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Special experiments have been carried out to assess gas permeability variations associated with dissociation 
of pore hydrate in frozen sand samples at negative temperatures. The experiments were run on an originally 
designed system using frozen samples artifi cially saturated with methane hydrate which either remained stable 
or dissociated upon pressure drop. The measurements under diff erent pressures and temperatures showed that 
the sand samples became more permeable to gas as pore hydrate dissociated at a pressure below equilibrium 
(0.1 MPa) and temperatures of –5 to –3 °C. The magnitude of the gas permeability increase varied depending 
on initial hydrate and ice saturation of the samples.
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INTRODUCTION

Gas hydrates are solid clathrate compounds of 
water and low molecular natural gases (e.g., methane) 
which originate and exist at low temperatures and 
high pressures in marine bottom sediments and in ar-
eas of permafrost [Istomin and Yakushev, 1992; Max, 
2000]. The stability of permafrost gas hydrates has its 
upper and lower limits within and below permafrost, 
respectively. Therefore, hydrate-bearing rocks may 
exist under both negative and positive Celsius tem-
peratures. Pore hydrates in permafrost dissociate in 
the case of disequilibrium as pressure decreases and 
temperature increases. The process develops in diff er-
ent ways at the top and base of the stability zone: it is 
rapid dissociation into water and gas in sub-perma-
frost hydrates at positive temperatures but slow wi-
thin permafrost at the upper stability limit where it 
produces gas with ice or supercooled water rapidly 
con verted to ice. The dissociation process decays 
with time due to self-preservation of gas hydrates 
which can persist for a long time as relicts outside the 
present zone of their thermodynamic stability [Ershov 
et al., 1991; Chuvilin et al., 1998; Chuvilin and Gurye-
va, 2008]. Thus, pore hydrates exist in permafrost at 
depths of 150–200 m within the present stability 
 zo ne, as well as in the zone of metastability where the 
con ditions were formerly favorable for their forma-
tion. 

Slow dissociation of pore hydrates at the tem-
peratures and pressures of shallow permafrost can 
change the properties of their frozen host sediments: 
thermal conductivity, mechanic strength, and gas 
permeability. 

The thermal and mechanic properties of sedi-
ments containing pore hydrates prone to self-preserva-
tion were tested experimentally [Bukhanov et al., 2008; 
Chuvilin and Bukhanov, 2013]. Thermal conductivity 
was reported to increase from 0.6 to 2.09 W/(m⋅K) in 
55 h at a temperature of –6 °C as pore hydrate in fro-
zen sand samples dissociated and the fraction of clath-
rate water reduced from 0.43 to 0.13. 

Frozen rocks with self-preserving pore hydrates 
studied in the 1990s at –6 °С and ambient pressure 
[Ershov et al., 1996] showed higher failure strength 
than their hydrate-free counterparts. 

Recent triaxial testing of permafrost-associated 
ice- and methane hydrate-bearing clay samples [Li et 
al., 2016] demonstrated that both depressurization to 
below equilibrium and heating decreased the stability 
of the frozen samples; the strength decrease upon he-
ating reached 2–2.5 times. 

The experiments of Chuvilin et al. [2016] investi-
gating the mechanical behavior of frozen samples with 
pore hydrates subject to self-preservation revealed 
stability loss upon dissociation of hydrates and relat-
ed saturation decrease, though the total hydrate and 
ice saturation remained almost invariable. The hy-
drate saturation of a frozen sample reduced to 17 % 
while its strength became 1.3 times lower for the fi rst 
150 h after depressurization. However, the changes 
were minor in both saturation (15 %) and strength in 
the following 150 h when pore hydrates reached the 
stage of self-preservation. 

The behavior of permeability during dissociation 
of pore hydrates in frozen saturated rocks is of special 
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interest due to implications for hydrocarbon migra-
tion in permafrost. Earlier we [Chuvilin and Greben-
kin, 2015] found out that hydrate-saturated samples 
became times less permeable to gas when frozen due 
to freezing of residual water and additional hydrate 
formation. However, no relation was found between 
hydrate saturation and permeability of frozen rocks 
with dissociating pore hydrate.

In this work, special modeling experiments are 
applied to study variations in gas permeability of fro-
zen sands upon pore hydrate dissociation at negative 
temperatures.

METHODS

Gas permeability variations in frozen hydrate-
bearing sand were investigated by means of gas fl ush-
ing, using a method designed by the authors jointly 
with people from the Schlumberger Company [Chuvi-
lin and Grebenkin, 2015]. The method allows creating 
and maintaining the required pressure and tempera-
ture for artifi cal freezing and hydrate saturation of 
soil samples. The procedure consists of several steps: 
(i) preconditioning of samples to provide user-speci-
fi ed water content and to saturate them with hydrate-
forming gas in a special vessel; (ii) freezing of samples; 
(iii) testing the samples for gas permeability at diff er-
ent gas pressures and temperatures; (iv) processing 
the experimental data. 

The system designed by the EkoGeosProm LLC 
(Fig. 1) can maintain sample temperatures and pres-
sures from –15 to +30 °С and up to 100 bar, respec-
tively. 

The gas permeability of frozen hydrate-saturated 
samples was measured in the conditions of stable and 
dissociating pore methane hydrate. Samples with us-
er-specifi ed water contents were made by mixing air-
dry soil aliquots with water which were then left for 
30 min for uniform water saturation. The wet samples 
were placed in a rubber gasket 3 cm in diameter and 

compacted layer by layer. The obtained 3 to 4 cm 
long cylinders were pressurized (to 60 bar), saturated 
with methane hydrate, and frozen. The temperature 
and pressure in the vessel was monitored during the 
experiment.

The gas permeability of samples saturated with 
methane hydrate was measured at a pressure above 
equilibrium (>25 bar), as well as during dissociation 
of pore hydrates after gas pressure decreased to the 
ambient value (1 bar). The measurements during 
hyd rate dissociation were taken periodically for 2 or 
3 days at temperatures of –5 °C or –3 °C (sample 
Ts-4). After the end of the experiment, the fi nal water 
and gas contents were determined in the soil samples 
removed from the pressure vessel.

The parameters of hydrate and ice saturation 
were estimated using the PVT method [Ershov, 2004; 
Chuvilin and Guryeva, 2009]. Main calculated 
parame ters were hydrate coeffi  cient, hydrate and ice 
saturations, and eff ective gas permeability.

Hydrate coeffi  cient (KH in unit fraction, u.f.) is 
the fraction of pore water converted to hydrate rela-
tive to the total amount of pore water in the sample:
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hydrate relative to the dry weight (%); W is the water 
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where ρ is the soil density, g/cm3; ρh is the hydrate 
density, g/cm3; m is the soil weight, g; mh is the hydrate 
weight, g; p is porosity, u.f. 

Ice saturation (Si):
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where ρd is the soil skeleton density.

Fig. 1. Experimental layout for measuring gas permeability of soil samples.
K1–K3 = membrane valves for gas supply; K4 = ball valve of hydraulic system; R1, R2 = gas supply receivers; P1–P3 = pressure 
sensors; PD = diff erential pressure sensor; PM = hydraulic pump with an oil container; PV = pressure vessel; T1, T2 = temperature 
sensors. 
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The KH and Sh parameters were estimated for the 
methane hydrate formula CH4⋅5.9H2O. 

Eff ective gas permeability (Kg) of frozen hydrate-
bearing soil was calculated by solving the diff erential 
equation of mass transfer through the sample under 
the pressure gradient [Chuvilin and Grebenkin, 2015]:
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where η is the dynamic viscosity of gas, Pa⋅s; L is the 
length of sample,  cm; S is the cross section area of 
sample, cm2; V1 is the gas receiver volume, cm3; p1 is 
the pressure at sensor 1 (Fig. 1) at the time t1, bar; p2 
is the pressure at sensor 2 at the time t1, bar; p10 is the 
pressure at sensor 1 at the start time, bar; p1k is the 
pressure at sensor 1 at the end time, bar; k is the gas 
permeability, mD.

MATERIAL 

We studied disturbed (non-monolithic) sand 
samples of marine permafrost (mQ3) from the South 
Tambei gas-condensate deposit in the Yamal Penin-
sula (sampling depth 36–46 m). 
Fraction size, mm 1.0–0.5 0.5–0.25 0.25–0.1 0.1–0.05
Particle size   0.2 29.1 62.3 8.4
distribution
in fi ne sand, %

The particle size distribution was estimated by 
sieving and the constituent minerals were identifi ed 
by X-ray diff raction (XRD). The samples consisted 
mostly of 0.25–0.10 mm particles (62.3 %) of quartz 
(93.7 %), with minor amounts of albite (5.1 %) and 
orthoclase (1.2 %). The density of the solid compo-
nent was 2.69 g/cm3 and the salinity was 0.06 %; the 
specifi c surface area of sand was 0.24 m2/g. The sand 
samples were 30 mm in diameter and 25–40 mm long 
(Table 1); their initial water content was specifi ed in 
the range from 6 to 18 wt.%; the porosity was 0.40.

GAS PERMEABILITY OF FROZEN SAND
SAMPLES AT STABLE AND DISSOCIATING 

PORE HYDRATES 

The effect of pore hydrate dissociation on gas 
permeability of frozen sediments was studied using 
specially prepared samples of sand with diff erent con-
tents of methane hydrate and ice. At above-equilibri-
um pressure (>25 bar), hydrate saturation of the 
samples varied from 32.9 to 65.4 % (Table 2) depend-
ing on initial water content and hydrate formation 
conditions, while residual water not converted to hy-
drate froze to ice. Ice saturation was from 2.3 % in the 
sample with an initial water content of 6.7 wt.% to 
34.7 % in the case of 13 wt.% H2O. The total satura-
tion with ice and hydrate was from 35.2 % in a rela-
tively dry sample (Ts-3) to 94.5 % in a sample ini-
tially containing 17.8 wt.% H2O. Gas permeability of 
frozen samples was low when the pore hydrate was 
stable (1.0 mD in sample Ts-3 with low water con-
tent) and decreased further with increasing hydrate 
and ice saturation to below the resolution limit for 
the measurement system (0.01 mD) in sample Ts-1 
(Table 2).

The gas permeability of frozen sediments with 
dissociating pore hydrate measured at equal time in-
tervals after depressurization at a constant negative 
temperature, mostly –5 °С (Table 3) increased with 
time. Samples with initial water contents of 6.7, 10.3 
and 13 wt.% became more permeable already in 1 h 
after pressure drop. Gas permeability was growing for 
fi rst 48 h of observations and then remained almost 
invariable, about the initial value prior to hydrate 
saturation. The stabilization was faster at a warmer 
temperature: 4 h at −3 °C against 6 h at –5 °C (Fig. 2). 

Gas permeability of sample Ts-1 with a high wa-
ter content (17.8 wt.%) was not measured for the fi rst 
6 h while the total hydrate and ice saturation was 
94.5 %; in 24 h, it was 0.03 mD but did not exceed 
0.06 mD in 48 hr and did not change any longer. The 

Ta b l e  1. Properties of fi ne sand samples 

Sample Length, mm Diameter, mm Water content, 
%

Density (bulk soil) Density (skeleton)
Porosity n, u.f.

g/cm3

Ts-1 29 30 17.8 1.88 1.62 0.40
Ts-2 35 30 10.3 1.72 1.62 0.40
Ts-3 31 30 6.7 1.66 1.62 0.40
Ts-4 40 30 13.0 1.87 1.62 0.40

Ta b l e  2. Properties of frozen hydrate-saturated sand samples and their gas 
 permeability at –5 °С and above-equilibrium pressure

Sample Initial water content,
wt. %

Saturation, % Eff ective gas permeability 
K, mDice hydrate

Ts-1 17.8 29.1 65.4 <0.01
Ts-2 10.3 4.9 63.8 0.03
Ts-3 6.7 2.3 32.9 1.0
Ts-4 13.0 34.7 41.8 0.02
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gas permeability change in frozen hydrate-bearing 
samples at pressures below equilibrium is related with 
pore hydrate dissociation. As shown by our previous 
studies [Chuvilin and Guryeva, 2008; Chuvilin et al., 
2011], pore hydrates in frozen sediments dissociate 
rapidly for the fi rst few hours after depressurization, 
but then the process decays and stops. Gas permeabil-
ity stabilizes because the dissociation decays as a re-
sult of hydrate self-preservation at negative tempera-
tures. For instance, hydrate contents in sample Ts-4 
became almost twice lower (14 % against 25 %) for 
the fi rst 2 h of dissociation at –3 °С. Then the process 
decayed, and the hydrate contents reduced further to 
2.4 % in the following 9 h and reached 1.9 % in the end 
of the run. Figure 3 shows especially rapid permeabil-

Ta b l e  3. Time-dependent gas permeability changes
 upon pore pressure drop to ambient value at −5 °C

Time, h
Gas permeability, mD

Ts-1 Ts-2 Ts-3 Ts-4**
0* <0.01 0.03 1.00 0.02
1 <0.01 0.10 1.04 0.3
4 <0.01 0.10 1.08 0.5
6 <0.01 0.50 1.14 0.5

24 0.03 1.00 1.30 0.6
48 0.06 1.10 1.40 0.7
60 0.06 1.10 1.40 0.7

* Gas permeability of frozen hydrate-saturated samples at 
pressure above equilibrium. ** For sample Ts-4 at –3 °С.

Fig. 4. Model of pore fi lling in frozen hydrate-bearing soil at negative temperatures (–3 °C to –5 °C) and 
below equilibrium pressure.
a: stable gas hydrate (pressure above equilibrium); b: soon after pressure drop to below equilibrium; c: pressure below equilibrium, 
metastable gas hydrate. Top panel: pore sketch; lower panel: water phase on particle surface. 1 – soil particles; 2 – bound (unfrozen 
water); 3 – ice 1; 4 – hydrate; 5 – ice 2; 6 – gas.

Fig. 2. Variations of gas permeability (Kg) in frozen 
samples (Ts-1, Ts-2, Ts-3, Ts-4) during dissociation 
of pore hydrates.

Fig.  3.  Variations of gas permeability (Kg) as a 
function of hydrate saturation (Sh) in a frozen sand 
sample (Ts-4) during dissociation of pore hydrate 
(t = −3 °C, p = 0.1 MPa).
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ity increase within a hydrate saturation range from 40 
to 25 %. Sample Ts-4 demonstrated linear hydrate 
saturation dependence of gas permeability (Fig. 3). 

Therefore, pore hydrates infl uence s trongly the 
gas permeability of soils, though the total saturation 
changes insignifi cantly w hile hydrate converts to ice. 
The reason may be in diff erent formation mechanisms 
of pore hydrate and ice, as well as in the microstruc-
ture changes the frozen soils undergo during pore 
hyd rate dissociation. Initially, at pressures above 
equilibrium, pore hydrate in a frozen sample contacts 
with gas and with ice (ice 1) phases (Fig. 4). Right 
after depressurization, surface gas hydrate dissociates 
into gas and water; the water freezes up and forms an 
ice fi lm (ice 2) around hydrate, whereby the dissocia-
tion rate declines and residual hydrate becomes meta-
stable. Frozen soil becomes more permeable (Fig. 5) 
as hyd rate and ice change in specifi c volume while 
pore hyd rate converts to ice via the liquid water pha-
se and the sample microstructure changes. 

Calculations show that pore hydrate dissociation 
leads to increase (8.9 %) of free gas-fi lled pore space 
in the sample, which is related linearly with gas per-
meability (Fig.  5). According to previous studies 
[Chuvilin and Grebenkin, 2015; Chuvilin et al., 2016], 
even minor reduction of pore space in samples may 
cause abrupt permeability loss at certain hydrate and 
ice saturation values. On the other hand, gas perme-
ability increases upon hydrate dissociation and re-
lated pore space expansion, and almost impermeable 
frozen hyd rate-bearing rocks may become permeable. 

CONCLUSIONS 

The experimentally observed gas permeability in 
frozen hydrate-bearing sediments increases upon dis-
sociation of pore hydrate after depressurization. The 
gas permeability increase at below-equilibrium condi-
tions (t = −5, −3 °С, p = 0.1 MPa) depends on initial 
contents of hydrate and ice. Namely, a sand sample 
with moderate total hydrate and ice saturation (35 %) 
became only >1.5 times more permeable but the dif-
ference exceeded ten times when the saturation re ach-
ed ~69 %. Dissociation of pore hydrate in an almost 
im permeable (<0.01 mD) sample with hydrate and ice 
saturation as high as ~95 % increased its permeability 
to 0.06 mD in. Therefore, permafrost soils become mo-
re permeable to gas as their pore hydrates dissociate.

The study was supported by grants 16-17-00051 
from the Russian Foundation for Basic Research and 
17-05-00995 from the Russian Science Foundation. 
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