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Abstract

:

Formation and dissociation of pore gas hydrates in permafrost can change its properties, including fluid flow capacity. Permeability is one of the most significant parameters in the study of hydrate-containing rocks, especially in the case of gas burial or extraction. Gas permeability variations in frozen sand partially saturated with CO2 or CH4 hydrates are studied experimentally at a constant negative temperature of −5 °C, as well as during freezing–thawing cycles. The gas permeability behavior is controlled by the formation and dissociation of pore gas hydrates in frozen sand samples. The samples with an initial ice saturation of 40 to 60% become at least half as permeable, as 40% of pore ice converts to hydrate. The dissociation process of accumulated hydrates was modeled by both depressurizing methane or CO2 to atmospheric pressure and by stepwise injection of gaseous nitrogen up to 3 MPa into a frozen sample. In sand samples, with a decrease in gas pressure and without subsequent injection of nitrogen, a decrease in pore hydrate dissociation due to self-preservation was noted, which is reflected by a deceleration of gas permeability. Nitrogen injection did not lead to a decrease in the rate of dissociation in the frozen hydrate-containing sample, respectively, as there was no decrease in the rate of gas permeability.
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1. Introduction


Natural gasses such as methane can exist in the form of hydrates, which constitute rich unconventional resources of hydrocarbons. Gas hydrates are crystalline clathrate compounds formed out of water molecules and low-molecular gas under certain pressures and temperatures [1,2,3,4]. Large amounts of greenhouse CO2 are sequestered in gas hydrates in marine bottom sediments and permafrost within the shallow lithosphere, where the conditions are favorable for their formation and stability [5,6,7,8]. Carbon dioxide buried in hydrate form is highly concentrated; each cubic meter of pore CO2 hydrate can store about 120 to 162 cubic meters of gas, even if the saturation is incomplete [9].



The processes of gas hydrate formation and dissociation have bearing on the porosity and permeability of hydrate-bearing sediments, and thus on engineering solutions for gas production from hydrate reservoirs potentially occurring in the Arctic gas fields. Gas hydrate formation induced by the operation of wells in permafrost may decrease permeability and the related fluid flow capacity and rates [10]. Under pressure and temperature changes, pore gas hydrates can dissociate into water and greenhouse gas while the latter is released into the atmosphere.



The behavior of permeability is also controlled by changes in the pore space of permafrost associated with phase transitions of pore moisture [11,12,13,14]. Pore moisture in permafrost can include liquid water, ice, gas, or gas hydrate, depending on rock composition, pressure, and temperature; e.g., thawing of permafrost increases the amount of free unfrozen water. Gas permeability can be estimated experimentally in frozen natural core samples or laboratory model samples, under user-specified PT conditions that maintain the stability of pore ice and gas hydrate and affect phase changes of pore moisture.



The first experimental data on gas permeability of sand containing different percentages of pore ice and gas hydrates were obtained in the 1970s [15,16,17,18]. The interest to the permeability of ice- and hydrate-bearing sediments rekindled in the 2000s in relevance to methane production from hydrate-bearing reservoirs, including permafrost, and to emission of greenhouse gases in the Arctic.



Water permeability measured in core samples from the Mallik Methane Hydrate Site in Canada [19] showed an increase from ~2 mD before experiments to 17 mD after dissociation of pore hydrates. Experiments on the permeability of sediments from the northern slope of Alaska (Elbert Mt) to water and gas [20,21] allowed for tracing of permeability variations as a function of hydrate saturation; relative permeability decreased from 0.68 to 0.07 u.f. as the saturation increased from 1.5 to 36% [20]. Other experiments focused on the behavior of permeability depending on porosity and the presence of pore gas hydrates [21]). They revealed that permeability became about ten times higher upon a 4% porosity increase and up to three orders of magnitude (or more) lower upon saturation of sediments with gas hydrates [21].



In recent years, permeability of hydrate-bearing sediments has been studied in relation to their mechanical properties [22,23,24,25]. However, these studies were conducted at temperatures above 0 °C, i.e., for unfrozen rocks.



In addition to laboratory experiments, permeability in hydrate-saturated rocks at above-freezing temperatures was calculated theoretically and simulated numerically [12,26,27,28,29,30,31,32], but correlations between laboratory and modeling data have been insufficient for determining universal relationships.



Experimental investigation on the permeability behavior during the formation and dissociation of pore gas hydrates in ice-rich permafrost at phase transitions of pore moisture (ice–liquid, water–gas hydrates) under climate-induced changes of pressure and temperature are of special importance in Arctic studies. Previously, we [33,34,35] observed significant permeability reduction in hydrate-bearing sand and silty sand exposed to freezing temperatures, due to the conversion of residual liquid pore water to ice and additional hydrate formation. On the other hand, hydrates can form in thawing hydrate-bearing samples at low positive temperatures and above-equilibrium gas pressures. Gas permeability of frozen hydrate-bearing sediments can also change upon temperature- and pressure-driven phase transitions, or upon injection of gases that inhibit hydrate formation [35,36].



However, these issues have not been experimentally studied to a sufficient extent. With the exception of the Skoltech scientific group, research on the gas permeability of frozen hydrate-containing rocks at low temperatures is practically nonexistent. To bridge the gap, special experiments have been performed to estimate gas permeability variations in frozen hydrate-bearing sand associated with formation and dissociation of pore gas hydrates, at a below-equilibrium pressure and under the effect of inhibitor gas injected into sediments at negative temperatures.




2. Methods


The effects of water–ice–hydrate transitions within pore moisture and gas transport on the gas permeability behavior of sediments were studied using a specially designed method simulating the Arctic conditions [35]. The method consists of gas flushing in a system designed by EkoGeosProm LLC (Figure 1) that can provide PT ranges of –15 to +30 °C and up to 10 MPa. The equipment was located inside a climate chamber, which allows for maintaining of the temperature with an accuracy of 0.1 C. The confining stress was set using a hydraulic pump, which increases the oil pressure in the core holder around the rubber sleeve with the sample. The system can handle soil samples 30 mm in diameter and 30–50 mm long, either core samples or pre-compacted porous soil. Linear non-stationary gas filtration through a soil sample was used in this system. The accuracy of gas permeability measurements, according to calibration on model samples, is no lower than 10% [37].



The following technique was used to prepare the samples. Air-dry sand cooled to negative temperatures was mixed in a cold room (−5 °C) with a known mass of crushed ice. Crushed ice (ice particles less than 1 mm) was used in the preparation of samples to obtain a uniform distribution of moisture. A moisture content of 10% was set for the studied samples. Then, this sediment was kept at room temperature (about +20 °C) and thawed. This thawed sediment was then placed in a rubber sleeve (3–4 cm high and 3 cm in diameter) and compacted layer by layer. Then, the samples were put into a pressure vessel inside a metal container, compressed to 6 MPa, frozen for 24 h at −5 °C, after which the system vacuumed them before injection of hydrate-forming gases (point 1 in Figure 2). Depending on the compaction of the samples, the ice’s degree of saturation of the pore space ranged from 31 to 55% before the start of gas injection.



Hydrate-forming gas (CO2 or CH4) was injected stepwise, up to 5 MPa for CH4 (green point 2 in Figure 2) and 2.5 MPa for CO2 (orange point 2 in Figure 2). During all experiments, the pressure difference between the ends of the frozen sample at injection did not exceed 0.5 MPa. The hydrate saturation occurred at a constant temperature of −5 °C, with periodic gas flushing of samples in order to monitor their effective gas permeability. In some runs, the samples were heated to +1 °C after hydrate saturation (point 3 in Figure 2), and underwent additional hydrate formation as the released unfrozen water converted to hydrate.



After hydrate saturation had completed, the samples were depressurized to 0.1 MPa, or below equilibrium (arrow 2 → 1 in Figure 2), whereby gas hydrates dissociated at a temperature of −5 °C. Gas hydrate dissociation was additionally stimulated in some samples by injection of nitrogen after pressure release. At the end of the tests, the samples were taken out of the pressure vessel and measured for final moisture contents, weight, and size (length and diameter). The temperature and pressure in the vessel were monitored continuously during the experiment.



The pressure–volume–temperature (PVT) analysis was applied to infer different parameters of the samples from pressure and temperature changes: effective gas permeability (K) and relative gas permeability (Kr) (defined as the ratio of the effective permeability of a hydrate-rich sample to the permeability of a sample without hydrate); consumption of hydrate-forming gas (ΔmG); weight of pore gas hydrate (Mh); hydrate contents (H); saturation with ice (Si), water (Sw), and hydrate (Sh); as well as hydrate coefficient (Kh), which refers to the fraction of pore water converted to hydrate [11,35,38].



Consumption of methane or carbon dioxide (ΔmG, g) was calculated as


  Δ  m g  =   Δ  P i  ·  V c  · M   R ·  T i  · z    



(1)




where ΔPi—pressure at a point in time τi (MPa), Vc—reduced volume of the pressure cell (cm3), M—methane or carbon dioxide molar mass (g/mol), R—universal gas constant (N·m/K·mol), Ti temperature at a point in time τi (K), and z—compressibility factor, which was calculated by equation of state.



Based on the consumption of methane or carbon dioxide during hydrate formation and on the chemical formula of methane hydrate—CH4·5.9H2O, carbon dioxide—CO2·6.1H2O, the weight of pore gas hydrate (Mh, g) was calculated assuming a hydrate number of 5.9 for CH4 and 6.1 for CO2 as


   M h  ( C  H 4  ) = Δ  m g  · 5.9  



(2)






   M h  ( C  O 2  ) = Δ  m g  · 6.1  



(3)







The volume content of hydrate (H, %) at each point in time was found as


  H =    M h  · p    M s  ·  p h    · 100 =    V h     V v    · 100  



(4)




where Ms is the weight of the soil sample (g), ρ is the sample density (g/cm3), ρh is the crystallographic density of an empty square lattice (without gas molecules by analogy with the pure ice structure, g/cm3), Vh is the volume of hydrate (cm3), Vv is the volume of the voids created by the soil particles(cm3).



Hydrate saturation, or the percentage of pore space filled with hydrate (Sh, u.f.), is inferred from the volume content of hydrate as


   S h  =  H n  =    V h     V v     



(5)




where n is the sample porosity (u.f.) as


  n =    p s  −  p d     p s    =    V v   V   



(6)




where ρs—solid particles density (g/cm3), ρd—dry unit weight (g/cm3), and V is the unit volume of soil (cm3).



Ice saturation or percentage of pore space filled with ice (Si, %) as


   S i  =   W ·  p d    0.92 · n   · 100  



(7)







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


   K h  =    W h   W   



(8)




where Wh is the percentage of water converted to hydrate (% of dry sample weight) calculated assuming a hydrate number of 5.9 for CH4 and 6.1 for CO2, and W is the total amount of moisture (initial water content, %).



The effective permeability (K) of samples in the pressure vessel was inferred from pressure drop in reservoirs with a known volume of gas by solving the differential equation of mass transfer through the sample under the pressure gradient


  K =   2 η L  V 1   p 1    S  p  10   (  p 1 2  −  p 2 2  )   ·    p  10   −  p  1 k      p 1   t 1     



(9)




where ƞ is the dynamic viscosity of the gas, Pa·s; L is the sample length, cm; S is the sample cross-sectional area, cm2; V1 is the reservoir volume, cm3; p1 is the pressure at sensor P1 (Figure 1) at the time t1, MPa; p2 is the pressure at sensor P2 at the time t1, MPa; p10 is the pressure at sensor P1 at t0 (start), MPa; p1k is the pressure at sensor P1 at tk (end), MPa; K is the gas permeability, mD.



Gas permeability was studied in quartz sand sampled from frozen Quaternary marine deposits (mQ3) of the South Tambei gas condensate field in the Yamal Peninsula. The sand is light gray, homogeneous, and rounded; its mineralogy consists mostly of quartz (93.7%), with minor amounts of albite (5.1%) and orthoclase (1.2%). The properties of the sand are as follows: mainly (62.3%) 0.25–0.1 mm particle sizes (Table 1); 2.67 g/cm3 air-dry density; 0.06% salinity; and 0.24 m2/g specific surface area.



Experiments were performed on five quartz sand samples (S1 to S5) with 10–11% moisture contents at porosity 0.35–0.37 u.f. for S1–S3 and 0.46–0.48 u.f. for S4–S5 (Table 2).



Ice saturation varied between samples, from 30.6% for S4 to 54.6% for S3. The initial gas permeability prior to hydrate saturation ranged from 16.24 to 21.08 mD. Ice saturation (Si) of each sample was calculated after compression and freezing, and the initial gas permeability was measured experimentally (Table 2). The permeability was the highest in sample S5 (21.08 mD), which had 34.3% ice saturation and 0.46 u.f. porosity, and was the lowest in S1 (16.24 mD) with higher ice saturation (50%).




3. Experimental Results & Discussion


3.1. Gas Permeability Behavior in Frozen Sand during Hydrate Formation


The five frozen sand samples, with initial gas permeability measured, were partially filled with hydrates of carbon dioxide (CO2) for S1–S3, and methane (CH4) for S4 and S5. First, hydrate formation in all samples occurred at a constant negative temperature of −5 °C (Table 3), for a period from two (S2) to ten (S5) days. As hydrate formation in S2 and S4 decelerated, the samples were heated to +1 °C, which led to thawing and reactivation of the hydrate formation process (Table 4). Then, sample S2 was frozen back to −5 °C in order to estimate the amount of additional gas hydrate that formed when the residual liquid pore water was converted to ice. Thus, the phase state of pore moisture was characterized for all samples, and gas permeability was constrained at each hydrate saturation step (Table 3 and Table 4).



The gas permeability of the samples decreased as more moisture converted to hydrate (Kh), and the hydrate saturation (Sh) increased correspondingly (Figure 3 and Figure 4; Table 3 and Table 4).



The gas permeability of S1 decreased from 16.24 mD to 11.27 mD as Kh grew to 0.27 u.f. Upon further conversion of pore ice to hydrate, up to Kh = 0.46 u.f., gas permeability decreased to 6.42 mD, or 2.5 times lower than the initial value. Hydrate formation in S2 (to Kh = 0.26 u.f.) at −5 °C led to 1.5-fold decrease of gas permeability. As the hydrate coefficient increased to 0.37 u.f., gas permeability reduced by an additional 16%. Heating of the sample to +1 °C led to Kh change from 0.37 to 0.48 u.f., while the permeability decreased only slightly from 10.44 to 10.17 mD and then to 8.92 mD when the sample was frozen back to −5 °C, i.e., it became almost twice as low as prior to hydrate saturation. Hydrate saturation of S3 occurred at negative temperature only (−5 °C). Gas permeability decreased from 18.11 mD to 7.88 mD as Kh grew to 0.34 u.f. and further to 5.47 mD at Kh = 0.64 u.f., or three times lower than the initial value (Figure 3).



The formation of methane hydrates in the frozen sediments at −5 °C likewise led to a gas permeability decrease (Table 3; Figure 4). As 42% of pore ice in S4 converted to hydrate, its permeability changed from 18.76 mD to 9.23 mD, or became almost twice as low as prior to hydrate formation. Thawing of the sample at +1 °C led to a permeability decrease to 1.60 mD (five times lower than the initial value), due to additional hydrate formation upon thawing as well as to uneven distribution of locally migrating moisture [35]. Formation of methane hydrate in S5 at −5 °C was accompanied by Kh increase to 0.59 u.f. and the ensuing gas permeability decrease from 21.08 mD to 10.25 mD.



Calculations predict that the total ice + hydrate saturation during conversion of pore ice to hydrate increases on account of the ~15% difference in specific volume between ice and gas hydrate [34,35]. As a result, the pore space shrinks (1 − (Si + Sh)), and the permeability reduces correspondingly (Figure 5).



The pore space reduction in samples S1–S3 with relatively low porosity (0.35–0.37 u.f.) reached a magnitude of 1.5–2.5, as 40–60% of pore ice converted to CO2 hydrate, which led to a 3.0 or 3.5-fold decrease in gas permeability.



Samples S4–S5, with higher porosities of 0.46–0.48 u.f., in which pore ice converted to methane hydrate, had lower initial ice saturations, greater pore space volumes, and accordingly higher permeability in the beginning of the experiments. However, hydrate formation at a constant temperature of −5 °C provided a two-fold decrease of gas permeability while the pore space became 5–10% smaller.



Experiments that tested relative gas permeability (Kr) variations as a function of hydrate coefficient (Kh) in sand undergoing hydrate formation revealed a Kr decrease to 0.5–0.3 u.f., as 40–60% of pore ice converted to gas hydrate (Figure 6).




3.2. Gas Permeability of Frozen Hydrate-Bearing Sand under Conditions of Hydrate Dissociation


The effect of pore hydrate dissociation on the permeability of frozen hydrate-bearing sand was studied at −5 °C and pressures of 0.1 MPa and 3.0 MPa.



Pressure increase to ~3 MPa was provided by injection of nitrogen, which inhibits hydrate formation, into the vessel with samples. Nitrogen was injected into samples S1–S3 immediately after the carbon dioxide pressure was reduced to 0.1 MPa. After reducing the methane pressure in the S4 sample to 0.1 MPa, nitrogen was injected into the sample after three days.



Dissociation of pore CO2 hydrate in samples S1 to S3, which were periodically flushed with gas to monitor effective gas permeability, continued from six to eight days (Figure 7). It was induced by destabilization as CO2 was replaced by N2, which cannot form hydrates at this pressure and temperature, but can displace CO2 from the hydrate structure.



Gas permeability in S1 increased from 6.42 mD to 7.82 mD in two days after nitrogen injection, and reached 14.57 mD (10.3% below the initial value prior to hydrate saturation) after seven days of dissociation. This difference is due to the possibility of structural and textural transformations in the soil sample during the formation of hydrate in the pore space and its dissociation, which can lead to the narrowing of some pores and changes in filtration channels. Dissociation of CO2 hydrate in S2 after nitrogen injection led to a permeability increase from 8.92 mD to 16.31 mD (9.1% below the initial permeability) in six days. Gas permeability in S3 likewise grew almost linearly with time after N2 injection, from 5.47 mD to 17.53 mD, in eight days (only 3.2% lower than prior to hydrate saturation).



In the case of S4, pore methane hydrate dissociated before the injection of nitrogen, at −5 °C and 0.1 MPa. At that point, the dissociation delayed being impeded by an ice coat on the surface of hydrate due to its self-preservation [39,40]. That period was limited to three days, and then the dissociation resumed when cold nitrogen was injected into the sample. In general, dissociation of pore CH4 hydrate in S4 at that stage was similar to the respective, not-yet-decelerated process for CO2 in S1–S3, in the presence of nitrogen.



The dissociation of pore methane hydrate at 3 MPa after nitrogen injection was compared to that at 0.1 MPa with reference to earlier experimental data [35,36] for a similar sand sample (TS2) which had higher saturation in ice and hydrate (68.7%). The gas permeability of TS2 before dissociation of the pore gas hydrate was as low as 0.03 mD, but increased to 0.5 mD for the first six hours of dissociation after the pressure dropped to 0.1 MPa at −5 °C, and increased further to 1.0 mD 24 h after the onset of the experiment. Then, the dissociation process slowed down; gas permeability became only slightly higher (1.1 mD) in the following 36 h (Figure 8).



The gas permeability of sample S4 increased from 1.60 mD to 3.82 mD in three days after the methane pressure decreased to 0.1 MPa (Figure 8). Judging by our previous results, the increase was apparently fastest in the first days: to 6.53 mD (1.7 times the initial value) in two days after nitrogen injection, and then to 15.78 mD in the following three days, i.e., the nitrogen injection accelerated the dissociation process. Meanwhile, the final permeability was 16% lower than prior to hydrate saturation. Thus, pore gas hydrate in S4 did not undergo self-preservation upon depressurization, unlike TS2. On the contrary, dissociation of residual pore hydrate became more active after N2 injection to 3 MPa, whereby the sample became more permeable to gas.




3.3. Discussion of the Results


The analysis of data on changes in the gas permeability of frozen gas-saturated sand under conditions of hydrate formation, ice-water-hydrate phase transitions and dissociation of pore hydrates, which were obtained during the experiments, allows us to present the main processes that occur in the porous space of the studied samples in the following way (Figure 9). At the first stage, when a frozen sandy sample with a low degree of pore filling with ice is saturated with hydrate-forming gas to a pressure above equilibrium, the transition of pore ice into hydrate occurs (Figure 9b). This process is generally damped in time, which is due to the kinetics of hydrate formation associated with the deterioration of the permeation of the hydrate-forming gas to the front of the ice-hydrate phase transition [41]. Considering that when ice transforms into hydrate the specific volume increases by 9%, there is a regular decrease in gas permeability over time, while the rate of its decrease over time declines [35].



In order to activate the process of hydrate formation in the pore space of frozen sandy samples, in some experiments, an increase in temperature above 0 °C was used while maintaining gas pressure above equilibrium. The melting of pore ice that did not turn into hydrate under these conditions caused additional hydrate formation (Figure 9c). This is due to structural and textural changes which lead to the appearance of new gas–water contacts in the pore space of the soil, as well as the possible migration of pore moisture in the sand sample to the front of hydrate formation. This was reflected in a significant decrease in gas permeability. Further, upon repeated freezing of the sample to a temperature of −5 °C, additional hydrate formation was also observed, caused by the development of physical and mechanical processes during freezing [42]. At this stage, a decrease in gas permeability in the studied samples was also noted, caused by an increase in the total degree of pore filling with hydrate and ice (Figure 9d).



At the next stage, when the pressure of the hydrate-forming gas is reduced to an atmospheric level (0.1 MPa), in a frozen hydrate-containing sample at a fixed negative temperature of −5 °C, surface dissociation of the pore hydrate occurs with the formation of supercooled water and gas. This causes an increase in the gas permeability of the sand sample. Being in a nonequilibrium state, supercooled water freezes on the surface of hydrate particles with the formation of an ice crust, which prevents further decomposition of gas hydrate. As a result, the growth of gas permeability stops (Figure 9e). When nitrogen is injected into a frozen hydrate-containing sample under non-equilibrium conditions, the decay of pore hydrate dissociation is not observed, i.e., the effect of its self-preservation is reduced. Apparently, when nitrogen is injected, a looser ice crust is formed, which does not prevent the active dissociation of the pore hydrate. This is reflected in the continuous increase in the gas permeability of the sample over time (Figure 9f).



The experimental features of changes in the gas permeability of frozen gas-saturated sand rocks under conditions of pore ice–water–hydrate phase transitions expand our knowledge of how the filtration properties of gas-saturated rocks in the cryolithozone transformed during their evolution.





4. Conclusions


The gas permeability of sand samples saturated with CO2 and CH4 hydrates, in a laboratory at a constant negative temperature of −5 °C, as well as in thawing–freezing cycles from +1 °C to −5 °C, is controlled both by ice saturation and by the kinetics of the transition of pore ice into hydrate and the fraction of its transition.



The permeability of frozen samples with 40–60% initial ice saturation becomes at least twice low, as 40% of ice converts to hydrate, both in the case of CO2 and CH4 hydrates, but further increases as the hydrate coefficient causes only a minor permeability decrease (Figure 3 and Figure 4). Ice–water phase transitions during heating and cooling accelerate hydrate accumulation and decrease gas permeability as well.



It should be noted that a significant decrease (by up to five times or more) in the gas permeability of frozen hydrate-containing rocks occurs during their thawing under conditions of hydrate formation, when new gas–water contacts arise in the pore space, causing additional hydrate formation. Thus, an increase in the temperature of a frozen hydrate-containing sand sample from −5 °C to +1 °C led to gas permeability shifting from 9.23 mD to 1.60 mD, while Kh increased from 0.42 to 0.51 (Table 4).



A special study was carried out to investigate changes in the permeability of frozen hydrate-saturated sand rocks during dissociation, caused by reductions in the pressure of the hydrate-forming gas at a constant negative temperature of −5 °C to atmospheric pressure, and with the injection of nitrogen gas acting as an inhibitor. It is noted that when the gas pressure in frozen hydrate-containing samples is reduced to an atmospheric level, there is a natural decrease in the dissociation of the pore hydrate over time, which is reflected by a deceleration in gas permeability.



However, when nitrogen is injected, there is no decrease in the dissociation of the pore hydrate over time and its self-preservation. Thus, in all samples saturated with CO2 hydrates, a stable increase in gas permeability was observed after a stepwise injection of nitrogen into the samples up of to 3 MPa.



At the same time, during the observations (up to eight days), the permeability of the samples did not stabilize, in contrast to the change in permeability under conditions of self-preservation of porous hydrates at atmospheric pressure (0.1 MPa). Injection of nitrogen into a frozen sandy sample containing methane hydrates after the gas pressure was released, when self-preservation of the pore hydrate was observed, initiated dissociation of the pore hydrate, which was reflected in acceleration of gas permeability. This indicates the effect of nitrogen injection on the kinetics of pore hydrate dissociation. The gas permeability of samples at the end of these experiments was 3% to 16% lower than the initial value prior to hydrate formation, possibly due to the presence of a residual pore hydrate and to changes in the pore space upon phase transitions of the pore moisture.



The observed permeability variations can be referenced to create predictive models of the behavior of frozen hydrate-saturated reservoirs in the cryolithozone, and for developing technologies for the decomposition of relict gas hydrate accumulations.
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Figure 1. System for gas permeability measurements: K1 − K3 = diaphragm valves with pneumatic control, K4 = ball valve with pneumatic control, R1 − R2 = reservoirs with gas, P1 − P3 = pressure sensors, DP = differential pressure sensor, T1 − T2 = temperature sensors, H = hydraulic pump for confining stress. 
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Figure 2. Phase diagrams for CH4 and CO2 hydrates and PT conditions of experiments: green and orange points refer to runs with CH4- and CO2-saturated sand samples, respectively. Arrows show direction of pressure and temperature changes. 
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Figure 3. Effective gas permeability of frozen sand vs. CO2 hydrate coefficient (Kh) at −5 °C. 
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Figure 4. Effective gas permeability vs. hydrate coefficient for methane hydrate at −5 °C. 
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Figure 5. Gas permeability of frozen sand vs. relative pore space volume (1 − (Si + Sh)) during hydrate formation at −5 °C. 
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Figure 6. Relative gas permeability (Kr) as a function of hydrate coefficient. 
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Figure 7. Gas permeability of frozen sand saturated with CO2 hydrate at below-equilibrium pressure and nitrogen injection to 3 MPa, at −5 °C. 
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Figure 8. Gas permeability of frozen hydrate-bearing sand S4 and TS2 at non-equilibrium pressure and −5 °C. Hydrate dissociation at 0.1 MPa (up to 3 days) and 3 MPa, after nitrogen injection to 3 MPa (after 3 days). 
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Figure 9. Pore space changes in gas-saturated sediments exposed to hydrate formation at t < 0 °C, thawing and freezing, and hydrate dissociation at t < 0 °C. Stages: (a) initial (before hydrate formation), (b) hydrate formation at t < 0 °C, (c) thawing, (d) freezing, (e) self-preservation of pore hydrate at p = 0.1 MPa, (f) hydrate dissociation at N2 atmosphere, p = 3 MPa. 
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Table 1. Particle size distribution of sand samples.
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Soil Type

(ASTM D2487-17)

	
Particle Size (mm) Distribution, %

	
Mineralogy




	
1–0.5

	
0.5–0.25

	
0.25–0.1

	
0.1–0.05

	
0.05–0.001

	
<0.001






	
Fine sand with silt

	
0.2

	
29.1

	
62.3

	
2.4

	
5.8

	
1.2

	
>93% quartz
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Table 2. Properties of frozen sand samples prior to hydrate saturation.
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	Run
	Moisture Content, %
	Density, g/cm3
	Porosity, u.f.
	Initial Ice Degree of Saturation (Si,%)
	Initial Gas Permeability, mD





	S1
	10
	1.88
	0.36
	49.3
	16.24



	S2
	10
	1.95
	0.35
	53.7
	17.95



	S3
	11
	1.87
	0.37
	54.6
	18.11



	S4
	10
	1.52
	0.48
	30.6
	18.76



	S5
	10
	1.59
	0.46
	34.3
	21.08
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Table 3. Properties of frozen sand samples during hydrate formation at constant negative temperature (−5 °C).
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Run

	
Time, h

	
Kh, u.f.

	
Si, %

	
Sh, %

	
Si + Sh, %

	
Keff av, mD






	
S1

	
0

	
0

	
49.3

	
0

	
49.3

	
16.24




	
24

	
0.27

	
31.65

	
21.69

	
53.34

	
11.27




	
48

	
0.32

	
35.43

	
25.88

	
61.31

	
10.66




	
72

	
0.46

	
29.19

	
36.92

	
66.11

	
6.42




	
S2

	
0

	
0

	
53.7

	
0

	
53.7

	
17.95




	
24

	
0.26

	
40.36

	
24.37

	
64.73

	
12.47




	
48

	
0.37

	
35.87

	
32.35

	
68.22

	
10.44




	
S3

	
0

	
0

	
54.6

	
0

	
54.6

	
18.11




	
24

	
0.34

	
38.51

	
29.71

	
68.22

	
7.88




	
48

	
0.43

	
34.21

	
37.41

	
71.62

	
6.44




	
144

	
0.59

	
26.32

	
51.57

	
77.89

	
5.99




	
168

	
0.64

	
23.52

	
56.59

	
80.11

	
5.47




	
S4

	
0

	
0

	
30.6

	
0

	
30.6

	
18.76




	
72

	
0.29

	
22.63

	
12.01

	
34.64

	
12.7




	
168

	
0.42

	
18.99

	
17.40

	
36.39

	
9.23




	
S5

	
0

	
0

	
34.3

	
0

	
34.3

	
21.08




	
96

	
0.38

	
22.92

	
17.53

	
40.45

	
12.59




	
120

	
0.49

	
19.51

	
22.61

	
42.12

	
11.12




	
192

	
0.54

	
17.73

	
25.25

	
42.98

	
10.77




	
240

	
0.59

	
16.21

	
27.51

	
43.72

	
10.25
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Table 4. Parameters of frozen hydrate-rich sand thawed and refrozen under the conditions of hydrate formation.
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Run

	

	
Kh, u.f.

	
Si (Sw), %

	
Sh, %

	
Si + Sh, %

	
Keff av, mD






	
S2

	
−5

	
0.37

	
35.87

	
32.35

	
68.22

	
10.44




	
+1

	
0.48

	
30.72

	
41.52

	
72.24

	
10.17




	
−5

	
0.61

	
24.26

	
52.97

	
77.23

	
8.92




	
S4

	
−5

	
0.42

	
18.99

	
17.40

	
36.39

	
9.23




	
+1

	
0.51

	
16.68

	
26.8

	
43.48

	
1.60
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