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Abstract

:

Salt migration may be another reason why pore-gas hydrates dissociate in permafrost, besides pressure and temperature changes. Temperature variations in frozen hydrate-saturated sediments interacting with a NaCl solution have been studied experimentally at a constant temperature, ~−6 °C typical for permafrost. The experiments with frozen sandy samples containing metastable methane hydrate show that the migration of Na+ ions in the NaCl solution and their accumulation in the sediments can induce heat-consuming hydrate dissociation and ice melting. The hydrate-saturated frozen soils cool down at higher rates than their hydrate-free counterparts and require more time to recover their initial temperature. The temperature effects in hydrate-saturated frozen sediments exposed to contact with NaCl solutions depend strongly on salt concentration. The experimental results are used to model phase changes in the pore space associated with salt-ions transport and provide insights into the reasons for temperature changes.






Keywords:


permafrost; gas hydrate; frozen sediment; salt migration; temperature variation; hydrate dissociation; methane emission












1. Introduction


Gas hydrates are crystalline clathrate compounds that look like ice or snow, which are formed out of water molecules and low-molecular gas under certain pressures and temperatures [1]. Hydrates of natural gas (mainly methane) are widely distributed in nature, especially in the bottom sediments of seas and oceans, at sea depths below 250–300 m, and also in the permafrost environment, where pressure and chemical conditions can maintain their stability [2,3,4,5,6,7]. Gas hydrates sequester large amounts of natural gas: in normal conditions, each volume unit of gas-hydrate stores about 160 units of methane. Over the past three decades, gas hydrates have been actively considered as a promising source of hydrocarbons [4,8,9,10]. Meanwhile, although being promising unconventional resources of natural gas, gas hydrates pose serious threats to petroleum production, from the conventional reservoirs located below the probable zone of hydrate stability [11,12,13,14,15,16].



Gas hydrates can lose stability and dissociate into water and gas, as a result of pressure drop and/or temperature changes (e.g., decompression and warming) [17]. The dissociation of pore hydrates is a heat-consuming process and, thus, leads to the considerable cooling of sediments [18,19,20]. However, the released interstitial water in permafrost quite rapidly freezes to ice, which coats the gas-hydrate particles and impedes their further dissociation [19,21,22,23,24,25,26,27,28]. Furthermore, the heat-consuming dissociation reaction and the related cooling accelerate the freezing rate and maintain the self-preservation of pore-gas hydrates. For this reason, hydrates can remain metastable for a long time, even at atmospheric pressure [22,29]. Numerous field data obtained during the drilling of engineering wells in Russian permafrost indicate the possibility of gas-hydrate existence in shallow permafrost (up to a depth of 150 m), above the modern gas-hydrate-stability zone [16,30,31]. These relic gas hydrates were formed in past periods, when favorable thermobaric conditions arose at these depths. Consequently, within negative temperatures, they were able to stay in the preserve form (in a metastable state), due to the geological manifestation of the self-preservation effect of intrapermafrost-gas hydrates. These relic gas-hydrate formations are sensitive to changes in the thermobaric and geochemical conditions [32].



The dissociation of gas hydrates may have other triggers besides the pressure and temperature changes. Their destabilization may result from reactions with chemical agents that inhibit hydrate formation: salts, acids, and organic or inorganic compounds [33,34,35,36,37,38,39,40], including electrolytes (e.g., a NaCl solution). The effect of dissolved salts on the pressure and temperature conditions of hydrate stability has been largely studied. The results include data on thermodynamic equilibrium of methane hydrate affected by salts in a free volume [34,36,41,42,43,44], inhibition of hydrate formation by injected brines at positive temperatures, etc. [37,45,46,47,48,49,50,51]. Hydrates reacting with chloride salts at t > 0 °C dissociate due to the interaction between the water molecules in the clathrate structure and the salt ions in the solutions [34,46,47]. The ionized, dissolved salts react with water molecules and develop Coulomb bonds that are stronger than hydrogen or Van der Waals bonds in the hydrate lattice. As a result, the salt ions destroy the originally stable clathrate structure and induce methane release.



However, the behavior of salt ions in the pore space of hydrate- and ice-bearing sediments remains poorly investigated, especially the thermal effects associated with salt migration and related hydrate–salt interactions. Pore-gas hydrates in permafrost, including the subsea permafrost of the Arctic shelf, can lose stability upon reactions with salt ions migrating from seawater [52] or from cryopeg brines, which can penetrate into permafrost as a result of natural or human-caused (drilling, disposal of technical waters, etc.) processes.



Although the interaction of saline solutions with frozen hydrate-bearing sediments has been rather poorly studied, some inferences can be made from the available evidence on such interaction with pore ice, which is similar to gas hydrates in many aspects. Ice melts when interacting with a saline solution, until the salt reaches an equilibrium concentration corresponding to the freezing point of the solution. The molten ice dilutes the solution, and the latter cools down until the equilibrium concentration [53,54,55], while salt ions migrate into the sediments and into ice along the boundaries of ice crystals [56]. The amount of unfrozen pore water increases progressively, and the thawing front propagates along the salt-migration paths [57,58,59]. In the same way, dissolved salts can accumulate in permafrost that presumably contains pore-gas hydrates [56].



The phase changes in pore moisture of frozen hydrate-bearing rocks interacting with saline solutions differ from those in hydrate-free rocks, as hydrate dissociation consumes 1.5 times more heat than the ice–water transition: 5.99 kJ/mol against 18.13 kJ/mol, respectively [18,60]. Correspondingly, salt transport causes different thermal effects in hydrate-bearing and hydrate-free frozen sediments.



Accounting for thermal processes during salt transfer in frozen hydrate-containing formations opens up new opportunities for understanding the nature and detection of salt ions, in the complex system of natural sediments containing ice and gas components. These components are very sensitive to temperature and pressure transducers as well as to the transformation of geochemical conditions (especially under the influence of salt).



The dynamics of changes in the thermal field in the process of salt transfer make it possible to trace the kinetics of salt accumulation and dissociation of pore-gas hydrate. In addition, the analysis of temperature changes in the process of salt transfer makes it possible to evaluate the intensity of dissociation of porous-gas hydrate, along with secondary ice formation due to the freezing of the supercooled water formed during the hydrate decomposition. That is why it is important to study experimentally the temperature patterns in frozen hydrate-saturated rocks associated with salt transport at negative temperatures and atmospheric pressure.



In this paper, on the basis of experimental modeling, thermal processes are analyzed that occur in frozen rocks containing porous-gas hydrate under metastability conditions, i.e., at a pressure below equilibrium, when they interact with salt solutions. Similar processes can take place in the upper horizons of permafrost containing relict gas hydrates, where, during the evolution of permafrost and technogenic impacts, the interaction of intrapermafrost-gas hydrates and salt solutions of various origins is possible.




2. Methods


Temperature changes in frozen hydrate-saturated sediments interacting with a NaCl solution were investigated in experiments at a constant negative temperature. The experiments were performed with samples, which were saturated with hydrate in laboratory and exposed to contact with a frozen NaCl solution. The experimental procedure included several steps:




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



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



	
The frozen hydrate-saturated samples were taken out of the pressure cell and measured for water contents, density, and fraction of water converted to hydrate (hydrate coefficient Khin, u.f.).



	
Temperature sensors were mounted along the samples at different distances to their bottom end (2.5, 3.5, 6.0, and 7.0 cm).



	
The samples were juxtaposed against a frozen NaCl solution (saline ice) at a constant negative temperature (−6.5 ± 0.1 °C) and under atmospheric pressure (0.1 MPa), in a tight thermally insulated box. The interaction process was monitored continuously, with temperature sampling.








The sand samples were mainly (about 80%) composed of 0.25–0.1 mm quartz particles (Table 1) and had natural salinity within 0.1% (Table 2); the active surface area was ~0.6 g/m2.



The frozen cylindrical samples (~5 cm in diameter and 9 cm high) initially containing 11–12% of water were saturated in the vacuumed tight-pressure cell, by filling it with cold hydrate-forming gas (99.98% CH4) until the hydrate formation pressure >3 MPa, under specially created conditions providing uniform saturation of the pore space [52]. Additionally, two twin samples with similar moisture contents, density, and hydrate saturation were prepared in the same way and were used for comparison. Saturation of the samples in the pressure cell began at −5 °C to −6 °C; gas hydrates formed immediately on the surface of porous ice, impeded migration of pore moisture, and became distributed uniformly over the samples. The saturation process was accelerated using cyclic temperature fluctuations from −5 °C or −6 °C to +3 °C. It lasted at least two weeks, and then the samples were frozen to −6.5 ± 0.1 °C. The residual pore moisture that had not converted to hydrate froze up. Thus, obtained samples had hydrate saturation of at least 60%.



Then the pressure in the cell was reduced to 0.1 MPa, while the temperature was maintained at −6.5 °C, and the frozen hydrate-saturated samples became metastable. They underwent partial dissociation and kept residual hydrate saturation of 30% for quite a long time, due to the self-preservation effect. The initial parameters measured in the samples before they were exposed to interaction with the NaCl solution were: within 11–12% water content; 35% to 40% porosity; 1.80 g/cm3 density; and hydrate coefficient 0.4–0.6 Khin. The frozen hydrate-bearing sand had a massive ice–hydrate texture and the properties distributed uniformly along the samples.



Initial gas contents were estimated by measuring the volume of gas released (with 2–3 times repeatability) as the samples were thawing in the saturated NaCl solution. The obtained values were used to estimate hydrate content and hydrate coefficient, assuming a hydrate number of 5.9 for methane hydrate [52].



Specific gas content (G, cm3/g) was found as:


  G =   (  V 2  −  V 1  ) · T    m s    ,  



(1)




where   (  V 2  −  V 1  )  —change in the volume of liquid in the gas collector tube (cm3); T—temperature correction;    m s   —the mass of the soil sample (g).



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


  H =  m g  · 7.64 · 100 % ,  



(2)




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



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


   K h  =    W h   W  ,  



(3)




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



Temperature variations in the frozen hydrate-saturated sand interacting with the NaCl solutions at 0.1 MPa and −6.5 °C were recorded on a “Kriolab Tbf” system designed at the KrioLab Company and equipped with built-in software (Figure 1). The system consists of a cooling chamber for maintaining negative temperatures, eight thermistors (d = 2.5 mm), and an electronic recording unit that samples temperature at specified time intervals (every 30 s in this study). The temperature sensors were calibrated to a precision of ±0.01 °C against a special reference sensor, in a thermostat. The temperature in the cooling chamber was maintained at −6.5 °C for the whole run (Figure 1).



The temperature sensors were placed in four holes (2.5 mm in diameter) spaced at ~1.5 cm, which were drilled to a depth of 3 cm toward the center of the frozen hydrate-saturated samples with measured initial variables. Then, the samples were exposed to contact with a NaCl solution of different concentrations (0.1 to 1.0 N), at 0.1 MPa and a constant temperature of −6.5 °C. Simultaneously, hydrate-free samples interacted with a similar NaCl solution under the same pressure and temperature conditions.



The temperature was monitored since the onset of experimental runs, which lasted 5–9 h on average, until the thermal stabilization in the samples.




3. Experimental Results


The experiments confirmed active Na+ diffusion into frozen hydrate-saturated samples interacting with a frozen NaCl solution, which led to dissociation of pore-methane hydrate [52]. The diffusion process showed up as time-dependent variations in the Na+ contents (A) and hydrate coefficient (B), based off the sample–solution interface under atmospheric pressure (0.1 MPa) and a constant negative temperature (−6 °C), for ~4 h to ~29 h of interaction with a 0.1 N NaCl solution (Figure 2). In four hours, salt ions (Na+) penetrated into the samples to a depth of 2.3 cm while hydrate dissociated at a distance of 1 cm to the contact; the respective distances attained for twenty-nine hours of interaction were 5 cm and 4 cm. Thus, the salinity front propagated in frozen hydrate-bearing sand interacting with the NaCl solution and produced the hydrate-dissociation front at some critical salt concentrations in the samples.



The salinity increases in the hydrate-bearing and hydrate-free frozen samples interacting with the NaCl solution were accompanied by their cooling, because hydrate dissociation and ice melting are both heat-consuming processes. In these conditions, the hydrate-bearing samples can be expected to cool down more strongly than the hydrate-free ones, as the enthalpy of hydrate dissociation is 1.5 times higher than that of ice melting. Indeed, the experiments showed this difference (Figure 3) at 2.5 cm to the sample–solution interface (0.4 N NaCl solution). The samples had initial moisture contents of 12% and a porosity of 38–40%. The hydrate-free sample contained 50% of pore ice, and the hydrate saturation of the other sample reached 35 %, at a total saturation of 53% (Table 3).



The samples cooled down almost immediately after the onset of interaction with the NaCl solution, but the temperature reached its minimum at 2.5 cm to the contact in 0.7 h for the hydrate-free sample and in 1 h for the hydrate-bearing one. The hydrate-bearing and hydrate-free samples became 0.6 °C and 0.2 °C colder, respectively. The respective cooling rates were 0.6 °C/h and 0.4 °C/h.



After cooling, the samples warmed up gradually to the initial temperature (−6.5 °C), which took 5 and 3.7 h for the hydrate-bearing and hydrate-free samples, respectively.



The temperature distribution along the frozen samples with and without pore methane hydrates departed from the initial −6.5 °C value after 0.6 h of interaction with a 0.4 N NaCl solution (Figure 4), more strongly in the case of the hydrate-saturated sample.



The cooling trend from −6.5 °C was also observed in the case of a more concentrated (1.0 N) NaCl solution (Figure 5). The hydrate-bearing sample became ~1.9 °C colder, but the time when it reached the minimum temperature (−8.3 °C) depended on the distance to the contact: after 20 min of interaction at 2.5 cm to the contact (1 sensor) and after 35 min at 7 cm. The onset of cooling likewise depended on the distance to the contact, while the cooling rate was within 0.08 to 0.1 deg/min.



Having reached the minimum value, the temperature gradually returned to −6.5 °C. After three hours of interaction, the temperature distribution was almost uniform, though warming continued.



After the onset of interaction with the 1.0 N NaCl solution, the hydrate-bearing sample was cooling down (Figure 6) relative to the initial constant temperature of −6.5 °C.



The cooling began already after 1 min of interaction: Δt = 1 °C at 2.5 cm to the sample–solution interface, though no cooling was yet evident at 3.5 cm to the contact. The cooling spread to 5.5 cm in 4 min and covered the whole sample in 8 min. After 8 min of interaction, Δt reached 1.8 °C at 2.5 cm to the contact, and the temperature gradient over the sample length was 0.4 deg/cm. Later on, the temperature equilibrated due to stabilization near the contact with the NaCl solution and the cooling away from it. As a result, the temperature distribution over the distance 2.5 to 7 cm to the contact became quasi-linear after 30 min of interaction and ranged from −8.2 to −8.4 °C. Then, the sample began to warm up slightly, especially near the contact: after 1 h of interaction, the temperature became 0.3 °C higher than the minimum value at 2.5 cm to the contact but did not change yet at 7 cm (Figure 6).



Thus, the interaction of hydrate-bearing frozen sand with a cold NaCl solution produced a cold wave, due to the hydrate dissociation caused by the salt migration, which led to a 1.8 °C temperature decrease over the sample. As the dissociation process stopped, the sample warmed up gradually from its contact with the solution. The dependence of the cooling rate on the salt concentration was investigated by using NaCl solution concentrations of 0.2, 0.4, 0.6, and 1.0 N; the samples had hydrate and ice saturations of 35% to 41% and 11% to 18%, respectively (Table 4).



The patterns for the solutions of the different concentrations revealed temperature sensitivity to salinity (Figure 7). As the salt concentration increased from 0.1 to 1.0 N (Figure 7), cooling at 2.5 cm to the sample-solution contact became stronger (Δt from 0.3 °C to 1.9 °C) and faster (the sample reached the temperature minimum in 15 min instead of 1 h). The reason is that more concentrated solutions can cause more rapid dissociation of pore-gas hydrates. The temperature change Δt showed salinity dependence (Figure 8): the sample interacting with a 0.1 N NaCl solution became only 0.1 °C colder, but the cooling reached 2.0 °C in the case of a 1.0 N solution, i.e., Δt became 20 times greater as the salt concentration increased from 0.1 to 1.0 N.



Note that the cooling rate (Vt, °C/h) likewise increased considerably with the salinity increase (Figure 9): from 0.4 °C/h for 0.1 N to 4.7 °C/h for 1.0 N, which is an increase of more than 10 times.



The NaCl concentration of the solution also controls the time required for the temperature recovery of the sample (Figure 10). The frozen hydrate-saturated sample returned to its initial temperature (−6.5 °C) in 5 h of interaction with a 0.2 N solution and in 12 h in the case of 1 N.



Thus, the experiments have revealed temperature variations controlled by dissociation of pore-gas hydrates and pore ice melting in frozen-sand samples interacting with a NaCl solution. The cooling of the samples due to hydrate dissociation considerably exceeds the effect from ice melting, while the cooling rate is sensitive to the salt concentration.




4. Discussion


The experimental results show that the interaction of hydrate-bearing and hydrate-free frozen sediments with saline solutions at a constant negative temperature of −6.5 °C induces salt transport to the samples, mainly along the films of unfrozen water that coat the soil particles, as well as along the boundaries of the ice and hydrate crystals. Other migration paths may include structure defects and heterogeneities in ice and gas hydrates. Salts migrating from seawater or brines accumulate in the pore space, together with ice and hydrates, and cause phase transitions in the pore moisture (ice–hydrate–liquid water): heat-consuming reactions of ice melting and hydrate dissociation occur, which leads to the cooling of the sediments. The cooling is especially prominent in the presence of pore-gas hydrates because the enthalpy of hydrate dissociation is 1.5 times greater than that of ice melting.



The increasing amount of salt ions in the films of unfrozen water interferes with the phase equilibrium of permafrost and induces melting of the pore ice, along with the ensuing cooling. Further salinity increases lead to progressive ice melting and further cooling, which continues until equilibration occurs between the rock temperature, pore-water salinity, and ice saturation. The equilibrium temperature, which occurs at a certain NaCl concentration (Figure 11), actually corresponds to the freezing point of the respective solution. Thus, the maximum cooling corresponds to the equilibrium temperature attained during the interaction of the pore ice with a NaCl solution of a certain concentration.



The cooling front follows the propagating salinity front associated with salt transport (Figure 5). The samples reach the maximum cooling at the highest rates of ice melting and hydrate dissociation and begin to warm up, until the ambient values when both melting and dissociation processes decay, or when the pore ice converts to liquid water while the gas-hydrate inclusions decompose completely. The warming of the hydrate-bearing samples takes more time than for the hydrate-free ones, because hydrate dissociation causes stronger cooling and produces additional ice.



Temperature variations associated with salt transport in hydrate-saturated frozen sediments can be illustrated in a model (Figure 12). Before interacting with the NaCl solution, the samples have a uniform thermal field at a constant negative temperature corresponding to ambient temperature (Figure 12a). After the onset of the interaction at isothermal conditions, the samples cool down near the contact as a result of heat-consuming ice melting and hydrate dissociation induced by the migration and accumulation of Na+ (Figure 12b). Progressive Na+ accumulation accelerates the dissociation of the pore-gas hydrates and leads to further cooling (Figure 12c). Then, the cooling process decays near the contact but shifts deeper into the sample, together with the salinity front (Figure 12d). Pore-gas hydrates can dissociate partly or completely, depending on the Na+ contents in the sample controlled by the concentration of the NaCl solution. If the dissociation is complete, the respective front appears together with the salinity front, as well as with the thaw front, especially with high Na+ contents.



The propagation of cooling away from the contact induced by salt transport is followed by the gradual warming of the samples because of the ambient temperature, while the phase transitions decay, i.e., the pore ice and the NaCl solution attain a new thermodynamic equilibrium (Figure 12e).



The changes caused by salt transport to frozen samples containing metastable pore-gas hydrates can be presented in a more detailed model (Figure 13). At some point, after the onset of the interaction with the NaCl solution and the related Na+ migration and accumulation, the samples develop a cooling zone produced by the dissociation of gas hydrates and the melting of ice in the pore space. In the hydrate-saturated samples, the initial (ambient) temperature and the initial contents of the pore ice and hydrates persist far from the contact, where dissolved salts have not penetrated yet. In these conditions, pore hydrates exist in the preserved state, and no phase transitions occur (Figure 13a).



The hydrate-dissociation front reaches the coldest middle part of the sample, where it causes local cooling (Figure 13b). Hydrate saturation in this zone is much lower than elsewhere due to dissociation, while the liquid water released by the dissociation reaction dilutes the NaCl solution. As a result, the liquid pore water freezes up, increasing the ice content to above the initial value, despite the higher contents of Na+ and the unfrozen water (Figure 13c). Thus, the sample warms up to the initial temperature near the contact with the NaCl solution, due to both heat release upon the water freezing and temperature equilibration because of the ambience. Furthermore, Na+ accumulation near the contact with the NaCl solution may decrease the ice saturation and, hence, increase, the amount of unfrozen water.



Thus, the cooling records the process of pore-hydrate dissociation, and the temperature minimum corresponds to the point when it begins to decay. Then, the temperature in the cooling zone of the sample increases until reaching the thermal equilibrium because of the ambience, at the account of the heat transfer, as well as due to the heat released upon the freezing of water that was produced from the gas hydrates by the dissociation reaction.



The thermal effect of salt migration on the hydrate-bearing permafrost is inferred to be sensitive to temperature, pressure, and salinity, which control the processes of salt transport and hydrate dissociation. Namely, the two processes occur faster at higher salt concentrations. Correspondingly, active hydrate dissociation accelerates cooling and extends the time required for the rock to return to the ambient temperature.



The experimental results open a new perspective on hydrate dissociation in permafrost, for the conditions of salt transport and the formation of temperature anomalies that affect phase changes in the pore moisture. In this respect, the injection of saline brines for disposal in the permafrost, as reported from West Yakutia [62], may be responsible for gas shows and anomalously low temperatures in the respective depth intervals, where implicit evidence indicates the possible presence of gas hydrates.




5. Conclusions


The reported experiments show that the interaction of frozen hydrate-saturated sediments with a NaCl solution leads to salt migration and Na+ increase in the pore space, as well as to phase transitions of the pore moisture and dissociation of gas hydrates, with related cooling.



The notable cooling associated with the migration and accumulation of dissolved salts in hydrate-bearing sediments first appears near the sample–solution interface and then propagates off the contact and causes pore-moisture-phase transitions. The cooling effect in hydrate-bearing sediments is stronger (in the case of a 0.4 N NaCl solution—by a factor two times stronger) than that in hydrate-free soils, because the enthalpy of hydrate dissociation is much greater than that of ice melting. Correspondingly, the hydrate-bearing sediments show higher cooling rates and require more time to recover the initial temperature, despite the crystallization of the pore water released during the dissociation reaction.



The cooling effect is more powerful at higher salt concentrations, which increases the hydrate-dissociation rate. At the same time, both the cooling rate and the temperature recovery time increase.



The experimental data were used to develop a conceptual model of the phase transitions of the pore moisture and temperature variations in frozen fine sand that contains metastable gas hydrates interacting with a NaCl solution.
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Figure 1. Sketch of Kriolab Tbf system (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 [61]. 
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Figure 2. Changes of Na+ contents (a) and hydrate coefficient (b) in frozen hydrate-bearing sand (Khin = 0.6, W = 12%) for 3.9, 25.5, and 28.8 h of interaction with a 0.1 N NaCl solution at 0.1 MPa and −6 °C. 
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Figure 3. Time-dependent temperature variations between frozen sand and a 0.4 N NaCl solution at 0.1 MPa, at 2.5 cm to the contact. 1 = hydrate-free frozen sand (dotted line); 2 = hydrate-bearing frozen sand (solid line); 3 = initial temperature (tin) −6.5 °C (dashed line). 
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Figure 4. Time-dependent temperature variations in hydrate-free (1) and hydrate-bearing (2) sand after 0.6 h of interaction with a 0.4 N NaCl solution at 0.1 MPa. Dashed line (3) shows initial temperature (tin = −6.5 °C). 
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Figure 5. Time-dependent temperature variations in the hydrate-saturated frozen sample (Shin = 38%, Siin = 15%) at 2.5, 3.5, 5.5, and 7.0 cm from the contact with 1.0 N NaCl solution (tin = −6.5 °C, p = 0.1 MPa): (a) in the current experiment; (b) in a narrower time interval before the temperature became unique in the sample structure. 
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Figure 6. Cooling of the hydrate-saturated sand sample (Shin = 41%, Siin = 12%) for 60 min of interaction with the 1 N NaCl solution (tin = −6.5 °C, p = 0.1 MPa). 
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Figure 7. Time-dependent temperature variations in frozen hydrate-saturated sand at 2.5 cm to the contact with a NaCl solution of 0.2 to 1.0 N; tin= −6.5 °C, p = 0.1 MPa. 
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Figure 8. Maximum temperature decrease (Δt = tin − tmin) in frozen hydrate-saturated sand as a function of NaCl concentration (Csol from 0.1 to 1.0 N; tin = −6.5 °C, p = 0.1 MPa). 






Figure 8. Maximum temperature decrease (Δt = tin − tmin) in frozen hydrate-saturated sand as a function of NaCl concentration (Csol from 0.1 to 1.0 N; tin = −6.5 °C, p = 0.1 MPa).



[image: Geosciences 12 00261 g008]







[image: Geosciences 12 00261 g009 550] 





Figure 9. Cooling rate (Vt) of frozen hydrate-saturated sand as a function of NaCl concentration (Csol from 0.1 to 1.0 N; tin = −6.5 °C, p = 0.1 MPa). 
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Figure 10. Temperature recovery in frozen hydrate-saturated sand as a function of NaCl concentration (Csol from 0.1 to 1.0 N; tin = −6.5 °C, p = 0.1 MPa). 
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Figure 11. Phase diagram of NaCl solution, modified after [44]. 
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Figure 12. Temperature variations associated with salt transport in hydrate-saturated frozen sediments. Detailed description in the text. 
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Figure 13. Temperature changes caused by salt migration in frozen sand containing metastable gas hydrates, accompanied by phase transitions of pore moisture and variations of ice and hydrate saturation along the sample. Detailed description in the text. 
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Table 1. Grain sizes and mineralogy of sand samples.
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Sample

	
Particle-Size Distribution, %

	
Mineralogy 1




	
1–0.5

	
0.5–0.25

	
0.25–0.1

	
0.1–0.05

	
0.05–0.001

	
<0.001






	
Fine sand

	
>0.1

	
1.5

	
80.4

	
17.3

	
0.8

	
>0.1

	
>98% quartz








1 The listed mineral phases have percentages > 1%.
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Table 2. Salinity and major-ion chemistry of solutions used in experiments.
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Soil Type

	
Anions, mg—EQ/100 g

	
Cations, mg—EQ/100 g

	
TDS, %




	
pH

	
HCO3−

	
Cl−

	
SO₄2−

	
Ca2+

	
Mg2+

	
Na+ + K+






	
Sand

	
7.1

	
0.075

	
0.025

	
0.06

	
0.025

	
--

	
0.135

	
0.01
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Table 3. Properties of hydrate-free (sample #1) and hydrate-saturated (sample #2) frozen sand.
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	Sample
	Water Content, %
	Density, g/cm3
	Porosity, %
	Ice

Saturation, %
	Hydrate

Saturation, %





	1
	12
	1.8
	40
	50
	0



	2
	12
	1.85
	38
	18
	35
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Table 4. Frozen hydrate-saturated sand samples before interaction with a NaCl solution of different concentrations.
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Solution

N

	
Sample

	
Water

Content, %

	
Density, g/cm3

	
Porosity,

%

	
Ice

Saturation, %

	
Hydrate

Saturation, %






	
0.2

	
1

	
12

	
1.80

	
40

	
12

	
41




	
0.4

	
2

	
1.85

	
38

	
18

	
35




	
0.6

	
3

	
1.79

	
39

	
11

	
40




	
1.0

	
4

	
1.83

	
38

	
15

	
38

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Do ‘@myeradurd],

Time, hours





media/file4.png
Na', mg-EQ/100g

2.0

1.5

1.0

0.5

0.0

——————

—39h
= e 255 1

Distance from contact. cm

(a)

Kh. u.f.

0.8

0.6

0.4

0.2

0.0

—3.9h
==s=8 50

------- 28.8h

2

Distance from contact. cm

(b)





media/file18.png
mory), “'A

1.2

0.6 0.9

Csol* N

0.3





media/file21.jpg
Naci~
Uns.
0 Solution
Unsaturated
Solution
o 54
g Investigation area
£ 10
2
g Iee + Saturated
5 - ; NaCl-2H,0
g -1 Solution o
20 Solution
Iee +NaCl-2H,0
-25 - y - v
0 5 10 15 20 30

NaCl concentration, % mass






media/file26.png
zone of the nitial temperature
zone of the temperature decrease
zone of the lowest temperature
salt solution

migration paths of salt 1ons

Jaci

e hydrate dissociation front

sediment particle

liquid phase of water

S, %

A

gas phase

L
[
|
- gas hydrate
]
]
L

ice formed from the residual pore water
ice formed during hydrate self-preservation

ice formed during salt 1ons migration

hydrate dissociation area

t,°C Distance from the contact solution o .
s T A R I nitial hydrate saturation
e - - -~ initial ice saturation
F s ——— change of hydrate saturation

e 'a’
-~ -
e

\ 4

. . T e change of ice saturation
Distance from the contact solution





media/file3.jpg
Na'. mg-EQ/100g.

Khut

08

06

04

02

Distance from contact, e
@

00

2 4 1
Distance from contact, e

(b)





media/file22.png
Temperature, °C

7

NaCl+
Uns.
Solution
l Unsaturated
Solution
Investigation area
Ice + Saturated CLOH.O
[ Solution all'2Hy
+Sat.
I .| Solution
Ice + NaCl-2H,0O
1 1 | 1 Ceut ]
0 5 10 15 20 25 30

NaCl concentration. % mass





media/file19.jpg
w

T
o

T T
o ©

smoy [,

12

0.9

0.6

0.3

0.0





media/file7.jpg
Temperature, °C

W=

T

2

Distance from the contact, cm

4

T

6






media/file10.png
Temperature, °C

_6 -

-7
—2.5cm

—8 —3.5¢cm
——355cm
—— 7.0 cm

_9 T T T

0 4 6 8 10
Time. hours

(a)

Temperature, °C

30

60
Time, min

(b)

90

120





media/file14.png
Do “Armjerddudy,

12

10

Time. hours





media/file11.jpg
Temperature, °C

0 2 4 6 8
Distance from the contact, cm





media/file6.png
1
_.
|
—.
|
I
|G
|

|

|

|

_

—6.0

|
o <
¢ 9

Do dImerddud I,

|
0
T

—3.0

Time, hours





media/file15.jpg
a,°c

2.0

15
1.0
L]
05
.
.
0.0 | | |
0.0 03 0.6

Coon N





nav.xhtml


  geosciences-12-00261


  
    		
      geosciences-12-00261
    


  




  





media/file16.png
At, °C

2.0

L5 -
1.0 -
°
0.5 -
0.0 I I I
0.0 0.3 0.6 0.9

C

N

sol’

1.2





media/file2.png
(b)






media/file20.png
v
—

I
(|
—

T _
(@) O

smot “'J,

1.2

0.9

0.6
Csol*- N

0.3

0.0





media/file23.jpg
[ T e———

I oo e oo e

— i mignion
ES——






media/file5.jpg
4,

S
i

8.0

“ g
A T

0o dmerdun ],

Time, hours





media/file24.png
- salt solution

|:’ zone of the mitial temperature

- zone of the temperature decrease

- zone of the lowest temperature

- salt migration

———— hydrate dissociation front






media/file1.jpg
g






media/file25.jpg
777 2one o the il temperatre
7] oneof e empeme decrnse
771 onc o the howest temperaure
I o soion
s migion s of sl ons
e discinion font
 soliment paile
T i pse of vt

a5 phase
[0 o e
T e—
[ e fomed durin byt selfescrvton
7071 i fomed dusing s fons migrion
— by disosstion s

il hydrte sarstion

il e sturion

- change of hydate sstution
change of ice sauraton





media/file12.png
— o — 4

—6.0

6.5 fe—————ee

—8.0 -

I
=
T

Do dImerduws |

Distance from the contact. cm





media/file9.jpg
Temperature, °C

—2sem
—3sem
—ssem
—70em
85
A6 s 10 o P
Time, hours g

(@)

(b)

120





media/file0.png





media/file8.png
Temperature, °C

P —————— —

......

.......

----------

......

I

0 2

Distance from the contact. cm

4






media/file17.jpg
moyD, A

12

0.9

0.6

0.3





