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Natural gas hydrates (NGHs) are globally recognized as an important type of strategic alternative energy
due to their high combustion efficiency, cleanness, and large amounts of resources. The NGHs reservoirs
in the South China Sea (SCS) mainly consist of clayey silts. NGHs reservoirs of this type boast the largest
distribution range and the highest percentage of resources among NGHs reservoirs in the world. However,
they are more difficult to exploit than sandy reservoirs. The China Geological Survey successfully carried
out two NGHs production tests in the Shenhu Area in the northern SCS in 2017 and 2020, setting multiple
world records, such as the longest gas production time, the highest total gas production, and the highest
average daily gas production, as well as achieving a series of innovative theoretical results. As suggested
by the in-depth research on the two production tests, key factors that restrict the gas production efficiency
of hydrate dissociation include reservoir structure characterization, hydrate phase transition, multiphase
seepage and permeability enhancement, and the simulation and regulation of production capacity, among
which the hydrate phase transition and seepage mechanism are crucial. Study results reveal that the
hydrate phase transition in the SCS is characterized by low dissociation temperature, is prone to produce
secondary hydrates in the reservoirs, and is a complex process under the combined effects of the seepage,
stress, temperature, and chemical fields. The multiphase seepage is controlled by multiple factors such as
the physical properties of unconsolidated reservoirs, the hydrate phase transition, and exploitation methods
and is characterized by strong methane adsorption, abrupt changes in absolute permeability, and the weak
flow capacity of gas. To ensure the long-term, stable, and efficient NGHs exploitation in the SCS, it is
necessary to further enhance the reservoir seepage capacity and increase gas production through secondary
reservoir stimulation based on initial reservoir stimulation. With the constant progress in the NGHs
industrialization, great efforts should be made to tackle the difficulties, such as determining the micro-
change in temperature and pressure, the response mechanisms of material-energy exchange, the methods
for efficient NGHs dissociation, and the boundary conditions for the formation of secondary hydrates in
the large-scale, long-term gas production.

©2022 China Geology Editorial Office.

1. Introduction

conditions. More than 90% of NGHs occur in submarine
sediments at shelf margins, and less than 10% are distributed

Natural gas hydrates (NGHs), which are usually called in fractures and pores of rocks in continental permafrost. 1 m*
methane hydrates, refer to ice-like crystalline compounds of NGHs can be decomposed into 0.8 m® of water and
formed from hydrocarbon gases (mainly methane) and water approximately 164 m® of natural gas under standard
in stable areas under certain temperature and pressure temperature and pressure. Moreover, NGHs almost produce

no residue after combustion and are thus a type of clean,
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2018). It is estimated that the total global resources of natural
gas contained in NGHs is approximately 2.1x10'® m® (Sloan
ED et al., 2007). To promote the development and utilization
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of NGHs resources, Canada and the United States conducted
three NGHs production tests using vertical wells in non-
diagenetic glutenite and sandstone reservoirs in continental
frozen soil areas, while Japan completed two production tests
using vertical wells in offshore sandy reservoirs (Moridis GJ
et al., 2005; Numasawa M et al., 2008; Schoderbek D et al.,
2013; Hauge LP et al., 2014; Terao Y et al., 2014; Oyama A
et al.,, 2017). However, none of these production tests
achieved their expected gas production targets due to
problems such as sand production and low gas-production
efficiency (Table 1). The NGHs reservoirs in the SCS mainly
consist of clayey silts. The NGHs reservoirs of this type are
distributed the mostly widely across the world, with natural
gas resources accounting for approximately 90% of the global
resources. However, compared with the non-diagenetic
glutenite and sandstone reservoirs and sandy reservoirs, the
clayey silt reservoirs have extremely low porosity and

permeability, making them extremely difficult to exploit. To
meet these challenges, China has implemented innovative
techniques and methods for NGHs production tests through
theoretical research and simulation experiments. As a result, it
successively made breakthroughs in the technologies for
drilling and gas recovery using vertical wells and horizontal
wells in deep-sea shallow and soft strata, and completed an
exploratory and an experimental production test in the Shenhu
Area in the SCS, respectively in 2017 and 2020 (Fig. 1; Li JF
etal., 2018; Ye JL et al., 2020).

Overall, China has made considerable progress in NGHs
exploration and exploitation. Specifically, it has developed a
series of innovative understandings of the characteristics,
formation and evolution, migration and accumulation, and
production test techniques of NGHs through massive
investigations and by tackling technological challenges (Li
XS etal ., 2008; Zou CN et al., 2013; Wu NY et al., 2017; Li

Table 1. NGHs production tests in major countries.

Country Area Reservoir type Year Type of production wells and Duration Cumulative gas
method /days production/ m?

China Shenhu Area, SCS Clayey silts 2017 Vertical wells; depressurization 60 30.9x10*

Shenhu Area, SCS 2020 Horizontal wells; depressurization 42 149.86x10*
Canada Mackenzie Delta Glutenites (non- 2002 Vertical wells; hot water 5 516

diagenetic) circulation

Mackenzie Delta 2007-2008 Vertical wells; depressurization 6 1.3x10%

America North Slope in Alaska  Sandstones (non- 2012 Vertical wells; CO, displacement 30 2.4x10%
diagenetic) + depressurization

Japan Nankai Trough, Japan  Sandy sediments 2013 Vertical wells; depressurization 6 12x10*

Nankai Trough, Japan 2017 Vertical wells; depressurization 12 3.5x10*

24 20x10*
120°E
24°N Tum
22°N % , et -
Pearl River Mouth Bas"i'n- .
s Bai

20°N

18°N South China Sea
Fig. 1. Geological map of the study area; a—regional geological background and the location of the study area (marked with a red square);

b-relative location of Well GMGS5-SH17 (after Qin XW et al., 2020).
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JF et al., 2018; Ye JL et al., 2020; Qin XW et al., 2020; Yang
CZ et al., 2020; Su PP et al., 2020; Zhang W et al., 2020;
Zhong GF et al., 2020; Wei N et al., 2020; Ning FL et al.,
2020; Gao DL, 2020; Wu NY et al., 2020; Sun JS et al.,
2021). Previous studies on NGHs exploitation mechanisms
mainly focused on the mechanical responses and physical
changes of reservoirs, the simulation and prediction of the
reservoir production capacity, and the R&D and application of
reservoir simulators (Li SX et al., 2020; Wei CF et al., 2020;
Cai JC et al., 2020; Lu HL et al., 2021; Wu NY et al., 2021).
In recent years, the authors have carried out in-depth research
on the two NGHs production tests in the Shenhu Area in the
SCS and discovered that the key factors restricting the gas
production efficiency reservoir structure characterization of,
hydrate phase transition, multiphase seepage and permeability
enhancement, and the simulation and regulation of production
capacity, among which the hydrate phase transition and
seepage mechanism are the most crucial (Qin XW et al.,
2019a, 2019b, 2020; Lu C et al., 2019a; 2019b; Li SD et al.,
2020; Cai JC et al., 2020; Bian H et al., 2020; Qi RR et al.,
2021, 2022; Geng LT et al., 2021; Lu C et al., 2021a; 2021b;
2021c; Xu T et al., 2021; Lei X et al., 2022). This study
systematically reviews and summarizes the progress in the
research on the phase transition and seepage mechanism of
hydrates in NGHs reservoirs in the SCS, aiming to reveal the
dissociation mechanism, occurrence pattern, and production
increase mechanism of hydrates and thus to provide the
theoretical bases for the development and utilization of
hydrate resources.

2. Physical properties of NGHs reservoirs in the SCS
2.1. Mineral composition and pores

The clayey silt reservoirs in the SCS contain large
amounts of quartz and feldspar minerals with a poor
roundness. Moreover, they bear many microbial fossils
dominated by foraminifera. The clay minerals mainly consist
of illites and mostly fill between quartz and feldspars. The
pores in the reservoirs mainly include the pores of microbial

a
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fossils, intergranular pores, the intercrystalline pores of clay
and mica, and dissolution pores, with pores of clay and
microfossils dominating (Fig. 2). As shown by the whole-rock
and clay mineral analyses, samples differ greatly in the
content and distribution of minerals. Some samples consist of
quartz primarily and clay secondarily, while some samples are
dominated by carbonate rocks but have a low quartz content.
However, the clay minerals in all types of NGHs reservoirs
are dominated by illites, which compose more than 75% of
total clay content (Fig. 3).

The average pore radii of the reservoirs in the SCS vary
greatly. For instance, microbial fossils have large pore radii,
while clay has small pore radii. The reservoirs have small
median pore radii, all of which are less than 1.5 um. In
addition, there are large amounts of submicron pores, which
mainly include interlayer pores of clay minerals, intragranular
pores, intergranular pores, and large pores among clay
particles (Lei X et al., 2022). Furthermore, pores with radii of
less than 1 um account for up to 75% in reservoirs dominated
by carbonate rocks (Fig. 4 and Table 2).

Overall, the clayey silt reservoirs in the SCS have a high
content of clay minerals. As a result, the water from hydrate
dissociation will cause clay minerals to swell during NGHs
exploitation, leading to blockage of pores and their throats.
Therefore, the NGHs exploitation of the clayey silt reservoirs
pose risks of decrease in the absolute and effective

Fig. 2. Typical mineral surfaces of reservoir samples.

(®)
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Sample3

Samplel
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Fig. 3. Comparison of mineral and clay contents of three samples.
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Table 2. Comparison of pore radius parameters between
samples.
Sample Porosity/  Average pore ~ Median pore Submicron
% radius /um radius /um pore fraction/%
16.78 1.543 1.341 38.9
2 24.14 4.1 1.23 45
20.77 2.86 0.6 75

permeability of the reservoirs. Moreover, the high percentage
of submicron pores result in ultra-low permeability, thus
reducing the flow capacities of gas and water from hydrate
dissociation and increasing the difficulty in NGHs
exploitation.

2.2. Characterization of pore structure

Compared with diagenetic reservoirs, clayey silt reservoirs
are loose and unconsolidated. Given that the three-
dimensional structure of the porous media of reservoirs can be
accurately obtained using computed tomography (CT) and
digital core technology, the authors obtained the spatial
distribution of reservoir pore structure through CT scanning
of clayey silt reservoir samples and obtained the permeability
of the samples through simulation. The results showed that
the clayey silt reservoirs have significant high porosity and
ultra-low permeability (Fig. 5).

The pore structure characterization and porosity-
permeability correlations of clayey silts were determined as
follows in this study. Firstly, the authors conducted a
traditional Euclidean analysis and found that porosity did not
correlate well with permeability and thus cannot be used to
accurately characterize the pore structure complexity of
clayey silts in the SCS (Fig. 6a). Afterward, taking advantage
of the fractal geometry theory, which can quantify the
complex spatial pore structure (Cai JC et al., 2015), the
authors employed the fractal dimension and succolarity values
to characterize the complex micropore structure of the clayey
silt reservoirs. Compared with conventional sandstone

reservoirs, clayey silt reservoirs have higher fractal

dimensions under conditions of similar porosity. This finding
further proves that clayey silt reservoirs have more complex
spatial pore distribution than conventional sandstone
reservoirs (Table 3). Moreover, there is a close correlation
between the succolarity values and permeability of clayey silt
reservoir samples (Fig. 6b; Bian H et al., 2020). Therefore, it
is feasible to use the fractal geometry theory to build the
permeability fitting model of the clayey silt reservoirs in the
SCS, in order to conduct in-depth analyses of the law of the
changes in reservoir permeability during the NGHs
production tests in the SCS.

3. NGHs phase transition
3.1. Molecular dynamics study of NGHs

Over the past few years, the molecular dynamics study of
hydrates has advanced constantly from gas mixtures and
simple liquids to complex materials such as polymers and
nanoparticles, revealing the nucleation and dissociation
mechanism of hydrates (Khurana J et al., 2017; Kondori J et
al., 2017; Teixeira AMA et al., 2018; Liu W et al., 2019).
Based on the molecular dynamics analysis of hydrate samples
taken from different types of reservoirs, the authors believe
that it is necessary to further consider the effects of factors
such as the crystallinity and hydrophilicity of the solid surface
of reservoirs to establish a more practical solid molecular
model in the study of the nucleation and dissociation
mechanism of hydrates in the SCS. Moreover, a study has
suggested that the kinetic inhibitors, such as pectin, chitosan,
cassava powder, and antifreeze protein, can effectively inhibit
the nucleation or the crystal growth of hydrates, thus reducing
the formation of secondary hydrates in reservoirs and the
production well shaft plugging during NGHs exploitation
(Fig. 7; Qi RR et al., 2021). Determining the functional
mechanism of inhibitors and screening economical and
efficient kinetic inhibitor materials are still long-term research
topics.
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Fig. 5. Original grayscale images (a) and binarized images (b, 5123 pixels) of six hydrate reservoir samples, and the pressure field (Pa) distrib-
uted along y direction in the permeability simulation of six hydrate samples (c). In the binarized images, the gray and white portions denote
pores and solid, respectively (after Bian H et al., 2020).
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Fig. 6. Schematic diagram of porosity and permeability fitting of six hydrate samples (a); fitted curve of succolarity and permeability for six
hydrate samples along different positive directions (b) (after Bian H et al., 2020).

Table 3. Calculated 3D fractal dimensions of six hydrate samples and two sandstone cores (after Bian H et al., 2020).

Parameter Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Core a Core b
Fractal dimension 2.77 2.79 2.71 2.85 2.81 2.78 2.70 2.85
3.2. Hydrate phase equilibrium Based on the reservoir samples collected from the NGHs

production test area in the Shenhu Area, the authors prepared
Understanding hydrate phase equilibrium conditions and the gas and water sources required for the phase equilibrium

obtaining accurate parameters of hydrate phase equilibrium  experiments using the in situ salt ion content in pore water
curves are the basis for revealing the complex hydrate phase  and gas composition. Then, using the gradient heating method
transition and seepage laws, regulating production capacity, and the improved Chen-Guo model, the hydrate phase
and developing depressurization strategies of reservoirs in the equilibrium conditions of the SCS were obtained from the
SCS. Previous studies on the hydrate phase equilibrium of the system containing salt ions and porous sediments (Geng LT et

SCS were carried out using pure CH, gas rather than the al., 2021). Compared with pure methane hydrates, the hydrate
methane gas released from hydrate dissociation, or NaCl phase equilibrium curves of clayey silts in the SCS
solution instead of seawater, or artificially prepared significantly shifted to the left and showed much lower
single/mixed media rather than sediment reservoirs (Lu H et hydrate dissociation temperature. This phenomenon occurred
al., 2002; Uchida T et al., 2004; Sun SC et al., 2015; Zhang Y due to the hydrophily of the porous media and the capillary
etal., 2016; Li Q et al., 2018; Wang XH et al., 2019; Mu L et force produced by large numbers of submicron pores in
al., 2019). clayey silts, which reduce water activity. Moreover, the
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hydrate phase equilibrium curves gradually moved toward the
low-temperature high-pressure zone with an increase in the
salinity. The improved Chen-Guo model has high precision,
with an average deviation of only 3.7% in predicting the
average pressure of sediments, thus greatly improving the
accuracy of the production capacity simulation of hydrate
production tests (Fig. 8). Moreover, the hydrates in the clayey
silts in the SCS showed significantly increased dissociation
enthalpy and tended to be more stable with a decrease in
salinity. These results indicate that the depressurization-
induced dissociation of hydrates in clayey silts will lead to an
increasingly significant drop in reservoir temperature and
make secondary hydrates more likely to form in reservoirs

(Fig. 9).
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The porous media in clayey silts, which have complex

mineralogical compositions and heterogencous pore
structures, have composite effects on hydrate phase transition.
Moreover, hydrate phase transition will then cause changes in
the reservoir physical properties such as porosity and
permeability and thus affect gas production. Previous study
results of the effects of hydrate phase transition on reservoir
permeability were mostly obtained based on media such as
artificial quartz sand or glass beads, while the actual reservoir

conditions in the SCS have not been studied (Liu W et al.,
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Fig. 7. Configurations of pectin at 0 ns, 1 ns, 2 ns, 3 ns, 4 ns, 5 ns, 10 ns, and 20 ns. Blue represents water molecules, blue dotted lines repres-
ent hydrogen bonds, green represents methane, and red represents pectin (after Qi RG et al., 2021).
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Fig. 9. The plots of reciprocal temperature (1/T) vs. the natural logarithm of dissociation pressure (InP) for experimental NGHs in (a) the bulk
water and (b) marine sediments. The solid lines indicate the reliability and accuracy of the experimental procedure and data points (after Geng

LT etal., 2021).

2015; Kumar SW et al., 2015; Heeschen KU et al., 2016;
Wang P et al., 2017; Zhang L et al., 2019; Song G et al.,
2020; Li Z et al., 2020; Qin Y et al., 2021).

Based on the hydrate-dissociated clayey silt samples
collected from the Shenhu Area, the authors studied the
dynamic change in reservoir permeability with the evolution
of hydrate phase transition using low-temperature and low-
field nuclear magnetic resonance (LF-NMR) displacement
devices. The results show that, similar to other types of
hydrates, the hydrates in the porous media in clayey silts in
the SCS change the pore structure of reservoirs, affect the
flow of mobile fluids in the media, and induce the order of
amplitude of the reservoir permeability to dynamically
change. Presently, different permeability models established
based on a single hydrate growth pattern or assumed
conditions yield quite different fitting results. Therefore, they
cannot precisely describe the dynamic relationship between
hydrate saturation and the permeability of complex media in
the process of the hydrate phase transition in clayey silts (Fig.
10). Therefore, the dynamic evolution of reservoir
permeability during the hydrate exploitation from clayey silts
is a complex process controlled by multiple mechanisms and
factors.

3.4. Main factors controlling secondary hydrate formation

As shown by previous small-scale physical simulation
experiments or numerical simulations (Yu M et al., 2017;
Yamamoto K et al., 2017; Fan Z et al., 2017; Yu L et al.,
2018; Chen L et al., 2018; Yang L et al., 2021; Li SX et al.,
2021), the challenge that secondary hydrates and ice form at a
low  temperature during NGHs  exploitation by
depressurization must be tackled. Specifically, due to the
combined effects of hydrate dissociation enthalpy and the
Joule-Thomson effect, the local reservoir temperature will
decrease to the hydrate phase equilibrium zone during the
NGHs exploitation by depressurization. As a result, gas-water
two-phase fluids occurring in porous media will form

hydrates or ice again in a low-temperature and high-pressure
environment, thus blocking the seepage channels and
reducing the reservoir permeability. Consequently, the
reservoir temperature and pressure will be redistributed, thus
further affecting the hydrate dissociation and finally leading
to a decrease in gas production. To further determine the main
factors controlling the formation of secondary hydrates or ice
in the actual NGHs exploitation environment, the authors,
using the device for simulating the formation and evolution of
NGHs inverse phase transition (Lu C et al, 2021),
preliminarily analyzed the formation position and scale of
secondary hydrates from the dissociation front to the
production well shaft and investigated the effects of NGHs
production-induced pressure difference on the formation of
secondary hydrates.

This study shows that the reservoir temperature and
pressure changed as follows under the same production-
induced pressure difference. The decreased amplitude of
reservoir temperature increased in area closer to well shaft in
the initial hydrate dissociation stage due to the Joule-
Thomson effect of gas. Then, it significantly decreased as the
NGHs dissociation zone constantly expanded. As a result, the
reservoir temperature maintained above the freezing point and
the reservoir pressure basically remained stable around the
well. Moreover, the throttling and expansion effect of gas
weakened as the dissociation front spread. Accordingly, the
hydrate stability zone expansion significantly slowed down,
and the risks of secondary hydrate formation also greatly
decreased (Fig. 11). The reservoir temperature and pressure
changed as follows under the same hydrate dissociation range.
Compared with a small pressure difference, a large pressure
difference caused the reservoir temperature around the well to
decrease more significantly. As a result, the local reservoir
temperature and pressure points shifted leftward to the
hydrate stability zone in a short time, resulting in a high
formation rate of secondary hydrates and thus a significant
decline in the gas production rate. By contrast, a small
pressure difference caused low-saturation secondary hydrates


http://dx.doi.org/10.31035/cg2022029

208 Qin et al. / China Geology 5 (2022) 201-217

to form but had little effect on gas production (Fig. 12). an important role in controlling the formation of secondary
Therefore, the production-induced pressure difference plays hydrates.

1.2E+0
Gas-water distribution Hydrate pore habit
A Grain
[ | Water
9.0E-1
[ | Hydrate
[0 Dissolved gas
2 6.0E-1 RN
= ~
_53 ~
B
Q
{9
2
‘5 3.0E-1
=
Q
~ \ T =
A Experimental data
—&— Parallel capillary model (grain—coating)M
0.0E+0| _, Parallel capillary model (pore-filling) @ 6 AR
— — Kozeny grain model (grain-coating)
Kozeny grain model (pore-filling)
3 0E-1 & Masuda model (#=12) ‘ ‘ ‘ ‘ ‘

5 04 045 0§

(%)

0 0.05 0.1 0.15 0.2 0.25 |O.3 0.
Hydrate saturation

Fig. 10. Relationships between hydrate saturation and permeability/initial permeability calculated using various models.

@) [ reewurcarvution at20mim 20minl N . como I
L B e bt 0 i comniim N ¢ co-- S
6.0 = Equilibrium pressure at40 min,_ __-ae=-==="72 . .
o OOT wrersEquilibrium preseere-3T10 min i somnfil N (| co-- R
g | . P e | ee—
E]
s .- ; ! 2
301 40 min i ) 2 )
/1140 midlydrate stabiliti*zone i 300 i E 3 B | soomin [N
le H
360 mi oo T
20 i il ol B soomin
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 2.5 3
Distance to wellbore/m Distance to wellbore/m Distance to wellbore/m
®),, [ ————— 20 min [ "/*C | 20 min
S _ ominl somof N
6.0 P I . .
£ e ! - - 6 )
g — e distributibn at0-180 mil wominl N || oor B
2 e ====Equilibrium pressire at 60 min 1 . .
Z — " Equilibrium pressare at 120 min | vomnB N || oro B
sy i 20 lyin
.- i 60 min 0 !
304 120 minHydrate sability zone | i 2omin N | oo
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 0 1 2 3 4 5 0 1 2 3 4 5
Distance to wellbore/m Distance to wellbore/m Distance to wellbore/m
© L eee—
7.0 . 10 .
40min Ll  —— |
L i sominl ___ N (¢ oo
< i
g %0 o ol ] A |
£ - diion i i 120 min 1 6 120 min
. “Equilibrim pregsureat 60 min | womal__ comn
Pl A sauirmpropuen 20mp ol oomo T [ oo
sy ---—Equilibri £180 m} te—| ; i
~===-Equilibrium predsure at 360 mj 2 ) )
. Wowie 5o | 300 mi 300 mi
71360 min Hydrate stabiity zone T L T N T |
2.0 * -
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Distance to wellbore/m Distance to wellbore/m Distance to wellbore/m

Fig. 11. Distribution of reservoir pressure and equilibrium pressure of hydrates over time when the dissociation front is (a) 3 m, (b) 5 m, (c) 8 m
away from the production well, as well as distribution of reservoir temperature and pressure in the hydrate dissociation zone.


http://dx.doi.org/10.31035/cg2022029

Qin et al. / China Geology 5 (2022) 201-217

4. Multiphase seepage mechanism in NGHs dissociation
Zone

4.1. Isothermal adsorption characteristics of methane in
NGHs dissociation zone

The seepage of multi-phase flow such as the gas and water
from hydrate dissociation mainly occurs in the area between
the production well shaft and the NGHs dissociation front.
Given the high clay mineral content and the high proportion
of micro/nanopores in NGHs reservoirs in the SCS, the
authors carried out the methane isothermal adsorption
experiments of the dissociation zone, obtaining the following
results. Under dry condition, clayey silt reservoirs had a
methane adsorption capacity equivalent to that of shale when
their temperature was lower than that of shale (Fig. 13a).
Moreover, the methane adsorption capacity was close to that
of illites, slightly lower than that of kaolinites and chlorites,
and far lower than that of montmorillonites under dry
condition (Fig. 13b). Under the same temperature, the
methane adsorption curves generally rose with an increase in
pressure until the press reached a certain value, at which some
adsorption curves started to rise slowly or drop (Fig. 13c).
Under moist conditions, the water content hardly affected,
decreased, and increased the methane adsorption capacity,
respectively when the pressure was below 2 MPa, 2—10 MPa,
and above 10 MPa (Fig. 13d). The experimental data revealed
that the modified Langmuir model can well reflect the
methane isothermal adsorption at low pressure, while the
Dubinin-Radushevich equation can be used to characterize the
methane isothermal adsorption at medium-high pressure (Fig.
14; Qi RR et al., 2022).

The above experiment discovered that clayey silt
reservoirs in the SCS have the adsorption of methane for the
first time. This adsorption of methane has important effects on
the gas-water two-phase seepage in the NGHs dissociation
zone. This discovery will guide the in-depth research on
NGHs exploitation mechanism, the establishment of the
decoupling method for production capacity simulation, and
selecting reservoir stimulation methods.

4.2. Changes in the microscopic pore structure and
permeability of reservoirs in hydrate dissociation zone

As shown by the NGHs production tests in the SCS,
different depressurization methods will lead to a surge in the
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rate of pressure decrease around the production well shaft.
Moreover, the fluid migration around the production well will
cause fine sediment particles to accumulate at and plug the
parts where pores narrow, leading to a substantial decrease in
the absolute permeability of reservoirs. Based on the CT and
digital core technologies, the authors researched the
sensitivity of flow rate in porous media in clayey silts under
different displacement pressures for the first time using the
CT technology-based device form measuring the changes in
the clayey silt reservoirs in sea areas (Qin XW et al., 2019).
This research allowed for obtaining the critical pressure at
which pores and throat structures of clayey silt reservoirs
deform and revealing the main controlling factors in the
decrease in the absolute permeability of reservoirs.

The permeability of porous media in clayey silts decreases
with an increase in displacement pressure, and 3 MPa/m is the
critical pressure gradient for the sharp change in the pore
structure and permeability of clayey silt reservoirs.
Specifically, the pore structure will creep but the pore
structure and permeability will both remain relatively stable
when the pressure gradient is less than 3 MPa/m. The pore
structure will be rapidly destroyed when the pressure gradient
is more than 3 MPa/m, resulting in irreversible reduction in
the permeability (Figs. 15a, b). In essence, the permeability is
reduced by external forces. Specifically, the pore space
deforms with an increase in the displacement pressure,
causing the distribution of pores and throats allowing for fluid
seepage to narrow in general. As a result, the number of small
throats increases, the number of large throats decreases, the
average and median pore throat radii decrease, and the
maximum pore throat radius decreases (Figs. 15c, d; Cai JC et
al., 2020).

4.3. Gas-water two-phase seepage capacities of clayey silts in
dissociation zone

The gas-water two-phase relative permeability curves can
effectively reflect the dynamic seepage characteristics of one
phase in reservoirs in the case of the co-existence of gas and
water from hydrate dissociation. Using the simulation system
for the radial flow in geological reservoirs, the authors
researched the evolutionary laws of gas-water two-phase
seepage capacities in clayey silt reservoirs in the hydrate
dissociation zone under different overburden pressures for the
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Fig. 12. Production curves of gas production rate (a) and secondary hydrate formation (b) under different pressure differences.
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first time. As a result, they obtained the gas-water two-phase
relative permeability curves and preliminarily determined the
dynamic changes in the complex multi-phase and multi-field
seepage capacities around production wells.

Owing to the high clay mineral content, gas is difficult to
enter small throats to achieve effective gas displacement in
the process of two-phase seepage in clayey silts. The increase
in gas saturation leads to severe interference between gas and
water, which affects the fluidity of gas phase. As a result, the
maximum effective relative permeability of gas is less than
0.1, reflecting that the gas-water two-phase flow produced
from hydrate dissociation in clayey silts are difficult to be
discharged from the hydrate dissociation zone. Moreover, as
revealed by the two-phase relative permeability curves of
clayey silt reservoirs, the isotonic points shift more to the
right and has a lower location, the two-phase flow area is
narrower, and the maximum gas relative permeability is lower
compared to those of other types of reservoirs such as
sandstone reservoirs. These characteristics indicate a lower
flow capacity of gas in clayey silt reservoirs. Therefore, to
further increase the gas production, it is necessary to conduct
effective reservoir stimulation (Fig. 16). Moreover, it is
necessary to further conduct in-depth research on the
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multiphase seepage law under the complex conditions such as
the creepage deformation of reservoir structure and the
continuous changes in absolute permeability caused by large
NGHs production-induced pressure difference.
5. Optimization of reservoir seepage capacity and
regulation of hydrate gas production

5.1. Seepage capacity optimization and temperature field
reformation of reservoirs

The seepage capacity of reservoirs is a key factor affecting
the long-term, stable, and efficient hydrate exploitation.
During hydrate exploitation, the hydrate dissociation in clayey
silts will affect the effectiveness of proppants artificially
injected into the original reservoir stimulation area around a
production well, making it difficult to maintain the high
conductivity of reservoirs around the well for a long time.
Owing to the increased risks of the closure and failure of the
reservoir stimulation area, the permeability enhancement
effect achieved by initial stimulation will be undermined as
the hydrate exploitation goes on. Meanwhile, the temperature
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Fig. 13. a—Comparison of the methane adsorption capacities of shale, clayey silts, and coal under different pressures; b—comparison of the ad-
sorption capacities of clay minerals and clayey silts under different pressure; c—methane isothermal adsorption curves of clayey silt samples un-
der dry condition; d—comparison of isothermal adsorption curves of clayey silts under dry and moist conditions (after Qi RR et al., 2022).


http://dx.doi.org/10.31035/cg2022029

Qin et al. / China Geology 5 (2022) 201-217

of the stimulation area decreases with the continuous
exploitation of hydrates, causing secondary hydrates or ice to
form, which gradually occupy sediment pores and plug their
throats, thus leading to the further increase in the risks of gas
production reduction. Therefore, compared with Iinitial
reservoir stimulation, secondary reservoir stimulation is more
important for long-term hydrate exploitation and continuous
permeability enhancement. Previous studies of reservoir
seepage capacity mainly focus on initial reservoir stimulation
and optimization (Chaouachi M et al., 2015; Cao QY et al.,
2017; Too JL et al., 2018; Chen Q et al., 2020; Luo TY et al.,
2020; Yao YX et al., 2020; Yang L et al., 2020), while the
influencing mechanisms of secondary reservoir stimulation on
permeability enhancement and production increase are not yet
studied.

Regarding the suitability evaluation and fracture
propagation mechanisms of secondary reservoir stimulation,
the authors conducted hydraulic fracturing and CT imaging
experiments on hydrate reservoir samples collected from the
SCS using the independently developed device for fracturing
experiments clayey silt reservoirs (Qin XW et al., 2019). The
experiment results show that fine-grained sediments in the
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hydrate dissociation zone are prone to form fractures and thus
secondary stimulation is applicable. The clay minerals in the
clayey silt reservoirs swell in contact with water, greatly
enhancing the plasticity of the reservoirs. Consequently, more
energy in strata will be consumed to propagate fractures. With
an increase in the confining pressure, the plastic deformation
degree of clayey silts increases, relatively simple horizontal
fractures and small fracture zones are more prone to form, and
the fracture constantly widen. As the pumping pressure
continuous increases, large amounts of micro-fractures are
prone to occur around boreholes (Fig. 17). Regarding the
temperature field reformation and regulation mechanism, the
authors proposed an innovative method for hydrate
exploitation by depressurization and backfilling with in-situ
supplemental heat. In this method, CaO powder is injected
into hydrate-bearing layers, and the exothermic reactions
between CaO and water from hydrate dissociation could
provide abundant in situ heat to supplement the formation
heat consumed by hydrate dissociation. Moreover, the authors
put forward the hydrate exploitation scheme, key
technologies, and technical process of the new method. The
numerical simulation shows that this new technology
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Fig. 14. Simulation results of samples (a) KT4-16 (dry condition), (b) KT4-17 (dry condition), (c) KT4-18 (dry condition), and (d) KT4-16
(moist condition) using the modified Langmuir and DR models (after Qi RR et al., 2022).
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ments; c—pore size distribution of the clayey-silt sample under different axial stresses; d—throat size distribution of the clayey-silt sample under

different axial stresses (after Cai JC et al., 2020).

combined with fracturing of horizontal wells can significantly
increase gas production and that fracture permeability and
CaO powder quantity are key parameters restricting the
hydrate recovery in this method (Li SD et al., 2020). In future
research, it is necessary to further determine the support and
enhancement mechanisms of reservoir stimulation, define the
method for actively regulating the seepage capacity, verify
this method through large-scale physical simulation
experiments, and conduct engineering feasibility assessment.

5.2. Simulation and regulation of gas production in hydrate
exploitation

Numerical simulation is considered an important method
for predicting the dynamics of hydrate exploitation and
identifying sensitive factors in hydrate exploitation and also
an important platform for regulating NGHs production
capacity. Moreover, simulators serve as essential tools of
numerical simulation. The presently common simulators
mainly include TOUGH + Hydrate, TOUGH-Fx/Hydrate,
MH21-HYDRES, FEHM, GPRS-HYDRATE, and CMG
STARS (Lu HL et al., 2021). In combination with the
characteristics of NGHSs reservoirs in the SCS, the authors
have developed the hydrate engine platform (Hydrate Smart
VI1.0; Qin XW, 2019), the comprehensive management
platform of reservoir physical property data (GH Properties
V1.0; Qin XW, 2021), and the onsite data analysis platform
for hydrate production and tests (Hydrate Captain V1.0; Lu C,
2020). Compared with foreign simulators of the same types,
Hydrate Smart V1.0 has the functions such as model
definition, the processing of physical parameters and hydrate
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Fig. 16. Relative permeability curves of other gas reservoirs (after
Lu Cetal., 2021).

characteristics, well section models, production control,
equilibrium initialization, and simulation calculation besides a
series of functions for matrix model building, such as grid
definition, structure models, attribute models, lithology
zoning, and grid screening. Moreover, it can provide
comprehensively judgement on the simulation results by
applying one-dimensional curves, two-dimensional planes,
two-dimensional sections, and three-dimensional views (Fig.
18). The authors carried out a simulation study of the first
NGHs production test by a wvertical well using the
independently developed hydrate numerical simulators,
obtaining the following simulation results. In the first 60 days
of the first NGHs production test, the hydrate reservoirs
featured a dissociation radius of about 5 m, and the gas
production from hydrate dissociation accounted for
approximately 85% of the accumulative gas production. If the
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NGHs exploitation by depressurization in a vertical well
continued, the conduction of the pressure drop funnel would
be restricted, leading to a decrease in the gas production rate
of hydrate dissociation. Furthermore, the temperature and
pressure of hydrate reservoirs were not favorable for the
formation of secondary hydrates in the first 60 days.
However, large amounts of secondary hydrates would form at
hydrate dissociation front in the long-term NGHs exploitation.
These results provide important theoretical support for our
innovative proposal to implement the second NGHs
production test using horizontal wells (Fig. 19).
Depressurization strategy is an important basis for guiding
production system preparation and regulating the production
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capacity in hydrate production tests. Based on the
comprehensive  research on the reservoir structure
characterization, hydrate phase transition, two-phase seepage,
reservoir seepage capacity, and the dynamic characteristics of
the first production test in the SCS, the authors put forward a
depressurization strategy for the hydrate exploitation in
horizontal wells, that is, slowly reducing the bottomhole
pressure to prevent the formation of ice and secondary
hydrates, maintaining the effective seepage capacity of
reservoirs for a long time, and steadily increasing the
production pressure difference to increase the gas production.
This depressurization strategy has been applied to and verified
in the second NGHs production test in the SCS.
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Fig. 17. Fracture characteristics of samples 1-3 after hydraulic fracturing by CT (after Lu C et al., 2021).
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6. Conclusions and recommendations for future research

The SCS enjoys enormous potential for the exploration
and development of NGHs resources. As suggested by in-
depth research on the two NGHs production tests in the
Shenhu Area in the northern SCS, it is crucial to study the
NGHs exploitation mechanisms, and key factors restricting
the gas production efficiency of hydrate dissociation include
reservoir structure characterization, hydrate phase transition,
multiphase seepage and permeability enhancement, and the
simulation and regulation of production capacity, among
which the hydrate phase transition and seepage mechanism
are crucial. Study results reveal that the hydrate phase
transition in the SCS is featured by low dissociation
temperature and is prone to produce secondary hydrates in
reservoirs and that it is a complex process under the combined
effects of the seepage, stress, temperature, and chemical
fields. The multiphase seepage is mainly controlled by
multiple factors such as the physical properties of
unconsolidated reservoirs, hydrate phase transition, and

exploitation method and is characterized by the strong
adsorption of methane, the abrupt change in absolute
permeability, and weak flow capacity of gas. Therefore, to
ensure the long-term, stable, and efficient NGHs exploitation
in the SCS, it is necessary to further enhance the reservoir
seepage capacity and increase gas production through
secondary reservoir stimulation based on initial reservoir
stimulation.

With the constant progress in the NGHs industrialization,
great efforts should be made to tackle the difficulties such as
determining the micro-change in temperature and pressure,
the response mechanisms of material-energy exchange, the
methods for efficient NGHs dissociation, and the boundary
conditions for the formation of secondary hydrates in the
large-scale, long-term gas production in the perspective of
basic theory of the NGHs exploitation in the SCS. The authors
recommend carrying out research on the following aspects:

(1) Regarding physical properties of reservoirs: It is
necessary to shift the focus from the porous media in clayey
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silts in the hydrate dissociation zone to the hydrate-bearing
sediments at the hydrate dissociation front; to determine the
effects of the microscopic distribution of hydrates at different
states in the front area on basic physical property parameters
such as the porosity and permeability by relying on the static,
microscopic visualization technology; and to establish the
mechanism of reservoir energy supply from the change in
hydrate dissociation front during hydrate exploitation.

(i) Regarding hydrate phase transition: It is necessary to
enhance the research on the formation and dissociation
dynamics of hydrate-bearing clayey silts and the
crystallization dynamics and inhibition mechanism of
secondary hydrates; and to improve the current water
molecular force field models and solid molecular models used
for molecular dynamics simulation to build a dynamic model
closer to the actual sediment conditions in the SCS. Moreover,
it is necessary to further improve the experimental simulation
devices based on the core scale, to determine the method for
characterizing physical property parameters of hydrate-
bearing sediments at different hydrate occurrence states in the
process of continuous phase transition; and to establish the
mathematical model of the dynamic evolution of physical
property parameters.

(ii1) Regarding multi-phase seepage and permeability
enhancement: It is necessary to obtain the parameters on the
dynamic changes in the relative permeability and capillary
pressure of hydrate-bearing reservoirs in the hydrate
dissociation zone (i.e., from the production well shaft and the
hydrate dissociation front) on a core scale; to clarify the law
of multiphase seepage and its primary controlling factors; and
to establish relative permeability models on scales from cores
to the mining area. Furthermore, it is necessary to perform the
resecarch on the secondary stimulation, permeability
enhancement, and production increase of hydrate reservoirs;
to clarify the support and enhancement mechanisms for
unconsolidated reservoir stimulation and the temperature field
reformation mechanism; to develop new matching materials
and techniques; to grasp the changes in reservoir seepage
capacity under different control modes of phase transition;
and to assess the effects of gas production increase achieved
using different methods.

(iv) Regarding the regulation of production capacity: it is
necessary to constantly iterate and update the numerical
calculation models of hydrate phase transition, seepage, and
coupling of various complex effects; to improve the accuracy
of production capacity simulation; to clarify the main factors
restricting the gas production efficiency of hydrates; and to
establish the regulation mechanism of production capacity
applicable to various production test scenarios.
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