
Citation: Chuvilin, E.; Ekimova, V.;

Davletshina, D.; Bukhanov, B.;

Krivokhat, E.; Shilenkov, V. Migration

of Salt Ions in Frozen Hydrate-

Saturated Sediments: Temperature

and Chemistry Constraints.

Geosciences 2022, 12, 276. https://

doi.org/10.3390/geosciences12070276

Academic Editors: Jesus Martinez-

Frias and Vitor Magalhães

Received: 30 May 2022

Accepted: 7 July 2022

Published: 9 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

geosciences

Article

Migration of Salt Ions in Frozen Hydrate-Saturated Sediments:
Temperature and Chemistry Constraints
Evgeny Chuvilin * , Valentina Ekimova, Dinara Davletshina, Boris Bukhanov , Ekaterina Krivokhat
and Vladimir Shilenkov

Center for Petroleum Science and Engineering, Skolkovo Institute of Science and Technology, Bolshoy Boulevard
30, Bld. 1, 121205 Moscow, Russia; valentina.ekimova@skoltech.ru (V.E.); d.davletshina@skoltech.ru (D.D.);
b.bukhanov@skoltech.ru (B.B.); ekaterina.krivokhat@skoltech.ru (E.K.); vladimir.shilenkov@skoltech.ru (V.S.)
* Correspondence: e.chuvilin@skoltech.ru

Abstract: Migration of dissolved salts from natural (cryopeg brines, seawater, etc.), or artificial
sources can destabilize intrapermafrost gas hydrates. Salt transport patterns vary as a function of
gas pressure, temperature, salinity, etc. The sensitivity of the salt migration and hydrate dissociation
processes to ambient temperature and to the concentration and chemistry of saline solutions is
investigated experimentally on frozen sand samples at a constant negative temperature (−6 ◦C). The
experiments show that the ambient temperature and the solution chemistry control the critical salt
concentration required for complete gas hydrate dissociation. Salt ions migrate faster from more
saline solutions at higher temperatures, and the pore moisture can reach the critical salinity in a
shorter time. The flux density and contents of different salt ions transported to the samples increase
in the series Na2SO4–KCl–CaCl2–NaCl–MgCl2. A model is suggested to account for phase transitions
of pore moisture in frozen hydrate-saturated sediments exposed to contact with concentrated saline
solutions at pressures above and below the thermodynamic equilibrium, in stable and metastable
conditions of gas hydrates, respectively.

Keywords: permafrost; gas hydrate; frozen sediment; salt migration; hydrate dissociation; sensitivity
to temperature; salt concentration; salt chemistry

1. Introduction

Gas (especially, methane) in permafrost can exist in the clathrate (hydrate) form [1–6].
Gas hydrates are crystalline clathrate compounds which are formed out of water molecules
and low-molecular gas under certain pressures and temperatures [4,7]. Gas hydrates
are remarkable by sequestering large amounts of natural gas: each volume unit of gas
hydrate can store about 160 units of methane. In this respect, gas hydrates constitute
rich unconventional resources of natural gas but, at the same time, pose serious threats to
petroleum production from conventional reservoirs [3,4,8,9].

Laboratory modeling confirms the possibility of active hydrate formation in freezing
and frozen sediments [10–12]. However, gas hydrates can lose stability and dissociate
into water and large volumes of gas due to pressure and temperature changes [13]. The
dissociation reactions decay and even stop under negative temperatures, which are typical
for permafrost, as the released interstitial water quite rapidly freezes to ice which coats gas
hydrate particles and impedes further dissociation [14–20].

In addition to the temperature and pressure changes, destabilization of gas hydrates
can result from reactions with various organic or inorganic chemical agents that inhibit
hydrate formation: salts, acids, and other compounds [21–28]. The effect of dissolved
salts on the pressure and temperature limits of hydrate stability has received much
attention [21,23,29–33]. The results show that hydrate dissociation in a free volume ac-
celerates at higher temperatures and higher salt concentrations. Furthermore, the rate of
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dissociation depends on the chemistry of the solution and increases in the series KCl–CaCl2–
NaCl–MgCl2.

Although the interaction of saline solutions with frozen hydrate-bearing sediments and
related salt transport has been rather poorly studied, some inferences can be made from the
respective studies of pore ice which is similar to gas hydrate in many aspects [34–39]. Salt
transport into permafrost body is known to be controlled by temperature, salt concentration,
and chemistry. It is faster from more saline solutions at higher temperatures, and differs for
different salt ions [37,40]: the mobility decreases in the series Ca2+ > Na+ > Hg2+ > Cu2+ >
Pb2+ > K+ > Fe2+ > Co3+.

Thus, laboratory modeling of salt transport in frozen hydrate-saturated soils and its
sensitivity to temperature and solution parameters (concentration and chemical composi-
tion) can provide insights into thermodynamic processes associated with the interaction of
ice- and gas hydrate-bearing permafrost with saline solutions at negative temperatures.

2. Materials and Methods

Migration of dissolved salts in frozen hydrate-saturated sediments interacting with
different saline solutions was investigated in experiments at user-specified negative tem-
peratures that were maintained constant during all runs. The experimental procedure
included several steps.

1. Sand samples were saturated with water to the desired moisture content and placed
in a pressure cell for saturation with methane hydrate under vacuum.

2. The hydrate-saturated samples in the pressure cell were frozen and brought to a
metastable state by reducing the pressure to 0.1 MPa.

3. The frozen hydrate-saturated samples were taken out of the pressure cell and mea-
sured for water contents, density, and fraction of water converted to hydrate (hydrate
coefficient Kin

h , u.f.).
4. The samples were juxtaposed against a frozen salt solution (saline ice) at a constant

negative temperature and under pressures of 0.1 and 4 MPa, in a tight thermally
insulated box. The interaction process was monitored continuously.

5. The samples were placed back into the pressure cell where the methane pressure
increased to 4 MPa for the given temperature conditions; then, the system was placed
into a thermal box (Figure 1).
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Figure 1. System for modeling the interaction between frozen hydrate-saturated and hydrate-free
rocks with saline solutions under atmospheric and higher pressures.

The sandy samples were ~80% composed of 0.10–0.25 mm quartz particles (Table 1)
and had natural salinity of ~0.01% (Table 2); the active surface area was ~0.6 g/m2.
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Table 1. Grain sizes and mineralogy of sandy samples.

Sample
Particle Size Distribution, %

Mineralogy *
1–0.5 0.5–0.25 0.25–0.1 0.1–0.05 0.05–0.001 <0.001

Fine Sand >0.1 1.5 80.4 17.3 0.8 >0.1 >98% quartz
* Element contents > 1%.

Table 2. Salinity and major-ion chemistry of solutions used in experiments.

Soil
Type

Anions, mg-EQ/100 g Cations, mg-EQ/100 g
TDS, %

pH HCO3− Cl− SO42− Ca2+ Mg2+ Na+ + K+

Sand 7.1 0.075 0.025 0.06 0.025 - 0.135 0.01

The frozen cylindrical twin samples (~5 cm in diameter and 6–9 cm high) initially
containing 11–12% of water were saturated in the vacuumed tight pressure cell by filling it
with cold hydrate-forming gas (99.98% CH4) up to the hydrate formation pressure > 3 MPa,
under specially created conditions providing uniform saturation of the pore space [41].
Additionally, five or six samples with similar moisture contents, density and hydrate
saturation were prepared in the same way and were used for comparison. Saturation of the
samples in the pressure cell began at temperatures of −5 to −6 ◦C; gas hydrates formed
immediately on the surface of porous ice, impeded migration of pore moisture, and became
distributed uniformly over the samples. The saturation process was enhanced using cyclic
temperature fluctuations from −5 or −6 ◦C to +3 ◦C. It lasted at least two weeks, and then
the samples were frozen to −6 ± 1 ◦C. The residual liquid pore moisture that had not
converted to hydrate froze up. Thus, obtained samples had hydrate saturation of at least
60% [41].

Then, the pressure in the cell was reduced to 0.1 MPa, at the same temperature,
and the frozen hydrate-saturated samples became metastable. They underwent partial
dissociation and kept residual hydrate saturation of 30% for quite a long time, due to the
self-preservation effect. The initial parameters measured in the samples (in probes of frozen
hydrate saturated sand) before they were exposed to interaction with saline solutions were
within 11–12% weight water content; 35 to 40% porosity; 1.80 g/cm3 density, and hydrate
coefficient 0.4–0.6 Kin

h . The frozen hydrate-bearing sand had a massive ice–hydrate texture,
with its all properties, including pore hydrate contents, distributed uniformly along the
samples [41].

The experiments were performed at different pressures and temperatures, with so-
lutions of different concentrations and chemistry, in order to check the sensitivity of salt
transport in frozen sediments to (i) temperature that varied from −3 to −20 ◦C; (ii) salt
concentration (0.1 to 0.4 N); and (iii) salt type (NaCl, MgCl2, CaCl2, Na2SO4 and KCl, at
0.1 N). In some experiments, the applied pressures were below and above the equilibrium
(0.1 MPa and 4.0 MPa, respectively).

The effect of above-equilibrium pressure (4.0 MPa) on dissociation of pore methane
hydrate in frozen sediments interacting with saline solutions was tested in a pressure
cell filled with methane up to the 4.0 MPa gas pressure. The experimental runs lasted
from several hours to several days, depending on run conditions. The temperature was
maintained constant to an accuracy of ±0.5 ◦C.

The pressure was released, and the pressure cell was opened to interrupt the sample-
solution contact at certain time intervals. During the breaks, the samples were measured
for water contents, salinity, and hydrate coefficient, separately in 5–8-mm thick layers. For
comparison, hydrate-free samples were likewise exposed to interaction with saline solutions
under the same experimental conditions. This approach allowed tracing accumulation of
salt ions and dissociation of pore gas hydrates in the samples as a function of temperature,
salt concentration, and chemistry at different gas pressures.

Gas contents were estimated by measuring (with 2–3 times repeatability) the volume
of gas released as the samples were thawing under the effect of a saturated solution in the
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special gas collector tube. The obtained values of the level of liquid in the tube change were
used to estimate hydrate contents and hydrate coefficients, assuming a hydrate number of
5.9 for methane hydrate [42].

Specific gas content (G, cm3/g) is the volume of gas in hydrate-containing frozen
probe and it was found as:

G =
(V2 − V1)·T

ms
(1)

where (V2 − V1)—change in the volume of liquid in the gas collector tube (cm3); T
—temperature correction; ms—the mass of the soil sample (g).

The weight gas hydrate content (H, wt.% of sample weight) was determinate for each
interval as:

H = mg·
M(CH4·5.9·H2O)

M(CH4)
·100% (2)

where mg is a specific gravity of methane in gas hydrate form (g/g, i.e., grams of gas in per
gram of sediment) calculated from the specific gas content (G) for pure methane.

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

Kh =
Wh
W

(3)

where Wh is the percentage of water in a hydrate form (wt.% of sample weight) and W is
the total amount of water (wt.%).

The samples with measured water contents were used to estimate the number of salt
ions that migrated across the sample–solution interface. The contents of salt ions were
measured in water extracted from water-soluble salts, on a “MARK 603” conductivity
meter, to an accuracy of ±0.002% (±0.1 mg-EQ/100 g).

Variations in the flux of salt ions through the section of a frozen hydrate-saturated
sample (J, mol/m2·s) were estimated as:

J =
υ

S·t , (4)

where S is the surface area of the sample section, m2; t is the time of salt migration, s; v is
the molar content of ions, mole.

3. Results

Previous experiments [42] confirmed active Na+ diffusion into frozen hydrate-saturated
samples interacting with a frozen NaCl solution, whereby pore moisture in the samples
became saline and gas hydrates dissociated into gas and water.

Salt transport across the sediment–solution interface is controlled by the properties of
the sediments and the solutions (concentration and chemistry of salts), as well as by external
factors, such as pressure and temperature. The sensitivity of salt transport patterns to these
factors was studied in laboratory experiments on sand samples interacting with solutions
of different compositions and concentrations at negative temperatures and pressures of 0.1
and 4.0 MPa.

3.1. Effect of Temperature

The effect of temperature on salt transport patterns in frozen hydrate-bearing samples
was tested in the range from −3 ◦C to −20 ◦C. Salt ions accumulated faster at higher
temperatures, which accelerated the dissociation of pore methane hydrates. At the warmest
negative temperature of −3 ◦C, Na+ penetrated the farthest from the contact for two hours
of interaction with a 0.2 N NaCl solution, while the respective distances at lower tempera-
tures were 6 cm at −6 ◦C and 2.2 cm at −20 ◦C (Figure 2).
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Migration of salt ions into the pore space of frozen hydrate-saturated sand samples 
after two hours of interaction with a 0.2 N NaCl solution at −3 °C led to complete dissoci-
ation of methane hydrates within 7 cm from the contact, and residual hydrates (𝐾௛ = 0.22 
against the initial value of 𝐾௛ = 0.4) remained restricted to the last 1 cm of the sample. At 
colder temperatures of −6 °C and −20 °C, hydrate dissociation was complete within 3.5 cm 
and 1.0 cm from the contact, respectively; in the latter case, the hydrate coefficient reduced 
from 0.37 to 0.10 (Figure 3). 

Figure 2. Variations of Na+ contents along frozen hydrate-bearing sand samples for 2 h of interaction
with a 0.2 N NaCl solution under different temperature: (a) −3 ◦C; (b) −6 ◦C; (c) −20 ◦C.

Migration of salt ions into the pore space of frozen hydrate-saturated sand samples
after two hours of interaction with a 0.2 N NaCl solution at −3 ◦C led to complete dissocia-
tion of methane hydrates within 7 cm from the contact, and residual hydrates (Kh = 0.22
against the initial value of Kh = 0.4) remained restricted to the last 1 cm of the sample. At
colder temperatures of −6 ◦C and −20 ◦C, hydrate dissociation was complete within 3.5 cm
and 1.0 cm from the contact, respectively; in the latter case, the hydrate coefficient reduced
from 0.37 to 0.10 (Figure 3).
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Figure 3. Variations of hydrate coefficient (𝐾௛) along frozen hydrate-bearing sand samples (𝐾ℎ𝑖𝑛~0.4, 
W = 12%) for 2 h of interaction with a 0.2 N NaCl solution at −3 (a), −6 (b), and −20 °C (c). 

The calculated average Na+ flux density for the applied experimental conditions 
showed a decreasing trend at lower temperatures (Figure 4): it was 58.10−10 mol/cm2 at −3 
°C, 20.10−10 mol/cm2 at −6 °C, and only 5.10−10 mol/cm2 at −20 °C (Figure 4). 

Figure 3. Variations of hydrate coefficient (Kh) along frozen hydrate-bearing sand samples (Kin
h ~0.4,

W = 12%) for 2 h of interaction with a 0.2 N NaCl solution at −3 (a), −6 (b), and −20 ◦C (c).

The calculated average Na+ flux density for the applied experimental conditions
showed a decreasing trend at lower temperatures (Figure 4): it was 58.10−10 mol/cm2 at
−3 ◦C, 20.10−10 mol/cm2 at −6 ◦C, and only 5.10−10 mol/cm2 at −20 ◦C (Figure 4).
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NaCl solution, at 0.1 MPa.

The critical salt concentration Ccr required for complete dissociation of metastable
pore gas hydrates in a sample interacting with a 0.1 N NaCl solution at 0.1 MPa showed
linear temperature dependence (Figure 5). Ccr was higher at lower ambient temperatures
(Figure 5): 0.6% relative to pore moisture at −2.5 ◦C; 2.5% at −10 ◦C, and 3.4% at −16 ◦C
and 0.1 MPa.
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Figure 5. Temperature dependence of critical salt concentration (Ccr) required for complete dissocia-
tion of pore gas hydrate in frozen sand at 0.1 MPa (Csol = 0.1N).

Thus, we obtained an empirical dependence that can be used to calculate the critical
salt concentrations required for the complete dissociation of metastable gas hydrates
through temperature value.

At stable conditions (above-equilibrium gas pressure) and the same temperature of
−6.5 ◦C, the critical concentration was higher: e.g., 2% at 4.0 MPa against 1.3% at 0.1 MPa.

Thus, the experiments confirmed the effect of temperature on salt transport and
hydrate dissociation in frozen hydrate-bearing sediments interacting with saline solutions.

3.2. Effect of Salt Concentration

The laboratory modeling of the salt concentration effect on the interaction between
frozen hydrate-bearing sediments and saline solutions was preceded by HydraFlash ther-
modynamic calculations of methane hydrate stability in a free volume for different salt
concentrations (Figure 6).
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Figure 6. Pressure and temperature conditions of hydrate stability in a free volume at different NaCl
concentrations (HydraFlash modeling).

The presence of salts was shown to shift the hydrate stability zone toward higher
pressures and lower temperatures, with the shift magnitude depending on salt concen-
tration. Namely, the equilibrium temperature decreased from −5 to −10 ◦C as the NaCl
concentration increased from 1% to 5%, at a constant pressure of 2.5 MPa. Salt concentration
can be expected to influence the preservation of metastable pore gas hydrates at a constant
negative temperature as well.

Laboratory modeling of the NaCl concentration effect on the dissociation of pore
methane hydrate in frozen sediments included two series of experiments. The runs
were in metastable (0.1 MPa) and stable (4.0 MPa) conditions, when hydrate dissocia-
tion was controlled, respectively, by salt transport kinetics and by both thermodynamic
and kinetic factors.

At the below-equilibrium pressure (0.1 MPa) and a constant temperature of −6.5 ◦C,
Na+ penetrated farther into the samples as the source solutions became more saline: 4.5 cm,
5.2 cm, and 7 cm from the contact at NaCl concentrations of 0.1N (Figure 7A), 0.2 N
(Figure 7B), and 0.4N (Figure 7C), respectively, after 4 h of interaction.
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where residual hydrate was present. 
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Figure 7. Variations of Na+ contents along frozen hydrate-bearing sand samples after four hours of
interaction with 0.1 N (A), 0.2 N (B), and 0.4 N (C) NaCl solutions, at −6.5 ◦C and 0.1 MPa.

The contents of Na+ that migrated to the samples affect the distribution of gas hy-
drates (hydrate coefficient patterns). Hydrate constituted about 40% of pore moisture in
the samples before the interaction with the NaCl solution and decreased progressively
away from the contact after the interaction. After four hours of interaction at a constant
temperature of −6.5 ◦C, the zone of decreasing hydrate coefficient expanded from 2.5 cm at
0.1 N to 5.6 cm at 0.4 N NaCl concentration (Figure 8) and covered the sample part where
residual hydrate was present.
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Figure 8. Variations of hydrate coefficient (Kh) along frozen hydrate-bearing sand samples (Kin
h ~0.4,

W = 12%) after four hours of interaction with 0.1 N (A), 0.2 N (B), and 0.4 N (C) NaCl solutions, at
−6.5 ◦C and 0.1 MPa.

Thus, it is possible to trace the propagation of the hydrate dissociation front in frozen
samples as a function of salt concentration.

The sensitivity of Na+ contents and hydrate coefficient to salt concentration was also
observed in the experiments at the above-equilibrium pressure (4.0 MPa). After 4 h of
interaction with 0.1 N and 0.2 N NaCl solutions, Na+ penetrated 3.4 cm and 6 cm along the
samples, respectively (Figure 9).
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Figure 9. Variations of Na+ contents along frozen hydrate-bearing sand samples after four hours of
interaction with 0.1 N (A) and 0.2 N (B) NaCl solutions, at −6.5 ◦C and 4.0 MPa.

Interaction with solutions of higher concentrations at 4 MPa and −6.5 ◦C led to more
active salt migration and more rapid dissociation of pore methane hydrates: all hydrate
dissociated to distances of 1.6 cm and 4.4 cm from the contact after 4 h of interaction with
0.1 N and 0.2 N NaCl solutions, respectively (Figure 10).
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Figure 10. Variations of hydrate coefficient (Kh) along frozen hydrate-bearing sand samples (Kin
h ~0.4,

W = 12%) after four hours of interaction with 0.1 N (A) and 0.2 N (B) NaCl solutions, at −6.5 ◦C and
4.0 MPa.

The NaCl concentration affected the average density of the Na+ flux to the frozen
hydrate-bearing samples. It increased from 0.96·10−10 mol/cm2·s in the case of a 0.1 N
solution to 8.2·10−10 mol/cm2·s upon interaction with a 0.4 N solution, at 0.1 MPa. A
Na+ flux increase, though less prominent, was also observed in the 4.0 MPa runs: from
0.4 mol/cm2·s at 0.1 N to 4.62·10−10 mol/cm2·s at 0.4 N (Figure 11).
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Figure 11. Variations of Na+ contents in frozen hydrate-bearing sand after four hours of interaction
with a NaCl solution of different concentrations, at −6.5 ◦C and p = 0.1 and 4.0 MPa.

Thus, greater concentrations of the source solutions provide faster accumulation of
Na+ and hydrate dissociation in frozen hydrate-bearing sand, at pressures below and above
the equilibrium, i.e., in both metastable and stable conditions. The changes are stronger at
atmospheric pressure.

3.3. Effect of Solution Chemistry

The laboratory testing of salt transport sensitivity to the salt type was likewise pre-
ceded by thermodynamic calculations in HydraFlash. The methane hydrate stability in a
free volume was estimated as to the effect of different salts that typically occur in permafrost
(NaCl, CaCl2, MgCl2, KCl and Na2SO4), for a temperature range of 0 to −20 ◦C.

The stability conditions showed to be highly sensitive to the salt composition. The
equilibrium shifted to lower temperatures and pressures in the series Na2SO4–KCl–CaCl2–
NaCl–MgCl2, for 5% solutions. The pressure shift relative to a non-saline gas–water system
was 2.8 MPa for Na2SO4 and 3.8 MPa for MgCl2, at −5 ◦C (Figure 12). The modeling results
are consistent with the available published data [25,43,44].
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Figure 12. Pressure and temperature conditions of pore hydrate stability in frozen sand interacting
with 5% Na2SO4, KCl, CaCl2, NaCl, and MgCl2 solutions, at temperatures from 0 ◦C to −20 ◦C
(HydraFlash modeling).

Then, 0.1 N solutions of the respective salts (NaCl, CaCl2, MgCl2, KCl, and Na2SO4)
were used in experiments with frozen hydrate-bearing sand, at a constant temperature of
−6 ◦C and atmospheric pressure (Figure 13). The contents of salt ions after 4 h of interaction
increased in the series Na2SO4–KCl–CaCl2–NaCl–MgCl2 (Figure 13).
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Figure 13. Contents of salt ions along frozen hydrate-bearing sand samples after 4 h of interaction
with 0.1 N CaCl2, KCl and NaCl solutions at −6.5 ◦C and 0.1 MPa.

Salt ions penetrated the farthest (5 cm from the contact) into the sample that interacted
with the MgCl2 solution. The respective values for other salts were 4.6 cm for NaCl, 2.8 cm
for CaCl2, 2 cm for KCl, and only ~0.6 cm for Na2SO4.

The salts arrange in the same series Na2SO4–KCl–CaCl2–NaCl–MgCl2 according to
the distribution of salt contents and hydrate coefficients along the samples. The hydrate
coefficient shows the amount of pore gas hydrates remaining after 4 h of interaction with
the respective saline solutions. All pore hydrates, which initially constituted around 40–50%
of pore moisture, dissociated over 4.5 cm from the contact with the MgCl2 solution. For
other salts, the distances were 3.4 cm for NaCl, 2 cm for CaCl2, and 1 cm for KCl. Unlike
these, the interaction with the Na2SO4 solution led to only partial hydrate dissociation: the
hydrate coefficient decreased from 0.50 to 0.25 within 0.5 cm from the contact, with minor
decrease within 3 cm (Figure 14).
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h ~0.5,

W = 12%) after 4 h of interaction with 0.1 N CaCl2, KCl and NaCl solutions at −6.5 ◦C and 0.1 MPa.

Average flux density of salt ions to the pores of frozen hydrate-bearing samples
(Figure 15) was the greatest in the case of interaction with the MgCl2 solution (5.4·10−6 (mg-
EQ/100 g)/cm2·s) and the lowest in the case of Na2SO4 (0.3·10−6 mg-EQ/100 g)/cm2·s).
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Complete dissociation of pore gas hydrates required different critical concentrations
for different salts. They increase in the MgCl2–NaCl–CaCl2–KCl–Na2SO4 series from
3.23 mg-EQ/100 g (0.08%) for MaCl2 to 3.5 mg-EQ/100 g (0.16%) for Na2SO4 at a constant
negative temperature of −6 ◦C and a pressure of 0.1 MPa (Table 3).

Table 3. Critical salt concentration (Ccr) required for dissociation of pore gas hydrates in frozen sand
interacting with MgCl2, NaCl, CaCl2, KCl, and NaSO4 solutions at −6.5 ◦C and 0.1 MPa.

Salt Ccr mg-EQ/100 g Ccr, %

MgCl2 3.23 0.08
NaCl 4.89 0.11
CaCl2 3.29 0.13
KCl 3.90 0.15

Na2SO4 3.50 0.16

Thus, salt migration and the ensuing dissociation of pore gas hydrates in frozen sand
interacting with saline solutions of different compositions become progressively more active
in the series Na2SO4–KCl–CaCl2–NaCl–MgCl2, which shows up in increasing contents of
salt ions and decreasing hydrate coefficients in the samples.

4. Discussion

Thus, the patterns of salt migration from saline solutions to the pore space of frozen
hydrate-saturated sediments are largely controlled by ambient temperature, as well as by
the concentration and chemistry of solutions. Pore moisture in frozen hydrate-bearing
sediments interacting with saline solutions at negative temperatures and at pressures above
or below equilibrium undergoes several stages of phase transition (Table 4).

Initially, before the experiments, the salt concentration in the pore moisture is close to
zero and the pore methane hydrate is stable at 4 MPa and −6 ◦C (Table 4a-1).

At the gas pressure above then equilibrium (P ≥ Peq) salt migration from a saline
solution to the pore space of frozen hydrate-bearing sediments during the interaction at
−6 ◦C mainly occurs along films of unfrozen water on the surface of sediment particles
and along the boundaries of ice crystals. As the process progresses, the water films become
thicker as gas hydrates dissociate into gas and water and the ice melts in the pore space
(Table 4b-1). Unlike the destabilization of the pore hydrate with a decrease in pressure,
where the decomposition of the gas hydrate starts at the gas–gas hydrate interface [45,46],
the process of hydrate decomposition begins from the side of unfrozen water films on the
surface of particles, since it is unfrozen water films that are the main transport route for the
migration of salt ions in frozen rocks [35].

As the migrated salt reaches some critical concentration C ≥ Ccr(hyd), hydrate disso-
ciation accelerates abruptly until all hydrates dissociate, while the released water freezes
up, because the ambient temperature is negative, and the reaction is heat-consuming
(Table 4c-1). At a concentration higher than the critical concentration of hydrate disso-
ciation, but less than the critical concentration of ice thawing (Ccr(ice)) there is a gradual
increase in the content of the liquid phase due to the smooth melting of pore ice. In this
case, the boundary of ice melting can be uneven due to the penetration of the salt solution
through the defective zones of ice crystals.

A further increase in the salt concentration above the critical value C ≥ Ccr(hyd) corre-
sponding to dramatic pore ice melting (if the negative temperature is above the freezing
point of the solution) leads to complete thawing of the sample (Table 4d-1).
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Table 4. Phase transitions of pore moisture of frozen hydrate-saturated sediments interacting with
saline solutions depending on the accumulation of salts and the conditions for existence of pore
methane hydrates (at stable (P ≥ Peq) and metastable (P < Peq) conditions). P is experimental pressure
and Peq is equilibrium pressure. Detailed explanation in the text.
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At gas pressures below the equilibrium value (P < Peq), pore hydrate in frozen sed-
iments is metastable due to the self-preservation effect (Table 4a-2). In these conditions,
residual gas hydrate inclusions in permafrost are coated in ice (frozen water that was
released by partial hydrate dissociation at a negative temperature). The interaction of saline
solutions with frozen sediments containing metastable pore gas hydrate is likewise accom-
panied by salt migration, but the process is more active, while the critical concentration
sufficient to cause complete hydrate dissociation is lower than that in stable conditions, at
pressures above the equilibrium, P ≥ Peq (Table 4b-2).



Geosciences 2022, 12, 276 17 of 19

The equilibrium content of unfrozen liquid pore water in hydrate-bearing sediments is
known [47] to be lower at above-equilibrium gas pressures (P ≥ Peq) than in the P < Peq case.
As salt ions migrate mainly along the films of unfrozen water, salt transport is expected to
be more active in sediments with metastable pore gas hydrates.

There is published evidence [37] that permeability along ice crystal boundaries plays
an important role in salt transport through frozen rocks. Correspondingly, salt migration to
frozen hydrate-bearing sediments must depend on the intergranular permeability of pore
hydrate and ice. In this respect, the metastable system, with higher ice contents, can faster
attain critical salt concentrations required for hydrate dissociation (Table 4c-2).

Gas released by the dissociation reaction in the conditions of incomplete saturation
migrates from the pore space into the free volume outside the sample, at a rate depending
on permeability (which is to be studied separately). Some gas can dissolve in liquid pore
water, but its solubility is limited by salt concentration in the liquid phase.

Salt migration from the solution to the sediments accelerates at higher temperatures
and leads to faster hydrate dissociation due to higher contents of salt ions and lower
critical salt concentrations required for complete dissociation of both stable and metastable
(self-preserved) pore hydrates, at P ≥ Peq and P < Peq, respectively.

The effect of solution chemistry, the salt concentration being constant, is associated
with the mobility of salt ions: e.g., chloride salts are more mobile in frozen rocks than
sulfate compounds [48]. Our experimental results confirm that chloride salts can penetrate
farther into frozen hydrate-bearing samples and induce more active hydrate dissociation
than sulfates. The mobility of cations also depends on their radius [40,49], which increases
in the series Mg2+ < Na+ < Ca2+ < K+. The experiments show that the migration of salt
ions into the frozen hydrate-bearing rocks becomes less active and the related hydrate
dissociation is slower in the same series of salts.

The reported experimental results demonstrate that the processes of salt transport
and pore hydrate dissociation in frozen sediments interacting with saline solutions are
controlled by gas pressure, as well as by ambient temperature and properties (concentration
and chemistry) of the solutions.

5. Conclusions

The reported experiments show that salt transport patterns in frozen hydrate-bearing
sediments interacting with saline solutions largely depend on ambient temperature and
on the properties (concentration and chemistry) of solutions. The soil temperature and
the solution chemistry control the critical salt concentration required to provide complete
dissociation of pore gas hydrates.

Lower temperatures decelerate the migration of salt ions from the solution to the
sediments and the ensuing dissociation of pore methane hydrate. As the temperature falls
from −3 to −16 ◦C, the critical salt concentration becomes eight times higher, while cooling
from −3.0 to −20 ◦C decreases exponentially the average salt flux density (to almost ten
times lower values).

Salt migration from more saline solutions is more active: the average flux density
is eight times higher in the case of a 0.4 N NaCl solution than for a 0.1 N solution, at a
constant negative temperature of −6 ◦C and both below- and above-equilibrium pressure.
Thus, attaining the salt concentration critical for hydrate dissociation takes less time.

The salt flux density and the contents of salt ions in the frozen hydrate-bearing
sediments decrease in the series MgCl2–NaCl–CaCl2–KCl–Na2SO4, while the critical salt
concentration increases correspondingly, from 8% for MgCl2 to 16% in Na2SO4.

The experimental data make a basis for modeling phase transitions in the pore moisture
of frozen hydrate-saturated sediments interacting with ever more saline solutions in stable
(P ≥ Peq) and metastable (P < Peq) conditions.

The experiments confirm that pore gas hydrates in permafrost can lose stability under
the impact of saline solutions of natural (seawater in the Arctic shelf or brines from cryopegs)
or production-related (disposed of technical waters or drilling fluids) origin. The results
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can be used to estimate the effect of temperature and solution parameters on salt migration
patterns in specific cases.
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