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a b s t r a c t

Gas and water migration through the hydrate-bearing sediment are characteristic features in marine gas
hydrate reservoirs worldwide. However, there are few experimental investigations on the effect of water-
gas flow on the gas hydrate reservoir. In this study, gas-water migration in gas hydrate stability zone
(GHSZ) was investigated visually employing a high-resolution magnetic resonance imaging (MRI)
apparatus, and the formation of hydrate seal was experimentally investigated. Results revealed that
normal flow of gas-water at the low flow rate of 1e0.25 mL/min will induce the hydrate reformation.
Conversely, higher gas-water flow rates (at 2e0.5 and 4e1 mL/min) need higher reservoir pressure to
induce the hydrate reformation. In addition, the hydrate reformation during the gas-water flow process
produced the hydrate seal, which can withstand an over 9.0 MPa overpressure. This high overpressure
provides the development condition for the underlying gas and/or water reservoir. A composite MRI
image of the whole hydrate seal was obtained through the MRI. The pore difference between hydrate
zone and coexistence zone produces a capillary sealing effect for hydrate seal. The hydrate saturation of
hydrate seal was more than 51.6%, and the water saturation was more than 19.3%. However, the hydrate
seal can be broken through when the overpressure exceeded the capillary pressure of the hydrate seal,
which induced the sudden drop of reservoir pressure. This study provides a scientific explanation for the
existence of high-pressure underlying gas below the hydrate layer and is significant for the safe
exploitation of these common typical marine hydrate reservoirs.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate (NGH) is a kind of ice-like crystalline com-
pound formed with sufficient water and gas (such as methane, and
carbon dioxide) under low temperature and high-pressure condi-
tions (Liu et al., 2016; Zhao et al., 2022b). With the increasing de-
mand for energy sources worldwide, more and more attention has
been paid to the development of NGH resources over the last few
decades (Collett et al., 2015; Dong et al., 2022; Liu et al., 2019a;
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Makogon et al., 2007; Sadeq et al., 2018b). In natural onshore
permafrost areas and offshore continental margins, methane hy-
drate is widely detected with the estimated global methane gas
source from 1015 to 1020 m3 (Li et al., 2016; Zhao et al., 2022a). To
date, many countries have launched exploitation projects of gas
hydrate for future commercial exploitation (Konno et al., 2017; Liu
et al., 2019a; Wang et al., 2018). As a potential energy source, NGH
has attached the attention of scholars all over the world, especially
in developed countries and countries lacking conventional oil and
gas sources (Sadeq et al., 2018a, b, c, 2017). The studies on the
accumulation mechanism of marine gas hydrate and underlying
gas are conducive to the safe and efficient exploitation of gas hy-
drate (Zhang et al., 2022).

Although the thermodynamic stable conditions for methane
hydrate are satisfied throughout most of the ocean sediments, the
distributions of gas hydrate are controlled by the availability of
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methane gas (Davie and Buffett, 2003). The methane supply of gas
hydrate in marine sediments is commonly attributed to the local
conversion of organic material within hydrate stability zone or
migration of methane-containing fluids from deeper zone (Davie
and Buffett, 2003; Pohlman et al., 2009). The origin of the
methane in formed hydrate is predominantly biogenic or thermo-
genic, or a combination of both (Xu and Ruppel, 1999). NGHs
generally coexist with free gas or/and free water (Kannberg et al.,
2013). Thus, the hydrate reservoirs are generally divided into four
classes based on the difference in coexistence (Li et al., 2016). Class
1 is the hydrate-bearing sediment that covers the two-phase fluid
zone (with water and free gas). The hydrate saturation of hydrate-
bearing sediment is high enough, which produces a relatively low
effective permeability zone for underlying free gas and water zone
(De La Fuente et al., 2021). Class 2 is that hydrate-bearing sediment
covers a mobile water layer, such as hydrate reservoirs in Eastern
Nankai Trough and Mallik sites (Huang et al., 2009; Yu et al., 2019).
Class 3 is that only a hydrate-bearing sediment layer exists. Besides,
class 4 hydrate reservoirs are unconfined geological strata with low
hydrate saturation, which usually appear as nodules (Moridis et al.,
2009). The class 1 reservoir is the most potent type for commercial
exploitation of hydrate, which is highly significant for investigation
(Zhao et al., 2022c).

Gaseous methane and water migration through the hydrate
stability zone are characteristic features in geological settings along
tectonically active and passive continental margins (Kannberg
et al., 2013; Liu et al., 2019b; Smith et al., 2014). The underlying
gas beneath the hydrate layer is developed by the continual gas
migration from deeper layer (You et al., 2015). In other words, the
overlying hydrate-bearing sediments produce a sealing effect on
the underlying gas and water, which is the capillary seals (Cathles,
2007). The mechanism of the sealing effect for the gas hydrate layer
is the capillary force between water and hydrate (Su et al., 2009).
Early in 1999, Clennell et al. (1999) analyzed the effect of capillary
pressure on pore pressure systematically. They found that the gas
pressure below the hydrate layer was higher than the theoretical
pressure, which was caused by the capillary pressure. In recent
years, the research of gas hydrates has been gradually developing in
the microscopic direction, and the influence of capillary force on
gas hydrate has been paidmore attention. Touil et al. (2019) studied
the formation of carbon dioxide hydrate in a thin glass tube, the
capillary force constrained the direction of hydrate growth, and
hydrate growth along the front of the glass wall. Buleiko et al.
(2017) studied the changes of propane hydrate formation pres-
sure in porous media using a microcalorimeter. The thermody-
namic properties of propane were changed by the capillary effect of
pores, which affected the formation of propane hydrate.

When the gas accumulates beneath the hydrate-bearing sedi-
ments until the gas pressure exceeds the least principal stress in the
overlying hydrate zone, hydraulic fractures form, gas and water are
vented to the surface and form the clod vent (Meazell and Flemings,
2022). The appearance of the cold vent is a typical breakthrough of
hydrate-containing sealing layer (Bünz et al., 2003). The gas and
seawater generated by the breakthrough of hydrate-bearing sealing
layer will lead to the sedimentary layer deformation above the
hydrate layer, which may cause the marine geological disaster
(Yang et al., 2020). Therefore, the destruction of hydrate-containing
sealing layer must be considered during the hydrate exploitation
process.

Either the formation of hydrate reservoirs or artificial hydrate
exploitation in marine sediments is accompanied by gas and/or
water flow (Yuan et al., 2017). In recent years, there were simula-
tion studies and experimental studies on the effect of gas-water
migration and hydrate formation. Chatterjee et al. (2014) simu-
lated the hydrate and free gas accumulation in heterogeneous
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marine sediment through a two-dimensional numerical model.
Kang et al. (2021) simulate the multiphase flow of hydrate slurry in
the annulus by combining the hydrate dissociation kinetic model
with the established annulus hydrate slurry multiphase flow
model. They found that larger flow rate of multiphase induced
smaller length of the slug flow. Behseresht and Bryant (2017)
studied the physical mechanisms between gas and water flow
associated with hydrate formation using a transient 1-D transport
model. They found that not only the petrophysical propertied of the
host sediment, but also the hydrate formation rate and temperature
cooling rate had a decisive impact on hydrate saturation profiles.
Seol and Kneafsey (2011) performed a numerical study studied on
the effects of pore space hydrate formation habits onwater and gas
migration.When the hydrate saturation exceeded 40%, the absolute
permeability in hydrate-bearing sediment sample decreased
significantly with the increases of hydrate saturation. In addition,
complete plugging of gas and water flow occurred when hydrate
saturation approached 70%. Yang et al. (2019) investigated the
promoting effect of gas-water migration on hydrate dissociation
using MRI. Chen et al. (2020) studied the water-gas migration
process using MRI system, they found that water flow can induce
the hydrate dissociation, and hydrate-bearing sediment with lower
hydrate saturation could benefit more from water flow.

The researches on the effect of gas-water migration and hydrate
formation mainly focused on simulation studies. The experimental
researches mainly focused on the promoting effect of gas-water
migration on hydrate exploitation. In addition, the MRI technique
was widely used in the investigations on gas and water flow in
hydrate-bearing sediments, because it can distinguish solid hydrate
and liquid water (Song et al., 2015; Yang et al., 2022). In this study,
the effect of gas-water flow on the formation of hydrate seal were
firstly experimentally investigated using MRI technique. The
research considerations were quite novel, and the results had
practical application values for understanding the characteristics of
hydrate reservoirs and they were significant for guiding hydrate
safe exploitation.

2. Experimental apparatus and procedure

2.1. Apparatus

Fig. 1 demonstrates the schematic experimental apparatus in
this study. The core device was the MRI system, which was man-
ufactured by Varian, Inc Palo Alto, CA, USA. The magnetic field
strength of MRI was 9.4 T and it was operated at 400MHz. The two-
dimensional MRI images were constructed using a standard spin
echo multi-slice pulse sequence (Wang et al., 2017). The echo time
(TE) was 4.39 ms, and the repetition time (TR) was 1000 ms in this
study. The field of view (FOV) was 30 mm � 30 mm with 2.0 mm
thickness. In addition, the image data matrix was 128 � 128. The
sequence acquisition time was 2.14 min for per MRI image in these
settings. The reactor used in this work was a high-pressure poly-
imide tube with an effective height of 200 mm and a diameter of
15 mm. The maximum pressure limitation of the reactor was
13.0 MPa. The reactor was surrounded by a heat preservation jacket
in which the coolant circulated continually to keep the tube at the
required temperature.

Three high-precision ISCO pumps, which were manufactured by
Teledyne ISCO Inc, Lincoln, NE, USA, were used to drive gas flow,
drive water flow, and control the back pressure, respectively. The
reservoir pressure was controlled the by the back pressure. Thus,
the reservoir pressure and back pressure were equal. In addition,
the reactor inlet was connected with the gas injection pump and
water injection pump, thus, the gas pressure, the water pressure
and the inlet pressure were equal. One thermostatic bath (FL300,



Fig. 1. Schematic of the MRI apparatus.
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JULABO, Seelbach, Germany) was used to control the temperature
of the reactor, and another thermostatic bath (FL 25, JULABO,
Seelbach, Germany) was used to control the temperature of high-
precision pumps. The pressure sensors (3510 CF, Emerson Electric
Co., Ltd., St. Louis, USA) were used to measure the inlet and outlet
pressure with an accuracy of ±0.05%. The outlet pressure, reservoir
pressure and back pressure were equal.

The glass beads (BZ02) produced by As-One Co., Ltd., Japanwere
used to simulate the porous media of marine environment. The
porosity of the glass beads was 35.4% (Yang et al., 2011), and the
diameter of glass beads was 0.177e0.250 mm (mean particle
size ¼ 0.1 mm) (Zhang et al., 2020). In hydrate formation process,
the pore water used in the reactor was deionized water. During the
gas-water flow process, the sodium chloride solution with a mass
fraction of 3.5% was used to configure the seawater. The methane
gas with a purity of 99.99% used in the experiments was produced
by Dalian Special Gases Company.
Table 1
Conditions and results of hydrate-bearing samples in all cases.

Case 1 2 3 4 5 6 7

Hydrate saturation, % 35.8 36.9 34.7 34.8 34.3 35.4 34.6
Water saturation, % 49.2 50.8 52.8 49.8 57.3 54.9 55.8
Pressure, MPa 6.0
Temperature, K 274.15
2.2. Procedures

Hydrate sample was made through sand filling, vacuum
pumping, water saturation, water displacement, and pressuriza-
tion. Firstly, the dried glass beads were compacted into the reactor
and checked the system tightness. Secondly, the seawater was
driven into the reactor by the water injection pump until the
pressure approached 6.0 MPa. This was the water saturation pro-
cess, which was maintained for about 30 min. The purpose of this
step is to obtain the mean intensity (MI) value of water saturation
state. Thirdly, closed the valve between water injection pump and
reactor, then, opening the valve of the reactor outlet to make the
reservoir pressure drop into the atmosphere pressure. Fourthly,
displaced partial water in reactor using the gas injection pump,
which ensured the initial water saturation was around 39%. The
water distribution after the displacement was not completely
evenly distributed, but it had no effect on the distribution of hy-
drate formation. The pressure of the gas injection pump is 2.5 MPa
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during this time. Finally, closed the reactor outlet valve and
maintained the pressure at 6.0 MPa through methane injection. the
hydrate formation process began at the point that the reservoir
pressure reached 6.0MPa. The real-time hydrate saturation (Sh) can
be calculated by the MI value of the MRI images through the
following equations (Zhang et al., 2020):

Sh ¼ 1:25� ðI0 � IiÞ
I0

� Sw0 � 100% (1)

Sw0 ¼
I0
Ifull

(2)

where I0, Ifull and Ii are MI values of initial water saturation, com-
plete water saturation, and water saturation at time i, respectively.
Sw0 represents the initial water saturation and can be calculated by
Eq. (2). In addition, the water saturation at time i (Swi) can be
calculated as follow:

Swi ¼
Ii
Ifull

(3)

Table 1 summarizes the conditions and results of hydrate-
bearing samples in all Cases. It was obvious that all experimental
conditions were inside the hydrate thermodynamic stable condi-
tion (274.15 K, 2.98 MPa) (Yang et al., 2022). The hydrate saturation
in the marine sediments was usually considerably high, according
to the geological exploration results. The average gas hydrate



Fig. 2. Characteristics of hydrate-bearing sediment during gas-water flow process in
Cases 1e3.
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saturation in the Krishna-Godavari basin obtained from resistivity
log data and P-wave velocity modelling are 25% and 60% (Lpa et al.,
2019). In addition, the gas layer existed beneath the hydrate layer in
the Shenhu Area of the South China Sea, and the hydrate saturation
in gas hydrate layer was 0e54.5% (31% av.) according to the results
from the core analysis of SHSC-4 (Qin et al., 2020). Thus, the
objective hydrate saturation of hydrate sample in this study was
35%. When the hydrate saturation reached this value, reduced the
reservoir pressure to around the phase equilibrium pressure (3.5 or
4.0MPa). Moreover, the hydrate reservoir was usually in the state of
water saturation (Almenningen et al., 2018; Chong et al., 2017).
Therefore, to better simulate the academician state of hydrate in the
marine environment, the seawater was injected into the reactor
using high-precision water injection pump at the flow rate of
0.5 mL/min. The water-saturated hydrate samples was shown in
Fig. S1 in the Supporting Information. The seawater flow rate was
low enough that it can be considered that there was no hydrate
decomposition during this process (Sun et al., 2020b). After that,
the gas and seawater were injected into the reactor at the same
time.

3. Results and discussion

The characteristics of the hydrate reservoir state during the gas-
water flow process were investigated using MRI visualization
technology. In addition, permeability is a crucial factor to describe
multiphase seepage characteristics of hydrate sediments. The
reservoir permeability can be calculated by Darcy's law (Hou et al.,
2018):

Q ¼K
A$DP
m$L

(4)

Krw ¼ KðShÞ
K

(5)

where K is the absolute permeability, m2; KðShÞ is the effective
permeability, m2; Krw is the relative permeability to water; Q is the
fluid flow rate, m3=s; A is the cross-section area that is perpen-
dicular to the flow direction m2; DP is the pressure difference
applied across the sample, Pa; m is the dynamic viscosity of the
flowing fluid, P$s; L is the length of the sample, m. In this study, the
hydrate saturation of the hydrate sample was around 35%, it was
approached to pore-filling models (Peng et al., 2019). Thus, the
permeability model, which was improved by Kleinberg et al. (2003)
was used to calculate the relative permeability of the hydrate-
bearing sediment, as shown in Eq. (6):

Krw ¼ KðShÞ
K

¼ 1� S2h þ 2ð1� ShÞ2
ln Sh

(6)

3.1. Methane-containing fluid flow characteristics in hydrate-
bearing sediments

Free gas and water migration through the hydrate stability zone
Table 2
Experimental conditions and results of Cases 1e3.

Case Fluid flow conditions Maximum overpressu

1 4 mL/min seawater & 1 mL/min methane 1.76
2 2 mL/min seawater & 0.5 mL/min methane 6.68
3 1 mL/min seawater & 0.25 mL/min methane 9.50
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is a common phenomenon, which occurs either in hydrate exploi-
tation process or hydrate accumulation stage (Shen et al., 2018).
Water-gas flow at three different rates through water-saturated
hydrate zone was investigated. The flow conditions of Cases 1e3
are summarized in Table 2. In Case 1, the methane gas and seawater
migrated through the hydrate-bearing sediments at the flow rate of
4e1 mL/min. The hydrate saturation is positively correlated with
the effective porosity and absolute permeability of the sediments,
which causes the flow rate of gas and water larger than the seepage
velocity of hydrate-bearing sediments. Thus, the overpressure
(referred to the pressure difference between the inlet pressure and
outlet pressure) appeared before 52min, as shown in Fig. 2. In other
words, the hydrate-bearing sediments with high hydrate saturation
(35.8%) impeded the gas-water flow by the capillary force between
the hydrate phase and water phase. After 52 min, the overpressure
decreased to 0 MPa, indicating that the capillary sealing effect of
the hydrate-bearing sediment disappeared. The outlet flowwas the
seawater volume that flowed out of reactor during the gas-water
flow process, which could be regarded as a symbol to verify the
existence of the capillary seals. When the sediment has the sealing
effect, the seawater flow will be blocked; conversely, the seawater
flows through the sediment, and the outlet flow increase. The gas-
water flowed through the sediment smoothly and the overpressure
decreased to 0 indicating that the gas and water migration cannot
be accumulated beneath the hydrate-bearing sediment at the gas-
water flow rate of 4e1 mL/min.

Different from Case 1, the overpressure continuously increased
to 6.5 MPa before 163 min. The outflow tended to be constant be-
tween 90 and 163 min, indicating that the hydrate-bearing sedi-
ment showed the capillary sealing for the gas and water during this
period. In addition, the overpressure increased indicating that the
water and gas accumulated beneath the hydrate-bearing sediment.
However, the overpressure decreased rapidly at 163 and 194 min,
respectively. In addition, partial water flowed out of the reactor,
indicating that the capillary seal was broken through at 163 and
re, MPa Hydrate change Final flow state

Dissociation Flow through
Reformation and dissociation Hindrance is broken through
Reformation Hindered
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194 min. After 194 min, the overpressure turned to 0, indicating
that the capillary sealing effect failed, and the free gas and water
flowed through the hydrae-bearing sediments smoothly at the flow
rate of 2e0.5 mL/min.

In Case 3, the gas-water flow rate was 1e0.25 mL/min. The
overpressure kept increasing, which was caused by the gas and
water accumulation, as shown in Fig. 2. However, the seawater
continuously flowed out of the reactor before 231 min, indicating
that the hydrate-bearing sediment has limited hindrance to the
gas-water flow. In addition, the overpressure increase rate at i min
can be calculated by Eq. (7):

Ri ¼
Pi � PiþDt

t
$% (7)

The curve of pressure increased rate showed a stable trend
before 231 min, for the reason that partial water and gas flowed
through the hydrate-bearing sediment. The outflow maintained
constant after this point, which indicated the hydrate-bearing
sediment showed a capillary sealing effect on the external fluids
after 231 min. In addition, an obvious fluctuation appeared at
231 min, which could be a symbol of the formal formation of hy-
drate seal. The pressure increase rate increased after 231 min, for
the reason that no gas or water can flow through the hydrate-
earing sediment. The overpressure increased to 9.5 MPa in the end.

The reservoir condition could be visually observed by MRI
because the MRI can only acquire images of the 1H contained in
liquid water (Wang et al., 2020). Fig. 3(a) demonstrates the char-
acteristics of water distributions in FOV, and Fig. 3(b) reflects the
real-time characteristics of water saturation and hydrate saturation
in hydrate-bearing sediments. Capillary pressure was defined by
the van Genuchten model with capillary pressure (Pc) as a function
Fig. 3. Micro-images during the gas-water flow process
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of water saturation (Sw), with no hysteresis considered
(Vangenuchten, 1980):

Pc ¼ � P0
h
ðS*Þ1=l

i1�l
(8)

where P0 was the capillary entry pressure.

S* ¼ Sw � Sirw
Smxw � Sirw

(9)

where Sirw represented the residual water saturation, Smxw repre-
sented the max water saturation. The values of these parameters
are fitting parameters except Pc and Sw. P0 ¼ 0:007 MPa, l ¼ 4 in
this work. As the formation of hydrates, capillary pressure can be
calculated using the Leverett model (Bello-Palacios et al., 2022):

P*c ¼ Pc

ffiffiffiffiffiffiffiffiffiffiffiffiffi
k0
k
$
4

40

s
(10)

where 4 was the hydrate-filled porosity, 40 was the hydrate-free

porosity. 4 ¼ 40ð1 � ShÞ. In addition, k
k0

¼ ð1� ShÞN , the magni-

tude of N can vary from N ¼ 1:25 for sediments with uniform
cementing hydrate to N ¼ 25 for sediments with uniform pore-
filling hydrate. Thus, the capillary pressure of the hydrate-bearing
sediment can be calculated. When the gas-water flow rate was
4e1 mL/min (Case 1), the capillary pressure was 1.98 MPa. The gas
and water migration were hindered by the capillary pressure,
which caused the pressure to increase before 52 min. After 52 min,
hydrate dissociation occurred, which caused the decrease in hy-
drate saturation and the increase in water saturation. In addition,
in Cases 1e3: (a) MRI images; (b) phase saturation.
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the gas and water phase flowed through the hydrate-bearing
sediment after 52 min, indicating that capillary sealing effect dis-
appeared gradually during the hydrate dissociation process.
Meanwhile, the reservoir condition (274.15 K, 3.5 MPa) was in hy-
drate thermodynamic stable area, and the driving force for hydrate
dissociation was the chemical potential difference between
seawater phase and hydrate phase, which has been experimentally
confirmed by Chen et al. (2019). The chemical potential difference is
caused by the inadequate dissolution of methane gas in seawater
(Nakayama et al., 2013; Sun et al., 2020a).

For Case 2, the changes in overpressure were positively corre-
lated to the changes in hydrate saturation. The hydrate reformation
before 120 min produced the capillary sealing to the gas-water
migration. The hydrate saturation was 44.5%, and the water satu-
rationwas 24.2% at 165 min. Thus, the calculated capillary pressure
was 5.91 MPa. While the overpressure was 6.68 MPa at this point,
as shown in Fig. 4. The overpressure exceeded the capillary pres-
sure and caused a sudden drop in reservoir pressure. The hetero-
geneity of hydrate distribution was the reason that caused the
inaccurate calculation of the capillary pressure. The capillary
pressure at the beginning of the overpressure plunge in the
experiment was the exact capillary pressure at the moment of the
breakthrough. At 195 min, the overpressure exceeded the calcu-
lated capillary pressure (6.11MPa), which caused the pressure drop.
After 196 min, the hydrate seal was absolutely broken through, and
the hydrate saturation maintained stable. The breakthrough of
hydrate-bearing sediment occurred at the condition that the hy-
drate saturation was stale. For Case 3, The MRI images darkened
gradually, which indicated the hydrate reformed at the gas-water
flow process. The water saturation decreased and the hydrate
saturation increased during this period, indicating that hydrate
formation consumed partial pore water in hydrate thermodynamic
stability condition. According to the Young-Laplace equation
(Kagan and Pinczewski, 2000):

DPc ¼2gð1 = r1 �1 = r2Þ (11)

where DPc represents the capillary pressure between the non-
wetting and wetting fluids of porous medium; g represents the
interfacial tension; r1 and r2 represents the effective pore radius of
small and large pores, respectively. The hydrate formation further
reduced the effective pore radius, the water in the narrow pore
space produced a larger capillary pressure, which was directed to
the gas phase. At 231 min, the calculated capillary pressure was
Fig. 4. Breakthrough of hydrate seal at the gas-water flow rate of 2e0.5 mL/min.
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8.76 MPa. Hydrate seal formal formed at the point that the water
flow was stopped. The water and gas accumulation due to the
capillary pressure and induced the overpressure increase.

Comprehensive comparison, the gas-water flow rate was an
important factor that affected the hydrate reformation and hydrate
dissociation. Hydrate formed at the gas-water flow rate of
1e0.25 mL/min, for the reason that the water contacted fully with
the methane gas at a lower gas-water flow rate, and the methane
concentration exceeded the methane solubility. On the contrary,
the methane concentration was lower than the methane solubility
at high gas-water flow rate (4e1 mL/min), which caused the
chemical potential difference between hydrate phase and water
phase and induced the hydrate dissociation. Thewater and gas flow
smoothly through the hydrate-bearing sediment at the hydrate
dissociation process. In addition, hydrate reformation was the im-
mediate cause for the formation of hydrate seal. The hydrate for-
mation occupied the pore space and reduced the pore volume. The
pore water was preferentially adsorbed at the smaller throat and
the capillary pressure generated at the throat of the pore with small
pore size, which inhibited the flow of gas and water in the pore
space. The capillary sealing effect of hydrate-bearing sediment
provides the development condition for higher-pressure gas
reservoir under hydrate layer. However, when the hydrate satura-
tion was in the dynamic equilibrium state (at the gas-water flow
rate of 2e0.5 mL/min), the hydrate seal can be broken through by
enough overpressure. The breakthrough pressure was the over-
pressure at the point that pressure started to drop. There was a
pressure sudden drop in reservoir pressure, which may cause
geological disasters. Thus, the overpressure caused by the gas-
water flow has to be taken seriously, which will produce an
adverse effect on hydrate exploitation.

3.2. Sealing characteristics of the hydrate-bearing reservoir on
external fluids

Gas hydrate not only occurred in the region near the thermo-
dynamic stability condition of hydrate, but also the region above
the thermodynamic stability condition (Riedel and Collett, 2017).
The gas-water flow at higher pressure condition (4.0 MPa) was
investigated at the flow rate of 2e0.5 and 4e1 mL/min. The
experimental conditions of Cases 4 and 5 are summarized in
Table 3. Taking the injection volume as the reference value, it was
found that high flow rate (Case 5) has a hysteresis phenomenon
compared with low flow rate (Case 4), but the higher flow rate
consumed less time.

As shown in Fig. 5, the overpressure increased with the gas-
water flow, and the outflow was maintained stable at 94 and
54 min in Cases 4 and 5, respectively, which indicated the formal
formation of hydrate seal. The gas-water flow rate of Case 2 was the
same as it was in Case 4, and the gas-water flow rate of Case 1 was
the same as it was in Case 5. The hydrate seal formed in Cases 4 and
5 indicated that the gas-water flow in the higher-pressure zonewas
more conductive to the formation of hydrate seal. Because higher
pressure provides the larger driving force for hydrate formation by
enhancing the mass transfer between the gas and water (Ma et al.,
2020). Moreover, the curve of pressure increases rate fluctuated at
the beginning point of hydrate seal formally formed, which also
appeared in Case 3. This fluctuation of pressure increase can be
regarded as a marker to judge the formation of the hydrate seal.

Fig. 6 demonstrates the variation characteristics of hydrate
saturation in FOV during the gas-water flow process of Cases 4 and
5. The MRI images darkened in Case 5 and hydrate saturation
increased during the gas-water flow process. The increase in hy-
drate saturation produced the hydrate seal at 52 min. The water
saturation increased after 72 min, which was caused by the gas and



Table 3
Experimental conditions and results of Cases 4 and 5.

Case Fluid flow conditions Maximum overpressure, MPa Hydrate change Final flow state

4 2 mL/min seawater & 0.5 mL/min methane 9.00 Reformation Hindered at 94 min
5 4 mL/min seawater & 1 mL/min methane 9.00 Reformation Hindered at 54 min

Fig. 5. Characteristics of hydrate-bearing sediment during gas-water flow process in
Cases 4 and 5.
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water migration above the hydrate sealing zone. In other words, the
hydrate sealing zone was below the FOV. In Case 4, the hydrate
saturation did not show an increasing trend under the condition
that the hydrate seal formed during the gas-water flow process.
However, it was found that there was a significant change in the
Fig. 6. Hydrate and water distribution during
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lower-left corner of FOV in Case 4. Thus, the changes in theMI value
of Line 1 at different times were shown in Fig. S2 in the Supporting
information. The MI value between 0e4.2 mm was decreasing,
indicating that hydrate formed in this area and consumed the pore
water. Thus, the hydrate was estimated to be formed outside the
FOV, and it was imperative to obtain the full MRI images of reactor,
which was beneficial for investigating the hydrate seal
comprehensively.

The multi-level MRI image (4 layers) was carried out by
adjusting the position of the reactor. The camera on the MRI device
remained stationary and moved the reactor 30 mm upwards after
each shot, a complete reservoir state was presented by this oper-
ation. Fig. 7 demonstrates the multi-level MRI images of the hy-
drate reservoir after the overpressure reached 9.0 MPa. In addition,
the MRI images in other figures was in the position 1, as shown in
Fig. 7(a). A significant boundary of remaining water after hydrate
reformation could be found in the hydrate reservoir, which was the
interface of hydrate zone and coexistence zone (consisting of hy-
drates, free gas, and seawater). The hydrate saturation increased
along with the gas-water migration direction, which even reached
94.7% in area C, as shown in Fig. 7(b). Thus, the gas-water flowwas a
feasible method to produce hydrate-bearing sediment with high
hydrate saturation, either at the high-pressure condition (4.0 MPa,
274.15 K, 2e0.5 mL/min) or at low flow rate condition (1e0.25 mL/
min, 3.5 MPa, 574.15 K). The water, hydrate, and gas coexisted in
areas A and B, which were defined as coexistence zones. The
gas-water flow process in Cases 4 and 5.



Fig. 7. Analysis of hydrate distribution of hydrate seal in Case 4: (a) multi-level MRI images; (b) hydrate saturation and relative permeability in different areas.
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capillary pressure generated at the area near the interface was
caused by the pore difference between hydrate zone and coexis-
tence zone. The hydrate-bearing sediment showed a capillary
sealing effect on the flow of the external fluid. Thus, the gas and
water accumulated above the hydrate seal, which led to high
overpressure. This hydrate-bearing sediment of Case 4 was similar
to the hydrate reservoir in the South China Sea (Qin et al., 2020), in
which the hydrate layer, coexistence layer, and free gas layer were
vertically distributed. The experimental phenomenon is consistent
with the model for free gas migration presented by Liu and
Flemings (2006). The hydrate reservoir in marine sediments with
underlying gas and/or water layer was most likely accumulated
through the gas-water flow.

Fig. 8 demonstrates the characteristics of the formation hydrate
seal. Comprehensive comparison, high pressure was conducive to
inducing the formation of hydrate seal, as shown in Fig. 8(a).
Significantly, the overpressure reached 9.0 MPa at the constant
back pressure of 4.0 MPa. It should be emphasized that the limit
pressure is 13.0 MPa in this study, which was limited by the
experimental apparatus. The overpressure may be higher than 9.0
in practice. More importantly, this overpressure was caused by the
gas and water accumulation, which provided development condi-
tion of high-pressure gas layer beneath the hydrate layer. In addi-
tion, gas-water flow rates affected the formation time of hydrate
seal. As shown in Fig. 8(b), higher gas-water flow rate was more
conducive to the formation of hydrate seal under the same gas-
water flow rate ratio.

3.3. Effects of fluids flow with variable flow rate on the formation of
hydrate seal

The flow rate of fluids flow in hydrate-bearing sediment was
3861
variable, and was influenced by the geological formations, tem-
perature, pressure, and so on (Yang et al., 2018). The fluids flow
with variable flow rate was investigated by changing the gas-water
injection rate, and the experimental conditions of Cases 6 and 7 are
summarized in Table 4. The gas-water process was divided into two
stages: in the first stage the gas-water flow ratewas 1e2mL/min, in
the second stage, the gas-water flow ratewas 2e0.5mL/min in Case
6 and 4e1 mL/min in Case 7, respectively, and the diagram was
shown in Fig. S3 in the Supporting Information.

Fig. 9 demonstrates the characteristics of reservoir state during
variable gas-water flow process. In stage 1 (S1), the overpressure
was 0.2 MPa and the gas and water flowed through the reservoir
smoothly, indicating the hydrate-bearing sediment cannot accu-
mulate the gas and water. In addition, the MRI images of S1
brightened, which indicated that water flow through the reactor.
The hydrate saturation decreased at the gas-water flow rate of
1e2 mL/min, for the reason that the methane was unsaturated,
which induced the mass transfer between hydrate phase and
seawater phase driven by the chemical potential difference be-
tween hydrate and water. The random distribution of hydrate in
porous media was the reason that the water distribution in Case
6 at 146 min was different from that in Case 7 (Zhang et al., 2019).
The hydrate seal cannot form during the hydrate dissociation pro-
cess, which was constant with the result in Case 1.

In stage 2 (S2), the flow rate ratio of gas-water converted from 1
to 2 to 4e1. The hydrate saturation increased at S2, as shown in
Fig. 9(b). The hydrate seal formed at 246min in Case 6 and 202 min
in Case 7, respectively, which further proved that high gas-water
flow rate was conducive to the formation of hydrate seal. In addi-
tion, the overpressure fluctuated after the formation of hydrate
seal, which occurred at 274min in Case 6 and 227min in Case 7. The
water migrated in the area where the hydrate dissociated in S1, for



Fig. 8. Characteristics of the formation of hydrate seal: (a) influence of pressure; (b) influence of flow rates.

Table 4
Experimental conditions and results of Cases 6 and 7.

Case Fluid flow conditions in step 1 Fluid flow conditions in step 2 Hydrate change Final flow state

6 1 mL/min seawater & 2 mL/min methane 2 mL/min seawater & 0.5 mL/min methane Dissociation in step 1 and reformation in step 2 Hindered at 246 min
7 1 mL/min seawater & 2 mL/min methane 4 mL/min seawater & 1 mL/min methane Dissociation in step 1 and reformation in step 2 Hindered at 202 min

Fig. 9. Characteristics of reservoir state during variable gas-water flow process: (a)
MRI images; (b) overpressure and hydrate saturation.
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the reason that the hydrate saturationwas lower in these areas. The
gas and/or water with overpressure can be punctured into the area,
where the hydrate has been dissociated by unsaturated water. This
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may be the reason that induced the clod vents inmarine sediments,
and the hydrate dissociation areas tended to form the chimney in
the hydrate reservoir (Torres et al., 2004).

The hydrate seal formed in Cases 3, 4, 5, 6, and 7, and the
overpressure reached at least 9.0 MPa. The distribution of water
and hydrate in hydrate seal could be reflected through MRI images.
It could be seen from Fig. 7, the obvious interface of hydrate zone
and coexistence zone existed in the hydrate seal in Case 4. Hydrate
reformation changes the reservoir structure, which caused the pore
difference in hydrate zone and coexistence zone. The hydrate
saturation in hydrate zone reached more than 90%, while the pore
water was mainly distributed in coexistence zone. Thus, the phase
saturation (gas phase, water phase, and hydrate phase) in coexis-
tence areawas analyzed, as shown in Fig. 10. The hydrate saturation
increased form 35% before the gas-water migration to more than
51.6% in hydrate seal, indicating that the hydrate reformed during
the gas-water migration process was the development mechanism
of hydrate seal. In addition, Zhao et al. (2022b) had found that
sufficient pore water was an indispensable factor for the formation
of hydrate seal. In addition, the pore water produced larger capil-
lary pressure due to the reduction on the effective radii of the pore
throats caused by hydrate formation. There were bright areas of
Cases 3e7 existed in MRI images, indicating pore water existed in
the pore space of hydrate seal. In this study, the water saturation
was more than 19.3% when the overpressure of hydrate seal
reached more than 9.0 MPa.
4. Conclusion

In this study, the gas-water migration at 274.15 K, 3.5 or 4.0 MPa
in hydrate-bearing sediments was investigated using an MRI
visualization device. The results are summarized as follows:

(1) Low gas-water flow rate (1e0.25 mL/min) at low reservoir
pressure (3.5 MPa) or high gas-water flow rate (2e0.5 and
4e1 mL/min) at high reservoir pressure (4.0 MPa) induced



Fig. 10. State of hydrate seal with high overpressure zone: (a) the reference areas in
MRI images; (b) phase saturation.
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hydrate reformation in hydrate-bearing sediment. Hydrate
reformation is the development mechanism of hydrate seal.

(2) The hydrate saturation of hydrate seal was more than 51.6%,
and the water saturation was more than 19.3%. The over-
pressure of at least 9.0 MPa can exist stable below the hy-
drate seal. This overpressure provides the development
condition for the gas and/or water layer beneath the hydrate
layer in marine sediments.

(3) A composite MRI image of hydrate seal was demonstrated
through MRI. The pore difference between hydrate zone and
coexistence zonewas visually observed, which contributes to
the capillary sealing effect of hydrate-bearing sediment. The
hydrate zone and coexistence zone were formed and
distributed vertically along the migration direction.

(4) The hydrate seal could be broken through when the over-
pressure exceeded the capillary pressure and caused a sud-
den drop in reservoir pressure. This phenomenon should be
considered during the exploitation process of gas hydrate
with underlying gas reservoirs.
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