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Abstract 

 

Today, one of the most promising area for oil and gas production is the Arctic region. Though, 

the hydrocarbon production in this region is frequently associated with many complications, among 

them is the existence of sensitive permafrost component – gas hydrates. Gas hydrates destabilization 

may occur when thermobaric conditions of their stability change or as a result of inhibition by various 

chemical compounds, in particular by salts. Consequently, intensive methane emission can happen. 

To date, issues related to the influence of geochemical conditions on methane hydrate stability 

(particularly migration of salt solutions) in the sediments pore space at negative temperatures have 

turned out to be poorly understood. This research is dedicated to experimental study of the mechanism 

and regularities of the interaction of gas hydrates with salt solutions in the pore space of hydrate-

saturated sediments under various thermobaric conditions. The object of the study was sandy 

sediments, as well as the ones obtained during drilling in the area of permafrost distribution, where 

the existence of gas hydrates is assumed by a number of indirect signs.  

During the experiments, it was found that the migration of salts in frozen sediments, containing 

gas hydrates stimulates the hydrate decomposition in pore space of sediments, and can accelerates ice 

thawing. As a result, a dissociation front of porous gas hydrates was observed. 

It has been found that salt migration proceeds more intensively in frozen hydrate-saturated 

sediment than in frozen non-hydrate-saturated ones. At the same time, a significant decrease in the 

temperature of a frozen hydrate-containing sample was recorded during the migration and 

accumulation of salts, while a less significant decrease in temperature was observed in frozen 

sediment. It is shown that the most important factor determining the intensity of salt ions migration in 

frozen sandy sediment, containing gas hydrates, is gas pressure, in contrast to frozen hydrate-free 

sediments, where the influence of pressure was not so significant. 
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It was revealed that during salt migration in frozen hydrate-saturated sediments, the intensity of 

methane hydrate dissociation rises with an increase in ambient temperature, salt solution 

concentration, and with a decrease in the amount of clay particles. Moreover, the activity of hydrate 

dissociation decreases in the series of salt solution composition: MgCl2-NaCl-CaCl2-KCl-Na2SO4. On 

the basis of experimental data, the salt ion flux was calculated, and the critical concentration of 

complete dissociation of pore gas hydrate was obtained. 

A scheme of phase transformations and temperature changes in the pore space of frozen hydrate-

saturated sediment during their interaction with salt solutions at gas pressures above and below 

equilibrium is proposed. A schematic model of the contact of natural and technogenic salt solutions 

with frozen hydrate-saturated strata in continental conditions and on the shelf is also given. 
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Chapter 1. Introduction 

 1.1. Relevance. Statement of the problem  

Today, the leading area for oil and gas production remains the Arctic region. Nevertheless, the 

exploitation of hydrocarbon deposits here is often accompanied by many complexities, mainly related 

to the spread of permafrost [1–8]. Frozen sediments are a complex multi-component and multi-phase 

system containing natural salt solutions (cryopegs), underground ice, as well as methane hydrates, 

which very vulnerable to different local man-made impacts (mechanical, thermobaric, chemical, etc.) 

[1,3,9–11].  

Gas hydrates (clathrates) are crystalline compounds that look like ice or snow, which are formed 

from water and a low molecular weight gas at high pressure and low temperatures [12–14]. In the 

nature, hydrates occur in the sea and ocean sediments (at the depths of the northern seas from 250-

300 meters, and from a depth of 600 meters in the southern seas), along with permafrost areas with 

satisfactory thermobaric and geochemical conditions in the so-called hydrate stability zone [15–21]. 

There are requirements for the methane hydrate existence in the frozen strata above the modern 

stability zone (metastable gas hydrates) due to the effect of self-preservation [15,22–29]. These 

shallow, metastable gas hydrates can be primarily destabilized by changes in environmental 

conditions (pressure decrease, temperature increase, and salt migration) [30–32]. 

An important characteristic of methane hydrates is their possibility to store a significant gas 

amount - up to 160 m3 of methane in 1 m3 of hydrate [33]. This allows to consider natural gas hydrate 

accumulations, on the one hand, as a promising unconventional source of hydrocarbons, and, on the 

other hand, as a serious geological hazard in the development of traditional oil and gas fields, which, 

as a rule, are located below the zone of possible hydrate formation [10,12,19,27,33–38].  
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Gas hydrate formations in the Arctic can be destabilized as a result of permafrost degradation ( 

(due to the rise of temperature) [32], and throughout salt migration into the frozen hydrate-containing 

sediment [31,39,40]. The reasons for the destabilization of gas hydrate accumulations as a result of 

the impact of salts can be separated into natural and technogenic. Among the natural causes, there are 

the migration of salt ions into frozen hydrate-saturated sediment from sea water on the Arctic shelf, 

and from cryopegs or saline sediment horizons in continental conditions. Technogenic causes include 

the flow of exposed cryopegs and saline sediment horizons from sea water as a result of drilling 

exploratory and production wells when various salt solutions are used in the drilling process, as well 

as during the burial of industrial solutions in frozen hydrate-containing sediment [41]. These negative 

phenomena lead to an increase in the risk of emergencies and negative consequences, leading to an 

increase in financial costs during the operation of deposits in the Arctic [4,5,10,42]. 

To date, the issues of salt migration during the interaction of salt solutions with intrapermafrost 

methane hydrates have been poorly studied, especially from the standpoint of the kinetics and 

mechanism of the process. Many studies are dedicated to experimental and mathematical research on 

the interaction between frozen sediments and salt solutions, without taking into account the hydrate 

component [43–52]; mathematical and experimental modeling of the process of hydrate inhibition in 

sediments by saline solutions [53–56]. And only recently there have been works on mathematical 

modeling of the process of dissociation of gas hydrates on the Arctic shelf as a result of the migration 

of salt ions into hydrate-saturated frozen sediments [57]. 

In this regard, setting up experimental modeling to study the mechanism and dependances of 

dissociation of porous hydrates in frozen sediment as a result of salt migration at various pressures 

(both equilibrium and below equilibrium) is of certain interest. The result of such research can help 

to evaluate the role of salt migration in the destabilization of intrapermafrost hydrate and methane 

emission in the Arctic. 
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1.2. Goal  

Experimental study of the mechanism and regularities of the interaction of gas hydrates with 

salt solutions in the pore space of hydrate-saturated sediments under various thermobaric conditions. 

 

1.3. Objectives  

1.      Development of an experimental method for the interaction of gas hydrate with salt 

solutions in the pore space of frozen sediments under pressure equal to or above atmospheric and 

negative temperatures; 

2.      Development of an experimental method for the temperature field investigation during salt 

transfer in frozen hydrate saturated sediments; 

3.      Experimental study of the mechanism and dynamics of the interaction of gas hydrates with 

salt solutions in the pore space of frozen sediments; 

4.      Experimental study of the influence of various factors (temperature, pressure, salt solution 

concentration and composition, and sediment composition) on the processes of hydrate dissociation 

during the chemical components penetration into hydrate-bearing frozen sediments; 

5.      Experimental investigation of the temperature change dependencies in the processes of 

mass transfer and dissociation of hydrates during salt migration in frozen sediments, containing 

methane hydrates; 

6.      Creation of schematic model of the interaction of gas hydrates saturated frozen strata with 

natural salt and technical solutions in hydrate-bearing reservoirs in permafrost. 
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1.4. Novelty  

 A method for determining the content of salt ions (Na+) in sand was developed based on the 

measurement of pore moisture activity; 

 An experimental method for the interaction of frozen hydrate-bearing frozen sediment with 

salt solutions under pressure > 0.1 MPa has been developed; 

 An experimental method for study of the temperature change in frozen hydrate-saturated 

sediment interacting with salt solution was developed; 

 For the first time, the effect of salt migration on the dissociation of hydrates in frozen hydrate-

saturated sediments was experimentally shown, and compared with the process of salt transfer in 

frozen non-hydrate-saturated sediment; 

 Temperature variation during salt migration in frozen hydrate-bearing sediments was 

investigated; 

 The influence of various factors (temperature, pressure, concentration and composition of 

salts, clay content and dispersity) on the dissociation of hydrates in the pore space of frozen sediment 

during their contact with salt solutions was revealed; 

 The critical concentration of salts for the complete decomposition of the hydrate (Ccr) was 

determined depending on various factors; 

 The change in the average salt flux in frozen hydrate-saturated sediments was calculated 

depending on various factors; 

 Conceptual scheme-model of destabilization of intrapermafrost gas hydrates in areas of 

permafrost distribution in continental conditions and on the Arctic shelf is proposed. 
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1.5. Outline of the Thesis  

Chapter 2 explores the current understanding of Arctic permafrost from the geological point of 

view, and possible natural and technogenic geohazards in the area of hydrocarbon production in the 

continental conditions and on the shelf.  

Chapter 3 provides a literature review for the current state of the knowledge connected with gas 

and gas hydrates as a component of permafrost, and the dependences of their destabilization, with 

special emphasis on the salt influence investigation on hydrate dissociation.  

Chapter 4 introduces existing experimental and mathematical research on hydrate-salt solution 

and frozen sediment-salt solution interaction.  

Chapter 5 illustrates the method for artificial hydrate saturation of frozen sediments, their 

interaction with the salt solution under stable and metastable conditions, and temperature field 

investigation during the interaction process. In addition, a new method for salt concentration 

determination in sandy sedimentsf is proposed. Finally, the sediments characteristic and algorithm for 

the calculation of the main characteristics are given.  

Chapter 6 describes the experimental data on the dynamics of hydrate saturated frozen sediment 

interaction with salt solution in time. A comparison of salt migration in frozen hydrate-containing and 

frozen non-hydrate-containing frozen sediments is given. In addition, the temperature change in the 

process of salt transfer in hydrate saturated frozen sediments is analyzed. Based on the experimental 

data the description of the mechanism of phase transitions in frozen sediments, containing gas hydrates 

in stable and metastable form, is given.  

Chapter 7 demonstrates, via experimental modelling, the influence of different factors on the 

interaction of hydrate-saturated frozen sediments with salt solution, such as pressure (above and below 

equilibrium), temperature (from -3 to -20 oC), salt solution concentration (from 0.1 to 0.4N) and 

composition (NaCl, CaCl2, NaSO4, MgCl2, KCl). In addition the influence of clay content of different 
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mineralogical composition (kaolinite and montmorillonite) and dispersity on the intensity of salt 

migration and hydrate dissociation in frozen sediments is provided.  

Chapter 8 cover concept schematic models of the process of hydrate destabilization by natural 

and technogenic solutions on the Arctic self and in continental conditions. 

 

Chapter 2. Arctic permafrost and problems of hydrocarbon fields development in the 

Arctic 

2.1. Permafrost-geological structure of the Russian Arctic region 

As it is well known, a large number of hydrocarbon deposits in Russia are concentrated in the 

Arctic, where more than 83% of natural gas and 12% of oil are produced [7,8,58,59]. However, the 

largest part of the Arctic territory of Russia is occupied by permafrost, reaching thicknesses from 

hundreds of meters to 1 km [60,61]. In this regard, in order to plan safe economic development, 

including the development of energy resources, it is first of all necessary to understand the geological 

structure and main parameters of frozen sediments (temperature conditions, ice content, sediment 

composition, frozen sediment thickness, etc.). 

Basic information on the permafrost distribution patterns and the main components of 

permafrost is described in the works of Kudryavtsev V.A., Dostovalov B.N., Romanovsky N.N. 

Kondratieva K.A., Melamed V.G. (1978) and Ershov E.D. (2002). Frozen sediments refers to 

sediments whose ground particles are cemented by ice and are in conditions of negative temperatures 

for more than 1 year. There are also sediments without ice content, but located at a negative 

temperature: frosty (not containing any water at all) and cooled sediments. The peculiarity of the 

cooled sediments is that they are saline or saturated with cryohaline waters (cryopegs) with a 
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concentration of 1 to 300 g/l. At the same time, salts from cryopegs can migrate into the frozen 

stratum, and thus changing its thickness [60,62]. 

Chuvilin E.M. with co-authors in 2005 gave a detailed description of the main structural 

elements of frozen sediment, such as the organomineral skeleton and components that fill the sediment 

pore space: ice, unfrozen water and gas [63]. Each of those components is important for the 

investigation of the salt migration.  

Ice, mainly hexagonal in structure, is the main cementing component of frozen sediment. In 

addition, ice is the main transport medium for chemicals in permafrost [48]. The main characteristic 

of the ice content in the sediment is the coefficient of ice content - the ratio of the mass (volume) of 

ice contained in pore space to the entire mass (volume) of the sediment. Frozen sediments are 

subdivided into icy (L = 0-0.2), medium icy (L = 0.2-0.4), and heavily icy (L > 0.4) [58,60].  

Unfrozen water is a part of bound water, which has not been frozen. The content of unfrozen 

water decreases with reducing negative temperature. In this case, ice and unfrozen water are in 

constant dynamic equilibrium. Also, the amount of unfrozen moisture increases with an increase in 

the salinity of sediments and with a decrease in gas pressure [60,64–67]. 

Compared to ice and unfrozen water, the gas component of frozen sediment has been studied 

much worse, but some systematization of its types is given in the work [63]. So, according to the 

genesis, gas in permafrost is divided into biochemical, deep (catagen), and coal gas. The emitting gas 

might migrate to the conductive zone and then gather under the impermeable layer in permafrost 

creating an area of high pressure [63,68].  

According to the phase state, three main classes (forms) of gas are distinguished - sorbed, 

including adsorbed and absorbed forms, free and dissolved [63]. The sorbed class includes mineral 

surface gas present in frosty sediment; a gas that exists as a gas hydrate in frozen (stable and metastable 

form, discussed in detail in Chapter 3) or cooled sediment (stable form); coal gas that can exist in both 
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frozen and cooled sediment. Dissolved gas is subdivided into free and bound water gas. Free gas - 

pinched and movable type [63]. Compositionally heterogeneous cryogenic strata with different 

capacitive and filtration properties can accumulate gas, which can be converted into a solid gas hydrate 

form, or partially accumulate in lenticular bodies and remain sealed both in the gas phase and in the 

form of hydrates. 

In general, permafrost strata along the vertical section are divided into three layers [60]: 

1. A seasonal thawing and freezing layer with thickness < 5 meters, characterized by temperature 

changes; 

2. The strata, where the annual temperature fluctuation happens within thickness < 30 meters - 

with high ice content and permanent temperatures from 0 to -4… -5 oC in the bottom part of the strata 

(up to minus 4–5 ° C); 

3. Frozen sediments with persistent sub-zero temperatures. The upper part of this strata is 

characterized by the lowest temperatures (up to -4…-5°С). In terms of thickness, this sequence makes 

up the main and most part of the permafrost section. 

Frozen strata can be merging with a layer of seasonal thawing and non-merging, separated from 

it by a thawed layer of sediment [60–62]. Depending on the distribution of permafrost, there are: 

continuous (more than 90% of the area, up to 1400 m thick), discontinuous (50% -90%) and isolated 

patches (10% -50%, up to 10-20 m thick) , between which it is possible to draw conditional boundaries 

[60,69].  

In terms of composition, permafrost strata can be composed of loose sediments of various 

genesis from Paleogene to modern Quarter time of formation, as well as sediments and rocks of 

sedimentary, intrusive, effusive and metamorphic origin from Proterozoic to Mesozoic time [8].  

Permafrost is constantly evolving depending on long-term climate fluctuations or changes in 

annual and sediment temperatures. Its thickness can increase (aggrandize) or decrease (degrade) 
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[60,61,70]. In this regard, there are also modern permafrost and relict. Modern strata are developed 

from the surface under a layer of seasonal thawing, and relict ones occur at a certain depth exceeding 

this layer [8]. 

Previously, it was found that in Russia, the thickness of permafrost reaches an average of 600-

700 m, and the temperature varies within 0 ... -2.5 °C. At the same time, the maximum depth of 

permafrost (1400 m) was recorded during drilling in the northwestern part of Yakutia [60]. 

Figure 1 shows a map of the spreading of the permafrost zone on land in the Russian Arctic, 

indicating the type of distribution [71]. 
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Figure 1. Map of the permafrost distribution in the Arctic zone of the Russian Federation [71]. 



The continuous distribution of permafrost is characteristic of the northern regions of Russia. 

However, under large natural water reservoirs (rivers, lakes) and in tectonic fissured zones of 

increased groundwater circulation, there are areas composed of thawed sediments for the entire 

thickness of the permafrost or for part of it, and their number increases from north to south. Such areas 

of frozen sediments are called taliks (through or non-through), which can serve as zones for unloading 

a gas deposit [8,72,73]. 

Frozen sediments are widely developed not only on land, but also on the shelf of the Arctic seas 

[74–81]. For the first time about permafrost existence on the Arctic shelf, A.I. Fartyshev wrote in 

1993, based on his own field observations and calculated data, as well as on the results of drilling on 

the shelf of the Beaufort Sea [82,83]. However, to date, there are only separate field data on the 

thickness, distribution, and features of sediments in the permafrost zone of the Arctic shelf of Russia 

[84,85], as well as mathematical modeling data and individual geophysical surveys. 

Mathematical modeling of the permafrost zone on the Arctic shelf of Russia was carried out by 

various researchers L.A. Zhigarev, Ya.V. Neizvestnov, V.A. Solovyov, A.I. Fartyshev, N.N. 

Romanovsky, G.S. Tipenko, V.E. Tumsky, A.V. Gavrilov, D.N. Nikolsky, V.V. Malakhova, M.N. 

Grigoriev, P.P. Overduin, C. Ruppel, A. Vasiliev and others. Figure 2 shows some of the latest data 

on modeling the propagation of the zero isotherm on the Arctic shelf, which corresponds to the 

distribution of the permafrost zone there [80]. The depth of underwater permafrost, which was 

identified earlier (in 2001) on the map of the International Permafrost Association, is indicated by a 

blue line. In the shaded area, assumed present-day seafloor temperatures result in permafrost 

formation more than 50 m above the calculated depth [80].  
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Figure 2. Simulation of the zero isotherm propagation on the Arctic shelf [80]. 

A distinctive feature of the Arctic shelf is the wide distribution of the subaqueous permafrost 

zone of complex structure, represented by cooled saline and permafrost sediments [86].  

The permafrost zone of the Arctic sea basin was formed as a result of active thermodynamic, 

chemical and hydrodynamic interaction of the atmosphere, hydrosphere and lithosphere. At the same 

time, the formation of the submarine permafrost occurred due to freezing from above at the stages of 

sea regressions; and thawing - mainly from below under the influence of heat flow from the bowels 

of the earth at the stages of transgressions [74,84,87]. 

As Yakushev V.S. (2014) noted, three main oil and gas provinces are located wholly or partially 

in the territory of the permafrost zone on the territory of Russia: Timan-Pechora, West Siberian and 

East Siberian (Table 1) [8].  

Table 1. Depth of permafrost and zero temperatures distribution on the north of West Siberia gas fields 

[8]. 
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Fild name 
Depth of 

permafrost, m 

Depth of zero 

temperatures, m 

Bovanenkovo 

Kharasaveyskoe 

South-Soleninskoye 

Yamburg 

South-Pestsovoye 

Zapolyarnoye 

Urengoi 

120-170 

160-180 

230-260 

265-336 

390-460 

420-463 

400-480 

260-310 

250 

420 

400-450 

460-500 

460-510 

420-500 

And depending on the combination of the above-described characteristics of frozen sediments, 

three categories of section complexity are defined: with especially difficult geocryological conditions, 

complex and uncomplicated. So, for example, the Nizhnepechorsko-Korotaikhsky, Shapkino-

Adzvinsky, Yamalo-Gydansky, Tazovsky North-Siberian, Yenisei-Putoransky, Anabarsky, and 

Priverkhoyano-Central-Yakutsky districts are especially complex. In work [8] these areas are 

considered in detail, and the main characteristics of geocryological conditions are given for them. 

Thus, the major part of energy resources of Russia are located in and under the permafrost. In 

connection with such a wide distribution of permafrost, significant material has been accumulated in 

Russia on the properties of frozen sediment, the main parameters, patterns of distribution, and 

complications associated with the economic development of territories occupied by permafrost. The 

largest oil and gas provinces are located in the region of the highest values of the geocryological risk 

index: West Siberian, East Siberian and Arctic shelf [88]. Let us consider the complications arising 

from the economic development of the Arctic on land and on the shelf. 

 

2.2. Peculiarities of hydrocarbon deposits development in areas of permafrost distribution 

A number of authors note that at almost all stages of the "life" of hydrocarbon fields in the areas 

of permafrost, numerous complications can occur associated with negative technogenic effects of 

various nature (thermal, mechanical, chemical, etc.) on the components of permafrost, primarily such 
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as natural salt solutions (cryopegs), underground ice, gas hydrates [1–3,6,89,90]. In most cases, such 

complications are little controlled due to inertia, and therefore dangerous. But so far in Russia there 

is not a single state program for the comprehensive study of permafrost. 

Drilling a well is the first and main step necessary to start developing a hydrocarbon field [3]. 

At the same time, the process of drilling various wells in the permafrost distribution zone differs 

significantly from analogues located in areas with a mild climate and positive sediment temperatures. 

The specificity is due to the complex interaction and influence of mining and geological, mining and 

technical, permafrost and climatic factors [58,91].   

As mentioned earlier, the main cementing component of frozen sediment is ice, therefore, the 

complicated conditions for the construction of wells in permafrost are based mainly on the temperature 

factor, which determines, on the one hand, the efficiency of the process of destruction and 

transportation of frozen sediment to the surface, and on the other hand, the stability of the future wells. 

And above all, it should be mentioned the destruction and melting of ice occurs due to its thermal, 

erosive and physico-chemical interaction with the drill bit and the circulating flushing fluid, even if it 

is pre-cooled [92,93]. 

Drilling fluid is the first process fluid that interacts with newly opened frozen sediment and, 

accordingly, has a primary effect on permafrost [92–95]. At the moment, the issue of choosing the 

appropriate composition of the drilling agent, drilling mode to prevent the degradation of permafrost 

and secondary ice formation has been worked out in sufficient detail. In the main document regulating 

well drilling [96] the main recommendations on this issue are spelled out. It is recommended to use 

high-viscosity polymer-clay and biopolymer solutions with controlled solids content, bottomhole 

purge with air or foams. However, most works devoted to drilling fluids do not take into account the 

hydrate component of frozen sediment, and even more so, this is not mentioned in regulatory 

documents. 
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At the same time, it is allowed to use aqueous salt solutions (NaCl, KCl, CaCl2, MgCl2) as an 

additive to drilling fluids, and in some cases as a full-fledged drilling fluid when drilling in permafrost. 

[95]. Previously, it was found that saline solutions cause thawing of permafrost, as was shown 

experimentally in the works [49,97], and therefore potentially can also cause destabilization of gas 

hydrate formations. 

The temperature effect of drilling fluid on frozen sediment is difficult to describe. On the one 

hand, a permafrost system initially in equilibrium is exposed to a drilling fluid with a temperature 

elevated relative to the formation (this can happen if the solution was not sufficiently cooled initially, 

or was heated as a result of the mechanical rotation of the drill bit, or the temperature of the overlying 

warm sediments) [93]. In this case, the equilibrium will be shifted, a temperature gradient will arise, 

and the pore ice will begin to melt under the influence of a cleaning agent, turning into liquid water. 

As a result, the sediment will go into a softened state. However, the thermal effect can be partially 

absorbed by the endothermic process of the ice-liquid water phase transition and, accordingly, 

somewhat smoothed out. On the other hand, if the treatment agent is at a lower temperature than the 

host sediment, then the opposite effect may occur. Unfrozen moisture under the influence of a decrease 

in temperature will turn into ice with the release of heat. During the transformation of unfrozen water 

into ice, the salts contained in it can also be squeezed out increasing salt concentration in the remaining 

pore moisture, therefore increasing its freezing temperature [1,93,98]. A decrease in the temperature 

of unfrozen water leads to a change in the physical and mechanical properties of sediments: their 

viscosity and plasticity increase, and a tendency to creep appears, up to a complete loss of sediment 

cohesion [99]. 

Thus, field experience shows that during the well drilling in the area of permafrost distribution 

on land, phase transitions are observed in frozen sediments with a change in the strength 

characteristics of the rock as a result of both temperature and chemical effects of technogenic nature 
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[92]. Opening of gas-saturated lenses, opening of cryopegs and saline frozen horizons can also occur, 

followed by the flow of salts down the section [100,101]. As a result, a number of negative 

consequences can occur, one of which is hydrate dissociation, accompanied by powerful methane 

emissions, subsidence of sediment masses around wells, the formation of a deformation field, 

absorption of drilling fluid, cavern formation, griffon formation, and many others [4,5,10,42,102].  

Another important issue is the exploration of deposits on the Arctic shelf. However, in this area, 

the issues of possible complications have been studied less. Nevertheless, it can be noted that all of 

the above-mentioned complications typical of land permafrost are possible. In addition to them, salt 

ions migrate from sea water to sediments on the Arctic shelf, causing degradation of the permafrost 

zone [74,103] and relic methane hydrate dissociation [31]. 

The generalization on the complications that arise when drilling wells in the areas of permafrost 

is carried out on the basis of several publications and is given in Table 2 [1,3,104]. It should be noted 

that the types of impact of the drilling process on permafrost and its consequences are divided 

conditionally. Consequences of this or that influence are appearing in nature in a complex. 

Table 2. Complications, which can be caused during drilling in the permafrost (modified after [3,49]). 

Type of 

drilling 

influence 

Typical 

processes 
Consequences Associated phenomena 

Thermal 

Temperature 

change, 

thawing 

Change in sediments 

temperature, sediment 

thawing (taliks formation), 

column subduction 

Axial deformations of the metal lining, the 

cause of which is the loss of longitudinal 

stability of the columns due to stresses 

arising from the consolidation of frozen 

sediment thawed in the borehole zone 

Mechanical 

Visco-plastic 

deformation; 

ground 

discontinuity 

Deformation due to 

porosity change, collapse 

of the sediments, funnels 

formation in subsidence 

sediments 

Bending of the above-ground well 

structure. Threat of deformation fracture of 

casing pipes and open flowing; inability to 

maintain the wellhead and perform repair 

work 
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Chemical 

Dissolution, 

substitution, 

redox 

Transformation of mineral 

and chemical composition 

(with formation of the 

new one), cavern 

formation 

Collapse of the wellbore walls, formation 

of cavity widening in the wellbore, mud 

contamination, sticking, clogging of the 

wellbore with particles of thawed 

sediment, decrease in ROP, complications 

during well cementing, drilling fluid loss 

Physical 

and 

chemical 

Texture 

transformation, 

mass transfer, 

secondary ice 

formation 

Transformation of 

structure up to sediment 

damage, change in 

chemical composition and 

moisture content of 

sediment 

Loss of cohesion of permafrost sediments 

with a well walls and poor-quality 

cementing ring due to repacking of grains, 

formation of ice plugs in borehole’s 

channel, deformation of the drill string, 

freezing of the drill pipe 

These negative phenomena lead to an increase in the risk of emergencies and negative 

consequences, leading to an increase in financial costs during the operation of deposits in the Arctic 

[1,105,106]. 

In addition to all the above complications of the development and production of hydrocarbon 

deposits, the environmental component of the potential permafrost thawing and hydrate dissociation 

is also relevant, which is especially important to take into account for the very vulnerable 

environmental conditions of the Arctic. As noted above, in addition to changes in the bearing capacity 

of sediment and the emergence of a number of associated hazardous geocryological processes, there 

is possibility of gas pockets opening and gas hydrate dissociation. Thus, a number of authors note 

numerous gas manifestations when drilling wells in areas where the permafrost zone is distributed 

[36,42,99,107–112]. Some generalization of the recorded cases of gas shows is given in Table 3. 

Thus, active methane emission can occur, the transformation of the greenhouse effect, a possible 

change in climatic conditions, the formation of ozone holes and the so-called "methane catastrophe" 

[113–118].   

Summarizing all of the above, ensuring well stability is one of the most important problems, 

especially in the permafrost area [36,98,119]. At the same time, a vast area of the main oil and gas 

provinces in the Arctic is located in an area of very complex and complex geocryological conditions. 

The existing domestic and foreign experience in the construction of wells in permafrost and their 
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subsequent operation have shown that insufficient knowledge of permafrost conditions, unreasonable 

choice of technical, technological and design solutions has a causal relationship with the occurrence 

of accidents and complications. Such serious problem as wellbore instability can be caused by fluid 

flow, heat transfer, pressure redistribution, and also hydrate decomposition. The quantitative change 

in the natural temperature field of the surrounding sediment depends mainly on the temperature of the 

cleaning agent, the sediment thermal characteristics, the radius of the well, the drilling method, and 

also on the amount of heat released due to the mechanical destruction (cutting) of sediments. 

  

Chapter 3. Conditions for gas hydrate existence and formation in permafrost 

Scientists from various fields of science have been studying gas hydrates for more than 200 

years, since the accidental discovery of sulfur oxide (SO2) hydrate by chemist Joseph Priestley in 

1777-1778, and the first mention of the term "hydrate" by Davy in 1811 [15,120]. At the moment, the 

main issues of consideration of gas hydrates can be divided into two large groups: 1) gas hydrates as 

one of the promising non-traditional sources of hydrocarbons, the energy capacity of which is 

comparable to the potential of traditional energy resources [12,121–128]; 2) gas hydrates as a factor 

complicating the development of hydrocarbon deposits and transforming climatic conditions 

[10,11,107,129–132]. 

.  

3.1. Characteristics of gas hydrate as a substance 

At present, the structure and general characteristics of gas hydrate as a chemical compound are 

known in sufficient detail thanks to the work of a number of scientists, such as Makogon, Trofimuk, 

Cherskiy, Vasiliev, Chuvilin, Istomin, Yakushev, Sloan, Collett, Kvenvolden, Moridis, Uchida and 

many others. The clathrate structure of gas hydrate was first suggested by Nikitin in 1935, and a few 
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years later this assumption was confirmed experimentally [133]. A clathrate (from the Latin clathratus 

- “to place in a cage”), or an inclusion compound, is a compound of the “host-guest” structure. In the 

case of hydrates, the clathrate structure is described as follows. Water molecules form a polyhedral 

structure with cavities that represent the "host" structure. These cavities are filled with gas molecules 

(“guests”) (Figure 3). There is no chemical bond between gas and water molecules, only a weak van 

der Waals interaction [14,33,115,134–138].  

 

Figure 3. Structure of gas hydrates [139]. 

Gas hydrates have are fluctuating composition (i.e., non-stoichiometric chemical compound). 

The following chemical formula defines hydrates composition: M × nH2O (M – gas, forming hydrate, 

n - the amount of water molecules per one gas molecule, also named the hydrate number [12,140].  

Typically, the hydrate number (n) value determined accordingly to the temperature, pressure, 

and gas composition, and located in the range from 5.75 to 17. For instance, the hydrate number equals 

5.9 in the case of methane hydrates. The hydrate number is of particular importance for all calculations 

related to the study of gas hydrates [115,141–143]. 

Figure 4 shows different hydrate structures: (a) cubic structure I, (b) cubic structure II, (c) 

hexagonal structure H [144]. 
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Figure 4. Different crystalline arrangement of hydrates: a – structure I, b – structure II, c – structure H 

and d – host cages of water. Dense line is the hydrate unit-cell [145]. 

Structure I is most widespread in nature and it is presented by 2 small dodecahedral voids, 6 

large tetradecahedral voids fomed by 46 water molecules. Such structure able to include gases of the 

molecular size less than 5.2 Ao , particularly CH4, CO2, C₂H₆ and some other gases [126,146]. 

Structure II able to include gas molecules of the size 5.9 - 6.9 angstroms (for example C₃H₈ or 

C4H10) and consist from 8 large hexadecahedral and 16 small dodecahedral voids composed by 136 

H2O molecules [120]. 

Less common structure is H structure, which formed only by gas mixtures (like CH3C6H11 mixed 

with H2S) [15]. 

Such natural gases as СO2, C2H6, C3H8, C4H8, O2, N2, H2S, and more often СH4, able to form 

hydrates both separately and in mixtures. Some other gases are able to go into a hydrate form only at 

the very high pressures (such gases as H2, He, Ne) or unable to make a hydrate at all (for example 

C5H12 et al.) [147]. The composition of natural gas hydrates may include hydrocarbons (methane, 

ethane, propane, butane), as well as gases such as СО2 and SO2. As shown by the data of chemical 

analysis of gas from intrapermafrost gas shows, the most common gas that forms natural gas hydrates 

is methane. However, pure methane is extremely rare. Almost always, nitrogen, carbon dioxide, 
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hydrocarbon homologues of methane, hydrogen sulfide are present in small amounts in the 

composition of the gas [12,33,120]. 

In appearance, gas hydrates resemble loose ice or snow (Figure 5), which was one of the reasons 

for the relatively late start of the study of gas hydrates.  

 

Figure 5. Gas hydrate burning (photo by Dinara Davletshina). 

Petroleum specialists, scientists and others have definitely encountered this substance for a long 

time, but could not explain the cause of many phenomena, such as, for example, the sudden emission 

of methane, the release of a sediment mass, the formation of plugs that resemble ice in a well, etc. 

[2,148]. Active exploration of gas hydrates only began in the 1940s and 1960s with the work of 

Makogon Yu. F., Strizhov I.N., Trofimuk A. A., Mokhnatkin M.P., Chersky N. V., Vasiliev V. G., 

Trebin F. A., who suggested the hydrate existence in nature in the permafrost area and proved it in the 

laboratory conditions [140,149].  
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The external similarity of gas hydrate and ice, due to the framework of water molecules with 

van der Waals bonds, determines the closeness of the values of their physical properties (density, heat 

capacity, acoustic properties, Poisson's ratio) [15,140]. At the same time, a number of properties are 

noted for which there are significant differences: thermal (ice thermal conductivity (λ) equals 2.2 W / 

m K, and methane hydrate λ=0.5 W / m K) and dielectric (dielectric constant of ice - 94, methane 

hydrate - 58). Also, during hydrate formation, the specific volume can increase by 26%, while when 

water freezes, the volume increases by 9% [15,138]. 

Under normal conditions, one volume of methane hydrate, as mentioned above, contains 160 

volumes of gas, which emphasizes its potential use as an energy source, on the one hand, and the 

danger of dissociation of gas hydrate formations in the sediment, on the other. [33].  

Figure 6 shows the phase diagram of the existing conditions of methane hydrate, one of the most 

common types of gas hydrates in nature. When the thermobaric conditions change, gas hydrates 

dissociate into water and gas [150]. 

 

Figure 6. Stability of CH4 hydrate curve (build in HydraFlash): GH – gas hydrate; liq – liquid water. 

There are many works devoted to the study of the p-T shift of the conditions for the hydrate 

existence and dissociation and the influence of various factors on this process (inhibition by various 
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substances, type of gas hydrate, etc.) [33,135,151]. Works on the study of the dissociation of gas 

hydrates are mainly devoted to their inhibition in the development of hydrocarbon deposits (to prevent 

hydrate formation) [152–156], or for the purpose of methane production from hydrate-bearing 

sediment [55,138,157–161]. Within the framework of this work, it is interesting to review the hydrate 

dissociation at temperatures below 0 oC. 

As written in a number of works [127,136,150,162,163] the dissociation of methane hydrate can 

occur as a result of a change in thermobaric conditions, when the pressure drops below the stable one 

or the temperature rises and the conditions go out of equilibrium. Also, dissociation can occur when 

the gas hydrate stability curve shifts as a result of various factors (mainly due to the presence of 

inhibitors in the system) [14,164]. Figure 7 schematically shows the shift in hydrate stability as a 

function of various factors. 

 

Figure 7. Shift of gas hydrate equilibrium by different methods of methane extraction [144]. 

Hydrate dissociation is an endothermic process (i.e., it occurs with the absorption of heat) 

[14,165,166], and the following chemical equation describes that process [136]: 
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CH
4 

+ nH
2
O ↔ CH

4
·nH

2
O + 𝛥H 

where n - hydrate number, and 𝛥H - hydrate formation (or dissociation) enthalpy (equals around 

520-540 kJ/mol by [14,165]). 

Most authors distinguish two stages in the process of hydrate decomposition due to pressure 

reduction at negative temperatures: active hydrate dissociation and then slowing of the hydrate 

dissociation up to almost complete fading. Such a slowdown in the hydrate dissociation can be 

explained by the self-preservation effect of gas hydrate (Figure 8) [23,25,27]. When the pressure drops 

below equilibrium and the gas hydrate begins to dissociate, the water formed as a result of the 

decomposition of the hydrate at a negative temperature turns into a fairly thick and strong ice shell 

around the crystals or aggregates of gas hydrates, under which there is an excess internal gas pressure 

that prevents further dissociation of the hydrate [22,167]. Such an ice cover ensures the long-term 

preservation of gas hydrates even at atmospheric pressure without significant changes in their gas 

content under conditions of negative temperatures [135].  

 

Figure 8. Scheme of bulk hydrate self-preservation at the negative temperature (picture obtained and 

analyzed through extensive cryo-FE-SEM imaging [168]. 

Works devoted to the study of the gas hydrate dissociation as a result of exposure to various 

chemicals were carried out from the standpoint of hydrate inhibition for the extraction of methane (for 
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example [169]) or to prevent hydrate formation in wells and pipelines (for example [154,155,170]). 

A hydrate inhibitor is a chemical compound, which shift the hydrate phase equilibrium to the side of 

lower temperatures and higher pressures. Consequently, the hydrate formation process is slowed down 

in the reservoir [125,136]. 

There are organic and inorganic (brines, sea water) inhibitors of gas hydrates (Figure 9) 

[15,145,154].  

 

Figure 9. Different hydrate inhibitors and scheme of their work principle [145]. 

Within the framework of this work, of particular interest are studies devoted to the effect of 

inorganic inhibitors, particularly salts, on the dissociation of gas hydrate. There are several works 

devoted to the investigation of hydrate dissociation, mainly from the standpoint of their potential 

development by the method of inhibition with saline solutions. 

First of all, there are a number of works on the thermodynamic study of the effect of salts on 

the shift in the conditions for the gas hydrate existence, which is directly related to their potential 

destabilization [12,14,15,171–191]. Part of the works devoted to the study of salt water influence on 



43 

 

 

the shift of hydrate stability [192]. It was found, both experimentally and as a result of 

thermodynamic calculations, that an increase in the concentration of chloride salts shifts the 

equilibrium conditions towards higher pressures and lower temperatures [136,140,184]. 

In addition [53,54,56,161,169,172,180,181,183,193–198] conducted a study on the effect of 

salt solutions of electrolytes of various concentrations and temperatures on the hydrate component. 

The rate of hydrate dissociation has been shown to depend on brine temperature, brine concentration, 

hydrate/brine interaction surface area, and pressure. Because of both experimental and mathematical 

modeling, it was found that the rise in temperature, the salt concentration of the solution, and 

reduction in pressure contribute to the intensification of the hydrate dissociation process. An increase 

in the contact area also contributes to a more intensive decomposition of methane hydrate. Zheng 

with co-authors also noted a decrease in temperature in the course of experimental modeling of the 

NaCl influence on the hydrate decomposition, and the higher the concentration of the injected brine, 

the greater its decrease. However, the paper does not provide an explanation for this temperature 

effect [180]. 

In works [164,172,197,199–201] the mechanism of gas hydrate inhibition under the influence 

of NaCl salts at positive temperatures is described. The author believes that the mechanism by which 

the salt solution stimulates the dissociation of hydrates is caused by the interaction between water 

molecules involved in the structure of the hydrate complex and NaCl ions in an aqueous solution. 

The salt is ionized in an aqueous solution and interacts with hydrogen-water molecules on a hydrate 

cell, and its Coulomb bond is much stronger than the hydrogen bond or the Van der Waltz force. 

Consequently, a stronger bond between salt and water ions will lead to the destruction of the initially 

stable hydrate structure and methane releases (Figure 10).  
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Figure 10. Hydrate decomposition in water by NaCl ions migration in time by mathematical 

modeling (red – methane, green – Na+, yellow – Cl-) [201]. 

Scientists [164,172,175,176,179,184,196,200,202–204] conducted an experimental study of 

the influence of the salts composition of (NaCl, CaCl2, MgCl2, КСl) on the processes of hydrate 

formation and dissociation in water free volume. An increase in the intensity of dissociation of gas 

hydrates in the series without saline solution - KCl solution - CaCl2 solution - NaCl solution - MgCl2 

solution was revealed, however, with a change in concentration, the ratio may change. Additionally, 

Saw with co-authors (2014) determined the enthalpy of hydrate dissociation depending on the salt 

composition. So, more heat will be absorbed in the presence of sodium chloride salts in the system, 

and less heat in the case of calcium chloride salts, which means that secondary ice formation is more 

likely to be more intense in the system with NaCl [164]. 

However, it should be noted that the issues of inorganic salts influence on the kinetics of 

hydrate dissociation are less studied [205]. 

The conditions for the hydrate formation and dissociation in the sediments pore space is a more 

complex process. A number of scientists believe that a porous medium contributes to a more intensive 

process of hydrate formation compared to a free one because more nucleation sites are provided, the 

energy of the nucleation process is lower, the gas-liquid contact increases and the barrier to hydrate 
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nucleation decreases [185,206–210]. But at the same time, there is also an opinion that the pore space 

can act as an inhibitor of hydrate formation (by reducing the activity of water and improving the 

dissolution of methane), and at the moment this view is the most common [211–214]. Wu with co-

authors suggests that both formation and dissociation of hydrate more actively occurs in a porous 

medium than in the free volume [215]. 

Also, a number of authors describe the effect of the pore space: there is an optimal size of the 

pore space at which hydrate accumulation occurs faster and the hydrate is subsequently more stable. 

[210,216–218]. In addition, there is the concept of non-clathrate water - moisture that does not go into 

a hydrated state and remains in a liquid state in equilibrium with the rest of the system components 

(ice, hydrate) [64,219]. Four models for hydrate formation is defined sin the sediments pore space: 

supporting, cementing, floating, and coating [12]. 

Let us consider the conditions of hydrate formation and existence in nature in the permafrost 

zone. 

 

3.2. Conditions for the existence of permafrost associated gas hydrate and possible causes of 

their destabilization  

Methane hydrates are widely distributed throughout the world. To date, more than 200 gas 

hydrate deposits have been registered. The volume of methane contained in the hydrated form in 

sediment is estimated over a wide range: 3.1·1013 – 3.4·1016 on land and 2·1014 – 7.6·1018 m3 in marine 

conditions [2,15,33,138,220,221].  

In nature, gas hydrates exist in the layer of the lithosphere and hydrosphere, where there is 

suitable thermobaric and geochemical regime, in so-called hydrate stability zone (HSZ) [33,121,222]. 

Such conditions for methane hydrate exist in the permafrost zone (on land) (Figure 11B) and on the 
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sea shelf from a depth of 600 m (in the southern seas) and 300 m (in the northern seas) (Figure 11A) 

[15,33,121,150].  

  

Figure 11. Existence of methane hydrate in natural permafrost conditions (modified from [17,223]). 

Estimates of the depth of the upper and lower HSZ boundaries for onshore permafrost conditions 

have been obtained from field data and through mathematical modeling and vary widely, mainly 

depending on the thickness of the permafrost. The upper boundary of HSZ for methane hydrates is 

located at the depth of about 150 m in continental permafrost regions where surface temperatures are 

maintained at about 0 °C [224]. The lower limit of the existence of methane hydrates can reach a depth 

of 1000 meters (for example, on the Siberian platform) (Figure 11B). 

At the same time, the thickness and depth of HSZ on the Arctic shelf is a much more complex 

issue due to insufficient field data. Romanovsky with co-authors obtained some data on the thickness, 

history of formation and evolution of the permafrost zone and HSZ of the Arctic shelf based on a 
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retrospective analysis, and Malakhova and co-authors made a publication based on mathematical 

modeling [57,225]. The HSZ upper boundary is traced at around 100-145 m beneath the sea bottom, 

deepening towards the coast, which is determined by an additional baric factor due to the weight of 

the water layer on the outer shelf. The thickness of HSZ increases with decreasing sea depth, which 

is explained by lower temperatures of sediments in the shallow part of the shelf and the greater 

permafrost thickness. The current value of the thickness of the stability zone, according to the 

simulation results, is approximately 700 m for the outer shelf and 1130 m for the inner shelf [84]. 

However, gas hydrate in the permafrost zone can also exist above the gas hydrate stability zone 

in the region of relatively low pressures (below equilibrium) at temperatures below 0 °C for a long 

time, in the so-called hydrate metastability zone (HMZ). It represents the permafrost interval above 

the HSZ, where relic hydrates exist due to the self-preservation effect [23]. The hydrate metastability 

zone, in contrast to the zones of stability, is not a thermodynamic, but a geological zone. Relic gas 

hydrates is not formed in MHZ, but exist in the conserved form under the condition of ice coexistence 

for a long geological time [23]. 

There are several scenarios for the history of the formation of metastable (relict) hydrate in the 

permafrost zone [226]: 

1) With rapid freezing of closed taliks saturated with methane, due to the creation of excess 

pressure; 

2) During periods of glaciation due to the pressure created by ice on the underlying gas-saturated 

sediments; 

3) Due to the increased pressure exerted by the water column on gas-saturated sediments during 

transgression. 

Due to the creation of increased pressure in gas-saturated sediment, the gas hydrate is formed 

in the gas hydrate stability zone. However, later, during the evolution of the permafrost zone, as a 
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result of changes in thermobaric conditions, part of the relict gas hydrate formations passed into the 

area of pressures below equilibrium, while maintaining negative temperatures of the host sediment 

[84]. 

V.A. Istomin and V. Yakushev (1992) defined three main type of natural hydrate formation 

depending on their location in permafrost: suprapermafrost, intrapermafrost and subpermafrost 

[15,30,227]. Subpermafrost gas hydrates are currently the most studied due to the many cases of real 

registered natural core extraction of gas hydrate saturated sediments (Mallik, Canada [162]; Prudhoe 

Bay and mount Elbert, Alaska, USA [13,126,228]; Qilianshan, Tibet, China [35,229–232] etc.). 

Also, gas hydrate formations can be distributed differently in sediment under natural conditions 

(Figure 12) [12]. 

 

Figure 12. Hydrate distribution in sediments [12]. 

As mentioned above, the specificity of the hydrocarbon fields development is that many large 

hydrocarbon fields (Bovanenkovskoye, Yamburgskoye, Zapolyarnoye, Medvezhye, Urengoyskoye, 

etc.) are located in the permafrost zone. Both exploration and production wells can pass through the 

gas hydrate stability interval. Consequently, during the development of deposits, destabilization of 

gas hydrate formations may occur [10,107,233].  

Currently, there are only a few areas of permafrost where the natural hydrates existence has 

been proven by direct data (extraction of hydrate-saturated deposits as a result of drilling). However, 
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there are many prospects where the presence of hydrate-bearing formations is suspected due to active 

methane emission, well logging and stability conditions [17].  

Purposeful study of gas manifestations in the Arctic regions of Russia began relatively recently 

(about 60 years ago), which was associated with the discovery of the largest hydrocarbons fields in 

the North of Western Siberia and their development: Messoyakha (1967), Urengoyskoye (1966), 

Yamburgskoye (1969), Bovanenkovskoye (1971), etc [8,33,127,234]. When arranging the field 

infrastructure and laying transport routes, prospectors and builders began to encounter numerous gas 

emissions from the upper horizons of the permafrost zone, which often accompanied drilling 

operations. At the same time, both spontaneous short-term gas emissions and long-term gas emissions 

from engineering and geological wells drilled in monolithic permafrost occurred [42,111,235,236]. 

At the same time, they began to pay attention to natural gas emissions from the bottom of the Arctic 

seas and lakes [116,118,237,238]. 

An analysis of gas manifestations described by researchers shows that they can be conditionally 

divided according to the place of manifestation - on land and on the Arctic shelf, and according to the 

conditions of occurrence - into natural (natural) and man-made, associated with anthropogenic impact 

on the permafrost. Natural gas vents on land are often associated with various natural sources of water 

(lakes, rivers) and wetlands [236]. In the frame of this work, the gas that is generated in the seasonally 

thawed layer is not considered. Recently, another natural source of methane emission is gas emission 

craters, recorded in recent decades during the development of the Arctic zone of Western Siberia 

[72,106,236,239].  

The collection and analysis of available literature data on gas shows in the Russian Arctic made 

it possible to compile a summary table (Table 3), reflecting the detection area, characteristic features 

and a possible source of gas, as well as a schematic map of gas shows in the Arctic region of Russia 

(Figure 13) [236]. 
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Table 3. Registered cases of gas emanations in the Russian Arctic [236]. 

 
No in 

map 
 Location Signatures Possible gas sources Reference  

O
n

sh
o

re
 

N
at

u
ra

l 

1 
L

ak
es

 
Yamal Peninsula, Lake Neyto  Gas plumes on water surface, mud flows, holes in ice  Deep gas from Neyto field [240] 

2 Yamal Peninsula, Сrater Lake Craters and parapets on lake bottom, mud flows 
Possibly, deep gas-water 

fluids 
[238,240] 

3 
Yamal Peninsula, group of lakes 

south of Bovanenkovo field 
Blue water, holes in ice, mud flows  

Active emission, possibly, 

deep gas 
[241] 

4 
Gydan Peninsula, a lake on the 

left bank of Yuribey River  
A crater encircled by a parapet  

Prolonged ascending flow, 

possibly, deep gas 
[241] 

5 

Yamal Peninsula, 54 km 

northeast of Arctic field, 

Otkrytie Lake 

Large craters (up to 40 m in diameter on lake bottom)  
Deep gas, possibly, from 

Cenomanian gas reservoirs  
[110] 

6 

C
ra

te
rs

 

Yamal Peninsula, 30 km south of 

Bovanenkovo field  

A large crater (up to 40 m in diameter and ~70 m 

deep), encircled with a well-pronounced parapet; 

ground dispersed to a distance of 120 m  

Possibly, intrapermafrost 

gas 
[242–247] 

7 
Gydan Peninsula, 100 km 

northwest of Antipayuta Village 

A crater, 10-13 m in diameter and ~15 m deep; no 

parapet  

Possibly, intrapermafrost 

gas 
[248] 

8 
Yamal Peninsula, floodplain of 

Erkuta-Yakha River  

A crater, 10-12 m in diameter and ~20 m deep, with a 

preserved fragment of a 2-3 m high mound and 

ground dispersed to a distance of 100 m  

Biogenic gas in a talik and  

deep gas  
[249] 

9 

Yamal Peninsula, 33 km 

northwest of Seyakha, 

Myudriyakha River 

Fire gas explosion that produced a 50 m deep 50×70 

m crater in a river, with dispersed blocks of 

permafrost and ice-rich soil, up to 150 m3  

Possibly, deep gas [250,251] 

10 

Gydan Peninsula, north of 

Deryabino field, bank of 

Mongoche River 

Fire gas explosion that produced a 20 m deep crater, 

with dispersed large fragments of sediment 
Possibly, deep gas  [85,241] 
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 North Yakutia, Anabar—

Khatanga interfluve  
Gas shows at depths 70-120 m Intrapermafrost gas [252] 

12 Yamal Peninsula, Yuribey River Gas shows at depths 10-50 m Intrapermafrost gas [111,253] 

13 Taz Peninsula, Zapolyarny field Gas shows at depths 50-120 m 
Intrapermafrost gas, 

possibly relict gas hydrates 
[33] 

14 Taz Peninsula, Yamburg field  Gas shows at depths 45-55 m 
Intrapermafrost gas, 

possibly relict gas hydrates 
[33,254] 
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15 
Yamal Peninsula, Kharasavey 

field  
Gas shows at depths 10-210 m 

Intrapermafrost gas, 

possibly relict gas hydrates 
[255,256] 

16 
Yamal Peninsula, South-Tambey 

field 
Gas shows at depths 40-60 m 

Intrapermafrost gas, 

possibly relict gas hydrates 
[257] 

17 Gydan Peninsula, Pelyatka field  Gas shows at depths 20-30 m Intrapermafrost gas [33] 

18 
Gydan Peninsula, Salman 

(Utrenneye) field 
Gas shows at depths 50-150 m 

Intrapermafrost gas, 

possibly relict gas hydrates 
[23] 

19 
Yamal Peninsula, Bovanenkovo 

field 
Gas shows at depths 20-130 m  

Intrapermafrost gas, 

possibly relict gas hydrates 
[68,256,258,259] 
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Laptev Sea, Yana Delta  Ebullition  Deep gas [33,260] 

21 East Siberian Sea, Bennett Island Gas plumes, up to 1000 km long Possibly, deep gas  [260,261] 

22 

Laptev Sea, between 

Semyonovsky Island and Lena 

Delta  

Gas seeps Possibly, deep gas [262] 

23 Laptev Sea, Ivashkina Lagoon 
About twenty gas seeps; high concentration of 

methane in air  
Deep gas [263–265] 

24 
Laptev Sea,  

Kotelny Island 
Gas seeps Possibly, deep gas [266] 

25 
Laptev Sea shelf, New Siberian 

Islands 
A cluster of gas seeps at 50-90 m sea depths Possibly, deep gas [267] 
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26 
Laptev Sea (between 76.5–77.5° 

N; 121–132° E) 
More than 700 gas seeps, up to 1.3 km in diameter Possibly, deep gas [265,268] 

27 
Chukchi Sea, Herald Canyon and 

Wrangel Island 
About 90 gas seeps at 50-95 m sea depths Deep gas [269] 

28 
Kara Sea, Universitetskaya 

structure  

Gas seeps from a depth of 80 m and pingo-like 

features 
Deep gas [270,271] 
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Pechora Sea, Kara Gates 
10 m high gas fountain from a borehole at subbottom 

depth 50 m  
Deep gas [111,254] 

30 Pechora Sea, Vaygach Island 

10 m high gas fountain from a borehole at subbottom 

depth 50 m, with a ebullition zone up to 200 m in 

diameter on the sea surface  

Gas from subsea 

permafrost  
[272,273] 

31 Kara Sea, Baydaratskaya Bay Gas show from subbottom depth 10-50 m Possibly, deep gas  [251] 

32 Kara Sea, Leningrad field Gas show from a 200 m deep borehole  Possibly, deep gas [251] 

33 Laptev Sea, Lena Delta  Gas show from a borehole at 9 m depth  Gas from permafrost  [274] 

34 Laptev Sea, Buor-Khaya Gulf Gas show from a 13-16 m deep borehole  Gas from permafrost [274] 

35 
Laptev Sea, Mamontov Klyk 

Cape 
Gas show from boreholes up to 80 m deep  Gas from permafrost [275] 
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Figure 13. Schematic map of registered gas emanations in the Russian Arctic [236]. 



Connection of part of the gas manifestation with hydrate formation in permafrost was shown 

by N.N. Romanovsky et al. (2006), D.Yu. Nikolsky et al. (2012), D. Delisle (2000), N.E. Shakhova 

et al. (2010), V.I. Bogoyavlensky, O.S. Sizov, I.V. Bogoyavlensky, R.A. Nikonov (2016), Bondur, 

T.V. Kuznetsova, V.E. Vorobyov, V.V. Zamshin (2014) and other scientists [224,240,250,276–282]. 

However, there is an alternative point of view. So, for example, O.A. Anisimov et al. (2012, 

2014) conducted research on the Arctic shelf based on mathematical modeling and concluded that 

deep-seated methane that is not associated with hydrates is biogenic [114,283]. C.D.Ruppel and 

J.D.Kessler in their studies emphasis as well on still unproven connection of gas manifestations and 

gas hydrate destabilization, that methane out of hydrates at all reaches atmosphere [284]. 

Hydrate-saturated sediment in the areas of permafrost distribution can be affected by various 

technogenic and natural solutions, such as highly mineralized solutions left from the development of 

deposits and / or buried in permafrost massifs, cryopegs discovered during well drilling, wastewater 

of various origins (industrial, municipal, etc.), drilling fluids (including salt-containing ones) used in 

the process of drilling wells, as well as the penetration of sea water into hydrate-saturated sediment 

on the Arctic shelf [60,72,74,100,103,285]. However, at the moment there is a lack of understanding 

of the patterns of occurrence of the whole complex of complications during well drilling associated 

with the dissociation of gas hydrate formations [18]. 

There are a number of works devoted to the experimental study of the interaction of drilling 

fluids (including salt-containing ones) [3,93,98] and salt solution [43,45,46,97,286] with frozen 

sediment, excluding the hydrate component; experimental simulation of drilling fluid interaction 

[94,108,287–289] and salt solution [197,205,290–292] with hydrate-containing non-frozen 

sediments; experimental and mathematical modeling of the effect of salts on methane hydrate in free 

volume at negative temperatures [208]; mathematical modeling of the interaction of salt solutions with 

thawed and frozen sediment [49]; and only a few works are devoted to mathematical modeling of the 
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interaction of frozen hydrate-saturated sediment with drilling fluids that do not contain salt 

[129,288,293,294]. 

Prasad with co-authors (2019) made an investigation of the salt influence on the hydrate stability 

and their self-preservation. The authors consider salt solutions as a thermodynamic inhibitor of 

hydrate formations. In this regard, the penetration of salts into the thickness of frozen hydrate-

saturated sediment can shift the HSZ deeper to the reservoir, thus reducing the HSZ parameters (length 

and thickness) [208]. The authors note that in the MHZ permafrost zone, the hydrate exists until the 

concentration of the pore solution reaches the melting point of ice around the preserved hydrate. 

According to the results of experimental studies [208] 3 stages of interaction of salts with 

sediment saturated with metastable gas hydrates are distinguished: replacement of the initial fresh 

pore solution of hydrate-containing sand (no dissociation is observed at this stage), when salinity 

reaches a certain critical value of ice melting, the hydrate begins to dissociate; the third stage, when 

there is no hydrate in the system and only heat is absorbed from the environment to return the initial 

temperature state of the system. By analyzing the change in temperature, the authors traced the 

dissociation of pore gas hydrate by a sharp decrease in temperature. So, the higher the salt 

concentration, the more significant was the decrease in temperature, that is, the more intensively the 

pore hydrate dissociated. It should also be noted that the authors consider concentration diffusion as 

the main mechanism of salt migration [208]. 

S. Sun with co-authors (2011) [290] considers the p-T shift of the conditions for the hydrate 

existence in the pore space due to NaCl ions at positive temperatures based on experimental modeling 

of the interaction of sea water with hydrate-bearing sediment. The authors note that conditions are 

shifting towards higher pressures and lower temperatures, and the higher the salt concentration, the 

greater this shift. The authors attribute the intense dissociation of gas hydrates in the pore space due 

to the migration of salts to a decrease in the activity of pore moisture during the hydration of salt 
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ions, and also to the fact that weak van der Waals bonds are less preferable than electrostatic ones - 

therefore, salt ions will also be easier to "pull" water molecules from the crystal lattice of the hydrate, 

thereby destroying its lattice and facilitating the release of methane [208]. 

Perlova E.V. et al. (2017) suggest that the destabilization of hydrate-bearing horizons can occur 

as a result of penetration of drilling fluid, as well as Prelove a result of the penetration of salts from 

highly mineralized horizons (cryopegs) based on the results of the analysis of the geological section 

and comparison with the highest production rates of methane emissions (exactly where cryopegs, the 

most intense methane emissions were observed) [119]. 

Another side of the issue is the use of permafrost as a storage of liquid hydrocarbons or oil and 

gas production waste. The attractiveness of using the permafrost as a storage facility is explained by 

the almost complete impermeability of permafrost to fluids [49]. 

In the 1970s, storage facilities for waste from the development of mineral deposits were put into 

operation in the permafrost zone in the north of the Magadan Region, at Cape Schmidt, in the area of 

the Leningradskoye and Bovanenkovskoye deposits [49,295–297]. However, cases of dispersion of 

chemical elements in the frozen sediment around such storages have been recorded. For example, 

migration of buried drainage fluids was registered in the frozen sediment in Western Yakutia [49,297]. 

Dissipation halos were found, which led to the conclusion that active migration of chemicals into 

frozen sediment (for more information on these works and migration processes, see Chapter 3) 

[295,296]. Intense gas manifestation was recorded during the injection of industrial brines into the 

aquifers of the permafrost zone of Western Siberia, in the Daldynsky district, up to the release of a 

gas-water mixture and the flowing of gas with a high content of heavy methane homologues, which 

may indicate the gas hydrate nature of the emission. Later, in this area, two hydrate-bearing intervals 

were identified in the permafrost strata at depths of 80-100 and 140-190 m, as well as similar signs - 
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subpermafrost, but negative - temperature (within the permafrost zone) hydrate-bearing horizons in 

the depth range from 330 to 550 m [296]. 

Then a field experiment was carried out on the injection of brines into the expected hydrate-

containing intervals for 3.5 months. During the experiment, absorption of the salt solution, its 

desalination and cooling by 1.5-2 °C were observed. The volume of released methane amounted to 

about 50 million m3 [296,297]. 

Thus, today there is a sufficient amount of information about gas hydrates, the forms and 

conditions of their existence in nature, as well as the causes of destabilization (pressure decrease, 

temperature increase, exposure to chemical compounds). However, the effect of salts on gas hydrates 

is considered mainly from the position of thermodynamics, and rare publications are devoted only to 

the assumption of a possible destabilization of gas hydrates in frozen sediment as a result of salt 

migration. 

 

Chapter 4.  The study of salt migration processes in frozen sediments 

As noted above, one of the reasons for the hydrate dissociation in permafrost zone can be the 

migration of salts into the strata of frozen sediments containing gas hydrates. At the moment, in 

literature any special studies on the interaction between frozen hydrate saturated sediments and salt 

solution are upsent. While these studies are vital for assessing the intensity of methane emission 

during the permafrost degradation. 

However, there are data on the study of salt migration in frozen sediments that do not contain 

gas hydrates, which is undoubtedly of interest for the problem under consideration, given the 

similarity of the ice and gas hydrate components of sediment. Before proceeding to the consideration 
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of existing works on the interaction between salt solution and frozen sediments, it should be reviewed 

the mechanism of ice melting, as one of the most important components of frozen sediment. 

Salt ions can cause ice to melt in the pore space of frozen rocks. The melting of ice due to the 

migration of salt ions is a complex physical and chemical process, the intensity of which is 

determined by a number of factors. Ice is a crystal lattice composed of dipoles of water molecules. 

Salt ions, when in contact with ice, pull the dipole of water towards themselves, thus destroying the 

crystal lattice of ice - i.e. causing it to melt. So, in the case of the action of sodium chloride on ice, a 

negatively charged chloride ion attracts the water dipole with a positively charged end, and a 

positively charged sodium ion - negative (Figure 14). Thus, the salt ions are hydrated, causing the 

crystal structure of the ice to break down (melting), and hence a slurry of salts is formed whose 

freezing point is lower than the freezing point of pure non-salt water [298].  

 

Figure 14. Scheme of a chemical reaction during the melting of ice due to the action of NaCl ions [298]. 

When a salt solution interacts with pore ice, salt ions migrate from an area of high salt 

concentration (brine) to an area of low concentration (films of unfrozen water around ice crystals) due 

to the so-called concentration diffusion. Salt ions cause the ice to melt, and the resulting moisture 

lowers the concentration of salts in the solution. An increase in the content of unfrozen moisture in 

the contact zone leads to the appearance of density inhomogeneities and a more pronounced 

convective mass transfer in this area [299–301]. In the case when the mass of the solution becomes 



60 

 

 

large enough compared to the mass of melting ice, the ice regime is considered to be quasi-steady. Ice 

melts until the salt concentration in the pore solution reaches the equilibrium concentration 

corresponding to the beginning of the solution freezing. The melting of ice is accompanied by a 

decrease in temperature, but the temperature levels off when the equilibrium concentration is reached 

[302–304]. 

At the same time, the temperature effect depends on the composition of the salts. So, when 

exposed to NaCl ions, the process of ice melting is endothermic (with heat absorption), and in the 

case of CaCl2, it is exothermic (with heat release). Therefore, the effect of sodium chloride is slower 

than the effect of calcium chloride ions [298].  

It should be noted that there is also the concept of the eutectic point for each salt solution. The 

lowest freezing point and the highest concentration of the solution (brine) corresponding to it is called 

the eutectic concentration at which solid matter crystallizes. If, as a result of lowering the temperature 

and increasing the concentration, the eutectic point is reached, then ice and salt crystals exist in the 

system, and not a liquid salt solution (Figure 15) [303]. 

 

Figure 15. Phase diagram of NaCl aqueous solution (modified after [305]). 
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It is according to the patterns described above that cryopegs exist in the thickness of 

permafrost. Cryopegs do not freeze, since the crystallization of salts dissolved in them requires 

deeper cooling, for example, to -21.4 °C for sodium chloride, or -55 °C for potassium chloride 

[101,302]. Such solutions are not in equilibrium with ice and can convert it into a liquid phase, 

eliminate the fluid resistance of frozen strata and migrate through cryogenic strata, including into 

horizons containing gas hydrates [41,49,51]. In this regard, special experimental and mathematical 

studies were carried out on the interaction of frozen rocks with salt solution. 

 

4.1. Experimental research of salt migration processes in ice-containing sediments  

Until a certain point in the development of the history of geocryology, frozen rocks were 

considered to be an absolute seal. However, in the 60s of the last century, based on field observations 

of the haloes of dispersion of chemical elements in frozen sediment in the north of Russia, it was 

concluded that the permafrost is an active environment where chemical and physicochemical 

processes take place: moisture migration, transport of chemical elements, structure and texture 

formation (ice release, swelling, cracking, etc.). Such field studies were carried out by Safronov N.I., 

Glazovskaya M.A., Targulyan V.O., Shvartsev S.L., Ivanov A.M., Ivanov O.P., Makarov V.N., 

Pitulko V.M., Chibisov N .P. Shilo N.A., Vinokurov I.P. and some other scientists. The researchers 

also noted the particular ecological danger of this phenomenon for an extremely sensitive complex 

multicomponent system of frozen sediment. In this regard, it became necessary to study and describe 

the mechanisms and patterns of salt ions migration in frozen sediment and to set up special 

experimental studies. 

Separate experimental studies on the migration of chemical elements were carried out in the 

60-80s of the last century, among which are the works of Murrman, Hoekstra, Nacano (1971), 
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devoted to the study of the migration of sodium ions in frozen bentonite pastes; Nechaev, Kan (1980), 

Romanov V.P. (1985) on salt migration in frozen sands; Ostroumova V.E. (1989), on the salt 

migration in frozen sand and loam in a gradient temperature field; as well as in general the work on 

the study of the migration of ions of various elements by Tyutyunov (1951), Derbenev (1967), 

Savelyev (1971) and some other scientists. After the 80s, the process of interaction of frozen rocks 

with salt solutions was studied in sufficient detail thanks to the works of I.A. Tyutyunov, M.A. 

Derbeneva, V.E. Ostroumova, E.A. Nechaev, E.V. Kan, V.P. Romanov, E.D. Ershov, E.M. Chuvilin, 

Yu.P. Lebedenko, I.A. Komarov, J.M. Marrion, Xu Xiaozu, B. Hallet, V.N. Makarov, K.V. Biggar, 

Murrman, Hoekstra, Nacano and other scientists. 

In the investigations of E.D. Ershov, E.M. Chuvilin, Yu.P. Lebedenko, N.A. Benediktova, O.G. 

Smirnova on the basis of an experimental study and previous works, a description of the mechanisms 

of ion migration in frozen sediment is given. The authors explain the course of such a process as 

follows. Before the contact, there are two systems - solution and frozen sediment, in each of which 

the chemical potentials of moisture are in equilibrium, but not equal to each other. The same should 

be said about concentrations. After the contact, the sediment and the solution begin to interact as a 

single system in which the state of equilibrium is disturbed. In connection with the desire of the new 

system to again achieve a state of equilibrium, a moisture potential gradient arises in it, causing a 

flow of moisture into the frozen sediment, which coincides in direction with the salt flow. Salt ions 

capture water in solvate films, i.e. reverse osmosis happens. Over time, the flow of solution into the 

frozen sediment rapidly decreases. The process of migration of the solution into the frozen sample 

causes the thawing of the sample and the formation of the thawed part of the sample. Due to the 

desalination of the migrating solution, in the frozen zone partial freezing of residual water occurs 

and rise in water - ice content, immediately before the thawing front [43,45,48,286,306]. 
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The main media for ions migration in frozen sediment are films of unfrozen water that exist on 

the mineral particles surface, as well as between boundaries of pore ice crystals. The capillary and 

film unfrozen water are distinguished [104]. Also, the flow of salt ions through the ice component of 

frozen rocks is carried out through films of quasi-liquid water. A quasi-liquid layer is a disordered 

transitional structure of water in a solid and liquid state, the thickness of which can vary from several 

tens to hundreds of angstroms [307,308]. The physical role of the quasi-liquid layer is to neutralize 

the effect of instability caused by the breaking of hydrogen bonds at the boundary of the ice structure. 

In addition, this film serves as an optimal transition medium for restructuring during the mass transfer 

of ice with surrounding water phases, including saline. The thickness of the layer of the liquid phase 

of water decreases with decreasing temperature up to its complete disappearance at a temperature of 

about -45°C. Also [309] notes that the content of the liquid phase is the greater, the higher the 

dispersion of rocks. So, in clay soils, the content of unfrozen moisture can reach 13%, while in sand 

its content does not exceed 1%. 

Ice is an important component of frozen rocks. Depending on the structure of pore ice, gas 

inclusions, density, size of crystals, presence and composition of impurities, its ion permeability will 

be determined [48]. Air inclusions in ice (and, accordingly, less dense ice) contribute to a decrease 

in the flux of salt ions. The main flow of salts is carried out along the contact of ice crystals, 

respectively, in single-crystal ice, where the flow occurs along structural deformations, dislocations, 

the migration of ions is lower than with an increase in the number of crystals [97].  

As driving forces of mass transfer in frozen rocks Ershov E.D. et al. pointed out the 

electrokinetic potential gradient (due to the difference in ion concentrations on the surface of the 

rock skeleton, in the pore and in the external solution), adsorption forces (due to interaction with the 

particle surface), and electrostatic forces (due to the distribution of electric charge over the surface 

of negatively charged minerals and positively charged pore ice). A similar statement, but using a 
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different term, was given in the work of Nechaev, Kan (1980) and Romanov V.P. (1985). They 

pointed out that the migration of salt ions is influenced by electrosurface properties. The authors 

attribute the migration of metal ions to the action of electrochemical processes in pore waters. As the 

driving force of moisture migration, the magnitude of the gradient of the total thermodynamic 

potential of ground moisture or the Gibbs free energy is taken. The thermodynamic potential is the 

sum of particular values [310,311]. 

𝜇𝑤 = 𝜓кк + 𝜓𝑝 + 𝜓𝑜 + 𝜓𝑒𝑠 

𝜓кк – frame-capillary thermodynamic potential; 

𝜓𝑝 – hydrostatic thermodynamic potential; 

𝜓𝑜 – osmotic thermodynamic potential; 

𝜓𝑒𝑠 – electrostatic thermodynamic potential. 

When the thermodynamic parameters change, the migration of moisture and chemical elements 

is possible, since the system comes into non-equilibrium both in terms of the chemical potential and 

in terms of the general thermodynamic potential. The authors also note that the osmotic potential 

decreases with increase in salt concentration in pore solution. When the salt concentration drops to 

a certain minimum value, moisture transfer in the system may stop due to the equality of the total 

thermodynamic potential of ground moisture to the osmotic potential of water in the external solution 

[310–312]. 

One of the most difficult questions to study was the question of the mechanisms of migration 

of salt ions in frozen rocks. Back in 1965, M.M. Derbeneva wrote that the transfer of salt ions occurs 

due to moving films of unfrozen water and due to diffusion with an existing difference in 

concentrations, that is, the presence of a concentration gradient. Later, these two mechanisms were 

named by E.D. Ershov et al. (1989) convective and concentration diffusion, respectively, and they 

also singled out a third mechanism, adsorption [286,312].  
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Concentration diffusion is characteristic of the process of salt migration due to a concentration 

gradient at high negative temperatures, when the content of unfrozen moisture is relatively high. In 

this case, the migration of salt ions occurs along the films of unfrozen water from the region with the 

highest concentration to the region with a low concentration of salt ions [60,97].  

Convective transfer occurs at high flux densities of salt ions into the frozen rock and is usually 

observed at high negative temperatures. At the same time, a feature of this mechanism is the joint 

moisture and salt transfer, that is, not only the migration of salt ions takes place, but there is a joint 

movement of water with salt ions. And due to this mechanism, there is an intensification of mass 

transfer, structure-forming and physico-chemical processes [60,97].  

As the temperature decreases, the convective component of the total ion flux decreases, but 

rather high values of migration fluxes continue to be observed. This is no longer due to the action of 

the convective mechanism, but to the activation of other ion transport mechanisms, primarily 

adsorption [48,60,97,313].  

The adsorption mechanism of salt transfer occurs in frozen sediments in the range of low 

negative temperatures (from -20 to -60 °C) due the exploit of the ice surface forces. In this case, the 

thickness of unfrozen water films becomes equal to or close to the size of salt ions and migration 

almost completely stops [46]. 

It should also be noted the work carried out on the study of deformation processes in frozen 

rocks in the process of salt migration. The general nature of the deformations is positive. The most 

important contribution is made by the processes of swelling and swelling due to the migration of the 

solution in frozen samples. The development of deformations is directly related to the change in the 

density of the migration flow [45]. 

Another important aspect of the interaction between salt solution and frozen sediments is the 

temperature changes that occur during this process. E.D. Ershov et al. (1993) studied the heat fluxes 
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arising from the interaction of frozen rocks with salt solutions, which made it possible to interpret 

the phenomena occurring in the process of migration. Thus, the authors argue that before the start of 

contact with the solution, a stationary temperature field was observed in the sample, i.e., the 

temperature in the soil did not change, and the heat fluxes were constant and close to zero [45]. After 

the contact of the soil and the solution, the incoming migration flow increases the concentration of 

salts in the frozen rock, and, consequently, lowers the temperature of its thawing. As a result, “ice-

water” phase transitions occur in the frozen ground. The temperature of the sample and solution at 

the initial moment of the experiment is constant, but as soon as the salt concentration increases, phase 

transitions begin, which, in turn, are associated with thermal effects. In case of defrosting, heat is 

absorbed. In the frozen zone of the sample, near the thawing front, schlieren evolution takes place, 

which goes along with the release of heat. Thus, in the interacting soil-mortar system, phase 

transitions occur that occur in two areas: in the thawing zone and in the schlieren zone. This causes 

a complex picture of heat flows in frozen rocks interacting with salt solutions [45].   

As described earlier, the migration of salt ions in frozen rocks occurs due to the difference in 

chemical potentials. And it, in turn, is determined by the temperature gradient, humidity, dispersion 

and mineralogical composition of the soil system [306]. Hence, separate studies are devoted to the 

influence of various factors (external and internal) on the process of salt migration in frozen rocks. 

The ions migration is predominantly defined by the features of the frozen sediments: moisture 

content, mineral and chemical composition, dispersion, cryogenic structure, and also external 

parameters: salt solution concentration, interaction temperature, etc. [45,314,315]. Yu.P. Lebedenko 

(1989), E.M. Chuvilin (1999), E.D. Ershov et al. (1999, 1998) and others. 

For instance, studies demonstrated, that total ions permeability and accumulation can increase 

with the rise in the ice and water content in the pore space of frozen sediments [46]. 
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The study of the effect of temperature showed that with increasing temperature, the intensity 

of ion migration increases, while the nature of deformations changes as a result of mass transfer 

processes. As the temperature decreases, bound water films freeze in the rock, the density of the 

migration flow decreases, and the accumulation of ions has an extreme character. At temperatures 

down to -5 ... -10 ℃, swelling, swelling, ice release, soaking and sedimentation are observed. And 

at lower temperatures - the processes of brittle fracture. These regularities are characteristic mainly 

for finely dispersed soils at high negative temperatures, while the second type of deformations is 

characteristic of sediment [45,312]. 

The authors also observed that with the increase in the salt concentration intensifies the salt 

migration and an increase in the content of unfrozen moisture. In frozen rocks, due to the freezing of 

part of the water, the negative thermodynamic potential due to the action of the free unspent surface 

energy of mineral particles is significantly reduced. As the concentration of the external solution 

further decreases, a gradient of the thermodynamic potential of moisture arises, directed from the 

solution to the frozen rock [97]. 

Ershov et al. (1999), when analyzing the migration of ions of various salts in frozen rocks, 

found that the activity of ions decreases in the series [312,315]: 

Ca+2>Na+ > Hg+2 > Cu+2 > Pb+2 > K+ > Fe+2 > Co+3 (при температуре -6℃). 

However, depending on the granulometric composition, the dependence may change. So, for 

example, in clays, the mobility of Ca + 2 is much lower, which is due to its adsorption characteristics, 

that is, the mobility of cations and anions is also determined by their adsorption capacity. Also 

interesting are the results of an experimental study on ice release depending on the composition of 

the contacting solution. So in the series KCl, NaCl, MgCl2, CaCl2, ice release increases [97]. 

With an increase in dispersion, the accumulation of moisture and ions increases in the sand-

clay series. This is explained by the fact that the ion permeability of frozen rocks decreases (that is, 
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salts penetrate a shorter distance) with increasing dispersion, while more dispersed soil has a greater 

exchange capacity (sorption), i.e. the ability of the rock surface to bind salt ions, as a result of which 

their mobility decreases, and, consequently, the intensity of the migration flow decreases [48,315]. 

At the same time, in a series of clays, the greatest accumulation is observed in kaolinite clay, the 

smallest in montmorillonite (weak moisture and ionic conductivity due to the high sorption capacity 

of montmorillonite) [315].  

The main role in coarsely dispersed rocks is played by concentration diffusion through pore 

ice, since there is no unfrozen moisture or its content is extremely low (up to 1%). With an increase 

in dispersion, the amount of unfrozen moisture increases, and along with diffusion, convection 

begins to play a role in the transfer of ions. However, as noted above, sorption is also observed, 

which reduces the ion permeability in finely dispersed rocks [313]. 

Ershov et al. also showed different migration abilities of cations and anions using the example 

of the migration of sodium ions and chlorine ions. During the experiment, chloride ions migrate more 

from solution to frozen rock than sodium ions, which is due to the greater migration ability of 

chloride ions [45]. 

Another study shows, that the increase of compression pressure cause the decrease of salt ions 

migration in sediments with low dispersion (mainly clay-containing sediments). Thus, in clays there 

is a certain critical pressure at which the migration of salt ions almost completely stops, since the 

convective component of the migration flow, which provides the highest values of salt transport, is 

suppressed. While in the sands such an effect is not observed [313].  

Now there is a point to review the existing mathematical models of the interaction between salt 

solutions and frozen sediments for calculating the main diffusion characteristics. 
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4.2. Existing physico – chemical models of salt transfer processes in sediment media 

To describe the transfer processes in frozen soils, several concepts of mass transfer, the concept 

of suction forces, the concept of crystallization forces, and the osmotic pressures concept have been 

proposed, which correspond to certain experimental facts. One of the most widely applicable is the 

approach based on effective transport equations. This model is established on the laws of energy 

conservation and mass of pore moisture, supplemented by moisture migration under the action of a 

moisture gradient, and/or a temperature gradient, and/or any other gradients. However, this model also 

has its own difficulties, mainly associated with the need for experimental data (obtaining diffusion 

coefficients), but also with the determination of boundary conditions on the phase transition surfaces. 

Therefore, this model was partially supplemented G.G.Tsypkin in 2009 [316]. 

In general, the salt migration in thawed sediment is defined by the processes of concentration 

diffusion. And it, in turn, is described by the first Fick's law, which was formulated back in 1855. 

Therefore, mathematical modeling of the processes of diffusion of salt ions is mainly based on Fick's 

law, which has the form of the following equation: 

Ф = −К 
𝜕С

𝜕𝑥
 

where Ф – rate of salt ions diffusion; К – salt diffusion coefficient; С – concentration of 

dissolved components. 

However, E.D.Ershov (1999) pointed out the imperfection of the calculation scheme for 

diffusion coefficients through Fick's law for frozen rocks, since the coefficient of proportionality 

between the total ion flux and the concentration gradient is calculated and there is no consideration of 

other mechanisms of salt transfer besides diffusion: convective and adsorption. To obtain the actual 

parameters of the migration of salt ions, it is necessary to take into account all the components in the 

total ion flux, and not just diffusion. Nevertheless, on the basis of this law, numerous schemes for 



70 

 

 

calculating diffusion coefficients in thawed soils have been proposed [317,318], and several schemes 

in frozen and freezing soils [49,50,319–321], however, no universal one has been singled out. 

Moreover, there is no such scheme for frozen hydrate-bearing rocks. 

The second important part of the mathematical model for describing transport processes with 

phase transitions, which are undoubtedly observed during the interaction of salt solutions with frozen 

rocks, is based on the Stefan problem. The classical Stefan problem assumes that the phase transition 

is localized in a narrow region, modeled by a front, which is the weak discontinuity surface for the 

temperature function. The position of the phase transition front relative to the medium changes with 

time and is in the process of solving the problem [316]. 

The Stefan problem is based on the law of conservation of energy, and heat transfer in a 

stationary medium is described by the heat equation. In the one-dimensional case, the melting problem 

has the form: 

𝜕𝑇𝑗

𝜕𝑡
= 𝑎𝑗

𝜕2𝑇𝑗

𝜕𝑡2
  , 

where solid phase takes the area: 

𝑗 = 1, 𝑋(𝑡) < 𝑥 < ∞, 𝑡 > 0 , 

and liquid phase – area: 

𝑗 = 2, 0 < 𝑥 <   𝑋(𝑡), 𝑡 > 0  

The initial and boundary conditions can be described in the following form: 

𝑋(0) = 0;   𝑇1(𝑥, 0) = 𝑇0 < 𝑇𝑓 , 𝑡 > 0;   𝑇2(0, 𝑡) = 𝑇𝑜 > 𝑇𝑓 , 𝑥 > 0 

As noted above, the main medium for the transfer of salt ions in frozen rocks are films of 

unfrozen water, which means that the processes of transfer of salt ions should be determined by the 

amount of unfrozen moisture. So, the higher its content, the more intense the process of salt migration. 

In non-saline soils at negative temperatures, the connection among the temperature T and unfrozen 
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water content Wunf and is unambiguously designated by the “unfrozen moisture curve”. Though, the 

quantity of unfrozen water Wunf in saline sediments is determined also by pore solution concentration. 

Moisture migration followed by the increase in moisture content causes temperature increase in frozen 

sediments. On the contrary, a salt concentration increase in the pore solution causes temperature 

decrease. The salt concentration in the pore solution C during the frozen sediments thawing changes 

in accordance with the dependance: 

С =
С0𝑊

Wunf 
 

where W – total water saturation in the frozen sediment; Wunf – unfrozen water content in the 

frozen sediment; С0 – initial salt concentration in the pore solution. 

Salt diffusion coefficient is one of the main parameters of the salt ion migration process in frozen 

sediments, which depends on various factors. First of all, it is determined by the sediment dispersity, 

the geometry and relative position of the ice crystals and water films, and the parameters of the water 

films in the pore space of sediments. 

One of the main parameters of the salt migration in frozen sediments is the diffusion coefficient 

of salt ions, which depends on many parameters. First of all, it depends on the type of soil, on the 

thickness of water films in the pores of the soil, on the geometry and relative position of water films 

and ice crystals. Thus, the greater the number of crystals present in the pore space, the higher the 

diffusion coefficient will be, since the migration of ions occurs along the boundaries of the crystals. 

One of the schemes for calculating the diffusion coefficient was proposed by V.I.Aksenov et al. 

(2010). The authors propose to calculate the salt diffusion coefficient in frozen soil using the following 

formula [322]:  

𝐷 = 𝑊 · 𝐷0 
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where D0 – diffusion coefficient of salt in free water; for sodium chloride (NaCl) D0 is 

approximately 1.1 · 10–5–1.4 · 10–5 см2 /с. 

Another design scheme was proposed by Ershov E.D., Komarov I.A., Chuvilin E.M. in 1997 

[49]. The salt transfer model is presented with the following assumptions: 

- convective-diffusion mass transfer of salt ions occurs under isothermal conditions; 

- there is no interaction of salt ions with pore solutions with the release (absorption) of heat; 

- ion migration occurs in a semi-infinite array evenly along the height of the well; 

- one-dimensional process; 

- taking into account the pore space characteristics, the fracturing of the host sediments is carried 

out using the effective porosity parameter ne, and the massif is considered as quasi-homogeneous; 

- the concentration of salts in the operating brine is taken constant; 

- the influence of pressure and the processes of mechanical interaction of brines with the rock is 

not taken into account. 

The problem of salt transfer is solved in a self-similar approximation, and the problem of mass 

transfer in a quasi-homogeneous massif and its solution have the form [49]: 

𝐷
∂2𝐶

∂𝑥2
− 𝜐

∂C

∂x
= 𝑛𝑒

∂C

∂τ
  

𝐶(∞, 𝜏) = 𝐶(𝑥, 0) = 𝐶𝑓 

𝐶(∞, 𝜏) = 𝐶𝑠 

 

where С – current salt concentration; D – diffusion coefficient; ne – porosity; х – current 

coordinate; v – average volumetric velocity of the filter flow, determined through the flow rate; Сs – 

ions concentration; Сf– initial concentration of that ions in pore solution of the sediment. 
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𝐶̅ =
𝐶 − 𝐶𝜑

𝐶𝑝 − 𝐶𝜑
= 0.5 [𝑒𝑟𝑓𝑐𝜃 + exp(𝑃𝑒) 𝑒𝑟𝑓𝑐(𝜃2 + 𝑃𝑒)

1
2] 

where 𝜃 =
𝑛𝑒𝑥−𝜐𝜏

2(𝑛𝐷𝜏)
1
2

, 𝑃𝑒 =
𝜐𝑥

𝐷
−  Peclet criterion erfc ( )  =

 1 –  erf ( ), erf ( ) –  Gaussian error function. 

The diffusion coefficients of chlorides in frozen rocks obtained using this calculation scheme 

were 10-6 – 10-7 cm2/h [49]. While in thawed rock the diffusion coefficient varies from 10-6 to 10-10 

cm2/sec, and in ice, the diffusion coefficient can range from 10-7 from 10-9 cm2/sec [313]. 

Relatively recently, work has appeared on the migration of sea water on the Arctic shelf and the 

influence of this process on the evolution of permafrost zone and HSZ. As shown in the work of V.V. 

Malakhova and V.E. Eliseev (2020), salt (for example sodium chloride) remarkably decreases the 

temperature of hydrate stability comparatively to the temperature of unsalted water. There is also a 

corresponding change in the pressure of the thermodynamic stability of hydrates [57].  

The authors compared the displacement of the depth of the gas hydrate stability zone with an 

increase in seawater salinity, and also compared two calculation schemes. Thus, the shift in 

equilibrium temperature is calculated using the expression: 

𝑇𝐷 =
𝑇𝐷,𝑟𝑒𝑓 ∙ log(1 − 𝑥𝑆)

log(1 − 𝑥𝑆,𝑟𝑒𝑓)
 

TD TD,ref ·log1xs/log 1xs,ref   

where TD,ref – temperature reference value for hydrate decomposition at the corresponding 

reference salt content value xs,ref  and xs – mole fraction of salt in pore water. 

In work [175] a method is proposed for predicting the shift in the equilibrium temperature of a 

hydrate in a free volume based on information on a decrease in the freezing point of aqueous solutions 

containing various salt concentrations in relation to the freezing point of fresh water ( 
TF ):  
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TD  0.6825  TF 

In the calculations, the authors also used the dependence of the freezing point of water (°C) on 

the salt concentration S (‰) and pressure in bottom sediment P (МPа) is presented in the work [323]:  

TF = −0.073P – 0.064S 

Salt diffusion coefficient was taken equal to 10−9 m2/sec in accordance with estimates based on 

drilling data in the Laptev Sea [57,324].  

Based on the modeling results, the authors argue that an increase in salinity causes degradation 

of the gas hydrate stability zone and leads to a displacement of the boundary down the section. 

However, the authors note that due to the great depth of hydrate occurrence on the Arctic shelf, the 

influence of salts reaches no more than a few percent. It should be noted that these calculations do not 

take into account the presence of metastable gas hydrates, which can be affected by salts and which, 

as noted in Chapter 2, are especially sensitive to changes in external conditions, the authors also point 

out this fact, but without taking it into account in the calculations. In addition, the diffusion parameters 

of salt ions are not calculated, but are given according to previous calculations, which means that the 

power of the ion flow and the time factor are not taken into account. 

Another study is dedicated to the hydrate decomposition as a result of the migration of salt 

drilling fluid into hydrate-bearing rocks (in the thawed state) [325]. According to the proposed 

calculation scheme, the phase equilibrium pressure and phase equilibrium temperature for hydrate-

bearing rocks satisfy the exponential function: 

𝑃𝑒𝑞 = 𝑒𝐴𝑇𝑒𝑞+𝐵 

The authors assume that drilling fluids consisting of sea water and may be comparable to a 

sodium chloride solution with a mass fraction of 0.03. 

𝐴 = 0.5212𝑤2 − 0.0609𝑤 + 0.1109 



75 

 

 

𝐵 = −119.76𝑤2 + 18.638𝑤 − 29.306 

Rate of hydrate dissociation connected with hydrate equilibrium pressure in the reservoirs: 

𝑑𝑐𝐻

𝑑𝑡
= 𝑘𝑑

0 ∙ 𝑒−
𝐸
𝑅𝑇 ∙ 𝐴ℎ𝑆 ∙ (𝑃𝑒𝑞 − 𝑃𝑔) = 𝑘𝑑

0 ∙ 𝑒−
𝐸
𝑅𝑇 ∙ √

𝜀3(𝑆𝑙 + 𝑆𝑔)
3

2𝑘
∙ (𝑃𝑒𝑞 − 𝑃𝑔) 

The porous medium conservation equations describe changes in mass and temperature per unit 

volume of the formation. Takes into account the porosity and properties of the porous medium: 

Gas phase                        
𝜕

𝜕𝑡
(𝜌𝑔𝑆𝑔𝜀) + ∇ ∙ (𝜌𝑔𝜈𝑔⃗⃗  ⃗) = −𝑥𝑔

𝑑𝑐𝐻

𝑑𝑡
 

Liquid phase                        
𝜕

𝜕𝑡
(𝜌𝑙𝑆𝑙𝜀) + ∇ ∙ (𝜌𝑙𝜈𝑙⃗⃗⃗  ) = −𝑥𝑙

𝑑𝑐𝐻

𝑑𝑡
 

Hydrate phase                   
𝜕

𝜕𝑡
(𝜌𝐻𝑆𝐻𝜀) =

𝑑𝑐𝐻

𝑑𝑡
 

Energy                      𝜌𝑒𝑓𝑓𝑐𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (𝜌𝑔𝜈𝑔⃗⃗  ⃗𝑐𝑝𝑔∆𝑇 + 𝜌𝑙𝜈𝑙⃗⃗⃗  𝑐𝑝𝑙∆𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) + �̇� 

Salts                              
𝜕

𝜕𝑡
(𝜌𝑆𝑆𝑆𝜀𝑤) + ∇ ∙ (𝜌𝑆𝜈𝑆⃗⃗  ⃗) = 0       

Methane is characterized by changing density and follows the equation of state for an ideal gas. 

∇ ∙ (𝜌𝑔𝜈𝑔⃗⃗  ⃗𝑐𝑝𝑔∆𝑇 + 𝜌𝑙𝜈𝑙⃗⃗⃗  𝑐𝑝𝑙∆𝑇) -  convective energy transfer initiated by gas migration. 

Salt migration can be described by the equation: 

𝜈𝑆⃗⃗  ⃗ = 𝑤𝜈𝑙⃗⃗⃗  − 𝐷𝑆∇𝑤 

Cohesion determines the hydrate-bearing sediment strength and it is related to hydrate content. 

𝐶 = 𝐶0(1 + 𝜓(𝑆𝐻 − 𝑆0)) 

This calculation scheme was proposed by Wei et al. with the following assumptions [325]: 

- The model is limited to 1 m from the wellbore; 

- 2D model; 

- External boundary conditions are the initial reservoir parameters; 

- Internal boundary conditions are downhole pressure and temperature. 
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Based on this model, the authors calculated the depth of dissociation of gas hydrate formations 

from the well during the penetration of saline [325]. 

In general, today there are practically no works on experimental modeling of the interaction of 

salt and drilling fluids with frozen hydrate-saturated rocks, just as there are no attempts to describe 

the process of such interaction and obtain diffusion characteristics, including through mathematical 

modeling. In this regard, setting up experimental modeling to study the mechanism and patterns of 

hydrate dissociation during interaction of frozen sediments and salt solution is of particular interest 

to ensure the safe and uninterrupted construction of exploration and production wells in the area of 

permafrost. 

Thus, today there is a lot of information about the processes of mass transfer in frozen 

sediments during their interaction with salt solutions, which creates good prerequisites for setting up 

special experimental studies to study the behavior of frozen hydrate-bearing rocks under saline 

conditions. The specificity of permafrost sediments: the presence of driving forces of moisture 

migration. At high negative temperatures, the migration flow of moisture has a significant effect on 

ions migration in finely dispersed sediments, which is typical for ions of light elements. 

Chapter 5. Method of experimental study of salt ions migration in hydrate-saturated 

sediments 

Series of experiments were conducted in order to study the mechanisms and dependences of 

methane hydrate dissociation in porous media of frozen sediments during their interaction with salt 

solutions at the range of negative temperatures (-3 … -20 °C) in equilibrium (at the pressure >2 MPa) 

and non-equilibrium (at a pressure from atmospheric - 0.1 MPa to 2 MPa) conditions. An experimental 

study on the interaction between salt solution and methane hydrate-saturated frozen sediments. Th 

experiments procedure is following: 
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1. Artificial hydrate saturation of frozen sediments samples; 

2. Determination of the initial parameters; 

3. Bringing frozen samples, containing methane hydrates, and salt solution into the contact; 

4. Assessment of the main characteristics change (changes in water, hydrate content and salt 

ions concentration) during the interaction between salt solution and hydrate-saturated frozen 

sediments, and determination of the main interaction parameters. 

 

5.1. Experimental setup and preparation technology of hydrate saturated sediments 

The technique for obtaining frozen hydrate saturated media included preparation of sediment 

samples with given water content, locating samples in the pressure cell, hermetic closure of the 

pressure cell and the creation of a vacuum, increase of the pressure up to the hydrate equilibrium 

values by the methane injection of CH4 [326,327].  

The sediments are saturated with hydrates using a special technique that allows samples of 

hydrates evenly distributed in the porous medium of the sediments to be obtained. The initial hydrate 

saturation of the sediment sample was carried out at a negative temperature of -4…-6°C. In order to 

increase the hydrate saturation of the sample, a heating-cooling cycle was made with the transition 

through 0°C. When the gas pressure is higher than the stable pressure, the thawing and freezing of 

the aqueous compound sample leads to the activation of the hydrate formation process and the 

increase of the overall hydrate saturation of the sample. The formation of natural gas hydrates 

happens on the pore ice surface, which inhibits the water transfer process and makes the natural gas 

hydrates evenly distributed in the sediment samples [327]. 

For artificial hydrate saturation of sediment media, a special pressure cell was used (Figure 16). 

Pressure cell volume is 419 cm3 and it was designed for pressures up to 20 MPa. 
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Figure 16. Equipment (pressure cell) for saturation of sediment by hydrate. 

Initially, sediment used for experimental modeling was saturated with a set water content 

(around 11-12%). Then wet sediment was placed in special perforated plastic containers of 

cylindrical shape, which height equals to 6-9 cm and diameter - 3 cm. Sediment samples in these 

plastic containers were then frozen for 1 day at temperatures of -6 ... -8 ° C to limit any potential 

migration of water, which can lead to the non-uniformed distribution of pore hydrate.  

Frozen sediments in plastic containers were then placed in the pressure cell. The pressure cell 

was able to fit from 5 to 7 perforated plastic containers with the studied frozen sediment. A steel 

cover was hermetically fastened to the body of the cell through a teflon gasket with studs, on which 

a pressure gauge with a division value of 0.05 MPa was used. After the pressure cell was sealed and 

depressurized, and cooled hydrate-forming gas (methane, volume fraction 99.98%, t=-6…-8оС) was 

supplied into the system. Then, the pressure cell with samples of frozen sediments is placed in a 

freezer. First, a cooling cycle (t= -10 °C) is set, lasting about 3-5 days, then a defrosting cycle (t=0 

... +1 °C), lasting about 1-2 days. Such a change of cycles is carried out 3-4 times. By transmission 

of the sediment samples through negative temperature by cycles the bigger amount of the residual 

ice, which was not transferred in the hydrate form before, was transited to form hydrate afterward. 
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Due to that, sufficient saturation with methane hydrate of the sediment porous media is achieved. 

Thus, the saturation of the studied frozen sediment samples with hydrate occurs within 2 weeks to a 

month. 

Afterward of the hydrate saturation, hydrate-containing samples were cooled to the temperature 

-6 ± 1 °C in the pressure cell. Meanwhile, the residual pore moisture, which did not transform into 

hydrate, freezes out. This approach makes it possible to obtain sediment samples with a high degree 

of pore filling with hydrates up to 60% or more [23]. Thus, several frozen hydrate-containing samples 

were obtained, which were in equilibrium conditions in the pressure cell. 

Thеn, gas pressure was reduced to the atmospheric (0.1 MPa) in the pressure cell at the negative 

temperature (6±1 ℃). Subsequently, part of the samples for experimental modeling at the 

atmospheric conditions were kept in a non-equilibrium state for about a day to stabilize the self-

preservation process. After that, the frozen hydrate-saturated sаmples wеre removed frоm thе 

prеssure cеll outside аt a negative tеmperature. Due to self-preservation effect at negative 

temperatures, the porous hydrate formations in a frozen state at a temperature of -6 ± 1 ° C had good 

preservation for a long time, during all time of the experiment (1-2 days and longer).  

Before the contact with salt solution, several characteristics for frozen hydrate-containing 

samples, including weight moisture (W, %), density (ρ, g/cm3), and specific gas content were 

obtained.  

The appearance of frozen hydrate-saturated sediments before the experiment is shown in Figure 

17. Subsequently, artificially saturated hydrate samples were used in experiments on interaction with 

salt solutions. 

djnic
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Figure 17. The appearance of frozen sand saturated with pore hydrate after extraction from the 

pressure cell. 

All obtained samples had similar characteristics (W=11-12%, n=35-40%, Kh=40-60%) and were 

used in the experiment as “twin” samples. Figure 18 shows an example of the distribution of water 

content, porosity, and amount of water in the hydrate form (hydrate coefficient) by intervals of 

obtained frozen hydrate saturated sediment samples. Water content by the length of the samples varies 

with a difference of around 1-2%, porosity – around 2-5%, and hydrate coefficient 5-7%. 

 

Figure 18. Distribution of water content, porosity, and hydrate coefficient by the length of frozen 

hydrate saturated sediment samples. 

After measuring the initial parameters, the hydrate-saturated frozen samples were brought into 

contact with the test saline solution at the end face under different thermobaric conditions. 
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5.2. Sediment characteristics used in experimental simulation 

For the experimental modeling, both model sediments (clean quartz sand and sand with the 

addition of clay particles of kaolinite or montmorillonite) and natural sediments are taken in the areas 

of gas manifestations. Parameters of gas emission here indirectly demonstrates their possible 

connection with natural porous hydrate [113,236]. Sediment characteristics are shown in Table 4.  

Table 4. Pаrticle sizе distributiоn, minеral cоmposition, аnd salinity of investigаted sеdiments. 

Sample 
Place of 

Sampling 

Size of Sediment Particles, % 
Minеralogy Salinity, % 

1 - 0.5 0.5 - 0.25 0.25 - 0.1 0.1 - 0.05 0.05 - 0.001 < 0.001 

Fine 

sаnd 1 

Moscow 

region 
6 7 80 2 3 2 >98% quartz 0.01 

Fine 

sand 2 

Moscow 

region 
0 2 80 17 1 0 >98% quartz 0.01 

Medium 

sand 

Moscow 

region 
0 63 25 11 1 0 >98% quartz 0.01 

Fine 

sand 3 

South 

Tambey gas 

field 

0 12 63 22 2 1 >98% quartz 0.11 

Sandy 

loam 

Laptev Sea, 

Buor-Khaya 
1 9 52 20 16 2 

54% quartz 

41% microcline + 

albite 

4% illitе 

0.4 

*Thе listеd minеral phаses hаve pеrcentages > 1% 

The determination of the mineral composition was carried out using an X-ray diffractometer 

(XRD) in the laboratory of sediment science and technical sediment reclamation of thе Dеpаrtmеnt 

of Еnginееring аnd Еcologicаl Gеology, Fаculty of Gеology, Lomonosov Moscow Stаtе Univеrsity. 

The granulometric composition was obtained by thе sieve mеthod. While composition аnd contеnt 

of wаtеr-solublе sаlts wаs defined by thе mеthod of wаtеr еxtrаcts on thе flаmе photomеtеr PFP-7 

(Jеnwаy) [328,329].  

The physical characteristics of the samples were determined according to GOST 5180-84 [330]. 

Fine sand-1, fine sand-2 and medium sand are represented by homogeneous quartz sand (quartz 

> 98%) of marine upper Jurassic genesis mJ3 with the predominance of 0.1-0.2 mm fraction (fine 
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sand-1 and fine sand-2 around 80%), and 0.2-0.5 mm (medium sand 63%). Fine sands of light yellow 

color, homogeneous, well sorted. Non-saline (salinity is 0.01%). The specific active surface is 0.6 

g/m2. The density of the solid component is 2.65 g/cm3.  

In addition, two sediments were obtained during drilling in permafrost area, where by indirect 

signs hydrate formation may exist, and they represented by: 

 Fine sand 4 is a marine deposit from the upper Pleistocene (mQIII
2-3). The sampling site 

is a permafrost zone close to the Sоuth Tаmbеy gаs cоndеnsate fiеld аt а thе dеpth оf 

32 - 35 m. Sand is light grey, well-sorted, homogeneous in grains, and composed of 

quartz (>98%). Characterized by predominance of 0.1-0.2 mm (63%), and also 0.1-0.05 

mm (22%) fraction. The density of the solid component is 2.68 g/cm3. Salinity is 0.11% 

presented mainly by sodium chloride composition. 

 Sandy loam, a polymineral of alluvial genesis from the Neopleistocene (aQII). It was 

extracted during drilling of the permafrost zone оf thе Аrctic shеlf in thе wеstern pаrt 

оf the Buor-Khaya Bay (Lаptev Seа), 17 km northeast of the island Muostakh, where 

рarameters of gas emission indirectly demonstrates their possible connection with 

natural hydrate existence [30,113,264,331,332]. The depth of sediment sampling is 43-

45 m. The sandy loam is light gray, and rounded, with the predominance of 0.1-0.2 mm 

fraction (52%), and 0.1-0.001 (36%). The mineral composition is dominated by quartz 

– 54%, microcline+albite – 41%, and illite – 4%. The density of the solid component is 

2.72 g/cm3. Salinity is 0.4% represented mainly by sodium chloride composition. 

Salinity in natural sediments was decreased to 0.1-0.05% by removing salts through washing 

with distilled water several times.  
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In addition to the described sediments, special model mixtures were prepared from fine sand-

2 and clay. As clay contaminants, kaolinite and montmorillonite were taken in different percentages 

(up to 15%):  

 Montmorillonite clay (eP2ogl) was sampled near the Dzembel train station, in 

Turkmenistan. It is presented with montmorillonite (94%), andesite (3%) and biotite 

(3%). 

 Kaolinite clay (eP2) was taken at the town Novokaolinoviy in the Chelyabinsk region. 

It is presented by kaolinite (92%), quartz (6%), and muscovite (2%). 

Described above model sediments and natural sediments of disturbed composition were used 

to form frozen hydrate-saturated sediment samples for experimental modeling. The sand was given 

a moisture content of about 11-12%. Cylindrical sediment samples were formed, about 10 cm long 

and 3 cm in diameter. 

 

5.3. Technique for studying the interaction of frozen hydrate-containing sediments with saline 

solutions in non-equilibrium and equilibrium conditions 

The study of salt migration processes in frozen hydrate-containing sediment was based on the 

experimental modeling of the interaction between salt solution and frozen hydrate-bearing sediment 

samples at the fixed temperature below zero and various pressures. Its procedure is following: 

1) frozen sediment samples were filled with water up to 12% and consequent preparation with 

a given water content (12%) and then saturated with methane hydrates in a special pressure cell; 

2) the saturated hydrate sample is frozen in a pressure chamber and transferred to a metastable 

state by reducing the pressure to atmospheric pressure at a negative temperature freezing hydrate-
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saturated samples in a pressure cell and transferring them to the metastable state by reducing the 

pressure to atmospheric at a negative temperature; 

3) frozen samples, saturated with hydrate, was extracted frоm thе prеssure cell, measuring the 

initial parameters (initial water content, density, initial hydrate coefficient Kh
in), and bringing them 

into the contact with a frozen NaCl solution in the state of salted ice at a constant negative 

temperature and various pressure conditions (below (<2МPа) or above (>2 MPa) equilibrium);  

4) monitoring the process of interaction between salt ice and frozen hydrate-containing samples 

in time. 

Thе technique for obtaining frozen hydrate-containing media is described in chapter 5.1. As a 

result of artificial hydrate dissociation of frozen sediments, 5-7 samples-twins were obtained with 

unified water content, porosity, and hydrate distribution.  

Afterwards, the gas pressure drops to 0.1 MPa at temperature -6 oC, transferring the frozen 

hydrate-bearing sediment samples into metastable conditions.  Frozen hydrate-saturated samples can 

maintain a sufficiently high hydrate content for a long time as a result of self-preservation effect 

manifestation. Then, the frozen saturated hydrate samples are removed from the prеssurе сеll at 

temperature below zero.  The sаmples hаd mаssive icе-hydrаte structurе, and the pore hydrate content 

is evenly distributed by the height of the sample. 

Subsequently, the pressure in the pressure cell, which was at a negative temperature, was 

dropped to 0.1 MPa, transferring frozen hydrate formations in sediment samples to the metastable 

state. Due to the self-preservation effect, frozen hydrate-saturated samples retained a sufficiently 

high hydrate content for a long time. Then the frozen hydrate-saturated samples were removed from 

the pressure cell to the outside at the negative temperature. The samples had massive ice–hydrate 

texture with pore hydrate contents uniformly distributed over the sample height [23,327]. 
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The initial petrophysical characteristics (moisture content, density, initial hydrate coefficient 

Kh
in) were determined for the obtained frozen hydrate-containing samples before their contact with 

the salt solution. The samples were characterized by a uniform distribution of the initial 

characteristics along with the height of the sample, as well as close values between the compared 

samples. Thus, the initial moisture content of the samples was within 11-12%, porosity 35-40%, 

density 1.8 g/cm3, initial hydrate coefficient Kh
in=0.4-0.6. Before and after the experiment on the 

interaction of hydrate-saturated sediment with a saline solution, a sample interacting with a saline 

solution was photographed. 

Experiments on the study of salt transfer in frozen sandy sediments containing porous gas 

hydrates were carried out at a temperature from -2.5 to -20 ℃ and pressures from atmospheric to 4 

MPa. The contacting solution was a NaCl with a concentration from 0.1 to 0.4N, and also with KCl, 

Na2SO4, CaCl2, MgCl2 solution with a concentration of 0.1 and 0.2 N. 

In the course of experimental modeling on the interaction between salt solution and frozen 

hydrate saturated samples at atmospheric pressure, thе samples were brought into contact with salt 

solution when the gas prеssure in the cеll was decreased to 0.1MPa and initial parameters were 

measured. Usually, around 5-7 samples were brought into the contact at the same time for 

comparison. Contact of the hydrate saturated frozen sample with the salt solution was made in a 

sealed container to prevent sublimation processes, and the entire setup was placed in a thermal box 

to maintain a constant negative temperature (Figure 19). During all experimental modeling under 

atmospheric pressure, the negative temperature was fixed (from 2.5 to -20oC). 

When studying the processes of salt transfer in frozen hydrate saturated sediment under gas 

pressure, hydrate – bearing frozen samples, after being brought into contact with salt ice, were again 

placed in a pressure cell. Then the gas pressure of methane increased to values below (from 0.1 to 
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2.5 MPa) or above equilibrium (from 2.5 to 4 MPa) for a given temperature condition (-4 or -6 °C). 

Then the installation was also placed in a thermal box (Figure 19). 

 

 Figure 19. Scheme of the installation for the interaction of frozen hydrate-saturated and non-hydrate-

saturated sediments with salt solutions under pressure. 

For comparison, experiments were also carried out with frozen samples that did not contain 

methane hydrates. At the same time, in experiments with frozen non-hydrate samples under gas 

pressure, nitrogen was used to prevent hydrate formation processes. 

At certain intervals of time from the start of the interaction, one of the hydrate-saturated sample 

twins was removed from the contact with salt solution at certain intervals of time from the start of 

the interaction. In experiments under pressure > 0.1 MPa, for this, the gas pressure was first released 

in the pressure chamber, after which it was opened, while under the atmospheric conditions this 

additional step was not required. For each sample, the number of parameters was determined that 

characterize the content of salts, moisture, and gas hydrate (through thе hydrate coefficient) along 

the length separately in 5-8-mm-thick layers of the samples. Two probes were taken from each 

interval: for water/salt content and hydrate content (with 2 repetitions). In parallel with frоzen 
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hydrаte-contаining sаmples, frоzen nоn-hydrаte-saturated sаmples were taken from thе contact with 

salt solutions under the same experimental conditions, and their analysis was made. 

Such interval analyses of the samples allows to follow the dynamics of salinization, 

dissociation of pore gas hydrates, and thawing in frоzen sеdiment samples under various thermobaric 

conditions, and to study different factors that influence the salt transfer process.  

Gas content was assessed by evaluating the gas volume, which was released (with 2-3 times 

duplicating) during thawing of sediment probes in sodium chloride solution. As a result, the released 

gas displaces a certain volume of water. A graduated and pre-calibrated glass tube was used to 

measure changes in water volumes. The latter was placed in a vessel filled with warm water. This 

tube was filled with water using a rubber bulb, after which the valve was closed and the initial level 

was recorded in the log. Then a probe of the studied hydrate containing sediment was placed under 

the expanded part of the tube, and as a result of gas release during the thawing of the hydrate-

containing sediment, the water level in the tube changed.  

For estimation of hydrate content through hydrate coefficient gained gas content values were 

used [327,333,334].  

Experimental modeling was aimed to study of dynamics of salt migration in frozen hydrate 

saturated sediments, and the influence of different factors on that process:  

1) thermobaric conditions – temperature from -2.5 to -20 oC, pressure from 0.1 to 4 MPa 

2) the concentration of the sаlt sоlution – frоm 0.1 tо 0.4 N 

3) composition of thе contact solution – NaCl, KCl, MgCl2, Na2SO4, CaCl2 

4) sediment composition – model finе sand of 0.1-0.2 mm fraction, model fine sаnd 0.2-0.5 

mm fraction, natural fine sаnd from South Tambey gas-condensate field, and natural sandy 

loam from the Arctic shelf, Buor-Khaya 
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5.4. Method of the temperature field change investigation during the contact of frozen hydrate 

saturated sediment with salt solution 

Method of study of the temperature field change during interaction of frozen hydrate saturated 

sediments with salt solution consists of the following steps: 

1) preparation of the sand sediments with defined water saturation in a special plastic container 

and freezing it; 

2) artificial hydrate saturation of frozen sediments in the pressure cell under high pressure and 

negative temperatures (-4…-6±1 oC); 

3) the pressure drop in the pressure cell, extraction of the hydrate saturated frozen sediment 

samples at negative temperature, and atmospheric pressure; 

4) measuring initial parameters of the frozen hydrate - bearing samples; 

5) inserting the temperature sensor into hydrate-saturated sand samples and bringing the 

samples into contact with the salt solution. 

Eхperimental modeling of the temperature field change during interaction of frozen hydrate 

saturated sediments with a salt solution at the atmospheric pressure and negative temperature (-6.5oC) 

was made using special temperature registration Kriolab Tbf system designed at the KrioLab LTD 

(Russia) equipped with the respective built-in software (Figure 20). It consists of a special thermal 

box for maintaining negative temperatures, thermal sensors (8 pieces, d=2.5 mm), and an automatic 

recording system, making temperature records with defined time intervals. In the frame of this work 

time interval of 10 seconds was chosen for a more precise register of the fast temperature drop during 

hydrate saturated sediments interaction with the salt solution. The temperature sensors were 

calibrated to a precision of ±0.05 оС alongside a special reference sensor in a liquid thermostat. The 

temperature in the freezing cell was programmed to a certain value (-6.5 oC) and maintained during 

whole experiment. Finally, the sensor through the termission chain and branch-box was connected 
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to the PC, and the software was set up for continuous acquisition. The measurements in a temperature 

field change were made whilst the frozen hydrate-saturated sediments interacted with the salt 

solution. The measurements were finished when the recorded temperature returned to its initial value 

and remained stabilized at that value. 

 
(a) (b) 

Figure 20. Scheme of Kriolab Tbf system for temperature field change investigation (a) and picture 

of the frozen hydrate saturated sand sample with temperature sensors (b). 1 - frozen hydrate-saturated 

sediment; 2 - solution container; 3 - NaCl solution; 4 - temperature sensors; 5 - thermistor streamer; 6 - 

branch box; 7 - fan; 8 - USB cable; 9 - PC with Kriolab Tbf software; 10 - cooling chamber. Modified after 

[309]. 

Model fine sand-2 was used for this investigation as an object of research. The studied sediment 

was saturated with distilled water up to 12%, then placed in special plastic perforated tubes of 5 cm 

diameter and around 8 cm length, and frozen. Prepared frozen samples were placed in the pressure 

cell (up to 2 samples per one experiment), sealed and depressurized, and methane (CH4 99.9% mole 

fraction) was added to the pressure of hydrate formation (>3 MPa). The model frozen sand was 

artificially saturated with hydrates for about 2 - 4 weeks. A more detailed description of the hydrate 

saturation process is given in chapter 5.1. After hydrate saturation, the frozen hydrate-saturated sand 

was transferred in metastable conditions by decreasing pressure below equilibrium at the negative 
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temperature (-6.5oC). Due to the self-preservation effect in frozen sediments hydrate can be 

preserved in the porous media for a long time without sufficient change in hydrate content.  

Then the main initial parameters of hydrate-saturated sand samples were measured (initial 

water content, density, hydrate coefficient). After that, 4 holes of 2.5mm diameter were drilled in 

each sample, up to a depth of 3cm in the direction of the center. The distance between temperature 

sensors is around 1.5 cm. Thus, sensors are located from the contact zone up to the top of the sample 

deep in the frozen hydrate saturated sediment, and register the temperature of the sample whilst the 

hydrate is dissociating as a result of salt migration. 

After placing the sensors, frozen hydrate-saturated frozen sand samples were brought into 

contact with NaCl salt solution at atmospheric pressure and a fixed negative temperature (-6.5°C). 

In parallel with hydrate-containing frozen samples, frozen non-hydrate-saturated samples were 

brought into contact with salt solutions under the same experimental conditions (Р=0.1MPa, t=-

6.5оС). 

Temperature registration was carried out from the beginning of the experiment on the 

interaction of a frozen sample with a salt solution to the stabilization of temperature conditions in 

the sample. The average duration of the experiment was about 5-9 hours. 

To compare the results against a baseline, a sample made of non-hydrate-saturated sediment 

sand was investigated under the same conditions and in the same way (P=0.1MPa, t=-6.5oC, 

Csol=0.1N). 

In addition to the study of the dynamic of the temperature field change in frozen hydrate 

saturated and frozen non-hydrate saturated sediment as a result of salt migration, different contact 

solution concentration was tested (from 0.1 to 1 N). 
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5.5. Method for assessing the salt content in sediment samples  

Over the course of the experimental modelling, samples of saline sand were obtained after the 

interaction of frozen hydrate-saturated sediment with saline solutions. It was necessary to check the 

salt content to assess dependences of salt migration in frozen hydrate-bearing sediments. Nowadays, 

there is a problem of a rather high cost of chemical analysis of sediment samples for the content of 

ions of water-soluble salts, among which one of the most applicable are atomic adsorption and flame 

photometric methods. In addition, these methods use aqueous extracts of salts, which requires long-

term sample preparation, and dilution of concentrations is used, which can lead to inaccurate results 

and additional errors. In this regard, within the framework of this work, a new method was proposed 

for determining the concentration of salts in a certain range of moisture and concentrations through 

the activity of pore moisture. 

Thus, the measurement of the content of Na+ cations in the course of experiments during the 

interaction of frozen hydrate-containing sand with NaCl salt solution was carried out by the method 

of water extracts using a flame photometer, a conductometer, as well as by a specially developed 

method for determining the concentration of salts through the activity of pore moisture 

(potentiometric method). 

The samples on which moisture content was determined were subsequently (before drying, 

right after the experiment) used for the interval determination of the salt ions content that migrated 

from the contact saline solution.  

One way the analysis of ion concentration was carried out was using the method of water 

extraction of water-soluble salts using a MARK 603 conductometer. The measurement error of the 

conductometer was checked on standard solutions of NaCl salts in the concentration range from 

0.02% to 0.1%, which corresponds to the range of NaCl concentration in the studied water extracts. 
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The accuracy of determining the concentration of Na+ ions using a conductometer in the samples 

under study was 0.1 ± 0.05 mg-EQ/100 g. 

 Another method, a newly proposed one, was based on the measurement of the water potential 

(activity). Pore moisture activity is the ratio of the vapor pressure of water over a given material to 

the vapor pressure of pure water at the same temperature. First of all, it was found that the moisture 

content in a certain moisture range does not affect the activity of pore moisture (Figure 21). 

 

Figure 21. The water activity of non-saline sand at the various water content. 

Therefore, any change in the pore moisture activity value in a given moisture range will be 

determined solely by the salt content in the studied sand samples. To further test this theory, and to 

identify empirical dependencies, sand samples with a given salinity (% of salts to a dry sample of 

sand) were prepared and their activity was studied depending on moisture content. Based on the 

measurement results, graphs of the distribution of pore moisture activity against salinity for several 

values of moisture (10, 12, 15, and 20%) (Figure 22а), as well as graph of the concentration of salts 

in the pore moisture against activity was plotted (Figure 22b). 
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Figure 22. Distribution of pore moisture activity from sand salinity (a) and salt concentration in pore 

moisture (b). 

It should be noted that when recalculating the salt concentration from salinity to concentration 

per pore moisture, all obtained values of the pore moisture activity gave a linear dependence. The 

results showed a high correlation between the activity of pore moisture and the concentration of salts 

in sand samples. The correlation coefficient was 0.9963. 

In addition, the dependence of activity on the concentration of salts in the solution (outside the 

pore space) was tested using the HydraFlash program. This software allows allows the determination 
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of the activity for salt solutions but is unable to determine the concentration of salts through activity. 

Therefore, this dependence was obtained through data analysis "salt concentrationactivity" using 

the program Excel (Figure 23). 

 

Figure 23. The water activity from NaCl concentration in water solution (HydraFlash). 

A linear dependence of moisture activity on the concentration of salts in the solution was also 

obtained. 

To finally confirm the theory and establish the limitations and accuracy of the method, the salt 

concentration in sand samples was assessed after the contact of frozen hydrate-saturated sediment 

with saline by two methods through water extracts: conductometric and flame photometric, followed 

by the comparison of the results with each other. The results showed a high dependence (correlation 

coefficient 0.9984) between the methods (Figure 24), which makes it possible to compare the 

proposed potentiometric method with one of the methods of aqueous salt extracts. 
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Figure 24. Comparison of the measurement results of the Na+ concentration by a flame photometer 

and a conductometer. 

To analyze the accuracy and limitations of the potentiometric method, we compared the results 

of measurements of the activity of pore moisture on sand samples with a given salinity and samples 

of saline sand after experimental modeling with data from a conductometer, which made it possible 

to identify an empirical equation for calculating the salt concentration (mg-EQ/100 g) through 

activity (Figure 25). 

 

Figure 25. Pore moisture activity versus Na+ ion concentration. 
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Thus, the procedure for calculating salt concentration through water activity consists of the 

following steps: 

1) Obtaining the parameters of the activity of pore moisture of soil samples on the WP4C device 

2) Calculation of salt concentration in pore moisture through empirical dependence (С𝑤,  %): 

С𝑤 = −2209.5 ∗ а + 2209.7 

where а – water activity, u.f. 

3) Calculation of the percentage concentration of salt in relation to a dry sample of sand 

(С𝑠,  %): 

𝑚𝑠𝑎𝑙𝑡 = С𝑤 ∗ 𝑚𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = С𝑤 ∗ (𝑚𝑤𝑒𝑡 𝑠𝑒𝑑 − 𝑚𝑑𝑟𝑦 𝑠𝑒𝑑) 

С𝑠[%] =
𝑚𝑠𝑎𝑙𝑡

𝑚𝑑𝑟𝑦 𝑠𝑒𝑑
=

С𝑤 ∗ (𝑚𝑤𝑒𝑡 𝑠𝑒𝑑 − 𝑚𝑑𝑟𝑦 𝑠𝑒𝑑)

𝑚𝑑𝑟𝑦 𝑠𝑒𝑑
 

4) Conversion to standard concentration units – mg-EQ / 100 g by sodium ion: 

С𝑠[
𝑚𝑔 ∗ 𝐸𝑄

100𝑔
] =

С𝑠[%]

0,023
 

The proposed method has several advantages: 

1) No need for special sample preparation. The WP4C can measure pore moisture 

activity even at low sample weights. Only 1-2 g of sample is sufficient for measurements; 

2) Relatively high measurement accuracy: +- 0.5 mg-EQ/100 g (+-0.1%); 

3) Direct measurement method without dilution. Due to the absence of additional 

manipulations with the sand sample, the measurement error is reduced solely to the 

instrumental error of the device, which is + -0.0004; 

4) Cheapness. The instrument for determining the activity is much cheaper than the 

equipment used in atomic absorption analysis or flame photometry. 
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The method has a number of limitations: 

1) Applicable in the concentration range from 0.02 to 5% in terms of pore moisture; 

2) Method accuracy +-0.1%; 

3) Mainly applicable to sandy sediments. 

 

5.6. Processing of the experimental data 

For all samples during processing, initial characteristics (before the start of the experiment) and 

residual characteristics for the selected intervals (after the experiment) were obtained. 

Processing of experimental data related to the study of the kinetics of gas release from frozen 

hydrate-containing sediment samples when interacting with salt solutions was carried out in the 

following order: 

The moisture content (W) of the samples was determined by the gravimetric method [328]: 

W=((mwet sed - mdry sed)/ mwet sed) ∙100%, (%.), where mwet sed – mass of the wet thawed sediment 

after the experiment, mdry sed – dry sediment mass. 

Density (ρ) determined by the method of geometric measurement:  

ρ = m / V, (g/cm3), where m– mass of the frozen hydrate saturated sediment sample, V– volume 

of the sediment sample. 

Calculation of the density of the sediment skeleton (ρd) was made according to the formula:  

ρd = ρ / (1 + W), (g/cm3), where ρ – sediment density, W – gravimetric water content. 

Defining volume water content (Wvol):  

Wvol = ρd ∙ W, (%), where ρd – density of sediment skeleton, W – gravimetric water content. 

Calculation of porosity (n):  
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n = (ρs  - ρd) / ρs, (u.f.), where ρs – density of solid particles of sediment, ρd – density of sediment 

skeleton. 

Then, the initial specific gas content (g) of the hydrate-containing sample and the residual 

specific gas content, both calculated by the formula: 

g = (V2 – V1) * T / msam (cm3/g), 

where (V2 – V1) – change of the water volume in the glass gas collecting tube (cm3); T – 

temperature correction; msam  – mass of the sediment sample (g).  

Based on the obtained values of specific gas content, the proportion of gas hydrate inclusions 

located in the pore space of frozen samples was quantitatively determined - weight hydrate content 

(Н): 

Н = (mH / msam) * 100%, (%) 

The degree of filling the pores with ice (Si) was calculated by the formula:  

Si = Wvol / (0.92∙n), (u.f.), 

where Wvol – volume water content, n – porosity. 

Based on the data obtained, the initial and residual hydrate coefficient (Kh) was calculated for 

the intervals - the proportion of pore water that passed into hydrate from the total amount of water 

in the sample. 

Кh = Wh / W, (u.f.), 

where Wh – the amount of moisture that has passed into the hydrate (% in relation to the mass 

of the dry sample), W – weight water content of the sample (%).  

Volumetric hydrate content (Hv) was defined by the formula: 

Hv = Н∙ρ / ρН, (%), 

where ρ – sediment density (g/cm3), ρН – hydrate density (g/cm3) and methane hydrate density 

equal 0.9 g/cm3. 
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Knowing the volumetric hydrate content, it is possible to determine the degree of pore filling 

with hydrate – hydrate saturation: 

Sh = Hv / n, (%) 

Volumetric ice saturation (Iv) was calculated by the formula: 

Iv = (W – Wh) / ρл * 100%, (%), 

where ρi – ice density (g/cm3), equals 0.9 g/cm3.  

To calculate the parameters of the hydrate content of sediment, the coordination number for 

methane hydrate was used 5.9 [335]. 

The change in the flow of Na+ ions through the cross section of a frozen hydrate-containing 

sample was also calculated (J, mol/m2*sec): 

𝐽 =
𝑣

𝑆 ∗ 𝑡
 

where S – sample cross-sectional area, m2; t is the salt migration time, sec; ν= m/23, m is the 

mass of sodium ions, g; 23 – atomic mass of sodium, g/mol. 

The result of processing the experimental data obtained are graphs of changes in the 

concentration of salt ions along the height of the sample (C, mg * EQ / 100 g) and the hydrate 

coefficient (Kh, u.f.). Also, considering the results of temperature measurements, graphs of changes 

in the temperature field over time were plotted. 

 

Chapter 6. Mechanism and dynamics of salt transfer processes in hydrate-bearing 

sediments  

Experimental modeling of the dynamics of hydrate saturated frozen sediments with the salt 

solution was carried out on the fine sand-1. The prepared sediment samples had an initial moisture 

content of 12%. After hydrate saturation, the frozen samples were removed from the pressure cell at 
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a low negative temperature (-6 ± 1°C) under the atmospheric pressure. Due to the self-preservation 

effect, the frozen hydrate saturated samples were well preserved during the whole experiment (2-3 

days). The fraction of pore moisture converted to hydrate (Kh) was 0.6. 

Typical characteristics of frozen samples containing conserved gas hydrates are presented in 

Table 5. 

Table 5. Main initial characteristics of frozen hydrate-containing sand samples. 

Sediment W,% Density, g/cm3 Porosity, u.f. Si,% Kh 

Fine sand-1 12 1.69 0.39 47 0.6 

Then the frozen hydrate-containing samples at a negative temperature (-6 ± 1°C) were brought 

into contact with a 0.2N NaCl solution previously cooled to the experimental temperature. 

At the end of the experiment, for the samples interacting with the salt solution, layer-by-layer 

determination of the parameters of water content, gas, and salt content was carried out. 

 

6.1. Influence of hydrate presence on the salt migration in frozen sediments 

Experimental modeling of the interaction of hydrate saturated frozen sediment with the cooled 

(frozen) salt solution shows that active diffusion of salt ions into the sand sample occurs, which 

resulted in salinization of the frozen sample and dissociation of methane hydrate in porous media 

[31]. 

To identify the effect of the hydrate component of frozen sediments on the process of the salt 

migration occurring during the interaction of saline solution with hydrate-containing samples was 

compared to the salt migration involving samples, where the hydrate was absent, with the salt 

solution under equilibrium pressure (2.5 MPa) and non-equilibrium pressures (0.1 MPa) at the 

constant negative temperature (-6±1 ° C). It was found that the migration of salt ions into a frozen 
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hydrate-containing sample occurs more intensively than in a sample without hydrates. This 

dependence is observed both at non – equilibrium pressure under conditions of hydrate self-

preservation (0.1 MPa) and at pressures above equilibrium (2.5 MPa) (Figure 26).  

As a result, at atmospheric pressure, Na+ ions penetrated deep into the sample from the contact 

zone to 5.3 cm in a frozen hydrate-containing sample, whilst the penetration of salts did not exceed 

2.6 cm in the frozen non-hydrate-containing sample after 4 hours from the start of interaction with 

0.2 N NaCl solution (Figure 26). At the same time, the total accumulation of salts in a frozen sample 

that did not contain hydrates was significantly lower than in a sample saturated with hydrate. An 

experiment at a pressure above equilibrium (2.5 MPa) demonstrates a similar dependence but differs 

in a lower intensity of salt accumulation (Figure 26). Thus, Na+ ions penetrated to a depth of 3.6 cm 

in a frozen hydrate-containing sample, while in a frozen non-hydrate-containing sample only by 2.2 

cm after 4 hours from the onset of interaction. 

 

Figure 26. Effect of gas pressure on the accumulation of salt ions (Na+) in frozen sand (fine sand -1) 

samples (W=12%) containing (solid line) and not containing (dashed line) gas hydrates 4 hours after 

interaction with 0.2 N NaCl solution ( t=-6 oC). 
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Thus, it can be observed, that gas pressure has a strong influence on the salt migration in 

hydrate saturated frozen sediments, while in frozen non-hydrate saturated sediments pressure barely 

has an effect on salt accumulation almost does not affect salt accumulation. 

For the studied samples, the average Na+ flux (J, mol/cm2·sec) was calculated for different gas 

pressure conditions and fixed temperature (-6 oC) (Table 6). Results of calculation demonstrate that 

salt flow is less in non-hydrate samples and barely depends on pressure (equals 1.2-1.7·10-10 

mol/cm2). While the flow in hydrate saturated samples under atmospheric pressure is more than twice 

higher and reaches 5·10-10 mol/cm2·sec. However, at the stable pressure (2.5 MPa) average Na+ flux 

is just slightly higher than flow in the frozen non-hydrate bearing sediments and equals 1.9·10-10 

mol/cm2 at a pressure 2.5 MPa.  

Table 6. Average Na+ flux in frozen sand (fine sand-1) under the equilibrium (2.5 MPa) and non-

equilibrium (0.1 MPa) pressure (4 hours of interaction with 0.2N NaCl solution at -6 oC). 

Pressure Sample 
Average Na+ flux 

J·10-10, mol/cm2·sec 

0.1 MPa 

non-hydrate 1.2 

hydrate 5 

2.5 MPa 

non-hydrate 1.7 

hydrate 1.9 

The specificity of salt migration in frozen hydrate-containing sediments is due to the presence 

of not only the process of ice melting but also the dissociation of pore gas hydrate with the formation 

of a liquid phase of water and the release of large volumes of methane. When gas is released, the 

structure of gas hydrate formations also loosens, and formed moisture becomes gas-saturated. The 

greater the content of the liquid phase – the more active the salt migration, therefore, the higher the 
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diffusion coefficient. In addition, the absorption of ions through gas-saturated pore water also 

promotes higher salt flow to pass through hydrate saturated frozen sediment. 

Therefore, salt migration is more active in hydrate - containing sediments at atmospheric 

pressure. Moreover, if salt migration in frozen non-hydrate-containing sediments does not depends 

on the pressure, in the case of frozen hydrate containing sediment there is a much higher flow of salts 

at the non-equilibrium pressure. When pressure is changed from equilibrium to non-equilibrium the 

average density flow rises more than 2 times.  

 

6.2. The interaction of frozen hydrate saturated frozen sediments with salt solutions in time 

Interaction of hydrate saturated sediments with NaCl (concentration 0.1N) was studied during 

different time period (3.9, 17.5, 25.5 and 28.8 hours after the start of interaction) at a constant 

negative temperature (-6±1oC) and pressure (0.1 MPa). It was observed that there is a direct 

dependence between salts accumulation and hydrate dissociation. So, when salts migrate from the 

zone of contact, hydrate start to dissociate in the same direction – from the zone of contact.  

Figure 27 shows the accumulation of Na+ ions (A) and the amount of pore water in hydrate 

form (hydrate coefficient) (B) in frozen samples containing preserved (metastable) hydrate at 

atmospheric pressure after contact with a frozen NaCl solution with a concentration of 0.1N at 

different times. After 4 hours, the salts penetrated to a depth of 2.3 cm, and the maximum 

concentration increased from 0.1 to 0.7 mg-EQ/100 g in the contact zone. After 29 hours, the 

accumulation of salts was recorded at a distance of 5 cm from the contact area with maximum value 

of concentration 1.6 mg-EQ/100 g.  
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Figure 27. Accumulation of Na+ ions (A) and changes in the hydrate coefficient (B) in samples of 

frozen hydrate-containing sand-1 (Kh
in = 0.6, W=12%) at different times after interaction with NaCl solution 

0.1 N (P=0.1 MPa, t=-6 °C). 

Joint analyses of the salt distribution (Figure 27A) and hydrate coefficient (Кh) by the height 

of the sample (Figure 27B) shows, that the salinity value determines the residual content of methane 

hydrate in porous media. In the initial state (before the contact with the solution) for sand samples 

(fine sand-1), about 60% of the pore moisture was in the hydrate form initially. In the process of 

unilateral salinization, there was a decrease in the proportion of pore moisture in the hydrate form 

(Kh), and the appearance of a front of complete hydrate decomposition (Figure 27B). This way, after 

4 hours of interaction hydrate completely decomposed within 1 cm from the contact with salt 

solution, while after 29 hours no residual hydrate was observed within 4 cm. 
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In this case, it is possible to distinguish a certain critical content of salt ions in sand samples, 

which causes complete gas hydrate decomposition in the sediments (Ccr, mg-EQ/100 g). Under given 

conditions (temperature ‒6℃ and concentration of NaCl contact solution 0.1 N) in sediment samples 

(fine sand 1), the critical value of salt accumulation was about 0.7-0.8 mg-EQ/100 g. 

During the process of salt migration in a frozen hydrate-containing sample, a thawing front can 

also occur in addition to the decomposition front of pore hydrates, when the accumulated salt ions 

completely transfer the pore ice into water. In Figure 28 the movement of two fronts is shown: 

hydrate decomposition and thawing boundary.  

 

Figure 28. Experimental evaluation of the decomposition front of porous gas hydrates and the thawing 

front in frozen hydrate-containing sand samples (sand-1, W = 12%) when interacting with 0.1 N NaCl salt 

solution at a temperature -6℃ and pressure 0.1MPa. 

The pore hydrate decomposition front is ahead of the thawing front since thawing requires a 

higher value of salt accumulation in the frozen sample. This way, after 4 hours of interaction hydrate 

dissociation reached 1 cm from the contact with salt solution, while the thawing boundary was not 

registered at all. Only after 17.5 hours thawing front reached 1 cm, while the hydrate dissociation 

front at that time was already 2 cm from the contact with 0.1 NaCl solution at -6oC and pressure 0.1 
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MPa. Moreover, with time the difference between fronts became bigger. That is, the critical 

concentration of pore hydrate dissociation is lower than the critical concentration of thawing and is 

about 0.7 mg-EQ/100 g and 1.5 mg-EQ/100 g, respectively. Thus, the thawing critical concentration 

is 2 times higher than hydrate dissociation Ccr in the porous media of the studied model sand. 

The thaw front in the sample is well fixed by the characteristic color distribution of the sample 

(Figure 29). Additionally, it was evaluated using a special probe-needle. 

 

Figure 29. The appearance of frozen sand samples (fine sand 4, W=12%) before (A) and after 

interaction (B) with 0.1 NaCl solution at -6°C.  

In addition, the average Na+ flux was calculated in time based on the data of salt ions 

concentration in the frozen hydrate saturated sediments. The Na+ flux in the first 5 hours is 2·10-10 

mol/cm2·s, with time the flux decreases, and after 30 hours it decreases to values of about 0.2·10-10 

mol/cm2·s, so 10 times less than at the beginning of the interaction. 
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Figure 30. Average Na+ flux change in time during interaction of frozen hydrate saturated sediment 

(fine sand-1) with NaCl solution of 0.1N at -6 oC and 0.1 MPa. 

The presented experimental data on the interaction of frozen hydrate-containing sediments with 

salt solutions showed that the processes of salt ions migration in frozen hydrate saturated sediment 

can occur more intensively compared to frozen sediments that do not contain hydrates. That is 

apparently associated with the processes of dissociation of pore hydrate and the appearance of a 

liquid phase of water. Accumulation of salts causes active hydrate dissociation in porous media, so 

the concentration of ions defines residual hydrate content and it is possible to define the critical 

concentration of complete hydrate dissociation (Ccr). Salt migration contributes to the formation of 

two fronts: the gas hydrate dissociation front and the thawing front, while the dissociation front is 

ahead of the thawing front of a frozen hydrate-containing sample.  

 

6.3. Temperature changes as a result of salt migration in frozen hydrate-saturated sediments 

As shown earlier, when frozen hydrate-saturated sediments interact with a cooled (frozen) saline 

solution, active diffusion of salt ions occurs into these samples, resulting in salinization of the frozen 
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sample.  When a certain critical value of salt concentration in a frozen hydrate-containing sample was 

reached, the hydrate dissociation front was formed. 

The process of salinization of a frozen hydrate-containing sample, as well as a frozen non-

hydrate-saturated sample, is associated with a temperature decrease since the methane hydrate 

dissociation and the ice melting under the influence of salts is an endothermic process. Given that the 

enthalpy of hydrate dissociation is 1.5 times higher than the amount of heat required to melt ice, a 

more significant decrease in temperature can be expected in a hydrate-containing sample compared to 

non-hydrate-containing one during their interaction with a salt solution. Experimental data on the 

dynamics of temperature change over time close to the contact area (2.5 cm from contact with NaCl 

0.4N saline solution) in frozen sand samples (fine sand-2), saturated and not saturated with hydrates, 

confirm this (Figure 31). 

In these experiments, samples (fine sand-2) were used, which had an initial moisture content of 

12%, and porosity of the order of 38-40%. At the same time, the saturation of the pore space with ice 

in a non-hydrate-containing frozen sample was 50%, and in a hydrate-containing one with a total 

degree of pore filling of 53%, the saturation with hydrate was 35% (Table 7). 

Table 7. Frozen non-hydrate saturated (sample 1) and hydrate saturated (sample 2) fine sand -2 initial 

characteristics.  

Sample 
Water 

content, % 

Density, 

g/cm3 

Porosity, 

% 

Degree of pore 

filling with ice, % 

Degree of pore filling 

with hydrate, % 

1 12 1.8 40 50 0 

2 12 1.85 38 18 35 

 

As follows from Figure 31, a decrease in temperature in the samples (fine sand-2) is recorded 

almost immediately after being brought into contact with a saline solution. However, the temperature 
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reaches its minimum value at a distance of 2.5 cm from the contact area in a frozen sample after 0.7 

h, and in a hydrate-containing sample only after 1 h. At the same time, the value of temperature 

decrease in the hydrate-containing sample is 0.6°C and only 0.2 oC in the frozen one. The rate of 

temperature decrease after bringing a frozen non-hydrate-containing sample into contact with a saline 

solution was 0.4 °C/h; for hydrate samples, 0.6 °C/h. 

After the temperature decrease in the samples, its gradual increase to the initial value of -6.5°C is 

observed, which is achieved in the hydrate-containing sand sample after 5 hours, and in the frozen 

one - after 3.7 hours. 

 

Figure 31. Dynamics of temperature change in time in the near-contact area (2.5 cm from the contact) 

in frozen sand samples (fine sand-2) interacting with 0.4 N saline solution at atmospheric pressure: 1 – non-

hydrate-containing frozen sample (dotted line); 2 - hydrate-containing (solid line); 3 - initial temperature (tin) 

-6.5 oC (dashed line). 

The temperature distribution along the length of a frozen sample containing and not containing 

pore hydrates at a fixed point in time (0.6 h after the start of contact with the salt solution) can be 

traced in Figure 32. As follows from the obtained data, at the time point of 0.6 hours after the start of 

the interaction of fine sand-2 with 0.4N NaCl solution at an initial temperature of -6.5°C, a regular 
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decrease in the temperature deviation from the initial value is observed with distance from the contact 

area. This deviation in frozen non-hydrate bearing sand is much less than in frozen hydrate-bearing 

sample. For a sample containing hydrates, a temperature deviation is registered along the entire length 

of the hydrate saturated frozen sample in contrast to a non-hydrate-containing sample, where 

temperature decrease was observed only in the area closest to the contact with salt solution (fine sand-

2). 

 

Figure 32. Temperature distribution along the length of a frozen sample (fine sand-2), not containing 

(1) and containing gas hydrate (2) after 0.6 h of interaction with 0.4 N. NaCl solution at atmospheric 

pressure. The dotted line - 3 shows the initial temperature tin= -6.5°C. 

Figure 33 demonstrates the temperature dynamics of a frozen hydrate-containing sample (fine 

sand-2) overtime at different distances from the area of contact with 1N NaCl solution. In the initial 

state, both the frozen hydrate-containing sample and the solution had a temperature of -6.5 °C. After 

bringing them into contact, a regular decrease in temperature in the sample was observed. This was 

fixed at different distances from the contact area. The temperature decrease in the sample relative to 

the initial value (-6.5 °C) reached 1.9 °C. At the same time, at different distances from the contact 

area, this decrease shifted in time. So, at a distance of 2.5 cm from the contact (value for 1 sensor), 
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the minimum temperature (-8.3 °C) was reached 20 minutes after contact with saline solution, and at 

a distance of 7 cm, this temperature decrease was recorded after 35 minutes. At the same time, there 

was some delay in the start of sample cooling depending on the distance from the contact area, while 

the general cooling rate at different intervals remained almost the same (0.08-0.1 degrees per minute). 

After reaching the minimum temperature value in each interval, a gradual increase in temperature to 

the initial values (-6.5°C) was observed. Moreover, after 3 hours after the start of the interaction, the 

difference in temperature between the intervals was practically not observed, although later in the 

sample a gradual increase in temperature continued. 

 

Figure 33. Dynamics of temperature change in time in a frozen hydrate-containing sample (Sh
in=38%, 

Si
in =15%) on the distance 2.5; 3.5; 5.5 and 7.0 cm from the contact zone with 1 N NaCl solution (tin= -6.5 oC, 

P=0.1 MPa).  

The temperature distribution along the height of a frozen hydrate-containing sample (fine sand-

2) at various times after the interaction of a frozen hydrate-containing sample with NaCl (1 N) salt 

solution at the cooling stage can be seen on Figure 34. Prior to contact with the saline solution, the 

temperature of the sample practically did not change and was equal to -6.5°C. After the frozen sample 

was brought into contact with saline solution, a decrease in temperature was observed within a minute 
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at a distance of 2.5 cm from the contact with the saline solution (𝛥t=1 °C). At the same time, at a 

distance of 3.5 cm or more, the temperature remained the same (-6.5°C). After 4 min, a decrease in 

temperature was recorded to a depth of 5.5 cm from the contact area, and after 8 min, a change in 

temperature was observed throughout the whole sample. At the same time, at a depth of 2.5 cm, the 

temperature reduced by 1.8°C, and the temperature gradient along the length of the sample reached 

0.4 °C/cm. Subsequently, the temperature in the sample was equalized (fine sand-2) by stabilizing the 

temperature near the contact and lowering the temperature away from the contact area. As a result, 

after 30 min, the temperature distribution in the observed region (from 2.5 to 7 cm) was almost linear. 

The temperature of the sample varied within -8.2... -8.4 °C. Then, a gradual increase in the temperature 

of the sample was observed, primarily from the side of the area adjacent to the contact with the salt 

solution. So, one hour after the interaction of a frozen hydrate-saturated sample (fine sand-2) with a 

saline solution, the temperature at a depth of 2.5 cm increased by 0.3 °C from the minimum value (at 

a time point of 30 min), and at a depth of 7 cm it practically did not change (Figure 34). 

Thus, when a cooled salt solution interacts with a frozen hydrate-containing sample (fine sand-

2), a cold wave arises due to the dissociation of pore gas hydrate caused by salt migration. As a result, 

a decrease in temperature along the length of the sample (by 1.8 °C) can be observed. After completion 

of the hydrate dissociation process, a gradual increase in temperature takes place, which begins 

primarily in the interval of the sample adjacent to the area of contact with the salt solution.  
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Figure 34. Change in the temperature distribution along the length of the frozen hydrate-saturated 

sample fine sand-2 (Sh
in=41%, Si

in =12%) at the stage of cooling in the first hour of interaction with 1 N NaCl 

solution (tin=-6.5 oC, P=0.1MPa). 

The intensity of the temperature decrease of a frozen hydrate-saturated sample (fine sand-2) upon 

contact with a saline solution strongly depends on the concentration of the contact solution. In the 

course of the experiments, the influence of various NaCl solution concentrations (0.2, 0.4, 0.6, 1 N) 

on the temperature change of frozen hydrate saturated fine sand-2 dynamics was studied. Table 8 

shows the initial characteristics of the studied samples, which were used to assess the effect of contact 

solutions. The saturation of the pore space of frozen samples with gas hydrate ranged from 35 to 41% 

and saturation with ice from 11 to 18%. 

Table 8. Initial characteristics of the frozen hydrate-saturated fine sand-2 samples before the contact 

with NaCl solution of different concentrations. 

Solution, 

N 
Sample 

Water 

content, % 

Density, 

g/cm3 

Porosity, 

% 

Ice saturation, 

% 

Hydrate 

saturation, % 

0.2 1 12 1.8 40 12 41 

0.4 2 12 1.85 38 18 35 
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0.6 3 12 1.79 39 11 40 

1 4 12 1.83 38 15 38 

 

A plot of experimental data illustrating the temperature change of frozen hydrate-saturated sand 

in time when it comes into the contact with a NaCl solution of various concentrations are shown in 

Figure 35. 

 

Figure 35. Dynamics of temperature changes in time of frozen hydrate-containing samples (fine sand-

2) in the near-contact area (2.5 cm from the contact) interacting with NaCl solution of various concentrations 

(0.2-1N) (tin= -6.5оС, P=0.1 MPa). 

As follows from the obtained data, the magnitude of the decrease in temperature in the studied 

samples (fine sand-2) depends on the concentration of the contact solution. With an increase in the 

concentration of the contact solution from 0.1 to 1 N, the temperature decrease in the near-contact 

region (2.5 cm) changed from 0.3°C to 1.9°C. In addition, the time to reach the minimum temperature 

was reduced from 1 hour to 15 minutes (Figure 35). 

A more significant decrease in the temperature of a frozen hydrate-containing sample (fine sand-

2) with an increase in the concentration of the interacting solution is associated with an increase in the 
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rate of gas hydrate dissociation in the pore space of sediments. Dependence of the maximum decrease 

in temperature during the interaction of a frozen hydrate-containing sample (fine sand-2) with a saline 

solution (𝛥t) on the concentration of the contact solution (t in=-6.5oC, p=0.1МPа) is presented on 

Figure 36.  

 

Figure 36. Influence of the contact solution concentration on the maximum temperature drop (𝛥t=tin-

tmin) in frozen hydrate saturated fine sand-2 (Сsol from 0.1 to 1 N, tin= -6.5оС, P=0.1 МPа). 

At a concentration of NaCl contact solution of 0.1 N, the decrease in temperature was only 0.1 

oC. In addition, with an increase in the concentration of the solution to 1 N, the decrease in the 

temperature reached 2 oC. Thus, with an increase in the concentration of the contact solution from 0.1 

to 1 N, the decrease in the temperature of a frozen hydrate-saturated sand sample increases by a factor 

of 20. 

It should be noted that with an increase in the concentration of the contact solution, there is a 

significant increase in the rate of temperature decrease (Vt, oC/hour) (Figure 37). Thus, at a contact 

solution concentration of 0.1 N, the rate of temperature decrease in a frozen hydrate-containing sample 

(fine sand-2) caused by salinity was 0.4 °C/h, and at a contact solution concentration of 1 N it 

increased to 4.7 °C/h, which is more than 10 times higher than in contact with 0.1 N solution. 
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Figure 37. Influence of contact solution concentration on the rate of temperature decrease (Vt) of 

frozen hydrate-saturated fine sand-2 (Сsol from 0.1 to 1 N, tin= -6.5оС, P=0.1 МPа). 

The time of the sample temperature recovery to its original value (equals to the surrounding 

temperature -6.5 oC) after the initial period of cooling, caused by the interaction of hydrated frozen 

fine sand-2 with saline solution, also depends on the concentration of the contact solution (Figure 38). 

 

Figure 38. Influence of concentration on the time taken for the temperature of the sample to return to 

the initial value (Tr) after the cooling period caused by the interaction of hydrate-containing frozen sand with 

saline solution (tin= -6.5°C, P=0.1 MPa). 
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Thus, it takes about 5 hours for the sample temperature to return to its original state value (-6.5 

oC) when a frozen hydrate-saturated sample (fine sand-2) interacts with a saline solution with a 

concentration of 0.2 N, and about 12 hours are required at a concentration of 1N. 

Thus, based on experimental studies, it can be inferred that when samples containing ice and 

pore hydrate interact with a salt solution, a change in the temperature field in the sample was 

observed, caused by the processes of pore hydrate dissociation and ice melting. The amount of 

cooling of the sample due to the dissociation of the pore gas hydrate significantly exceeds the effect 

of cooling from the melting of the pore ice interacting with the salt solution. At the same time, the 

concentration of the contact solution has a great influence on the intensity of temperature changes. 

 

5.4. Mechanisms of salt migration in frozen hydrate containing sediments 

The experimental data make it possible to represent the dynamics of the interaction of frozen 

hydrate-containing sediments with saline solution in the following way. When a hydrate-containing 

sample is brought into contact with a saline solution, salt ions penetrate deep into the sample, which 

causes melting of pore ice and dissociation of pore hydrate. As a result, a porous hydrate dissociation 

front appears, which expands from the area of contact with the salt solution. At the same time as the 

dissociation front is expanding, a thawing front forms at the same time with a more significant 

accumulation of salt ions. 

As the pressure increases, the stability of the gas hydrate component increases because a higher 

concentration of salts in the pore space is needed to cause the pore hydrates to dissociate in 

accordance with the phase diagram (Figure 49). 

In this regard, with an increase in gas pressure in the saline solution-sample system, the flow 

of salt ions decreases, as well as the amount of liquid water in the sample, which is formed due to 
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the dissociation of pore hydrate, decreases. In frozen rocks that do not contain gas hydrates, gas 

pressure in the studied pressure range (up to 4.0 MPa) practically does not have a significant effect 

on the phase composition of moisture, which is not noticeably reflected in the accumulation of salts 

in frozen sandy sediments in the absence of moisture migration. 

Analysis of experimental modeling data on the interaction of frozen hydrate-saturated 

sediments with NaCl salt solution allows us to describe phase changes in frozen hydrate-containing 

sand in equilibrium and non-equilibrium (with self-preservation) pressure and negative temperature 

(-6℃) as follows (Figure 39). At gas pressure values below equilibrium (<2.4 MPa), the pore hydrate 

in frozen sand exists in a metastable state due to the manifestation of the self-preservation effect 

(Figure 39a). Residual gas hydrate accumulations are located under the ice shell, which was formed 

during the crystallization of water released during the partial dissociation of the pore gas hydrate. 

Migration and accumulation of salt ions in frozen hydrate-saturated sediment when interacting with 

a salt solution occurs primarily along films of unfrozen water on the surface of sand 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 melting of pore ice. With the disappearance of the ice film on the surface 

of the hydrate, its active dissociation begins with the release of gas and water, which, under 

conditions of negative temperature and the endothermic effect of dissociation, partially freezes with 

the formation of ice (Figure 39a). 
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Figure 39. Scheme of phase-transformation of frozen hydrate saturated sediments during salt 

migration: (а) metastable conditions (experimental pressure 𝑃𝑒𝑥𝑝< equilibrium pressure 𝑃𝑒𝑞); (b) stable 

conditions (𝑃𝑒𝑥𝑝⩾𝑃𝑒𝑞). 

At an initial pressure above equilibrium (2.4 MPa and above), the pore methane hydrate in non-

saline frozen sand is in stable conditions (Figure 39b). The equilibrium content of the liquid phase 

of water under these conditions should be less than in the sample containing preserved gas hydrate. 

Considering that the process of salt ions migration occurs primarily through films of unfrozen water 

in a hydrate-containing frozen sample, at pressures above equilibrium the migration of ions occurs 

more slowly than at gas pressure below equilibrium. In addition, it can be assumed that the 

intergranular permeability of the gas hydrate is much lower than the permeability of ice. Under these 

conditions, taking into account a significant shift in pressure (ΔР) relative to the equilibrium value, 

when the salt solution interacts with a frozen hydrate-containing sediment sample, higher critical salt 

ion concentrations are required to destabilize the pore hydrate, which are achieved over a longer 

time. When critical concentrations are exceeded, gas hydrate dissociation is observed. However, 

unlike metastable conditions, this process is less active and the process of formation of pore ice is 
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slower. The gas formed during the dissociation of the pore hydrate can later concentrate in the void 

space with an incomplete degree of filling of the pores, and also be in the form of separate gas 

inclusions in the ice that was formed during the dissociation of the hydrate. In this case, part of the 

gas can dissolve in unfrozen water, but this will be limited by the concentration of salts in the liquid 

phase (Figure 39b). 

Phase transitions that occur during the salts migration and accumulation in ice- and hydrate-

bearing sediments are accompanied by temperature effects associated with the melting of pore ice 

and the dissociation of pore gas hydrate. Given that these processes are endothermic, a decrease in 

the temperature of saline sediment samples is observed. The effect of temperature decrease is most 

pronounced in frozen hydrate-bearing sediment, since the enthalpy of dissociation of pore gas 

hydrate is 1.5 times higher than during ice melting. 

A decrease in the temperature of the frozen sediment when interacting with a salt solution is 

associated with a shift of the thermodynamic equilibrium that exists in frozen sediment at a fixed 

negative temperature. As a result of salt transfer in frozen sediment, the content of salt ions in films 

of unfrozen water increases. This disturbs the existing phase equilibrium and causes the melting of 

pore ice, which is accompanied by a decrease in temperature. As the salts continue to accumulate, 

additional melting of pore ice and a further decrease in temperature occur. This decrease will 

continue until an equilibrium occurs between the sediment temperature, pore solution concentration 

and ice. This can be clearly seen in the phase diagram for the NaCl solution (Figure 15), where at a 

given concentration of the salt solution, there is an equilibrium temperature corresponding to the 

freezing point of this solution. So, the change of temperature stops, when there is an equilibrium 

between the solution and ice at a fixed negative temperature. Based on this, the maximum decrease 

in temperature will correspond to the equilibrium temperature formed during the interaction of the 

salt solution with the pore ice of the concentration of the salt solution. 
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Taking into account that in the process of salt migration, the salinization front in the sediment 

sample shifts, the area of temperature decrease will also shift, which is clearly seen from the data 

obtained (Figure 33). The maximum decrease in temperature, which is fixed in the experiments, 

corresponds to the maximum rate of ice melting and hydrate dissociation. Subsequently, when the 

melting of the pore ice and the dissociation of the gas hydrate dies out, or when the pore ice turns 

into liquid water and the gas hydrate inclusions completely decompose, a gradual increase in the 

sample temperature to ambient temperature is observed. In hydrate-containing samples, this process 

is longer than in frozen ones, which is due to deeper cooling and the formation of additional ice 

during the dissociation of porous gas hydrate. 

The temperature effect in frozen hydrate-containing sediment caused by salt transfer can be 

schematically represented as follows (Figure 40). Initially, before bringing the sediment into contact 

with the salt solution, a uniform temperature field (Figure 40a) is observed in the sample at a fixed 

negative ambient temperature. The temperature of the frozen hydrate-containing sample corresponds 

to the ambient temperature. After bringing the sample into contact with the salt solution under 

isothermal conditions, the temperature decreases in the near-contact region of the sample due to the 

migration and accumulation of salt ions, which causes the melting of ice and the dissociation of the 

pore gas hydrate (Figure 40b). With the accumulation of salt ions, the process of dissociation of the 

pore gas hydrate increases, which contributes to the continuation of the process of lowering the 

temperature (Figure 40c). Subsequently, the process of temperature decreases in this interval decays 

and shifts into the depth of the sample, where the salinization front moves (Figure 40d). Depending 

on the intensity of salinity, which is determined by the concentration of the contact solution, partial 

or complete decomposition of gas hydrates is possible. In the latter case, along with the salinization 

front, a porous gas hydrate dissociation front appears and even a porous ice thaw front, if there is a 

significant accumulation of salts. 
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Figure 40. Scheme of temperature changes during the interaction of a frozen hydrate-containing 

sample with saline solution. 

The displacement of the cooling wave to the end of the sample opposite from the contact during 

salt transfer is replaced by a gradual increase in the temperature of the sample to the ambient 

temperature. That is due to the damping of phase transitions along the sample and the establishment 

of a new thermodynamic equilibrium between the pore ice and the salt solution (Figure 40f). 

A more detailed scheme of changes occurring in frozen samples containing a metastable 

hydrate in the contact with saline solution can be seen in Figure 41. 
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Figure 41. Scheme of temperature changes in a frozen hydrate-containing sample in the process of 

salt transfer, phase transformations, and changes in ice and hydrate saturation along the height of the 

investigated sample. 

At some point in time after the start of the interaction with the salt solution, a cooling zone is 

clearly visible in the sample, caused by the dissociation of the pore gas hydrate and the melting of 

ice due to the migration and accumulation of salt ions. An analysis of phase transformations in the 

pore space of sediment at a given point in time shows that in the region far from the contact, to where 

salt ions have not yet penetrated, the frozen hydrate-saturated sample has an initial temperature equal 

to the ambient temperature and initial values of ice and hydrate content. Under these conditions, the 

hydrate continues to exist in a conserved state without phase transitions (Figure 41a). 
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In the middle part of the sample, where the minimum temperature values are fixed, there is a 

dissociation front of the porous gas hydrate, which causes a local decrease in temperature (Figure 

41b). In this region, a sharp decrease in hydrate saturation is observed due to the decomposition of 

pore hydrate. The water formed during the dissociation of the pore gas hydrate reduces the 

concentration of salts in the liquid phase. This, occurring under lower temperatures, contributes to 

its freezing, as a result of which an increased ice content is observed in the near-contact zone 

compared to the initial value, despite an increase in salt accumulation and an increase in the content 

of unfrozen water (Figure 41c). As a result, the temperature of the sample in the contact zone rises 

to the initial values, both due to the release of heat during freezing of water, and due to the 

temperature equalizing with the ambient temperature. In addition, in the near-contact area, when 

approaching the contact solution, ice saturation can decrease due to the high accumulation of salts, 

and, accordingly, the high content of unfrozen water. 

Thus, salt migrates in frozen hydrate saturated sediments more actively than in frozen non-

hydrate saturated frozen sediment and with greater temperature effect. That is due to a higher amount 

of potential pathes for salt ions migration (mainly crystals of ice and unfrozen water). And the lower 

the pressure, the more active the hydrate dissociation due to higher unfrozen content. 

Salt migration and accumulation has high influence on the process of hydrate decomposition, 

and decrease in temperature corresponds to the process of hydrate dissociation in the porous space. 

the temperature reaching its minimum values indicates a decrease in the rate of decomposition of the 

gas hydrate and the beginning of the attenuation of this process. Then the temperature of the cooled 

zone of the sample begins to rise gradually and comes into equilibrium with the ambient temperature. 

This occurs both due to heat exchange with the environment, and due to the heat released during 

freezing of the moisture formed during the dissociation of the hydrate. 
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Chapter 7. Influence of the different factors on the process of salt migration in frozen hydrate 

saturated sediments 

During experimental modelling of the interactions of saline solution with methane hydrate-

saturated frozen sediments the following factors were investigated: pressure, temperature, contact 

solution concentration and composition, and dispersity of the sediment.  

 

7.1. Salt and mass transfer in sediment saturated with gas hydrate, depending on pressure  

Earlier in Chapter 5.1, an analysis of the influence of pressure on interactions between saline 

solution and both hydrate-bearing and non-hydrate-bearing frozen sediments was made (Figure 26). 

And it was shown that the process of salt migration in frozen hydrate-containing samples strongly 

depends on thermobaric conditions, which determine gas hydrate stability in frozen sediments.  

Figure 42 shows the thermobaric conditions for the existence of methane hydrates in free volume, 

obtained by a computer simulation using the HydraFlash program. In this case, points (T1-T6) show 

the P-T conditions of the aforementioned experiments investigating the interaction of frozen fine sand-

2 containing methane hydrates with saline solution. As a part of the investigation, a series of 6 

experiments were devised, which were carried at a constant negative temperature of -6℃ and at 

pressures ranging from atmospheric (0.1MPa) to 6.0 MPa. Two series of experiments were carried out 

at a pressure below equilibrium (under self-preservation conditions) (T1 - 0.1 MPa, T2 - 1.8 MPa), 

and the other three were carried out above equilibrium conditions (T4 - 3.5 MPa, T5 - 4.0 MPa, T6 – 

6.0 MPa). In addition, P-T conditions of one series of experiment were close to the hydrate stability 

limit (Т3 – 2.5 MPa at Peq=2.4 MPa). 
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Figure 42. Modeling P-T conditions of methane hydrate stability in the HydraFlash program and 

thermobaric conditions for conducting experiments on the migration of salt ions in frozen hydrate-saturated 

sediments (T1-T6).  

A comparison of experimental data on the interaction of frozen hydrate-bearing sediments with 

salt solutions at a fixed negative temperature (-6℃) and pressures ranging from 0.1 MPa to 4.0 MPa 

demonstrates that with increasing pressure, the intensity of accumulation of salt ions (Na+) decreases. 

A particularly significant decrease in the accumulation of salt ions was observed at gas pressures 

above equilibrium. The decrease in the intensity of accumulation of salt ions with increasing pressure 

is reflected in the increase in the pore hydrate preservation at a fixed time of interaction. 

Thus, in a frozen hydrate-containing sample (fine sand-2) 4 hours after interaction with a 0.1 N 

NaCl solution, Na+ ions penetrated 5.2 cm deep into the sample at a pressure of 0.1 MPa, and at a 

pressure of 4.0 MPa the penetration depth was only 3.4 cm. At the same time, the salt content in the 

contact zone decreased from 22 mg-EQ/100 g to 15 mg-EQ/100 g (Figure 43). 
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Figure 43. The effect of pressure on the accumulation of salt ions (Na+) (a) and the decrease in the 

hydrate coefficient (Kh) (b) in samples of frozen hydrate saturated fine sand-2 (𝐾ℎ
𝑖𝑛 ~ 0.3, W=12%) at non-

equilibrium and equilibrium pressure 4 hours after the start of interaction with a frozen NaCl solution 0.1 N 

(t= ‒6℃). 

The amount of salt ions accumulated in the studied samples determines the hydrate content. In 

the initial state (before the contact with the NaCl solution) for fine sand-2 samples, about 25% of the 

pore moisture was in the hydrate form. During one-sided salinization of the sample, a regular decrease 

in hydrate content was observed from the side of the contact zone. The hydrate coefficient decreases 
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when moving from a pressure above equilibrium (4.0 MPa) to non-equilibrium (0.1 MPa), while the 

areas where there is a sharp decrease in hydrate content expand. So, 4 hours after the start of the 

interaction of hydrate-containing samples with a solution of 0.1 NaCl, the area of complete 

decomposition of the gas hydrate due to salinization changed from 1.8 cm at a pressure of 4.0 MPa to 

3.4 cm at a pressure of 0.1 MPa (Figure 43b). Thus, it is possible to trace the presence of a gas hydrate 

decomposition front in the porous media of a frozen sample, the position of which depends on the 

pressure at fixed values of temperature and concentration of the contact salt solution. 

The calculation of the average migration flow of salt through the frozen hydrate saturated sample 

of sand for the described experiments shows that its value sharply decreases from 38·10-10 to 0.5·10-

10 mol/(cm2·s) with an increase in pressure from 0.1 MPa to 6.0 MPa (Figure 45). 

 

Figure 44. Influence of gas pressure on the flux density of Na+ ions through the cross section of a 

frozen hydrate-containing sample 4 hours after the start of interaction with a frozen salt solution 0.1 N NaCl 

(t= ‒6℃). 

Analysis of the salt accumulation in the studied samples and the change in hydrate content in the 

process of salt transfer made it possible to reveal the dependence of the critical concentration of salts 

in the sample (Ccr), which causes the complete decomposition of pore gas hydrates, on gas pressure 
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at a fixed negative temperature (-6℃) and the concentration of the contact solution (0.1 N) (Figure 

46). 

 

Figure 45. Dependence of the critical concentration (Ccr) causing decomposition of pore hydrate in a 

frozen sand sample on gas pressure (t= -6℃, 𝐶𝑠𝑜𝑙=0.1 N). 

Studies show that the value of the critical concentration (Ccr) increases almost linearly (R=0.9672) 

with increasing gas pressure at a fixed negative temperature. When the pressure rises from 0.1 to 6.0 

MPa, the value of (Ccr) at -6℃ increases nearly a factor of 7. Thus, at atmospheric pressure, the critical 

concentration of salts causing complete gas hydrate dissociation is 0.2% NaCl, and at 6.0 MPa it 

reaches 1.3% NaCl. 

The empirical dependence of the critical salt concentration on pressure (Figure 46) obtained on 

the basis of experimental studies made it possible to calculate, for the interval values of the salt ion 

concentration in the sample, the critical pressure values below which complete decomposition of the 

pore gas hydrate occurs. 

The critical pressure values were compared with the gas pressure specified in the experiment. As 

a result, a salinization interval was identified along the length of the sample, where the calculated 

critical pressures corresponding to the values of salt accumulation exceed the gas pressures specified 
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in the experiment. At a critical pressure below the experimental pressure, a residual content of pore 

hydrate is observed. In this case, the lower the concentration of salts, and, accordingly, the lower the 

critical pressure, the greater the residual content of hydrate. This made it possible to explain the nature 

of the distribution of salts and pore hydrate along the length of the sample and to find their relationship 

with the value of the gas pressure specified in the experiment. This pattern can be traced in Figure 46, 

which shows the distribution of sodium ion concentration and hydrate content along the height of a 

frozen hydrate-containing sample after interaction with NaCl salt solution at a fixed negative 

temperature (-6℃) and a given gas pressure (2.5 MPa). 

 

Figure 46. Altitude distribution of a frozen hydrate-containing sample: (A) salt concentrations and 

hydration coefficient; (B) – critical pressure of dissociation of methane hydrate (concentration of contacting 

NaCl solution 0.1 N, t= -6℃). 
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So, at the distance of 4 cm from the point of contact with a saline solution, no hydrate was 

recorded, but at the distances greater than 4cm, a residual hydrate content was observed. Figure 11b 

shows the critical pressure of pore gas hydrate decomposition calculated from the salt concentration 

for each interval of a frozen hydrate-containing sample and the given gas pressure of the experiment, 

as well as the equilibrium pressure characteristic of the initial non-saline sample. At distances up to 

4 cm from the contact, the critical pressure of hydrate dissociation was higher than the given gas 

pressure, so the hydrate in this region completely dissociated. Thus, in few centimeters of the sample 

(from the contact area), as a result of the accumulation of salts, the critical pressure was 2.68 MPa, 

which is 0.18 MPa higher than the specified gas pressure in the experiment (2.5 MPa). And at a 

distance of more than 4 cm, the given gas pressure exceeds the critical pressure and therefore residual 

hydrate content is observed. Thus, in the range from 4.5 to 5 cm, the critical pressure is 2.45 MPa, 

which is 0.05 lower than the experimental pressure. 

Also, thermodynamic modeling was carried out using software “HydraFlash” software to 

assess the equilibrium values of salt concentration for methane hydrate for given thermobaric 

conditions. According to HydraFlash calculations, the equilibrium values of salt concentrations for 

the considered pressures turned out to be higher than the critical concentrations obtained in the 

experiments. So, at a temperature of -6℃ and a pressure of 4.0 MPa, the equilibrium concentration 

for methane hydrate is 15%, and at 2.5 MPa it is 0.8% (1% and 0.6% according to the calculations). 

Such a difference between them is primarily due to the fact that in calculations of the equilibrium 

concentration of salts, its value is considered in relation to the volume of hydrate. And in the 

experiment, there was a local non-equilibrium accumulation of salt ions at the boundary with hydrate 

particles. 

So, during the experiments, it was revealed that the intensity of the accumulation of salt ions 

in frozen sandy sediments containing gas hydrates is higher than in frozen sands that do not contain 
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gas hydrate formations. In contrast to frozen sediments, in hydrate-containing sediment media, 

pressure has a huge impact on the processes of salt transfer. It was experimentally found that in 

frozen hydrate-containing sediment samples, when the pressure decreases from values above 

equilibrium (>2.4 MPa) to pressures below equilibrium (up to 0.1 MPa), the flow of salts into the 

sample increases significantly. When the pressure drops from 4.0 MPa to 0.1 MPa at a fixed negative 

temperature (-6℃), the density of salt flow into a frozen hydrate-containing sample increases by a 

factor of 40. 

 

7.2. Temperature influence on the process of hydrate-bearing sediment interaction with saline 

solutions 

As is well known, from the thermobaric point of view an increase in temperature shifts the 

conditions for the stability of gas hydrates towards higher pressures. The study of the temperature 

influence on the dissociation of pore gas hydrate was considered on the model fine sand-2, frozen 

and saturated with methane hydrate. Samples in the initial state had a uniform distribution of methane 

hydrate (Kh=0.4) in porous media, and water content equal to 12%.  

The temperature influence on the processes of salt transfer in frozen hydrate-containing sandy 

sediments was considered in the range from -3℃ to -20℃. During the experiments, it was found that 

with an increase in the ambient temperature, salinization processes are intensified, which accelerates 

the hydrate decomposition in the porous space of frozen hydrate-containing sediments. At a higher 

negative temperature (-3℃), during the experiment of 2 hours, NaCl ions, unlike other temperature 

conditions (-6℃ and -20℃), penetrate almost the entire depth (8 cm) of a frozen hydrate-containing 

sample of fine sand-2 (Figure 47). At the same time, in a sample with a lower temperature (-6℃), 
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salt ions migrated to a depth of up to 6 cm from contact, and at -20℃ only up to 2.2 cm from contact 

with a salt solution (Сsol=0.2N NaCl). 

 

 

 

Figure 47.Effect of temperature on the accumulation of salt ions (Na+) in frozen hydrate-containing  

samples (fine sand-2) after 2 hours of interaction with 0.2 N NaCl solution. 

As a result of migration and accumulation of salts in frozen hydrate-saturated samples (fine 

sand-2), interacting for 2 hours with a salt solution (0.2 N NaCl), the pore methane hydrate 

completely decomposed to a depth of 7 cm from contact at a temperature of -3℃. In addition, the 

residual hydrate content (Kh= 0.22 in comparison with the initial value equals Kh
in=0.4) was observed 

only in the top part of the sample. In the experiment at an ambient temperature of -6℃, the porous 
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gas hydrate completely decomposed in the region of 3.5 cm from the contact. Although at a lower 

negative temperature (-20℃), partial decomposition of the hydrate was recorded only in the near-

contact region (1 cm from the contact), where the hydrate coefficient decreased from the initial 0.37 

to 0.1 (Figure 48). 

 

 

 

Figure 48. The effect of temperature (-3, -6, -20℃) on the decrease in the hydration coefficient (𝐾ℎ) 

in samples of frozen hydrate-containing fine sand-2 (𝐾ℎ
𝑖𝑛 ~ 0.4, W=12%) 2 hours after the start of interaction 

with frozen 0.2 N NaCl salt solution. 
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The calculation of the average migration flow of salt for the described experiments shows that 

its value decreases with decreasing temperature (Figure 49). So, at -2°С the salt flux was 70·10-10 

mol/cm2·s, at -6°С the Na+ flux decreased more than 3 times to 20·10-10 mol/cm2·s, and at -20℃ Na+ 

flux did not exceed 4.2·10-10 mol/cm2·s (Figure 49). 

 

Figure 49. Effect of temperature on the average Na+ flux into a frozen hydrate-containing sample (fine sand-

2) for 4 hours of interaction with a frozen salt solution of 0.1N NaCl (P=0.1MPa). 

When study of the temperature influence on salt migration in hydrate saturated frozen sediment 

(fine sand-2) at the pressure above equilibrium (4 MPa), the same general dependence was obtained: 

decrease of temperature lowering the Na+ flux. However, the values of average salt flow is lower at 

the gas pressure 4 MPa, than at the atmospheric pressure. Thus, Na+ flux was equal to 20·10-10 

mol/cm2·s at gas pressure 4 MPa and temperature -2 oC, what is more than 3 times lower, than at the 

atmospheric pressure. And at the pressure 4 MPa and -6 oC Na+ flux was equal to 2·10-10 mol/cm2·s 

– by factor 10 lower, than at the pressure 0.1 MPa (Figure 49). 

The analysis of salt accumulation in the studied samples and the change in hydrate content in 

the process of salt transfer made it possible to reveal the dependence of the critical salt concentration 

in the sample (Ccr), which causes complete decomposition of metastable (self-preserved) porous gas 



136 

 

 

hydrates (at P=0.1 and 4 MPa), on temperature during the interaction of frozen hydrate-containing 

sediments (fine sand-2) with NaCl solution (0.1N) (Figure 50). 

 

Figure 50. Effect of temperature on the critical concentration (Ccr) causing decomposition of pore 

hydrate in a frozen sand sample (fine sand-2, P=0.1 and 4MPa, Csol=0.1N). 

Experimental data show that the critical concentration (Ccr) increases with decreasing ambient 

temperature (Figure 50). So, at atmospheric pressure and a temperature of -2°C, the critical 

concentration (Ccr) was 0.6% NaCl for pore moisture, at a temperature of -10°C - 2.5%, and at -

16°C - it reached 3.4%, which is actually 8 times exceeds the critical concentration at -2℃. 

With an increase in pressure and the transition of a hydrate-containing system to an equilibrium 

state, the value of the critical concentration at a fixed negative temperature increases. But general 

dependence of the critical concentration increase with temperature decrease was observed as well. 

Hence, critical concentration increases from 0.8 to 1.8% NaCl in pore moisture at gas pressure 4MPa 

with temperature decrease from -2 to -6 oC, while at 0.1MPa Ccr change in this temperature range 

0.6 to 1.8%. 

The temperature dependence of the critical concentration of hydrate dissociation in frozen 

deposits is linear. The higher the negative temperature, the lower the concentration of salt ions of the 
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pore solution, which causes complete decomposition of the gas hydrate in the porous media of frozen 

deposits. According to the established empirical dependence, it is possible to obtain the critical 

concentration of the complete decomposition of the pore gas hydrate through temperature value.  

Such obtained dependence can be explained the following way. Under conditions of increasing 

ambient temperature, the process of migration of salts from the contact solution into the frozen 

hydrate-containing sample increases, which leads to faster dissociation of the porous gas hydrate due 

to an increase in the accumulation of salt ions and a decrease in the critical concentration required 

for the complete decomposition of the porous gas hydrate, as in conditions of initially equilibrium 

pressure, and under conditions of self-preservation. 

Thus, the influence of temperature on the intensity of mass transfer in frozen hydrate-

containing sediments and the intensity of hydrate dissociation during interaction with salt solutions 

have been experimentally obtained. It is noted that with a decrease in temperature, the preservation 

of methane hydrate in porous media of frozen sediment increases, due to the slowing down of the 

processes of migration of salt ions. The critical concentration of Na+ ions in frozen hydrate-

containing sediment samples increases by a factor of 8 with a decrease in negative temperature from 

-3 to -16°C. Finally, the average Na+ flux decreases exponentially (by a factor 10) when temperature 

decreases from -3 to -20 °C.  

 

7.3. Influence of salt solution concentration on the intensity of salt migration and hydrate 

dissociation in hydrate saturated sediments 

Before the start of the experimental modeling on the interaction of frozen hydrate saturated 

sediments with salt solution of different concentration, computer simulation of thermobaric 

conditions for the stability of methane hydrate in salt solution system were calculated depending on 

the concentration of NaCl in “HydraFlash” software (Figure 51). 
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Figure 51. Thermobaric conditions of hydrate stability in the water-NaCl solution of different 

concentration simulated in “HydraFlash” software.  

The results of thermodynamic modeling showed that the presence of salts shifts the stability 

conditions of methane hydrate towards higher pressures and lower temperatures from a 

thermodynamic point of view. This shift depends on the concentration of salts. So, at a fixed pressure 

of 2.5 MPa, with an increase in NaCl concentration from 1 to 5%, the equilibrium temperature 

decreases from -5 to -10℃. 

It can be assumed that for metastable hydrates in the pore space of frozen sediment, the 

concentration of salts (NaCl) will also have a significant impact on their preservation at a fixed 

negative temperature. 

As part of the experimental simulation, two series of experiments were carried out. The first 

series was aimed at studying the influence of the concentration of the contacting NaCl solution on 

the processes of dissociation of pore gas hydrate in frozen sediment (fine sand-2) under non-

equilibrium (metastable) conditions (Р=0.1 MPa), when the dissociation of pore gas hydrate is 

determined mainly by the kinetics of salt transfer. The second series of experiments is devoted to 



139 

 

 

studying the influence of the concentration of the contacting NaCl solution on the processes of 

hydrate dissociation under stable conditions (P=4 MPa), when the dissociation of pore gas hydrate 

is determined by thermodynamic and kinetic factors. 

An increase in the concentration of a salt solution in contact with frozen hydrate-saturated fine 

sand-2 at a fixed negative temperature (-6℃) and atmospheric pressure (i.e. below equilibrium) leads 

to more intensive migration and accumulation of salt ions in the sample. Thus, at a contact solution 

concentration of 0.1N at a fixed interaction time (4 hours), salt ions (Na+) migrated to a depth of 4.5 

cm from the contact into hydrate-saturated frozen sand (Figure 52). With an increase in the 

concentration of the contact solution to 0.2N, the salinization zone of the frozen hydrated sample 

increased to 5.2 cm (Figure 52), and at a concentration of 0.4N, salt ions penetrated almost the entire 

depth of the sample (7 cm) (Figure 52). 
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Figure 52. Effect of contact solution concentration on the accumulation of salt ions (Na+) in frozen hydrate-

containing samples (fine sand-2) after 4 hours of interaction with NaCl solution (t=-6℃, P=0.1 MPa). 

The amount of salt ions accumulation in the studied sand samples determines the distribution 

of hydrate over the sample. In the initial state (before contact with the solution), about 40% of the 

pore moisture in the sand samples (fine sand-2) was in the hydrate form. In the course of one-sided 

salinization of the sample, a regular decrease in hydrate content was observed from the side of the 

contact zone. With an increase in the concentration of the NaCl contact solution from 0.1 to 0.4N at 

a fixed interaction time (4 hours) and a temperature (-6℃), the area of a sharp decrease in the hydrate 

coefficient expands significantly. 
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Thus, with an increase in the concentration of the contact solution from 0.1 to 0.4 N, the area 

of complete decomposition of the gas hydrate due to salinity changed from 2.5 cm to 5.6 cm (Figure 

53). At the same time, a decrease in the hydrate coefficient (Kh) was also observed in the interval of 

the sample (fine sand-2), where residual hydrate was fixed. 

Thus, it is possible to trace the shift of the decomposition front of porous gas hydrate in frozen 

samples depending on the concentration of the contact salt solution. 

 

 

Figure 53. Influence of NaCl contact solution concentration on the distribution of hydrate coefficient 

(Kh) along the length of frozen hydrate-containing samples (fine sand-2) (Kh
in ~ 0.4, W=12%) after 4 hours of 

interaction (t=-6℃, P=0.1 MPa). 
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In the experiment with a frozen hydrate-containing sample (fine sand-2) interacting with a NaCl 

solution at a pressure above equilibrium (4.0 MPa), similar dependence was obtained, which indicate 

a more active accumulation of salt ions and dissociation of pore methane hydrate with an increase in 

the concentration of the contact NaCl solution. At this pressure, after 4 hours salt ions (Na+) migrated 

into hydrate-saturated frozen fine sand-2 to a depth of 3.4 cm from contact with a 0.1N NaCl solution. 

And with an increase in the concentration of the solution to 0.2N, salt ions were fixed at a depth of 

6 cm (Figure 54). 

 

Figure 54. Influence of the contact solution concentration on the accumulation of salt ions (Na+) in frozen 

hydrate-containing samples (fine sand-2) interacting for 4 hours under a pressure of 4.0 MPa with a NaCl 

solution (t=-6℃). 

An increase in the intensity of salt ions migration and accumulation in frozen hydrate-saturated 

sediments interacting with a NaCl solution at a pressure above equilibrium (4.0 MPa) with an 

increase in the concentration of the contact solution was also accompanied by a more active hydrate  

decomposition. Thus, in the initial state (before contact with saline solution) in frozen hydrate-

containing samples, about 40% of pore moisture was in the gas hydrate form. After 4 hours of the 

contact of the frozen hydrate-containing sample (fine sand-2) with saline solution at ‒6℃, the pore 

hydrate completely decomposed at a distance of 1.6 cm from the contact area with 0.1N NaCl 

solution, and at a distance of 4.4 cm from the contact area with 0.2N NaCl solution (Figure 55). 
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Figure 55. Effect of contact solution concentration on distribution of hydrate coefficient (Kh) along the height 

of frozen hydrate-containing sample (fine sand-2, Kh
in ~ 0.4, W=12%) after 4 hours of the interaction with 

frozen NaCl salt solution (t=-6℃, P=4.0 MPa). 

With an increase in the concentration of the contact solution, the average Na+ flux into the 

frozen hydrate-containing sample increases. Thus, when frozen hydrate-saturated fine sand-2 

interacted with a 0.1N NaCl solution at atmospheric pressure, the Na+ flux was 1·10-10 mol/cm2·s, 

and with an increase in concentration to 0.4 N, the Na+ flux increased to 8.2·10-10 mol/cm2·sec. A 

similar dependence was also observed in experiments at a pressure above equilibrium (4.0 MPa): 

with an increase in the concentration of the NaCl contact solution from 0.1 to 0.4 N, the average Na+ 

flux in them increased from 0.4 to 4.6·10-10 mol/cm2·s, however these values were lower than the 

salt fluxes in frozen hydrate-saturated fine sand-2 under atmospheric pressure conditions (Figure 56). 
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Figure 56. Influence of contact solution concentration on the average Na+ flux in frozen hydrate-saturated 

sample (fine sand-2) after 4 hours of the interaction (t= ‒6℃, P=0.1 MPa and 4.0 MPa).  

An analysis of the experimental modeling data makes it possible to describe phase changes in 

frozen hydrate-containing sediment in the process of salt migration at equilibrium and non-

equilibrium (with self-preservation) gas pressure under the influence of different concentration 

(Table 9). In the initial state before the start of the experiment, the concentration of salts in the pore 

solution of the sample is close to zero. At the same time, under conditions of a fixed negative 

temperature (-6℃) and a pressure above equilibrium (4 MPa), the pore methane hydrate in the 

initially non-saline frozen sand was in stable conditions (Table 9a). 

After contact with a saline solution at a temperature of -6℃ in a frozen sample, an increase in 

the concentration of salts in the pore space occurs as a result of their migration and accumulation. 

The migration of salt ions from the contact solution occurs primarily along the films of unfrozen 

water on the surface of sediment 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 partial dissociation of 

the hydrate and melting of pore ice (Table 9c). 
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Table 9. Scheme of phase-transformation in frozen hydrate-saturated sediments during increase of salt 

solution concentration at stable conditions (experimental pressure 𝑃𝑒𝑥𝑝 ⩾ equilibrium pressure 𝑃𝑒𝑞) and 

metastable conditions (𝑃𝑒𝑥𝑝< 𝑃𝑒𝑞). 

 

Upon reaching a certain critical salt concentration (C>Ccr hydr) there is a sharp increase in the 

rate of hydrate dissociation, which leads to its complete decomposition. The moisture formed in this 

case under conditions of negative temperature and the endothermic effect of dissociation is 

supercooled and then freezed (Table 9e). 
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A further increase in salt concentration to values above the critical concentration of pore ice 

melting (C>Ccr ice), which can be observed when a frozen hydrate-containing sample comes into the 

contact with a high-concentration salt solution (non-freezing at a given negative temperature), will 

be accompanied by complete thawing of the sample (Table 9g). 

With a decrease in gas pressure below the equilibrium, the pore hydrate in frozen sediment can 

pass in a metastable state due to the manifestation of the self-preservation effect (Table 9b). Under 

these conditions, the residual gas hydrate inclusions in frozen sediment will be under the ice shell, 

which was formed due to the crystallization of water released during the partial dissociation of the 

pore gas hydrate at a negative temperature. 

Under these conditions, the interaction of a salt solution with frozen sediments containing 

porous gas hydrate under metastable conditions is also accompanied by the migration and 

accumulation of salt ions. However, this process is more active, and the critical concentration causing 

the decomposition of pore methane hydrate will be lower than when interacting under stable 

conditions (P>Peq) (Table 9d). 

Studies [214] show that the equilibrium content of the liquid phase of water at a pressure above 

equilibrium (P>Peq) is less than in a hydrate-containing sample in a metastable state (P<Peq). Taking 

into account that the migration of salt ions occurs mainly through films of unfrozen water, the process 

of salt ions migration in frozen sediments containing metastable gas hydrate will occur more 

intensively than at pressures above equilibrium. 

In addition, the role of intergranular (along crystal boundaries) permeability of pore hydrate 

and ice in the migration of salt ions in frozen hydrate-bearing sediment should be noted. From the 

literature [315] it is known that the intergranular (ionic) permeability of pore ice contributes 

significantly to salt transport in frozen sediment. It can be assumed that the intergranular permeability 

of the hydrate is much lower than the permeability of ice. Thus, in frozen hydrate-containing 
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sediment under non-equilibrium conditions, which are usually characterized by an increased ice 

content compared to stable conditions, the critical concentration of pore gas hydrate dissociation is 

reached faster (Table 9f). 

Thus, the experimental data show that an increase in the concentration of the contact solution 

(NaCl) increases the accumulation of salt ions in frozen hydrate-bearing sediments and activates the 

dissociation of pore gas hydrate. This is observed both at pressures below equilibrium, when the 

porous gas hydrate is in the metastable conditions, and at pressures above equilibrium (4.0 MPa). 

However, in the latter case, the intensity of these processes decreases. 

 

7.4. The process of interaction of hydrate-containing sediments with a salt solution of various 

chemical composition 

Analysis of the results of thermodynamic modeling of the conditions of P-T stability of 

methane hydrate in the free volume for negative temperatures (from 0 to -20℃) for the most 

widespread salts in the permafrost (NaCl, CaCl2, MgCl2, KCl and Na2SO4) in the "HydraFlash" 

software, carried out before the start of the experiments. It demonstrated a significant shift in the 

stability conditions of methane hydrate, depending on the chemical composition of the studied salts. 

It was found that the value of the equilibrium conditions for hydrate stability shifts to lower 

temperatures and pressures in the following series of salts of 5% concentration: Na2SO4 - KCl - 

CaCl2 - NaCl - MgCl2. Thus, for a temperature of -5℃, the pressure shift for Na2SO4 was 2.8 MPa, 

and for MgCl2 it was 3.8 MPa compared to a non-saline gas-water system (Figure 57).  
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Figure 57. Influence of a chemical composition of salt solution (Na2SO4, KCl, CaCl2, NaCl, MgCl2) with a 

concentration of 5% on the conditions of methane hydrate stability in the range of negative temperatures from 

0 to -20℃ (calculations were made in the “HydraFlash” software). 

The obtained results of thermodynamic modeling generally coincide with the existing data 

presented by other researchers [173,182,196]. 

For salts of various chemical compositions used in the calculations, special experiments were 

carried out on their interaction with samples of frozen hydrate-saturated sand (fine sand-2). The 

experiments were carried out at a fixed temperature (-6℃), atmospheric pressure and salt 

concentration (0.1N). 

Figure 58 shows the accumulation of salt ions in samples of frozen hydrate-saturated sand 

interacting with salt solutions of various chemical compositions (NaCl, CaCl2, MgCl2, KCl and 

Na2SO4). The obtained experimental data demonstrate that the intensity of migration and 

accumulation of salts increases in the series Na2SO4 – KCl – CaCl2 – NaCl – MgCl2 (Figure 58). 



149 

 

 

 

Figure 58. Accumulation of Na+ ions in samples of frozen hydrate saturated sand (fine sand-2, W=12%) after 

4 hours of contact with 0.1N NaCl solution of different composition (t= ‒6℃, P=0.1MPa). 

Thus, 4 hours after the start of the interaction, the maximum penetration of salt ions (up to 5 

cm) was recorded in the sample in contact with the MgCl2 solution. For the NaCl solution, this value 

did not exceed 4.6 cm, while for the CaCl2 and KCl solutions it was 2.8 and 2 cm, respectively. The 

smallest depth of salt accumulations was observed in the sample interacting with the Na2SO4 solution 

(about 0.6 cm). 
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The distribution of the residual content of hydrates in samples of frozen hydrate-saturated sand 

after 4 hours of their interaction with salt solution of various chemical composition confirms the 

revealed pattern in the described series: Na2SO4 – KCl – CaCl2 – NaCl – MgCl2, which is determined 

by the intensity and magnitude of the salt accumulations and hydrate dissociation. In this series, there 

is a regular decrease in the residual content of gas hydrate in the pore space of sand (fine sand-2). 

So, if in the initial (before contact) state, about 40-50% of the pore moisture was in the hydrate form, 

then after 4 hours of interaction with the MgCl2 solution, the pore hydrate completely dissociated in 

the range up to 4.5 cm from the contact. In the case of the NaCl solution hydrate dissociate up to 3.4 

cm, and in the case of CaCl2 and KCl, this interval did not exceed 2 cm and 1 cm, respectively. In 

the experiment with a solution of Na2SO4, in contrast to the solutions described above, only a partial 

decrease in the hydrate coefficient in the contact zone was noted. In the range up to 0.5 cm, this 

decrease was twofold (from the initial 0.5 to 0.25), and the decrease in the hydrate coefficient was 

generally recorded only at a distance of 3 cm from the contact of the sample with the saline solution 

(Figure 59). 
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Figure 59. The influence of the chemical composition of the contact salt solution on the decrease in the 

hydrate coefficient (Kh) in frozen hydrate-containing samples (fine sand-2, Kh
in ~ 0.5, W=12%) after 4 hours 

of interaction with the frozen salt solution (t=-6.5℃, Сsol=0.1N , P=0.1MPa). 

For each contact solution of different chemical composition, the average salt flux into a frozen 

hydrate-saturated fine sand-2 sample was calculated (Figure 60). The highest value of salt ions flux 

was obtained upon the contact of frozen hydrate-saturated fine sand-2 with MgCl2 solution (5.4·10 

100g)/cm2·sec. At the same time, in the series MgCl2 - NaCl - CaCl2 - KCl - Na2SO4, the salt flux 

decreases by almost 5 times. 
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Figure 60. The influence of the chemical composition of the salt contact solution on the salt flux into frozen 

hydrate-containing sample (fine sand-2) after 4 hours of interaction with a frozen salt solution (t=-6℃, 

Сsol=0.1N, P=0.1MPa). 

The critical concentration of pore hydrate decomposition was calculated for the studied salts 

during their interaction with frozen hydrate-saturated sand at a fixed negative temperature (-6℃) and 

atmospheric pressure. This concentration (Ccr) varied from 3.23 mg - EQ/100 g (0.08%) for MaCl2 

solution to 3.5 mg - EQ/100 g (0.16%) for Na2SO4. In the described series (MgCl2 – NaCl – CaCl2 

– KCl – Na2SO4), the critical concentration of complete hydrate dissociation increased almost 2 times 

(Table 10). 

Table 10. Dependence of the critical concentration (Ccr) causing the decomposition of pore hydrate in 

a frozen fine sand-2 sample on the chemical composition of the contacting solution (t=-6℃, 

Р=0.1MPa, Csol=0.1N). 

Salt 𝐶𝑐𝑟, mg - EQ/100 g 𝐶𝑐𝑟, % 

MgCl2 3.23 0.08 

NaCl 4.89 0.11 

CaCl2 3.29 0.13 



153 

 

 

KCl 3.90 0.15 

Na2SO4 3.50 0.16 

The influence of the chemical composition of the contacting solution at a fixed concentration is 

primarily associated with the migration ability of salt ions. Thus, chloride salts have a greater 

migration capacity in frozen sediments compared to sulfates [46]. The results of experimental studies 

are consistent with this relationship: chloride salts, compared with sulfates, more actively penetrate 

into frozen hydrate-saturated sediment and cause more intense hydrate dissociation. In this case, in a 

series of cations, the mobility of ions is determined by their radius [97,312]. Thus, among the chloride 

salts used in the experiments, the cation radii increase in the series: Mg2+ < Na+ < Ca2+ < K+. In the 

same series, a decrease in the salt ions migration intensity into frozen hydrate-containing sediments 

was experimentally obtained, which was reflected in a decrease in the activity of hydrate dissociation 

in porous media of frozen sediment. 

Therefore, in the frame of the experimental modeling influence of different compositions of the 

contact solution on the process of salt migration in frozen hydrate saturated sediments was tested. It 

was found, that in the raw MgCl2-NaCl-CaCl2-KCl-Na2SO4 accumulation of salts in frozen hydrate 

saturated sand decreases, and as a result, less active hydrate dissociation is observed. Less 

accumulation of salts can be explained by the decrease in the average density flow by 5 times, and the 

increase in the critical concentration by 2 times in the described raw. 

 

7.5. Sediment dispersion influences the process of salt migration in hydrate saturated 

sediments 

To reveal the role of the dispersity of the sediment medium and various clay minerals, special 

studies were carried out on the interaction of frozen hydrate-saturated sediments of various 
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compositions with a 0.1 N NaCl salt solution at a fixed negative temperature (-6°C) and atmospheric 

pressure. 

Several series of experiments were performed. First of all, an assessment was made of the 

influence of the content of clay particles and their mineral composition on salt transfer in frozen 

hydrate-saturated sand samples. 

Samples were prepared using quartz sand with a fraction of 0.1–0.2 mm (fine sand-2) to which 

kaolinite particles (up to 15%) were added. The initial characteristics of frozen hydrate-saturated 

samples are presented in Table 11. 

Table 11. Properties of hydrate-saturated frozen sand with different amount of kaolinite.  

Sample Kaolinite, % 
Water  

content, % 

Density, 

g/cm3 
Porosity, % 

Ice 

saturation, % 

Hydrate 

saturation, % 

1 0 12 1.8 39 14 50 

2 5 12 1.8 38 14 50 

3 7 12 1.82 37 12 49 

4 10 12 1.86 35 15 52 

5 15 12 1.85 34 18 51 

 

In the course of experiments on the interaction of frozen hydrate-containing samples with 

saline solution (NaCl), it was found that with an increase in the content of kaolinite particles, the 

intensity of salt transfer decreases. So, 4 hours after the interaction of a frozen hydrate-containing 

sample with a NaCl 0.1N solution, the depth of penetration of Na+ ions into a frozen hydrate-

containing sand sample decreases from 5.3 cm to 2.6 cm with an increase in the number of clay 

particles from 0 to 10% (Figure 61). 
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Figure 61. Influence of kaolinite content in fine-grained sand (fine sand-2) on the accumulation of Na+ ions in 

frozen hydrate-saturated samples 4 hours after interaction with 0.1 N NaCl solution at -6 °C. 

A decrease in the intensity of salt accumulation with an increase in the amount of kaolinite 

particles leads to a decrease in the dissociation of pore gas hydrate. Thus, 4 hours after the contact of 

frozen hydrate-containing samples with 0.1N NaCl solution, the area of complete decomposition of 

pore hydrate decreased from 4.8 cm in sand without clay particles to 1.6 cm in a sample with 10% 

kaolinite (Figure 62). 

 

Figure 62. Effect of kaolinite content in sand (fine sand-2) on hydrate dissociation in a frozen hydrate-

saturated sample (Kh
in ~ 0.5, W=12%) 4 hours after the start of interaction with a frozen salt solution of 0.1 N 

NaCl at -6 °C. 
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With an increase in the amount of clay particles in frozen hydrate-saturated sand in the process 

of interaction with a saline solution, the accumulation of moisture increases. Thus, in frozen hydrate-

saturated sand without clay additives, moisture accumulation was practically not observed, 𝛥W in the 

near-contact area (about 2.5 cm) did not exceed 1.5% (Figure 63). With an increase in the amount of 

clay particles to 5%, an increase in water content in the near-contact area up to 7% was recorded, and 

in a sample of frozen hydrate-containing sand with 10% kaolinite, the increase in water content 

reached almost 8% (Figure 63). 

 

Figure 63. Influence of kaolinite content in sand (fine sand-2) on moisture accumulation in a frozen hydrate-

saturated sample (W=12%) after 4 hours of interaction with salt solution of 0.1 N NaCl at -6 °C. 

Thus, an increase in the amount of clay particles in sandy hydrate-containing frozen samples 

led to an increase in the moisture flux from the frozen salt solution. So, with an increase in the 

number of kaolinite particles from 0 to 15%, the average moisture flux increased by more than 6 

times (from 1.5 to 6.8 10-7 g/sec) (Figure 64). 
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Figure 64. Effect of kaolinite content in sand (fine sand-2) on the average water flux through a frozen 

hydrate-bearing sample (W=12%) after 4 h of interaction with a frozen salt solution of 0.1 N NaCl at -6 °C. 

An experimental study of the influence of clay mineralogy on the process of interaction of 

frozen hydrate-saturated samples with saline solution was carried out by adding 5% kaolinite or 

montmorillonite to quartz sand (fine sand-2). The initial characteristics of frozen hydrate-saturated 

samples are presented in Table 12. 

Table 12. Properties of hydrate-saturated frozen sand with different composition of clay. 

Sample Type of clay 
Water 

Content, % 

Density, 

g/cm3 
Porosity, % 

Ice 

Saturation, % 

Hydrate 

Saturation, % 

1 kaolinite 12 1.8 38 15 47 

2 montmorillonite 12 1.81 36 18 47 

 

An analysis of the distribution of Na+ ions along the height of a frozen hydrate-containing sandy 

sample demonstrates that less accumulation of salt ions is typical for a sediment mixture with 

montmorillonite than with the addition of kaolinite particles. So, after 4 hours of interaction, Na+ ions 

migrated to a depth of up to 6 cm with the addition of kaolinite particles, and with the use of 

montmorillonite particles only up to 4 cm (Figure 65). 
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Figure 65. Influence of the mineralogical composition of clay in quartz sand (fine sand-2 with 5% additives) 

on the accumulation of Na+ ions in frozen hydrate-saturated samples after 4 hours of interaction with 0.1 N 

NaCl solution at t=-6℃: A – kaolinite; B – montmorillonite. 

As a result of the migration and accumulation of salt ions in frozen hydrate-saturated sand samples 

containing 5% clay particles of various mineral composition, the pore methane hydrate completely 

decomposed to a depth of 5 cm from the contact area with the frozen salt solution in the sample with 

kaolinite particles and only 2 cm in the sample with 5% montmorillonite (Figure 66). 

 

Figure 66. Influence of the mineralogical composition of clay in quartz sand (fine sand-2) on the decrease in 

the hydration coefficient (Kh) in frozen hydrate-containing samples (Kh
in ~ 0.4, W=12%) 4 hours after the 

start of interaction with frozen salt solution 0.1 N NaCl at t= ‒6℃: A – kaolinite; B, montmorillonite. 

In frozen hydrate-saturated sand containing montmorillonite particles, more moisture 

accumulation was observed compared to the sample containing kaolinite particles. Thus, in the contact 
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area in a sample of frozen hydrate-containing sand with montmorillonite particles, water content 

increased from the initial 12% to 20%, and in a sample with a kaolinite additive, only up to 16.8% 

(Figure 67). 

 

Figure 67. Influence of the mineralogical composition of clay in quartz sand (fine sand-1) on the 

accumulation of moisture in a frozen hydrate-saturated sample (W=12%) after 4 hours of interaction with a 

frozen salt solution of 0.1 N NaCl at -6 °C: A - kaolinite; B - montmorillonite. 

The calculation of the average migration flow of salt for the described experiments shows that its 

value decreases with an increase in the amount of clay particles (Figure 68). Thus, at a temperature of 

-6°C, the average flux density of salt ions in frozen hydrate-saturated fine sand-2 without impurities 

was 10 · 10– 10 mol/cm2·s, and with the addition of 15% kaolinite, the flux decreased almost 2 times 

(to 5.5 · 10– 10 mol/cm2·s). At the same time, when clay particles of montmorillonite composition were 

added to quartz sand in an amount of 15%, the value of the average migration flow decreased even 

more (almost 4 times) and amounted to 2.5 · 10– 10 mol/cm2·s (Figure 68). 
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Figure 68. Influence of the content of clay particles of various compositions (kaolinite and montmorillonite) 

in quartz sand (fine sand-2) on the average flux density of Na+ ions into a frozen hydrate-containing sample 

over 4 hours of interaction with a frozen salt solution of 0.1N NaCl (p=0.1MPa, t= ‒6℃): A – kaolinite; B – 

montmorillonite. 

Analysis of the accumulation of salts in the studied samples and the change in hydrate content in 

the process of salt transfer made it possible to reveal the dependence of the critical concentration of 

salts in the samples (Ccr), which causes the complete decomposition of metastable pore gas hydrates 

(at P=0.1 MPa), on the content of clay particles of various mineral composition in quartz sand (Figure 

69). 

 

Figure 69. Influence of the content of clay particles of different mineral composition in quartz sand (fine 

sand-2) on the critical concentration (Ccr) causing the decomposition of pore hydrate in a frozen sand sample 

(t= ‒6℃, p=0.1MPa, Csol=0.1N): A – kaolinite; B – montmorillonite. 
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As experimental data show, the critical concentration (Ccr) increases with the increase in the 

content of clay particles in quartz sand (Figure 69). Thus, with an increase in the content of kaolinite 

to 15%, the critical concentration (Ccr) increased 4 times (from 0.5% to 2.1%), and with an increase 

in the content of montmorillonite particles, the critical concentration increased almost 6 times (from 

0.5 to 3.1%). 

An experimental study of the influence of the particle size of the studied quartz sand on salt 

transfer in frozen hydrate-containing sediment showed that with an increase in the size of the 

predominant sand fraction from 0.1-0.2 (fine sand-2) to 0.2-0.5 mm (medium sand), the intensity of 

accumulation of salt ions increases, which accompanied by an increase in the dissociation of pore 

methane hydrate. Thus, at a fixed negative temperature (-6°C), 4 hours after the interaction of frozen 

hydrate-saturated fine sand-2 with NaCl 0.1N salt solution, Na+ ions penetrated 5.4 cm into the depth 

of the sample, and 7.2 cm into medium sand (Figure 70). 

 

Figure 70. Influence of the size of sand particles on the accumulation of salt ions (Na+) and the decrease in 

the hydrate coefficient (Kh) in frozen hydrate-containing samples (Kh
in ~ 0.4, W=12%, t= ‒6℃) 4 hours after 

the start of interaction with frozen salt solution 0.1 N NaCl: A - fine sand-2 (0.1-0.2 mm ~ 80%); B – medium 

sand (0.2-0.5 mm~60%). 
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An increase in the intensity of migration and accumulation of salt ions in frozen hydrate-saturated 

sand interacting with a NaCl solution at a fixed negative temperature (-6°C), with an increase in the 

predominant size of sand particles (from 0.1-0.2 to 0.2-0.5 mm) is accompanied by a more active 

decomposition of the pore hydrate. Thus, 4 hours after the contact of a frozen hydrate-containing fine 

sand-2 sample (0.1–0.2 cm) with a 0.1N NaCl solution at ‒6℃, the pore hydrate completely 

decomposed at a distance of 5 cm from the contact area. In a frozen hydrate-saturated sample with a 

predominance of a coarser fraction (medium sand), complete decomposition of the hydrate was 

recorded to a depth of 6.2 cm. At the same time, Kh, in the area far from the contact, decreased 

significantly (from 0.4 to 0.2) (Figure 70). 

A special series of experiments was devoted to the analysis of the migration of salt ions in frozen 

hydrate saturated sediment with different content of particles less than 0.05 mm (silt): fine sand-2 

(~1% silt), fine sand-3 (~5% silt) and sandy loam (~ 18% silt). The initial characteristics of frozen 

hydrate-saturated samples are presented in Table 13. 

Table 13. Properties of hydrate-saturated frozen sand with different amount of silt. 

Sample 
Type of 

sediment 

Amount of 

silt, % 

Water 

content, % 

Density, 

g/cm3 

Porosity, 

% 

Ice 

saturation, % 

Hydrate 

saturation, % 

1 Fine sand-2 1 12 1.8 38 15 44 

2 Fine sand-3 5 12 1.83 37 16 37 

3 Sandy loam 18 12 1.86 35 18 37 

In the course of experimental modeling, it was found that with an increase in the content of silt, 

the migration and accumulation of salt ions in frozen hydrate-containing samples decreases. So, after 

4 hours of interaction with NaCl 0.1 N salt solution at a fixed negative temperature of -6 °C, with an 

increase in the amount of silt from 1% to 18%, the penetration depth of ions in the samples decreased 

from 5.3 cm to 3.8 cm (Figure 71). 
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Figure 71. Influence of silt content on the accumulation of salt ions in frozen hydrate-containing samples 4 

hours after interaction with 0.1 N NaCl solution at t= ‒6℃: А –fine sand-2 (silt ~ 1%); B – fine sand-3 (silt ~ 

5%); С – sandy loam (silt ~ 18%). 

A decrease in the migration and accumulation of salts with an increase in the content of silt is 

accompanied by a decrease in the dissociation of pore gas hydrate. For example, in frozen hydrate-

saturated fine sand-2, where the silt content did not exceed 1%, the hydrate completely dissociated in 

a region of 4.8 cm from the contact. And in the frozen hydrate-containing fine sand-3 sample with a 

silt content of about 5%, the pore hydrate dissociated to a depth of 4.2 cm. In the sandy loam sample 

with a silt content of 18%, the pore hydrate decomposition area was only 3.3 cm (Figure 72). 

  

Figure 72. Influence of silt content on the hydrate coefficient (Kh) of frozen hydrate-containing samples (Kh
in 

~ 0.4-0.5, W=12%) 4 hours after interaction with 0.1 N NaCl solution at t= ‒6℃: А –fine sand-2 (silt ~ 1%); 

B – fine sand-3 (silt ~ 5%); С – sandy loam (silt ~ 18%). 
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The different content of silt in frozen hydrate-saturated samples interacting with salt solution is 

also reflected in moisture accumulation during salt migration. With an increase in the content of silt 

in frozen hydrate-saturated samples, an increase in water content was recorded in the near-contact 

area. So, in a sample with a silt content of 5%, the increase in water content was up to 5%, and in a 

sample with a silt content of 18%, water content increased by more than 2 times (from 12 to 28%) 

(Figure 73). 

 

Figure 73. Influence of silt content on moisture accumulation in a frozen hydrate-saturated sample (W=12%) 

after 4 hours of interaction with a frozen salt solution of 0.1 N NaCl at –6 °C: A – fine sand-2 (silt ~ 1%); B – 

fine sand-3 (silt ~ 5%); С – sandy loam (silt ~ 18%). 

An increase in the average water flux in frozen hydrate-saturated samples was also recorded 

with an increase in the content of silt (from 1 to 18%): from 1.5 · 10-7 g·s to 22.8 · 10-7 g·s. 

For the described samples, the critical concentrations of the decomposition of the pore hydrate 

during their interaction with the NaCl salt solution were also calculated. This concentration (Ccr) 

increased from 0.05% to 0.19% as silt increased from 1% to 18% (Table 14). 
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Table 14. Dependence of the critical NaCl concentration on the amount of silt in frozen hydrate saturated 

sandy sediment at the temperature ‒6℃. 

Sediment 
Сcr, 

mg - EQ/100 g 
Сcr, % 

Medium sand  

(silt ~1%) 
2.0 0.05 

Fine sand–1  

(silt ~1%) 
3.4 0.13 

Fine sand-2  

(silt ~5%) 
7.5 0.18 

Sandy loam 

(silt~18%) 
7.9 0.19 

 

For the studied frozen hydrate-containing samples of different fineness, the average salt flux 

was calculated during their interaction with 0.1N NaCl solution at a temperature of -6 ℃ and 

p=0.1MPa (Figure 74). It was found that in sandy-loamy sandy sediments with an increase in the 

content of silt from 1 to 18%, represented mainly by quartz-feldspar particles, the flux of Na+ ions 

increases from 6.2 · 10-10 mol/cm2·s to 16.3 · 10-10 mol/cm2·s. This is due to the increase in the paths 

for migration with a decrease in particle size without a noticeable increase in their sorption capacity.  
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Figure 74. Influence of fineness and amount of clay particles (kaolinite) on the average migration flow of Na+ 

in frozen hydrate-saturated samples interacting with NaCl solution 0.1 N for 4 hours at t= ‒6℃: A – fine 

sand-3; B –  fine sand-2 with kaolinite (from 0 to 10%); C –  medium sand; D – sandy loam. 

When finely dispersed clay particles (kaolinite composition) are added to quartz sand (fine sand-

2), on the contrary, the density of the ion migration flux decreases, almost 2 times (from 9.9 to 6.5 · 

10-10 mol/cm2·s) (Figure 74). This behavior is associated with sorption processes that occur on the 

surface of clay particles during their interaction with salt ions. This is confirmed by the addition of 

clay particles of montmorillonite composition (having a high sorption capacity) to the sand, where a 

4-fold decrease in the salt flux density is observed (Figure 68). 

Thus, with an increase in the content of silt in frozen hydrate-containing sand samples 

interacting with a salt solution, the intensity of the accumulation of salt ions and the dissociation of 

pore hydrate increases. When more finely dispersed clay particles (kaolinite and montmorillonite) are 

added, on the contrary, the accumulation of salt ions and the dissociation of the hydrate decreases. 

The experimental results demonstrate the active migration and accumulation of salts in frozen 

hydrate saturated sediments, what causes active hydrate dissociation in pore space. Salt transfer and 
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hydrate dissociation during interaction between frozen hydrate saturated sediments and salt solution 

depends on many factors, such as pressure, temperature, sediments (dispersion, clay content) and 

contact solution (concentration, chemical composition) characteristics. Experimental data 

demonstrates, that migration of salt solution may lead to the destruction of intrapermafrost and 

subpermafrost gas hydrate formations, permafrost thawing, and methane emissions.  

 

Chapter 8. Concept models of hydrate interaction with natural and technical salt solution in 

hydrate saturated collectors in permafrost  

As confirmed by the results of experimental modeling on the interaction between frozen hydrate-

saturated sediments and salt solutions, salt ions can migrate from natural and technogenic solutions to 

frozen horizons containing gas hydrates and can cause intrapermafrost hydrate decomposition in the 

Arctic region. This is possible when salt ions penetrate from sea water on the Arctic shelf into 

underwater permafrost containing gas hydrates, when intrapermafrost saline water (cryopegs) flows 

down the frozen section as a result of the evolution of the permafrost zone, as well as during 

technogenic impact (for example, when drilling wells in frozen strata containing hydrates). And the 

intensity of mass transfer processes is defined by internal (sediments characteristics) and external 

factors (ambient temperature, pressure, salt concentration and composition). These issues have not 

been sufficiently studied until recently. 

The obtained experimental data allow us to present some model-scheme of destabilization of 

intrapermafrost hydrate during salt migration in frozen hydrate saturated sediments in continental 

conditions (Figure 73) and on the shelf (Figure 74). 

In continental conditions, initially, intrapermafrost gas hydrates exist both in stable and 

metastable conditions. At the same time, there are cryopegs around which there is a certain salinity 
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halo (Figure 73a). This salinity halo very slowly spread over time, without significant influence on 

the surrounding frozen sediments. However, during the evolution of the permafrost zone (for example, 

with an increase in the sediment temperature) or under technogenic impact (for example, during 

drilling), the migration of salts from cryopegs proceed faster down the section, and a salinization front 

is formed (Figure 73b). Salt ions, when reach hydrate saturated frozen horizon, destabilized hydrates 

and at a certain critical concentration causes their complete dissociation. Since the critical 

concentration of hydrate dissociation in frozen sediment at a gas pressure below equilibrium is lower 

than at the pressure above equilibrium, the destabilization of metastable gas hydrate deposits occurs 

first (Figure 73c), as does the thawing of host frozen sediments. And the diffusion of salts into the 

frozen horizons, which contain gas hydrates under stable conditions, proceeds much more slowly. 

When the metastable gas hydrate reservoir had already dissociated, the salt front only partially 

destabilized gas hydrates at the higher pressure (Figure 73d). The methane released during the 

dissociation of gas hydrates migrates through permeable areas of frozen horizons (along taliks), and 

only part of it enters the atmosphere. The main mass of methane accumulates under impermeable 

frozen horizons, forming a gas deposit and creating zone of increased pressure. Further emission of 

methane can cause the critical gas pressure to be exceeded, followed by an explosion and the formation 

of a crater [106,248,249,336]. 
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Figure 75. Proposed model of interaction between saline horizons and frozen deposits containing gas 

hydrates: a) initial state; b) start of salt migration from cryopegs due to ambient temperature increase; c) 

dissociation of metastable hydrates occurs; b) dissociation of stable hydrates occurs. 

On the Arctic shelf in the conditions of submarine permafrost bottom sediments (in frozen and 

thawed state), including hydrate containing, are in the contact with sea water. Consequently, salt 

migration down by the crossection occur, what can play crucial role in the hydrate destabilization in 

the submarine permafrost (Figure 74). 
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Figure 76. The proposed conceptual model on the interaction between frozen hydrate-containing 

sediments and sea water: a) preliminary state – sea regression; b) after sea transgression – start of interaction 

between frozen sediments and sea water; c) migration of salt into permafrost sediments (development of 

salinity and thawing fronts); d) propagation salt front into sediments, saturated with intrapermafrost gas 

hydrate followed by hydrate decomposition and active methane emission. 

Initially (Figure 74A), during sea regression gas hydrates exist in the stable and metastable state 

without significant change. Then sea transgression occurs (Figure 74B) and frozen hydrate-containing 

sediments start to interact with salted sea water, sediments temperature rises, and thawing front is 

formed (Figure 74 – 1) [278,331,337]. Over time, the rate of thawing of underwater permafrost 

decreases. In this case, the penetration of sea water into the thawing zone is observed (Figure 74b). 

Since frozen rocks are permeable to salt ions, there is an advancing movement of salt ions from sea 

water relative to the thawing front. During the migration and accumulation of salt ions in frozen 

deposits, the temperature of phase transitions decreases and the content of the liquid phase in soils 
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increases. As a result, the deceleration of the thawing front decreases. Salt ions migrating in frozen 

deposits, upon reaching horizons containing relict hydrates, will destabilize them and contribute to 

their active dissociation and methane release (Figure 74c), thus forming the second front of phase 

transitions - the dissociation front of gas hydrates. It occurs when a certain critical salt concentration 

is reached in the frozen hydrate-containing rock. This concentration, as shown by experimental 

studies, depends on the composition of hydrate-containing deposits and thermobaric conditions. 

During phase transitions ice-water / hydrate-water (ice), gas caused by salt transfer, the permeability 

of saline permafrost increases [338]. Methane formed during the dissociation of gas hydrates 

subsequently migrates to the bottom surface and enters the sea water, where it partially dissolves, 

oxidizes, and also diffuses through the water column and escapes into the atmosphere (Figure 74c).  

This scheme makes it possible to explain the possible cause of numerous gas manifestations 

recorded on the Arctic shelf in areas of submarine permafrost distribution as a result of destabilization 

of intrapermafrost gas hydrate formations due to heat and mass transfer processes associated with the 

migration of salt ions from sea water. 

 

Chapter 9. Conclusion 

An analysis of the natural conditions of occurrence of frozen hydrate-bearing sediment indicates 

the possibility of their interaction with salt solutions. This is possible when salt ions penetrate from 

sea water on the Arctic shelf into underwater permafrost containing gas hydrates, when 

intrapermafrost saline water (cryopegs) flows down the frozen section as a result of the evolution of 

the permafrost zone, as well as during technogenic impact (for example, when drilling wells in frozen 

strata containing hydrates). Salt migration causes thawing of frozen sediment and destabilization of 

intrapermafrost gas hydrates, which leads to the emission of methane into the atmosphere. Thus, the 
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transformation of climatic conditions can occur, as well as the emergence of technological 

complications during the development of Arctic deposits. However, literature analysis has shown that 

the issue of interaction between frozen hydrate-saturated sediment and salt solutions has not been 

studied enough so far. 

The conducted experimental studies allow us to draw the following conclusions: 

1) The new method for determination of water dissolving salt concentration in sandy 

sediments through water activity was proposed. The method allows to obtain values of salt ions 

concentration without special probe preparation. It is fast, cheap and has low error (+-0.2%), but 

applicable only to the low concentration of salts (up to 5%); 

2) The new method was created for investigating of hydrate saturated frozen sediments 

interaction with salt solution under the pressure higher than 0.1 MPa in the pressure cell; 

3) The method for temperature change investigation during interaction of frozen hydrate 

saturated sediments interaction with salt solution was developed. The method allows to register 

temperature change in time with using of special equipment with high precision of temperature sensors 

(±0.05oC). All external temperature influence in that method is limited, i.e., ambient temperature is 

fixed at one value. So, only internal temperature changes in the frozen hydrate saturated sample is 

observed; 

4) Mechanism and dynamics of hydrate saturated frozen sediments interaction with salt 

solution were experimentally investigated: 

- during the interaction of frozen hydrate-saturated sediments with salt solutions, not only 

active processes of salt migration are observed, which are accompanied by the accumulation 

of salt ions in the pore space, but also phase transitions of pore ice and dissociation of gas 

hydrates in the pore space, accompanied by anomalous temperature drops; 
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- the migration of salt ions into a frozen hydrate-containing sample occurs more intensively 

than into a sample without hydrates (due to the higher content of liquid water films), and 

with deeper temperature decrease (temperature decrease was 3 times lower in hydrate 

saturated sand, than in non-hydrate saturated); 

- in the process of salts migration and accumulation, two fronts are formed: thawing of frozen 

sediments and gas hydrate decomposition. It is noted that the front of decomposition of gas 

hydrate is ahead of the front of thawing, because critical concentration of hydrate 

dissociation is lower than critical concentration of thawing; 

- Na+ flux is decreasing with time of interaction between frozen hydrate saturated and salt 

solution. After 25 hours of contact between hydrate saturated sand and NaCl solution salt 

flux decreased by 10 times. 

- based on the experimental data scheme of water phase transition in frozen sand saturated 

with stable and metastable hydrate is proposed, furthermore according temperature effect 

during that process is analysed. 

5) Experimental investigation of different factors influence on the process of hydrate 

saturated frozen sediments and salt solution interaction was conducted. The following results was 

obtained: 

- the rate of salt penetration in frozen sediments and the rate of hydrate dissociation is 

increasing when the experimental conditions are transferred from stable to metastable state 

(from 4 MPa to 0.1 MPa by 2 times both), as well as Na+ flux from 1 to 38· 10-10 

mol/cm2·sec. As it was assumed, such dependence connected with decrease in liquid water 

amount in hydrate saturated frozen sediments with increasing gas pressure; 

- higher temperature leads to more active decomposition of the hydrate in frozen sediments 

as a result of salt penetration. The dissociation rate is more than 4 times higher when the 
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temperature of interaction rises 3 times from -20 to -6.5 oC. Salt critical concentration of 

hydrate decomposition in porous media of frozen sediment vary from 3.4% to 0.6% when 

temperature of interaction increase from -16 to -2.5 oC; 

- higher concentration of the contact solution leads to more active hydrate decomposition in 

frozen hydrate saturated sediments interacting with salt solution. The penetration of Na+ is 

3 times greater with an increase in concentration of the contact solution by 2 times. The rate 

of hydrate dissociation is 6 times faster in the case of contact with a 0.4N solution than in 

contact with a 0.2N solution. The higher the concentration of the contacting solution, the 

more significant the decrease in temperature associated with the more intense dissociation 

of the hydrate, and the longer the time required for the temperature to reach equilibrium (up 

to the initial temperature values); 

- hydrate stability in pore meadia of frozen sediments increases in the series MgCl2-NaCl-

CaCl2-KCl-Na2SO4. The intensity of pore hydrate dissociation is 3 times higher upon contact 

with a NaCl solution than upon contact with Na2SO4 solution, and 2 times higher than upon 

contact with CaCl2 solution. Data confirmed by computer simulations in HydraFlash; 

- rise of clay content in sand decreases intensity of salt accumulation and hydrate dissociation: 

critical concentration increases by 4 times and the average salt flux decreases by 2 times 

when clay content change from 0 to 15%; 

- more active salt accumulation and hydrate dissociation happen in the sand with kaolinite 

particles, than in the sand with montmorillonite; 

- salt accumulation is more active and hydrate decomposes more rapidly when amount of silt 

with low sorption ability increases. Thus, more active salt migration and hydrate dissociation 

was observed in sand than in sandy loam. 
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6) On the basis of experimental data, a conceptual scheme for the destabilization of 

intrapermafrost formations in the areas of permafrost distribution in continental conditions and on the 

Arctic shelf is proposed. This scheme makes it possible to explain the possible cause of numerous gas 

manifestations recorded in the Arctic area of permafrost distribution as a result of destabilization of 

intrapermafrost gas hydrate formations due to heat and mass transfer processes associated with the 

migration of salt ions.  

The conducted experimental studies allow us to take a newly look at the mechanism and patterns 

of migration of salt ions in frozen hydrate-saturated sediment during their contact. Experimental data 

demonstrate the potential danger of destabilization of gas hydrate formations in the Arctic as a result 

of exposure to natural and artificial solutions, especially for the oil and gas industry.  
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