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ABSTRACT: The gas hydrate stability zone (GHSZ) is the essential condition for gas hydrate accu-
mulation, which is controlled by three main factors: gas component, geothermal gradient and perma-
frost thickness. Based on the gas component of hydrate samples from drilling in Muri coalfield, the gas
hydrate phase equilibrium curve was calculated using Sloan’s natural gas hydrate phase equilibrium
procedure (CSMHYD) program. Through temperature data processing of coalfield boreholes, some
important data such as thickness of permafrost and geothermal gradient were obtained. The GHSZ
parameters of a single borehole were calculated by programming based on the above basic data. The
average thickness of GHSZ of 85 boreholes in Muri coalfield amounted to approximately 1000 m,
indicating very broad space for gas hydrate occurrence. The isogram of GHSZ bottom depth drawn
from single borehole data in Muri coalfield demonstrated the regional distribution characteristics of
GHSZ, and identified three favourable areas of gas hydrate occurrence where the bottom of GHSZ
had a burial depth >1500 m — namely, the southern part of Juhugeng Mining Area, the middle part

of Duosuogongma Mining Area and the eastern part of Xuehuoli Mining Area.

KEY WORDS: mid and low latitude regions, permafrost area, gas hydrate, stability.

Natural gas hydrate is an ice-like, cage-like crystalline compound
composed of water and natural gas under medium- and high-
pressure and low-temperature conditions. It is hailed as the
most promising strategic resource in the 21st Century due to its
high energy density, low combustion pollution and huge
resources (Makogon et al. 2007; Zhang et al. 2007). The forma-
tion of natural gas hydrates has three conditions: low tempera-
ture, high pressure and sufficient gas sources. The specific
geological conditions of the Muri coalfield in Qinghai have cre-
ated the inevitability and particularity of natural gas hydrate
(Cao et al. 2009, 2010a, b; Zhu et al. 2009). The main contribu-
tion of Jurassic coal measures of coal-bed methane to natural gas
hydrate formation in the coalfield has been highly valued (Cao
etal.2009,2010a, b; Lu et al. 2010; Zhu et al. 2010), but research
on the temperature and pressure conditions of natural gas
hydrate accumulation in the coalfield is very weak, and is limited
to a small amount of qualitative analysis and simulations at indi-
vidual points (Cao et al. 2010a, b; Lu et al. 2010; Zhu et al. 2010;
Jin et al. 2011), as well as lacking the understanding of the spatial
distribution of the temperature and pressure stability conditions of
natural gas hydrates. Therefore, the systematic study of the natural
gas hydrate stability zone has important reference value what is
revealed is the development law of natural gas hydrate in the
Muri coalfield and for the selection of exploration target areas.
The formation of natural gas hydrate is a process of three-
phase equilibrium change of natural gas hydrate-water—gas.
Scholars at home and abroad have studied the natural gas
hydrate phase equilibrium conditions by using theoretical ana-
lysis and experimental methods, and established natural gas
hydrate phases of different gas components. The gas hydrate

was formed in a temperature-pressure stability zone of high strata
pressure with the temperature being less than 10 °C. (Wang et al.
2020a, b)

The natural gas hydrate stabilisation zone represents the max-
imum spatial range in which natural gas hydrates may exist, and
is delimited by the temperature-pressure-phase equilibrium
curve of natural gas hydrates and the curve of geothermal gradi-
ent (Fig. 1) (Sloan 1998; Milkov & Sassen 2000; Graves et al.
2017). The temperature and pressure in the stabilisation zone
are in the thermodynamic stability range of natural gas hydrate
formation. Therefore, the stability zone is a necessary condition
for the existence of natural gas hydrates (Graves et al. 2017; Liu
et al. 2019; Chen et al. 2020).

The converted critical temperature and pressure relationship
appears as a phase equilibrium curve in the temperature-pressure
diagram (Grassmann ez al. 2010; Wang et al. 2018; Liu et al.
2019; Chen et al. 2020). Considering only the hydrostatic
pressure of the overlying stratum, the pressure parameter can
be converted into the depth parameter. Therefore, the depth-
temperature map can usually be used instead of the pressure-
temperature map (Wang et al. 2005; Grassmann et al. 2010;
Wang et al. 2018; Xiao et al. 2018; Liu et al. 2019).

The ground temperature gradient is determined based on mea-
sured data or simulation experiments. In the permafrost region,
the area defined by the boundary temperature between the sur-
face temperature, the ground temperature gradient of the frozen
soil layer, the temperature gradient under the frozen soil layer
and the temperature and pressure of the natural gas hydrate, is
the thermodynamically stable zone of the hydrate (grey area in
Fig. 1), The natural gas hydrate stabilisation zone. The upper
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Figure 1 Model of gas hydrate stability zone of permafrost area (Sloan
1998).

intersection of the geothermal gradient and the phase equilib-
rium boundary is the top boundary of the stability zone, the
lower intersection is the bottom boundary of the stability zone
and the stable zone between the two intersections is the theoret-
ical gas hydrate formation interval.

1. Geological setting

1.1. Structural features of Muri coalfield

The Muri coalfield, located in the fold belt of the upper Datong
River in Middle Qilian Mountain, is a narrow synclinorium with
northwest by west. The fault structure in this area is highly devel-
oped, mainly including the thrust fracture in a NWW and EW
direction. The coal-forming period in this coalfield is mainly in
the Early and Middle Jurassic. Later, the N-S compression dur-
ing the Yanshan and Himalayan orogeny occurred. The strata
formed in the early stage were deformed by folds and the fault
and thrust nappe developed. After the different degrees of inci-
sion and denudation, the coal-bearing strata gradually formed
the current structural pattern of three zones in N-S direction
and three sections in E-W direction (Fig. 2) (Wen et al. 2011;
Yang et al. 2011).

1.2. Coal-bearing strata in Muri coalfield

The Jurassic coal-bearing strata in Muri coalfield include the
Reshui Formation in the upper Lower Jurassic (Jir), the Muri
Formation in the lower Middle Jurassic (Jom) and the Jiangcang

Formation in the upper Middle Jurassic (J,j). In addition, thin
coal lines can be seen in the Upper Jurassic Xiangtang Forma-
tion. Among them, the Muri Formation and Jiangcang Forma-
tion are widely developed throughout the region; the coal seams
in these strata are the primary minable seams (Cao ef al. 2010a,
b; Wen et al. 2011; Yang et al. 2011).

According to the exploration reports of various mining areas
in Muri coalfield, some data can be sure as follow: for the average
buried depth of the coalbed methane wind oxidation zone, it is
450 meters in the western mining area; it is 600 meters in the cen-
tral mining area; it is 338 meters in Waili Hata mining area in the
east; it is 400 meters in Haider and Mole mining areas. It should
be noted that the effect of wind oxidation zone on coal seam
should be ignored in the whole coal field.

1.3. Petrologic and lithologic combination features of
coal-bearing series

The Muri coalfield experienced two phases of continental coal
accumulation in the Early and Middle Jurassic, and the latter
was the most prominent (Yang et al. 2011). Clastic rocks have
the highest content in the coal-bearing series, accounting for
78.26 %, followed by coal seams and oil shale, which account
for 7.54 % and 14.20 %, respectively. From shallow to deep, the
Muri Formation and the Jiangcang Formation were developed
in the Middle Jurassic. The Muri Formation is dominated by
dark-grey mudstone and carbonaceous mudstone, the fine sand-
stones and siltstones with coal seams are locally developed. The
Jiangcang Formation is more diverse in lithology, including coal
seams, fine sandstone, coarse sandstone and dark-grey mud-
stone, and black oil shale developed in the upper section with a
greater thickness.

1.4. Coal quality and coal type

The transformation effect in the later stage of coal formation is
more intense in Qinghai Province, with a greater regional differ-
ence. Due to the uneven influence of hype-zonal metamorphism
and hydro-metamorphism, there are differences in coal rank and
coal quality in different mining areas, and coking coal is the most
developed. The metamorphic grade of coal in the Lower Jurassic
Reshui Formation is very low, and ROmax is generally less than 1
%. Most of the coal types are non-caking coal or weakly caking
coal. The coal seams of the Muri Formation and Jiangcang For-
mation are mainly high metamorphic coal in the eastern mining
area, including meagre coal and lean coal, and the ROmax is
above 1.4% — the maximum can reach about 2.0%. the
ROmax of coal seams in the Muri Formation in the mid-W min-
ing area is about 1 %, and the ROmax of coal seams in the Jiang-
cang Formation is less than 1 %; the coking coal takes the main
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Figure 2 Tectonic division in Muri coalfield.
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position and gas coal and lean coal take a small amount. Lean
coal is the main coal type in the north-western mining area.

2. Samples and calculation methods

2.1. Samples

In accordance with the data of 85 boreholes, the contour map of
the burial depth of the bottom boundary of the natural gas
hydrate stabilisation zone in Muri coalfield was prepared
(Fig. 3). While, the buried depth at the top of the stability zone
is mostly less than 100 m, the buried depth at the bottom of
the stability zone can be approximately equal to the thickness
of the stability. Therefore, the greater the burial depth at the bot-
tom of the stable zone, the greater the range of natural gas
hydrates that can be developed vertically, and the greater the pos-
sibility of accumulation.

In the central and eastern parts of the Xuehuoli Mining Area,
and the middle of the Duosuogongma Mining Area and in the
southern part of the Juhugeng Mining Area, contours of the bur-
ial depth at the bottom of the stable zone are all greater than
1500 m, which provides good conditions for the development
of natural gas hydrates in a relatively concentrated range. More-
over, combined with the results of logging in this research area,
the suspected gas hydrate layer is explained (results are in
another article) (Li Jing et al. 2012). In the central and eastern
part of the Duosuogongma Mining Area, the cumulative thick-
ness of a single hole with suspected natural gas hydrates has been
measured at more than 15 m, which may increase the success rate
of exploration. In the E of Xuehuoli Mining Area, the distribu-
tion of the shallowest buried depth of a single hole of suspected
natural gas hydrate shows that the shallowest buried depth is
within a range of less than 200 m, which greatly reduces the dif-
ficulty of drilling and the investment. Both can be used as
important reference areas for the natural gas hydrate exploration
target area in Muri coalfield.

2.2. Calculation methods

2.2.1. Method for determination of gas composition. Gas
composition is one of the important factors influencing the
phase equilibrium conditions of natural gas hydrates. Sloan
(1998) studied the phase equilibrium temperature and pressure
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Figure 3 Isogram of gas hydrate stability bottom depth in Muri coalfield.
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conditions of natural gas hydrates with different gas compo-
nents, and developed a phase equilibrium curve calculation pro-
gram (CSMHYD) (Sloan 1998). The calculation shows that the
temperature and pressure conditions of pure methane hydrate are
the most severe. When the natural gas hydrate contains heavy
hydrocarbons, including ethane and propane, the phase equilib-
rium curve will shift to the right and the stability zone will be
expanded — that is, the hydrate can be formed over a wider tem-
perature and pressure range (Zhang et al. 2001, 2011; Chen et al.
2005; Chuai et al. 2019; Liu et al. 2019; Wang et al. 2020a, b).

2.2.2. Pressure-depth conversion. Taking only confining
pressure into account, the relationship between pressure and
depth of the frozen soil layer and its sedimentary layer should
be calculated according to static rock pressure (P,) and hydro-
static pressure (Py), respectively (Grassmann et al. 2010):

P = P, + pghy 107° )]

P, = P; + pgh107° 2

where P, is surface pressure (0.1 MPa); g is the gravitational
acceleration constant (9.81 ms™2); pris permafrost layer density
(use 1750 kgm™ while in calculation with the range of 1500
2000 kg m™ obtained in the test); p; is pore fluid density under
the frozen soil layer (1000 kgm™); hyis depth in permafrost;
and A, is depth of permafrost substratum (m).

2.2.3. Geothermal gradient. The temperature and depth
inside and below the frozen soil layer can be expressed as
(Sloan 1998; Chen et al. 2020):

tr=1t+ Gf hj 3)

ty=1tr+ Gy hy “

where fis the temperature in permafrost at the depth of /; ¢, is
surface temperature; Gris geothermal gradient (°C/m); ¢, is tem-
perature at depth A, below frozen soil; G is the geothermal gra-
dient below frozen soil layer; and /i, is depth from the bottom of
the frozen soil (m).

2.2.4. Stability band calculation. By using the relevant par-
ameter calculation formula and according to the measured
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Table 1 Gas components of hydrate samples from drilling in Muri coalfield.

Gas hydrate gas composition (%)

Samples CH4 CzH(, C3H3 i-C4 H-C4 i-CS l'l-CS C(,+ C02 Nz
DK-1 60.65 8.39 13.03 1.44 4.12 0.48 0.68 33 791 \
DK-2 63.974 10.081 11.942 1.124 2.376 1.013 0.657 \ 3.673 5.16

component data of natural gas hydrates in the Muri area, the
Microsoft Visual C++ programming language was used to pro-
gram the geothermal gradient and bottom boundary burial
depth of natural gas hydrates formula (Eqs 1-4) and the burial
depth of the bottom boundary of natural gas hydrates was calcu-
lated by program simulation.

3. Results

The limited test data of natural gas hydrate samples collected
from DK-1 and DK-2 scientific exploration wells in Muri coal-
field (Table 1) shows that natural gas hydrates in this area are
low methane, high heavy hydrocarbon and complex gas compo-
nents (Lu et al. 2010; Zhu et al. 2010). The feature is conducive to
the formation of natural gas hydrates.

3.1. Phase equilibrium temperature and pressure
conditions

Based on the gas component values of the natural gas hydrate
samples (Table 1), the temperature and pressure conditions for
gas hydrate formation were calculated using Sloan’s CSMHYD
program (Table 2), from which the phase equilibrium curves
could be prepared. The comparison shows that there is no signifi-
cant difference in phase equilibrium temperature and pressure
conditions of gas hydrate components in the two scientific
exploration wells.

The thickness of the permafrost layer on the Qinghai-Tibet
Plateau was 10-175m. It was checked by Tactua1 = Trest (1 +
8), and, in the formula, 8 is the reciprocal of T, which is
the temperature correction increment obtained from boreholes
with approximate steady-state temperature measurements in
the area. Then, the approximate steady-state temperature
measurement data were gained and the geothermal gradient
(Table 3) was obtained after putting it into the Eqs 3 and
4. In the Table 3, the depth corresponding to the ground tem-
perature of 0°C is the bottom boundary depth of the frozen
soil layer.

4. Discussion

4.1. The stable zone of DK-1 scientific exploration well
The first natural gas hydrate sample was drilled in the DK-1 sci-
entific exploration well located in the third open exploration area
of Muli coalfield at an elevation of 4062 m. The bottom bound-
ary depth of the permafrost layer was 95m and the average
ground temperature gradient under the permafrost layer was
2.586 °C/100 m. Based on parameters such as the gas compo-
nents of the gas hydrate samples and the measured ground tem-
perature in this borehole, the temperature and pressure
conditions for the formation of gas hydrate were calculated by
the temperature-pressure-phase equilibrium calculation program
and the bottom boundary depth program, and the distribution of
the gas hydrate stability zone in hole DK-1 was drawn (Fig. 4).
Since the lower limit of the temperature reading of the simple
temperature measuring device for drilling is 0°C, and the
internal temperature of the permafrost layer is recorded as 0 °
C, the intersection line between the 0 °C line of the permafrost
layer and the temperature-pressure-phase equilibrium boundary
curve is approximated as the top boundary of the stability zone,
and the burial depth of this point in hole DK-1 is 20 m. The
intersection line between the temperature-pressure-phase equi-
librium boundary curve and the ground temperature gradient
line under the permafrost layer is the bottom boundary of the sta-
bility zone, and the burial depth is 925 m. The difference between
the two intersection points is the thickness of the stability zone,
925-20m =905 m. The layer where the gas hydrate is drilled
is only located at the top of the stability zone (shown by the
thick black line in Fig. 4).

4.2. Parameter statistics of drilling stability zone

The stability zone parameters based on DK-1 and DK-2 hydrate
fraction values were calculated for each borehole based on the
ground temperature gradient, depth to the bottom boundary of
the permafrost layer, etc. (Table 3), which were corrected from
the measured ground temperature data of each borehole
(Table 4). The stability zone parameters based on the values of
DK-1 and DK-2 hydrate components in each borehole were cal-
culated (Table 4) based on the ground temperature gradient and

Table 2 Temperature and pressure condition of gas hydrates formation with different gas components.

Temperature (°C)

Drill 0 4 8 12 16 20 24 28 30
Pressure average value (MP,) DK-1 0.44 0.77 1.32 2.29 4.12 8.22 19.43 36.58 46.81
DK-2 0.46 0.79 1.31 22 3.81 7.25 16.87 32.69 \

Table 3 Geothermal gradient and permafrost bottom depth in Muri coalfield.

Number of drillings Maximum value Minimum value Average value
Geothermal gradient below the permafrost zone/°C/100 m 85 6.2 0.8 2.6
bottom boundary burial depth of Permafrost/m 85 228 20 80.8
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Figure 4 Gas hydrate stability zone region of DK-1 well in Muri coalfield.

Table 4 Bottom depth data of gas hydrate stability zone in Muri coalfield.

Number of drillings Maximum value Minimum value Average value
Calculation on DK-1 composition/m 85 3580 420 1032
Calculation on DK-2 composition/m 85 3720 432 1070
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Figure 5 Bottom depth frequency histogram of gas hydrate stability zone in Muri coalfield.

the depth of the bottom boundary of the permafrost layer
(Table 3). The statistical frequencies show that the bottom
depth of the gas hydrate stability zone is concentrated in the
range of 750-1500 m (Fig. 5). Since gas hydrates can only be
developed in and under the permafrost layer, the physical sam-
ples of gas hydrates found so far are all located under the perma-
frost layer, and the average depth of the bottom boundary of the
permafrost layer in the region is 80.8 m (Table 3), which roughly
corresponds to the upper limit of gas hydrate deposits; therefore,
the thickness of the gas hydrate stability zone in Muli coalfield is
about 1000 m. At present, physical samples of natural gas
hydrates have been obtained only at the stratigraphic depth of
133.5-165.5m, and there is still much room for finding natural
gas hydrates in this area from the perspective of temperature
and pressure conditions of natural gas hydrate formation.

https://doi.org/10.1017/51755691021000311 Published online by Cambridge University Press

5. Conclusion

(1) The gas hydrate stability zone is mainly controlled by gas
components, ground temperature gradient and thickness
of multi-year permafrost layer. By collecting and processing
temperature data from 85 boreholes in each mining area of
Muli coalfield, the gas hydrate temperature and pressure sta-
bility zone parameters based on the gas component data of
the physical gas hydrate samples in the area were obtained.
The thickness of the gas hydrate stability zone in Muli coal-
field is normally distributed, with an average thickness of
about 1000 m, which indicates that the area has broad
space for gas hydrate storage.

The first contour map of the bottom boundary depth of the
gas hydrate stabilisation zone in Muli coalfield was prepared,
revealing the spatial distribution characteristics of the gas
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hydrate stabilisation zone. The gas hydrate stabilisation zones
in the southern part of Juhugeng Mining Area, the central
part of Duosuogongma Mining Area and the eastern part
of Xuehuoli Mining Area are of large thickness and have
good mineralisation conditions, and can thus be used as pref-
erable target areas for resource exploration and evaluation.
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