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Abstract

Thermal conductivity of ice- and hydrate-bearing fine-grained porous sediments (soils)
has multiple controls: mineralogy, particle size, and physical properties of soil matrix;
type, saturation, thermal state, and salinity of pore fluids; and pressure and temperature.
Experiments show that sediments generally increase in thermal conductivity upon freez-
ing. The increase is primarily due to fourfold difference between thermal conductivity of
ice and water (~2.23 against ~0.6 W/(m-K)) and is controlled by physicochemical processes
in freezing sediments. Thermal conductivity of frozen soils mainly depends on lithol-
ogy, salinity, organic matter content, and absolute negative temperature, which affect the
amount of residual liquid phase (unfrozen water). It commonly decreases as soil con-
tains more unfrozen water, in the fining series ‘fine sand - silty sand - sandy clay — clay’,
as well as at increasing temperatures, salinity, or organic carbon contents. According to
experimental evidence, the behavior of thermal conductivity in hydrate-bearing sedi-
ments strongly depends on conditions of pore hydrate formation. It is higher when pore
hydrates form at positive temperatures (t > 0°C) than in the case of hydrate formation in
frozen samples. Freezing and thawing of hydrate-bearing sediments above the equilib-
rium pressure reduces their thermal conductivity due to additional hydrate formation.

Keywords: thermal conductivity, sediments, temperature, ice, gas hydrate, freezing,
permafrost, unfrozen water, salinity, hydrate saturation, organic matter

1. Introduction

Thermal conductivity of rocks depends on their origin and deposition environments
and related lithology, mineralogy, structure and texture, as well as on thermal state and
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thermodynamic conditions [1-13]. There is a wealth of published evidence on thermal con-
ductivity control by mineralogy, particle size, pore space structure, and pore fluid state and
composition: whether it is fresh or saline water, ice, gas, organic compounds, and so on [14—
21]. However, the effect of some pore filling materials on thermal properties of sediments
remains poorly investigated, especially that of pore hydrates [22, 23]. Natural gas hydrates
share much physical similarity with ice (heat capacity, density, and acoustic properties) and
thus pore hydrates in permafrost, though being known since the 1970s [24], are hard to iden-
tify and study with conventional geophysical methods, mainly seismic. Meanwhile, pore gas
hydrate and ice differ markedly in thermal conductivity, which is 2.23 W/(mK) in hydrate,
0.54-0.65 W/(m-K) in ice, and 0.6 W/(m-K) in liquid water [25-27].

Knowledge of thermal properties, especially thermal conductivity, of frozen and freezing
porous sediments is valuable in geocryological predictions for reducing geological engineer-
ing risks during construction and operation of buildings and utilities in regions of Arctic and
highland permafrost [28, 29]. True thermal conductivity values of frozen soils are also indis-
pensable to choose optimal strategies of mitigating risks from permafrost thawing as a result
of global warming or local manmade impacts.

The development of hydrate-bearing gas and oil reservoirs likewise requires knowing their
thermal properties [30]. Methane production from these reservoirs is most often simulated
with reference to thermal conductivity of pure methane hydrates [31], but this simplistic
assumption can entrain serious errors during methane recovery, especially for permafrost
containing hydrates and ice.

The marked thermal conductivity difference between hydrate and ice is a prerequisite for
creating a method of identifying and mapping intra-permafrost gas hydrates.

2. Thermal conductivity of sediments in unfrozen and frozen state
and freezing effect

Thermal properties of rocks, soils, water, and air vary as a function of their composition,
structure and state, as well as thermodynamic conditions. Thermal conductivity values of dif-
ferent materials are quoted in Table 1 per unit volume of rocks, sediments, water, ice, snow
and air. Note that it linearly depends on temperature for water, ice and air.

Comparative analysis of experimental data shows that thermal conductivity of igneous
(granite, basalt), metamorphic (quartzite, schists), and sedimentary (sandstone, limestone,
dolomite) rocks can vary from 1.0 to 5.0 W/(m-K) as a function of different factors. The miner-
alogy dependence is associated with the presence of thermally conductive minerals, such as
SiO, quartz (~7.0 W/(m-K)) or iron-bearing phases (e.g., pyrite). Density and porosity effects
appear as greater thermal conductivity in denser and less porous rocks, that is, it is lower in
sediments than in igneous or metamorphic rocks. Experiments show that 15-20% densening
of skeleton in sand leads to about twice higher thermal conductivity. The variations result
from more or less close packing of particles. Manmade compaction likewise leads to thermal
conductivity increase in sediments, which is often used in civil engineering.
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Cemented porous sediments fall into three thermal conductivity groups: (1) coarse clastics
(conglomerates, gritstones, and sandstones); (2) fine clastics (silt and clay); (3) chemogenic and
biogenic carbonates and silicates (dolomite, anhydrite, limestone, diatomite, etc.). Thermal
conductivity of coarse clastics is from 1.5 to 4.5 W/(m-K), estimated separately for matrix and
cement, and reaches 5.8 W/(m'K) in low-porosity monomineral sediments (dolomite, lime-
stone). Thermal conductivity is anizotropic in many sedimentary and metamorphic rocks: it is
on average 10-30% higher along than across the bedding, especially in shale and gneiss [32].
The reason is that interactions of mineral particles and heat transfer are more active along the
bedding controlled by the origin and deposition environments of rocks.

Thermal conductivity variations in sediments and soils, which are multicomponent and mul-
tiphase systems, depend on relative percentages of solid, liquid, and gas phases; soil chem-
istry and mineralogy; structure and texture (particle size, porosity, layering, etc.); moisture
contents; and temperature. Saturation of sediments affects significantly their thermal proper-
ties: thermal conductivity reaches its maximum at full water saturation [11] as water with A =
0.54 (W/(m'K) supplants gas with A = 0.024 (W/(m-K).

The dependence on particle size composition shows up in higher thermal conductivity of
coarse and very coarse soils (of boulder, pebble, gravel, and sand particles) compared to
finer-grained varieties, the moisture content, density, and other parameters being equal. The
upper limit for coarse sediments (up to 3-9 W/(m-K)) corresponds to hard components while
the lower limit (0.3-0.5 W/(mK)) represents dry fine-grained material. Thermal conductivity
decreases with fining, in a descending series of sand — silt — clay — peat (Table 1), because of a
greater number of loose contacts between particles [33].

Saturated frozen sediments and soils with medium or high moisture contents have higher
thermal conductivity than their unfrozen counterparts because pore ice is four times more
conductive than water (Table 1): 2.22 W/(m-K) against 0.54 W/(m-K). However, the tempera-
ture dependence of thermal conductivity in wet porous sediments is rather controlled by
relative percentages of pore ice and water and conditions of heat transfer at their contacts.
Within the range of positive temperatures, thermal conductivity decreases slowly from 25 to
0°C, in accordance with linear dependence on water temperature, but rises abruptly at the
transition from 0 to -1°C when pore water rapidly converts to ice (Figure 1). Note that ther-
mal conductivity of ice-rich soil depends more on the conditions of cooling and heating than
on absolute temperature. Of special importance is the direction of heat transfer at alternating
pressures and temperatures, when pore water converts to ice and back, and changes in their
relative amounts [15]. Figure 2 shows qualitative variations of thermal conductivity in frozen
sediments subject to further freezing and subsequent thawing. The curves comprise several
segments corresponding to different temperature intervals. Thermal conductivity decreases
linearly within the range of positive temperatures till the onset of freezing (segment A-B)
and then increases dramatically in the region of rapid water-to-ice transition (segment B-C),
when ice, with its thermal conductivity four times that of water, appears as a new pore fill-
ing component, while the amount of unfrozen pore water reduces. Further freezing to -15°C
and colder (segment C-D) corresponds to notable (30-40%) decrease in thermal conductivity.
The reason is that increasing crystallization of unfrozen bound water and related thermome-
chanic stress, as well as thermal expansion variations, cause rapid growth of cracks. Saline
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Material Thermal conductivity A (W/(m-K))
Water

At +4.1°C 0.54

At +20°C 0.60

Ice 2.22-2.35
Air

At 0°C 0.024

At -23°C 0.022
Snow

Loose 0.1
Dense 0.3-04
Granite 2.3-4.1
Basalt 1.74-2.91
Quartzite 2.9-6.4
Shale 1.74-2.33
Sandstone 0.7-5.8
Limestone 0.8-4.1
Dolomite 1.1-5.2
Sand

Dry 0.3-0.35
Unfrozen, water-saturated 1.7-2.6
Frozen, ice-saturated 1.5-3.0
Silty clay

Dry 0.19-0.22
Unfrozen, water-saturated 0.6-1.0
Frozen, ice-saturated 1.2-14
Clay

Air-dry 0.8-1.0
Unfrozen, water-saturated 1.2-14
Frozen, ice-saturated 1.4-1.8
Peat

Dry 0.012-0.14
Unfrozen, water-saturated 0.7-0.9
Frozen, ice-saturated 1.1-1.2

Table 1. Thermal conductivity of different materials [19].
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Thermal conductivity, W/(m-K)

Temperature, °C

Figure 1. Effect of temperature on thermal conductivity in different types of sediments: 1—coarse crushed stone filled with
silt, 2—fine sand, 3 —silty sand, 4—loess-like silty clay, 5—silty clay, 6—clay, and 7—degraded peat [15, 19]. Data points
are experimental measurements; lines are approximation trends. The arrows show the direction of temperature change.
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Figure 2. Variations of thermal conductivity in frozen sediments subject to freezing and subsequent thawing. The arrows
show the direction of temperature change.

peat-bearing fine-grained porous soil contains much unfrozen water even at low negative
temperatures, till -15°C [16, 19, 34]. The thermal conductivity reduction is especially large in
ice-rich peat subject to further cooling and related brittle deformation when internal stress in
soil releases through microcracks.

Subsequent warming (segment E-F) leads to notable increase in thermal conductivity as the
cracks heal up because ice, and soil as a whole, become more plastic. The highest thermal con-
ductivity values in the warming-thawing cycle of frozen soil approach those in the freezing-
cooling cycle, but correspond to higher negative temperatures because of hysteretic behavior
of moisture phases. Thermal conductivity decreases dramatically till the thawing tempera-
ture within the segment F-G, as pore ice melting increases the contents of liquid water.

The thermal conductivity decreases with grain sizes in the series ‘coarse sand — fine sand —
silty sand — silt — silty clay — clay” was observed in both frozen and unfrozen sediments with
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different degrees of water or ice saturation [15, 17-21], over the range of temperatures from
+20 to -20 °C, including the region of rapid water-ice phase transitions. Finer sediments have
more thermal resistance contacts and are more hydrophilic and ultraporous, which increases
relative contents of low-conductive liquid unfrozen water.

Thermal conductivity of frozen sediments increases systematically with ice saturation as low-
conductivity gas gives way to high-conductivity ice. Sediments with high contents of ice,
which swells out the mineral skeleton, have thermal conductivity about that of ice.

Salinity, or the presence of soluble salts in pore water, is another important control of thermal
conductivity in frozen sediments. Namely, Na+ and Cl- ions lead to changes in the phase state
of pore moisture in permafrost. Frozen soils with higher salinity (Z, %), that is, salt-to-dry
sediment weight ratio, contain more unfrozen pore water and, correspondingly, have lower
thermal conductivity (Figure 3). Thermal conductivity of saline sand and silty sand contain-
ing liquid pore water is much lower than that in non-saline sediments: only 1% increase of
salinity in frozen sand may cause twofold thermal conductivity decrease. Unlike sand, more
or less water-saturated low saline (0 to 0.5-0.7%) clay silt and clay have thermal conductivity
slightly (within 10%) higher than in their non-saline counterparts, but more saline varieties
are less conductive. Namely, at Z > 1%, thermal conductivity shows a weak decreasing trend
traceable until the system reaches the eutectic point. This behavior is related primarily with
changes in relative contents of water phases (ratio of unfrozen water content to total moisture
content) as salinity increases. The amount of liquid water depends on concentration as well
as on chemistry of salts: it increases progressively in the series Na,SO,-Na,CO,-NaNO,-NaCl,
while thermal conductivity decreases correspondingly. Note that further cooling of frozen
soils reduces the amount of unfrozen pore water [34]. As the pore fluid reaches eutectic con-
centration and temperature, salts form cryohydrates, whereby the content of unfrozen water
decreases dramatically. The formation of thermally conductive cryohydrates in the pore
space and the respective reduction of the liquid water content leads to thermal conductivity
increase in frozen soils. Experiments show that thermal conductivity of saline soils tends to
that of non-saline soils at temperatures below eutectics [35].
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Figure 3. Salinity (Z,%) dependence of thermal conductivity for different types of NaCl-bearing soil: 1—fine sand,
2—silty sand, 3—sandy clay, and 4—kaolin clay (W = 15-30% for 1-3 and W = 50-70% for 4) [18]. Data points are
experimental measurements; lines are approximation trends.
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Figure 4. Water (a) and ice (b) saturation dependence of thermal conductivity in unfrozen and frozen peat-bearing sandy
soils with different peat contents [36] (found as organic component to total sediment dry weight ratio).

Thermal conductivity is lower in frozen sediments containing organic matter (especially, peat)
(Figure 4). This is because the presence of peat increases specific surface activity and the
contents of unfrozen pore water, and the organic component itself (peat, oil, etc.) most often
has lower thermal conductivity than mineral particles and ice. Therefore, unfrozen water-
saturated soils with organic-filled porosity likewise have low thermal conductivity.

Unlike heat capacity, thermal conductivity is not an additive value but depends on sediment
structure and texture. As shown by experiments, massive frozen clay is more conductive than
that with ice lenses at similar water contents and density. Note that thermal conductivity of
sediments with lenticular cryostructure is anisotropic: it is 20-30% higher at heat flux along
than across ice lenses. The reason is in higher thermal conductivity of ice and lower thermal
resistance at contacts between mineral layers and ice lenses.

3. Thermal conductivity of gas hydrate-bearing sediments and
hydrate-accumulation effect

Thermal conductivity has been worse studied in hydrate-bearing sediments than in frozen
(ice-bearing) sediments: the available data are limited to sporadic estimates for manmade
hydrate-bearing materials [37-41]. The first experimental evidence on thermal conductivity
of sediments containing natural gas hydrates was obtained from well Malik 5L-38 (Mackenzie
Delta, Canada). Ice-bearing soils were found to have thermal conductivity generally higher
than their hydrate-bearing counterparts [42]. On the other hand, frozen hydrate-saturated sed-
iments are often more thermally conductive than those in the unfrozen state. New experimen-
tal data on thermal conductivity of natural gas hydrate-bearing sediments from the Nankai
Trough published a few years ago were used to predict thermal conductivity from the known
particle size distribution, porosity, and hydrate saturation [43]. The most successful predic-
tion for natural sediments with hydrate saturation within 14% was achieved with a model of
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complex distribution (geometric mean), but the proposed equations were poorly applicable to
sediment samples containing greater percentages of hydrates (up to 30%) [44]. This is because
hydrate-bearing sediments are actually complex systems and their thermal conductivity is not
a sum of values for the system constituents but rather depends on the pore space structure.

According to experimental evidence, hydrate formation conditions influence largely the ther-
mal conductivity of hydrate-bearing sediments [45]. Its variations were studied 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 -5 and —8°C, where residual pore water
(not converted 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 converted to
hydrate at negative temperatures) thawed and induced additional hydrate formation.

3.1. Hydrate formation at t > 0°C

First, the effect of gas hydrate formation at t > 0°C on thermal conductivity of hydrate-bearing
sediments was studied at low positive temperatures (t = +2 + 1°C). The typical pattern of pore
hydrate formation, under favorable conditions, is evident in time-dependent variations in the
fraction of pore space occupied by hydrates or hydrate saturation (S, %) (Figure 5). This frac-
tion 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, while S, (Figure 5) reaches 67%. Then hydrate formation decelerates, while S, remains
almost invariable (about 67%). 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 direct gas-water contacts. Later, a gas hydrate film forms at the pore water-gas inter-
face and impedes gas access to pore water, whereby the hydrate formation rate slows down,
being limited by the permeability of the gas hydrate film. The thickening of the hydrate film
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 its equilibrium content at the
given temperatures and pressures.

The time-dependent behavior of thermal conductivity during hydrate accumulation in gas-
saturated silty sand (W = 18%) at positive temperatures is irregular (Figure 6). The curve
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Figure 5. Pore hydrate formation in gas-saturated silty sand (W =18%; n = 0.40), at t = +2 + 1°C: time-dependent hydrate
saturation (S, %) [45].
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comprises three characteristic segments: (1) thermal conductivity (A) changes little (1.77-1.78
W/(m-K) or within a measurement accuracy of 3%) for the first 40 h, but (2) becomes 13%
higher (1.78-2.01 W/(m-K)) for the following 20 h, and (3) remains almost invariable about
2.01 W/(m-K), with 3-4% variations (within a measurement accuracy) till 60 h after the run
start. While thermal conductivity almost does not change for the first 40 h, saturation (S,)
becomes 40% higher than at the run onset; then both parameters increase for the following
20 h, peak concurrently, and remain invariable within 100 h afterward.

At gas saturation S, within 45%, thermal conductivity does not change (Figure 7), as reported
previously [42—44]. The variations become notable when hydrates occupy more than 45% of
the pore space. For instance, thermal conductivity became 14% higher, while Sh reached 61%
in silty sand (W = 18%) and 9% higher as S, increased to 57% in fine sand.

3.2. Hydrate formation at t < 0°C

Hydrate formation at t < 0°C was studied in frozen methane-bearing samples in a pres-
sure cell, at temperatures of -5 + 1°C (Figure 8). Unlike the tests at low positive tempera-
tures, 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 tempera-
tures 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 CO, and CH, gases [46, 47]. Hydrate that forms during this inter-
action has a low density, and, hence, a high permeability and does not impede much the
conversion of ice particles to hydrate. The same mechanism apparently works during tran-
sition 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
nonuniformly with time during hydrate formation (Figure 9). The decrease is to 1.81 W/
(m-K) (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 S, range from 0 to 50-60% (Figure 10). 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‘K), and the related growth in the share of the
less conductive hydrate (0.6 W/(m-K)).
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Figure 6. Time-dependent thermal conductivity of gas-saturated silty sand (W = 18%; n =0.40) during hydrate formation
att=+2+1°C [45].
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Figure 7. Thermal conductivity of sediments as a function of hydrate saturation (S;, %) at t = +2 + 1°C: (1) fine sand,
W =16%; (2) fine sand, W = 10%; (3) fine sand, W = 15%; (4) fine sand +14% kaolin clay, W = 15%; and (5) silty sand,

W = 18% [45].
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Figure 8. Pore methane hydrate formation in frozen fine sand (W =22%; n = 0.60) at t = -5 + 1°C: time-dependent hydrate
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22 : T :
x
: I N
-— 20 ——————————————————————————————————
Stk I
2
B R A
= | | | A
= | I I
= 1 L 1
= 16 = T R [
o | | |
g | | |
R oy frrermeee g
[} I I |
o I I I
= 12 } | }
0 50 100 150 200

Time, hours

Figure 9. Time-dependent thermal conductivity of gas-saturated fine sand (W =22%; n =0.60) during hydrate formation
att=-5=1°C[45].
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Figure 10. Thermal conductivity of sediments as a function of hydrate saturation (S, %), at t = -5 £ 1°C: (1) fine sand,
W =19% and n = 0.40; (2) fine sand, W =22% and n = 0.60; (3) fine sand, 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 [45].

3.3. Effect of freezing

To study the effects of freezing on thermal conductivity, the samples saturated with hydrate
at t > 0°C were cooled from -5 to —8°C. Although hydrate had already saturated 50-60% of
the pore space before freezing and the hydrate formation almost ceased, the samples pro-
duced additional pore hydrate upon further cooling, in all runs (Table 2), more in silty sand
than in fine sand. Thus, a large portion of residual water that survived conversion to hydrate
at positive temperatures became consumed during cooling and freezing. Hydrate formation
became more active as the survived pore water froze up because cryogenic deformation of
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.

Thermal conductivity decreased dramatically in freezing hydrate-saturated sediments
(Figure 11 A) but became 15-20% higher in hydrate-barren samples (Figure 11 B). The freez-
ing-induced thermal conductivity reduction was 10% in fine sand (from 1.96 to 1.77 W/(m-K))
but reached 50% in silty sand with W = 16% (2.01-0.96 W/(mK)) [45].

Type of soil W (%) S, (%)
Before freezing After freezing
Fine sand 16 58 71
Fine sand +14% kaolin 15 62 79
Silty sand 18 61 85
Silty sand 16 52 79

Table 2. Methane hydrate formation upon freezing of residual pore water [45].
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Figure 11. 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 (red) and dash (blue) lines
correspond to samples saturated with gases that can and cannot form hydrates (methane and nitrogen, respectively): (1)
fine sand, W = 16%; (2) fine sand +14% kaolin, W = 15%; (3) silty sand, W = 18%; and (4) silty sand, W = 16%.

Thus, thermal conductivity may decrease dramatically in hydrate-saturated sediments
exposed to further freezing, whereby the survived pore water freezes up, as a result of addi-
tional hydrate formation. This behavior may be due to structure and texture changes in freez-
ing gas- and hydrate-bearing sediments. These are especially the effects of heaving or cracking
of hydrate-saturated soil or the formation of highly porous hydrate at grain boundaries, with
thermal conductivity as low as ~0.35 W/(m-K).

3.4. Effect of thawing

To study the effect of thawing on the behavior of thermal conductivity, the frozen sand sam-
ples that were saturated with hydrate at t < 0°C were heated to +2 + 1°C. The tests showed
additional hydrate formation in fine sand (Table 3), as in the case of freezing, but unlike the
latter case, it did not exceed 10% [45]. Faster hydrate generation upon thawing was attributed
to deformation of soil skeleton and formation of new water-gas interfaces. 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 sandy samples with W =19 and
15%, respectively. As the frozen hydrate-bearing samples thawed, their thermal conductivity

Type of sediment W (%) S, (%) Thermal conductivity (W/(m-K))
Before thawing After thawing  Before thawing After thawing

Fine sand 19 0.64 0.71 1.80 1.70

Fine sand 15 0.57 0.61 1.86 1.76

Table 3. Thermal conductivity and hydrate saturation of frozen hydrate-bearing sand upon thawing (to +2 + 1°C) at
above-equilibrium methane pressure [45].
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Figure 12. Thermal conductivity variations of frozen hydrate-contain sands during methane hydrate dissociations
at t = -5 to -6°C and pressure 0.1 MPa: Data points (triangles and circles) are experimental measurements; lines are
approximation trends: (1) fine sand, W = 17% and n = 0.40; (2) silty sand, W =17% and n = 0.40.

decreased (from 1.86 to 1.72 W/(m'K) or for 8%). Two main reasons of such reduction are (1)
thermal conductivity difference between pore ice and water and (2) hydrate saturation increase.

Thus, both freezing and thawing cause thermal conductivity reduction in frozen soils satu-
rated with methane hydrate at above-equilibrium pressures.

The observed thermal conductivity variations associated with hydrate formation at different
conditions (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, which were explained by Chuvilin and Bukhanov [45]
in two models of structure and texture changes in gas-saturated sediment during hydrate
formation. 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.

3.5. Effect of hydrate dissociation

The effect of hydrate dissociation on thermal conductivity of frozen hydrate-bearing soils
at below-equilibrium pressure was investigated in manmade sand samples at temperatures
about -5 to —-6°C and atmospheric pressure [48]. Pore hydrates in the frozen sand samples
failed to reach complete decomposition in the experiments due to their self-preservation
[49-52], with residual hydrate saturation (S,, %) up to 10% or more (Figure 12). The hydrate
dissociation was attendant with notable increase in thermal conductivity; it became 2.5 times
higher (from 0.57 W/(m-K) to 1.41 W/(m'K) as S, reduced from 40 to 15%) in fine sand and
more than three times higher as S, became 10% in silty sand. Thermal conductivity increase
in the end of the experiment was due to decrease in the amount of pore hydrate and increase
in pore ice, with residual hydrate saturation (Sh, %) of 10% (Figure 11). Low thermal con-
ductivity of frozen hydrate-bearing samples (0.5-0.6 W/(m-K)) for first few minutes after the
equilibrium pressure drop to the atmospheric value (0.1 MPa) may result from both high con-
tents of pore hydrate and formation of microcracks in this hydrate which heal up afterward
during its dissociation [53].
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4. Conclusions

Thermal conductivity of wet porous fine-grained soils depends on particle size, mineralogy,
pore space structure, and moisture contents, as well as on the phase state and phase change
of pore fluids. The effects of water—ice, water—gas hydrate, and ice—gas hydrate transitions
were studied in experiments, which show the phase change direction and relative contents of
water phases in the pore space to be principal controls of thermal conductivity. It increases
in wet porous sediments subject to freezing and subsequent cooling, primarily, due to pore
water-to-ice conversion at a wide range of negative temperatures. However, the process may
induce microcracking, which may reduce thermal conductivity.

Thermal conductivity of frozen sediments mainly depends on lithology, salinity, organic mat-
ter content, and absolute negative temperature, which affect the amount of residual liquid
phase (unfrozen water) in frozen soils. Namely, thermal conductivity commonly decreases as
soil contains more unfrozen water, in the series ‘fine sand - silty sand — sandy clay — clay’, as
well as at increasing salinity or organic (e.g., peat) contents.

As demonstrated by our experiments, thermal conductivity can either increase or decrease
depending on 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 reduces
their thermal conductivity due to additional hydrate formation. On the other hand, thermal
conductivity of hydrate-bearing frozen sediments may increase during dissociation of pore
hydrates due to their self-preservation. It increases as the pore space contains smaller amounts
of hydrates but more ice which is four times more thermally conductive.
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