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ABSTRACT: The paper summarizes experimental data on thermal conductivity variations in gas-saturated sediments exposed to
hydrate formation at various conditions. All experiments were performed on a specially designed gas hydrate system maintaining
a high gas pressure and a steady-state thermal regime, with a built-in unit for thermal conductivity measurements. The
measurements were applied to natural samples of fine sand and silty sand collected from gas emanation sites in permafrost and to
artificial sand and sand−clay mixtures. The results show that thermal conductivity can either increase or decrease depending
upon hydrate formation conditions. Namely, it increases if gas hydrates form at positive temperatures (t > 0 °C) but decreases
during hydrate formation in frozen samples. Freezing and thawing of hydrate-bearing sediments above the equilibrium pressure
reduce their thermal conductivity as a result of additional hydrate formation. Experimental results are used to model hydrate and
ice formation in gas-saturated sediments. The experimental study of thermal conductivity in hydrate-bearing sediments has
implications for simulations of methane recovery from natural gas hydrate reservoirs and the respective technologies.

■ INTRODUCTION

Natural gas hydrates (mainly hydrates of methane) often form
in marine sediments at depths below 300 m or in soil beneath
permafrost.1−3 Sediments exposed to long-term freezing cool
over hundreds of meter depths, whereby gas-bearing strata fall
into the zone of hydrate stability and gas hydrates form before
the freezing front. Note that thickening of permafrost leads to
the formation of naturally frozen hydrate-bearing soils.
Hydrates mostly form at great depths or can also be found at
shallow depths (within 250 m) in high-temperature permafrost.
Permafrost is subject to high pressures from crystallization of
pore water (crystallization factor) and from loads applied to gas
pockets in frozen sediments (baric factor).4,5 The baric factor is
mainly associated with transgression of the Arctic seas and
glaciation.6 As a result, gas accumulated at relatively shallow
depths in permafrost enters the zone of hydrate stability and
transforms into hydrate. Thus, hydrate can also form beneath
permafrost at low positive temperatures and subzero temper-
atures in permafrost.
According to the available estimates of natural gas hydrate

resources,7,8 the amount of methane sequestered in hydrates is
orders of magnitude greater than that in conventional and
unconventional gas reservoirs taken together. Makogon et al.7

estimated it to be 7.6 × 1018 m3, assuming that hydrates can
occur wherever the conditions for their formation and
stabilization exist. However, this may be an overestimated
amount, judging by more recent in situ field data. The most
conservative recent estimate by Johnson8 is 3 × 1015 m3.
According to Boswell and Collet,9 technically recoverable
volume of gas in gas hydrate reservoirs is approximately 3 ×
1013 m3. There exist several methods for methane recovery
from hydrate resevoirs: depressurization, thermal stimulation,
inhibitor injection, and carbon dioxide (CO2) replacement or
combinations of these techniques.10−12 It is crucial to use actual
thermal conductivities of hydrate-bearing sediments in

simulations for choosing the best development strategy.13

Methane production from hydrate reservoirs is most often
simulated with reference to thermal conductivity of pure
methane hydrates,14 but this assumption neglects the specificity
of hydrate reservoirs and entrains serious errors during
methane recovery, especially for permafrost that contains
hydrates and ice.
Thermal conductivity is known to be different in pore water

and ice (0.6 and 2.23 W m−1 K−1, respectively) but similar in
water and gas hydrate (0.6 and 0.55−0.65 W m−1 K−1,
respectively).15−18 Therefore, thermal conductivity variations
during pore hydrate formation in sediments presumably
depend upon the conditions. The thermal conductivity of
hydrate-bearing sediments has been worse studied than that of
pure gas hydrate, with the available data being restricted to
sporadic estimates for artificial hydrate-bearing sediments
reported by Groysman,19 Asher,20 Fan et al.,21 Waite et al.,17

Duchkov et al.,22 Muraoka et al.,23 and Yang et al.24

The first experimental evidence on thermal conductivity of
sediments containing natural gas hydrates was obtained from
well Malik 5L-38 (Mackenzie Delta, Canada).25 Frozen soils
were found to have thermal conductivity generally higher than
their hydrate-bearing frozen counterparts. On the other hand,
hydrate-saturated sediments are often more thermally con-
ductive in a frozen state than an unfrozen state. New
experimental data on thermal conductivity of natural gas
hydrate-bearing sediments from the Nankai Trough, published
a few years ago,26 were used to predict thermal conductivity
from the known particle size distribution, porosity, and hydrate
saturation of sediments. A complex distribution model
(geometric mean model) provided the most successful
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prediction for natural sediments with hydrate saturation under
14%, but the proposed equations were poorly applicable to
sediment samples containing greater percentages of hydrates
(up to 30%).23 The reason is mainly that hydrate-bearing
sediments are complex systems, in which thermal conductivity
also depends upon their structure and texture, especially on
contacts between particles, rather than being a mere sum of
thermal conductivity values of the system constituents.
The thermal conductivity of frozen hydrate-saturated sedi-

ments was studied by Bukhanov et al.27 under non-equilibrium
conditions, i.e., during self-preservation of methane hydrates.
The authors reported a method for thermal conductivity
estimation and confirmed that frozen sediments with and
without hydrates differed in thermal conductivity on account of
self-preservation (anomalous preservation) of porous gas
hydrates below 0 °C and 0.1 MPa.28,29

The knowledge gaps concerning thermal conductivity of gas
hydrate-bearing sediments result mainly from overlooking the
issues of their structure, texture, and pore space. Thus, it is
important to investigate experimentally the thermal conductiv-
ity of sediments at low positive (above 0 °C) and slightly
negative (below 0 °C) temperatures as a function of the
hydrate saturation and amount of pore water converted into
hydrate. We present a summary of the respective experimental
results obtained at different conditions of gas hydrate formation
and use these results for reference to model structural and
textural changes in gas-saturated sediments under different
conditions of hydrate formation, including freezing and
thawing.

■ METHOD
Thermophysical studies of porous gas hydrates were performed using a
specially designed system for measuring thermal conductivity of
porous materials in a pressure cell under different temperatures and
pressures. The setup includes a refrigerator maintaining the preset
temperature of samples, a gas hydrate cell (200 cm3 total volume), a
gas bomb (300 cm3), tubes, power supplies (12 V for the cooler and
20 V for the heater), thermistors, an analog to digital converter
(ADC), and a personal computer (PC) (Figure 1). The gas hydrate

cell, consisting of two metal cylinders (one inside another), contains
an in-built unit for thermal conductivity measurements in fine-grained
samples, which was designed in collaboration with colleagues from the
Nature Management Institute at the National Academy of Sciences of
Belarus (Minsk, Belarus). The thermal conductivity of samples was
measured in a steady-state mode30 at the temperature difference
between two ends of the samples kept constant by a constant-power 1
W heater (red in Figure 1). As estimated empirically, transition to the

steady-state mode caused 0.8−1.2 °C overheating of samples. A
protective heater and thermocouples were installed additionally on the
bottom of the inner cylinder to prevent heat loss from the main heater.
Thermal conductivity measurements with this system were accurate to
7%, with 0.95 confidence and with a random error not exceeding 4%.31

The desired accuracy during calibration was monitored and
maintained using thermal pastes as reference materials, with known
thermal conductivities in the range of 0.76−2.23 W m−1 K−1 (Figure
2), measured in the steady-state mode to an absolute error of 5%,
according to ASTM recommendations.32

The measurements were applied to synthetic (model) and natural
samples with a deformed structure (Table 1). The model samples were
quartz sand (sand-1) and a sand−clay mixture of sand-1 and 14%
kaolin clay. The natural samples were poly mineral sand (sand-2) and
poly mineral silty sand from gas-saturated permafrost in Russia.

The methane pressure in the cell was maintained above equilibrium
in all experiments to prevent dissociation of pore gas hydrate during
thermal conductivity measurements. Calculations show that errors
associated with possible phase transitions during thermal conductivity
measurements are very small and cause no effect on the results because
of low power of the heater and constant temperature and pressure
monitoring. The initial values of density (ρ) and porosity (n) of the
samples were within 1.7−1.9 g/cm3 and 0.38−0.45, respectively, in all
runs. Additionally, lower density samples were prepared with the initial
parameters n ∼ 0.6 and ρ = 1.3−1.4 g/cm3. Hydrate formation was
with methane (99.98%) stored in a bomb at a pressure of ∼8−10 MPa.
The behavior of thermal conductivity of sediments at above-
equilibrium methane pressure was studied at positive and negative
temperatures.

The experiments included several steps: (1) methane injection (6.0
MPa) to the pressure cell with samples at room temperature (t ≈ 21 ±
1 °C) and subsequent cell cooling to +2 ± 1 °C, (2) hydrate saturation
at +2 ± 1 °C and methane pressure above 4.2 MPa (maintaining
methane pressure above equilibrium ensures hydrate formation in all
samples), and (3) freezing of the gas hydrate-bearing sample (t ≈ −5,
..., −8 °C), while the residual pore water not converted to hydrate
freezes and induces additional hydrate formation.30 In the latter case,
thermal conductivity was studied at a constant negative temperature of
−5 ± 1 °C and subsequent thawing at a low positive temperature. At
low temperatures (−5 ± 1 °C), hydrate formation from pore ice
started immediately after cooled methane (at 6 MPa) had saturated
the pressure cell with the frozen sample. After hydrate had formed at a
preset negative temperature, the pressure cell with the sample was
heated to a positive temperature (t = +2 ± 1 °C), while the pressure
was still maintained above equilibrium. As a result, additional hydrate
formed as the sample heated and thawed. At each step, pressure,
temperature, and thermal conductivity of samples were measured. For
comparison, the same parameters were measured under atmospheric
pressure and at 3−4 MPa created by nitrogen (N2), which did not
form hydrate under the run conditions.

The pressure, volume, and temperature (PVT) method under varied
thermobaric conditions was used to determine the volume content of
hydrate (Hv, %), hydrate saturation (Sh, %), and fraction of water
changed to hydrate (Kh, unit fraction),

33 given by

ρ
ρ

= ×H
M
M

100%v
h

s h (1)

where Mh is the weight of the pore gas hydrate (g), Ms is the weight of
the sample (g), ρ is the sample density (g/cm3), and ρh is the hydrate
density. ρh was assumed to be 0.794 g/cm3 for CH4 hydrates, as
crystallographic density of an empty square lattice (without gas
molecules by analogy with the pure ice structure), and based on
experimental data by Takeya et al.34

=S
H
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v
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where n is the porosity of sediment samples

Figure 1. Calibration curve for estimating thermal conductivity of gas-
saturated sediments. Red squares are reference data points with known
thermal conductivity. The line is an approximation curve for readings
of thermocouples.
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(3)

where Wh is the amount of water converted to hydrate (% of dry
sample weight) and W is the total amount of water (initial water
content, %).
The hydrate content in sediments containing methane hydrates was

calculated using hydrate number 5.9.33,35

■ EXPERIMENTAL DATA AND DISCUSSION

Variations in thermal conductivity of samples were analyzed at
different conditions of hydrate formation: (1) low positive
temperatures (t ≈ +2 ± 1 °C), (2) negative temperatures (t ≈
−5 ± 1 °C), (3) cooling from +2 ± 1 to from −5 to − 8 °C,
where residual pore water (not changed to hydrate at positive
temperatures) froze and induced additional hydrate formation,
and (4) warming from −5 ± 1 to +2 ± 1 °C, where residual
pore ice (not changed to hydrate at negative temperatures)
thawed and induced additional hydrate formation.
The influence of the hydrate formation conditions on the

thermal properties was studied in sand−silt samples not fully
saturated by water or ice.
Hydrate Formation at t > 0 °C. To investigate hydrate

formation at t > 0 °C in the pressure cell, undersaturated

methane-bearing samples were cooled from room to low
positive (t = +2 ± 1 °C) temperatures. The typical pattern of
gas hydrate formation in pores of samples exposed to cooling is
evident in time-dependent variations in the fraction of water
converted to hydrate, Kh (Figure 3a). This fraction decreases
with time as a result of changes in the hydrate formation
mechanism. Hydrate formation is rapid early during the
process, and most of hydrate forms within the first 45−50 h,
consuming about 45% of pore water (Figure 3a), while Hv

(Figure 3b) and Sh (Figure 3c) reach 22 and 67%, respectively.
Then, hydrate formation decelerates, while Kh, Hv, and Sh
remain almost invariable (0.46, 27%, and 67%, respectively).
The closely correlated volume content of hydrate (Hv, %), the
portion of pore space filled with hydrate (Sh, %), and the
fraction of water converted to hydrate (Kh, unit fraction) are
the main focus of this study.
The observed kinetics of hydrate formation at low positive

temperatures can be explained as follows. Rapid formation of
hydrates in the beginning is due to well-developed gas−water
contacts. Later, a gas hydrate film forms at the pore water−gas
interface and impedes gas access to pore water, whereby the
hydrate formation rate slows, being limited by the permeability
of the gas hydrate film. The thickening of the hydrate film

Figure 2. System for measuring thermal conductivity of sediment samples under gas pressure, with a general layout: (1) gas hydrate cell with a
sample inside, (2) gas bomb, (3) refrigerator, and (4) vacuum pump.

Table 1. Properties of Samples

grain size fraction (%)

sample (sediment type) 1−0.05 mm 0.05−0.001 mm <0.001 mm mineralogy (%) salinity (%)

sand-1 94.8 3.1 2.1 quartz >90 0.01
sand-2 82.3 12.7 2.7 quartz 54 0.40

microcline + albite 42
illite 4

silty sand 41.8 53.7 4.5 quartz 37 0.08
microcline + albite 55
illite 8

kaolin 4.5 70.9 24.6 kaolinite 92 0.04
quartz 6
muscovite 2
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makes it much less permeable, and hydrate formation almost
stops at a certain film thickness, despite the fact that the
residual pore water content exceeds the equilibrium water
content at given temperatures and pressures.
The time-dependent thermal conductivity of gas-saturated

silty sand (W = 18%) during hydrate accumulation at positive
temperatures shows an irregular behavior (Figure 4), with three
characteristic regions in the plot. For the first 40 h, thermal

conductivity changes from 1.77 to 1.78 W m−1 K−1 or within a
measurement accuracy of 3%. Then, it increases from 1.78 to
2.01 W m−1 K−1 or for 13% for the following 20 h and remains
almost invariable about 2.01 W m−1 K−1, likewise within a
measurement accuracy (3−4%) after 60 h from the run start.
As for hydrate formation in silty sand (W = 18%), Sh

becomes 40% higher for the first 40 h, while thermal
conductivity almost does not change, and then both parameters
increase for the following 20 h, peak concurrently, and remain
invariable within 100 h afterward. However, thermal con-
ductivity does not change at gas saturation Sh < 45% (Figure 5),
as other authors reported previously.23,25,26 The variations
become notable when hydrates occupy more than 45% of pore
space. Thus, thermal conductivity became 14% higher, while Sh
reached 61% in silty sand with W = 18% and 9% higher as Sh
increased to 57% in sand-1.

Hydrate Formation at t < 0 °C. Hydrate formation at t <
0 °C was studied in frozen methane-bearing samples in the
same pressure cell, at temperatures of −5 ± 1 °C (Figure 6).
Unlike the tests at low positive temperatures, methane hydrates
form more slowly at negative temperatures. As a result, the rate
of hydrate formation in frozen samples is commensurate with
that at positive temperatures36 for quite a long time. The reason
is that, at negative temperatures, gas hydrates form directly on
the surface of ice particles, as demonstrated by special studies of
interaction between ice particles and CO2 and CH4
gases.33,37−39 Hydrate that forms during this interaction has a
low density and, hence, a high permeability and does not
impede much for the conversion of ice particles to hydrate. The
same mechanism apparently works during transition of pore ice
into hydrate, judging by the dynamics of gas hydrate formation
in frozen sediments.
Unlike the case of t > 0 °C, the thermal conductivity of

frozen samples decreases non-uniformly with time during
hydrate formation (Figure 7). The decrease is to 1.81 W m−1

K−1 (8%) for the first 50 h of hydrate growth and then as small
as 3% for the subsequent 125 h. In general, this decrease is
observed in the Sh range from 0 to 50−60% (Figure 8). The
thermal conductivity decrease most likely results from
reduction in the amount of ice, with its thermal conductivity
as high as 2.23 W m−1 K−1, and the related growth in the share
of the less conductive hydrate (0.6 W m−1 K−1).

Effect of Freezing. To study the effect of freezing on
thermal conductivity variations, the samples saturated with
hydrate at t > 0 °C were cooled from −5 to −8 °C. Although
hydrate had already saturated 50−60% of pore space before
freezing and hydrate formation almost ceased, further cooling
of the samples led to the formation of additional hydrate in all
runs (Table 2).
Thus, the hydrate saturation increase (ΔSh) was around 23−

28% for sand and 39−52% for silty sand samples, where

Δ =
−

×S
S S

S
100%h

h
before freezing

h
after freezing

h
before freezing

(4)

Thus, more hydrate formed in silt than in sand upon freezing.
The same tendency was observed in the sand−clay samples: a
5% greater amount of additional hydrate formed in sand with
14% kaolin clay (W = 16%) than in pure sand (sand-1).
Thus, a large portion of water that survived conversion to

hydrate at positive temperatures became consumed during
cooling and freezing. Hydrate formation became more active as
the surviving pore water froze because cryotic deformation of

Figure 3. Pore hydrate formation in gas-saturated silty sand (W =
18%; n = 0.40), at t = +2 ± 1 °C: (a) time-dependent fraction of water
changed to hydrate (Kh, unit fraction), (b) volume content of hydrate
(Hv, %), and (c) hydrate saturation (Sh, %).

Figure 4. Time-dependent thermal conductivity of gas-saturated silty
sand (W = 18%; n = 0.40) during hydrate formation at t = +2 ± 1 °C.
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the soil skeleton and release of dissolved gas produced new
water−gas interfaces. The amount of hydrate additionally
formed as a result of freezing mainly depends upon soil
mineralogy, clay content, and water saturation.
The experiments show that thermal conductivity changed as

the hydrate-saturated sediments froze (Figure 9). The phase

change from water to ice caused a dramatic decrease in thermal
conductivity of hydrate-bearing samples (Figure 9A), unlike the
hydrate-barren samples in which thermal conductivity regularly
became 15−20% higher (Figure 9B). The hydrate-bearing

Figure 5. Thermal conductivity of sediments as a function of hydrate saturation (Sh) at t = +2 ± 1 °C: (1) sand-1, W = 16%; (2) sand-1, W = 10%;
(3) sand-2, W = 15%; (4) sand + 14% kaolin clay, W = 15%; and (5) silty sand, W = 18%.

Figure 6. Pore methane hydrate formation in frozen sand-1 (W =
22%; n = 0.60) at t = −5 ± 1 °C: (a) time-dependent fraction of water
changed to hydrate (Kh, unit fraction), (b) volume content of hydrate
(Hv, %), and (c) hydrate saturation (Sh, %).

Figure 7. Time-dependent thermal conductivity of gas-saturated sand-
1 (W = 22%; n = 0.60) during hydrate formation at t = −5 ± 1 °C.

Figure 8. Thermal conductivity of sediments as a function of hydrate
saturation (Sh), at t = −5 ± 1 °C: (1) sand-1, W = 19% and n = 0.40;
(2) sand-1,W = 22% and n = 0.60; (3) sand-2, W = 15% and n = 0.38;
(4) silty sand,W = 24% and n = 0.60; and (5) silty sand,W = 16% and
n = 0.38.

Table 2. Methane Hydrate Formation upon Freezing of
Residual Pore Water

Sh (%)

type of sediment W (%) ΔSh (%) before freezing after freezing

sand-1 16 23 58 71
sand + 14% kaolin 15 28 62 79
silty sand 18 39 61 85
silty sand 16 52 52 79
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samples were of two groups: sand, including that mixed with
finer grained material (clay), and silt (Figure 9A). The freezing-
induced thermal conductivity reduction was 10% in sand but
reached 50% in silt, from 1.96 to 1.77 W m−1 K−1 in hydrate-
bearing sand-1 (W = 16%) and from 2.01 to 0.96 W m−1 K−1 in
silt (W = 16%).
The decrease was proportional to additional hydrate

formation (Figure 10): freezing led to a 23% increase of Sh

in the sand-1 (W = 16%) sample that showed 10% thermal
conductivity reduction but an almost 40% Sh growth in the silty
sand sample (W = 18%), which became 50% less conductive.
Thus, the thermal conductivity may decrease dramatically in

hydrate-saturated sediments exposed to further freezing,
whereby the survived pore water freezes, as a result of related
additional hydrate formation. This behavior of thermal
conductivity may be due to structure and texture changes in
freezing gas- and hydrate-bearing sediments. These are
especially the effects of heaving or cracking of hydrate-saturated
soil or the formation of pore hydrate on grain boundaries, with
its thermal conductivity as low as 0.35 W m−1 K−1.18

Such a dramatic thermal conductivity reduction in frozen
hydrate-bearing samples was noted previously under non-
equilibrium conditions.27 The authors explained it by the
formation of numerous microcracks and voids inside pore gas

hydrates as a result of freezing and partial dissociation of pore
hydrates by the self-preservation effect.

Effect of Thawing. To study the effect of thawing on the
behavior of thermal conductivity, the frozen sand samples that
were saturated with hydrate at t < 0 °C were heated to +2 ± 1
°C. The tests showed additional hydrate formation in sand
(Table 3), as in the case of freezing, but unlike the latter case, it

did not exceed 10%. We likewise attributed faster hydrate
generation upon thawing to deformation of soil skeleton and
formation of new water−gas interfaces.33 Additional hydrate
formation upon thawing of hydrate-saturated sand was more
intense in the initially water-saturated samples: 10 and 7% of
additional hydrate formed in samples sand-1 and sand-2 withW
= 19 and 15%, respectively.
As the frozen hydrate-bearing samples thawed, their thermal

conductivity decreased, e.g., from 1.86 to 1.72 W m−1 K−1 or by
8% in sand-2 (W = 15%). Two main reasons of such reduction
are (i) the thermal conductivity difference between pore ice and
water and (ii) the increase of hydrate saturation.
Thus, both freezing and thawing cause thermal conductivity

reduction in frozen soil saturated with methane hydrate at
above-equilibrium pressures.

Structure and Texture Changes Associated with
Hydrate Formation in Gas-Saturated Sediments. For
the reported data on thermal conductivity variations associated
with hydrate formation in the experimental conditions of low
positive and negative temperatures, freezing and thawing
indicate that this behavior is mostly controlled by phase
transitions in pore fluids and by structure and texture changes
in main sample constituents. Early, Waite et al.40 proposed
several similar models for explanation variations of mechanical
and seismic properties of sediments with different hydrate
saturation at a temperature above 0 °C.
Proceeding from the experiment results, the structure and

texture changes during hydrate formation in gas-saturated
sediments can be described with two models of pore space
changes: freezing of samples saturated with hydrate at t > 0 °C
(model 1) and thawing of samples saturated with hydrate at t <
0 °C (model 2).
Model 1 includes several stages corresponding to different

states of the samples (Figure 11): initial state before hydrate
formation, cooling before hydrate formation, hydrate formation
at Sh > 50%, and the state after freezing.
Initially, before hydrate formation, the pores are partly filled

with water, which is in equilibrium with the hydrate-forming
gas at pressures below equilibrium for the system “water−gas−
hydrate” (Figure 11A). Then, as the system cools to the below-
equilibrium temperature, rapid hydrate formation begins mainly
along water−gas interfaces, while the pore space does not
change much (Figure 11B). Thermal conductivity remains the
same because its values for hydrate and pore water are similar.

Figure 9. Variations in thermal conductivity of gas-saturated sediments
upon cooling (to +2 °C) and freezing: (A) hydrate-bearing samples
after freezing and (B) frozen hydrate-barren samples. Solid and dash
lines correspond to samples saturated with gases that can and cannot
form hydrates (methane and nitrogen, respectively): (1) sand-1, W =
16%; (2) sand + 14% kaolin, W = 15%; (3) silt, W = 18%; and (4) silt,
W = 16%.

Figure 10. Correlation of freezing-induced thermal conductivity
reduction and additional hydrate formation (ΔSh).

Table 3. Thermal Conductivity and Hydrate Saturation of
Frozen Hydrate-Bearing Sands upon Thawing (to +2 ± 1
°C) at Above-Equilibrium Methane Pressure

Sh (%)
thermal conductivity

(W m−1 K−1)

type of
sediment W (%)

before
freezing

after
freezing

before
thawing

after
thawing

sand-1 19 0.64 0.71 1.80 1.70
sand-2 15 0.57 0.61 1.86 1.76
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As hydrate saturates more than 50% of the total pore space,
local migration and redistribution of pore water cause changes
to the sample structure. Namely, water in films between
particles moves inward toward the pores, closer to the water−
gas interfaces, where hydrate is forming. Such local pore water
migration during hydrate formation in porous media was
discussed by Chaouachi et al.41 As a result of the local
redistribution of pore water, particles may become more tightly
packed and saturation will increase. This affects the thermal
contacts in the hydrate-bearing sediment (Figure 11C)
expressed as an increase in thermal conductivity.
Freezing induces additional hydrate formation as the residual

pore water freezes. The process can be accompanied by the
formation of pore hydrate or ice, cracking, and hydrate
formation on boundaries of grains or aggregates. The ensuing
embrittlement of pore hydrate and ice and loosening of
contacts between particles (Figure 11D) may account for the
freezing-related thermal conductivity decrease observed in the
experiments. A similar dramatic reduction of thermal
conductivity in frozen hydrate-saturated samples at non-
equilibrium conditions was reported previously.27 The low
thermal conductivity was explained in the cited paper by
growth of microcracks and voids in porous hydrate-bearing soil
that resulted from freezing and partial dissociation of pore
hydrate during self-preservation.
In this case, it can be helpful to correlate frozen soils and gas

hydrate-bearing sediments, in which the structural and textural
features are poorly investigated. The proposed formation of
microcracks in hydrate-bearing sediments exposed to freezing is
similar to that in frozen sediments exposed to further cooling
studied by Yershov42 and Chuvilin and Yazynin.43

Model 2, for the pore space changes during hydrate
saturation at t < 0 °C and subsequent thawing of soil samples,
likewise includes several stages (Figure 12): before, in the

beginning, and during hydrate formation (Sh > 50%) and
during thawing. Before hydrate formation, the sediments have
gas- and ice-saturated porosity at a gas pressure below
equilibrium (Figure 12A). Hydrate formation begins as the
gas pressure exceeds equilibrium, and pore ice converts to
hydrate (Figure 12B). Pore gas hydrate expands from the
surface inward toward the pore ice along cracks and structure
defects. Then, as progressively greater amounts of ice change to
hydrate, the hydrate formation process attenuates, at Sh > 50%
(Figure 12C). The changes in the pore ice/hydrate ratio during
hydrate formation at t < 0 °C decrease thermal conductivity of
frozen samples because the share of the more conductive ice
component with 2.23 W m−1 K−1 decreases, while the 4 times
less conductive (0.6 W m−1 K−1) hydrate component increases.
Further on, as the conversion of pore ice into hydrate slows

at Sh > 50%, thermal conductivity decreases only slightly.
Thawing of hydrate-bearing soils under a pressure below
equilibrium causes melting of the residual pore ice, producing
new water−gas interfaces, and, thus, induces additional hydrate
formation (Figure 12D). Thawing of frozen hydrate-bearing
sediments reasonably reduces their thermal conductivity
because the share of the low conductive component in the
pore space increases.
The suggested models may be useful for geomechanical and

thermal simulation of methane recovery from gas hydrate
reservoirs. The models take into account features of hydrate-
saturated sediments at different thermobaric conditions.

Figure 11. Pore-space changes in gas-saturated sediments exposed to
hydrate formation at low positive temperatures (t > 0 °C) and
freezing. Stages: (A) initial (before hydrate formation), (B) early pore
hydrate formation, (C) hydrate formation at Kh > 0.40, and (D)
freezing of the hydrate-bearing sample, with (1) water, (2) ice, (3)
hydrate, (4) gas, (5) mineral grains, (6) bound water, and (7) cracks. Figure 12. Pore-space changes in gas-saturated sediments exposed to

hydrate formation at t < 0 °C and thawing. Stages: (A) initial (before
hydrate formation), (B) early pore hydrate formation, (C) hydrate
formation at Sh > 50%, and (D) thawing of the frozen hydrate-bearing
sample, with symbols the same as in Figure 11.
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■ CONCLUSION
A new experimental technique is suggested to study the thermal
conductivity of gas-, water-, hydrate-, and ice-bearing sediments
under different temperatures and pressures at a gas pressure to
7 MPa. The obtained thermal conductivity estimates are
accurate to 7%, at a confidence of 0.95, with a random
measurement error no higher than 4%.
The reported experimental results have demonstrated the

behavior of thermal conductivity in gas-saturated sediments,
which experience hydrate formation in the conditions of low
positive and negative temperatures, freezing, and thawing.
During hydrate formation at t > 0 °C, thermal conductivity

changed insignificantly (within 2−3%) when less than a half of
the total pore space was saturated with gas hydrate (Sh < 50%)
but increased notably (for 14% in silt with W = 18%) as the
saturation reached Sh = 61%.
Thermal conductivity became lower upon hydrate formation

at t < 0 °C to 22% in the sand sample of W = 19% at Sh = 52%.
Both freezing and thawing of samples saturated with hydrate

at low positive and negative temperatures, respectively, led to
thermal conductivity reduction: about 10% for sand and 50%
for silty sand. The observed thermal conductivity behavior
results from pore space changes associated with additional
hydrate formation, as explained in two models. These models
can be used for reference in geomechanical and thermal
simulations of gas hydrate reservoirs, taking into account the
conditions of pore hydrate formation, with implications for
methane recovery.
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