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This study is devoted to experimental modeling of the interaction of frozen hydrate-saturated sandy 
sediments with salt solutions at subzero temperatures. It is shown that the migration of salt ions in frozen hydrate-
containing sands is more active than in frozen hydrate-free sands. Gas pressure proves to be one of the main 
factors controlling the intensity of migration of salt ions in frozen sands containing gas hydrates in contrast to 
frozen hydrate-free sands. With an increase in gas pressure and a decrease in temperature, the intensity of salt 
transfer in frozen hydrate-containing sands decreases, while the preservation of pore hydrates increases. Based 
on experimental data, the parameters of salt transfer in frozen hydrate-containing sand (salt flux density, diffu
sion coefficient) depending on gas pressure and ambient temperature have been obtained for the first time.
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INTRODUCTION

Currently, the Russian Arctic, including the Arc-
tic shelf, is one of the most promising areas for hydro-
carbon production. However, the engineering and 
economic development of this territory, and, in par-
ticular, the development of oil and gas fields, is often 
accompanied by many complications, most of which 
are associated with the spread of permafrost soils and 
associated intrapermafrost gas and gas hydrate accu-
mulations [Polozkov et al., 2010; Safronov et al., 2010; 
Kamenskikh et al., 2014]. Gas hydrates are crystalline 
compounds that are formed from water and low mo-
lecular weight gas at certain pressures and tempera-
tures [Istomin, Yakushev, 1992]. In the permafrost 
zone, gas hydrates (mainly methane hydrates), as a 
rule, exist at depths of 250 meters, where the modern 
zone of hydrate stability begins [Istomin, Yakushev, 
1992; Yakushev et al., 2014]. However, at present, 
there are also field and laboratory data attesting to 
the possibility of the existence of so-called relict gas 
hydrate formations in the upper permafrost horizons, 
at depths of up to 100–150 m due to the geological 
effect of self-preservation of gas hydrates at negative 
temperatures [Yakushev, 2009; Chuvilin et al., 2018b]. 
One of the main features of gas hydrates is the ability 
to accumulate large volumes of gas in a clathrate 
structure: up to 160 volumes of gas in one volume of 
gas hydrate [Yakushev, 2009]. At the same time, it is 
known that methane is one of the most active green-

house gases, whose greenhouse effect is almost 
20 times greater than that of CO2. In this regard, the 
dissociation of natural Arctic gas hydrates, which is 
accompanied by active emission of methane into the 
atmosphere, can be considered a significant contribu-
tion to the greenhouse effect and global climate 
change [Shakhova et al., 2010, 2019; Sergienko et al., 
2012].

The reasons for the destabilization of permafrost 
gas hydrates in a stable or metastable (relict) state in 
the Arctic can be both permafrost degradation as a 
result of rising temperatures [Chuvilin et al., 2019b] 
and the processes of penetration of salt solutions into 
the hydrate-containing rock strata [Chuvilin et al., 
2019a; Chuvilin et al., 2022a–c]. Such processes can 
occur, for example, during the uncovering and migra-
tion of cryopegs after drilling production wells, as 
well as during contact of frozen hydrate-containing 
horizons with seawater, etc. [Chuvilin et al., 2019a,b].

To date, the interaction of salt ions and saline so-
lutions with gas hydrate formations in permafrost re-
mains insufficiently studied, including experimental 
works. However, there are methodological develop-
ments for studying the migration of salts in frozen 
dispersed rocks [Nechaev, Kan, 1980; Romanov, 1985; 
Lebedenko, 1989; Chuvilin, Smirnova, 1996; Ershov et 
al., 1999], as well as the first experimental data ob-
tained by the authors on salt transfer in frozen hyd
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rate-containing rocks [Chuvilin et al., 2019a–c, 2023]. 
It was previously shown that the migration and accu-
mulation of salt ions in frozen hydrate-containing 
rocks causes dissociation of pore gas hydrate [Chuvilin 
et al., 2019a]. At the same time, the intensity of salt 
transfer and dissociation of pore hydrates in frozen 
rocks depends on a number of factors, such as pressure 
[Chuvilin et al., 2022b], ambient temperature, concen-
tration and composition of the salt solution [Chuvilin 
et al., 2022a], as well as the presence of clay impurities 
in sandy soil [Chuvilin et al., 2023]. In addition, it has 
been shown that the migration of salts in frozen rocks 
is accompanied by a change in the temperature field of 
frozen hydrate-containing rocks due to phase transi-
tion processes [Chuvilin et al., 2022c]. However, these 
studies did not consider the diffusion characteristics 
of salt transfer in frozen hydrate-containing rocks; in 
particular, calculations of the diffusion coefficient of 
salt ions were not provided. In this regard, in our 
study based on experimental modeling, the features of 
salt transfer in frozen hydrate-saturated rocks are ex-
amined with clarification of previously obtained ex-
perimental data on the influence of reservoir pressure 
and temperature on the processes of salt transfer and 
dissociation of pore gas hydrates and the diffusion 
characteristics of this process.

EXPERIMENTAL MODELING METHOD

Experimental modeling of the dissociation of 
pore gas hydrates in frozen rocks as a result of salt 
migration included the following stages:

(1) preparation of artificial soil samples contain-
ing pore methane hydrates using a high pressure 
chamber;

(2) freezing hydrate-saturated samples in a pres-
sure chamber and transferring them to a metastable 

state by reducing the pressure to atmospheric pres-
sure at a negative temperature;

(3) extraction of frozen hydrate-saturated sam-
ples from the pressure chamber;

(4) carrying out the interaction of frozen hyd
rate-containing samples with a frozen NaCl salt solu-
tion at a constant negative temperature and (a) at-
mospheric pressure (0.1  MPa) and (b)  increased 
methane pressure up to values above equilibrium 
relative to the pore hydrate (up to 6 MPa).

Experimental modeling was carried out by creat-
ing physical contact of the studied frozen hydrate-
saturated samples under self-preservation conditions 
with salt solutions in a solid (frozen) state at atmo-
spheric pressure in a sealed, heat-insulated container 
at a constant negative temperature. When testing 
under gas pressure, soil samples, after being brought 
into contact with salt ice in the refrigeration chamber 
were again placed in a pressure chamber, in which the 
methane gas pressure was increased to values below 
or above the equilibrium value (2 MPa) for the given 
temperature conditions (–6°C) (Fig. 1). Then, the 
installation was also placed in a thermal container.

Nitrogen was used to create increased pressure 
when frozen non-hydrate-containing samples inter-
acted with salt ice to prevent hydrate formation.

In the experiments, samples of quartz sand were 
used (Table 1). Its initial salinity and chemical com-
position of the water extract are given in Table 2.

As follows from the data presented, particles of 
0.25–0.1 mm in size (about 80%) predominated in the 
sand, and its natural salinity did not exceed 0.01%. 
The specific surface area of the sand was about 
0.6 m2/g.

The saturation of frozen soil with pore methane 
hydrate was carried out using a special technique de-
scribed in detail earlier [Chuvilin, Guryeva, 2009]. 

Fig. 1. Scheme of the installation for the interaction of frozen samples containing and not containingpore 
hydrates with frozen saline solutions at a pressure equal to or exceeding 0.1 MPa and negative temperatures: 
1 – manometer; 2 – gas tap; 3 – salt ice; 4 – frozen hydrate-containing sample.
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This technique makes it possible to obtain several 
samples with similar initial parameters of the mois-
ture content, ice content, and uniform distribution of 
pore gas hydrate.

For the obtained frozen hydrate-containing sam-
ples (height 80 mm, diameter 30 mm), before their 
contact with the frozen saline solution, the initial 
physical characteristics were determined (moisture 
W = 12%, density r = 1.83 g/cm3, the proportion 
of pore moisture located in the hydrate form Kh = 
= 0.4–0.5 unit fraction). Then, under constant nega-
tive temperatures, the hydrate-containing samples 
were brought into contact with a frozen NaCl saline 
solution. Most experiments were carried out at –6°C 
and 0.1 N (0.58%) frozen saline solution. The dura-
tion of the experiment, depending on the experimen-
tal conditions, ranged from several tens of minutes to 
several days. Hydrate-containing samples were re-
moved from the contact solution at certain intervals. 
After interaction with the saline solution, a number 
of parameters characterizing the moisture, salt, and 
gas contents were determined for each sample layer 
by layer (each layer 7–10  mm) along the entire 
length. Analysis and interpretation of the results ob-
tained generally allow us to trace the dynamics of sa-
linization, thawing, and dissociation of gas hydrate 
formations in frozen soil samples by calculating the 
main parameters (gas content, hydration coefficient). 
This calculation scheme is presented in more detail in 
a series of articles by E.M. Chuvilin with coauthors 
[Chuvilin et al., 2018a, 2019a, 2022b].

To study the effect of pressure on the dissocia-
tion of gas hydrates in frozen rocks upon their contact 
with saline solutions, hydrate-saturated frozen sam-
ples were placed in a pressure chamber, and then 
methane (and in the case of frozen non-hydrate-satu-
rated samples, nitrogen) was supplied to pressures 
from 0.1 to 6.0 MPa. The duration of the experiment, 
depending on the experimental conditions, ranged 
from several hours to several days. During the exper-
iment, the system temperature was maintained con-
stant with an accuracy of ±0.5°C.

The samples, in which the moisture content was 
determined, were then used for interval-by-interval 
determination of the content of salt ions that migra

ted from the contact salt solution. Ion concentration 
was determined in water extract using a MAPK 603 
conductometer. The measurement error of the con-
ductometer was checked using standard solutions of 
NaCl salts in a concentration range from 0.02 to 2%, 
which corresponds to the range of NaCl concentra-
tions in the studied water extracts. The accuracy of 
determining the concentration of Na+ ions using a 
conductometer in the studied samples was ±0.006% 
(±0.3 meq/100 g). 

The change in the flux of Na+ ions through the 
cross-section of a frozen hydrate-containing sample 
was also calculated ( Js, mol/(m2⋅s)): 

	 = ,s
nJ
St

where S is the cross-sectional area of the sample, m2; 
t is the time of salt migration time, s; and n is the num-
ber of moles of Na+, mol.

The concentration gradient (grad C, mol/m4) 
was determined as the ratio of the difference between 
the maximum and minimum concentrations to the 
height of the sample:

	
-

=grad max min ,
C C

C
L

where Cmin and Cmax are the minimum and maximum 
concentrations of the substance in the sample intervals 
obtained during the experiment, and L is the height of 
the sample.

The effective diffusion coefficient during salt mi-
gration (Def, cm2/s) was determined using the follow-
ing formula:

	 = ⋅ 4
ef 10 .

grad
sJ

D
C

During the experiments, the dynamics of inte
raction of frozen hydrate-containing samples with sa
line solution over time, as well as the influence of 
thermobaric conditions on the processes of dissocia-
tion of pore hydrates in the samples, were studied.

EXPERIMENTAL RESULTS

During experimental modeling, it was shown 
that when frozen hydrate-saturated soil interacts 
with a cooled (frozen) saline solution, active diffusion 

Ta b l e  1.	 Particle-size distribution and mineralogy of the studied sample

Sample
Particle content, %; particle size, mm

Mineralogy
1.0–0.5 0.5–0.25 0.25–0.1 0.1–0.05 0.05–0.001 <0.001

Fine sand 0 1.5 80.4 17.3 0.8 0 > 98% quartz

Ta b l e  2.	 Summary table of the content and composition of salts in water extracts

Soil type рН
Anions, meq/100 g Cations, meq/100 g Sum of salts, 

%HCO3
– Cl– SO4

2– Са2+ Mg2+ Na+ + K+

Sand 7.1 0.075 0.025 0.06 0.025 – 0.135 0.01
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of salt ions into the sample occurs, which results in 
salinization of frozen soil and dissociation of pore hy-
drates [Chuvilin et al., 2019a].

The process of salt transfer in frozen hydrate-
containing samples largely depends on thermobaric 
conditions, which determine the stability of gas hy-
drate formations in frozen rocks.

As part of this work, a comparison was made of 
salt transport in frozen samples containing and not 
containing hydrates. These experiments were carried 
out under conditions of constant negative tempera-
ture (‒6°C) at pressures from 0.1 to 6.0 MPa and a 
saline solution concentration of 0.1 N (0.58%). It was 
revealed that the migration of salt ions into a frozen 
hydrate-containing sample occurs more intensively 
than into a sample that does not contain hydrates. 
This pattern was observed both at nonequilibrium 
pressure under conditions of hydrate self-preserva-
tion (0.1 MPa) and at pressure above equilibrium 
(6.0 MPa) (Fig. 2). In particular, at atmospheric pres-
sure in a frozen hydrate-containing sample, 4 h after 
the start of interaction with 0.1 N. With a NaCl solu-
tion, Na+ ions penetrated 5.3 cm deep into the sample, 
and in the frozen sample without hydrates, the pene-
tration of salts did not exceed 2.6 cm (Fig. 2). At the 
same time, the accumulation of salts in the frozen 
sample without hydrates was significantly lower than 
in the sample saturated with hydrates. An experiment 
at a pressure above equilibrium (6  MPa) demon-
strates a similar dependence, but differs in a lower 
intensity of salt accumulation (Fig. 2). Thus, in a fro-
zen hydrate-containing sample, 4 h after the start of 
interaction, Na+ ions penetrated to a depth of 2.9 cm, 
and in a frozen hydrate-free sample only to 2.2 cm.

A comparison of experimental data on the inter-
action of frozen hydrate-containing rocks with saline 
solutions at a fixed negative temperature (‒6°C) and 

given pressures from 0.1 MPa to 6.0 MPa demon-
strates that with increasing pressure, the intensity of 
accumulation of sodium ions decreases. A particularly 
significant decrease in the accumulation of sodium 
ions is observed at gas pressures above equilibrium. A 
decrease in the intensity of accumulation of sodium 
ions with increasing pressure is reflected in an in-
crease in the degree of preservation of pore hydrates 
at a fixed interaction time.

Thus, in a frozen hydrate-containing sample, 4 h 
after interaction with 0.1 N solution of NaCl, ions 
(Na+) penetrated 5.2 cm deep at a pressure of 0.1 MPa 
and only 1.9 cm deep at a pressure of 6 MPa. At the sa
me time, the salt content in the contact zone decreased 
from 22 meq/100 g up to 2 meq/100 g (Fig. 3a).

Fig. 2. The influence of gas pressure on the accu-
mulation of salt ions (Na+) in frozen sand samples 
(W = 12%) with (1, 2) and without (3, 4) gas hy-
drates after 4 h of interaction with 0.1 N NaCl solu-
tion (t = ‒6°C) [Chuvilin et al., 2022b].
1, 3 – 0.1 MPa; 2, 4 – 6 MPa.

Fig. 3. The influence of pressure on the (a) accumulation of salt ions (Na+) and (b) decrease in the hydra-
tion coefficient (Kh) in samples of frozen hydrate-containing sand ( in

hK  ~ 0.3, W = 12%) at nonequilibrium 
and equilibrium pressure after 4 h of interaction with frozen 0.1 N NaCl solution (t = ‒6°C) [Chuvilin et 
al., 2022b].
Pressure, MPa: 1 – 0.1; 2 – 1.8; 3 – 2.5; 4 – 3.5; 5 – 4.0; 6 – 6.0.
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The degree of accumulation of salt ions in the 
sand samples under study determines the hydrate 
content. In the initial state (before contact with the 
saline solution) for sand samples, about 30% of the 
pore moisture was in the hydrate form. During one-
sided salinization of the sample, a natural decrease in 
the hydrate content was observed on the side of the 
contact zone. The hydration coefficient decreased 
during the transition from pressure above equilibrium 
(6 MPa) to nonequilibrium (0.1 MPa), while the area 
where a sharp decrease in the hydrate content was 
observed expanded. Thus, 4 h after the start of the in

teraction of hydrate-containing samples with 0.1 N 
solution of NaCl, the area of complete decomposition 
of gas hydrate due to salinity at atmospheric pressure 
was 3.4 cm, while at a pressure of 6 MPa only a three-
fold decrease in the hydrate content was observed (Kh 
decreased from 0.3 to 0.1). Thus, it is possible to trace 
the presence of the decomposition front of pore gas 
hydrates in a frozen sample, which depends on the 
pressure value at fixed temperatures and on the con-
centration of the contacting solution.

In this regard, it is possible to identify a certain 
critical salt concentration (Ccr), at which complete 
dissociation of pore hydrates occurs. This critical 
concentration is determined by comparing data 
on  the distribution of pore hydrate (Kh) and the 
concentration of salt ions along the length of the 
sample (Fig. 4). Where the hydration coefficient be-
comes zero, the concentration of salt ions is deter-
mined. Thus, at a temperature of –6°C and a pressure 
of 2  MPa, the critical concentration of NaCl is 
3.1 meq/100 g (0.6%).

Calculation of the average migration flow of 
salt for the described experiments shows that its val-
ue decreases from 3.8⋅10–9 to 0.5⋅10–10 mol/(cm2⋅s) 
with increasing pressure from 0.1 MPa to 6.0 MPa 
(Fig. 5).

Analysis of the accumulation of salts in the stud-
ied samples and the change in hydrate content during 
the salt transfer process made it possible to identify 
the dependence of the critical concentration of salts 
in the sample (Ccr), causing complete decomposition 
of pore gas hydrates, on gas pressure at a fixed nega-
tive temperature (–6°C) and the concentration of the 
contacting solution (0.58%) (Fig. 6).

Fig. 4. Distribution of (1) salt (Na+) and (2) hydra-
tion coefficient (Kh) along the height of a frozen 
hydrate-containing sand sample after 4 h of inter-
action with 0.1 N (0.58%) frozen NaCl solution 
at a temperature of –6°C and a pressure of 2 MPa 
(Ccr = 3.1 meq/100 g). 

Fig. 5. The influence of pressure on the average 
density of the migration flux of Na+ ions in a frozen 
hydrate-saturated sand sample after 4 h of interac-
tion with 0.1 N (0.58%) frozen NaCl solution at 
t = ‒6°C [Chuvilin et al., 2022b].

Fig. 6. The influence of pressure on the critical con-
centration (Ccr) of complete decomposition of pore 
gas hydrates in a frozen hydrate-saturated sand 
sample at t = ‒6°C and contact salt solution 0.1 N 
(0.58%) NaCl [Chuvilin et al., 2022b].
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As studies show, the value of the critical concen-
tration (Ccr) increases almost linearly (R = 0.9672) 
with increasing gas pressure at a fixed negative tem-
perature. When the pressure increases from 0.1 to 
6.0 MPa, the Ccr value at –6°C increases by more than 
six times. Thus, at a pressure of 0.1 MPa, the critical 
concentration of salts for complete dissociation of 
pore gas hydrates is 0.2% NaCl, and at 6  MPa it 
reaches 1.4% NaCl.

The value of the effective diffusion coefficient of 
salt migration decreases with increasing gas pressure 
(Fig. 7). Thus, with an increase in pressure from 0.1 
to 6.0 MPa, the effective diffusion coefficient decreas-
es by more than an order of magnitude, from 14⋅10–7 
to 0.3⋅10–7 cm2/s.

During the experimental modeling, the influence 
of the experimental temperature regime on salt trans-
port in frozen hydrate-containing soils was also as-
sessed. These data indicate that with an increase in 
ambient temperature, the processes of salinization of 
frozen hydrate-containing soil, and, consequently, the 
decomposition of pore gas hydrate, intensify (Fig. 8, 
9). Thus, at atmospheric pressure at a higher negative 
temperature (–3°C), NaCl ions penetrated almost the 
entire depth (8 cm) of the frozen hydrate-containing 
sample during two hours of the experiment (Fig. 8). 
At the same time, in the sample with a lower tempera-
ture (–20°C), salt ions migrated to a depth of only 
2.2 cm from contact with the salt solution (0.2 N 
NaCl).

As a result of the migration and accumulation of 
salts in frozen hydrate-saturated samples interacting 
for two hours with a frozen saline solution (0.2 N 
NaCl), pore methane hydrate completely decom-
posed at a depth of 7 cm from the contact at a tem-
perature of –3°C, and only in the end part, the resid-
ual hydrate content (Kh = 0.22) was recorded at the 
initial value of =in 0 4. .hK  In the experiment at an 
ambient temperature of –20°C, partial decomposition 
of the hydrate was recorded only in the contact area 
(1 cm from the contact), where the hydration coeffi-
cient decreased from the initial 0.37 to 0.1 (Fig. 9).

Fig. 7. The influence of pressure on the effective 
diffusion coefficient of Na+ migration in a frozen 
hydrate-saturated sand sample (Def) after 4 h of 
interaction with 0.1 N (0.58%) frozen NaCl solution 
at t = ‒6°C. 

Fig.  8.  The inf luence of temperature (1, –3°C;  
2, –20°C) on the accumulation of salt ions (Na+) in 
frozen hydrate-containing sand samples after 2 h of 
interaction with 0.2 N (1.15%) frozen NaCl solution 
at pressure of 0.1 MPa.

Fig.  9.  The inf luence of temperature (1, –3°C;  
2, –20°C) on the decrease in the hydration coeffi-
cient (Kh) in samples of frozen hydrate-containing 
sand ( in

hK  ~ 0.4, W = 12%) after 2 h of interaction 
with 0.2 N (1.15%) frozen NaCl saline solution at 
pressure of 0.1 MPa.
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Calculation of the average migration flow of salt 
for various thermobaric conditions shows that its 
value decreases with decreasing temperature both at 
a pressure above equilibrium (4 MPa) and at pressure 
below equilibrium (0.1 MPa) (Fig. 10). Thus, under 
atmospheric pressure conditions at –3°C, the salt flux 
density was 43⋅10–10 mol/(cm2·s); at –6°С, the flux 
density decreased twofold to 20⋅10–10 mol/(cm2⋅s); 
and at –20°C, it did not exceed 5⋅10–10 mol/(cm2⋅s). 
At a gas pressure above equilibrium (4 MPa), the 
same pattern was observed (a decrease in the salt flux 
with a decrease in ambient temperature). However, 
the values of the flux density into frozen hydrate-
containing sand were lower, and a sharper decrease in 
the flux took place. Thus, with a decrease in tempera-
ture from –3 to –16°C, the density of the migration 
flow into frozen hydrate-saturated sand decreased by 
more than an order of magnitude (from 6⋅10–10 to 
0.3⋅10–10 mol/(cm2⋅s)) (Fig. 10).

Analysis of the accumulation of salts in the stud-
ied samples and changes in the hydrate content dur-
ing the salt transfer process made it possible to iden-
tify the dependence of the critical concentration of 
salts in the sample (Ccr), which caused complete de-
composition of metastable pore gas hydrates (at 
p = 0.1 MPa and p = 4.0 MPa), on temperature during 
the interaction of frozen hydrate-containing rocks 
with a frozen 0.1 N NaCl solution (Fig. 11).

As experimental data show, the critical concen-
tration (Ccr) increases with decreasing ambient tem-
perature and higher values are observed at pressures 
above equilibrium (Fig. 11). Thus, at atmospheric 
pressure and a temperature of –3°C, Ccr is 0.3% of 
pore moisture; at a temperature of –16°C, it reaches 
1%, which is actually more than three times higher 
than the critical concentration at a temperature of 
–3°C. At a pressure above equilibrium and a decrease 
in temperature from –3 to –16°C, the critical concen-
tration increased by two times (from 0.8 to 1.6%).

The value of the effective diffusion coefficient at 
atmospheric pressure upon the decrease in the tem-
perature from –2 to –15°C decreases from 6.3⋅10–7 to 
0.5⋅10–7 cm2/s, i.e., by more than an order of mag
nitude. At a pressure above equilibrium (4 MPa), 
the diffusion coefficient decreases from 2.6⋅10–7 to 
0.2⋅10–7 cm2/s at the same decrease in the tempera-
ture (Fig. 12).

It was also shown previously [Chuvilin et al., 
2019b] that an increase in the concentration of a salt 
solution in contact with a frozen hydrate-containing 
sample at a fixed negative temperature leads to an in-
crease in salt transfer, to a more intense dissociation 
of pore gas hydrates and an overall increase in the 
speed of movement of salinity fronts and decomposi-
tion of gas hydrates in the sample.

Fig. 12. The influence of temperature on the effec-
tive diffusion coefficient of Na+ migration (Def) in a 
frozen hydrate-saturated sand sample after 4 h of 
interaction with 0.1 N (0.58%) frozen NaCl solution 
at pressures of (1) 0.1 MPa and (2) 4.0 MPa. 

Fig. 10. The influence of temperature on the aver-
age flux density of Na+ ions into a frozen hydrate-
containing sample (J) after 4 h of interaction with 
0.1 N (0.58%) frozen NaCl solution at pressures of 
(1) 0.1 and (2) 4.0 MPa.

Fig. 11. The influence of temperature on the critical 
concentration (Ccr) causing the decomposition of 
pore hydrates in a frozen sand saline (0.1 N (0.58%) 
frozen NaCl solution) at pressures of (1) 0.1 MPa 
and (2) 4.0 MPa. 
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DISCUSSION OF THE RESULTS  
OF EXPERIMENTAL MODELING

Analysis of experimental modeling data on the 
interaction of frozen hydrate-saturated rocks with 
NaCl solution allows us to describe the phase changes 
in frozen hydrate-containing rocks at equilibrium and 
nonequilibrium (with self-preservation) pressure and 
negative temperature (‒6°C) as follows. At reservoir 
pressure values below equilibrium (<2.4 MPa), pore 
hydrates in frozen rocks, due to the self-preservation 
effect, exist in a metastable state. Residual gas hyd
rate accumulations are located under an ice shell 
formed during the crystallization of water released 
during the partial dissociation of pore gas hydrates. 
The migration and accumulation of salt ions in frozen 
hydrate-saturated rocks when interacting with a sa-
line solution occurs primarily along films of unfrozen 
water on the surface of soil particles, as well as along 
the boundaries of ice crystals. This is accompanied by 
an increase in the thickness of unfrozen water films 
due to the melting of pore ice. When the ice film dis-
appears on the surface of the hydrate, its active dis-
sociation begins with the release of gas and water, 
which, under conditions of negative temperature and 
the endothermic effect of dissociation, partially freez-
es with the formation of ice.

At an initial pore pressure above equilibrium 
(2.4 MPa and above), methane hydrates in non-saline 
frozen sand are in stable conditions. The residual con-
tent of the liquid phase under these conditions should 
be less than in a sample containing preserved gas hyd
rates. Considering that the process of transfer of salt 
ions occurs primarily through films of unfrozen water, 
in a hydrate-containing frozen sample at pressures 
above equilibrium, the migration of ions is slower. In 
addition, it can be assumed that the intergranular 
permeability of gas hydrates is significantly lower 
than the permeability of ice. Under these conditions, 
taking into account the significant shift in pressure 
relative to the equilibrium value, during the interac-
tion of a saline solution with a frozen hydrate-con-
taining soil sample, higher critical values of the con-
centration of salt ions are required to destabilize the 
pore hydrates, which are achieved over a longer time. 
When critical concentrations are exceeded, gas hyd
rate dissociation is observed. However, unlike meta-
stable conditions, this process occurs less actively, 
and the formation of pore ice is slower. The gas 
formed during the dissociation of pore hydrates can 
subsequently concentrate in the void space with an 
incomplete degree of filling of the pores and also be 
present in the form of separate gas inclusions in the 
ice formed during the dissociation of the hydrates. In 
this case, part of the gas can dissolve in unfrozen wa-
ter, but this will be limited by the concentration of 
salts in the liquid phase.

The results of experimental studies have shown 
that the value of the critical concentration, which 
causes complete decomposition of pore gas hydrates, 
naturally increases with an increase in gas pressure, as 
well as with lowering of temperature in the subzero 
range. 

Thus, the experimental results demonstrate that 
salt ions are capable of actively penetrating deep into 
frozen hydrate-saturated strata, thereby causing ice 
melting and dissociation of permafrost gas hydrate 
formations, and, as a consequence, leading to intense 
methane emission. Experimental data demonstrate 
the significant role of reservoir pressure and tempera-
ture in the process of salt transfer in frozen hydrate-
containing rocks.

CONCLUSIONS

The results of experimental modeling of the in-
teraction of saline solutions with frozen hydrate-con-
taining rocks indicate the active migration of salt ions 
at negative temperatures into soil containing ice and 
gas hydrates. In turn, salt transfer can lead to the 
melting of pore ice, destruction of gas hydrates in per-
mafrost, and active methane emission. The intensity 
of salt migration in frozen hydrate-saturated rocks 
depends on a number of factors, such as temperature, 
pressure, concentration of contact salt solutions, etc.

Experimental studies have shown that the inten-
sity of accumulation of salt ions in frozen sand con-
taining methane hydrates is higher than in frozen 
sands that do not contain gas hydrate inclusions.

During the experiments, it has been found that 
salt transfer in hydrate-containing frozen rocks is 
greatly influenced by reservoir gas pressure. With 
an increase in pressure from atmospheric (0.1 MPa) 
to stable values relative to the pore hydrate (up to 
6 MPa), the accumulation of salt in frozen hydrate-
containing rocks upon their contact with a saline so-
lution decreases. At the same time, in frozen soils 
without gas hydrates, the pressure does not have a 
significant effect on salt transport. Less intense accu-
mulation of salt ions in frozen hydrate-containing 
rocks with increasing pressure contributes to greater 
preservation of the pore gas hydrate. It has also been 
found that increasing pressure can significantly re-
duce the intensity of salt transfer in frozen hydrate-
containing rocks and contribute to the preservation 
of pore gas hydrates in frozen rocks. 

Ambient temperature also plays an important 
role in the processes of salt transfer in frozen hydrate-
containing rocks during their interaction with a fro-
zen saline solution. The intensity of salt transfer de-
creases with a decrease in the temperature, and this 
dependence is seen at pressures both below equilib-
rium (0.1 MPa) and above equilibrium (2.5 MPa).

Diffusion characteristics of the salt transfer pro-
cess in frozen hydrate-containing rocks, such as the 
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migration flow density and the diffusion coefficient, 
have been obtained for the first time. The coefficient 
of diffusion of salt ions into frozen hydrate-containing 
rocks decreases with an increase in gas pressure, as 
well as with a decrease in ambient temperature.

The presented results of experimental modeling 
provide an opportunity to take a new look at the fea-
tures of dissociation of gas hydrates in frozen rocks 
under the influence of salt transfer processes.
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