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The study of gas permeability variations in frozen sand samples exposed to subfreezing temperatures dur-
ing hydrate formation included experimental modeling with the experiments run on a specially designed system, 
which enabled determination of gas permeability of dispersed soils in a context of freezing and hydrate saturation. 
The experimentally obtained data on gas permeability variations in frozen sand samples artifi cially saturated 
with methane or carbon dioxide during hydrate formation at a temperature of ‒5 °С has revealed that a decrease 
in gas permeability occurring during hydrate formation in frozen sand samples is controlled primarily by the 
initial ice content. A reduction in gas permeability depending on the fraction of pore ice converted to hydrate 
has been calculated. At this, the behavior of reduced gas permeability in frozen sand samples is found to be 
largely infl uenced by the type of hydrate-forming agent.
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INTRODUCTION

Naturally occurring gas hydrates are known to 
exist under specifi c pressure and temperature con-
ditions in deep marine environments (ocean-bottom 
sediments) and in areas with thick permafrost or in 
the underlying unfrozen sediments (sub-permafrost 
horizons) [Istomin, Yakushev, 1992]. In permafrost 
settings, a prerequisite for existence of gas hydrates 
is associated with accumulation of natural gas (pri-
marily, methane) in large amounts in the condi-
tions appropriate for hydrate formation as a result of 
gas and water freezing in situ in profoundly cooled 
ground over a long period of time. Numerous gas lib-
eration phenomena which may be directly attribut-
able to dissociating intra-permafrost gas hydrates 
were reported as early as 1970s during development 
of numerous oil/gas fi elds in Western Siberia [Cher-
skiy et al., 1983; Ginsburg, Soloviev, 1990; Are, 1998; 
Yakushev, 2009].

 Formation of permafrost-hosted gas hydrates 
(in gas-saturated sediments) under conditions allow-
ing for pure methane hydrate to be stable, i.e. origina-
tion of gas hydrate stability zone (HSZ), takes place 
both at low positive and negative temperatures, when 
a gas accumulation that has not converted to gas hy-
drate becomes trapped within frozen sediments 
[Cherskiy et al., 1983; Ginsburg, Soloviev, 1990; Isto-
min, Yakushev, 1992; Romanovsky, 1993; Chuvilin et 
al., 2000]. In this situation, formation of gas hydrate 
is based on gas molecule entrapment by ice matrix.

Note that permanently frozen sediments may fa-
vor cryogenic concentration of gases and their subse-
quent accumulation in horizons with good reservoir 
properties [Yakushev, 1989, 2009; Chuvilin et al., 
2000]. Further freezing of such “gas pockets” may 
create above equilibrium pressure, thereby leading to 
the gas phase change to its hydrate form. In perma-
frost regions, gas hydrates also form by freezing in 
closed talik (unfrozen ground) zones saturated with 
gas, usually localized beneath lakes [Istomin et al., 
2018]. In addition to cryogenic concentration, the 
formation of permafrost-associated gas hydrate is fa-
vored by the pressure eff ect (the so called “baric fac-
tor”) which is associated either with the overlying ice 
sheets (continental glaciation) or with transgressions 
of the Arctic seas (when gas and water froze in place 
during ice-age cooling events) [Trofi muk et al., 1986; 
Romanovsky, 1993]. Thus, glacial ice aggradation 
atop thick permafrost promotes expansion of the zone 
of hydrate stability into permafrost, forcing the per-
mafrost table to occur at shallow depths.

Gas hydrates in areas of permafrost distribution 
are therefore localized beneath permafrost at low pos-
itive temperatures, as well within permafrost at nega-
tive temperatures, and play a fairly critical role in 
stability of permafrost environments. The presence of 
gas hydrates in frozen sediments aff ects signifi cantly 
their thermal and mechanical properties, as well as 
porosity and permeability.
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The literature data analysis has revealed only 
few works investigating thermophysical, mechanical 
properties and permeability of frozen hydrate-satu-
rated deposits [Ershov et al., 1996; Chuvilin, Greben-
kin, 2015; Li et al., 2016; Chuvilin, Bukhanov, 2017; 
Chuvilin et al., 2018]. Studies of porosity and perme-
ability of hydrate-saturated rocks generally investi-
gate these aspects at positive temperatures. However, 
some of them highlight porosity and permeability of 
rocks containing either pore ice or pore hydrate 
[Ananyan et al., 1972; Starobinets, Murogova, 1985; 
Seyfried, Murdock, 1997; Jaiswal et al., 2004; Minaga-
wa et al., 2005; Murray et al., 2006; Kneafsey et al., 
2008; Kumar et al., 2010; Johnson et al., 2011; Chuvi-
lin, Grebenkin, 2015; Chuvilin et al., 2018], as well as 
ice formed during the freezing of hydrate-saturated 
sediment. Yet, the obtained research results provided 
extremely scant experimental data on changes in fro-
zen sediment permeability to gas (henceforward, gas 
permeability) upon hydrate formation from pore ice.

With this in mind, special experiments have been 
designed and conducted to study gas permeability of 
frozen sediments during hydrate formation. 

EXPERIMENTAL METHODS

Gas permeability variations in hydrate-bearing 
sands were studied using a method designed by the 
authors jointly with colleagues from Schlumberger 
Company [Chuvilin, Grebenkin, 2015] by means of gas 
fl ushing through a sample on a specially designed ex-
perimental setup which allows creating and maintain-
ing pressure and temperature conditions suitable for 
artifi cial freezing and hydration of sand samples. The 
procedure involved: i) preconditioning of soil sample 
to provide a specifi ed water content, its freezing and 
saturation of the frozen sample with a hydrate-form-
ing gas in a special pressure cell, ii) hydrate accumu-
lation, iii) testing the sample for permeability to gas 
at different gas pressures and temperatures, and 
iv) processing the experimental data.

The experimental study of gas permeability vari-
ations in ice- and hydrate-containing sediments em-
ployed a system specially designed by EcoGeosProm 
LLC (Fig. 1), which maintains sample temperatures 
and pressures widely ranging from ‒15 to +30 °С and 
up to 100 bar, respectively. 

 Preparation of soil sample with prespecified 
moisture content at the beginning of the experiment 
included the following steps: air-dried soil mass was 
thoroughly mixed with water and rested for half an 
hour for uniform moisture saturation. After that, the 
moisturized soil was placed in a rubber cuff  3 cm in 
diameter and compacted layer-by-layer (the length 
soil of sample is 3–4 cm). Then the sample was placed 
into the pressure cell, to be exposed to compression 
(pressure: up to 60 bar) and freezing, with tempera-

ture and pressure being monitored in the pressure cell 
during the run. After that the sample was saturated 
with a hydrate-forming gas (CH4 and CO2) along 
with the gas permeability monitoring.

The levels of pore fi lling with hydrate and ice 
were found using the PVT (pressure–volume–tem-
perature) analysis during the experiment [Chuvilin et 
al., 2019]. The main calculated parameters are de-
scribed below. 

The hydration coeffi  cient (Kh) is the proportion 
of pore water converted to hydrate relative to total 
amount of water in the sample, which was found us-
ing the formula
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where Mh is the mass of pore hydrate,  g; Ms is the 
mass of soil sample, g; ρ is the initial (before hydrate 
saturation) density of soil, g/cm3; ρh is the density of 
empty crystalline lattice of methane hydrate equal to 
0.794 g/cm3 [Chuvilin, Bukhanov, 2017]. 

Percentage of pore space fi lled with ice, or ice 
saturation (Si, %) was determined as
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where ρd is density parameter of the soil skeleton.

Fig. 1. Schematic map of the experimental setup for 
evaluating gas permeability in sand samples:
I – measuring system; II – triaxial compression system; V1–
V3 = membrane valves for gas input; V4 = ball valve of the 
hydraulic system; R1, R2 = receivers of gas input; P1–P3= 
pressure sensors; DS = diff erential pressure sensor; H = hydrau-
lic pump with an oil tank; PC = pressure cell; T1, T2 = tem-
perature sensors.
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The hydrate content values in soils were calcu-
lated using the hydrate numbers 5.9 (for СH4) and 
6.1 (for CO2). 

The eff ective gas permeability (Kg, mD) of the 
frozen hydrate-containing sand sample was calcula-
ted by solving the diff erential equation of mass trans-
fer through the sample under the pressure gradient 
[Chuvilin, Grebenkin, 2015]:
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where η is the dynamic viscosity of gas, Pа⋅s; L is the 
length of sample, cm; S is the cross-section area of 
sample, cm2; V1 is the receiver volume, cm3; p1 is the 
pressure at sensor 1 (before the sample) at the time t1 
(bar); p2 is the pressure at sensor 2 (after the sample) 
at time t1 (bar); p10 is the pressure before the sample 
at the start time, bar; p1k is the pressure at sensor 1 at 
the end time, bar.

The relative permeability value (Kr, u.f.) also 
used in the calculations is determined as the ratio of 
the eff ective permeability of the hydrate-saturated 
sample to the frozen sample permeability at the start 
of the experiment. 

The object of the experimental study were de-
formed natural sands of marine genesis (mQ3) recov-
ered while drilling into permafrost (sampling depth: 
36–46 m) within the South Tambey gas condensate 
fi eld (Yamal Peninsula). The particle size distribution 
of fi ne-grained sand (according to the E.M. Sergeev’s 
classifi cation) was determined according to GOST 
12536-2014 [State Standard, 2014]:
Particle size distribution 0.2 29.1 62.3 8.4
in mass fractions, %
Particle diameter range, 1‒0.5 0.5‒0.25 0.25‒0.1 0.1‒0.05
mm

The mineral composition of soil was measured 
using x-ray diff ractometry. Fine-grained sand con-
sisted dominantly of quartz (93.7 %), other minerals 
contained in the sand were albite (5.1 %) and ortho-
clase (1.2 %). The density of solid grains of fi ne sand 
is 2.69 g/cm3, its salinity inferred from the chemical 

analysis of water extract is 0.06 %. The physical char-
acteristics of the test sample determined in accor-
dance with standard procedures of GOST 5180-2015 
[State Standard, 2015] and SNiP 2.02.04-88 [Building 
Code…, 1990] include: specific surface area of the 
sand (0.24 m2/g); prespecifi ed moisture content 8.5–
14  %; density of soil skeleton varying from 1.54 
to  1.73  g/cm3 and sample density from 1.73 to 
1.91 g/cm3, while porosity of the soil samples lay 
within the range of 0.35–0.42 u.f. (Table 1).

RESULTS AND DISCUSSION

Gas permeability of frozen sand samples be-
fore hydrate saturation. The initial gas permeability 
data of frozen sand samples non-containing hydrate 
are presented in Table 2. These data allow to infer 
that the highest gas permeability prior to hydrate 
saturation (Kg = 23.3 mD) is characteristic of sam-
ple  1 with ice saturation of 38  %, and the lowest 
(Kg = 1.5 mD) ‒ of sample 8 with ice saturation of 
62.8 %. It is shown that the gas permeability of frozen 
samples varies within 15‒23 mD as ice saturation of 
pore space increased from 38 to 50 % in the precondi-
tioned sand samples (Fig. 2).

With further increase in ice saturation (>50 %), 
gas permeability progressively decreases (because of 
higher occupancy of pore space by ice), and so does 
the eff ective porosity.

Variations in permeability of frozen sand sam-
ples during hydrate saturation. After determining 
the initial gas permeability of sand samples upon their 
freezing, they were saturated with a hydrate-forming 
gas (СH4 or CO2). The samples were saturated with 
hydrate at a constant negative temperature (‒5 °С) 
and gas pressure higher than equilibrium pressure 
(50‒60 bar for СH4 and 25‒30 bar for CO2).

Analysis of the obtained data allowed an inferen-
ce that when pore ice converts to hydrate, a reduction 
in the eff ective permeability of the test samples varies 
widely within a range of 1.5 to 30 times (Table 3). 

The lowest reduction in permeability (less than 
twice) was shown in sample 2 with a low initial ice 
saturation (41.6 %). After the sample was saturated 
with СО2 hydrate, its gas permeability decreased 
from 20.6 to 12.66 mD. As much as 32 % of the pore Ta b l e  1. Characteristics of sand samples

 before hydrate saturation 

Sample 
no.

Moisture 
content, %

Soil skele-
ton density, 

g/cm3

Density, 
g/cm3 Porosity, u.f.

1 8.5 1.69 1.84 0.37
2 9.5 1.72 1.88 0.36
3 10 1.73 1.91 0.35
4 11 1.69 1.87 0.37
5 10 1.57 1.73 0.41
6 10 1.68 1.83 0.39
7 12 1.54 1.73 0.42
8 14 1.63 1.86 0.39

Ta b l e  2. Initial gas permeability of frozen sand samples
  (before hydrate saturation) 

Sample no. Si, % Kg, mD
1 38.0 23.3
2 41.6 20.6
3 49.2 21.5
4 50.1 19.6
5 40.5 14.6
6 42.9 21.5
7 51.8 5.7
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ice was converted to hydrate, with affi  liated decrease 
from 58.8 to 44 % in the fraction of free void pore 
space (1 – (Si + Sh)).

The permeability values showed the greatest de-
crease in sample 8 with the maximal (in the experi-
ments) initial ice saturation (62.8 %). When only 
21 % of the pore ice was converted to methane hy-
drate, the sample’s permeability decreased by almost 
30 times (from 1.5 to 0.05 mD), while the void space 
changed slightly (from 37.2 to 30.8 %).

The greatest decrease in gas permeability of the 
frozen sands during hydration is thus observed in sam-
ples with a high percentage of pore space fi lled with 
ice, despite the fact that the fraction of pore ice 
changed to hydrate shows a decreasing trend for them.

Analysis of the hydrate formation kinetics re-
vealed that permeability reduction during the pore 
transition ice to hydrate is marked by certain diff er-
entiation between CH4 and CO2 hydrate (Fig. 3).

In the test samples saturated with CO2 hydrate, 
the ice to hydrate conversion was markedly acceler-
ated. Thus, percentage of ice changed to hydrate over 
the fi rst 5 hours of the run diff ered for CO2-saturated 
sample 4 (13.9 %) and for methane-saturated sam-

ple 6 (about 6 %). During the next day, the rate of ice 
to hydrate conversion also varied during the first 
30 hours of the run: 35 % and 23 % for sample 4 and 
sample 6, respectively. When hydrate formation rates 
started to decrease, they became fairly equated: dur-
ing 50 h after the start of the experiment the percent-
age of ice changed to hydrate amounted to 43.6 % and 
31 % for CO2- and methane-laden samples, respec-
tively. In later part of the experiment, the ice-to-hy-
drate conversion rate was lower for carbon dioxide 
than for methane. Thus, in 120 hours after the start of 
the experiments, the fractions ice of changed to hy-
drate accounted accordingly for 58 % in CO2-laden 
sample 4 and 52 % and in CH4-laden sample 6. 

Fig. 2. Ice saturation (Si) eff ect on gas permeability 
(Kg) of frozen sand samples before hydrate satura-
tion at T = ‒5 °С.

Ta b l e  3.  Variation in eff ective gas permeability 
 of sand samples before (numerator)
 and after (denominator) hydrate saturation at T = ‒5 °С

Gas Sample 
no. Si Sh 1–(Si + Sh) Kh Kg

СО2 1 38.0
18.5

0
35.7

62.0
45.8

0
0.62

23.3
4.04

2 41.6
32.4

0
23.6

58.8
44.0

0
0.32

20.6
12.66

3 49.2
35.9

0
32.4

50.8
31.7

0
0.37

21.5
10.44

4 50.1
23.5

0
56.6

49.9
19.9

0
0.64

19.6
5.47

СН4 5 40.5
21.1

0
26.6

59.5
52.3

0
0.47

14.6
2.04

6 42.9
24.1

0
35.0

57.1
40.9

0
0.59

21.5
10.25

7 51.8
26.3

0
54.7

48.2
19.0

0
0.64

5.7
0.24

8 62.8
51.3

0
17.9

37.2
30.8

0
0.21

1.5
0.05

N o t e. Si = ice saturation, %; Sh = hydrate saturation, %; 
Kh = coeffi  cient of hydration, u.f.; Kg = coeffi  cient of eff ective 
gas permeability, mD.

Fig. 3. Time (t)-dependent variations in the hydration coeffi  cient (Kh) and relative gas permeability (Kr) 
during saturation of sample 6 with CH4 hydrate (а) and sample 4 with СО2 hydrate (b).
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All in all, the samples’ permeabilities changed in-
versely proportional to the hydration coefficient 
throughout the experiment. Despite the greatest de-
crease in gas permeability was reported in fi rst hours 
after the hydrate formation for both runs, the perme-
ability behavior diff ered at a later stage: it changed 
only slightly with CO2, and decreased signifi cantly 
with methane.

Thus, the process of CO2 hydrate formation from 
ice occurred more intensely at the start of hydrate 
formation and slowed down considerably after 50 % 
of ice converted to hydrate. At this, ice converts to 
methane hydrate with a lower reduction in the hyd-
rate formation rate over time.

The study enabled analysis of the hydration coef-
fi cient (Kh) eff ect on reduction in gas permeability at 

Fig. 4. Eff ect of the percentage of pore ice converted 
to methane hydrate (Kh) on the reduction in rela-
tive gas permeability (Kr) of frozen sand samples at 
T = ‒5 °С with diff erent initial ice saturations.

Fig. 5. A relationship between gas permeability (Kg) 
of frozen sand samples with diff erent initial level of 
pore fi lling with ice (43 and 63 %), and variations in 
void space (1 – (Si + Sh)) during hydrate formation.

Fig. 6. Schematic diagram of variations in the level of void pore space of gas-saturated frozen sand at high 
(I) and low (II) percentage of pore space fi lled with ice during hydrate formation.
А, B, C – before (А), at the start (B ) and after (C) hydrate formation; 1 – sand particles; 2 – ice; 3 – gas; 4 – gas hydrate.



39

INFLUENCE OF HYDRATE FORMATION ON GAS PERMEABILITY VARIATIONS IN FROZEN SANDS 

a negative temperature (‒5 °С) for all the test sam-
ples (Fig. 4).

The results have demonstrated that the higher 
the initial ice saturation of test samples, the greater 
the infl uence of the hydration coeffi  cient on gas per-
meability, while the maximum reduction in permea-
bility is reported at early stage of the hydrate forma-
tion process. Given percentage of pore space fi lled 
with ice reduces, the behavior of change in permeabil-
ity during the pore ice to hydrate conversion shows a 
smoother pattern.

The eff ect of hydrate formation process on varia-
tions in the void pore space of the sand samples con-
sidering their initial percentage of pore space fi lling 
with ice diff er (43 and 63 %) is shown in Fig. 5.

The calculations demonstrate that during the po-
re ice to hydrate conversion, the cumulative percent-
age of pore space fi lled with ice and hydrate increases 
due to the diff erence in their specifi c volume (about 
15 %). Hence, the void pore space will decrease. With 
higher occupancy of pore space with ice (63 %), even 
slight changes in void pore space cause a dramatic de-
crease in the sample’s gas permeability, as compared to 
lower initial ice saturation (43 %) (Fig. 5). A sche-
matic representation of the variations in void pore 
space of gas-saturated frozen sand at diff erent levels of 
pore occupancy with ice is shown in Fig. 6.

Thus, changing void pore space during the pore 
ice to hydrate conversion is interpreted to be one of 
the major controls of variations in gas permeability of 
frozen sand samples during hydrate formation.

 CONCLUSIONS

An experimental evaluation of the infl uence of 
the hydrate formation process on the effective gas 
permeability of frozen sand samples was car ried out. 
This allowed to infer that hydrate formation at nega-
tive temperatures entails a decrease in the gas perme-
ability of ice-containing sand samples. At this, the 
magnitude of the gas permeability reduction is dic-
tated by the initial ice content. Thus, for a sample 
with a high cumulative occupancy of pore space with 
ice (about 63 %), the gas permeability showed a 30-
fold decrease, while in the sample with a lower initial 
ice saturation (42 %), it decreased by less than twice. 
The experimental studies have highlighted the eff ect 
of the type of hydrate-forming gas (СН4, СО2), 
which is primarily manifested through the hydrate 
formation kinetics and the intensity of gas permeabil-
ity reduction over time. The gas permeability varia-
tion in frozen sand samples is shown to be inversely 
proportional to the coeffi  cient of hydration.

The work was fi nancially supported by the Russian 
Foundation for Basic Research (project No. 17-05-
00995) and the Russian Science Foundation (grant 
No. 18-77-10063).
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