrate saturation, the lower the increase in ETC of the
sediment sample, particularly at the hydrate saturation of 51%
where the pore-scale habit is load-bearing and the contribution
of the hydrate micro-frame structure to the heat transfer
becomes signicant.

Fig. 5 illustrates the measured values of elastic wave veloci-
ties and ETC against the methane hydrate saturation at
unfrozen and frozen conditions. The velocity ratio vP/vS is
plotted versus the methane hydrate saturation in Fig. 6 to
investigate how the acoustic properties of the sediment samples
varied with the hydrate saturation. The velocity ratios are all less
than 2, indicating either the presence of gas in an unconsoli-
dated sand – which is valid for the results at unfrozen condi-
tions – or a well-consolidated sediment – which is also valid for
the results at frozen conditions (see ref. 50 for further
discussion).

At unfrozen conditions, it can be seen in Fig. 5a that the
elastic wave velocities are sensitive to the methane hydrate
saturation, which makes it possible to determine the hydrate
saturation using the geophysical models available in the liter-
ature. At frozen conditions, Fig. 5b demonstrates that ETC
distinctly captures the co-existence of ice and hydrates. As
previously discussed, ETC can also account for the effect of the
unfrozen water content and reect the dominant pore-scale
habit of hydrates. This is why ETC could considerably assist
with when attempting to obtain the hydrate saturation and
understand the pore-scale distribution of all co-existing phases
at frozen conditions. However, care must be taken when
analyzing the thermal properties as they are essentially inu-
enced by several pore-scale mechanisms controlling the heat
transfer through porous media.45 Fig. 6 shows that the velocity
ratio generally tends to decrease gradually as a function of the
hydrate saturation at both �0.5 and �3.0 �C while still be
inuenced by the amount of unfrozen water. Therefore,
although the changes in the velocity ratio is fairly small, it could
be used as an additional geophysical parameter to assist with
determination of the unfrozen water content.
4. A conceptual model for gas
hydrate-bearing permafrost sediments

Our experimental results conrm that the physical properties of
gas hydrate-bearing permafrost sediments are greatly inu-
enced by the co-existence of hydrates, ice, water and free gas.
Therefore, it is essential to account for the complexities
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The measured values of the elastic wave velocities and ETC versus the methane hydrate saturation at (a) unfrozen and (b) frozen
conditions.

Fig. 6 Dependence of vP/vS on the volumetric methane hydrate
saturation at unfrozen and frozen conditions.
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associated with the interaction of the co-existing phases with
each other and the host sediment in order to be able to accu-
rately predict their response to the environmental temperature
change. However, to the best of our knowledge, available
models in the literature are unable to achieve this since they
cannot successfully take into consideration the effect of the
unfrozen water content and distinguish gas hydrates from ice at
frozen conditions. In this section, we propose a conceptual
pore-scale model for gas hydrate-bearing permafrost sediments
based on their geophysical and geothermal responses to the
changing temperature. To be in accordance with our ndings in
this study, we assume a sandy porous medium with the same
initial water content, described by the funicular retention
regime, for both hydrate-free and hydrate-bearing cases at
different thermal states. These assumptions are necessary
because presence of the other grain types with different
mineralogy, size, and wettability characteristics (e.g. silt and
clay) as well as the pore-scale distribution of water (which
depends on its initial saturation and interaction with the host
sediment) control the kinetics of formation, saturation, and
spatial distribution of hydrate crystals in pore space,9 hence
© 2021 The Author(s). Published by the Royal Society of Chemistry
may even add further complexities to the system. Future
experimental studies with a focus on the effect of the water
content and the sediment mineralogy will be required to be
conducted to complete this work, and their outcomes could be
incorporated into the model.

Fig. 7 schematically depicts the pore-scale distribution of the
co-existing phases in a typical gas hydrate-bearing permafrost
porous medium with different hydrate saturations at both
unfrozen and frozen conditions. As observed, the sediment grains
are in contact with each other and essentially coated with a layer of
water due to their hydrophilic characteristics. The contact area
between the neighboring grains depends on several factors such
as the grain size, shape, elastic moduli and the effective over-
burden pressure.51 Moreover, the thickness of the water layer is
controlled by the initial water saturation (prior to the hydrate and
ice formation), pore size, capillary pressure, thermal state and the
existence of the other phases such as hydrates.52

At unfrozen conditions, the hydrate nucleation and growth
tend to occur at the large pores, far from the grain contacts,
where the gas–water interface, as the most possible site for
hydrate nucleation, is available.42 The presence of gas hydrates
(a solid constituent with an elastic bulk modulus almost four
times greater and an intrinsic thermal conductivity slightly
lower than those of water) in pores results in elevation of the
elastic wave velocities and slight decrease in ETC. The magni-
tude of the evolution of the elastic wave velocities and ETC
values greatly depends on the hydrate saturation and pore-scale
habit. At lower hydrate saturations where pore-lling is the
dominant pore-scale habit, the hydrate crystals are suspended
in pore water hence their inuence would be only on the stiff-
ness and thermal conductivity of the pore-uid. At higher
hydrate saturations where the dominant pore-scale habit alters
to load-bearing, hydrates can grow and extend across grains,
create micro-frame structure throughout the host sediment and
reinforce it. However, the hydrate-forced heave could also take
place at higher hydrate saturations, in which hydrate crystals
push apart the sediment grains, reduce the contact area
between the neighboring grains, and adversely inuence the
heat transfer.
RSC Adv., 2021, 11, 14334–14346 | 14341
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Fig. 7 Schematic of the hypothetical pore-scale distribution of water and/or ice together with hydrates in permafrost sediments.
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At frozen conditions, water in the large pores (capillary and
funicular regimes) starts to turn into ice, a constituent with the
elastic moduli similar to those of gas hydrates and intrinsic
thermal conductivity almost four times greater than that of water.
The hydrate saturation controls the amount of water available for
freezing in this regime. At temperatures close to the freezing
point, the presence of ice substantially enhances the elastic
moduli of the host sediment, leading to a drastic increase in the
elastic wave velocities. Nevertheless, the small pores which crit-
ically contribute to the heat transfer are still occupied with
unfrozen water, resulting in no sharp increase in ETC of the
sediment (see section 3.2). Further freezing leads to trans-
formation of water in the small pores (pendular regime) to ice
hence higher contribution to the heat transfer. However, as dis-
cussed previously, this could result in the ice-forced heave which
adversely inuences the thermal conduction by reducing the
contact area between the neighboring grains and increasing TCR.

It should be noted that further experimental studies are
required to be conducted in order to understand how the
hydrate and/or ice-forced heave may affect the contact area
between the neighboring sediment grains and accordingly, the
contribution of the grain–grain conduction to the heat transfer
in gas hydrate-bearing permafrost porous media. As discussed
in section 3, this effect depends on the thermal state of the
system as well as the saturation and pore-scale distribution of
the co-existing phases. In situ observation techniques such as X-
ray micro-CT imaging may assist with shedding light on this
interesting and complex phenomenon.
5. Implications

Cold environments, characterized by the presence of perma-
frost and extensive snow and ice cover, are important ecosys-
tems, creating various development opportunities for economic
14342 | RSC Adv., 2021, 11, 14334–14346
growth such as mineral extraction and energy exploitation.
However, these areas are quite sensitive to climate change and
prone to human activities. A profound understanding of
thermal evolution of these partly or fully frozen regions is
necessary for accurate evaluation and prediction of impacts of
climate change and/or potential development scenarios on their
geophysical, geothermal, and hydrological responses. Perma-
frost is considered as a low permeability physical barrier to
upward migration of gases from the subsurface.53 The strong
amplication of global warming as a result of the pronounced
greenhouse effect, accelerates the thawing rate of permafrost at
Arctic regions, potentially leading to enhanced methane emis-
sion from current permafrost areas over the land and Arctic
ocean.54 On the other side of the coin, submarine groundwater
discharge may largely inuence the extent of submarine
permafrost and gas hydrate stability.55 This interplay may
endanger ecosystems and infrastructures at the local and
regional scale by limiting resource development and frag-
menting ecosystems.

Presently, the Arctic regions are warming at twice the global
average rate,56 resulting in pronounced snow cover and sea ice
decline, permafrost degradation, and lake and wetland expan-
sion, all closely connected to the hydrological cycle and the
freshwater budget.57 The opportunities and challenges associ-
ated with the development of cold environments in conjunction
with their noticeably rapid response to ongoing climate change
raise concerns about the integrity of ecosystems, the sustain-
ability of water resources, and altered hydrological risks under
climate change scenarios, hence spur increasing attention from
the scientic community and general public.58 In this regard,
Earth system models (ESMs) are used to help with under-
standing changes in interacting subsystems, elucidating the
inuence of human activities, and exploring possible future
changes.59 The climate change and climate cycles impacts on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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gas hydrate-bearing sediments could be signicant causes of
uncertainty in projections from ESMs on future effect of climate
change, due to the lack of understanding in the processes
behind hypothesized serious effects of these sediments on the
environment (and thus ecosystems) and their potential to
release more greenhouse gases to the atmosphere. In particular,
the available models do not account for the presence of hydrates
beneath permafrost regions and their potential relation to the
permafrost thaw. Also unaccounted for is the threshold
temperature at which methane released from hydrates dissoci-
ation saturates the capacity of available trapping paths and
reaches into the atmosphere. This is partly because there has of
yet been no or limited in situ experimental research on climate
change effects in gas hydrate-bearing permafrost regions. The
other principal problems confounding projections of the
permafrost thaw are a lack of governing key physics and process
understanding. Here, we addressed some of these uncer-
tainties, by combining multi-physics experiments with a series
of experiments under realistic conditions. The results of this
study could feed into ESMs for better understanding of the
effect of climate change on the cold regions. Since the main
focus of this study is on the co-existence of ice and hydrates, it
can help large scale simulators to quantify the sensitivity to
various saturation of ice and hydrates of a modeled permafrost
response under imposed retreat. The use of the accurate data we
provide here will enhance the accuracy of large-scale simula-
tors, and therefore allow many simulations to have more real-
istic estimates on the effect of global temperature changes and
temperature cycles.

Analysis of the geophysical and geothermal responses of gas
hydrate-bearing permafrost sediment samples has also high-
lighted that the co-existence of hydrates, ice, and unfrozen
water in pore space together with the pore-scale temperature-
dependent associated phenomena are required to be consid-
ered when investigating the potential impacts associated with
climate change on permafrost hydrology or the development of
cold regions for the energy exploitation. For instance, the
simulation packages developed to predict the effect of the
environmental temperature change on the hydrological
processes in cold environments couple the groundwater ow
equation to a heat transfer equation with dynamic freeze-thaw
processes, and reliability of the predictions signicantly
depends on the accuracy of the thermal and hydraulic
conductivities considered in the coupled model.60 Evidenced by
our current and previous experimental studies,5,20 the presence
of hydrates in pore space even at low saturations may markedly
alter physical properties of the host sediment, particularly at
frozen conditions. Therefore, accurate prediction of the evolu-
tion of the hydrological processes in permafrost in response to
climate change is impossible unless the co-existence of hydrates
and ice is incorporated.

Given the expectation of continued global warming over the
coming centuries,61 prediction of the inuencing parameters on
permafrost thaw and investigation of their social impacts are
high priorities for impactful hydrological research. Despite the
fact that only 15% of global methane is estimated to be located
in hydrate reservoirs, an accountable amount of natural gas
© 2021 The Author(s). Published by the Royal Society of Chemistry
hydrates is trapped at shallow depth up to a few hundreds of
meters, and they are inuenced by the environmental temper-
ature changes.62 Different geological settings will be affected in
a different manner from the naturally occurring ocean and
atmosphere temperature cycles on seasonal, decadal, or longer
time scales which could cause dissociation and reformation of
hydrates. For instance, for deglacial and permafrost hydrates,
where ice and hydrate co-exist, warming-induced dissociation
can simultaneously happen at both the base and top of the
hydrate zone, which are relatively narrow zones in the forma-
tion, whereas for most of the marine associated hydrates, the
dissociation will occur only at the base of the hydrate zone.63

This is why geophysical and geomechanical methods applied to
characterize the global warming-induced permafrost degrada-
tion are required to capture the co-existence of ice and hydrates;
otherwise, their response predictions would be erroneous.
Monitoring these regions with seismic and thermal conduc-
tivity tools combined with the results of our study could make it
possible to record the dynamics of gas hydrates and ice-bearing
sediments in real environments. Viewing from the energy
exploitation angle, quantication of recoverable natural gas
accumulated in permafrost settings using the conventional
geophysical techniques without considering the co-existence of
ice and hydrates would be quite inaccurate unless these
methods become coupled with the distinctive approaches such
as thermal conductivity measurement.

6. Conclusion

In this study, we explored the geophysical and geothermal
responses of simulated gas hydrate-bearing permafrost sedi-
ment samples to the temperature change via measuring their
elastic wave velocities and ETC at different hydrate saturations.
We demonstrated that these responses are greatly dependent on
the saturation and pore-scale habit of gas hydrates. At sub-zero
temperatures, it was indicated that the amount and pore-scale
distribution of the unfrozen water content substantially
control the evolution of the elastic wave velocities and efficiency
of the heat transfer, particularly at the temperatures close to the
freezing point. In addition, it was shown how ETC can be used
as a distinctive physical property with accounting for the
unfrozen water content and distinguishing hydrates from ice at
frozen conditions. A conceptual pore-scale model was also
proposed for gas hydrate-bearing permafrost sediments based
on their geophysical and geothermal responses to the changing
temperature. Underpinned by our experimental studies, we
discussed that the concerns about the integrity of ecosystems,
the sustainability of water resources, and altered hydrological
risks in cold regions triggered by the development opportuni-
ties or ongoing climate change cannot be understood and
accurately predicted unless the co-existence of hydrates, ice,
and unfrozen water in pore space and the pore-scale associated
phenomena are considered. We believe this work could open
a new era in the understanding of how gas hydrate-bearing
sediments, particularly those occurring in permafrost settings,
respond to the climate change and rise in the environmental
temperature. The next step is to modify the available models
RSC Adv., 2021, 11, 14334–14346 | 14343
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and/or develop new pore-scale models with the ability to couple
the measured physical properties of gas hydrate-bearing
permafrost sediments in order to quantify the saturation and
pore-scale distribution of each individual phase.
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30 J. Côté, M.-H. Fillion and J.-M. Konrad, Estimating Hydraulic
and Thermal Conductivities of Crushed Granite Using
Porosity and Equivalent Particle Size, J. Geotech.
Geoenviron. Eng., 2011, 137(9), 834–842, DOI: 10.1061/
(ASCE)GT.1943-5606.0000503.

31 R. G. Ross, P. Andersson and G. Bäckström, Unusual PT
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