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Abstract

:

The Arctic permafrost and zones of hydrate stability may evolve to the conditions that allow gas hydrates to remain metastable for a long time due to self-preservation within 150 m depths. The behavior of relict (metastable) gas hydrates in frozen sediments is controlled externally by pressure and temperature and internally by the properties of hydrate particles and sediments. The sensitivity of the dissociation and self-preservation of pore gas hydrates to different factors is investigated in laboratory experiments. The observations focus on time-dependent changes in methane hydrate saturation in frozen sand samples upon the pressure dropping below phase equilibrium in the gas–hydrate–ice system. The preservation of pore gas hydrates in these conditions mainly depends on the initial hydrate and ice saturation, clay contents and mineralogy, salinity, and texture of sediments, which affect the size, shape, and structure distortion of hydrate inclusions. The self-preservation mechanism works well at high initial contents of pore ice and hydrate, low salinity, relatively low percentages of clay particles, temperatures below −4 °C, and below-equilibrium pressures. Nuclear magnetic resonance (NMR) measurements reveal considerable amounts of unfrozen pore water in frozen sediments that may hold for several days after the pressure drop, which controls the dissociation and self-preservation processes. Metastable gas hydrates in frozen sand may occupy up to 25% of the pore space, and their dissociation upon permafrost thawing and pressure drops may release up to 16 m3 of methane into the atmosphere per 1 m3 of hydrate-bearing permafrost.
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1. Introduction


The first evidence that natural gas hydrates may exist in permafrost appeared almost fifty years ago, but they still remain poorly investigated [1,2]. The reason is primarily that they share much physical similarity with ice [3] and are hard to identify and study with conventional geophysical methods (e.g., seismic reflection profiling). Gas hydrates were recovered in cores during exploratory drilling in Arctic oil and gas fields, and their presence within the upper 150 m of permafrost was inferred from proxy markers [4,5]. Experiments [6,7] show that intrapermafrost gas hydrates may preserve in the metastable state above the present boundary of the hydrate stability zone. They arose under favorable conditions in the past, became metastable over the course of later paleoclimatic events and permafrost evolution, and have survived until now due to self-preservation at negative temperatures. The self-preservation mechanism decelerates or almost completely stops the dissociation of gas hydrates triggered by the pressure dropping below the triple phase equilibrium in the ‘gas–hydrate–ice’ system, due to the formation of an ice coat on gas hydrate particles at <0 °C temperatures [8]. The effect was discovered and described in 1986–1992 independently by Canadian and Russian scientists from the National Research Center in Ottawa, the VNIIGAZ Research Institute in Moscow, and the Lomonosov Moscow University [9,10,11,12,13,14,15].



The first Russian data on the behavior of methane hydrate and ice–hydrate mixtures at negative temperatures were reported by E. Ershov, V. Istomin, Yu. Lebedenko, E. Chuvilin, and V. Yakushev in March 1988 at the geocryology session of the USSR Academy of Sciences and in October 1988 at the workshop on comparative planetology. Then, the ability of gas hydrates to preserve at below-equilibrium pressures was the subject of several publications [16,17,18,19]. However, works on hydrate dissociation and self-preservation in the pore space of frozen rocks, where gas hydrates are presented in the form of pore cement [20,21,22,23,24,25,26,27,28,29], are still much more scarce than the theoretical and experimental studies for the cases of unconfined gas hydrates [8,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46].



In general, the dissociation of gas hydrates at below-equilibrium pressures and temperatures from 238 to 273 K begins with the decomposition of hydrate particles into liquid supercooled water and gas. As shown by thermodynamic calculations and laboratory experiments, supercooled water can remain on the surface of methane hydrate particles for a few h at <0 °C [37]. At the same time, the heat-consuming dissociation process cools down the system [15], whereby supercooled water freezes up and makes a growing ice film over hydrate particles, which slows down the dissociation. On the other hand, gas hydrates may partly convert to ice and back, and ice can undergo metamorphism in a zone of recrystallization at the ice–hydrate boundary [34,35,47]. At temperatures as low as <238–243 K, dissociation does not stop, as no unfrozen water can form [8,18].



The patterns of hydrate formation and dissociation in the pore space differ markedly from the respective unconfined processes. Furthermore, the available published evidence [18,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62] shows that the presence of pore gas hydrates changes the thermal and mechanic properties of permafrost, as well as its permeability and behavior in response to chemistry and P-T changes. Experiments confirm that natural gas hydrates are vulnerable to external impacts and thus pose geological risks in the exploration and operation of Arctic oil and gas fields. Despite the great practical interest regarding intrapermafrost pore gas hydrates (mainly in sandy and silty soils), their dissociation and preservation remain poorly understood. We are trying to gain more insights from special laboratory experiments into the self-preservation of gas hydrates in frozen sediments.




2. Materials and Methods


The experiments were performed using two systems for laboratory hydrate saturation within user-specified temperature and pressure ranges. One system is a pressure cell of a ~420 cm3 working volume that is designed as a tight steel cylinder and is 100 mm in diameter and 110 mm high, with holes for gas delivery and the connection of sensors and a steel lid tightened by a Teflon gasket. Soil samples are placed into a 100 mm high container of an inner diameter of 46 mm. Pressure is monitored by a digital pressure gage mounted on the lid top, and temperature is measured by thermistors attached to the samples via a plug in the cell bottom and through special holes on the side of the core holder. The temperature and pressure changes during the experiments are read automatically to an accuracy of 0.05 °C and 0.005 MPa. The acquired data are saved to a PC with a built-in ADC [20,63,64]. Gas is injected through holes in stamps on the sample top and bottom. The system is vacuumed using a low-power pump. Temperature is maintained with a Haake Phoenix C40P refrigerated circulator. The temperature-controlled liquid circulates around the pressure cell from the refrigerated bath along the “thermal coat”.



The other system (Figure 1), manufactured by Top Industrie (Vaux-le-Pénil, France), is likewise a pressure cell (570 cm3 volume; 70 mm inner diameter; 150 mm high), which can maintain a working pressure up to 15 MPa. The system is equipped with a JULABO liquid cryostat (Seelbach, Germany) that ensures operation in a temperature range from −20 °C to +40 °C. The system allows for the investigation of the formation and preservation of pore gas hydrates in frozen samples at different pressures and temperatures. The temperature and pressure are maintained at an accuracy of 0.1 °C and 0.1 MPa, respectively [64,65].



The pressure cell is a tight steel cylinder with a heat insulation jacket and tubes for the delivery of cooling liquid. The samples are placed into the pressure cell in a plastic container that is 100 mm high and 46 mm in diameter. The temperature is measured by two temperature sensors, which are 40 and 60 mm long and 1 mm in diameter, mounted on the cell lid together with fittings for gas injection and gas pressure measurement.



The experiments were applied to natural Early-Middle Pleistocene glacial genesis sand and Paleogene eluvial genesis clay silt samples (Table 1 and Table 2).



The samples were saturated with water to specified initial moisture contents and with pure methane (99.98% CH4) as a hydrate-forming gas. To achieve the wanted moisture content, sand was oven-dried at 105 °C for 8 h, sieved through 1 mm mesh, mixed with distilled water, and left for 30 min at room temperature. Then, the wet soil was compacted layer-by-layer in a cylindrical container (Figure 2) and placed into the pressure cell. The pressure cell with the samples was tightly sealed, vacuumed, and filled with hydrate-forming gas (methane) [26,64].



Hydrate saturation started at negative temperatures of −5 °C to −6 °C and pressures of 4–8 MPa. After the injection of cooled methane, the temperature in the pressure cell with the frozen samples was maintained at constant negative values for a few days in order to avoid moisture re-distribution during hydrate formation. Then, the samples were exposed to several freezing–thawing cycles to increase hydrate contents, and the temperature of the system gradually rose to low positive values of +1 to +3 °C. As the ice was melting, pore hydrate formation accelerated due to additional gas–water contacts associated with residual pore water that did not convert to hydrate before [64]. Once the hydrate formation in the frozen samples (−5 to −6 °C) had completed, the pressure in the cell was reduced to the below-equilibrium level of 0.1–1.7 MPa, which triggered hydrate dissociation. This approach allowed for the study of the dissociation kinetics at the P-T conditions close to pressures and temperatures in the gas reservoir depth interval.



The phase transition parameters and hydrate formation features can be inferred from pressure and temperature variations in the test cell. The hydrate saturation (   S h   ), ice saturation (   S i   ), hydrate coefficient (   K h   ), and self-preservation coefficient (   K  s p    ) of metastable gas hydrates were found using the pressure–volume–temperature (PVT) analysis [26,64,67].



Hydrate saturation (   S h   , %), which is the percentage of pore space filled with hydrate, is found from the volume content of hydrate    H v    (%) and porosity  n  (u.f.):


   S h  =    H v   n     



(1)







The hydrate coefficient (   K h   , u.f.), which is the fraction of water converted to hydrate, is given by


   K h  =    W h   W   



(2)




where    W h      is the percentage of water converted to hydrate (% of dry sample weight) and W is the total initial amount of moisture (%).    W h      is found from the weight of pore hydrate    M h   , which is calculated using gas absorption, with reference to the methane hydrate formula CH4·5.9H2O.



The self-preservation coefficient (   K  s p    ), which is a ratio of the hydrate saturation in the end of the run to the initial value, is found as


   K  s p   =    H v  s t      H v  i n      



(3)




where    H v  i n     is the initial volume content of hydrate at equilibrium conditions and    H v  s t       is the final value at below-equilibrium pressure.



After the hydrate formation had completed, the cell with the frozen samples (−6 to −7 °C) was opened, and the samples were taken out, photographed, and analyzed in terms of physical properties: structure and texture, moisture content, gas hydrate contents, etc.



In some runs, gas contents in the samples were determined after the pressure in the cell dropped to 0.1 MPa in order to quantify the percentage of pore gas hydrate. The gas contents were estimated as in [20]. The samples of frozen hydrate-bearing soil were weighed and placed in a ~20% NaCl solution at room temperature under a gas collecting tube. The volume of released gas was inferred from the level changes of the liquid, and the frozen hydrate-bearing samples covered with crushed ice to prevent sublimation were placed in boxes for prolonged storage at negative temperatures. The time-dependent changes in gas and hydrate contents until the dissociation process stopped were recorded in specimens selected from those samples.



The dissociation of gas hydrates in thawing samples leads to methane emission. The amount of emitted gas was estimated from the calculated hydrate saturation (   S h   ), weight ( H ) and volume (   H v   ) hydrate contents, and physical properties of the samples (volume  V , weight  m , and density  ρ ). The amount of released methane after the pressure drop was calculated as a bulk value and per cubic meter of the hydrate-bearing rock.



The amount of residual unfrozen pore water in frozen sediments containing self-preserved pore hydrates at below-equilibrium pressures was estimated using the nuclear magnetic resonance (NMR) technique on an Oxford Instruments Geospec 2-53 Benchtop NMR Rock Core Analyzer (Figure 3).



The NMR method, which is currently of broad use for studies of gas hydrates and hydrate-bearing porous media [68,69,70,71], works as follows. Permanent magnets of a nuclear magnetic relaxometer create a uniform magnetic field which acts on the hydrogen nuclei and aligns their chaotic magnetic moments with the main field. Hydrate-bearing soil samples are placed into the uniform magnetic field and are exposed to the Carr–Purcell-Meiboom–Gill (CPMG) pulse sequence. The CPMG pulses produce a closely spaced train of spin echoes whose decay is analyzed to determine the time of transverse relaxation T2 (ms). Then, the total volume of liquid pore water (cm3) is calculated from processed magnetization decay and T2 values and is then recalculated into wt% with regard to soil properties. The data are processed using the GIT Systems Advanced v.7.5.1 software (Green Imaging Technologies).



The Geospec 2-53 NMR analyzer is operated at a frequency of 2.28 MHz, with a magnetic field of 0.05 T, and includes an additional set of gradient coils mounted along the magnet. It allows for the estimation of the total volume of the liquid phase in the samples and yields its 1D profile along the sample height. The better accuracy of measurements is achieved by calibration against a reference sample with a precisely measured volume of the liquid phase (4.7 mL, with 10 % NaCl).



The experiments were run using a core holder specially designed for measuring the amount of liquid pore water in hydrate-bearing samples under different gas pressures. The core holder is a pressure cell with an inner diameter of 20 mm and a working volume of ≈40 cm3, equipped with a gas pressure gauge, seamless tubes, and fittings for gas delivery. It is mainly made of a durable plastic material (polyether ether ketone PEEK Zedex-324), except for a few elements on the top which are not placed into the NMR cell (Figure 3b). The material can tolerate temperatures from −60 °C to +250 °C and has low thermal conductivity (~0.2 W/m·K) and specific heat (~1.0 kJ/kg·K), has a high tensile strength (40 MPa) comparable to that of stainless steel, and does not contribute much noise to the data. The pressure cell was tested at 16 MPa, but the working pressure was limited to 8 MPa for safety reasons; the temperature was set between −10 °C and +25 °C.




3. Results and Discussion


The dissociation of pore gas hydrates in frozen sediments is known from the available published data to differ from the respective process in unconfined conditions. The size, shape, and structure of hydrate inclusions depend largely on the texture, ice and hydrate saturation, and hydrate formation patterns in their host sediments.



Pore ice in hydrate-bearing frozen sediments only partly converts to hydrate, while the remaining ice affects the preservation of pore gas hydrates, which become metastable upon the pressure dropping below equilibrium. Residual ice actually provides primary stabilization until the partial hydrate dissociation produces secondary ice.



The dissociation kinetics of pore methane hydrate are recorded as time-dependent changes in ice (   S i   ) and hydrate (   S h   ) saturation (Figure 4). Prior to the pressure drop, 46% of the pore space was filled with hydrate, while the ice saturation was 3%. The    S h    curve after the pressure drop to 0.1 MPa comprises three segments of rapid (1), slower (2), and very slow (3) dissociation (Figure 4). After the abrupt hydrate saturation decrease, the water released by dissociation converted to ice, and the ice saturation increased correspondingly. For the first 100 hr of rapid hydrate dissociation,    S h    reduced to 20%, while    S i    increased to 35%. At the end of the process, the respective values were 10.2% and 44% (Figure 4).



In addition to pressure and temperature, the dissociation kinetics and preservation of pore gas hydrates are controlled by the grain size, mineralogy, texture, salinity, and initial ice saturation of sediments, as well as by the structure distortion in hydrate particles. The effects of these factors were studied in separate experiments.



3.1. Structure Defects in Gas Hydrate Particles


The dissociation and self-preservation of pore gas hydrates at the given pressure and temperature conditions depend on the size of hydrate inclusions and the distortion of their structure: dissociation becomes faster while self-preservation reduces in deformed gas hydrates with cracks and structural defects. The effect of deformation on the stability of self-preserved pore gas hydrates can be estimated in frozen sediments exposed to cyclic temperature changes. Pore methane hydrates in samples cooled down from −7 °C to −50 °C (at 0.1 MPa) by soaking in liquid nitrogen for one or two h dissociated faster than those from samples stored at a constant negative temperature (Figure 5 and Figure 6). Hydrate saturation in sand 1 containing 3% of montmorillonite clay reduced to 1% in 24 h and became undetectable in 77 h. However, the hydrate saturation of a similar sample not exposed to cooling in liquid nitrogen decreased slowly to 2.4% after 77 h and then remained invariable for 180 h (Figure 5).



The sand 1 sample with 14% of kaolinite clay showed a similar behavior upon cooling in liquid nitrogen: its hydrate saturation reduced to 1% in 50 h and was almost zero in 93 h after the recovery from liquid nitrogen, while the respective    S h    value in the absence of cooling was ~3% (Figure 6).



This behavior of pore gas hydrates is apparently due to the deformation caused by cooling: the dissociation accelerated in the presence of microcracks [72] that formed in response to the relaxation of cooling-related stress [73].




3.2. Clay Content and Mineralogy


The behavior of pore gas hydrates in frozen sediments also depends on the percentage and composition of the clay component. Clay particles added to sand increase its specific surface area and the contents of bound unfrozen water. The effect of clay mineralogy is especially evident in the case of montmorillonite and kaolinite clay. Montmorillonite clay, which displays lattice expansion when exposed to water, has a higher specific surface activity and contents of bound water than kaolinite clay.



The sensitivity of pore hydrate dissociation to the mineralogy of the clay component in frozen sand was studied using a sand–clay mixture (a clay content up to 14% and an initial water content of about 10%) under below-equilibrium pressure (0.1 MPa) and a negative temperature of −6.5 °C. Thirty minutes after the pressure drop to 0.1 MPa, the accumulation of pore methane hydrate in samples with 7% of montmorillonite clay decelerated: the hydrate coefficient decreased from 0.75 to 0.36 u.f. (Table 3).



The dissociation of pore methane hydrate was faster in sand samples with montmorillonite clay than it was in those with kaolin at the same clay content of 14% (Figure 7): the hydrate saturation five h after the pressure drop was 20 % against 10%, respectively.



Ten h after the pressure drop, the dissociation rates in the two samples became almost equally slow due to the self-preservation effect. Seventy h after the onset of dissociation, the hydrate saturation (   S h   ) values in the samples with kaolinite and montmorillonite clay were, respectively, ~8% and 1.5%. The difference is due to higher contents of unfrozen pore water and lower ice contents in the latter case, which creates unfavorable conditions for the self-preservation of the pore gas hydrate.



On the other hand, frozen (−6.5 °C) sand containing 7% of kaolinite particles showed much faster hydrate dissociation upon the pressure dropping than pure sand (Figure 8), even though the two samples had similar initial hydrate saturation percentages (33 and 34%). Thirty min after the pressure drop, the saturation decreased by no more than 4% in pure sand but became almost four times lower in the sample with kaolinite clay. Further on, the dissociation rate decayed quite rapidly in the sand + clay sample but continued even after 80 h in the pure sand. The reason may be that hydrate dissociation led to the rapid cooling of the clay-bearing sample at the beginning of the run. At the end of the run (160 h), the hydrate saturation values in pure sand and in sand with 7% kaolin were, respectively, 4.3% and 2.5%.



The rapid dissociation of pore methane hydrates in sand with higher clay contents is due to the higher amounts of unfrozen pore water, which interferes with the self-preservation process, as well as due to the morphology of hydrate inclusions. Pore gas hydrates in finer sediments occur as hydrate caps and thus have higher total contents and dissociate more slowly.




3.3. Hydrate Saturation


The preservation of pore gas hydrates in frozen sediments exposed to below-equilibrium pressure (0.1 MPa) is sensitive to saturation with ice and gas hydrate. The saturation effect was studied in samples of frozen sand 1 with initial moisture contents of 5% and 10% and with hydrate saturations of 22% and 34%, respectively. During the first hour after the pressure drop to 0.1 MPa, pore methane hydrates dissociated 2.5 times faster in the drier sample (W = 5%) than in that with W = 10 % (Figure 9).



After 20 h of dissociation, the hydrate saturation decrease was more than two-fold in the sample with W = 5% but was within 25% in the wetter sample. Then, the dissociation decayed as ice formed on the surfaces of hydrate particles. After 40 h of the process, hydrate saturation stabilized at 8% in the wetter sample and approached zero in the drier one.



The experiments showed that the ice films, which formed by the freezing of residual moisture not converted to hydrate, increased the stability of pore gas hydrates. Their dissociation decayed faster until the complete hydrate stabilization in sediments with higher ice contents.




3.4. Salinity


The dissociation of pore gas hydrates in frozen sediments exposed to below-equilibrium pressure (0.1 MPa) is largely sensitive to salinity. The presence of dissolved salts affects the phase composition of pore moisture and the amount of residual liquid water: the ice coats around hydrate crystals form more slowly and become less dense as the amount of liquid water increases, which reduces the stability of pore methane hydrate at pressures below equilibrium. The effect of salinity on the dissociation kinetics of pore methane hydrates was studied in samples of nonsaline (0.01%) and saline (0.2%) sand 1 with W = 10%. The initial hydrate saturation in the nonsaline and saline samples was 35% and 31%, respectively. Pore gas hydrates in saline sand dissociated rapidly and reached zero saturation two h after the pressure drop to 0.1 MPa, while the hydrate saturation of the nonsaline sample only reduced to 8% (Figure 10).




3.5. Temperature


Temperature strongly influences the preservation of metastable pore gas hydrates in permafrost [26]. According to experimental evidence, hydrate dissociation in response to pressure drops decelerates markedly at temperatures below −4 °C. The dissociation of pore methane hydrate in sand 2 samples, with W = 18% and    S h   = 60%, showed different kinetics at −3.5 °C and −6.5 °C (Figure 11). It was rapid at a higher temperature (−3.5 °C): hydrate saturation reached 8% after 20 h and 2% after 100 h. The respective saturation values at −6.5 °C were 32% and −20%, and the latter value remained almost invariable until the run ended (Figure 11). In general, cooling impedes dissociation and increases the percentage of self-preserved gas hydrates.



However, pore gas hydrates dissociate especially rapidly at temperatures beyond the self-preservation range (50 °C). The hydrate saturation of frozen sand 1 containing 7% of montmorillonite clay (W = 17%) was two times lower at −50 °C than it was at −7 °C twenty-two h after the pressure dropped (Figure 12), and the difference became four-fold by the end of the run (50 h). After 72 h, pore methane hydrate was undetectable in the samples cooled to −50 °C, but hydrate saturation remained stable (at ~12%) in the case of −7 °C.



The lower stability of the pore methane hydrate in frozen rocks at −50 °C is consistent with previous data [17] for hydrate dissociation below the temperatures of the self-preservation range.




3.6. Gas Pressure


With the negative temperature being constant, non-equilibrium gas pressure is another important control of pore gas hydrate dissociation and self-preservation in frozen sediments. Pressure increases during pore hydrate dissociation make the process slower or even lead it to a complete stop as they bring the system to a new equilibrium.



The effect of gas pressure on the hydrate dissociation kinetics was tested on sand 3 samples with 60% initial methane hydrate saturation (Figure 13) at pressures of 0.1, 1.3, and 1.7 MPa. Dissociation stopped four h after the pressure drop to 1.7 MPa but continued for the whole run (24 h), decelerating gradually in the cases of lower pressures.



The dissociation stopped in the case of 1.7 MPa because the gas pressure in the system reached the equilibrium level for methane hydrate. In the two other cases, the hydrate saturation 24 h after the run onset was about 36% at 1.3 MPa and within 28% at 0.1 MPa.



Thus, pore gas hydrates were confirmed experimentally to dissociate more slowly and remain better preserved at higher below-equilibrium pressures.



The reported experimental and theoretical results, as well as the published evidence, show that the dissociation and self-preservation of pore gas hydrates in frozen sediments exposed to below-equilibrium pressures are sensitive to the amount of residual unfrozen pore water and its variation in time. At higher contents of unfrozen water due to external (pressure and temperature) or internal (salinity, clay content, and mineralogy) factors, self-preservation becomes less efficient. A decrease in the temperature of frozen hydrate-bearing sediments in the area of self-preservation (−2 °C to −35 °C) contributes to an increase in the preservation of pore hydrate. Rapid and/or deep cooling reduces the self-preservation ability of pore gas hydrates as it leads to thermal strain and stress with the formation of microcracks and other structural defects of the ice–hydrate component. This inference has been corroborated by experiments on frozen hydrate-bearing sediments soaked in liquid nitrogen, either briefly or for prolonged storage.



On the other hand, dissociation at lower equilibrium pressures produces additional amounts of supercooled liquid pore water in frozen hydrate-bearing sediments, which freezes up with time at negative temperatures. The lifespan of this water largely influences the self-preservation efficiency of gas hydrates.



As follows from our NMR data for frozen hydrate-bearing sand 1 (W = 6.0%), considerable amounts of liquid pore water may form early during hydrate dissociation in response to the pressure dropping below the equilibrium (Figure 14). The time-dependent behavior of liquid water contents correlates with the dissociation kinetics. For the first 40 min after the pressure drop from 5.0 MPa (equilibrium) to 0.1 MPa at −5.5 °C, when hydrate dissociation was especially rapid, the amount of unfrozen pore water increased from 0.1 wt% to 0.9 wt%. It held at this level in the following 24 h and increased to 1.0 wt% (possibly higher in the first few hours of rapid dissociation), while the dissociation rate decreased slightly.



However, the dissociation process decays as the supercooled pore water freezes up and forms an ice film on the surface of hydrate particles. The unfrozen water contents decrease correspondingly: ninety h after the pressure drop, the sand sample contained 0.5 wt% of liquid water. The decrease can be expected to continue until the equilibrium value (~0.3 wt%) for the given soil type at the given temperature (−5.5 °C) [74].



Thus, the NMR results show that supercooled unfrozen pore water in frozen hydrate-bearing sediments can hold for several days during the dissociation of pore gas hydrates upon the pressure decreasing below the equilibrium. Similar inferences regarding the possible lifespan of residual liquid water during the dissociation of gas hydrates at temperatures below 0 °C were suggested previously [75,76,77], but only for bulk conditions and for the period of a few hours after the pressure drop. Our experimental results extend the existing ideas on the mechanisms of pore gas hydrate self-preservation in permafrost [8].



The experimentally observed self-preservation patterns of pore gas hydrates depend on the properties and composition of the host frozen sediments, as well as on the pressure and temperature conditions. The revealed sensitivity of hydrate dissociation kinetics to clay contents and mineralogy, salinity, ice contents, temperature, and gas pressure has a bearing on the role of these factors in the self-preservation of pore gas hydrates. Thus, the conditions for the better preservation of metastable pore hydrates in permafrost [26] can be constrained proceeding from the patterns of ice film formation around hydrate particles at below-equilibrium pressures. The conditions and processes that produce cracks and defects in the ice film and attenuate its thickness, as well as decelerate the freezing of unfrozen pore water (e.g., if its amount is large enough), are expected to interfere with hydrate self-preservation.



Predicting the contents of relict metastable pore gas hydrates in permafrost requires data on past conditions for hydrate accumulation and preservation at non-equilibrium pressures. According to the experiments, the hydrate saturation of permafrost at metastable conditions can reach ~20% (and sometimes more). The warming and thawing of permafrost that contains metastable pore gas hydrates can lead to methane emission depending on residual hydrate saturation. For instance, the residual hydrate saturation of frozen sand 3 exposed to prolonged conditions of self-preservation at −6 °C varied from 13 to 26%. The methane emission from such sediments in the case of their thawing can reach 16 m3 per 1 m3 of hydrate-bearing permafrost (Figure 15).





4. Conclusions


The available published materials and our experimental results show that the dissociation and self-preservation patterns of pore gas hydrates at negative temperatures differ from the respective processes in bulk conditions and depend on temperature, pressure, the morphology of hydrate inclusions, and the properties of the host sediment (including texture and structure).



The contents of relict (metastable) gas hydrates in permafrost can be inferred from data on past hydrate accumulation conditions, as well as on conditions for their preservation at non-equilibrium pressures.



Pore gas hydrates were shown experimentally to dissociate more rapidly and to be worse preserved in warming saline sediments with higher clay contents and lower hydrate and ice saturations. Pore gas hydrates are better preserved within the temperatures that can maintain their self-preservation than they are at lower negative temperatures (outside this range). Low-temperature impacts on frozen hydrate-bearing sediments lead to a decrease in the safety of metastable porous gas hydrates.



The self-preservation of pore gas hydrates at below-equilibrium pressures is highly sensitive to the amount of residual unfrozen pore water and its variations in time. According to the NMR data, supercooled water can hold for a few days in the pores of frozen soil, while pore gas hydrates are dissociating in response to the pressure dropping below the equilibrium.



According to the evidence of laboratory experiments and calculations, the methane emissions from warming permafrost containing metastable pore gas hydrates can reach 16 m3 or more per 1 m3 of frozen soil. Methane emissions can pose risks to engineering facilities in permafrost, especially for producing oil and gas wells in the Arctic regions.
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Figure 1. Top Industrie system for hydrate-saturated samples: general view (a) and a sketch of the pressure cell interior (b). 
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Figure 2. General view of the frozen sand 3 sample with pore methane hydrate (W = 14%;    S h      = 26%; T = −6 °C). 
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Figure 3. Oxford Instruments Geospec 2-53 Benchtop NMR Rock Core Analyzer (general view) (a); high-pressure core holder (b); core holder mounted on the NMR cell (c). 
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Figure 4. Time-dependent changes in methane hydrate (   S h   ) and ice (   S i    ) saturation in the sand 2 sample (W = 20%) at T = −6.5 °C after the pressure dropped to 0.1 MPa. 
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Figure 5. Time-dependent changes in the methane hydrate (   S h   ) saturation of sand 1 with 3% of montmorillonite clay (W = 10%) after the pressure dropped to 0.1 MPa: not cooled (1) and cooled (2) in liquid N2. 
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Figure 6. Time-dependent changes in the methane hydrate (   S h   ) saturation of sand 1 with 14% of kaolinite clay (W = 14%) after the pressure dropped to 0.1 MPa: not cooled (1) and cooled (2) in liquid N2. 
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Figure 7. Time-dependent changes in the methane hydrate saturation (   S h   ) of frozen sand 1 with 14% of kaolinite (1) and montmorillonite (2) clay (W = 14%) after the pressure dropped to 0.1 MPa at −6.5 °C. Black dots are experimental data; the solid line is a trend line of exponential approximation. 
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Figure 8. Time-dependent changes in the methane hydrate (   S h   ) saturation of pure sand 1 (1) and sand 1 with 7% of kaolinite clay (2) (W = 10%) after the pressure dropped to 0.1 MPa at −6.5 °C. Black dots are experimental data; the solid line is a trend line of exponential approximation. 
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Figure 9. Time-dependent hydrate saturation in sand 1 samples with initial moisture contents of 5% and 10% after the pressure dropped to 0.1 MPa at −6 °C. Black dots are experimental data; the solid line is a trend line of exponential approximation. 
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Figure 10. Time-dependent hydrate saturation in saline (Z = 0.2%) and nonsaline (Z = 0.01%) sand 1 samples (W = 10%) after the pressure dropped to 0.1 MPa at −6 °C. 
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Figure 11. Time-dependent hydrate saturation in the frozen sand 2 sample (W = 18%) after the pressure dropped to 0.1 MPa at −3.5 °C and −6.5 °C. 
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Figure 12. Time-dependent hydrate saturation in the frozen sand 1 sample with 7% of montmorillonite (W = 17%) after the pressure dropped to 0.1 MPa at −7 °C and −50 °C. 
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Figure 13. Time-dependent hydrate saturation in frozen sand 3 samples after the pressure dropped to 0.1, 1.3, and 1.7 MPa at −6 °C. 
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Figure 14. Time-dependent changes in liquid pore water contents in frozen hydrate-bearing fine sand 1 (W = 6.0 %;    K h    = 98%) after the pressure dropped to 0.1 MPa at −5.5 °C. Bold circles are experimental data (this study); open circles are the previous data of Chuvilin et al., 2022 [74]. 






Figure 14. Time-dependent changes in liquid pore water contents in frozen hydrate-bearing fine sand 1 (W = 6.0 %;    K h    = 98%) after the pressure dropped to 0.1 MPa at −5.5 °C. Bold circles are experimental data (this study); open circles are the previous data of Chuvilin et al., 2022 [74].



[image: Geosciences 12 00419 g014]







[image: Geosciences 12 00419 g015 550] 





Figure 15. Methane emission upon the temperature increase in frozen hydrate-bearing sand 3 as a function of residual hydrate saturation. 
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Table 1. Lithology and mineralogy of samples.
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Sample

	
Sampling Site

	
Mineralogy, %






	
Sand 1

	
Lubertsy

	
Quartz

	
>90




	
Sand 2

	
Yamburg GCF

	
Quartz

Microcline+Albite

Illite

Kaolinite + Chlorite

	
38

45

9

5




	
Sand 3

	
South-Tambey GCF

	
Quartz

	
>93




	
Montmorillonite clay

	
Dzhembel (Turkmenistan)

	
Montmorillonite

Andesine

Biotite

	
93.4

2.9

2.9




	
Kaolinite clay

	
Novokaolinovy

(Chelyabinsk region)

	
Kaolinite

Quartz

Muscovite

	
92

6

2








Note: GCF = gas condensate field.
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Table 2. Properties of samples.
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Sample

	
Particle Size Distribution, %

	
Salinity, %

	
Solid Particles Density, g/cm3

	
Classification *




	
1–0.05 mm

	
0.05–0.001 mm

	
<0.001 mm






	
Sand 1

	
100

	
−

	
−

	
0.01

	
2.65

	
Fine sand




	
Sand 2

	
84.3

	
13.7

	
2

	
0.09

	
2.60

	
Fine sand




	
Sand 3

	
95.6

	
4.4

	
−

	
0.08

	
2.60

	
Fine sand




	
Montmorillonite clay

	
0.3

	
46.2

	
53.5

	
1.99

	
2.45

	
Heavy clay




	
Kaolinite clay

	
4.5

	
70.9

	
24.6

	
0.04

	
2.66

	
Silty clay








Note: * Classification is given according to [66].
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Table 3. Hydrate coefficient in frozen sand with montmorillonitic clay under equilibrium and below-equilibrium (0.1 MPa) pressures, t = −6.5 °C.






Table 3. Hydrate coefficient in frozen sand with montmorillonitic clay under equilibrium and below-equilibrium (0.1 MPa) pressures, t = −6.5 °C.





	
Sample

	
Clay Content, % (Montmorillonite)

	
Hydrate Coefficient

	
     K h    Reduction ,   %    




	
Equilibrium Pressure

	
30 min After Pressure Drop to 0.1 MPa




	
     K h    Initial ,   u . f .    

	
     K h  ,   u . f    






	
1

	
0

	
0.75

	
0.72

	
3.6




	
2

	
3

	
0.40

	
0.37

	
7.5




	
3

	
7

	
0.36

	
0.29

	
19
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