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Abstract: Gases releasing from shallow permafrost above 150 m may contain methane produced
by the dissociation of pore metastable gas hydrates, which can exist in permafrost due to
self-preservation. In this study, special experiments were conducted to study the self-preservation
kinetics. For this, sandy samples from gas-bearing permafrost horizons in West Siberia were first
saturated with methane hydrate and frozen and then exposed to gas pressure drop below the
triple-phase equilibrium in the “gas—gas hydrate—ice” system. The experimental results showed
that methane hydrate could survive for a long time in frozen soils at temperatures of —5 to —7 °C
at below-equilibrium pressures, thus evidencing the self-preservation effect. The self-preservation
of gas hydrates in permafrost depends on its temperature, salinity, ice content, and gas pressure.
Prolonged preservation of metastable relict hydrates is possible in ice-rich sandy permafrost at —4 to
—5 °C or colder, with a salinity of <0.1% at depths below 20-30 m.
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1. Introduction

Permafrost occupies a large area in Eurasia and North America, where it reaches a thickness
of 1 km [1,2]. Continuous permafrost, 200-300 m thick or more, also spreads over vast territories in
the shelf of the shallow Arctic Sea at sea depths within a few tens of meters [3-6]. Permafrost stores
large amounts of gas that may exist in the hydrate form, especially methane hydrate. The zone of gas
hydrate stability in permafrost, where methane hydrates can form and exist for a long time, spans a
depth interval between 200 and 250 m in permafrost and between 800 and 1500 meters below it [7].
Intrapermafrost and subpermafrost gas hydrates have been discovered in northern West Siberia, in
Alaska and Canadian Arctic (onshore and offshore), and in the Tibet highlands [8-15]. Subpermafrost
gas hydrate deposits existing at >0 °C are well known in the Mackenzie Delta, Canada (Mallik methane
hydrate reservoir) [16], Alaska [17], and Tibet [18].

Exploration and development of the Arctic oil and gas fields for the past 40-50 years have revealed
high gas contents in shallow permafrost within 100-150 m. Numerous gas shows (mostly from sandy
horizons) have been observed during drilling of geotechnical, test, and exploratory wells in northern
West Siberia (Figure 1). Gas is often released at daily flow rates of hundreds or even thousands of
cubic meters and can hardly come from voids or pockets in permafrost where ice fills almost the entire
pore space.
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Permafrost Depth of
# Gas Field thickness, gassing
m horizon, m
1 Bovanenkovo ~200 40-130
2 Yamburg ~350 70-120
3 Zapolarnoe ~450 50-120
4 Kharasovey ~200 60-70
5 South-Tambey ~400 40-60
6 Peliatkinskoe ~450 20-30
7 Salmanovskoe ~500 50-150

Figure 1. Gas release from shallow permafrost (within 150 m) in gas fields of northern West Siberia.

Active gas shows have been reported from 50-70 m depths in 92 GSC TAGLU Mallik 2L-38 Gas
Hydrate Research Well, Mackenzie Delta, Northwest Territories, Canada [19]. Investigation of a sand
core retrieved from 119 m above the zone of hydrate stability showed that pore hydrates could preserve
for a long time at negative temperatures. Therefore, methane hydrates may survive in permafrost
in the depth interval of 150-200 m above their thermodynamic stability, which is called a zone of
metastable (or relict) hydrates (Figure 2).
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Figure 2. Conditions for gas hydrate existence in permafrost. 1 = equilibrium curve of gas hydrate
stability; 2 = temperature distribution along the cross section; 3 = permafrost base. GHSZ: gas hydrate
stability zone.

Relict gas hydrates have formed under favorable conditions in the past and have survived till
now due to the geological manifestation of self-preservation (anomalous preservation) at negative
temperatures [19-21]. The self-preservation of gas hydrates means very slow dissociation at a decaying
rate after the external pressure has dropped below phase equilibrium in the “gas—ice-hydrate” system
at temperatures below —3 or —2 °C. As a result, the gas hydrate particles become covered with thin
ice films, which prevent further hydrate dissociation [20,22-24].

This effect was discovered and studied from the late 1980s to early 1990s by scientists from Russia
(Gazprom VNIIGAZ and Lomonosov Moscow State University), Canada (Ottawa National R&D
Center), and the US (United States Geological Survey) [20,25-31]. The term “self-preservation” of
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gas hydrates was coined in Russia after researchers discovered that gas hydrate dissociation stopped
soon after the onset of experiments when hydrate particles became coated with ice films. Later on,
the results were corroborated and extended with data from more thorough experiments on structural
changes in hydrates of methane and other gases capable of self-preservation [22-24,32-42]. The results
were the basis for a unique technology of using hydrates as a gas storage and transportation media
due to their very slow dissociation at <0 °C and 0.1 MPa [43-46].

Studies in the last two decades have focused on the dissociation and self-preservation kinetics
of metastable gas hydrates in permafrost and porous materials at negative temperatures [47-54].
Self-preservation of pore hydrates depends on the properties of host sediments (particle sizes,
mineralogy, salinity, pore moisture, pore hydrate structure, initial ice content, etc.) as well as on
external pressure and temperature. The metastable gas hydrates lying above the present hydrate
stability zone are extremely sensitive to the external effects of temperature, pressure, and sediment
salinity, which create problems for the development of oil and gas fields as well as pose risks of gas
explosions and other emergencies during drilling and operation of geotechnical and production wells.
In this respect, experimental investigation into self-preservation of gas hydrates in frozen ground, as
well as their physical properties, is of special importance.

2. Methods

Dissociation of pore gas hydrates upon pressure drop to below equilibrium was modeled in
the laboratory using a specially designed system consisting of a pressure cell (420 cm3 working
volume), a vessel for artificial saturation of samples with gas hydrates, a liquid cryostat for automatic
temperature monitoring in the pressure cell, an analog-to-digital converter (for digitizing the electric
signals from temperature and pressure sensors), and a workstation. The temperature and pressure
readings were accurate to 0.05 °C and 0.005 MPa, respectively. The experiments were applied to
samples of natural quartz sand (fine sand-1) and gas-bearing permafrost from northern West Siberia,
i.e., fine sand-2 and fine sand-3 from the Yamburg and South Tambey gas fields, respectively (Table 1).
The initial pore moisture content (W;,, %), in a range of 10 to 20%, was assumed to be uniformly
distributed over the samples.

Table 1. Particle size distribution, mineralogy, and salinity of soils.

Particle Size Distribution, %

Type of Location and Core . s o
Sediment Depth 1-0.5  0.5-025 0.25-0.1 0.1-0.05 0.05-0.001 <0.001 Mineralogy Salinity, %
mm mm mm mm mm mm

Fine 65 65 79.6 22 31 21 >90% quartz 0.01

sand-1
38% quartz

Fine Yamburg gas field 45% microcline + albite

cond2 AN 12 75 473 283 144 24 90 illite 0.09
5% kaolinite + chlorite
Fine ~ South Tambey gas field 0.1 12,5 62.9 219 1.6 1.0 Quartz >90% 0.11

sand-3 (36-46 m)

The cylindrical samples, which were 10 cm high and 4.6 cm in diameter, were saturated with
gaseous methane (gas pressure 6-8 MPa) in the sealed and vacuumed gas cell. Pure methane (99.98%)
was used as hydrate-forming gases. As a rule, the samples were partly saturated to ensure a tight
gas—water contact in the pore space.

The samples were prepared basically in two different ways:

(1) Cooling the pressure cell with samples from room temperature (20-25 °C) to low positive
temperatures (1-3 °C), which led to the formation of pore gas hydrates. As hydrate formation decayed,
the cell was frozen to freeze up the residual unfrozen pore water whereby additional hydrates were
formed [55,56]. The samples were exposed to cyclic freezing and thawing in some runs in order to
increase the hydrate saturation. This saturation procedure was applied mainly to samples with low
initial pore moisture; it did not work in the case of high moisture, which became redistributed and
produced hydrate caps on sample ends, thus impeding estimation of the saturation parameters.
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(2) Gradually heating the system with hydrate-bearing samples frozen to —4 to —6 °C to low
positive temperatures (1-3 °C). The ensuing ice melting of the pore accelerated pore hydrate formation
due to additional gas—water contacts. The samples were frozen back (—6 to —8 °C) after the hydrate
formation decayed. This approach suggested by Chuvilin et al. [52] allows hydrate saturation to >60%.

Thus, samples with ice- and hydrate-filled porosity were obtained in the pressure cell at a gas
pressure above the equilibrium. Then, the gas pressure (at <0 °C) was reduced to below the equilibrium
to obtain frozen sediments with metastable pore hydrates (Figure 3).

Figure 3. General view of frozen sand samples with pore hydrates and massive ice-hydrate texture (at
—6to —7 °C and 0.1 MPa).

The samples had a massive ice-hydrate texture with pore hydrate contents uniformly distributed
over the sample height [47]. Moisture contents (W, %), dry density (04, g/ cm?), and hydrate saturation
were estimated separately in four 20-25-mm-thick layers of the samples (Figure 4).
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Figure 4. Porosity (1, u.f.) and methane hydrate saturation (S,, %) over sample height (fine
sand with 7% of montmorillonite clay particles, W;, = 10%). (a) Porosity distribution; (b) hydrate
saturation distribution.

Porosity (n from 0.41 to 0.42) and hydrate saturation (S, from 17 to 18%) varied only slightly
over the height of the frozen samples (fine sand with 7% of montmorillonite clay particles) with the
initial moisture W;, = 10%, which were saturated with hydrate at temperatures slightly above 0 °C.
Pore moisture (assumed to be uniform) did not redistribute significantly during hydrate formation in
these conditions.

The kinetics of pore hydrate dissociation was studied experimentally using two original techniques:
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(1) Pressure in the cell with frozen hydrate-bearing soil samples dropped to 0.1 MPa. Then, the
cell was opened, and the samples were taken out, most often 30 min after the pressure drop. The
samples were then analyzed in terms of their physical properties: structure and texture, moisture
content (W, %), porosity (1, u.f.), dry density (o4, g/cm?), gas and hydrate contents, percentage of pore
moisture converted to hydrate as well as ice and hydrate saturation [48]. The moisture content W is
the weight ratio of water in soil (My) to dry soil (Mg) in percentage (%):

My
Msk

W= x 100% (1)

Dry density p,; of soil samples was calculated as follows:

P

o 3\ - . .
04 = AT00IxW) where p (g/cm”) is the soil density ()

Porosity n of the sediment was determinate as follows:

n= Ps;ipd where ps(g/cm?®) is the density of solid particles 3)
s

Additionally, thermal conductivity, mechanic strength, and gas permeability of the samples were
measured in some runs at disequilibrium conditions [57-61].

Gas contents were estimated by measuring the volume of gas released (with 3—4 times
repeatability) as the samples were thawing in a saturated NaCl solution. The estimates were used
to calculate hydrate saturation assuming hydrate numbers of 5.9 for CHy pore hydrates. Several
(usually 34 pcs.) specimens were placed in special isothermal containers for prolonged storage at
temperatures from —2 to —7 °C. The samples became coated with ice, which prevented them from
sublimation. Time-dependent variations in gas and hydrate contents were determined in some of the
samples selected at certain time intervals over periods from a few weeks to a few months.

(2) Pressure-volume-temperature (PVT) analysis was applied to estimate the rate of pore hydrate
dissociation directly in the pressure cell at changing temperatures and at the pressure drop of
below equilibrium. This approach allows study of the dissociation kinetics within large pressure
and temperature ranges and places more rigorous constraints on dissociation rates right after the
pressure drop.

The volume content of hydrate (H,, %), hydrate saturation (S, %), and the fraction of water
converted to hydration coefficient (K}, u.f.) were calculated from the analysis of P-T changes in the

test cell as follows:
o Mh X p

H, =
v Msxph

x 100% @)
where M}, is the weight of pore gas hydrate (g); M; is the weight of sample (g); p is the sample density
(g/cm3); and py, is the hydrate density. The crystallographic density py, of empty square lattice (without
gas molecules by analogy with the pure ice structure) was assumed to be 0.794 g/cm? for CHy hydrates
based on empirical data by Takeya et al. [62].

_ Hy
S, = - )
where 7 is the sample porosity.
Wy,
Ky =—=
=W (6)

where W), is the percentage of water converted to hydrate (% of dry sample weight); W is the total
amount of moisture (initial water content in %).

The analyzed samples had a massive structure with uniformly distributed pore ice and gas
hydrates according to the initial uniform distribution of moisture remaining immobile during pore
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hydrate accumulation. The porosity of the hydrate-bearing samples varied within 0.4-0.5. Hydrate
saturation in the equilibrium conditions was 20-70%, and hydration coefficient reached 0.7-0.9.
Accuracy of hydrate saturation (S, %) and volumetric gas hydrate content (Hy, %) was estimated to
be about 0.5-1%.

3. Results

The experiments showed that the dissociation of pore hydrates in frozen samples slowed down
and stopped after the pressure dropped below the equilibrium. The samples often retained some
portion of hydrates that survived until the end of the experimental run, which is the evidence of
the self-preservation effect. Self-preservation becomes possible as thin ice films coat the particles of
dissociating gas hydrate at negative temperatures, and it ensures prolonged existence of metastable
gas hydrates.

The preservation of pore hydrates was studied in frozen hydrate-bearing sand samples (W = 18%;
n = 0.41). The samples were prepared in a special way. First, they were saturated with methane
hydrate for about a year, which is comparable with accumulation of natural gas hydrates in permafrost.
Then, they were exposed to repeated freezing-thawing cycles (hydrate formation began at subzero
temperatures) to increase the hydrate density and saturation (to at least 50%). Pore methane hydrates
in sand samples obtained in this way preserved for a long time at T = —6 °C and P = 0.1 MPa (Figure 5).
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Figure 5. Time-dependent hydrate saturation (Sy,) of frozen fine sand-1 at —6 °C and 0.1 MPa. Black
dots are experimental data; solid line is a trend line of exponential approximation.

The samples still had quite high hydrate saturation up to S, ~ 13% 45 days after decompression
to the atmospheric pressure. The experimentally observed kinetics of pore hydrate dissociation in
frozen samples was the basis for the following analytical relationship:

Sp=AxT™" @)

where 7 is the lifetime of self-preserved pore gas hydrate; # is the constant within 0.15-0.17; and A
refers to the initial content of pore hydrate. Equation (7) can be used to predict hydrate saturation
changes in frozen soils in the case of self-preservation of pore hydrates. According to the prognostic
curve, soils contain a few percentages of pore hydrates even after tens of thousands of years of
dissociation (Figure 6), i.e., relict gas hydrates can exist in permafrost of northern West Siberia for at
least a thousand years. The residual hydrate saturation may be still higher given the true lithostatic
pressure and recrystallization in the pore space of hydrate-bearing permafrost.
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Figure 6. Predicted time-dependent decrease in hydrate saturation in frozen soil at T = —6 °C and

P =0.1 MPa.

The self-preservation of pore hydrates in frozen rocks has multiple controls. This is primarily
the initial content of pore moisture (water and ice) prior to pressure drop. The presence of
pore ice originally decelerates the dissociation of pore hydrates and maintains their stability at
below-equilibrium pressures. Frozen (—4 to —5 °C) hydrate-bearing samples with higher initial
ice contents showed both faster decay of hydrate dissociation and higher residual hydrate saturation
at the run end (Figure 7). Of the two methane hydrate samples with equal initial hydrate saturation of
Sy = 11%, the one with higher initial ice saturation (S; = 70% against S; = 42%) showed better
preservation. Thus, ice-rich frozen rocks can be expected to store greater amounts of relict pore
gas hydrates.

30
YA T | - Si=42% |
- S=70%
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0 i : i
0 50 100 150 200 250 300
Time, h

Figure 7. Dissociation kinetics of pore methane hydrates in frozen fine sand-1 samples with different
ice contents at —4 to —5 °C and 0.1 MPa.

Temperature is the most important control of the self-preservation of metastable gas hydrates.
Experiments with sand samples exposed to temperatures from —1.8 °C to —7 °C showed that pore
hydrates dissociated much more slowly at lower temperatures (Figure 8), while the dissociation of
pore hydrates in the frozen samples was incomplete at any temperature (about 1-2% of hydrates still
survived at —2.0 °C).
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Figure 8. Kinetics of gas hydrate dissociation in frozen sand sediments at negative temperatures
and atmospheric pressure. Data points (circles, triangles, squares, and diamonds) are experimental
measurements, lines are approximation trends, and dashed line is the expected trend. (a) Fine sand-2
(Wi, = 14%) [48]; (b) fine sand-1 (W;,, = 18%) [59].

The frozen fine sand samples stored for at least 300 h at a temperature below —5 °C and 0.1 MPa
had a residual hydrate saturation of 7% and 11%, respectively. These results obtained for soil samples
from gas-bearing permafrost in northern West Siberia confirm that the self-preservation effect can
ensure prolonged survival of relict gas hydrates in frozen ground at —4 to —5 °C.

Self-preservation of pore gas hydrates also depends on salinity (Z, %) of the host frozen sediments,
i.e., salt-to-dry sediment weight ratio. Salinity affects the preservation of hydrates as far as it controls
phase change of pore moisture and amount of unfrozen water because the presence of liquid water
slows down the formation of ice films over hydrate crystals and decreases their density. The contents
of unfrozen water increase with salinity [60], which is unfavorable for the existence of pore hydrates,
especially in the metastable state. As shown by our experiments, prolonged preservation of pore
hydrates in frozen sand samples (fine sand 1 and fine sand 3) was possible at salinity within ~0.1%.
Therefore, relict gas hydrates can be expected to exist in low-salinity permafrost (Z < 0.1%).

According to the PVT analysis, gas pressure also influenced the dissociation of gas hydrates
(Figure 9). Pore methane hydrates in frozen sand dissociated faster at 0.1 MPa than at 1.2 MPa. During
the run, the pore hydrate content was always higher in the sample exposed to 1.2 MPa than in that at
0.1 MPa, while the initial hydrate saturation of both samples at the equilibrium pressure was about
50%. Thus, relict hydrates will survive better in permafrost below 60 m than within the upper 10-20 m.

S, %

=
LN

0 100 200 300 400 500 600
Time, h

Figure 9. Effect of gas pressure on kinetics of methane hydrate dissociation in frozen fine sand-1
(Wip = 17%) at T = —5.0 to —5.5 °C. Red and blue lines correspond to pressures of 1.2 MPa and
0.1 MPa, respectively.
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4. Conclusions

Much knowledge has been gained to date on the emission of gas (mainly methane) from
exploratory and production wells in shallow permafrost (within ~150 m) in northern West Siberia. Gas
flow rates can reach as high as >1000 m>/day, which can hardly be maintained by gas stored in voids
and pockets. Therefore, the released gas most likely originates from relict gas hydrates that formed in
favorable conditions in the past and have survived in shallow permafrost till present day due to the
self-preservation effect.

In this work, the conditions for prolonged preservation of gas hydrates in permafrost at pressures
below the equilibrium were studied in experiments that simulated dissociation and self-preservation of
CHj, hydrates in sand samples from gas-bearing permafrost in northern West Siberia. The experiments
have demonstrated that metastable pore methane hydrate can survive for thousands of years in
frozen ground (—5 to —7 °C) and have thus corroborated the existence of the self-preservation effect.
Self-preservation of pore gas hydrates in frozen sediments has multiple controls: temperature, salinity,
initial moisture (ice) content, and gas pressure. Drawing from the experimental results, preservation
of relict hydrates can be expected in low-saline (<0.1%), ice-rich sandy permafrost at —4 to —5 °C or
colder at depths below 20-30 m.
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