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Abstract: The paper presents the results of an experimental thermal conductivity study of frozen
artificial and natural gas hydrate-bearing sediments at atmospheric pressure (0.1 MPa). Samples of
hydrate-saturated sediments are highly stable and suitable for the determination of their physical
properties, including thermal conductivity, due to the self-preservation of pore methane hydrate
at negative temperatures. It is suggested to measure the thermal conductivity of frozen sediments
containing self-preserved pore hydrates by a KD-2 needle probe which causes very little thermal
impact on the samples. As shown by the special measurements of reference materials with known
thermal conductivities, the values measured with the KD-2 probe are up to 20% underestimated
and require the respective correction. Frozen hydrate-bearing sediments differ markedly in thermal
conductivity from reference frozen samples of the same composition but free from pore hydrate.
The difference depends on the physical properties of the sediments and on changes in their texture
and structure associated with the self-preservation effect. Namely, it increases proportionally to the
volumetric hydrate content, hydrate saturation, and the percentage of water converted to hydrate.
Thermal conductivity is anisotropic in core samples of naturally frozen sediments that enclose visible
ice-hydrate lenses and varies with the direction of measurements with respect to the lenses. Thermal
conductivity measurements with the suggested method provide a reliable tool for detection of stable
and relict gas hydrates in permafrost.
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1. Introduction

Gas hydrates are ice-like metastable mineral compounds that form from water and gas under
certain pressures and temperatures [1,2] and can exist naturally at both positive and negative
temperatures. They store highly concentrated natural gas (mainly methane) and may be a promising
new energy source due to their extensive geographical occurrence.

Natural gas hydrates occur in marine bottom sediments and in permafrost [3]. The zone of gas
hydrate stability spans a depth interval between 200–250 m in permafrost and 800–1500 m below it.
Intrapermafrost and subpermafrost gas hydrates were discovered in northern West Siberia, in Alaska
and Canadian Arctic (onshore and offshore), and in the Tibet highlands [4–11]. Subpermafrost hydrate
deposits existing at >0 ◦C are well known from the Mackenzie Delta, Canada (Mallik methane hydrate
reservoir) [12], Alaska [13] and Tibet [14].

The presence of gas hydrates in shallow permafrost within 150 m has been inferred from field data
and some implicit indicators [15,16]. Methane gas hydrates may exist in the metastable zone [9,17,18]
of frozen sediments above the zone of hydrate stability. They are remnant (relict) gas hydrates that
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formed earlier in frozen sediments under more favorable thermobaric conditions, became metastable
in the course of later paleoclimatic events and permafrost evolution, and have survived due to the
effect of self-preservation at negative temperatures [19,20]. The relict gas hydrate may be responsible
for methane emission and gas explosion hazard in shallow permafrost during drilling and production
in gas fields of northern West Siberia [18]. The metastable gas hydrate formations are extremely
sensitive to various influences, including the anthropogenic impact and, in their turn, affect the
physical properties of frozen sediments [21,22]. Permafrost gas hydrate creates a serious geologic
hazard and poses risks to oil and gas exploration and development and requires special studies.
The physical (especially, thermal and mechanical) properties of frozen sediments with self-preserved
pore gas hydrate can be investigated in experiments, with implications for geotechnical prediction and
monitoring. These data are essential for assessing the thawing halos in permafrost horizons containing
relict gas around production wells, as well as prediction of the wellbore stability during relict hydrates
dissociation. Unfortunately, today there is practically no experimental data of thermal properties of
gas hydrates and hydrate-bearing sediments at non-equilibrium conditions (at temperature below
0 ◦C), except only few publications [23,24] (because most of the publications have covered the thermal
properties of gas hydrates and hydrate-contain sediments at stable conditions which are important for
methane production from gas hydrates reservoirs [25–35]). The obtained results at non-equilibrium
conditions show that the thermal conductivity of frozen hydrate-bearing sediments may change by
several times during the self-preservation effect and differs from the thermal conductivity of frozen
hydrate-free and hydrate-bearing soils contain stable gas hydrates [36,37]. This study is a continuation
of the early works and it is important for understanding the processes of hydrates dissociation in
both natural and technical conditions since the processes of heat transfer often determine the rate of
these processes. Obtained results can be useful for mathematical modeling of hydrate dissociation
phenomena in permafrost.

2. Methods

The thermal conductivity of frozen hydrate-bearing soils was studied at a gas pressure below the
equilibrium, at 1 atm (0.1 MPa), in sandy and silty samples (Table 1). The soils were sampled from
shallow permafrost in gas reservoirs in the northern part of West Siberia presumably containing relict
gas hydrates [9,17,18] and artificially saturated with hydrate. Additionally, measurements were applied
to natural frozen hydrate-bearing core samples of Lake Baikal bottom sediments with coarse methane
hydrate lenses recovered under a water depth of 1364 m during the Baikal Drilling Project [38–40].
In their natural occurrence, the bottom sediments have positive temperatures around +3.4 ◦C but
they were frozen up (−9 to −11 ◦C) and stored at the conditions favorable for methane hydrate
self-preservation. The frozen mud samples were dark gray with massive cryostructure; some samples
(from 70 cm below the lake bottom and deeper) enclosed hydrate lenses, up to 2.5 cm thick (elongate)
and 3 cm in diameter (isometric). The gas hydrates were white, dense, with distinct oblique layering.
The gas content right after the core recovery was ~80 cm3/g.
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Table 1. Particle size distribution, mineral composition and salinity of soils.

Type of
Sediment

Sampling Site (Depth
of Recovery)

Particle Size Distribution, %
Mineralogy, % Salinity, %

1–0.05 mm 0.05–0.001 mm <0.001 mm

Fine sand-1 - 94.8 3.1 2.1 Quartz > 90 0.012

Fine sand-2 Yamburg GCF
(64 m) 83.2 14.4 2.4

Quartz − 38
Microcline + albite − 45

Illite − 9
Kaolinite + chlorite − 5

0.09

Silty sand Vorkuta 41.8 53.7 4.5
Quartz − 64

Microcline − 9
Albite − 5

0.08

Sandy clay Zapolarnoe
OGCF (199 m) 87.6 4.1 8.3

Quartz − 64
Microcline − 9

Albite − 5
0.2

Bottom silt Lake Baikal
(water depth 1364 m) 7.1 60.5 32.4

Quartz − 66
Plagioclase − 12
Cristobalite − 10

Illite + smectite − 6
Kaolinite − 4

0.01

Note: GCF = gas-condensate field; OGCF = oil-gas-condensate field. The listed mineral phases have percentages > 1%.

In this study pure methane (99.98%) was used as a prime hydrate-forming gas which was stored
in a gas bomb at a pressure of ~8–10 MPa. For comparison in few tests, we used carbon dioxide
(99.99%) hydrates. Water-saturated samples were prepared with a specified initial moisture content
(W, %) about 17–20 wt. % and placed into a test pressure cell (working volume ~700 cm3), which was
then sealed, vacuumed, cooled and filled with the hydrate-forming gas (CH4 or CO2) creating the
conditions for pore hydrate formation in the samples [41]. Hydrate formation started at temperatures
below 0 ◦C (about −4 to −6 ◦C). In our case, gas hydrate was growing directly upon pore ice, which
blocked moisture migration and ensured uniform distribution of hydrate in the samples. Then the
temperature was raised gradually (approximately 0.5–0.7 ◦C every 48 h) to low positive values (+1 to
+3 ◦C). Pore hydrate formed faster as the ice melted and produced additional gas-water contacts [42].
When the hydrate formation stopped (gas pressure is almost constant for 48 hours at a temperature
above 0 ◦C), the test cell with hydrate-bearing sediments was cooled down to −6 ± 1 ◦C, whereby the
residual pore water not converted to hydrate froze up. Hydrate saturation in thus obtained sediment
samples reached 60% or more. Then the methane pressure in the test cell (at a temperature below 0 ◦C)
was reduced to 0.1 MPa and the frozen hydrate-bearing sediments were taken out (Figures 1 and 2).
The samples had a massive (dissemination) ice–hydrate texture with pore hydrate contents uniformly
distributed over the sample height [18]. The pore gas hydrates remained stable at ~−6 ± 1 ◦C for a
long time due to self-preservation at negative temperatures [19,20,43–45]. In our case (temperature
and pressure conditions) gas hydrate dissociation was processed with the formation of supercooled
water. Temperature range −5 to −7 ◦C was used in this study because it is typical for gas realizing
permafrost horizons in the northern part of Western Siberia, where natural relict gas hydrates can
exist [18]. The frozen samples contain relict gas hydrates were perfectly suitable for measurements of
moisture content (W, wt. %), density (ρ, g/cm3), dry density (ρd, g/cm3), porosity (n), gas content and
thermal conductivity (λ, W/m·K).
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Figure 1. Frozen fine sand‒2 with massive (dissemination) pore ice and CH4 hydrate (W = 10%; Kh = 
0.42) [18]. 

 
Figure 2. Frozen silty sand with massive (dissemination) pore ice and CH4 hydrate (W = 20%; Kh = 
0.42) [18]. 

Gas contents were estimated by measuring the volume of gas released (with 3–4 times 
repeatability) as the samples were thawing in a saturated NaCl solution. The obtained values were 
used to estimate hydrate saturation [21,23,34], assuming a hydrate number of 5.9 for methane hydrate 
[46,47]: 

The volume content of hydrate (Hv, %) was found as 𝐻 𝑉ℎ𝑉𝑠𝑎𝑚 ∙ 100% (1) 

where Vh is the volume of methane hydrate (cm3); 𝑉𝑠𝑎𝑚 is the sample volume (cm3). 
Hydrate saturation or percentage of pore space filled with hydrate (Sh, %) is inferred from the 

volume content of hydrate as  𝑆 𝐻𝑛  (2) 

where n is the sample porosity (u.f.). Accuracy of hydrate saturation (Sh, %) was estimated to be about 
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where 𝐼  is the ice volume.  
Hydrate coefficient or the fraction of water converted to hydrate (Kh, u.f.) is given by 𝐾 𝑊𝑊  (4) 

where Wh is the percentage of water converted to hydrate (wt., % of dry sample weight) and W is the 
total amount of water (wt., %).  

Some hydrate-bearing samples were stored at negative temperatures −6±1 oC for thermal 
conductivity monitoring during the self-preservation of pore hydrate.  

Thermal conductivity in frozen hydrate-free and hydrate-bearing sediments was measured by a 
Decagon KD-2 needle probe (USA). This is a 6.5 cm long cylindrical probe, 1.2 mm in diameter, 

Figure 1. Frozen fine sand-2 with massive (dissemination) pore ice and CH4 hydrate (W = 10%;
Kh = 0.42) [18].
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Figure 2. Frozen silty sand with massive (dissemination) pore ice and CH4 hydrate (W = 20%;
Kh = 0.42) [18].

Gas contents were estimated by measuring the volume of gas released (with 3–4 times
repeatability) as the samples were thawing in a saturated NaCl solution. The obtained values
were used to estimate hydrate saturation [21,23,34], assuming a hydrate number of 5.9 for methane
hydrate [46,47]:

The volume content of hydrate (Hv, %) was found as

Hv =
Vh

Vsam
·100% (1)

where Vh is the volume of methane hydrate (cm3); Vsam is the sample volume (cm3).
Hydrate saturation or percentage of pore space filled with hydrate (Sh, %) is inferred from the

volume content of hydrate as

Sh =
Hv

n
(2)

where n is the sample porosity (u.f.). Accuracy of hydrate saturation (Sh, %) was estimated to be about
0.5–1%.

Ice saturation or percentage of pore space filled with ice (Si, %) as

Si =
Iv

n
(3)

where Iv is the ice volume.
Hydrate coefficient or the fraction of water converted to hydrate (Kh, u.f.) is given by

Kh =
Wh
W

(4)

where Wh is the percentage of water converted to hydrate (wt., % of dry sample weight) and W is the
total amount of water (wt., %).
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Some hydrate-bearing samples were stored at negative temperatures −6 ± 1 ◦C for thermal
conductivity monitoring during the self-preservation of pore hydrate.

Thermal conductivity in frozen hydrate-free and hydrate-bearing sediments was measured by a
Decagon KD-2 needle probe (USA). This is a 6.5 cm long cylindrical probe, 1.2 mm in diameter,
equipped with a 16-bit microprocessor, which automatically calculates thermal conductivity (λ,
W/(m·K)) and takes soil surface temperature to an accuracy of 0.1 ◦C [23]. The unit employs the
transient line heat source to calculate and display thermal conductivity within 90-seconds. For details
of the method see [48]. The measurements are performed through small holes (~1.2 mm in diameter)
drilled in thermally stabilized samples after exposure to −5 to −7 ◦C for 5–10 min.

The temperature of samples near the sensors rose no more than 0.5 ◦C during the measurements.
This minor warming caused no significant effect on hydrate dissociation in the test cell where the
temperature was maintained at −6 ± 1 ◦C. Reputability of thermal conductivity measurements was
run three–four times and then average values were calculated. Sometimes when a difference between
serial measurements was more than 0.05 W/(m·K) reputability was more than four times till precision
will be 5% or less.

The behavior of gas content was monitored additionally during the thermal conductivity
measurements. Reference replica samples free from pore hydrate were used to pick the effect of
the gas hydrate component on the thermal conductivity of frozen sediments.

Special thermal conductivity measurements were carried out in reference materials with known
thermal conductivities to evaluate the uncertainty (quantitative expression of the accuracy [49]) of
the KD-2 tool and its applicability for measuring the thermal parameters (Table 2). The thermal
conductivities of the reference materials (quartz glass, limestone and marble), air-dried at room
temperature (20 to 25 ◦C) and fit for such measurements [50], were measured by optical scanning [51] an
accuracy of 2%, at a confidence level of 0.95, the needle probe was coated with an inert thermal transfer
paste, of ~0.8 W/(m·K), to improve the thermal contact between the probe and the tested samples.

Table 2. Precision and trueness of KD-2 thermal conductivity measurements.

Type of
Material

Reference
Value,

W/(m·K)

Average
Value,

W/(m·K)

Number of
Measurements

Random
Error,

W/(m·K)

Relative Error
(precision), %

Systematic Error
(trueness), %

Water 0.60
(at +20 ◦C)

0.56
(at +17 ◦C) 21 0.03 5.7 −7

Glycerin 0.28
(at +20 ◦C)

0.30
(at +22 ◦C) 21 0.00 0.0 7

Marble 2.64 2.15 15 0.05 2.3 −23
Limestone

(Carbon Tan) 1.77 1.47 25 0.06 4.3 −20

Quartz glass
(TC) 1.543 1.27 8 0.03 2.0 −21

Note: The precision and trueness are normalized to a confidence level of 0.95.

The calibration showed that the thermal conductivity measured with the KD-2 probe was 7%
underestimated for both water and glycerin. Correspondingly, we can expect that the uncertainty
(total error) in the thermal conductivities of wet and cold (at temperature below 0 ◦C without pore ice)
sediments measured with KD-2 reached 10%, as estimated to 0.95 confidence, which was attributed
to the presence of a liquid phase (pore water) between the probe and the sample. The thermal
conductivity of solid samples, free from pore water, was at least 20% underestimated: constant
trueness (systematic error) of 20% was observed in measurements of three reference materials (Table 2).
Therefore, the true thermal conductivity of solid samples can be obtained by adding 20% to the KD-2
readings. The precision (relative error) in the corrected thermal conductivity was no worse than 5% in
all cases. Thus, the KD-2 needle probe is applicable for measuring thermal conductivity at negative
temperatures, in frozen sediments with low contents of unfrozen water, in the absence of water at the
probe-sample contact. The measured values have to be corrected by adding 20% to estimate the true
thermal conductivity of frozen sediments with uncertainty ~5%.
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3. Results and Discussion

The measurements in sandy and silty samples saturated with hydrate and frozen prior to the tests
revealed various trends in the behavior of thermal conductivity.

After the equilibrium pressure in the test cell dropped to 0.1 MPa, the pore gas hydrates in
the samples kept at negative temperatures (−6 ± 1 ◦C) remained stable due to self-preservation.
The preservation effect in pore gas hydrates was substantiated by previous experimental results
which showed that CH4 hydrates formed with hydrophilic beads could be stable till ~273 [52,53].
According to measurements of hydrate contents in the frozen samples 30 min after the gas pressure
drop, 20% to 60% of pore moisture existed in the hydrate form. The presence of pore gas hydrate in
frozen samples affects their thermal conductivity which is different in ice and hydrate. The effect of the
hydrate component on thermal conductivity is evident on a comparison between hydrate-saturated
and hydrate-free samples (Table 3).

Table 3. Thermal conductivities of frozen soil samples with (λh) and without (λfr) pore methane hydrate
(T = −6 ± 1 ◦C, P = 0.1 MPa).

Soil Type W, % ρ, g/cm3 Kh λh, W/(m·K) λfr, W/(m·K)

Fine sand-1 14 1.43 0.23 1.05 1.67
Fine sand-1 16 1.53 0.28 1.11 2.07
Fine sand-2 10 1.68 0.31 1.07 1.75
Fine sand-2 21 1.68 0.60 0.51 2.32
Silty sand 15 1.77 0.29 1.04 1.61
Silty sand 23 1.94 0.19 1.86 2.15
Sandy clay 21 1.80 0.29 1.79 2.12

The thermal conductivity of hydrate-bearing samples at 0.1 MPa is markedly lower than that of
the reference hydrate-free frozen samples (Table 3). The difference may reach several times: it is much
greater in the sand that in silty samples and is the greatest (>4 times) for fine sand-2 (W = 21%) with
a high percentage of water converted to hydrate (Kh = 0.60) and high hydrate saturation (Sh = 75%).
The reason may be in the formation of gas hydrate at grain boundaries in sand samples exposed to
alternating freezing and thawing for better hydrate saturation [29,45].

In the experiments of J.F. Wright et al. [32], the thermal conductivity difference between
hydrate-bearing and hydrate-free frozen sand was within 70%. However, studied [32] stable gas
hydrates at a high pressure (~5–8 MPa) while we applied non-equilibrium conditions (P = 0.1 MPa
and t = −6 ± 1 ◦C) in which the pressure drop and the ensuing partial dissociation of pore hydrates
subject to self-preservation may cause the formation of numerous microcracks and structural defects
in ice-hydrate crystals. Similar deformation of an ice-hydrate aggregate upon pressure drop to 0.1 MPa
was observed earlier under an optical microscope [54]. Microcracks in pore ice-hydrate aggregates may
significantly reduce the thermal conductivity of samples in non-equilibrium conditions and increase
the difference between hydrate-bearing and hydrate-free frozen sediments.

In our tests, this difference was the smallest (15–30%) for sandy clay samples (Table 3) with quite
a high density (1.49–1.56 g/cm3) and a low fraction of pore moisture converted to hydrate (0.2–0.3),
possibly due to the absence of hydrates at grain boundaries, as well as to dispersion of the hydrate
inclusions over the samples. The thermal conductivity of frozen sand and silt samples saturated with
methane and carbon dioxide did not show much difference (Figure 3): 1.80 W/(m·K) in silty sand
with pore methane hydrate (W = 22%; Kh = 0.19) and 1.75 W/(m·K) in the case of CO2 saturation,
at W = 22%, and Kh = 0.16. The thermal conductivity values are similar in these samples because they
are originally similar in pure methane and CO2 hydrates [55], as well as because the hydrates of both
gases are distributed in a similar way in the pore space of rocks and are subject to self-preservation.
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Figure 3. Thermal conductivities of frozen soil samples with CH4 and CO2 pore hydrates at
t = −6 ± 1 ◦C. 1—fine sand-1, W = 15%, Kh = 0.33; 2—silty sand, W = 22%, Kh = 0.18.

Thermal conductivity studied as a function of hydrate saturation (Sh) in silty sand with W = 17%
(Figure 4) showed a decrease from 1.79 W/(m·K) to 1.24 W/(m·K) in the saturation range 24 to 36%.
The thermal conductivity difference of hydrate-saturated samples from that of reference hydrate-free
frozen samples (where it was originally 1.95 W/(m·K)) increases with increasing Sh.
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Figure 4. Thermal conductivity as a function of hydrate saturation in frozen silty sand (W = 17%),
at P = 0.1 MPa and t = −6 ± 1 ◦C.

A joint effect of hydrate and ice saturation on thermal conductivity is evident in silty sand samples
all having Kh around 0.3 (Table 4). Although Kh of the samples was the same, their thermal conductivity
increased from 1.00 to 1.77 W/(m·K) upon Sh and Si increase, because a greater pore space volume
became filled with ice and hydrate, while the difference between hydrate-saturated and hydrate-free
frozen samples reduced.

Table 4. Joint effect of hydrate and ice saturation on thermal conductivity of frozen silty sand samples
with Kh ≈ 0.3 at t = −6 ± 1 ◦C and P = 0.1 MPa.

W, % Sh, % Si, % λh, W/(m·K) λfr, W/(m·K)

14 26 33 1.00 1.52
17 30 45 1.59 1.93
22 32 51 1.77 2,15
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Other experiments focused on the time-dependent behavior of thermal conductivity in frozen
samples upon slow dissociation of pore gas hydrates at atmospheric pressure. As it was shown
earlier [23,56], pore gas hydrates in frozen sediments can remain stable after gas pressure drop in
the test cell, for quite a long time depending on lithology and PT conditions [18,46]. Pore hydrates
dissociate rapidly right after the pressure drop and then the dissociation rate decays to zero. The decay
is due to the self-preservation effect in pore gas hydrates (Figure 5). Pore ice that forms upon
freezing of residual water not converted to hydrate (non-clathrate water) plays a special role in
the self-preservation of gas hydrates. It increases the stability of gas hydrate and maintains its primary
preservation. Pore hydrates in samples with higher ice contents commonly dissociate more rapidly
after the pressure drops to below the equilibrium. For instance, the dissociation of pore hydrates in the
sandy clay sample with the highest initial water content began decaying a few hours after the pressure
drop (Figure 5a, red circles).
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Figure 5. Time-dependent hydrate saturation (a); and thermal conductivity (b) in frozen samples with
pore hydrate subject to self-preservation at t = −5−6 ◦C and P = 0.1 MPa. 1-fine sand-2 (W = 17%);
2-silty sand (W = 17%); 3-sandy clay (W = 22%).

As the hydrate saturation of soil samples decreases, the contents of ice that forms upon hydrate
dissociation increases: Sh and Si of fine sand-2 (W = 17%) were, respectively, 36% and 30% at the run
start and became 9% and 58%, respectively, in 55 hours. Note also that the fraction of water converted
to hydrate reduced during the experiment from 0.43 to 0.13.

The experimentally observed time-dependent thermal conductivity of frozen hydrate-saturated
sediments at non-equilibrium conditions increases as a result of slow dissociation of pore hydrates.
The increase is especially rapid in the first few hours and then thermal conductivity stabilizes as the
hydrate dissociation slows down. Namely, the thermal conductivity of the frozen hydrate-bearing fine
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sand-2 sample increases from 0.50 to 1.65 W/(m·K) in the first ten hours but becomes only 6% higher
(1.75 W/(m·K)) for the following 40 hours. Most likely, this behavior results from concurrent hydrate
content decrease and ice content increase, while the ice undergoes metamorphism: it becomes less
porous and more monolithic, as it was shown in a special study [57]. Note that samples with methane
and carbon dioxide hydrates demonstrate similar trends (Table 5). Namely, the thermal conductivity
of frozen fine sand-1 with pore CH4 hydrate, at 0.1 MPa, was 1.11 W/(m·K) 30 min after the pressure
drop and 1.80 W/(m·K) in 240 h, while Sh decreased from 14 to 6% for this time. The sample saturated
with CO2 hydrate behaved in the same way: its thermal conductivity increased from 1.17 W/(m·K) at
Sh = 32% to 1.71 W/(m·K) at Sh = 4% for 135 hours, while the reference frozen sample had an invariable
conductivity of λfr = 2.05 W/(m·K).

Table 5. Time-dependent thermal conductivity of frozen hydrate-bearing sand samples at
non-equilibrium conditions, T = −6 ± 1 ◦C and P = 0.1 MPa.

Type of
Sediment

Hydrate
Forming Gas

Time after Gas
Pressure Drop, hours Sh, % Si, % λh, W/(m·K)

Fine sand-1
(W = 16%)

CH4
0.5 14 28 1.11
240 6 35 1.80

Fine sand-1
(W = 14%)

CO2
0.5 32 35 1.17
135 4 55 1.71

Time-dependent changes in thermal conductivity upon pore hydrate dissociation were also
observed in the samples of silty sand (W = 17%) and sandy clay (W = 22%) (Figure 5b), but the
difference between the initial and final conductivity values was smaller than in the case of sand.
The explanation may be that fine-grained porous soils lack hydrate at grain boundaries, though the
initial hydrate saturation may be quite high (Sh = 22% in sandy clay). Furthermore, the samples of silty
sand and sandy clay become less heavily cracked upon dissociation of pore hydrate, possibly, because
unfrozen pore water relieves stress between the soil particles and the ice+hydrate aggregate in the pores.
This may be the reason of relatively high thermal conductivity (1.57 W/(m·K)) of hydrate-bearing silty
sand (W = 17%) at the run start (Figure 5, open squares), which increased to 1.77 W/(m·K) in the end,
at Sh = 4%, or 13% higher, in 100 h. Note that the thermal conductivity of the reference hydrate-free
silty sand sample was 1.87 W/(m·K).

The thermal conductivity of sandy clay (W = 22%) with hydrate saturation as high as 85%
increased as well (Figure 5b, red circles), though moderately: from 1.75 W/(m·K) in the beginning to
2.1 W/(m·K) in 170 h (20%). Hydrate dissociation began decaying as early as 3 h after the pressure
drop, due to high ice contents which favor the self-preservation of hydrates.

The sample of frozen hydrate-bearing fine sand-2 had its initial thermal conductivity much lower
than the silty samples (0.5 W/(m·K) against 1.5 W/(m·K) the lowest), possibly, due to the presence of
hydrates at its grain boundaries, as well as to numerous microcracks in the ice+hydrate aggregates in
the pores caused by the pressure drop and hydrate dissociation.

Unlike the sand samples, the silty rocks are expected to lack hydrates at grain boundaries and to
be less heavily deformed as a result of stress release through unfrozen pore water. Note that frozen
sand soils lack unfrozen pore water and their pore ice and hydrate are prone to intense cracking.

The thermal conductivity behavior in natural hydrate-bearing sediments was studied also in three
frozen mud samples recovered by drilling from the Lake Baikal bottom. Two of them (S-2 and S-3)
enclosed visible hydrate lenses. The samples were kept frozen in conditions favorable for gas hydrate
self-preservation (t = −9 to −11 ◦C). Generally, the frozen samples with and without pore hydrate had
similar mineralogy, and their water content was in a range of 45 to 50 %, the bulk density from 1.36 to
1.52 g/cm3, and the porosity about 0.6–0.65. The similarity is due to the fact that the samples were
recovered from the same lithological unit, but above or below the hydrate stability line.
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Sample S-1 had no visible hydrate inclusions and lacked pore hydrate, according to data on gas
contents. Samples S-2 and S-3 enclosed large hydrate lenses, elongate (up to 2.5 cm thick) or isometric
(up to 3 cm in diameter). The ice-hydrate aggregate was white, with a density of 0.66 to 0.9 g/cm3.
At the run start, the ice-hydrate lenses contained 40–46% hydrate. The gas released from the hydrate
was pure methane (up to 99% CH4), of biogenic origin judging by low δ13C = −60‰ .

The hydrate-free frozen sample showed almost no anisotropy of thermal conductivity, which was
within 1.24–1.40 W/(m·K) irrespective of direction, and the anisotropy coefficient was 0.94 (Figure 6).
Unlike this, the thermal conductivity of hydrate-bearing samples was anisotropic and varied with
the direction of measurements relative to the hydrate lenses (Figure 7). Specifically, it was lower
along than across the ice-hydrate lenses: 0.77 to 0.82 W/(m·K) against 1.07 and 1.36 W/(m·K) in
sample S-2 and 0.76 to 0.91 W/(m·K) against 1.17 W/(m·K) in S-3 (Figure 7), with the coefficients 0.63
and 0.70, respectively. The anisotropy results from the fact that the thermal conductivity across the
ice-hydrate lenses mainly represents the mineral component while that along the lenses corresponding
to the ice+hydrate component. The thermal conductivities of the lenses vary as a function of relative
percentages of ice and hydrate (Figure 8) and is higher in the case of lower hydrate contents (within
10%) than in the samples with up to 46% hydrate. Thus, the presence of gas hydrate lenses and layers
in rocks leads to heterogeneity in their thermal conductivity.
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4. Conclusions

The thermal conductivity of frozen sediments with self-preserved pore hydrates can be measured
at a gas pressure below equilibrium with a KD-2 needle probe which causes a very little thermal effect
on the test samples. The reported experimental study performed with this method at atmospheric
pressure has revealed several prominent trends in the thermal conductivity behavior of natural and
manmade samples of frozen hydrate-bearing sediments.

1. Frozen samples of the same composition with and without pore hydrates differ markedly in
thermal conductivity measured at non-equilibrium conditions (at P = 0.1 MPa and t = −6 ± 1 ◦C).
The difference may reach tens of percent or more, depending on the composition and structure of
sediments, due to about four-fold thermal conductivity difference between pore ice and hydrate.
It is the highest in the sand with high hydrate saturation where cracked gas hydrate forms at the
boundaries of soil particles and impedes heat transfer. For instance, the thermal conductivity of
frozen hydrate-bearing fine sand-2 (W = 10%) is 1.28 W/(m·K) but 2.09 W/(m·K) in the absence
of pore hydrate.

2. As the fraction of pore water converted to hydrate (and hydrate saturation) increases, the
thermal conductivity of frozen samples decreases and becomes ever more different from that of
hydrate-barren sediments.

3. After the pressure in the test cell drops to 0.1 MPa, the thermal conductivity of frozen
hydrate-bearing sediments increases as a result of slow pore hydrate dissociation and additional
ice formation. For instance, it increased from 0.5 W/(m·K) to 1.74 W/(m·K) in 55 hours in fine
sand-1, at t = −6 ± 1 ◦C, while the hydrate saturation reduced 36 to 9%.

4. The thermal conductivity of frozen natural hydrate-bearing core samples of Lake Baikal bottom
sediments is anisotropic and varies with the direction of measurements with respect to ice-hydrate
lenses: from 0.77 W/(m·K) along the lenses to 1.37 W/(m·K) in the orthogonal direction.

In general, the obtained results demonstrate that measuring thermal conductivity is a promising
tool for the detection and mapping of permafrost-associated stable or relict pore gas hydrates.
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