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Abstract: Arctic permafrost often contains gas-saturated horizons. The gas component in freezing
and frozen soils can exist under different pressures, which are expected to affect their properties and
behavior. The effect of pore gas pressure on the thermal conductivity of frozen and unfrozen silt loam
saturated with methane or carbon dioxide at pressures below the hydrate formation conditions is
observed in the current study. The variable gas pressure and temperature conditions are simulated
in a specially designed pressure cell, which allows thermal conductivity measuring in pressurized
samples at positive and negative temperatures. The experiments using natural samples collected
near the gas emission crater (Yamal Peninsula) show that thermal conductivity is sensitive to pore
gas pressure even at high moisture contents. The thermal conductivity of methane-saturated soil
becomes 4% and 6% higher in frozen and unfrozen samples, respectively, as the gas pressure increases
from 0.1 MPa to 2 MPa. In the case of CO2 saturation, the respective thermal conductivity increase
in frozen and unfrozen samples reaches 25% and 15% upon pressure change from 0.1 to 0.9 MPa.
The results stimulate further special studies of the effects of gas type and pressure on the thermal
properties of closed gas-saturated taliks, of which the pore pressure is increasing during freezing up.

Keywords: permafrost; gas-saturated sediments; thermal property; experimental modelling; freezing
under gas pressure; thermal conductivity; methane; carbon dioxide

1. Introduction

Intensive exploration of the Russian Arctic regions for petroleum production has
revealed large amounts of gas, especially methane, stored in permafrost [1–12]. Gas ac-
cumulations are found at different depths within permafrost but are especially abundant
at shallow levels above the Gas Hydrate Stability Zone (GHSZ) [13–21]. Intra-permafrost
gas is an essential source of methane emissions from evolving permafrost, including the
explosive emissions that produced particular craters discovered in northern West Siberia
in the past decade [22–26]. Gas accumulation can be associated with various geocryolog-
ical processes, such as penetration of gas into local reservoirs during the degradation of
thermokarst lakes, the perennial freezing of ground, the migration of deep-seated gas
through fractured permafrost, or gas release during the dissociation of gas hydrates [2,3].
A local accumulation of gas often occurs as a result of cryogenic concentration during the
freezing process of gas-containing sediments, caused by the compression of gas by the
freezing front, which leads to the appearance of gas pressure. A typical case of this process
is the freezing in closed conditions of gas-saturated deposits of talik zones, for example,
sub-lake taliks, which can freeze from all sides during the degradation of thermokarst lakes.

Permafrost gas reservoirs are often pressurized, and drilling can cause explosive gas
emissions, with the ejection of rock debris. The development of recommendations for
predicting the occurrence and behavior of such “explosive” intra-permafrost structures in
areas of economic development of the Arctic is relevant, especially in the context of global
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climate change [27]. Meanwhile, the gas component of permafrost pore fluids remains
poorly investigated, though this knowledge is crucial in many aspects. The properties of
frozen, freezing, and thawing rocks, including thermal properties that have implications for
the thermal and mechanic responses of gas-saturated permafrost to temperature variations,
comprise an especially important issue [28], for example, in assessing the reverse freezing
of gas-saturated thawing halos around production wells during an emergency shutdown
of the well [29,30]. When water-gas-saturated sediments reverse freeze in a confined space,
the significant pressure generated can crush casing and tubing pipes.

Several previous theoretical and experimental studies revealed the influence of gas
composition and pressure on the temperature of pore water/pore ice phase transitions in
soils [31,32] and their related thermal parameters [32]. It has been shown that the chemical
composition of the gas has a noticeable effect on lowering the freezing point of pore water
only in the presence of highly soluble gases such as CO2. Thus, for slightly soluble gases (ni-
trogen and methane), the coefficient of the decrease in freezing temperature for the studied
rocks is about 0.1 ◦C/MPa; with the appearance of carbon dioxide in the system, it increases
to 1.36 ◦C/MPa [31]. However, this influence has not been practically utilized in relation
to the assessment of the thermal conductivity of gas-saturated sediments. In this respect,
physical modeling is a workable way to estimate the sensitivity of thermal conductivity to
the type of pore gas and gas pressure in soils exposed to freezing and thawing.

2. Materials and Methods

The thermal conductivity of gas-bearing sediment samples at different pressure and
temperature conditions was studied in a test pressure cell with a system of gas supply
and automatic pressure and temperature recording (Figure 1). The test pressure cell with
sediment samples was placed into a climatic cell with set temperature conditions. The
temperature and pressure in the pressure cell were monitored via the digital PT sensors
connected to a PC.

Geosciences 2023, 13, x FOR PEER REVIEW 2 of 11 
 

 

Permafrost gas reservoirs are often pressurized, and drilling can cause explosive gas 
emissions, with the ejection of rock debris. The development of recommendations for 
predicting the occurrence and behavior of such “explosive” intra-permafrost structures in 
areas of economic development of the Arctic is relevant, especially in the context of global 
climate change [27]. Meanwhile, the gas component of permafrost pore fluids remains 
poorly investigated, though this knowledge is crucial in many aspects. The properties of 
frozen, freezing, and thawing rocks, including thermal properties that have implications 
for the thermal and mechanic responses of gas-saturated permafrost to temperature 
variations, comprise an especially important issue [28], for example, in assessing the 
reverse freezing of gas-saturated thawing halos around production wells during an 
emergency shutdown of the well [29,30]. When water-gas-saturated sediments reverse 
freeze in a confined space, the significant pressure generated can crush casing and tubing 
pipes.  

Several previous theoretical and experimental studies revealed the influence of gas 
composition and pressure on the temperature of pore water/pore ice phase transitions in 
soils [31,32] and their related thermal parameters [32]. It has been shown that the chemical 
composition of the gas has a noticeable effect on lowering the freezing point of pore water 
only in the presence of highly soluble gases such as CO2. Thus, for slightly soluble gases 
(nitrogen and methane), the coefficient of the decrease in freezing temperature for the 
studied rocks is about 0.1°C/MPa; with the appearance of carbon dioxide in the system, it 
increases to 1.36 °C/MPa [31]. However, this influence has not been practically utilized in 
relation to the assessment of the thermal conductivity of gas-saturated sediments. In this 
respect, physical modeling is a workable way to estimate the sensitivity of thermal 
conductivity to the type of pore gas and gas pressure in soils exposed to freezing and 
thawing. 

2. Materials and Methods 
The thermal conductivity of gas-bearing sediment samples at different pressure and 

temperature conditions was studied in a test pressure cell with a system of gas supply and 
automatic pressure and temperature recording (Figure 1). The test pressure cell with 
sediment samples was placed into a climatic cell with set temperature conditions. The 
temperature and pressure in the pressure cell were monitored via the digital PT sensors 
connected to a PC.  

 

Figure 1. Schematic of the experimental setup: 1 = temperature chamber, 2 = pressure chamber,
3 = thermal conductivity sensor, 4 = temperature sensors, 5 = plastic container, 6 = sample; 7 = inlet
gas port, 8 = digital pressure sensor, 9 = KD-2 Pro device, 10 = PC with logging system, 11 = gas
cylinder, 12 = gas line.
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The thermal conductivity of gas-bearing sediment samples was measured using a
KD-2 Pro dual-needle probe (manufactured by METER Group, Pullman, WA, USA). The
dual-needle SH-1 sensor was 30 mm long and 1.3 mm in diameter. The temperature of the
samples near the sensor rose no more than 0.5 C during the measurements.

According to the findings from an earlier modification of the KD-2 instrument used
in experiments with frozen, unfrozen, and hydrate-bearing samples [33], the absolute
accuracy in thermal conductivity measurements of frozen samples is no worse than ±5%.
The relative measurement error is within 0.5%, which makes it possible to determine small
fluctuations in the thermal conductivity of samples over time, provided that the probe is
installed identically and there are no external influences on the experimental setup.

The experiments were applied to clay silt (silt loam) sampled in the vicinity of a crater
(Figure 2) produced by explosive gas emissions in the Erkuta River valley in the southern
Yamal Peninsula [24].
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Figure 2. Erkuta crater location on the Yamal Peninsula (а), and (b) a general view in July 2017 (photo by A. Sinitsky). Figure 2. Erkuta crater location on the Yamal Peninsula (a), and (b) a general view in July 2017 (photo
by A. Sinitsky).

The sample represents the soil ejected from shallow permafrost during the explosion
(Table 1).

Table 1. The particle sizes, salinity, and density of sample used in the experiments.

Sample Particle Size Distribution, % Salinity, % Solid Density, g/cm3 Type of Soil *
1–0.05 mm 0.05–0.002 mm <0.002 mm

Silt 16.2 67.8 16.0 0.05 2.66 Silt loam

Note *: Classification is according to [34].

The sample (Table 1) consists mainly (54%) of 0.05–0.01 mm silt particles, has the low
salinity of ≤0.05%, and contains only ~0.4% total organic carbon (TOC). The mineralogy
(Table 2) includes 45% quartz, 32% feldspars (microcline and albite), and about 18% clay
minerals (illite, chlorite, kaolinite, smectide), and a minor percentage is made up of other
phases (less than a few percent).
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Table 2. The mineral composition of the studied soils.

The Total Mineral Composition, %

Quartz Albite Microcline Illite Chlorite Amphiboles Kaolinite Smectite Calcite Siderite

45.2 22.2 10.1 8.7 5.0 3.2 2.5 1.5 0.9 0.7

The unfrozen water content, estimated via the water potential method [35], vary as a
function of the temperature below 0 ◦C (Figure 3).
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Figure 3. The unfrozen water content curve for the silt loam. Black dots—calculated data. Solid
line—approximation of calculated data.

The air-dry soil sample was prepared with a specified initial moisture content and
density, following the method described in [33]. To attain the designed water content, the
dry soil samples were mixed with distilled water and then left for 30 min for stabilization.
The wet soil was compacted, layer by layer, into perforated cylindrical plastic containers of
80 mm in height and 46 mm in diameter. The sample initially had a moisture content of
21%, a dry density of 1.98 g/cm3, a porosity of ~38%, and a water saturation (Sw) of 88%
(Table 3).

Table 3. The moisture, density, and porosity of the sample used in the experiments.

Sample Moisture Content
W, %

Density
ρ, g/cm3

Dry Density
ρd, g/cm3

Porosity
n, %

Water Saturation
Sw, %

Silt 21 1.98 1.65 38 89

The prepared sample was placed into the pressure cell, which was then sealed, vacu-
umed, cooled to −6, and filled with CH4 or CO2, until pressures were reached below the
limit required for pore hydrate formation: 0.1, 1, and 2 MPa for pore methane (99.99%)
and 0.1, 0.5 and 0.9 MPa in the case of 99.95% CO2. The temperature was first increased to
positive values (+6 ◦C) and then reduced to −15 ◦C after 8 h of stabilization. The heating–
cooling cycles last about 4–5 days, while thermal conductivity variations are constantly
monitored. The sample was cooled down and warmed up at a rate of ~0.5 ◦C/h (Figure 4).
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Figure 4. Time-dependent temperature variations in CH4 in the saturated silt loam sample (W = 21%)
in the pressure cell under 1 MPa during cooling and heating between +5 ◦C and −15 ◦C.

3. Results

The laboratory experiments have provided evidence for the thermal conductivity
behavior in a methane-saturated soil sample exposed to cyclic heating and cooling at
different gas pressure values (0.1, 1, and 2 MPa). The results show that in the sample with
W = 21% and Sw = 89% (Figure 5), the cooling cycle from +6 ◦C to 0 ◦C led to a thermal
conductivity decrease of only few percent (from 2 to 4%) at the observed gas pressure
interval and comparable to the precision of thermal conductivity measurements.
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Figure 5. Thermal conductivity variations in a methane-saturated loam sample (W = 21%, Sw = 89%)
as a function of the temperature at various gas pressures.

In the temperature range from 0 ◦C to −6 ◦C, it was impossible to reliably record the
thermal conductivity of freezing soil because of the effects of the pore moisture transition
on the ice upon cooling. Nevertheless, a systematic pressure-dependent 40–45% increase
was observed: the thermal conductivity changed from 1.58 to 2.25 W/(m·K) at 0.1 MPa,
from 1.61 to 2.31 W/(m·K) at 1 MPa, and from 1.62 to 2.37 W/(m·K) at 2 MPa. The increase
was only 0.10–0.12 W/(m·K) when the pressure reached 2 MPa in the frozen sample at
−6 ◦C (Figure 5; Table 4); it was, likewise, minor (within 2%) upon further cooling from
−6 ◦C to −14.5 ◦C; and it was even zero upon warming from −14.5 to −6 ◦C and from
~2.3 W/(m·K) at 0.1 MPa to ~2.4 W/(m·K) at 1 and 2 MPa (Figure 5). Further heating to a
positive temperature led to a decrease in thermal conductivity as the pore ice transformed
into liquid water.
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Table 4. The sensitivity of the thermal conductivity (W/(m·K)) to the pressure of the pore gas (CH4)
in frozen silt loam (W = 21%, Sw = 89%) exposed to cyclic heating and cooling between −6 ◦C and
−14.5 ◦C.

Cooling Heating

P, MPa
T, ◦C +5 +0.4 −6 −9 −14.5 −9 −6 +2.8

0.1 1.53 1.47 2.25 2.25 2.27 2.27 2.27 1.78
1.0 1.63 1.57 2.31 2.32 2.36 2.36 2.36 1.56
2.0 1.64 1.64 2.37 2.38 - 2.38 2.38 1.47

Measurements of the methane-saturated sample at positive temperatures before and
after cooling–warming cycles at 0.1 MPa revealed a 0.2–0.3 W/(m·K) increase, possibly due
to a slight compaction of the sample. At 1 MPa, the thermal conductivity remained almost
invariable within the accuracy of measurements but became 0.1 W/(m·K) lower at 2 MPa
after the cooling–warming cycles (Figure 5).

In the case of CO2 saturation, the initial thermal conductivity of the sample be-
fore freezing–thawing cycles (at +6 ◦C) varied with the gas pressure. It changed from
1.44 W/(m·K) at 0.1 MPa to 1.69 W/(m·K) (17% increase) at 0.5 MPa and to 1.80 W/(m·K)
(another 7%) at 0.9 MPa. The variations upon cooling from +6 ◦C to 0 ◦C ranged from
~1.44 W/(m·K) at 0.1 MPa to only 5% lower on average at 0.5 and 0.9 MPa. Freezing to
−6 ◦C led to an average thermal conductivity increase of 40%, irrespective of the pressure
(Figure 6).
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Cooling and heating between −6 ◦C and −14.5 ◦C had only a minor influence on the
thermal conductivity: it changed within 2% (Table 5). Subsequent thawing led to a thermal
conductivity decrease (Figure 6) from ≈2.3 W/(m·K) (at 0.5 and 0.9 MPa) to 1.73 W/(m·K)
for 0.9 MPa and to 1.63 W/(m·K) (at 0.5 MPa).
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Table 5. The sensitivity of the thermal conductivity (W/(m·K)) to the pressure of pore gas (CO2) in
frozen silt loam (W = 21%, Sw = 89%) exposed to heating and cooling between −6 ◦C and −14.5 ◦C.

Cooling Heating

P, MPa
T, ◦C +5.6 +0.5 −6 −9 −14.5 −9 −6 +1.7 +5.7

0.1 1.44 1.45 2.01 2.02 2.03 2.03 2.03 - -
0.5 1.69 1.60 2.25 2.26 2.28 2.28 2.29 1.63 1.63
0.9 1.79 1.69 2.30 2.27 - 2.27 2.32 1.72 1.73

In general, the increase in CO2 pressure from 0.1 to 0.5 MPa led to a ~0.3 W/(m·K)
increase in thermal conductivity (Figure 6), but its value did not change at 0.9 MPa. The
~0.3 W/(m·K) difference between the values at 0.1 MPa and at higher pressures (0.5 and
0.9 MPa) persisted after freezing.

4. Discussion

The experiments confirm that gas pressure affects the thermal conductivity of freezing
finely dispersed soil even at sufficiently high moisture contents. The effect is markedly
stronger in the case of saturation with carbon dioxide, which is more soluble in pore
water than methane, and the solubility increases markedly with pressure [31]. The higher
water solubility of CO2 due to active interaction with water molecules makes the freezing
temperature of pore moisture lower than the values for gas-free water and water saturated
with methane. The freezing temperature of CH4-saturated soil changes with the pressure,
from ~−0.2 ◦C at 0.1 MPa to −0.3 ◦C at 2 MPa, but the respective change in the CO2-
saturated sample is greater: to −1.0 ◦C at 0.5 MPa and to −1.2 ◦C at 0.9 MPa. It was
initially expected that in finely dispersed soil saturated with CO2, the thermal conductivity
after freezing would increase less than in methane-saturated soil, as was previously noted
by the authors for sandy soil. However, experimental data have shown that the thermal
conductivity values of the frozen sample under the gas pressure of CO2 and methane are
generally close. A lower value of thermal conductivity in a CO2-saturated frozen sample
compared to a methane-saturated sample is observed only at a pressure of 0.1 MPa. It
should be noted that in these conditions, a lower value of thermal conductivity in the
sample was also observed before freezing.

Generally, the thermal conductivity increase in gas-saturated sediments may be due to
the pressure of gas on the soil skeleton, whereby more thermal contacts appear between
particles. The type of gas can also have a certain influence; according to A.P. Babichev et al.,
1991 [36], the thermal conductivity of CH4 at 0.1 MPa and room temperature is almost twice
as high as that of CO2 and is 0.0342 and 0.016 W/(m·K), respectively. With an increase in
pressure to 4 MPa, the thermal conductivity of gases increases slightly [37]. In addition,
freezing and thawing conditions, which largely determine the processes of mass transfer
and structure formation in soil environments, can have a significant impact on the change
in thermal conductivity of gas-saturated sediments, but this requires special consideration.
The interaction among soil components in the presence of CO2 may additionally increase
as some crusts on grain surfaces dissolve upon carbonic acid formation or as carbonates
precipitate when pore water freezes up at negative temperatures [38,39]. In our case, when
carbon dioxide dissolves in pore water, and carbonic acid (H2CO3) forms, the latter actively
interacts with calcite. Its content in the soil used in the experiment reaches 1%. As a result,
calcium carbonate (calcite) and, possibly, siderite transform into more soluble bicarbonates.
With further freezing of such a soil sample saturated with CO2 and containing bicarbonates,
carbonate precipitates improve the thermal contacts between soil particles, which, along
with the formation of ice, leads to an increase in the thermal conductivity of the soil in the
frozen state. An increase in CO2 pressure promotes a more active conversion of calcium
particles into a soluble form, bicarbonate, which, in turn, when frozen, falls out of solution
and cements soil particles. These factors can account for the greater effect of gas pressure
on thermal conductivity in samples with pore CO2 than in those with CH4.
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5. Conclusions

The reported experiments simulated the effect of gas pressure on the thermal con-
ductivity of sediments saturated with methane or carbon dioxide at pressures below the
hydrate formation limit and at temperatures varying cyclically between positive and nega-
tive values. The thermal conductivity increased systematically with the gas pressure due to
enhanced thermal interaction between soil particles and a higher density of gas medium.

As the gas pressure in the methane-saturated sample changed from 0.1 MPa to 2 MPa,
its thermal conductivity became about 0.1 W/(m·K) higher in the temperature range from
−6 ◦C to −14.5 ◦C. The increase caused by methane pressure was about 6% for the unfrozen
sample and under 4% when it was frozen.

In the case of CO2 saturation, the pressure increase from 0.1 to 0.9 MPa (until the
hydrate formation value) led to a greater thermal conductivity change: 0.3 W/(m·K) or
25% and 15% for the unfrozen and frozen samples, respectively.

The experiments have implications for the thermal behavior of gas-saturated taliks at
increasing pore pressures within the interval below the formation of gas hydrate. The ther-
mal conductivity of frozen gas-saturated soils of the talik zone can be expected to increase
significantly with the appearance of CO2 in the gas component, which can ultimately affect
the rate of freezing of the gas-saturated talik under conditions of increasing pressure in a
closed system. However, it must be borne in mind that an increase in the CO2 content of
gas-saturated sediments significantly reduces the pressure range in which freezing and
frozen rocks can exist without a hydrate phase.
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