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The formation of pore gas hydrates in frozen and thawing sand and silt sampled in permafrost areas has 
been studied in experiments using a special system. As demonstrated by the experimental results, gas hydrates 
form rapidly in gas-saturated sediments at constant negative temperatures from 0 to –8 °C. The accumulation 
kinetics of pore gas hydrates in permafrost has multiple controls: temperature, initial ice saturation, and salin-
ity of soils, as well as type of hydrate-forming gas. The process can resume after its decay due to melting of re-
sidual pore ice not yet converted to hydrate.
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INTRODUCTION

Gas hydrates (clathrates) are metastable ice- or 
snow-like solid compounds that form from water and 
low-molecular gas under certain pressures and tem-
peratures [Makogon, 1974; Istomin and Yakushev, 
1992; Sloan, 1998; Max, 2000] and can exist naturally 
at both positive and negative temperatures, in bottom 
sediments of seas or large lakes and in permafrost. 

Permafrost, which stores large amounts of natu-
ral gas, provides favorable conditions for hydrate for-
mation. Under the conditions of long-period ground 
temperature variations and long-term cooling at the 
equilibrium pressure, gas in permafrost falls within 
the zone of hydrate stability (GHSZ) and partially 
converts to hydrate [Cherskiy et al., 1983; Ginsburg 
and Soloviev, 1990; Istomin and Yakushev, 1992; Ro-
manovskiy, 1993; Chuvilin et al., 2000]. 

The mechanism of gas hydrate formation in per-
mafrost may be as follows. Gas expulsed by cryocon-
centration of fl uids under perennial freezing accumu-
lates in porous reservoirs sealed by low-permeable 
rocks [Yakushev, 1989, 2009; Chuvilin et al., 2000]. 
Further freezing of gas pockets leads to pressure ex-
cess above the equilibrium and to conversion of gas 
into the clathrate form. Gas hydrates also form by 
freezing of gas-saturated closed zones of unfrozen 
ground beneath lakes (taliks) [Istomin et al., 2018]. 
Otherwise, pressure in permafrost may increase to 
above the equilibrium as a result of loading by ice 
during glaciations or by water during transgression of 
the Arctic seas [Trofi muk et al., 1986]. The existence 
of an ice cover upon permafrost extends the zone of 

hydrate stability, both upward to the ground surface 
and downward beneath the permafrost.

Thus, gas hydrates can exist either within or be-
low the permafrost, at negative or low positive tem-
peratures, respectively. Subpermafrost gas hydrates 
have been better studied to date. They are known 
from the Mackenzie Delta, Canada (Mallik methane 
hydrate reservoir) [Bily and Dick, 1974; Dallimore et 
al., 1999], Prudhoe Bay in northern Alaska [Collet 
and Dallimore, 2000], tundra in the southern Qilian 
Mountains (Qinghai Province) and Mohe region in 
northernmost China, from Tibet, etc. [Lu et al., 2011; 
Zhao et al., 2012; Dai et al., 2017]. The fi rst reports of 
permafrost-hosted gas hydrates in Russia were from 
northern West Siberia, the Markha gas fi eld (1963), 
and from the Messoyakha gas-condensate fi eld put 
into operation in 1969 [Istomin and Yakushev, 1992; 
Makogon and Omelchenko, 2012]; clathrate gas in the 
Messoyakha fi eld makes up at least 5 % [Makogon, 
1966; Zakirov et al., 1989; Ginsburg and Soloviev, 
1990; Ginsburg and Novozhilov, 1997].

Yet, there is almost no explicit evidence of natu-
ral gas hydrates within permafrost. The reason is that 
they share much physical similarity with ice and are 
hard to identify and study with conventional geo-
physical methods (e.g., seismic refl ection profi ling), 
while special drilling and coring of hydrate-bearing 
permafrost has been limited [Yakushev et al., 2003]. 
Recovery of hydrate-bearing drill cores was reported 
from northern territories of Canada (Mackenzie Del-
ta, Taglu gas fi eld) [Dallimore and Collett, 1995] and 
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from the Olenek mouth in northern Central Siberia 
[Cherskiy and Tsarev, 1973].

Intrapermafrost gas hydrates are often relict 
forms that occur within 150–200 m depths. They 
arose under favorable conditions in the past and have 
survived till nowadays due to self-preservation at 
negative temperatures [Ershov et al., 1991; Dallimore 
et al., 1996; Chuvilin and Yakushev, 1998; Yakushev et 
al., 2003; Chuvilin and Guryeva, 2008]. The presence 
of such relicts was inferred from implicit signatures in 
northern West Siberia, in the Bovanenkovo and Yam-
burg gas-condensate fi elds, in West Yakutia, and in 
the Magadan region, as well as in the Arctic coast of 
Canada and Alaska [Istomin and Yakushev, 1992; Chu-
vilin et al., 2000; Yakushev, 2009]. 

In general, both stable and metastable intraper-
mafrost gas hydrates remain poorly investigated. Ac-
cumulation of pore gas hydrates at negative tempera-
tures has very limited literature, though a wealth of 
experimental data is available on free gas hydrates at 
<0 °C. Barrer and Ruzicka [1962] were among the 
fi rst to study the inclusion of rare gases (Ar, Kr, Xe) 
and CН4 into double clathrates of chloroform and 
tetrahydrofuran at –78 °C. Later Barrer and Edge 
[1967] investigated the formation rate of Ar, Kr, and 
Xe clathrates from ice.

The study by Makogon [1974] focused on phase 
equilibrium of natural gas hydrates at negative tem-
peratures till –35 °C. He described the formation of 
clathrates from liquid water at >0 °C with their sub-
sequent isobaric freezing and isothermal decompres-
sion to below the equilibrium pressure of hydrate dis-
sociation. Experiments reported by Hachikubo et al. 
[2002] addressed phase equilibrium for CН4 and CО2 
hydrates and their mixtures formed by interaction 
with ice powder at –1 to –10 °C.

While investigating thermal properties of gas 
hyd rates, Groisman [1985] obtained methane hydrate 
as fi ne ice powder that contacted with cold gas. The 
kinetics of clathrate formation was recorded from 
changes in the behavior of thermal parameters. Later 
many experiments with fi ne ice powder were perfor-
med to study the kinetics of gas hydrate formation at 
negative temperatures [Stern et al., 1996; Hachikubo et 
al., 2002; Kawamura et al., 2002; Komai et al., 2002; 
Salamatin and Kuhs, 2002; Wang et al., 2002a, 2017; 
Kuhs et al., 2004]. Up to 97 % of fi ne ice crystals con-
verted to hydrate in experiments in a pressure cell at 
cyclically changing temperatures [Stern et al., 1996].

Kawamura et al. [2002] and Komai et al. [2002] 
studied the kinetics of CО2 and CН4 hydrate forma-
tion at –1 to –10 °C using Raman spectroscopy. The 
growth rates of CО2 and CН4 hydrate crystals turned 
out to depend on temperature and were the fastest at 
–2 to –1 °C Komai et al. [2002]. 

Wang et al. [2002b] applied neutron diff raction 
which allowed tracing conversion of fi ne ice particles 
into methane hydrate under isothermal and noniso-

thermal conditions and observed that hydrates 
formed faster above the ice melting point, while the 
system included superheated ice; all ice converted to 
hydrate after additional heating. Neutron diff raction 
was also used in a number of other studies [Kuhs et 
al., 2004; Kuhs and Falenty, 2008; Murshed et al., 
2008], along with electron microscopy [Kuhs et al., 
2004; Stern et al., 2005].

The formation of pore gas hydrates at negative 
temperatures was the subject of few works, of which 
some used fine-grained samples cooled to <0  °C 
[Wright et al., 1998; Chuvilin et al., 1999, 2002], and 
quite rapid conversion of pore ice to hydrate was ob-
served [Wright et al., 1998; Chuvilin et al., 1999; Ko-
mai et al., 2008; Chuvilin and Lupachik, 2011]. Hyd-
rate-bearing samples that are exposed to cooling and 
left frozen may develop additional hydrates due to 
the formation of new gas-water contacts upon freez-
ing of residual pore water that did not convert to 
hyd rate before.

Experiments with frozen porous samples satu-
rated with hydrate-forming gas (CО2 and CH4) at 
constant negative temperatures demonstrated quite 
active hydrate formation from pore ice [Chuvilin and 
Guryeva, 2008; Komai et al., 2008; Chuvilin and Lupa-
chik, 2011].

In addition to laboratory experiments, the for-
mation of pore gas hydrates in ice-bearing porous 
rocks was studied by mathematical modeling [Sha ga-
pov et al., 2011; Khasanov and Musakaev, 2016].

Although there is published evidence for the ex-
istence of pore gas hydrates in permafrost, their for-
mation mechanisms remain poorly understood. In 
this respect, special experimental research is required 
to shed light on the kinetics of gas hydrate accumula-
tion in frozen, freezing and thawing sediments, as well 
as on diff erent controls of the process. 

EXPERIMENTAL METHODS

Pore hydrate formation in freezing and thawing 
porous gas-saturated sediments was reproduced in 
laboratory experiments to study the pressure and 
temperature conditions of phase change, as well as ki-
netics of the process. The experiments were run using 
a specially designed system, with a working volume of 
~420 cm3, consisting of a pressure cell which accom-
modates a metal container with samples; a refriger-
ated circulator for maintaining the required tempera-
ture in the pressure cell; an ADC; and a PC for saving 
records of pressure and temperature changes in sam-
ples (Fig. 1) [Chuvilin and Kozlova, 2005; Chuvilin 
and Guryeva, 2009; Chuvilin and Davletshina, 2018]. 
The temperature was maintained by circulation of 
liquid from the HAAKE Phoenix C40P refrigerated 
bath along the “thermal coat” around the pressure 
cell; temperature and pressure in the cell were accu-
rate to 0.05 °C and 0.005 MPa, respectively.
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Samples prepared from air-dry soil with prespec-
ifi ed moisture contents were placed into the pressure 
cell, which was tightly sealed, vacuumed, and fi lled 
with a hydrate-forming gas. To achieve the wanted 
moisture content, soil was mixed with distilled water 
and left for 30 min at room temperature. Thus pre-
pared wet soil was compacted layer-by-layer in a cy-
lindrical container (10 cm high and 4.6 cm in diame-
ter) and placed into the pressure cell [Chuvilin et al., 
2006; Chuvilin and Guryeva, 2009].

The samples used for modeling were natural de-
formed sand and clay silt (Table 1). The constituent 
minerals were identifi ed by X-ray diff ractometry; the 
particle size distribution (Table 2) and physical prop-
erties of the samples were determined following pro-
cedures prescribed by the Building Norms and Regu-
lations [1990] and State Standard [2014, 2015]. The 
properties of sand samples were: 17 % water content 
(W); 1.67 g/cm3 density; 42 % porosity (n); 69 % ice 
saturation (Si). The respective ranges for silt were: 14 
to 29 % water content; 1.37 to 1.96 g/cm3 density; 39 
to 60 % porosity; 57 to 85 % ice saturation. The freez-
ing temperatures were −0.1 °C for sand, −0.2 °C for 
silt 1, and –0.9 °C for saline silt 2.

In order to prevent moisture migration and en-
sure uniform distribution of pore hydrate, the sam-
ples were saturated with gas at constant negative 
temperatures from −2 °C to −9 °C, whereby gas hyd-
rates formed over pore ice particles [Chuvilin and Gu-
ryeva, 2009; Chuvilin and Davletshina, 2018]. Pure 
methane (99.98 % CH4) was used as a hydrate-form-
ing gas, and 99.99 % CО2 was used for reference. The 
pressure cell with the samples was frozen to −8 °C 
and then saturated with cold gas. The initial pressure 
was 4−6 MPa for CH4 and 2.5–3 MPa for CO2. After 
the pressure had been set up, the temperature in the 
cell was maintained constant at <0 °C.

The phase transition parameters in soil samples 
can be inferred from pressure and temperature varia-
tions in the test cell [Chuvilin et al., 2006]. Namely, 
the parameters of hydrate contents are found using 
the pressure-volume-temperature (PVT) analysis 
[Chuvilin and Davletshina, 2018]. 

For this, the absorption of gas (ΔmG) during 
hyd rate formation is found as

 ΔmG = (ΔpiVM)/(RTiz),

where Δpi is the pressure at the time τi, Pa; V is the 
normalized volume of the pressure cell, with regard to 
compressibility, m3; M is the molar weight of methane, 
g/mol; R is the universal gas constant, N⋅μ/(K⋅mol); 
Ti is the temperature at the time τi, K; z is the gas com-
pressibility at these conditions.

The gas absorption values are used to estimate 
the weight of hydrates proceeding from their formu-
las: CН4⋅5.9Н2О and CО2⋅6.1Н2О.

Fig. 1. Sketch of experimental setup for modeling 
the formation and dissociation of pore gas hydrates. 
1 = cryothermostat; 2 = hose for circulating liquid; 3 = “thermal 
coat”; 4 = tephlon gasket; 5 = steel lid; 6 = pressure sensors; 
refrigerated bath; 7 = digital pressure gage; 8 = pressure cell;
9 = container with soil samples; 10 = thermistor input sleeve;
11 = PC with ADC; 12 = gas tube; 13 = pressure regulator;
14 = gas bomb.

Ta b l e  1. Soil type, age, mineralogy, 
 and salinity of samples

Sam-
ple

Deposition 
environ-
ment, age

Sam-
pling 
site

Mineralogy*, % Salin-
ity, %

Sand mgm QII
2–4 Yamburg 

GCF
Quartz
XRA

Microcline
Oligoclase

80
9
5
4

0.076

Silt 1 gm QII
2–4 Vorkuta Microcline+albite

Quartz
Illite

Kaolinite+chlorite
Montmorillonite

45
38
9
5
3

0.075

Silt 2 m,sQIII Zapolar-
noe

OGCF

Quartz
XRA

Microcline
Albite

Smectite+hydromica

64
17
9
5
3

0.20

N o t e. OGCF = oil-gas-condensate fi eld.
*Mineral phases that exceed 1 %; XRA = X-ray amor-

phous compound. mgm, gm, and m,s stand for, respectively, 
marine and glacial-marine, glacial-marine, and marine and shelf 
deposition environments.

Ta b l e  2. Particle size distribution

Sam-
ple

Particle size distribution, %
Lithology*

1–0.05 mm 0.05–0.001 mm <0.001 mm

Sand 84.0 14.0 2.0 Fine sand
Silt 1 41.8 53.7 4.5 Heavy fi ne silt
Silt 2 88.0 4.0 8.0 Heavy silt

*Lithology is given according to classifi cations of E. Ser-
geev (sand) and V. Okhotin (silt).
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The volume content of hydrate (Hv, %) is

 100 %,h
v

s h

M
H

M
ρ

= ⋅
ρ

where Mh is the weight of pore gas hydrate (g); Ms is 
the weight of soil sample (g); ρ is the sample density 
(g/cm3); ρh is the skeleton (hydrate) density of empty 
square lattice (without gas molecules by analogy with 
the pure ice structure); ρh for CH4 is assumed to be 
0.794 g/cm3 [Chuvilin and Bukhanov, 2017]. 

Hydrate saturation or percentage of pore space 
fi lled with hydrate (Sh, %) is found from the volume 
content of hydrate as 

 ,v
h

H
S

n
=

where n is the porosity (u.f.), given by 

 ,s d

s
n

ρ − ρ
=

ρ
where ρs is the density of soil particles, g/cm3; ρd is 
the density of soil skeleton, g/cm3 (according to State 
Standard [2015]).

The fraction of water converted to hydrate, or 
hydrate coeffi  cient (Kh, u.f.) is given by

 ,h
h

W
K

W
=

where Wh is the percentage of water converted to 
hydrate (% of dry sample weight) and W is the total 
amount of moisture (initial water content, %). Wh is 
found from the weight of pore hydrate Mh.

RESULTS AND DISCUSSION

The kinetics of pore ice hydrate accumulation 
was investigated in terms of dependence on tempera-
ture, ice saturation, and salinity of samples, as well as 
on the type of hydrate-forming gas.

Temperature 
The eff ect of temperature on the kinetics of pore 

hydrate formation in methane-saturated soils was 

studied in silt  1 with the initial water content 
W0 = 14 % and the ice saturation Si ~ 69 % (or water 
saturation about 63 % at >0 °C), at the temperatures 
+2 °C, −3.7 °C, and −8 °C (Fig. 2, a). Methane pres-
sure in the test cell was above the equilibrium, the 
excess being Δp = 2.9 MPa at −3.7 °C and 4.7 MPa at 
−8 °C. The rate of hydrate formation changed with 
time: it was higher at negative than at positive tem-
peratures for the fi rst 30 minutes of the run (Fig. 2, b) 
but then decelerated and became faster at +2 °C than 
at –8 °C in an hour and than at –3.7 °C in fi ve hours. 
As a result, the percentages of pore moisture convert-
ed to hydrate 10 hours after the run onset were ~42 % 
at +2 °C; ~35 % (or 17 % less) at –3.7 °C, and only 
23 % (or almost twice less) at –8 °C (Fig. 2, a). 

In 50 hours, hydrate methane formation almost 
stopped at +2 °C but continued at negative tempera-
tures, though at a decreasing rate. In the end of the 
run, after 190 hours, the amount of pore moisture 
converted to hydrate at –3.7 °C was only 6 % less 
than at +2 °C; at –8 °C the respective diff erence was 
within 18 %. 

The hydrate coeffi  cients were higher at <0 °C 
than at >0 °C in the fi rst 30 min of the run, at invari-
able pressure in the system, because the gas pressure 
excess (Δp) above the equilibrium was greater at neg-
ative temperatures. Then hydrate formation at <0 °C 
slowed down because low-density hydrate coating on 
ice particles interfered with heat transfer. 

At positive temperatures, hydrate formation was 
slower as a dense hydrate fi lm formed at gas-water 
contacts which reduced gas permeability [Staykova et 
al., 2003; Kuhs et al., 2006; Chuvilin and Guryeva, 
2009]. The microstructure of this fi lm may be respon-
sible for slower hydrate formation at −8 °C than at 
higher temperatures, but this hypothesis requires fur-
ther checks. Frozen ground may be more permeable 
to gas during hydrate formation at colder tempera-
tures because of frost cracking [Liu et al., 2014] or 
because of microcracks resulting from expansion of 
soil skeleton by forming hydrate. 

Fig. 2. Time-dependent pore methane hydrate formation in sample silt 1 (W = 14 %, Si = 69 %) at diff erent 
temperatures: +2.0 °C (curve 1), –3.7 °C (2), and –8 °C (3) for the whole run duration (a) and fi rst fi ve 
hours (b). 
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Ice saturation
The eff ect of ice saturation on hydrate formation 

in frozen soils was studied at −2.9 °C in silt 2 with ice 
saturations 66 and 77 % (Fig. 3).

Hydrate accumulation was faster in samples 
with lower ice saturation (66  %): for the first 
2.6 hours, about 6.6 % of pore ice converted to hy-
drate at Si = 66 % but only 2.1 % at Si = 77 %. The 
process slowed down progressively as methane dif-
fused toward the hydration front through the hydrate 
fi lm on pore ice, but the deceleration was slower at 
lower ice saturation (Fig. 3). As a result, the hydrate 
coeffi  cient reached 0.51 at Si = 66 % but was only 0.09 
in the case of Si = 77 %. The latter value is low be-
cause gas permeability decreases at increasing ice 
saturation [Chuvilin et al., 2016].

Experiments with sample silt 2, with ice satura-
tion increasing from 29 to 80 % at −2.9 °C (Table 3), 
aimed at fi nding the optimal ice saturation providing 
the highest hydrate coeffi  cient. The Si range between 
45 and 65 % provided Sh = 52−53 % (Fig. 4), while 
pore hydrate accumulation almost completely 
stopped as ice saturation reached 80 %, because of 
low gas permeability and amount of hydrate-forming 
gas [Chuvilin et al., 2016]. The fraction of pore ice 
converted to hydrate (Kh) was quite low also at low 
ice saturation (<20 %), though higher than at high Si. 

Salinity
The eff ect of salinity on the hydrate formation 

kinetics was studied in silt 1 (W = 14 %) at a tempera-
ture of –3.7 °C. The salinity of the sample was ini-
tially no more than 0.08 % and then was increased 
artifi cially to 0.16 % using 0.2N NaCl solution. Δp 
was about 3.0 MPa at the initial salinity and 2.9 MPa 
for the saline sample. 

The experiments showed that hydrate formation 
was slower and decayed more smoothly in the saline 
sample. Within the linear segment of the kinetic 
curve (2.7 h after the run onset), hydrate formed at a 
rate of 0.091 u.f./h at salinity within 0.08 % but at 
0.062 u.f./h in the saline sample (Fig. 5). After 28 h, 
about 39 % of pore water converted to hydrate at low 
salinity and 29 % at high salinity. In the end of the 
run (190 h), the respective values became 5 % and 
9 % higher, which indicates slower decay of hydrate 
formation rates in the saline sample. The reason is ap-
parently that increasing pore water salinity upon 
freezing of saline wet soil impedes hydrate formation. 
On the other hand, hydrate formation decays more 
slowly in frozen saline soil due to higher gas permea-
bility of the hydrate fi lm over saline pore ice. 

Fig. 3. Time-dependent pore methane hydrate for-
mation in silt 2 at ice saturations Si = 66 % (1) and 
Si = 77 % (2), at −2.9 °C. 

Ta b l e  3. Initial physical properties 
 of frozen silt 2

Water 
content, %

Density, 
g/cm3 Porosity, % Ice satura-

tion, %

10 1.76 50 29
14 1.59 50 43
18 1.55 50 52
20 1.60 50 59
23 1.56 53 66
28 1.64 51 77
27 1.68 50 80

Fig. 4. Eff ect of initial ice saturation (Si) in silt 2 
on kinetics of methane hydrate saturation (Sh) at 
–2.9 °C. 

Fig. 5. Time-dependent pore methane hydrate for-
mation in silt 1 (W0 = 14 %) with salinities 0.075 % 
(1) and 0.16 % (2) at –3.7 °C. 
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Hydrate-forming gas
The type of hydrate-forming gas is another con-

trol of hydrate formation kinetics in frozen rocks. The 
dependence (Fig. 6) was checked by comparing sand 
samples (W = 17 %) saturated with methane and car-
bon dioxide at –3.8  °C, at 3.6  MPa (CН4) and 
1.4 MPa (CО2) above the equilibrium pressure.

The rate of CО2 hydrate accumulation in frozen 
sand (W = 17 %) at –3.8 °C was higher than that of 
CН4 hydrate: 4.9 %/h against 2.1 %/h, respectively, 
at the stage of active hydrate formation. The respec-
tive hydrate saturations were about 27 % and 8 % fi ve 
hours after the run onset and reached 55 % and 37 % 
in the end of the run (250 h), despite the low Δp in 
the run with carbon dioxide. The reason may be 
mainly that CО2 is much more reactive than CН4 
which ensures higher rates of the hydrate formation 
reaction [Wang et al., 2002b; Genov et al., 2004]. It is 
also more soluble in water than CН4, which may af-
fect the amount of unfrozen pore water. However, the 
latter relationship requires special experimental re-
search.

Residual pore ice melting
Accumulation of pore gas hydrate in permafrost 

may resume upon melting of residual pore ice that has 

Fig. 6. Time-dependent formation of pore methane 
and carbon dioxide hydrates at <0 °C in sand sample 
(W0 = 17 %).

Fig. 7. Time-dependent temperature variations in 
silt 2 (W0 = 29 %).

Fig. 8. Time-dependent pore methane hydrate for-
mation in silt 2 (W0 = 29 %, Si = 57 %) at tempera-
tures –2.8 °C and +1.2 °C. 

Fig. 9. Time-dependent temperature variations in 
silt 2 (W0 = 27 %).

not converted to clathrate. The eff ect was investigat-
ed in frozen silt 2 with diff erent contents of pore ice 
which was saturated with methane at temperatures 
changing at a rate of 0.5 °C/h from negative to low 
positive (0.5 to 4.1 °C). Melting of pore ice showed 
up as a kink in the temperature curve. 

Methane hydrate accumulation in silt 2, with 
W = 29 % and Si = 57 %, at a constant negative tem-
perature about –2.8 °C, was followed by warming 
from –2.8 to +1.2 °C for 11 hours (Fig. 7). In 360 h 
after the run onset, the sample reached a hydrate sat-
uration of 21 % and the fraction of pore ice converted 
to hydrate was 0.25 (Fig. 8) while the warming led to 
additional hydrate saturation of 18 % and to Kh in-
crease to 0.44 and on to 0.5 in the end of the run.

The silt 2 sample with a lower initial moisture 
content (W  =  27  %) and a higher ice saturation 
(Si  =  80  %) underwent hydrate accumulation at 
–2.9 °C and subsequent warming from –2.9 to +4.1 °C 
for 7 hours (Fig. 9). In 290 h, the amount of accumu-
lated methane hydrate was as low as 3 % and the hyd-
rate coeffi  cient was below 0.1, because of high initial 
ice saturation and, hence, a small surface area of gas-
ice contacts. Almost all accumulated methane hy-
drate (92 %) formed when warming led to melting of 
pore ice, and Kh reached 0.3 in the run end (Fig. 10).
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The greater the initial content of pore ice the 
greater amount of pore hydrate can form during the 
melting of residual pore ice. This may happen because 
melting of residual pore ice breaks hydrate coats over 
the ice particles and new gas-water contacts arise in 
the pore space.

Thus, melting of pore ice provides secondary 
hyd rate formation. Furthermore, it allows migration 
of pore water toward the gas phase, which can be ei-
ther local (within the pore space) or frontal (toward 
the sides of wet samples) and can lead to the forma-
tion of hydrate caps on the surface. 

In general, the experiments demonstrate that ac-
cumulation of pore gas hydrates in frozen gas-satura-
ted rocks depends on their temperature, ice satura-
tion, and salinity, as well as on the type of hydrate-
forming gas and on melting of residual pore ice. 

CONCLUSIONS 

The experimental results confi rm the possibility 
for the formation of pore gas hydrates in gas-satura-
ted permafrost under favorable conditions (high gas 
saturation, presence of hydrate stability zones, forma-
tion and activity of ice- and water-gas contacts, etc.) 
[Chuvilin et al., 2002; Chuvilin and Guryeva, 2008, 
2009; Komai et al., 2008; Chuvilin and Lupachik, 
2011]. 

The mechanisms and kinetics of pore gas hydrate 
formation and accumulation has multiple controls: 
temperature, ice saturation, and salinity of perma-
frost, melting of residual pore ice, and the type of 
hydrate-forming gas.

In our experiments, pore hydrates in silt formed 
faster in the beginning of the run, as the temperature 
decreased from +2 до –8 °C, but the process slowed 
down at negative temperatures. Correspondingly, 
much more hydrate accumulated at positive tempera-
tures. On the other hand, the hydrate formation pro-

cess decayed slowly at negative temperatures (–3.7 
and –8 °C), and the total diff erence did not exceed 
20 %.

The highest hydrate saturation is achieved with-
in the 45–65 % range of ice saturation, which is thus 
the optimal condition for pore methane hydrate ac-
cumulation. 

The salinity eff ect shows up in slow accumula-
tion rates in saline samples: as the salinity of the silt 
sample soaked in a NaCl solution increased from 
0.075 to 0.16 %, the hydrate coeffi  cient decreased by 
a factor of 1.5 for the first 28 hours of the run, at 
–3.7 °C.

The pore hydrate formation rate in frozen sand 
samples is 1.5 times faster when CO2 is used as the 
hydrate-forming gas than in the case of CH4, possi-
bly, because CО2 is more reactive and affects the 
phase composition of pore moisture (amount of un-
frozen water) in permafrost. 

The experiments confirm that pore methane 
hyd rate accumulation can resume as a result of warm-
ing that leads to melting of residual pore ice not yet 
converted to hydrate. There are two possible reasons 
for this behavior: (i) changes in the pore space of 
thawing soils produce new gas-water contacts and 
(ii) increasing pore water can migrate either locally, 
within the pore space, or frontally, with the formation 
of hydrate caps upon wet samples.

Natural hydrate accumulation in permafrost can 
be associated with freezing of closed methane-satu-
rated taliks or with the existence of highly permeable 
zones which become conduits for deep gas fl ow. The 
process can be also induced by leakage of natural gas 
into the casing-formation annular gap within the 
zone of hydrate stability. 

The study was supported by grant 16-17-00051 
from the Russian Foundation for Basic Research.
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